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Introduction
Mehdi Razavi
Stanford University, Palo Alto, CA, United States

Researches on nanobiomaterials over the past decades have inspired innovation in 
novel materials, processing techniques, performance evaluation, and applications. 
Significant progress has been made toward scaffold materials for structural support. 
Degradable bioscaffolds with controlled porosity and tailored properties are possible 
today because of innovation in bioscaffold production by advanced technologies. 
Different research groups have tried to manipulate the mechanical properties such 
as stiffness, strength, and toughness of bioscaffolds by the design of nanostructures 
including the inclusion of nanoparticles or nanofiber reinforcements in polymer 
matrices to mimic tissue’s natural nano architecture [1].

Within the stem cell niche, micro-/nanoscale interactions with extracellular matrix 
(ECM) components constitute another source of passive mechanical forces that can 
affect stem cell behaviors. The ECM is composed of a wide spectrum of structural 
proteins and polysaccharides that span over different length scales, with strands of 
collagen fibrils dominating at the nanometer level, with a diameter between 35 nm 
and 60 nm and a length that can extend over the micron range [3]. It is via such well-
choreographed spatiotemporal dialog between stem cells and their micro-/nanoenvi-
ronment that long-term maintenance and control of stem cell behavior are achieved. 
The advent of sophisticated small-scale technologies has now made it possible for 
researchers to produce a platform that is able to be utilized to gain valuable insights 
into stem cell biomechanics [4]. Besides, bioinspired and mimicking substrates with 
micro-/nanofeatures have been used to recognize and control stem cell differentia-
tion. However, despite the importance of stem cell mechanobiology, how mechanical 
stimuli regulates the stem cells behaviors both in vivo and ex vivo have yet to be 
fully understood [5]. To better mimic the nanostructure in natural ECM, over the past 
decade, bioscaffolds manufactured from nanoparticles, nanofibers, nanotubes, and 
hydrogel have newly emerged as promising selections in fabrication of bioscaffolds 
that resemble the ECM and efficiently replace defective tissues [5]. Since natural 
tissues or organs are nanometer in dimension and cells directly interact with (and 
create) nanostructured ECMs, the biomimetic features and outstanding physiochemi-
cal behaviors of nanomaterials play a key role in stimulating cell growth and guiding 
tissue regeneration [6]. Stem cells are able to differentiate into different cell types, 
proposing opportunities and alternatives not only for the treatment of diseases but also 
for the tissues and organs regeneration beyond complex surgical treatments or tissue/
organ transplantation. The construction of synthetic ECMs inspired by tissue-specific 
niches for programmed stem cell fate and response, including proliferation and dif-
ferentiation, is a topic of interest in the field of tissue regeneration. By nanogrooved 
matrices mimicking the native tissues, Kim et al. [7] understood that the body and 
nucleus of human mesenchymal stem cells (hMSCs) with the sparser nanogrooved 
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pattern elongated and orientated more along the direction of nanogrooves than those 
with the quite denser nanogroove patterns [1].

The current developments in the field of nanotechnology extremely enhanced the 
area of nanomedicine. There are numerous profits of nanotechnology-based methods 
to therapy, personalized medicine, targeted drug delivery, and intelligent drug design. 
Personalized or individual-based medicine, aims to develop drugs based on the 
patient’s genotype by making use of nanoarrays for molecular diagnostics, whereas 
conventional method tries to match the existing drugs with the patients in the most 
appropriate way [8]. Intelligent drugs are being made to respond to stimuli and par-
ticularly react with the target and existing drugs are being modified so that their side 
effects, immunogenicity, or toxicity might be reduced. Nanotechnology approaches 
can also be utilized to increase the efficiency of the molecule as a therapeutic agent. 
For instance, the poor aqueous solubility of drug candidates confines their bioavail-
ability and the drug-discovery process. This solubility restriction can be addressed by 
decreasing the particle size of drug to nanometer scale [9]. One of the most promising 
applications of nanotechnology include design and fabrication of intelligent delivery 
systems that are capable of indicating responsive behavior upon a certain environ-
mental signal including temperature, pH, ionic strength, electric and magnetic field. 
Nanoscale responsive delivery systems are very favorable, since they offer numer-
ous advantages including specific targeting, stimuli-dependent release behavior, and 
increased ability of escaping from phagocytotic uptake and, therefore, prolonged 
circulation times because of their nanoscale sizes [10]. Numerous investigations have 
been carried out on delivery of protein-peptide drugs, genes, and antisense oligonu-
cleotides by such intelligent nanosystems [1,11].

Tissue engineering is the use of a scaffolding material to either induce formation 
of tissue from the surrounding tissue or to act as a carrier or template for implanted 
cells or other agents. Materials utilized as tissue-engineered bioscaffolds may be 
rigid or injectable, with the latter necessitating an operative implantation procedure. 
Conventional tissue engineering bioscaffolds have utilized different pore-forming 
approaches to recreate the macroscale and microscale properties of native tissues, but 
the nanoscale structures and properties were neglected. But, the nanoscale structures 
are vital to regulating cell functions, including proliferation, migration, differentia-
tion, and the formation of ECM. To simulate the hierarchical organization of natural 
ECM, one important strategy is to build nanoscale and microscale features in the 
three-dimensional (3D) scaffolds design. The normally accepted definition of nano-
materials refers to materials with well-defined features between 1 nm and 100 nm, 
including nanopattern, nanofibers, nanotubers, nanopores, nanospheres, and nano-
composites [12,13] (Fig. 1.1a–f) [1].

There are various techniques to improve the surfaces and provide patterns to reach 
to cells organization. These patterns could be two-dimensional (2D) or 3D, although 
the resulting cell organization is usually in 2D. The dimension of the patterns could 
be at the micro- or nanometer level. Achieving nanopatterns is a more challenging 
procedure than micropatterns since low micron level is what can be reached with most 
of the recent methods employed. Investigations on the effect of micropatterns on cell 
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guidance are displaying an enhance and the data accumulated show that cells could 
be responsive to nanolevel chemical and physical cues [2].

As is known, synthetically nanofabricated topography can also effect cell mor-
phology, alignment, adhesion, migration, proliferation, and cytoskeleton organization 
[14]. The symmetry and order of the nanopits was found to considerably influence the 
expression of osteopontin and osteocalcin, two bone-specific ECM proteins, in both 
cell types (Fig. 1.2a–c) [15]. While hMSCs cultured on entirely ordered or completely 
random nanopits did not result in the expression of these two proteins, hMSCs cul-
tured on slightly irregular substrates did show considerable amounts of these proteins 
of interest. Enhanced bone nodule formation was also evident in hMSCs cultured on 
these substrates in relation to substrates with either completely ordered or completely 
random features. The results from the researches indicated the potential of nanotopog-
raphy to direct cell fate. Together, a few common observations can be drawn from 
the aforementioned studies of the mechanosensitivity of stem cells. All the studies 
possess explicitly or implicitly suggested the involvement of cytoskeleton contractil-
ity in regulating the mechanosensitivity of stem cells, suggesting the significance of 
the force balance along the mechanical axis of the ECM–integrin–cytoskeleton link-
age and their regulation by the mechanical signals in the stem cell niche (Fig. 1.2d) 
[16]. Furthermore, strong evidence recommended that the differentiation potentials 
of stem cells toward distinct lineages could be maximized if the cells were cultured 
in the mechanical microenvironment mimicking their tissue elasticity in vivo [17]. 
Moreover, nanoscale manipulation of surface features including surface texture, 
geometry, spatial position, and height might potentially change clustering of the 
integrins, the development of focal adhesions, and cytoskeletal structure, therefore 
effecting the osteogenic differentiation to the surface [1,18].

Figure 1.1 Nanostructures with features of nanopattern (a), nanofibers (b), nanotubers (c), 
nanopores (d), nanospheres (e), and nanocomposites (f) with structural components with a 
feature size in the nanoscale.
With permission from Nature Publishing Group [1].
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Tissue engineering and regenerative medicine using nanobiomaterials is still in 
its infancy but upward strides are being made to advance and enhance protocols for 
clinical applications. In this book, we focused on reviewing the classification and 
design of nanostructured materials and nanocarrier materials, their cell interaction 
properties, and their application in tissue engineering and regeneration. Additionally, 
some new challenges about the future research on the application of nanomaterials 
are described in the conclusion and future parts. Sometimes nanoparticle interac-
tions with biomolecules in vivo or their aggregation states may alter their toxicity 
to humans. But the often contradictory results of recent researches are obviously 
not sufficient to provide the final answer concerning nanomaterial toxicity. In-depth 
examinations of nanomaterials on human health and the environment are essential to 
fully elucidate whether nanoparticles should be utilized in biomedical applications. 
New frontiers of research should be directed toward better biomimicking the natural 
process of tissue regeneration. Although it is difficult to mimic nature, current sci-
entific and technological results display potential to achieve bioscaffolds that would 
encourage local and systemic biological functions. Proper selection of bioscaffold 
materials, their geometry, pore size, and size distribution, and ability to release bio-
molecules at an anticipated rate will play critical roles in the future development of 
bioscaffolds. Nonetheless, nanotechnology alone may not be the answer to improving 
the mechanical properties of bioscaffolds. The restrictions in processing techniques, 
in part, have hampered the progress in the development of new bioscaffolds to form 

Figure 1.2 Schematic depictions of representative nanotopography geometries. Three 
basic nanotopography geometries include nanogrooves (a), nanopost array (b), and nanopit 
array (c). The speculative pathways (d) for cell-shape-directed osteogenic and adipogenic 
differentiations of MSCs were examined in growth medium. RhoA, Ras homolog gene family 
member A; ROCK, Rho-associated protein kinase.
With permission from Nature Publishing Group [1].
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structures with a multidimensional architecture. The challenge is to use these tech-
nologies in combination with nanomaterials. It is possible that at the end an optimum 
bioscaffold combining several materials and techniques (e.g., a complex polymer 
structure can be created by ice-templating or computer-assisted production that can 
later be mineralized to reach to the desired mechanical and biodegradation responses) 
will become reality.
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2.1 Introduction

The approach of science and techniques for regeneration of tissues and systems of 
drug delivery has attracted the attention of researchers to biomaterials. Biomaterials 
are defined as “any substance or combination of substances, other than drugs, syn-
thetic or natural in origin, which can be used for any period of time, which augments 
or replaces partially or totally any tissue, organ or function of the body, in order 
to maintain or improve the quality of life of the individuals,” based on American 
National Institute of Health. Hence the focus of this chapter is on the classification of 
biomaterials in different forms.

In general, all materials are classified as organic or inorganic materials. Organic 
materials are carbon-containing chemical compounds existing in living organisms. 
Carbohydrates, lipids, proteins, and nucleic acids are four major types of organic 
materials. All of these materials are composed of carbon, hydrogen, and oxygen 
atoms, but the ratio of atoms is different among categories. In contrast, inorganic 
biomaterials are not consisting of or deriving from living sources and molecular struc-
ture of most of them lacks carbon element except carbon monoxide, carbondioxide, 
carbonates, cyanides, cyanates, and carbides.

Previously, biomaterials were classified as bioceramics, biometals, biopolymers, 
and biocomposites. Bioceramics and biometals are always inorganic materials but it 
is different in the case of biopolymers. They might be organic or inorganic based on 
the presence and percentage of carbon atoms in their backbone chain. Biocomposites 
are a little more complicated. We put them in inorganic sub-category in acondition 
that all components of which to be inorganic. But in some cases,an organic material 
combines with an inorganic one for specific purposes. We put these types in organic–
inorganic materials. If the phases of the composite are in molecular level it is not a 
composite anymore, it is named biohybrid.

In this chapter, we tried to classify organic and inorganic biomaterials based on 
the above explanations and mention some examples for each type. As nanotechnol-
ogy is a promising tool for the betterment of characteristics of biomaterials, examples 
presented in this chapter contain various shapes of biomaterials especially in the nano 
dimensions.

2
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2.2 Organic biomaterials

If organic materials have some properties such as biocompatibility, nontoxicity and 
noncarcinogenicity could replace or restore function to a body tissue and to replace 
hard or soft tissues, they are regarded as organic biomaterials [1]. Some of the biopol-
ymers fall into this category.

2.2.1 Organic biopolymers

The biopolymer is a polymer generated by living organisms. In other words, 
biopolymers are organic biomaterials that are formed of a number of monomers. 
Their backbone chains are made entirely or mostly of carbon atoms. Another factor 
distinguishing biopolymer from other polymers is their structure. In fact, most of 
the biopolymers tend to fold into secondary and tertiary structures while other poly-
mers have much simpler and more random structures. The other difference between 
biopolymers and other polymers is in the molecular mass distribution. In other words, 
monodispersity is the characteristic of biopolymers while other polymers have high 
polydispersity values. The reason behind this phenomenon is that the control of 
molecular mass in the synthesis of the polymer is difficult but this is controlled by 
nature in the case of natural biopolymers.

The polynucleotide (with 13 or a lot more nucleotide monomers), polypeptides, 
and polysaccharides (such as cellulose, hemicelluloses, lignin, silk, and starch) are 
three main types of biopolymers. Plus, some types of synthetic polymers with deter-
mined carbon percentage fall into the category of biopolymers according to European 
standard CEN/TS 16295:2012.

Biopolymers have the widest range of applications in biomedical field. Because 
of their properties, ease of fabrication, and low price, they are advantageous over 
inorganic biomaterials. They could be produced in various forms including bulk (such 
as film, sheet, etc.), particles, and fibers. Organic biopolymers gathered in Table 2.1 
could be categorized as bioinert and bioresorbable.

2.2.1.1 Different types of biopolymers based  
on tissue interactions

Organic biopolymers use as biomaterials are either bioinert or bioresorbable based 
on interactions with the tissues. In cases where a biopolymer is used to replace the 
functions of a hard tissue or it is to be used for long-term applications, it would be 
necessary to elicit minimum interactions with the human body. It means that they 
should be bioinert. Being inertness in some organic biopolymers makes them suitable 
for use in orthopedic devices or hard tissues substitute [2–4]. These biopolymers are 
presented in Table 2.1.

On the other side, bioresorbable biopolymers are ideal for tissue engineering 
scaffolds. In fact, what determines the success of scaffolds in replacing tissues is the 
rate of biodegradation of them. Scaffolds made of bioresorbable biopolymers have 
the ability to degrade via hydrolytic (when a hydrolysable bond exists) or enzymatic 
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processes. After breaking down, the residues of the biopolymer is gradually absorbed 
by the body and do not initiate an intense immune response. As it is shown in  
Table 2.1, all natural biopolymers are bioresorbable [5–10].

2.2.1.2 Different forms of biopolymers as nanobiomaterials

Biopolymers in biomedical applications adopt different shapes based on expected 
properties and application. In almost all of medical instruments, the bulk of the mate-
rial is usable. For example, blood storage and urine bags, blood tubing, heart and lung 
bypass sets, endotracheal tubes, intravenous solution dispensing sets all are made of 
an organic biopolymer, PVC, because of flexibility, strength, and durability of this 
polymer, which is a bulk feature [11]. Another organic biopolymer, whose bulk prop-
erties makes it interesting for medical devices, is PP used for hollow fiber membranes 
of oxygenators [12].

In spite of medical devices, bulk properties of organic biopolymers in the recon-
struction of tissues become important. Two examples are high-density polyethylene 
used for facial skeleton reconstruction [13] and polyethylene terephthalate (PET) used 
for ligament and tendon reconstruction [14].

Table 2.1 Organic biopolymer classification based on degradation 
and origin

Bioinert Biopolymer Origin
Thermoplastic polyurethane (TPU) Synthetic
Polyamide (PA) (such as nylon) Synthetic
Poly(ethylene terephthalate) (PET) Synthetic
Polypropylene (PP) Synthetic
Polyethylene (PE), low-density polyethylene 
(LDPE), high-density polyethylene (HDPE), 
PTFE (Teflon)

Synthetic

Bioresorbable Poly-3-hydroxybutyrate (PHB), 
polyhydroxyvalerate (PHV), 
polyhydroxyalkanoate (PHH)

Natural

Polyamides (PA) (such as protein, silk, wool, 
collagen)

Natural

Nucleic acid Natural
Starch, chitosan, and cellulose Natural
Polylactic acid Renewable Resource
Polycaprolactone Synthetic
Polyvinyl chloride (PVC) Synthetic
Polystyrene (PS) Synthetic
Polybutylene succinate Synthetic
Polyvinyl alcohol Synthetic
Polyanhydrides Synthetic
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Polytetrafluoroethylene (PTFE), another organic biopolymer, is used as wound 
dressing membranes. This membrane prevents blood clotting, adhesion of tissue, and 
attachment of bacteria [15]. This polymer is also used for replacement of the rabbit 
abdominal aortic artery [16]. Both applications are based on bulk properties of this 
polymer.

Although the bulk of the material is important, surface properties should be con-
sidered. The surface of biomaterials determine bio and blood compatibility, adsorption 
phenomenon, wettability, surface erosion, roughness, surface oxidation, and so on, in 
some cases it is needed to modify the surface of biomaterials without changing bulk 
properties. As a case, in order to improve blood compatibility of hydrophobic polymers 
such as PVC, the surface could become hydrophilic via grafting of water-soluble moie-
ties such as polyethylene glycol (PEG) [7]. Another example is immobilizing heparin 
on PET grafts to prevent platelet deposition and thrombogenesis. As a result, surface 
properties improved while needed flexibility of bulk of biopolymer is saved [17].

Biopolymers might be used in the nanoparticle state, especially in applications 
such as drug and gene delivery and imaging probes. Drug-loading capacity is an 
important factor in drug delivery systems, which could be achieved in nanoparticles 
because of their high surface area. Additionally, nanoparticles facilitate endosomal 
uptake and drug delivery into the cells.

Examples of using organic biopolymers as drug delivery vehicles are too numerous 
to list. The particle itself or the coating on it could be made from biopolymers. For 
example, PVC is used to coat nanoparticles to improve the antiinfection ability of them 
[18]. Polystyrene nanoparticles have also applications as drug delivery, biosensors, and 
as an imaging probe for early cancer detection [19]. These particles could be used for 
targeted delivery of chemotherapeutic drugs to ovarian cancer cells [20]. Chitosan is 
another biopolymer that is used frequently as drug vehicle and the impact of different 
factors on its final characteristics simulated and predicted by some authors [21–23].

Biopolymers in fiber state are fabricated routinely via electrospinning apparatus 
as woven or nonwoven forms. The most important field of utilization of such fibrous 
structures is in building tissue scaffold, because fibers imitate the natural extra  
cellular matrix (ECM) structure as cell niche. A good example is a synthetic small 
diameter vascular prosthesis made from nonwoven fibers of PET. In this study, a tubu-
lar structure similar to arteries was produced with suitable mechanical compliance 
and nonthrombogenicity [24]. A nanofibrous scaffold made of organic biopolymers 
enables us to load therapeutics into fibers as well. Antibacterial wound dressing made 
of polyurethane (PU) fibers is a good case of a nanofibrous structure releasing an 
antibiotic such as mupirocin (Mu) [25].

2.2.2 Organic lipid-based biomaterials

Beside biopolymers, there is a small group of organic materials that are based on 
lipids. Liposomes and niosomes are two subtypes of these materials. Both these 
materials are biocompatible and their nontoxicity is reported. Extensive efforts have 
been done by researchers to prepare liposome and niosome nanoparticles owing to the 
fact that these materials are suitable for drug and gene delivery applications and their 
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structures have made loading of both hydrophilic and hydrophobic drugs possible. 
Vesicle of the liposome is made from one or more phospholipid bilayers, therefore 
exist as unilamellar or multilamellar liposomes. Phospholipids are present abundantly 
in the cell membrane. Through changing the composition of lipid, charge of the lipo-
some and its characteristic may change. Some liposome formulations for anticancer 
drug delivery have acquired food and drug administration (FDA) and entered the 
market successfully. Niosomes are rather newer than liposomes. They have a similar 
structure to liposomes and are made of self-association of nonionic surfactants in an 
aqueous phase. Chemical stability of niosomes is higher than liposomes, plus their 
surface modification is easier. For further reading, there are valuable reviews on the 
applications of these two nanoparticles in drug delivery [26,27].

2.3 Inorganic biomaterials

Inorganic biomaterials are those lacking carbon element except a few combinations 
named in the introduction section. Inorganic materials could have crystalline or glass 
structures. As in the case of organic biomaterials, if these materials are used to replace 
or restore function to a body tissue and to replace human tissues they could be named 
inorganic biomaterials. Here we discussed four major types of inorganic biomaterials 
including bioceramics, biometals, inorganic biopolymers, and biocomposites made 
from two or more inorganic components.

2.3.1 Bioceramics

Bioceramics are biocompatible ceramics. They are regarded as the hardest biomaterials 
with high toughness and elastic modulus. They are brittle, heat- and corrosion-resist-
ant, and therefore used in musculoskeletal system applications. In fact, bioceramics 
have many applications in biomedicine from eye contact lenses to ear implants; they 
can be used for orthopedic purposes to replace hips, knees, joints, tendons, and liga-
ments. They can be used in bone tumor surgeries as filler and spinal fusion surgeries. 
They can repair cranial or iliac crest. Plus, they have applications in dentistry as dental 
implants, augmentation of the jaw bone, periodontal pockets, maxillofacial reconstruc-
tion, gold porcelain crowns, glass-filled ionomer cement and dentures [28].

2.3.1.1 Different types of bioceramics based on tissue 
interactions

We can put them into three groups based on their interaction with the tissues: bioinert, 
bioactive, or surface reactive (semi-inert), and biodegradable or resorbable bioceram-
ics (noninert).

Inert bioceramics are those with wear resistance and minimal biological response, 
it means they can be stable in terms of stiffness, strength, and toughness for a long 
period of time. Although, besides inertness, processing, size, and shape of biocer-
amics are determinants for their mechanical integrity. Hence, as inert bioceramics 
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are used in long-term applications, failure probability, and crack growth behavior 
at different load levels should be predicted via tools such as fracture mechanics and 
statistical distributions. Biocompatibility would not be a concern as in the case of 
long-term application of bioinert ceramics. Inert bioceramics adopt different forms in 
biomedical applications, they can be used as a dense structure attaching to the tissue 
via tissue outgrowth or a grouting agent or they can have a porous shape in which 
a mechanical attachment is created between bioceramic and tissue via ingrowths of 
tissue. Some examples of inert bioceramic are ceramic oxides such as alumina and 
zirconia, silicon nitrides, and carbons.

Bioactive bioceramics are regarded as bulk reactive ceramics. They can form a 
chemical bond with the tissues. Owing to the brittleness of this category, they found 
applications for periodontal anomalies and filling of small bone defects. Important uses 
of bioactive ceramics are mimicking biomineralization of bone and coatings on metal-
lic substrates and porous scaffolds for bone tissue engineering. Glass ceramics, bioac-
tive glasses, and hydroxyapatites (HAs) are some examples of bioactive bioceramics.

Resorbable bioceramics can integrate with the tissues and could be completely 
degraded to be replaced with host tissue. In fact, grain boundaries cannot tolerate chem-
ical attacks and the whole structure disintegrates physically. Additionally, they may 
solve in body fluids or be desorbed by cells such as osteoclasts. With attention to their 
resorption, the utility of them as tissue engineering scaffolds or drug delivery systems is 
rational. Additionally, they are used to fabricate resorbable screws for anterior cruciate 
ligament (ACL) reconstruction surgeries. In this category, stability before replacement 
by the host tissue and adjusting desorption rates to the repair rates are problematic. Two 
familiar groups of this material are calcium phosphates and calcium aluminates [29].

2.3.1.2 Different forms of bioceramics as nanobiomaterials

Bioceramics could be used as solid pieces or as nanobiomaterials in different states 
such as bulk (including hollow fiber membrane, coatings), particle, nanotubes, and fiber.

Typically, usage of bioceramics as bulk materials is in tissue engineering scaf-
folds and graft substitution. As it is expected, resorbable bioceramics are common in 
such applications because of their degradation ability. For example, HA bioceramic 
scaffolds were selected for culturing adipose-derived stem cells and the effect of dif-
ferent nano and microtopographies on attachment, proliferation, and osteogenic dif-
ferentiation of these cells investigated [30]. Calcium silicate scaffolds are also a good 
substrate for osteogenic differentiation of mesenchymal stem cells (MSCs) because 
silicon (Si) ions releasing from these structures stimulate osteogenesis and angiogen-
esis [31]. The bulk properties of this scaffold vary after strontium substitution into 
the structure. This strategy adds properties such as inhibition of bone resorption to 
the scaffold, which makes it more preferable for bone defect treatment [32]. Another 
example of bulk usage of bioceramics, calcium phosphate scaffolds made through 
3D printing could be pointed, which are used customarily as synthetic bone graft 
substitutes [33,34].

Bioceramic used as coatings in numerous studies. The aim of coating medical 
devices and tissue engineering constructs is an improvement of biocompatibility, 
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osteoconductivity, and the long-term stability [35]. Calcium phosphate, hydroxylapa-
tite, and carbon are some bioceramics with wide applications as a coating of struc-
tures such as artificial heart valves [36].

Beside bulk, bioceramic in particle state is a source of interest as a biomaterial. 
Similar to particulate biopolymers, bioceramics could be used as drug delivery vehi-
cles. In this respect, porous and insoluble glass beads are a good carrier for therapeu-
tic agents such as radioactive isotopes and chemotherapeutics for cancer treatment, 
enzymes, antibodies, and antigens. Graphene oxide nanoparticles are new interesting 
bioceramics suitable for drug delivery applications [37]. Another example is a study 
of the binding of Risedronate (a drug for osteoporosis treatment) to the surface of HA 
nanoparticles and targeting bone defects [38].

Another form that bioceramics can adopt is hallowed micro- and nanotube. Carbon 
nanotubes are among the first-known nanotubes, which exist as multiwall or single wall 
hollow cylinders with the diameter of 0.7–2 nm and very high aspect ratios. Electrical 
and thermal conductivity and high surface area make this type of bioceramic interest-
ing for drug and gene delivery and tissue regeneration applications. The efficiency 
of them for hyperthermia therapy is also proved [39]. Graphene oxide nanotubes are 
analogous to carbon nanotubes with different wall numbers and diameters. They are 
used predominantly in biosensors and as cell growth and differentiation mediators 
[37]. One novel material with nanotube structure, which occurs in nature is Halloysite 
(Al2Si2O5(OH)4-2H2O). This material is an aluminosilicate with a two-layered hollow 
tubular structure with 15–100 nm diameters. This hollow space could be used as a 
nanoreactor, for loading of poorly soluble drugs and for cell attachment and prolifera-
tion substrate [40]. Titanium dioxide (TiO2) nanotubes are also new structures with 
many potential applications in biomedical field. These tubular structures are prepared 
via anodization on Ti substrate and found applications in drug delivery, biosensors, 
antibacterial substrates, modulating deposition of HA and orthopedic implants [41].

Bioceramic in fiber form shows interesting features such as emitting far infrared 
waves. Therefore, woven fibers of bioceramics are a good candidate for fabrication of 
magnetotherapeutic devices [42]. Moreover, bioceramics such as zirconium dioxide 
(ZrO2) in the form of hollow fibers are used as selectively permeable membranes 
with the aim of immune-isolation of transplanted cell [43]. Fibrous scaffolds that best 
mimic the natural ECM can be made from nanofibers of bioceramics such as zirco-
nia, alumina, titania, carbon, and calcium phosphate. Electrospinning is the versatile 
method of producing such nanofibrous bioceramics [44].

2.3.2 Biometals

Some properties of metals including electrical and thermal conductivity make them 
an interesting material for use in biomedical applications. Deformability of metals is 
another important feature enabling engineers to form them into desired shapes. This is 
because metallic bond in the atomic structure of metals is not directional and the loca-
tion of metal ions could change without breaking down the crystal structure. Metals or 
their alloys as biomaterials are used mostly in bone fracture plates (Sherman plates) 
and screws [45,46]. Different metallic elements such as iron (Fe), chromium (Cr), 
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cobalt (Co), nickel (Ni), titanium (Ti), tantalum (Ta), niobium (Nb), molybdenum 
(Mo), and tungsten (W) and their alloys such as 316 L stainless steel (as the first biom-
etal used in surgeries), titanium-base alloys such as [Ti 6% Al 4%V] and [55% Ni and 
45% Ti], cobalt- chromium alloys such as [Cr (27–30%), Mo (5–7%), Ni (2.5%)] and 
[Cr (19–21%), Ni (33–37%), and [Mo (9–11%)], shape memory alloys such as [Ti 
45%–55%Ni] are used frequently for biomedical applications. The biggest concern 
regarding the use of metals in the body is their corrosion and degradation leading to a 
decrease of toughness and wear strength and consequently disintegration and weaken-
ing of the implanted device. This event also reduces biocompatibility and may cause 
toxicity [47,48]. The physiological fluid contains organic acids, proteins, enzymes, 
macromolecules, electrolytes and dissolved oxygen, nitrogen, and soluble carbonates. 
Plus, some compounds secreted by inflammatory and fibrotic cells and the existence 
of stress, strain, and frictional forces may cause progression of degradation of metals.

Although some metals exist naturally in the body such as iron in red blood cells 
or cobalt taking part in the synthesis of vitamin B-12, the large amount of them is 
intolerable by the body because of the fact that the corroded metals released into the 
body might initiate adverse reactions. Being corrosion-resistant not only keeps the 
mechanical properties but maintains the biocompatibility of the biometal. Albeit, 
upon exposure to air or fluids, an oxide layer grows on the surface of some biometals, 
which makes them corrosion-resistant and then biocompatible, such as titanium oxide 
layer with a thickness of a few nanometers forming on the surface of titanium alloys 
spontaneously when exposed to air. Another point affecting the success of metallic 
biomaterials is being lightweight [49,50].

Biometals have biomedical applications mainly as hard tissue substitution. They 
can interact with the human tissues or only be used in passive forms. Some of the 
applications of biometals as biomaterials include bone plates and screws, hip and knee 
artificial joints, dental implants, and products such as crowns, bridges, and dentures, 
and root-forming analogs, spinal or blood vessels fixation devices, vascular stents, 
and occlusion coils, catheter guide wires, artificial heart valves, and pacemakers [51].

2.3.2.1 Different forms of biometals as nanobiomaterials

Different forms of biometals used in biomedical applications are fiber, bulk, or nano-
tubes. In the form of bulk, biometals are used mostly as bone scaffolds on the growth 
or differentiation of cells is facilitated. As an example, five different biometals with  
12 mm in diameter, 3 mm in height, and with a central hole of 2 mm in diameter, were 
studied as osteoclast activator and osteoblast promoter in vitro (DePuyOrthopädie 
GmbH, Johnson & Johnson, Germany). Temporary implants made of stainless steel 
316 L and titanium alloy Ti6Al4V used as screws or plates for osteosynthesis are also 
in bulk forms [52]. Ti6Al4V scaffolds are also fabricated with a porous structure for 
bone tissue engineering [53]. In the bulk shapes, as the surface of biometal exposed 
to the body is high, surface treatment with the help of laser is required to improve 
biocompatibility and corrosion of metals [54].

There have been little studies on metallic biomaterials in the form of fibers. Albeit, 
Toki Corporation (Tokyo, Japan) is leading the utilization of metallic fibers for 
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fabrication of artificial heart muscles. A sophisticated shape memory alloy fiber made 
of Ni–Ti with 100-micron diameter was used as an actuator attached on the surface of 
ePTFE conduit (http://www.toki.co.jp).

The most known metallic biomaterials in the particle state are iron and gold nano-
particles. Iron nanoparticles are valuable tools for magnetic separation of different 
materials and magnetically guided drug delivery. Iron nanoparticle response to the 
magnetic field and produce heat under changing magnetic field. They could destroy 
tumor cells as a result of locally heating the tumor. As the oxide state of iron nano-
particles have a lower magnetic moment, usually a shell of gold is applied on the par-
ticles to prevent oxidation [55]. Gold nanoparticles alone are an interesting option for 
drug and gene delivery, hyperthermia, and contrast agents. Gold nanoparticles exhibit 
properties such as surface plasmon resonance (SPR) and ability to surface modifica-
tion and functionalization [56].

2.3.3 Inorganic biopolymers

Inorganic biopolymers are relatively a small group rather than organic biopolymers. 
Inorganic biopolymers against organic polymers have a backbone chain, which is 
composed primarily of noncarbon atoms. Inorganic biopolymers fall into four catego-
ries based on the backbone atoms: silicones or polysiloxanes, polysilanes, polyger-
manes, and polystannanes, and polyphosphazene. While polysilanes, polygermanes, 
and polystannanes, and polyphosphazene are nearly new and are waiting for being 
developed in biomedical field because of their conductivity properties, silicones are 
the most common inorganic polymers. They are bioinert and are composed of silicon 
(Si) and oxygen (O2). It is found abundantly on the earth (59% of crust) and in the 
human body in nails, hair, and skin, connective tissues and bone in the form of silanate 
or silicic acid. It has physical forms of crystalline, amorphous, and synthetic amor-
phous. Deficiency of Si in the body causes diseases and it could be contained in the 
daily diet. Si could be blended with a verity of substances in the lab. Polysilanes are 
composed of chains of Si atoms. Two important features of them are heat-resistance 
and electrical conductivity. If the main chain is made of germanium and tin atoms, 
polygermanes and polystannanes are produced respectively. Being electric conductor 
is worth mentioning in these polymers. Polyphosphazenes are made of alternating 
phosphorus and nitrogen atoms. They are electrical insulators and highly flexible.

Most of the inorganic biopolymers are crystalline, insoluble, and unstable in water. 
Hence, in the past, it was thought that they couldn’t be biologically active. But today 
they found many applications in biomedical engineering as drug delivery vehicles, 
antimicrobial substrates, modulator of gene expression, bone tissue engineering, and 
blood coagulation [57].

2.3.3.1 Different forms of inorganic biopolymers  
as nanobiomaterials

Among inorganic biopolymers mentioned above, silicone has the most applications 
in biomedicine. Silicone material is used as grafting and scaffolding material in 
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biomedical applications. It is used in the form of thin films or nanoparticles. Ultra-
thin films of silicone are used to cover the electrodes of a glucose biosensor [58]. 
They can be used as a secondary phase of a biocomposite to stiffen it and attach to 
polymeric matrix owing to their high specific surface area. Silica is also used as a 
coating for implants. In bulk state, silicone has been used for decades as pacemaker 
leads and urinary catheter components. For years, contact lenses industry used the 
advantage of high oxygen permeability of silicone hydrogels [59,60]. Another field in 
which bulk of silicone is used is porous cell scaffolds. Elastic porous polydimethyl-
siloxane (PDMS) cell scaffolds are suitable for the growth of osteoblasts. The exist-
ence of high pores makes them suitable for water adsorption and then cell viability 
[61]. In some studies, it was shown that changing topography could improve scaffold. 
For example, patterning surface of PDMS scaffolds with different sizes of channels 
promoted orientation and migration of Schwann cells [62]. For tissue engineering 
applications for which bulk of materials is very important, attention has been directed 
toward polyphosphazene as biodegradable biopolymers. Polyphosphazene has appli-
cations in bulk state as stimuli-responsive hydrogels, shape memory polymers and 
bone, nerve, tendon, and ligament tissue engineering scaffolds [63].

Similar to organic polymers, inorganic biopolymers in nanoparticle state have appli-
cations in biomedicine, especially drug delivery systems. Silica nanoparticles are used 
as drug and gene delivery platforms and therapeutic agent is loaded into their pores. 
Additionally, it is possible to form core-shell structures based on silica nanoparticles. 
Hollow nanoparticles are another possible shape with the ability to load a high amount 
of payload. Their biocompatibility, low toxicity, durability, and versatility, good bio-
degradability as nanocarriers is comparable to organic nanocarriers. Additionally, 
silica-based nanosystems are open to modification and functionalizing and have shown 
good results in vivo. One important advantage of these carriers is easy production and 
simple purification process, which helps in manufacturability at low cost. One of the 
applications of silica in the nanoparticle state is contrast enhancer in ultrasound imag-
ing. As well, silica could be used as the coating of iron oxide nanoparticles (SPION) 
as MRI contrast agent. Silica nanoparticle can carry sensitizing agents, amplifying 
agents, and guidance agents for ablative therapy [64]. Interestingly, silicon particles 
of only several nanometers are called Quantum Dots. These semiconductor materials 
exhibit special optical and electronic properties, which make them favorable for some 
biomedical applications including real-time tracking of single molecules and cells to 
study intracellular processes such as cell trafficking, high-resolution cellular imaging, 
tumor targeting, and utilization as organic dyes [65]. Polyphosphazene is another type 
of inorganic biopolymer, which has a wide range of applications as drug and gene 
delivery vehicle, owing to their biodegradation property [66].

2.3.4 Inorganic biocomposites

As mentioned earlier, biocomposites are made to improve the properties of the whole 
structure. Inorganic biocomposites are those structures which have been composed 
of phases such as bioceramics, biometals, or biopolymers. The second phase might 
have different shapes such as a particle, fiber, and so on, and be made of different 
materials. This second phase could be even air; in this case, the resulted biocomposite 
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is called foam. Bone, dentin, cartilage, and skin are some composites present in the 
body naturally. Therefore, applications of biocomposite as hard tissue replacement or 
orthopedic devices are much extended. Biocomposites found applications in tissue 
engineering as well, such as bone, vascular, and neural scaffolds. In biocomposites, 
the biocompatibility of each substitute should be noticed. In addition, the interface 
between phases is very important to have enough resistance to keep the whole com-
posite structure intact. Two common problems regarding these biocomposites are 
stress shielding and need for a second surgery for the removal of implanted biomate-
rial. The second problem, which is due to nondegradation of most ceramics, could be 
prevented with the help of resorbable bioceramics as a primary phase.

As pointed above, the first reason behind creating biocomposite is altering the rate 
of degradation. An example of such structure is a biocomposite made of iron and a 
resorbable bioceramic as bone-healing implant. The addition of degradable phase to 
Fe increased degradation and decreased yield and compressive strength [67].

The second reason could be an improvement of cellular interactions. Consider 
the case of a porous scaffold of PDMS) for culturing rat bone marrow-derived mes-
enchymal stem cells. After integrating HA crystals into pores of this scaffold, cell 
attachment improved dramatically [68]. Another example is a ZrO2/HA biocompos-
ite. Zirconia alone is not suitable as bone restorative material because of inertness and 
lack of bone affinity. Mixing of active HA with zirconia increased cell adhesion and 
bone integration [69].

The third reason for creating biocomposites is combining properties of different 
materials. For example, ZnO/Ag core-shell nanoparticles are inorganic biocomposites. 
The presence of silver cause inhibition of the growth of Staphylococcus aureus [18]. 
Another example is hyperthermia treatment of bone cancer with the help of nanocom-
posites. In a study, a magnetic phase was entered within the glass–ceramic formulation. 
Glass matrix enabled osteointegration with bone while incorporated Fe3O4 induced 
magnetic properties into the structure. Under a magnetic field, this power was heated and 
tumor cells were killed [70]. In another case, iron particles were embedded into the walls 
of carbon nanotubes improving electrical and magnetic properties of the template [71].

The fourth and the most significant reason of creating biocomposites is the 
improvement of mechanical properties of the structure. For example, composites in 
which matrix is a ceramic like Al2O3 reinforced with carbon fiber to increase tough-
ness, strength, modulus, and thermal stability, which make them suitable for orthope-
dic applications. The carbon fibers could be loaded with drugs simultaneously [72]. 
Another example is biocomposites of iron–bioceramic as a degradable bone implant. 
Not only yield and compressive strength decreased rather than pure Fe but cell viabil-
ity and proliferation improved, and due to the biodegradability of the ceramic phase 
bone healing improved [67].

2.4 Organic–inorganic biomaterials

In nature, most of the human tissues are a composite of organic and inorganic materi-
als. A clear example is bone tissue, which is composed of an organic phase (collagen) 
and inorganic (nanocrystalline HA) components. Therefore, in order to recapitulate 
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the natural tissues, it is necessary to develop a combination of organic and inorganic 
biomaterials. They could be prepared as composites or hybrids to mimic the natural 
structures. Different components could bind together via hydrogen or other weak inter-
actions in composites or via cross-linking in hybrids. The other difference between 
hybrids and composites is that the dimension of dispersion is in the molecular levels 
in the case of hybrids. Creative hybrid or composite scaffolds could have improved cell 
responses due to changes in signaling pathways following changes of nanostructures.

2.4.1 Organic–inorganic hybrids

Hybrid organic–inorganic polymers made through adding organic side groups to an 
inorganic backbone chain. Such hybrid materials have many biomedical applications 
[73]. For example, coating of implantable glucose sensors is made through blending 
silica with organic biopolymers in order to prevent fibrous encapsulation and war-
rant adequate glucose diffusion and to prevent denaturation of the enzyme glucose 
oxidase [74]. Another example is chitosan–epoxysilane films, which are used to coat 
zinc substrates and decrease the rate of cathodic delamination by eliminating ion 
transport [75].

Another strategy to create hybrids is functionalization of the surface of an inor-
ganic substance, such as silicate particles, with organic biopolymers [76]. Therefore, 
it is a creative way to attach an organic group covalently to inorganic substrates 
such as siloxane. In fact, it is possible to pattern an inorganic network with organic 
molecules and present them new functionalities. In a study, such patterned surfaces 
created for microfluidic devices fabrication [77].

2.4.2 Organic–inorganic composites

Composites are materials in which different phases exist heterogeneously while the 
phases are bigger than molecular levels (as in the case of copolymers and hybrids). 
Mainly, the goal of producing a composite with a polymeric matrix is to improve 
mechanical properties such as strength, stiffness, toughness, and fatigue resistance 
while other reasons exist, for example creating a biocomposite with two distinct 
phases in which each phase play a specific role (for more explanation, imagine one 
component support cell attachment and at the same time the other component play 
antibacterial role or even release a therapeutic).

Composites in which one phase is polymeric, whether organic or inorganic, have 
priorities over ceramic biocomposites such as avoiding the problem of stress shield-
ing and preventing a second surgery for removal of implanted biomaterials because 
of biodegradation of most polymers. Introducing the second phase into the polymer 
matrix can help to improve properties based on application. Mechanical properties and 
degradation kinetics could be controlled by the shape and amount of the second phase.

Interfacial bonding strength becomes important in achieving the desired mechani-
cal stability of biocomposite, because it is the site in which fractures take place 
routinely. Additionally, after placing biocomposite in vivo condition, the interface 
of fiber and polymer is more prone to deterioration than the matrix and interfacial 
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bonding strength between matrix and fiber weaken after exposure to water and bio-
logical fluids.

Mainly, the second phase has two shapes: fibers and particle. Use of particles as fill-
ers to reinforce biocomposite with polymeric matrixes has had successful results in the 
clinic. Dental restorative resins and bone cement are two examples. Introducing bioac-
tive fillers such as HA in bone cement induces bioactivity and bone-bonding properties 
in polymeric biocomposite. In addition, with the help of fillers justifying biodegradation 
rate of the polymeric matrix becomes possible. Another filler material is graphene oxide 
nanosheets. The nanofillers incorporate into silane coating to promote corrosion [78].

Biocomposites in which the second phase is particle are of immense interest. 
Incorporation of particles into composites may take place in two ways: they could be 
incorporated into the polymeric matrix during polymerization or they may introduce 
into matrix after polymerization and via dispersion. As an example, we could point 
out silicate particles, which are studied frequently as the second phase of composites. 
Silicate particles could be incorporated into an organic polymer matrix during the 
synthesis procedure. Nanoparticles mix with monomers and, after polymerization, 
they entangle into the final structure [79]. Nanoparticles could also be dispersed into 
a polymeric matrix through intensive mixing. The dispersion of silica nanoparticles 
into silane coatings could improve corrosion of the underlying carbon steel [80,81]. 
In a study, a composite of silica microsphere (as inorganic biopolymers) and collagen 
(an organic biopolymer) as a wound-healing support was produced. Collagen as the 
matrix of biocomposite facilitates cell proliferation at the same time the particles of 
silica are carriers for sustained delivery of an antimicrobial drug. In a study, gold 
nanoparticles incorporated into PP mesh to mediate degradation of the mesh by 
foreign body reactions and to improve cellular response [82]. The addition of gold 
nanoparticles is shown to have beneficial effects on the biocompatibility of bio-
composites. Whelove’s team improved the biocompatibility of PET patch, designed 
for the purpose of a hernia (a condition in which fascia, connective tissue over the 
abdominal muscles, breaks down) repair, via immobilizing gold nanoparticles [83]. 
In another work, an antimicrobial PP suture is fabricated through immobilization of 
nanosilver on these sutures [84].

One interesting biocomposite is a hollow-fiber membrane oxygenator made from 
PP, which is coated with silicone. After creating this coating onto the microporous 
membrane, leakage of plasma was prevented, which is translated to higher biocom-
patibility [85].

An artificial vascular graft made from poly(tetrafluoroethylene) (ePTFE) and 
mesoporous silica was synthesized on it in situ. Because of this mesoporous coating 
of silica, hydrophobicity and biocompatibility increased the controlled release of 
heparin from silica particles achieved [86].

2.5 Concluding remarks

In a nutshell, three main types of biomaterials including organic, inorganic, and their 
combination was reviewed here. These materials could be used as a biomaterials in 
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a condition that they provide satisfactory biocompatibility and nontoxicity. In appli-
cations as a biomaterial, these materials could be in different states including bulk, 
particles, fiber, and tubes. These structures could be prepared in nanodimensions as 
nanoparticles, nanofiber, and nanotubes depending on the applications. A few exam-
ples of each type are presented. While organic biomaterials are limited to organic 
biopolymers, inorganic biomaterials have the widest range as bioceramics, biom-
etals, inorganic biopolymers, and inorganic biocomposites. Surprisingly, application 
of these materials in the biomedical field is less than organic biopolymers. Finally, 
a combination of organic and inorganic biomaterials is discussed. This strategy is 
favorable to biomimetic and enables us to imitate the normal human tissues.

2.6 Future research

New frontiers of studies should be directed toward finding new hybrids and compos-
ites, which can best mimic the natural processes of the human body. In this regard, the 
first step is having a thorough understanding of biomaterials and their classifications 
are necessary, which enables us a suitable selection of biomaterials. The second step 
is finding and inventing new technologies to combine and assembly biomaterials and 
form different structures with varying properties. It seems that special attention must 
be paid to silica nanoparticles for a wide variety of applications as drug and gene 
delivery vehicles. In the case of bioinert or nonresorbable nanobiomaterials, some 
issues such as toxicity and fate of particles should be studied.
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3.1 Tissue engineering

Tissue engineering (TE) is a multidisciplinary field that aims to develop artificial 
tissues for the regeneration of damaged tissues, which are difficult to be treated by 
conventional drug administration, artificial prostheses, and organ transplantation, or 
incurable [1]. The basis of the design artificial organs and the development of TE 
strategies is to understand the structure and function of normal biological tissues in 
detail. Generally, biological tissues are formed from cells and extracellular matrix 
(ECM), which is noncellular part. ECM is a heterogeneous component of signaling 
molecules, functional proteins, proteoglycans, and is arranged in a three-dimensional 
(3D) shape, and is enriched with various growth factors, cellular components, water, 
cytokines, and ions to provide structural support to cells [2,3].

ECM functions can be summarized as follows:

● Establishment of hierarchical structured micro/nano environment;
● To provide mechanical and structural support to the cells;
● Regulation of cell shape and polarity;
● Storage of regulatory molecules (gas foaming (GF), multidomain proteins, enzymes);
● Regulation of cell function through biomechanic interactions and mechanical signs (e.g., 

cell survival, proliferation, migration, differentiation, and growth).

Considering the primary role of cell environment and ECM in determining cell 
response and behavior, it is quite clear that biochemists and biologists need to deeply 
understand biological event that govern cell–ECM and cell–cell interactions. Cells 
must be supported with a scaffold having suitable mechanical and biological proper-
ties that allow cell adhesion, proliferation, and spontaneous formation of ECM by 
cells. For this purpose, materials science plays a role in the production of ECM-
substitute scaffold with proper 3D structure, chemical and physical properties [4].

3.2 Scaffolds

Scaffolds are defined as 3D porous biomaterials that are designed to perform some or 
all of the following functions: (1) contribute cell–biomaterial interactions, cell adhe-
sion, and the accumulation of ECM; (2) enable sufficient transport of gases, regula-
tory factors, and nutrients to allow proliferation, cell survival, and differentiation; (3) 
to obtain biodegradation rate that is close to the rate of tissue regeneration at certain 
culture conditions, and (4) to minimize inflammation or toxicity in vivo [5].

3
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3.3 The critical structural and chemical requirements 
of scaffolds

For TE applications, scaffolds that are produced from a biodegradable polymer should 
be porous and 3D structures that function to support tissue mechanics and provide cell 
survival. These 3D, porous scaffolds including gel, sponge, sphere, and fiber-based 
structures manufactured by different production methods have a variety of character-
istics due to their significant structural architecture [6]. Ideally, a functional scaffold 
must meet the following challenging requirements [7–9]:

● Be biocompatible to prevent undesired host tissue responses to implants;
● Have a degradation rate that matches the formation rate of new tissue;
● Have adequate surface properties that provide bimolecular signals to cells for cell growth, 

proliferation, differentiation, and adhesion;
● Have optimum structural features in terms of porosity, pore size, permeability, and pore inter-

connectivity in order to provide effective nutrient transmission and the removal of wastes;
● Be bioresorbable;
● Show mechanical properties similar to the host tissue;
● Have a production process that allows the scaffold to be structured to fit a range of defective 

geometries;
● Be up-scalable for mass production;
● Meet the regulatory requirements and can be sterilized for clinical usage.

Biocompatibility is a necessary characteristic for scaffolds. Because of the scaffold 
works in contact with the tissues and cells in vitro, when the scaffold is implanted 
in vivo it should not lead to harmful bioresponse [10]. Biocompatibility of the scaf-
fold is affected by important factors such as the scaffold’s chemistry, structure, and 
morphology [11].

Scaffold is intended to be a temporary support that is displaced to regenerated tis-
sue in the organism over time. Therefore scaffold must be biodegradable in human 
body by molecular degradation mechanisms that result in the gradual disappearance 
of scaffold and the formation of degradation by-products [12]. In addition, the deg-
radation rate of the scaffold should reflect the rate of tissue formation. It is quite 
difficult to reach this criteria but it is particularly important in terms of structural 
supporting role of the scaffold [10,13].

Scaffold surface is the first and primary area that interacts with its surrounding 
cells and tissues. Even though biodegradable porous scaffolds have good enough 
interconnected pores that allow cell infiltration and growth also have surface 
properties such as hydrophilicity/hydrophobicity that originate from the chemi-
cal composition may not be sufficient to induce selective cell adhesion, migration, 
and proliferation. In many cases, specific cellular interactions are required for the 
desired tissue formation. In general, the surface properties of the biomaterials that 
are implanted describe the behavior of the protein adsorption with determination of 
simultaneous cellular interactions. Many studies have been made to mimic the natu-
ral ECM by immobilizing biomolecules on the surface of the polymer scaffold [14]. 
Surface properties can be selectively functionalized through physical adsorption or 
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chemical modification to improve the performance of biomaterials. Cell adhesion 
proteins such as poly(L-lysine), collagen, and fibronectin, laminin, vitronectin were 
adsorbed onto a polymeric matrix surface to support cell attachment [15,16]. In 
addition to this, covalent binding of functional biomolecules is required to provide 
more stable adhesive layer for the cells. Naturally derived macromolecules such as 
collagen, gelatin, heparin, hyaluronic acid, Arg-Gly-Asp (RGD), or Tyr-Ile-Gly-Ser-
Arg (YIGS) short peptide sequences obtained from cell adhesive proteins and sugar 
moieties such as galactose or lactose were grafted onto the polymer surface to regu-
late cell–matrix interactions [14,17].

Pore structure and porosity of the scaffold play an important role in implant place-
ment and 3D tissue formation. Pores are required for tissue formation because it 
allows cell migration and growth, vascularization, and diffusion of nutrients for cell 
viability [18,19]. The amount of porosity is related inversely with mechanical proper-
ties. High degree of porosity is desirable for cell colonization and provide an opportu-
nity for more rapid tissue formation. However, a high degree of porosity indicates that 
the scaffold has lower mechanical properties. Therefore, optimized balance should 
be achieved between these conflicting requirements in each specific application [20]. 
Cellular growth and penetration in the 3D scaffold structure is greatly influenced 
by the average pore size of biomaterial scaffolds. Optimum pore size ranges for the 
different types of cells and tissues are shown in Table 3.1. Generally, the scaffold 
with a large pore size while allowing effective nutrient supply, gas diffusion, and 
the removal of metabolic wastes also may lead to low cell adhesion and intracellular 
signal [21]. If the pore size used is too small, occlusion of pores that prevents ECM 
production and neovascularization in the inner area of the scaffold will occur by cells 
[25]. Consequently, structure of scaffold should contain both macropores (pore size 
>50 µm) and micropores (pore size <10 µm) in order to provide the necessary physi-
cal support during the regeneration process [26].

Table 3.1 Optimum pore size ranges for different kinds of cells 
and tissues [21–24]

Type of cells and tissues Optimum pore size ranges

Neovascularization 5 µm
Fibroblast 5–15 µm
Adult mammalian skin 20–125 µm
Chondrocyte 70–120 µm
Bone 100–350 µm
Osteoid 40–100 µm
Hepatocyte 20 µm
Liver tissue 45–150 µm
Vascular smooth muscle 60–150 µm
Bladder smooth muscle 100–300 µm
Fibrovascular tissue >500 µm
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The interconnectivity of pores is a critical issue for cell migration, further coloni-
zation of the scaffold surface, and the maintenance of cell viability by providing the 
diffusion of essential nutrients and removal of metabolic wastes [27]. The lack of pore 
interconnectivity results in insufficient nutrients and oxygen transport as well as lim-
ited removal of wastes from the scaffold [28]. This situation may inhibit cell migra-
tion and growth even if the biomaterial is highly porous [29]. As a result, production 
of scaffolds with improved pore interconnectivity is useful for TE applications [30].

The appropriate mechanical properties for a biomaterial that are used in TE 
applications are critical to the success of the implant. Hence, many tissues undergo 
mechanical stresses and strains, and it is important that mechanical properties of the 
scaffold match, as much as possible, those of the regenerated tissue. Thus, the forma-
tion of new ECM is not limited due to mechanical weakness [10]. TE scaffolds are 
applicable clinically and commercially; it should be affordable and possible to scale-
up [31]. The development of scalable production process for GMP (good manufactur-
ing practice) has great importance in order to ensure the successful transformation of 
TE strategies to clinical applications [32].

The above mentioned scaffold features are related to two main factors that play 
an important role in controlling scaffold properties: (1) the type of polymer material 
and (2) scaffold production technology. For example, toxic wastes can cause harm-
ful effects when they are released out from the scaffold. Such substances may be 
monomers, impurities in the initial material, or substances from the material process 
(degradation products, organic solvents, etc.). Mechanical properties are related to 
raw materials at first; however, these properties vary considerably depending on the 
scaffold structure that is determined by the technique used in the production of the 
scaffold. Another example is bioresorbability and especially the degradation rate is 
related not only to polymer characteristics (i.e., microstructure of copolymers and 
molecular weight, chemical composition, and the monomer distribution), but it is also 
related to scaffold structure (i.e., pore walls and scaffold dimension).

When designing scaffold for a specific application, it must be known which prop-
erties the scaffold should exhibit to successfully perform its function. After the neces-
sary scaffolding features are clearly defined, materials science is involved in selecting 
the appropriate polymer material, production method, and suitable treatments [33].

3.4 Scaffolding biomaterials

Biomaterials are defined as any substance or combination of substances other than 
drugs that can treat, strengthen, or replace any tissue, organ, or body function, and they 
can be used as a whole or as a part of a system to maintain or improve the individual’s 
quality of life [34,35]. Previous biomaterial research was carried out on systems that 
has appropriate physical properties and minimal toxicity to the host tissue and that 
aim successfully and permanently to replace damaged tissues. Metals, ceramics, and 
nondegradable polymers are the best examples of conventional systems. Inertness 
and inadequacy to adapt growth are common features. Today, the concept of an ideal 
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biomaterial has changed with the development of bioactive materials. These bioactive 
substances have the ability to interact with the biological environment to support the 
material–host tissue integration and to enhance biological response [36].

Generally a bioactive material is designed to induce specific biological activity 
[37]. More functional and measurable bioactivity can be defined as the possibility 
of making feature to create bond with living tissue [38]. In this case, nonbioactive 
materials leads to the formation of nonadherent tissue layers at the implant interface. 
Therefore, metals and other nonbiodegradable materials cannot be used in this con-
text; it is clear that biomaterials are suitable to produce bioresorbable scaffolds that 
degrade in the human body by hydrolitic and/or enzymatic degradation [33].

Biomaterial scaffolding should be selected according to the requirements of the TE 
application. Some biomaterials are more appropriate than others depending on which 
tissue is being engineered. TE scaffolds are produced using a variety of organic and 
inorganic biomaterials including biopolymers, bioceramics, metals, and their compos-
ites. Bioceramics, metals, and composites are mostly used in the regeneration of hard 
tissues due to their high mechanical properties. Furthermore, polymers are used for 
the reconstruction of soft tissues [39].

3.4.1 Organic biomaterials (biopolymeric scaffolds)

Various porous scaffolds have been developed from natural and synthetic polymers 
that can mimic in vivo extracellular microenvironment to control the functions of the 
implanted cells. While synthetic polymers are synthesized by the human-directed 
polymerization process, natural polymers are obtained from the growth and metabo-
lism of microorganism, plants, and animals. Recently, new hybrid polymeric scaffolds 
that mimic the ECM of a natural tissue have been developed by a combination of 
natural and synthetic polymers [14,40].

3.5 Naturally derived biopolymers

Natural polymers are described as the first biodegradable biomaterials that are suit-
able for TE applications and used clinically because they are biocompatible and 
can be resorbed by the host tissue during implantation [41]. Natural polymers are 
advantageous compared to synthetic polymers for TE because they are similar to the 
protein and polysaccharide components of the ECM structure. Cells recognize amino 
acid and saccharide sequences and have the necessary binding site for them. The 
good interactions with cells provide the possibility of enhancing cell performance in 
a biological system [42]. In addition, scaffold materials should have reproducible and 
controllable properties considering the strict medical regulatory standards for consist-
ent quality and material purity. The structure and chemical components of natural 
polymers can vary significantly among natural sources [43,44]. As a result, material 
properties may not be reproducible from batch to batch and makes it difficult to apply 
the quality assurance/quality control (QA/QC) manufacturing practices in the current 
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situation. In contrast, the synthetic polymer material properties are reproducible from 
batch to batch because QA/QC practices are well established and their properties are 
determined by the adjustable process parameters [45].

Natural polymers can be classified as polysaccharides (chitosan, cellulose, dextran, 
alginate, glycosaminoglycans, and amylose), proteins (collagen, keratin, elastin, silk, 
gelatin, fibrin, actin, and myosin) or polynucleotides (DNA, RNA) [42].

While type I collagen is the most abundant and main component of bone, skin, 
ligaments, and tendons, type II collagen is the main component of cartilage. Collagen 
does not only provide structural support to cells and tissues but it also plays an 
important role in cellular behavior, chemokine storage, and release [46]. Collagen and 
denatured form of collagen, gelatin, can form a porous gel matrix. It is also used in 
the functionalization of the surfaces of synthetic polymers to allow cell adhesion [47]. 
Collagen scaffolds are widely used clinically in the regeneration of dermal, vascular, 
orthopedic, and ophthalmic tissues [48].

One of the most common types of natural fibrous protein is silk. Silkworm silk is 
used in textile production for centuries and has been used as sutures for decades due to 
superior tensile mechanical and nondegradable properties [49]. This natural macromo-
lecular material has been introduced as a scaffold material in the usage field of TE owing 
to good biocompability, slow degradation, and good mechanical properties [50,51].

Fibrin has important functions in wound healing such as creating a hemostatic bar-
rier to prevent bleeding and support the natural scaffold for fibroblasts. The polymeriza-
tion is induced by fibrin monomer conversion to fibrinogen via thrombin [52]. Mostly 
fibrin has been used to produce hydrogel scaffold formation for cardiovascular tissue 
[53], neural TE [54], and microvascular networks [55]. Fibrin also can be mixed with 
calcium phosphate granules to form a porous scaffold [56]. Fibrin is suitable for clinical 
use as hemostatic agent, tissue adhesive, and significantly improves hemostasis when 
it is used to strengthen skin graft, as well as develops host tissue graft integration [57].

Elastin, an ECM protein in mammals, plays a supportive role in endothelial cell 
growth and in controlling of vascular smooth muscle proliferation [58]. Elastic also 
provides elasticity to tissues and it is found in ligaments, arteries, lungs, and skin. 
Elastin types that are used for scaffold fabrication contains sequences such as solubi-
lized elastin derived from animal sources, recombinant tropoelast, and elastin [59,60]. 
Elastin is mainly used in cardiovascular tissue, dermal tissue, and the engineering of 
vascular channels [61]. Commonly, elastin is incorporated into scaffolds as a mixture 
with other natural biomaterials especially such as collagen [62] and silk [63].

Polysaccharides are another class of natural polymers. Glycosaminoglycans (GAGs), 
the basic components of the ECM tissue, are included in the group of polysaccharides 
and they have many functions for example the preservation of tissue structure and 
directing the cell function. GAGs that are found in cartilage tissue play a significant 
role in lubricating articular joints, resisting compressive forces, and cell binding in 
basal membrane. Hyaluronic acid, dermatan sulfate, chondroitin sulfate, keratan sul-
fate, and heparin sulfate species that are mainly found in the body; chondroitin sulfate 
and hyaluronic acid are primarily used for scaffolding in TE. GAG usage in the engi-
neering of dermal [64], brain [65], and adipose tissue [66] has been reported; however, 
it has been widely produced in the form of hydrogel for cartilage TE.
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Alginate is an anionic polysaccharide commonly derived from brown algae cell 
wall. It is capable of forming gels with high swelling degree in the presence of diva-
lent cations such as Ca2+ [67]. Alginate has been studied primarily as a hydrogel 
scaffold for cartilage in TE. In addition to the alginate hydrogels, alginate can also 
be electrospun [68] and porous sponges can be produced by adding divalent cations 
(Ca2+, Mg2+, Ba2+, Sr2+) in the alginate solution [69].

Chitosan is a cationic polysaccharide with hydrophilic properties that is used as 
scaffold material to support cell adhesion and differentiation [10,11]. Chitosan can 
generate different material forms including hydrogels [70], electrospun mats [71], 
microspheres [72], and porous scaffolds [73]. Implanted chitosan causes a minimum 
level of foreign body response and it has natural antimicrobial and thrombogenic 
properties [74]. Chitosan bandages are clinically used as wound dressings [75].

3.6 Synthetic biopolymers

The properties of synthetic polymers (e.g., degradation time, porosity, and mechanical 
characteristics) are very useful in the biomedical field since they are adjusted accord-
ing to the specific application. One of the most important problems of natural polymers 
is that they are generally expensive, show differences from batch to batch, and have 
the possibility of cross-contamination from unwanted diseases or unknown viruses 
due to isolation from animal, plant, and human tissue. On the other hand, synthetic 
polymers are usually cheaper than natural polymers; they can be produced uniformly 
in large quantities, have no immunogenicity, their physicochemical properties can be 
controlled easily, and they have a long shelf life. Molecular structure and molecular 
weight can be tunable during synthetic procedures, and the mechanical and physical 
properties of scaffold that is made from synthetic polymers can be adjusted to the 
desired location in the human body [76]. Synthetic polymers are divided into two 
broad categories as (i) biodegradable and (ii) nonbiodegradable. Some nondegrada-
ble polymers are poly(hydroxyethylmethacrylate), poly(N-isopropylacryamide), and 
polyvinyl alcohol (PVA). Some synthetic biodegradable polymers such as polylactide 
(PLA), polyglycolide (PGA) and their copolymer poly(lactide-co glycolide) (PLGA), 
poly(hydroxy butyrate) (PHB), poly(ε-caprolactone) (PCL), polyanhydride, polyphos-
phazene, poly(glycerol sebacate) (PGS), poly(propylene fumarate) (PPF), and biode-
gradable polyurethanes (PUs) are included in the group of poly(α-hydroxy ester)s. 
Among these two categories of polymers, synthetic biodegradable polymers have been 
preferred in TE applications to minimize chronic foreign body reaction and to provide 
a completely natural tissue formation [77].

Aliphatic polyesters

These polymers can form stable porous 3D scaffold that is insoluble or does not melt 
in vitro tissue culture conditions [78]. These polymers generally degrade by hydroly-
sis of ester groups in their structure; degradation rate and degradation products can be 
adjusted according to the composition, structure, and molecular weight [79].
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PLA, PGA, and their copolymer PLGA are synthesized by ring-opening polym-
erization of monomers (lactide and/or glycolide) and are generally expressed as poly-
α-hydroxyacids [80]. In addition to biodegradability and biocompatibility of these 
polymers, they are among the few synthetic polymers that are approved by US Food and 
Drug Administration (FDA) for surgical sutures and clinical applications such as some 
implantable devices. These polymers degrade the products that can be absorbed by the 
organism (lactic acid that is normally produced by muscular contraction) as a result of 
exposure to water [81]. PGA has many advantageous properties and it is one of the most 
widely used polymers for scaffolding. It degrades in vivo or in aqueous solutions and 
loses its mechanical integrity within two or four weeks depending on the physical struc-
ture and molecular weight of material and degradation conditions. Nonwoven fibrous 
fabrics are made with this polymer and are most commonly used as a scaffold [78,82].

PLA is another biodegradable polymer that is widely used for the manufacture 
of scaffolds [83]. Extra methyl group in the repeating unit of PLA (compared with 
PGA) reduces the molecular affinity for water and makes it more hydrophobic leading 
to slower hydrolysis. Thus, the loss of mechanical integrity of the PLA scaffold or 
implant takes several months or even years [84,85]. PLGAs were synthesized using 
various ratios of lactic and glycolic acid to obtain a degradation rate between the rate 
of PGA and PLA [86]. Also other linear aliphatic polyesters such as PCL [86] and 
PHB [87] are used in TE. PCL degrades significantly slower when compared to PLA, 
PGA, and PLGA [87].

Even though slow degradation of PCL makes it less preferable for TE applica-
tions, this property of PCL makes it more suitable for long-term implants and con-
trolled release applications. PCL-based copolymers have been synthesized recently to 
improve the degradation properties [88]. PHB is produced by fermentation of micro-
organisms [89]. PHB and PHB-based copolymers are less popular for TE applications 
when compared with PGA, PLA, and PLGA because they degrade very slowly due to 
their hydrophobic nature. Other important synthetic biodegradable polymer PFF can be 
degraded by hydrolysis of the ester bond similar to lactide and glycolide polymers [90].

Polyanhydrides

Polyanhydrides can be synthesized easily from appropriate, low-cost sources, and can 
be adjusted to meet the desired specifications [91]. Polyanhydrides are biocompat-
ible and they degrade into diacid by-products that can be eliminated from the body 
as metabolites in vivo and are nontoxic. These polymers are essentially designed for 
drug release applications because they are very hydrophobic and degrade by surface 
erosion [92]. Drugs, when loaded into such polymers, are better protected because 
they have almost no penetration of water before polymer erosion [93]. Also these 
polymers have been searched for the TE scaffolds.

Polyphosphazenes

Polyphosphazenes is a relatively new class of biodegradable polymer by compari-
son with poly(α-hydroxy acids) and poly(anhydrides) [94]. These polymers contain 
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phosphorus and nitrogen atom sequences in their backbone at the interface between 
inorganic and organic polymers. Biodegradable polyphosphazenes can be synthesized 
with the opportunity to adjust the degradation rate over hours, days, months, or years 
by combining side groups on phosphorus atom, controlling their nature and side sub-
stitutes composition [95,96]. They are good candidates of a variety of soft and hard 
tissue TE applications, thanks to good biocompatibility, synthetic flexibility, nontoxic 
degradation products, and designed mechanical properties [97–99].

Polyurethanes

PU, which is one of the most popular groups of biomaterials, can be used for a 
wide range of biomedical applications [100]. They are popular recently due to their 
segmented-block structural characters that provide adjustable mechanical properties, 
biological properties, physical properties, blood and tissue compatibility, and versa-
tility in a wide range in terms of biocompatibility [100]. PUs are used as biostable 
and inert materials in catheters, heart valves, prostheses, and vascular grafts owing to 
improved durability, biocompatibility, hardness, and stability [101].

Poly(glycerol sebacate)

PGS is a relatively new synthetic, biodegradable, and biocompatible polymer used 
increasingly in various biomedical applications [102]. PGS has thermoset elastomeric 
properties and it is relatively inexpensive to produce. In addition, its degradation rate and 
mechanical properties can be adjusted for a particular application by controlling curing 
temperature, curing time, reactant concentration, and the acylation degree of acrylated 
PGS [103]. PGS has mostly been used for soft TE such as cardiac muscle, nerve, blood, 
retina, and cartilage due to its elastomeric nature. Also applications of PGS has been 
extended as tissue adhesive, drug delivery, and hard tissue regeneration [104–106].

3.6.1 Inorganic biomaterials (bioceramic scaffolds)

Bioceramics are a class of inorganic nonmetallic materials defined as components 
or ceramic products of implant and replacements, which are used in medical and 
dental applications [107]. Considering the inorganic nature and mechanical stiffness 
of bioceramics, they are generally used for the regeneration of hard tissues such as 
bone and teeth. However, some studies have shown the potential of bioceramics as an 
innovative way to regenerate a variety of damaged soft tissues [108,109].

Another development that has been receiving interest is the use of bioactive ceram-
ics, bioglasses, and glass–ceramics as a delivery system for inorganic ions that have a 
positive effect on tissue regeneration and angiogenesis [110–112].

They can be categorized as bioactive (bioglass, glass–ceramics, and hydroxyapa-
tite (HA)), biosoluble (calcium phosphates), and bioinert (alumina (Al2O3), zirconia 
(ZrO2), and pyrolytic carbon) according to the types of bioceramic and host tissue 
interactions. In addition, bioceramics are generally classified as crystalline, semicrys-
talline, or amorphous in nature [113].
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Bioinert ceramics are used as acetabular cups and femoral heads for hip prosthe-
sis as well as used for manufacturing dental implants; however, these materials are 
inert, and for this reason they are not used as scaffolds. The ability to form a stable 
bond with the host tissue has major importance in the selection of bioceramic for the 
production of scaffold. In this context, bioactive and bioresorbable ceramics consist-
ing of the same ions in bone offer a valuable solution. These bioactive ceramics are 
biocompatible; they bind directly to bone and do not cause any systemic toxicity or 
immunological reactions. Furthermore, they degrade gradually during the regenera-
tion of natural host tissue and disappear when they have completed their task of acting 
as templates for new tissue [114–116]. Bioactive ceramics have several major groups 
including calcium glass–ceramics, phosphate ceramics, and bioactive glasses.

3.7 Calcium phosphate bioceramics

Calcium phosphate is the main mineral component of bones. Only certain calcium 
phosphates are useful for implantation in the body. Calcium phosphates that have 
Ca/P ratio less than 1 are not suitable for biological implantation because of their high 
solubility, but this ratio is greater than 1.67 resorption rate that significantly reduces 
[117]. Synthetic calcium phosphate bioceramics that are generally named “biphasic 
calcium phosphate” (BCP), they are a series of combination of HA Ca10(PO4)6(OH)2, 
beta-tricalcium phosphate (β-TCP) (Ca3(PO4)2), and HA ve β-TCP (ratio of HA to 
β-TCP), and they have attracted attention recently [36].

Calcium phosphate bioceramics are generally osteoconductive for TE applications 
but are not osteoinductive [118,119]. However, several calcium phosphate bioceram-
ics including HA, BCP ve β-TCP have been reported that they have bone-forming 
capabilities in nonbone areas without additional osteogenic factors [120,121]. Some 
calcium phosphate bioceramics are defined as having intrinsic osteoinductivity 
because they have shown osteoinductive properties [119]. These osteoinductive 
properties are thought to be dependent on various factors such as surface topography, 
geometry, and pore characteristics of biomaterial and chemical compositions [122].

Calcium phosphate bioceramics HA, BCP, and β-TCP are used as coating in the 
treatment of craniofacial defects, as femoral stem in hip implants and maxillary floor 
augmentation [118]. Despite β-TCP scaffolds having the same porosity of HA scaf-
folds, they have lower resistance. Therefore, the use of these bioceramics porous scaf-
folds are not recommended in the regeneration of major damage in the load-bearing 
region because of inadequate strength of β-TCP, weak mechanical response, and 
limited mechanical reliability [36].

3.8 Bioactive glasses

The first bioactive glass (SiO2 45 wt.%––Na2O 24.5 wt.%––CaO 24.5 wt.%––P2O5 
6 wt. % system) (45S5 Bioglass), which was developed in the late 1960s by Larry 
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Hench et al., has been the most studied glass in biomedical applications [123]. This 
glass is a silicate glass based on 3D glass-forming SiO2. Since that time, many 
other borate, silicate, glass–ceramics, and phosphate glasses that were shown to be 
bioactive are recommended for biomedical applications [115,124,125]. These bioac-
tive materials release ions to the cells in their regional physiological environments 
when they are degraded. During the process of degradation these materials form a 
carbonate-substituted HA layer on the glass surface. This carbonate-substituted HA 
layer can bind firmly to the soft tissues and bone similarly phosphate glass fibers for 
muscle and ligament replacements due to it is similar to the mineral component of 
the bone [36]. Generally, the ability to change the chemical composition and surface 
reactivity rate, which provide to bind a wide variety of tissues, are the advantages of 
bioactive glass. They are disadvantageous in terms of mechanical properties because 
these materials have a relatively low flexural strength in comparison with other 
ceramic materials [36].

3.9 Glass–ceramics

Glass–ceramics are crystallized glass that are produced as a result of the controlled 
thermal process of parent glass or thermal treatment during production. Glass–
ceramic, which is produced by casting and melting methods, has better physical 
and mechanical properties (e.g., fracture toughness, strength) than the parent glass. 
However, the common challenge of the glass–ceramic scaffolds for TE applications 
is an unexpected and slow degradation that is formed in the presence of crystalline 
phases [125].

3.9.1 Biocomposites

Composites that consist of an organic matrix (generally a biodegradable polymer) 
and an inorganic phase (bioactive material particles such as HA and bioactive glass) 
draw attention for TE applications, since natural bone tissue consists of collagen 
fiber matrix (50–500 nm diameter) and HA crystals (70 nm long and 2–5 nm wide) 
[126–128]. In general, the purpose of forming such composites is combining the 
osteoconductive properties, power, and hardness of bioceramics with durability, flex-
ibility, and resorbability of polymers. Thus, polymer phase can gain bioactive func-
tion as well as its strengthcan be improved. In addition, issues with the fragility and 
mechanical reliability of bioceramics can be controlled [129].

First-studied composites include TCP or HA as inorganic phases, poly(L-lactic 
acid) (PLLA), poly(D/L-lactic acid) (PDLLA), PGA, and PLGA as organic phase 
[130–132]. HA/polyethylene porous composites that were introduced in the market 
with a commercial name “Hapex” are frequently used for the regeneration of orbital 
floor fractures in clinical treatment [133]. Bioactive glass that is dispersed in a biode-
gradable polymer matrix, which has the potential to improve the host tissue/cell inter-
action or nanocomposites that consist of HA nanoparticles discreetly have been paid 
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attention recently [134]. Bioactive glass nanoparticles are incorporated into intensive 
collagen matrix to mimic microstructure, biological, and mechanical properties of 
natural bone (Fig. 3.1) [135].

A problem with the above-described nanocomposites is the difficulty of preparing 
nanoparticles, especially bioactive glass nanoparticles. Another problem is the ten-
dency of nanoparticles to agglomerate, which makes it difficult to disperse homoge-
neously throughout the matrix. The production of inorganic–organic hybrid for bone 
and tissue regeneration applications is an alternative approach that draws attention 
recently [136,137]. Hybrids essentially behave like a single phase causing controlled 
degradation and designed mechanical properties due to interactions at the molecular 
level [136].

3.10 Scaffold fabrication techniques

Various techniques are used, which allow the processing of materials into 3D porous 
scaffolds in order to facilitate cell distribution and to lead the growth of cells into 
3D structures. Traditional methods include GF, phase separation, fiber meshes/fiber 
bonding, self-assembly, freeze-drying, and solvent casting/particle leaching. Other 
techniques are electrospinning for the production of nanofibrous scaffolds and solid 
freeform fabrication (SFF; rapid prototyping) for the production of scaffolds from a 
computer-aided design model. Table 3.2 describes the basic advantages and disadvan-
tages of these techniques. The selection of scaffold production techniques should be 
done by considering potential and disadvantages of each technique and manufactur-
ing techniques should match the needs of specific tissue to be regenerated. Besides 
improving the production methods of scaffold with controlled structural and mechani-
cal properties, attention should be paid to improve the properties of scaffolds by mod-
ifying biochemical properties of the surface with cell adhesive peptides or leading to 
cell growth, cell migration, proliferation, or differentiation with growth factors [146].

Figure 3.1 (a) Top view low-magnification SEM micrograph of a hybrid roll. (b) High 
magnification SEM micrographs of DC-nBG gels.
Reprinted from [135], Copyright (2011), with permission from Elsevier.
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Table 3.2 Scaffold fabrication techniques for TE applications 
[29,138–145]

Methods Advantages Disadvantages

Fiber meshes High porosity, high pore 
interconnectivity, and high surface 
area to volume ratio

Lack of structural stability

Fiber bonding High porosity, high pore 
interconnectivity, and high surface 
area to volume ratio

Poor mechanical property, 
high processing temperature, 
limited control over porosity, 
residual solvents and 
porogens

Solvent casting/
particle leaching

Control over porosity and pore 
geometry, highly porous structures, 
crystallinity can be tailored, large 
range of pore sizes

Poor control over the 
orientation and the degree 
of pore interconnectivity, 
limited to the fabrication 
of thin membranes, limited 
mechanical property, residual 
solvents and porogens

Gas foaming No organic solvents, control over 
porosity and pore size, suitable 
for the incorporation of heat 
sensitive biological agents inside 
the scaffold

Inadequate pore 
interconnectivity, limited 
pore sizes, formation of a 
nonporous surface

Phase separation Easily combine with other 
fabrication technology, allows 
incorporation of bioactive agents, 
highly porous structures

Difficult to control precisely 
scaffold morphology, 
problems with residual 
solvent, limited range of pore 
sizes

Self-assembly The level of porosity, pore size and 
the diameter of the fibers are well-
controlled, various cell behaviors 
can be promoted

Designing process is 
complex, expensive materials 
required, limited scaffold size

Freeze-drying Leaching steps are not required, 
high temperature are not applied

Long processing time, small 
pore size

Electrospinning The simplicity of the process, 
easily scaled-up for mass 
production, high aspect ratio, 
surface area, permeability, 
porosity, and tunable mechanical 
reliability, suitable for the surface 
modification of bioactive agents

Limited mechanical property, 
pore size decrease with 
fiber thickness, inability 
to fabricate complex 3D 
structures

Rapid prototyping Excellent control over geometry, 
porosity, no supporting material 
required

The required equipments are 
expensive, limited types of 
polymers can be used.
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3.10.1 Fiber meshes/Fiber bonding

Fiber-based scaffolds produced by textile technology are used for the production of 
nonwoven scaffolds, which is one of the first porous structures for TE and they are 
made from PGA and PLLA [147]. Despite these fibrous structures having a high 
degree of porosity (up to 95%) with interconnected pores and high surface area/vol-
ume ratio, fiber diameter range is limited to 10–15 µm. The lack of structural strength 
of this nonwoven scaffolds usually results in significant deformation because of the 
contractile forces of the cells. This situation has led to the development of fibers 
binding techniques based on the heat treatment to bind random fiber bundles in order 
to improve the mechanical properties of the scaffold [138]. The fibers can bind to 
each other with two different techniques. First technique is developed by Mikos et al. 
[148]. In this technique, PGA fibers are immersed in PLLA solution. When the sol-
vent evaporates, PGA fibers are embedded in PLLA. After that, composite is heated 
above the melting temperature of both polymers. PLLA melts in the first place and 
fills all gaps. This helps in protecting the spatial arrangement of fibers. Then PLLA 
is removed by performing the dissolution with methylene chloride. Second method 
for binding PGA fibers uses the atomization of PLLA and PLGA to coat fibers. 
Chloroform that is dissolved in PLLA or PLGA is sprayed onto PGA fibers [149].

Eventhough fiber bonding techniques produce highly porous scaffolds with inter-
connected pores, which is suitable for tissue regeneration [148–150], both methods 
can be toxic to cells if the solvent is not completely removed.

3.10.2 Solvent casting and particulate leaching

This technique was first described in 1994 by Mikos et al. and it uses a water-soluble 
porogen for the production of pores in a polymer matrix [151]. Briefly, the poly-
mer solution is poured into a mold containing the particles with desired size. After 
evaporating the solvent, the particles are leached by immersion into water. PLLA and 
PLGA scaffolds are mainly obtained for this approach. Salt is commonly used as a 
porogen [151,152]. Also sugar [153], paraffin, and gelatin microspheres are used for 
this purpose [154].

The pore properties of the obtained scaffold such as the average pore size, pore 
interconnectivity, and porosity can be controlled by porogen geometry, size, and 
concentration, and this an important advantage of this method [154]. Highly porous 
biomaterial with a pore size up to 500 μm and 93% porosity can be produced by using 
solvent  casting/particle leaching method [151]. However, this technique requires the 
use of  large  amount of organic solvent, which denatures bioactive molecules, and it 
affects the time needed for solvent evaporation (days-to-weeks). Also, this method that 
is used to generate porosity has low control over the orientation and degree of pore 
interconnectivity [139]. In addition, the production of thin membranes (typically less 
than 500 μm) is limited because of difficulties relating to the removal of particles from 
the scaffold. Afterward, these membranes should be assembled within the larger 3D 
structures [155].
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3D, PCL porous scaffolds with interconnected networks can be produced by using 
particulate, polymer leaching techniques and modified solvent casting technique 
that uses sodium chloride and polyethylene glycol (PEG) as porogens (Fig. 3.2). 
The pores in the scaffold, which is formed by PEG leaching, is larger than the pores 
formed without PEG leaching and these large pores are more interconnected to each 
other and they distributed uniformly in the scaffold. As a result, the cells that were 
cultured on these new PCL scaffolds have a maximum value of mineral accumula-
tion and it was clearly observed to provide much better support to the proliferation of 
cultured bone cells and differentiation [156].

Figure 3.2 SEM images at 2003 magnification illustrating the microstructures of the (a) salt 
leached, (b) salt-PEG 200 leached, (c) salt-PEG 600 leached, and (d) salt-PEG 1000 leached 
PCL scaffolds.
Reprinted from [156], Copyright (2013), with permission from John Wiley and Sons.



Nanobiomaterials Science, Development and Evaluation42

3.10.3 Gas foaming

GF is widely used to produce microcellular foams of thermoplastic polymers such as 
poly(methylmethacrylate) and polystyrene [157–160]. However, Mooney et al. used 
this technique to produce PLA50GA50 scaffolds for TE in 1994 [161]. Since then, 
GF has become a preferable technique for the production of microporous scaffolds 
[162,163]. High pressure (800 psi) carbon dioxide (CO2) gas is used for the manu-
facture of highly porous scaffold in GF technique. Biodegradable polymer such as 
PLGA is saturated with high pressure CO2 [161]. The solubility of the gas in polymer 
decreases rapidly when CO2 pressure is set to atmospheric levels. This results in 
nucleation and growth of gas bubbles or cells with sizes ranging between 100 μm and 
500 μm in the polymer [161].

The amount of CO2 dissolved in the polymer solution determines the porosity and 
pore structure of the scaffold. The main advantage of using CO2 foaming for the pro-
duction of scaffolds is to reduce the problems associated with residual solvents, which 
can be toxic to mammalian cells. However, it is well documented that the formation 
of nonporous layer in foamed scaffolds, because of the fast diffusion of CO2, when 
pressure is released, they can exhibit insufficient pore interconnectivity especially on 
the scaffold surface [164]. This problem has been overcome by combining GF and 
particulate leaching techniques [28, 165].

Disks formed from the polymer (e.g., PLGA) and NaCl particles were compres-
sion molded at room temperature in GF and particulate leaching techniques, and then 
it was allowed to reach equilibrium with the high pressure CO2 (800 psi). Creating 
a thermodynamic instability led to nucleation and growth of gas pores in polymer 
particles, resulting in the expansion of the polymer particles. Polymer particles were 
combined with salt particles to form a continuous matrix. After that salt particles were 
leached to obtain macroporous in the polymer matrix (Fig. 3.3) [165].

This new process provides to obtain a matrix with well-controlled porosity and a 
pore structure by combining high pressure GF and particulate leaching techniques. 
This process prevents potential issues that are related to the use of high temperatures 
and/or organic solvents in the process of biomaterials [165].

3.10.4 Phase separation

The phase separation (PS) scaffold fabrication technique includes demixing in a 
homogeneous polymer solution by using another solvent or lowering the temperature 
to a temperature that is below the bimodal solubility curve [166]. This technique 
separates the polymer solution to polymer-lean and polymer-rich phases. Polymer 
is dissolved in a solvent with low melting point and that is easy to sublime such as 
phenol, naphthalene, and 1,4 dioxane. After the dispersion of a bioactive molecule 
such as alkali phosphatase is performed [167,168], liquid–liquid phase is separated 
by decreasing the temperature and quenching the mixture below the freezing point of 
the solvent forms solid with two phases. Then, the solvent of the polymer-lean phase 
is removed by means of evaporation, extraction, or sublimation, and it forms a porous 
polymeric scaffold with bioactive molecules that are integrated into structure and the 
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Figure 3.3 High magnification scanning electron photomicrograph of gas foaming and 
particulate leaching matrix demonstrating macropores, formed by leaching of NaCl particles, 
and smaller pores formed by the gas pores within the polymer particles.
Reprinted from [165], Copyright (1998), with permission from John Wiley and Sons.

polymer-rich phase [167,168]. It can be combined with particulate leaching technique 
in designing 3D structures with controlled pore morphology and it is an advantage 
of the PS technique. However, the use of organic solvents and poor pore intercon-
nectivity of 3D scaffolds are the disadvantages of PS technique [169,170]. The use of 
surfactants and the coarsening process can be applied to improve pore morphology 
and the homogeneity of the pore size of the scaffold [166].

Various synthetic polymeric nanofibers are produced by using PS method for TE 
applications [171,172]. For example, PLLA scaffolds with the diameter ranging from 
50 nm to 500 nm, 98% porosity, and continuous 3D nanofibrous network are produced 
by using liquid–liquid PS method [173]. PLLA/HA porous scaffolds are also prepared 
by using solid–liquid phase separation method and it has shown better enhancement 
of the growth and proliferation of osteoblasts in bone TE when comparing with pure 
PLLA scaffolds (Fig. 3.4) [174].

3.10.5 Self-assembly

Molecules are spontaneously arranged to form an aggregate with a well-defined 
structure in self-assembly process. Recently, self-assembly principle has been applied 
to manufacture nanometer-sized fibers with the well-defined chemistry by using the 
synthesized molecules for 3D cultures or TE applications [175].
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Self-assembly process that forms nanofibers can be defined as a process similar to 
putting pieces of legos together into a large assembly. In the assembly process, molec-
ular legos spontaneously come together with weak, noncovalent bond (i.e., hydro-
phobic interactions, van der Waals interactions, water-mediated hydrogen bonds, and 
ionic bonds) [175]. Peptide amphiphiles (PAs) with carbon chain have been devel-
oped for the production 3D nanofibrous TE scaffolds [176]. PA is manufactured by 
alkylation of the NH2 terminus of the hydrophilic peptide to create a new amphiphilic 
compound and give hydrophobicity that affects the aggregation of peptide molecules 
in water and secondary structure. Hydrophobic and hydrophilic regions in PAs form 
weak noncovalent bonds that exhibit a very stable structure to stabilize the assembly 
process [177,178]. Changes in PA design provide various self-assemblies including 
layered and lamellar structures that give flexibility to the system due to its reversible 
nature. The advantage of self-assembly is the production of finer nanofibers with 
thin diameter compared to electrospinning [140]. Amino acid residues can be chemi-
cally modified by grafting bioactive parts to increase biological activity. RGD pep-
tides include amphiphilic peptides [176] and they increase significant proliferation, 

Figure 3.4 Scanning electron micrographs of PLLA and PLLA/HAP (PLLA/HAP: 50:50) 
foams prepared from a 5% (w/v) PLLA/dioxane solution: (a) PLLA, × 100; (b) PLLA, × 500; 
(c) PLLA/HAP, × 100; (d) PLLA/HAP, × 500.
Reprinted from [174], Copyright (2000), with permission from John Wiley and Sons.
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functionalized nanofibers attachment, and osteogenesis of the mesenchymal stem 
cells [179]. Another advantage of self-assembly is the self-assembled nanofibrous 
scaffold specially suitable for in vivo use due to self-assembly can be carried out in 
a physiological environment. Therefore avoiding the use of organic solvents in this 
method reduces cytotoxicity [180].

3.10.6 Freeze-drying

Freeze-drying technique is used in the manufacture of porous scaffolds [181]. This 
principle is based on the sublimation technique. The polymer is dissolved in a sol-
vent to form a solution with the desired concentration. The polymer solution may 
contain water (i.e., emulsion-based freeze-drying) or may not contain water (i.e., 
nonemulsion-based freeze-drying). The solution is frozen and the solvent is removed 
by freeze-drying under high vacuum. In this way, scaffolds with high porosity and 
interconnectivity can be produced [182,183]. The main advantages of this technique 
are providing evaporation of organic solvent completely from scaffold and elimina-
tion of the salt-leaching step that negatively affects the purity of scaffold when the 
trace amount of salt remains in scaffold [184]. However, the control of the average 
pore size is low when the porous structures are produced by this method and this 
method is extremely sensitive to the kinetics of the thermal quenching process. Also, 
freeze-drying is an inefficient technique and is economically uncompetitive because 
this method is time- and energy-consuming. Low structural stability and generally 
poor mechanical properties of the produced scaffolds are the other limitations [185].

3.10.7 Electrospinning

Electrospinning (ES) is a low-cost method for the production of fibrous scaffold that 
has a highly specific surface area with a diameter between the micro- and nanometer 
scale [186,187]. Polymer solution, which is dissolved in a suitable solvent and pre-
pared from a selected polymer, is loaded into the polymer reservoir to initiate the fiber 
formation in ES and then a high voltage that eliminates the surface tension and forms 
a fine-charged jet is applied to a polymer solution. Charged polymer is ejected, dried, 
and solidified onto the oppositely charged collector plates. The ejected polymer solu-
tions that form nonwoven fibers with a large surface area to volume ratio and having 
quite a porous structure after solvent evaporation repel each other while travel along 
the collector (Fig. 3.5) [189].

ES technique can be adjusted as desired by changing several parameters based on 
this basic procedure [190]. These parameters include the system setup factors (flow 
rate, distance between the needle, the collector, and applied voltage), properties of the 
polymer solution (polymer molecular weight, elasticity, concentration, conductivity, 
surface tension, viscosity), and environmental factors (humidity and temperature).

The use of electrospun fibers has attracted great attention in the last decade in 
the regeneration of damaged tissue due to the relative simplicity of the production 
of fibrous morphology that mimics natural ECM structure [140,191]. For example, 
in the design of bone tissue [192], wound dressing [193,194], artificial blood vessels 
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[195], nerve tissue [196], and drug delivery vehicles [190,197] has been studied with 
nanofibrous scaffolds as suitable substrates. Also, ES thin fibers with nanosized diam-
eters provide a potential system with a large surface area for effective transportation 
of biomolecules [198]. Highly interconnected porosity of nanofibers is useful for cell 
migration and regenerative tissue growth [141].

The simplicity of this process is that it does not require any complicated and 
expensive equipment and it can be easily scaled-up for the mass production are the 
main advantages of this technique. It can be adapted to mimic natural ECM by exhib-
iting properties such as surface area, porosity, high aspect ratio, mechanical strength 
that can be adjusted, and permeability for efficient cell growth is another advantage 
of this technique [140,142,199]. In addition, it can be optimized during production to 
match the functional properties of regenerated tissue [200,201]. Further, nanofibers 
are suitable for surface modification of bioactive agent where the biomolecules are 
adsorbed or immobilized to improve specific cellular functions [191]. However, this 
technique still has some issues in the production of complex 3D scaffold. Besides, its 
potential is limited for many TE applications because the control of porosity and the 
average pore size of electrospun scaffolds is low.

3.10.8 Solid freeform fabrication (rapid prototyping)

Despite many conventional production methods found for the fabrication of TE scaf-
fold, these manual-based methods may not be appropriate for achieving customized 
production because of their characteristics. In these scaffold production methods, 
accurate control over interconnectivity and internal structure is also very difficult 
[202,203]. Therefore, SFF has been prefered recently to produce porous and fully 

Figure 3.5 Scheme of the electrospinning system with major components.
Reprinted from [188], Copyright (2007), with permission from Elsevier.
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interconnected scaffolds for TE applications and it is referred as rapid prototyping 
(RP). The SFF method generates controlled 3D structures by stacking computer-aided 
design (CAD)/computer-assisted manufacturing (CAM) based on two-dimensional 
(2D) forms.

SFF techniques including fused deposition modeling (FDM), 3D printing (3DP), 
stereolithography (SL), selective laser sintering (SLS), and various other approaches 
are practicable for TE. Researchers can control the scaffold parameters in these  
techniques [204].

One of the main drawbacks of this technique is achieving low resolution by current 
systems and limitation in the choice of polymeric materials that can be applied for 
this technique [205].

3.10.8.1 Stereolithography (SL)

SL fabricate 3D scaffolds through selective photocuring of a photopolymer. 
Solidification occurs because of ultraviolet (UV) laser irradiation on the surface of 
photopolymer. UV laser scans create 2D patterns and then the desired 3D structure 
is produced by stacking the solidified 2D patterns together. Nanostereolithography 
and microstereolithography have been developed based on SL that uses a specific 
laser system to form 3D structures on micrometer in order to improve resolu-
tion. Despite the highest resolution that can be achieved by this technique among 
SFF technologies, photocurable materials that are limited in supply and costly are  
necessary [204,206,207].

3.10.8.2 Fused deposition modeling (FDM)

FDM is a production method used for fabrication, production applications, and 
mechanical system modeling [208]. The technique produces a tissue scaffold by the 
melt extrusion method that is making use of a layer-by-layer thermoplastic polymer 
[209]. FDM uses a moving nozzle to extrude a fiber of polymeric material (x- and 
y-axis control) from which the physical model is built layer-by-layer [167]. FDM 
technique has some advantages such as there is no unbound loose powder and there 
is no solvent removal required in FDM differently 3D printing, it provides flexibility 
to the material in processing and handling [210,211]. FDM technique requires pre-
formed fibers that have a consistent size and material properties for feed through the 
rollers and nozzle, and it is the main difficulty of this technique [202,210]. PCL is 
generally used in FDM for TE scaffold production [212]. PCL is preferred due to its 
high decomposition temperature and low glass transition. Therefore the application 
of this method to biodegradable polymers except PCL can be limited. Besides, the 
incorporation of cells or biological factors in the procedure is prevented because of 
the high temperature.

3.10.8.3 Selective laser sintering (SLS)

The SLS uses a high-power laser, such as a carbon dioxide laser to selectively heat 
and sinter various materials just below their melting points [213]. The laser selectively 
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fuses powders following the cross-sectional information carried by the predefined 
CAD data while SLS operation [203]. Since the powders are maintained with low 
compaction forces after the sintering process in order to generate new layers, struc-
tures have an internally porous structure convenient for a bone scaffold [214]. SLS 
can generate complex structures such as anatomically shaped scaffolds that have con-
trolled porosity, topology, pore sizes, and more conveniently in comparison with other 
SFF techniques [215,216]. In addition, large numbers of scaffolds can be produced 
within the powder bed which provide an opportunity to mass production. However, 
this technique may be limited in the production of biopolymers because of the high 
operating temperature [202,203,217].

3.10.8.4 Three-dimensional printing (3DP)

3DP method uses ink jet printing technology to eject a binder from a jet head that 
moves in accordance to the CAD cross-sectional data onto a polymer powder surface. 
The binder joins adjacent powder particles by dissolving. The unbound powder acts 
to promote unconnected or overhanging properties and needs to be removed after 
component completion [167]. 3DP is usually more affordable, faster, and easier to use 
than other SFF techniques. The versatility and simplicity of 3DP allows the processing 
of a wide variety of powder materials including polymers, metals, and ceramics. In 
addition, bioprinting technology can be improved for performing computer-assisted 
deposition of biomolecules, natural polymers, and viable cells [218,219]. However, 
if the scaffold is designed to be porous, one problem with powder-supported and 
powder-filled structures is the difficulty removing the internal unbound powder. 
Further, scaffold architecture may be limited by the low positional accuracy of the 
inkjet printer and the nozzle size [202,203,217].

3.11 Conclusion

TE is an interdisciplinary field trying to take advantage of a variety of processing 
methods with natural and synthetic biomaterials in scaffold production for the regen-
eration of tissues and organs. Ideally, scaffolds should be designed to be biocompat-
ible to support cell–scaffold interactions with functionalized surface and suitable pore 
properties conveniently and they can be arranged according to need. Also, they should 
have the capacity to release biomolecules in a controlled way to facilitate tissue 
regeneration by mimicking the ECM environment and to provide optimum cell adhe-
sion, proliferation, and differentiation. In this context, engineers should develop new 
strategies for production techniques using less harmful processes, materials, and new 
techniques that meet the needs of tissue they want to design and further researches 
should be carried out associated with the clinical significance of scaffolds that enable 
long-term in vivo activity. Consequently, the scaffold performance will be able to 
improve and more sustainable processing routes will be developed in the near future. 
We think of a bright future for porous scaffolds in the TE area, which will provide an 
increasing contribution in improving the quality of life of mankind.
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4.1 Introduction

Over the past decades, nanotechnologies have emerged and matured with a potential 
to revolutionize the field of medicine, in improving the quality of healthcare owing 
to the myriad of applications stemming from their unique properties at the nanoscale 
[1–5]. With typical sizes ranging from 1 to 100 nm nanomaterials have undergone 
rapid development for diverse biomedical applications, for instance, biomaterials, 
tissue engineering, drug delivery, and regenerative medicine [3,6–8]. Recently, there 
are increasing attention on the development of natural-based and biologically derived 
nanobiomaterials such as polysaccharide-, protein-, and carbon-based nanomaterials 
[9–11].

Polysaccharides include chitin, chitosan, and cellulose, which are plentiful in 
nature, renewable, resorbable, biocompatible, and quite low-cost, which can be 
utilized in drug delivery, cell-encapsulating biomaterials, and tissue engineering 
[12,13]. The chitin nanoparticles were also found to possess antibacterial property 
and its ferromagnetic performance allow for its possible application in drug-tracking 
systems [14,15]. Chitosan is also a most important derivative of chitin and a natural 
biopolymer [16], which is more suitable for the biological applications compared to 
chitin owing to its superior solubility in organic solvents and water [17,18]. It is sim-
ply processed into nanofibers [19], nanoparticles [20], and has greater chemical and 
physical properties such as high surface area, porosity, tensile strength, conductivity, 
photoluminescent, and better mechanical properties compared to pure chitosan [16]. 
Chitosan nanofibers have several usages for the development of wound dressing and 
for bioscaffolds [19,21]. With new encouragements proposed by new properties of 
chitosan-based nanomaterials and vast advanced prospects brought by nanotechnol-
ogy, it is realistic to foresee the substantial developments that will revolutionize nano-
technology in the near future [16]. Cellulose is also the most abundant form of living 
terrestrial biomass and finds many applications in modern industry. Nanocellulose 
has a high surface area and negative charge of crystalline suggesting that high 
amounts of drugs can be bound to its surface with the potential for high payloads and 
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optimal control of dosing [22]. Development of nanoscale cellulose fibers and their 
application in composite materials is attractive matter because of their high strength 
and stiffness as well as low weight, biodegradability, and renewability. Application 
of cellulose nanofibers in polymer reinforcement is a quite new research area [23]. 
Presently, nanocellulose has been known as the eye of biomaterial applicable for 
biomedical industry [22].

In particular, recent years have seen increasing attention in devising protein-
based nanobiomaterials, which are considered as the natural counterparts to those 
of synthetic origins, with tunable biodegradability, low antigenicity, high nutritional 
value, and abundant sources [24]. As naturally occurring components that can be 
metabolized, protein nanobiomaterials are likely to be well tolerated in vivo with 
minimal deleterious side effects, whereas synthetic polymers on the other hand, may 
generate degradation products that induce adverse side effects of the host tissues [25]. 
Moreover, due to the rich functional groups on the primary sequences of polypep-
tides, protein-based nanobiomaterials can be exploited to generate effective interac-
tions with cells [26]. The multiple binding sites of proteins can efficiently interact 
with active molecules, enabling high loading capacity of various drug cargos [27]. 
In addition, protein nanomaterials can be easily prepared and scaled up during the 
manufacture procedure, facilitating their translation into the clinics [26,28]. As with 
conventional synthetic polymer-based nanoparticles, the fabrication of protein-based 
nanobiomaterials can be divided into three general strategies, including coacervation/
phase-separation, emulsion/solvent extraction, and complexation (Fig. 4.1), which 
may be further altered according to the specific types of proteins and needs involved.

Carbon nanomaterials such as carbon nanotubes and graphene are widely explored 
as new nanobiomaterials for drug delivery and developing the bioscaffolds to regener-
ate particular tissue [29]. It was indicated that carbon nanomaterials may be success-
fully delivered into nucleus and other organelles [30] where the hollow structure and 
intracellular transportation make them ideal to load and deliver drugs to cancerous 
cells. However, the important thing that needs to be addressed prior to commercializ-
ing the carbon-based nanobiomaterials is occupational health safety and health issues 
in production [31].

Herein, we provide an overview of polysaccharide-, protein-, and carbon-based 
nanobiomaterials and specifically discuss those derived from chitin, chitosan, and cel-
lulose, collagen, gelatin, silk, fibrin, plant proteins, carbon nanotubes, and graphene, 
which have been extensively investigated in the past decade. We further illustrate the 
applications of these nanobiomaterials in tissue engineering and drug delivery. We 
finally summarize with perspectives and future directions on the widespread use and 
translation of these nanobiomaterials.

4.2 Polysaccharide-based nanomaterials

Polysaccharides are biodegradable and biocompatible materials that have a high 
content of functional groups, which include hydroxyl, amino, and carboxylic acid 
groups. The mentioned functional groups can be utilized for extra surface treatment 
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of the polysaccharides. Such structures have attracted a high attention to make 
polysaccharide-based biomaterials for numerous applications such as drug delivery, 
cell-encapsulating biomaterials, bioscaffolds for tissue engineering, and regenerative 
medicine [12].

However, polysaccharides also have some weaknesses that are their broad distribu-
tion of molecular weight and suffering from batch-to-batch variability. Additionally, 
most polysaccharides normally indicate restricted solubility in common organic 
solvents [32].

Because of the aforementioned favorable uses and to overcome the limitations, 
different routes through polymerization and well-defined organic synthesis have been 

Figure 4.1 Three different strategies to prepare protein-based nanoparticles. 
(A) Coacervation or phase-separation method. (B) Emulsion/solvent extraction method. 
(C) Complexation method.
Source: Adapted with permission from Lohcharoenkal, W., et al., Protein nanoparticles 
as drug delivery carriers for cancer therapy. BioMed research international, 2014. 
2014, copyright Hindawi Publishing Corporation 2014.
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extensively explored, and the modified polysaccharides were employed as effective 
building blocks to manufacture the cross-linked microgels/nanogels, self-assembled 
micelles, fibrous meshes, and three-dimensional (3D) hydrogels [12]. Typical exam-
ples of polysaccharides include chitin, chitosan, and cellulose are discussed in this 
chapter as follows.

4.2.1 Chitin

Chitin (poly (β-(1–4)-N-acetyl-D-glucosamine)) is a natural polysaccharide, which 
is synthesized by several living organisms and finds in nature to form structural con-
stituents in the exoskeleton of arthropods or in the cell walls of yeast and fungi. Since 
a high amount of chitin is synthesized per annum in the world, it is the most plentiful 
polymer after cellulose. It is also made by many living organisms in the animal king-
doms and lower plant, serving in various aims where reinforcement and strength are 
necessary. By partial deacetylation of chitin in the solid state, chitosan is obtained as 
the most-known derivative chitin [14].

In a research, water-soluble carboxymethyl chitin (CMC) was used for drug 
 delivery [19]. Through the cross-linking approach by CaCl2 and FeCl3, CMC nano-
particles were synthesized [15] and they were found to be compatible to fibroblast 
L929 cells. Furthermore, the 5-fluorouracil (5-FU) drug as a hydrophobic anticancer 
was loaded into CMC nanoparticles by emulsion cross-linking method and drug 
release studies confirmed that the CMC nanoparticles offered a sustained and con-
trolled drug release at pH-6.8. The prepared nanoparticles were also found to have 
antibacterial property and its ferromagnetic performance allows its possible use in 
drug-tracking systems for cancer therapy.

In a research, Shalumon et  al. [33] developed nanofibers from chitin and found 
that the nanofibers are bioactive and biocompatible. They also reported an electrospun 
water-soluble CMC/PVA (polyvinyl alcohol) blend for tissue engineering to attain 
nanofibers followed by cross-linking with glutaraldehyde vapors and thermal treat-
ment processes.

Chitin can also be utilized as bone substitute for bone regeneration only if its 
mechanical behavior can be enhanced with incorporation of biomaterials such as 
hydroxyapatite (HA), bioactive glass ceramic (BGC), and so on. Adding a material 
such as silica can also improve the bioactivity and biocompatibility of chitin [14]. 
Madhumathi et al. [34] produced chitin composite bioscaffolds containing nanosilica 
using chitin hydrogel and their bioactivity, swelling ability, and cytotoxicity were 
analyzed in vitro. These bioscaffolds were found to be biocompatible and bioactive 
when tested with MG63 cell line. Biocompatibility was seen to enhance with increas-
ing amount of powdered chitin/nanosilica bioscaffolds added to the media. These 
findings propose that chitin/nanosilica composite bioscaffolds can be beneficial for 
bone tissue engineering.

Also, Madhumathi et  al. [35] synthesized novel α-chitin/nanosilver composite 
bioscaffolds for wound healing and these α-chitin/nanosilver composite bioscaffolds 
were found to possess outstanding antibacterial activity against Staphylococcus aureus 
and Escherichia coli, combined with good blood-clotting ability. These in vitro results 
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recommended that α-chitin/nanosilver composite bioscaffolds could be utilized for 
wound healing. Similarly, Sudheesh Kumar et  al. [36] developed and characterized 
β-chitin/nanosilver composite bioscaffolds for wound healing by β-chitin hydrogel 
 containing silver nanoparticles. The antibacterial, whole blood clotting, swelling 
as well as cytotoxicity of the developed composite bioscaffolds were investigated. 
These β-chitin/nanosilver composite bioscaffolds were found to be antibactericidal 
against E. coli and S. aureus and demonstrated suitable blood-clotting ability as well. 
Furthermore, β-chitin/nanosilver composite bioscaffolds were assessed for their cell 
adhesion behavior using epithelial cells (Vero cells). The attachment of the Vero cells to 
the surface of the β-chitin/nanosilver composite bioscaffolds confirmed that nanosilver 
incorporated bioscaffolds are encouraging matrices offering good cell attachment apart 
from their antibacterial activity, which is ideal for wound healing [14].

4.2.2 Chitosan

Over the last era, research in functional biomaterials such as chitosan has resulted in 
the advances of new drug delivery system and superior regenerative medicine, now one 
of the most fast growing fields in the area of health science [16]. Chitosan is a unique 
biopolymer since it can be modified with different functional groups to control hydro-
phobic, cationic, and anionic behaviors. The most interesting properties of chitosan 
come from the presence of primary amines along with its backbone. Such structures 
impart to these polysaccharides are not only greatly valuable physicochemical behav-
ior but also specific interactions with cells and biomolecules [16]. Chitosan-based 
nanobiomaterials possess superior chemical and physical properties including high 
surface area, porosity, mechanical strength, conductivity, and photoluminescence com-
pared to pure chitosan. However, owing to the insolubility in a neutral and basic media, 
its uses are restricted [16]. Chitosan nanofibers have many different applications for 
the development of wound dressing [19], which can be prepared from  trifluoroacetic 
acid and dichloromethane mixtures [37,38].

Besides, nano-HA together with chitosan (CS), Jiang et  al. [39] have reported 
sodium carboxymethyl cellulose hybrid membrane that was curled in a concentric 
manner to realize an anisotropic spiral–cylindrical bioscaffold. The cylinder-shaped 
bioscaffold had similarity to natural bone accelerated complete infiltration of bone tis-
sues in vivo and ultimately recognized osteointegration and functional reconstruction 
of damage bone, as indicated in Fig. 4.2A. The silk fibroin-hydroxybutyl chitosan-
blended nanofibers successfully provided bioscaffold for the growth of porcine iliac 
endothelial cells. The nanofibers provided typical Extra Cellular Matrix (ECM) to 
cells, where these cells formed endothelial monolayer with higher confluency [40]. 
In Fig. 4.2B, Tang et al. [41] developed apatite-collagen-polycaprolactone (Ap-Col-
PCL) composites that exhibited outstanding bioactivity to stimulate fast bone regener-
ation in rabbit model with fractional long bone defect. They mixed rapid prototyping 
fabrication technology and 3D functionalization strategy for biomimetic deposition 
and collagen incorporation. These composite materials presented excellent mechani-
cal properties similar to cancellous bone, suitable biodegradability, and hierarchical 
architecture of three nano–micro–macro levels [41,42].
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Chitosan nanoparticles (CNPs) are prepared by the ionotropic gelation technique 
where the reaction between the amino group of chitosan and negatively charged 
 tripolyphosphates forms nanoparticles. CNPs can also be formulated by a micro-
emulsion route, an emulsion solvent diffusion method followed by high-pressure 
homogenization [43].

Figure 4.2 (A) Chitosan/cellulose/nano-hydroxyapatite biomimetic spiral–cylindrical 
bioscaffold hybrid membrane. (B) Biomimetically ornamented rapid prototyping fabrication 
of an apatite−collagen−polycaprolactone construct with nano−micro−macro hierarchical 
structure.
Reprinted with permission from ref. [39] ACS Publishing Group and ref. [41] ACS 
Publishing Group.
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A brushite chitosan system with vascular endothelial growth factor (VEGF) and 
platelet-derived growth factor (PDGF) controlled release displayed improved bone 
healing; however, PDGF was more rapidly delivered in rabbit femurs, than VEGF. 
Both growth factors were detected around the implantation site (5 cm) with negligible 
systemic exposure, leading to a peak concentration of VEGF of 5.5 ng/g at 1 week 
[44]. Teng et  al. [45] developed carboxymethyl chitosan (CMCS) and soy protein 
isolate (SPI) nanoparticles by a simple ionic gelation technique. The effect of Ca21 
concentration, pH, and CMCS/SPI mass ratio on the formation of nanoparticles was 
systematically studied. Vitamin D3 was incorporated into the polymeric complex (162 
and 243 nm). The combination of nanoparticles reached 96.8% encapsulation effi-
ciency, probably because of their compact structure and high capability of hydrogen 
bonding. These nanoparticles can also be loaded onto the bioscaffold for delivery of 
vitamin D3. In another study, chitosan fibrin nanocomposites (CFNs) were found to 
be appropriate candidates for drug delivery and for usage as a wound-healing agent. 
CFNs (24 28 nm) loaded with methotrexate [46] showed antibacterial activity against 
E. coli and S. aureus and nanocomposite presented dose-dependent toxicity in both 
HeLa and MCF-7 cells. Alternatively, topical application of CFNs for 10 days could 
totally heal the wounds in 14 days. Histological and biochemical analyses witnessed 
enhanced synthesis of collagen with active migration of fibroblasts and epithelial cells 
in CFN-treated wounds. Another drug delivery technique was investigated by chitosan 
and functionalized CNPs [47], as a bioscaffold material with superior efficiency 
together with PLGA (poly[lactic-co-glycolic acid]) nanoparticles [43,48].

Dev, Binulal, et al. [49] synthesized poly(lactic acid) (PLA)/CS nanoparticles by 
emulsion technique for anti-HIV drug delivery systems. The hydrophilic antiretroviral 
drug lamivudine was loaded into PLA/CS nanoparticles. The encapsulation efficiency 
and in vitro drug release behavior of drug-loaded PLA/CS nanoparticles were studied 
using absorption spectrophotometry. Furthermore, the cytotoxicity of PLA/CS nano-
particles using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay was also explored. The in vitro drug release studies indicated that the drug 
release rate from PLA/CS nanoparticles reduced when the pH of the medium changed 
from alkaline to acidic to neutral. The drug release rate was lower in the acidic pH 
when compared to alkaline pH, which is because of the repulsion between H+ ions 
and cationic groups present in the nanoparticles. These results confirmed that the 
PLA/CS nanoparticles are an encouraging carrier system for controlled delivery of 
anti-HIV and cancer drugs [14,49].

4.2.3 Cellulose

Cellulose is the most abundant form of living terrestrial biomass and finds numer-
ous usages in modern industry. It is a long-chain polymer with repeating units of 
Dglucose, a simple sugar that appears in almost pure form in cotton fiber while, in 
wood, plant leaves, and stalks, it is found in combination with other materials such 
as hemicelluloses and lignin. Some bacteria are also found to synthesize cellulose.

Nanocellulose has a large surface area and negative charge of crystalline  
suggesting that high amounts of drugs can be bound to its surface with the potential 
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for high payloads and optimal control of dosing. The abundant hydroxyl groups on  
the surface of crystalline nanocellulose provide surface modification sites with a 
range of chemical groups through applying the different techniques. Surface modi-
fication may be used to modulate the release and loading of drugs that would not 
typically bind to nanocellulose, including nonionized and hydrophobic drugs [22].

Cellulose macro- and nanofibers have attracted much attention because of the high 
strength and stiffness, biodegradability, and renewability, and their production and use 
in composite developments. Fabrication of cellulose nanofibers is a relatively new 
research area. Cellulose nanofibers may be used as filler in composite materials owing 
to the enhanced mechanical and biodegradation behavior of composites. The fibers are 
naturally hydrophilic, so it is necessary to increase their roughness to make the compos-
ites with better properties. Production of nanoscale cellulose fibers and their application 
in composites is interesting due to their high strength and stiffness coupled with low 
weight as well as its biodegradability. Application of cellulose nanofibers as polymer 
filler is also a novel research area [23]. The main reason to use cellulose nanofibers in 
composite materials is because one can possibly attain the high stiffness of the cellulose 
crystal, which can be done by breaking down the hierarchical structure of the plant into 
individualized nanofibers of high crystallinity, with a decrease in amorphous parts [50]. 
Many researches have been conducted on isolation and analysis of cellulose nanofib-
ers from various sources. Cellulose nanofibers can be extracted from the cell walls by 
simple mechanical or a combination of both mechanical and chemical methods [22].

Currently, nanocellulose has been identified as the eyes of biomaterial particularly 
suitable for biomedical industry, which includes skin substitutes for wounds and 
burns; drug delivery system; blood vessel growth; nerves, gum, and duramater recon-
struction; tissue engineered bioscaffolds; stent covering and bone repair [37,38,51,52].

Nanocellulose mats are very efficient in promoting autolytic debridement, declining 
the pain, and accelerating the granulation, all of which are crucial for a good wound 
healing. These nanobiocellulose membranes can be synthesized in any shape and size, 
which is beneficial for treatment and coverage of large areas of the body. Odontology 
is challenged to find a perfect material as the bones substitute in several procedures, 
as bones malformation, maxillary, and facial deformities; for example, loss of alveolar 
bone has been the main challenge. Nanocellulose having fitting porosity, which gives 
the mat an infection barrier, loss of fluids, painkiller effect, allows medicines to be eas-
ily applied and it also absorbs the purulent fluids during all inflammatory stages, expel-
ling it later on in a controlled and painless manner [53]. Furthermore, nanocellulose 
has been improved by immersion in solutions of gelatin and polyacrylamide-yielding 
hydrogels with increased toughness [54]. Similarly, immersion of nanocellulose into 
poly (vinyl alcohol) has made hydrogels with a wide range of mechanical behavior for 
cardiovascular diseases [55]. Nasal reconstruction is also another application of nano-
cellulose. Nose, centrally located in the face, is more exposed to traumas, deformities, 
and so social disorders. Even since having a major breathing function, it has an esthetic 
function. Amorim et al. [56] evaluated the tissue response to the presence of nanocellu-
lose in the nose bone. It had been used in 22 rabbits, being that, in 20 a cellulose blanket 
was implanted in the nasal dorsum, and 2 were kept as control. Nanocellulosic blanket 
showed an acceptable biocompatibility, therefore a proper biomaterial to raise the nose 
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bone. Moreover, nanocellulose was observed in dental tissue regeneration. Microbial 
cellulose, produced by the Glucanacetobacter xylinus strain, may be used to regenerate 
the human dental tissues. In dentistry, nanocellulose product Gengiflex and Gore-Tex 
has intended applications where it has been produced with the aim of periodontal tissue 
repair [57]. An explanation was given of a complete repair of an osseus defect around 
an Intramobile Cylinder (IMZ) implant related to a Gengiflex therapy. The advantages 
included the reestablishment of aesthetics and function of the mouth and that fewer 
surgical steps were required [57].

4.3 Collagen-based nanobiomaterials

Collagens account for 20%–30% of all the proteins in the human body and have been 
widely used in biomedical applications due to their strong biocompatibility, weak 
antigenicity, and fast biodegradability [58]. However, some disadvantages of using 
collagen-based systems do exist toward their biomedical applications. For instance, 
they can potentially cause alterations of cell growth or motility, have poor mechani-
cal strength, and may undergo contraction [59]. The predominant form of collagens 
used in biomedicine is type I collagen, which possesses self-assembled triple helix 
structure following a multiscale process and can be found almost ubiquitously in the 
body, including most commonly, skin and bone [60].

Collagens can form hydrogel networks without the mediation of chemical cross-
linking but only by physical denaturation [61]. However, the preparation of stable 
collagen nanoparticles usually requires additional chemical treatments owing to the 
innate low mechanical strength of collagens [62]. Electrostatic interactions are often 
applied to prepare collagen nanoparticles using sodium sulfate as a desolvating agent 
[63]. Another strategy is based on lipid vesicle–assisted methods, by which lipid 
vesicles are used as molds to produce spherical particles with controlled sizes [64].

Owing to their large specific surface areas, high adsorption capacity, and dispersion 
ability in water, collagen nanoparticles have been commonly used for drug loading and 
delivery [65]. The collagen-based nanoparticles can be easily taken up by the reticu-
loendothelial system (RES) in vivo, enabling enhanced uptake of loaded drugs into a 
number of cells, making collagen-based nanoparticles as a class of good candidates 
for systemic drug delivery [66]. Besides, collagen-based nanoparticles have also been 
used as sustained release vectors for antimicrobial agents or steroids [67]. Recently, 
collagens were further used as bioconjugates with metal nanoparticles to develop 
biologically based hybrid biomaterials toward a range of therapeutic and diagnostic 
applications. For example, Yan and colleagues synthesized stable colloidal gold-col-
lagen core-shell nanoconjugates in an aqueous solution at room temperature, without 
use of any reducing agents and stabilizing agents (Fig. 4.3) [68]. The mechanism for 
the formation of the core-shell nanoconjugates could be explained by an electrostatic 
interaction between the negatively charged gold surfaces with the positively charged 
collagen chains and subsequent reduction by hydroxyproline residues of collagen (Fig. 
4.3E). After layer-by-layer assembly with polylysine (PLL) film on a substrate, cell 
adhesion, growth, and differentiation were significantly improved (Fig. 4.3F).
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Figure 4.3 (A) Schematic of the colloidal gold-collagen nanoconjugates. (B) UV–vis 
absorption spectrum of colloidal gold-collagen nanoconjugates and photograph of an aqueous 
solution containing the nanoconjugates (inset). (C) Transmission electron microscopy (TEM) 
image of the colloidal gold-collagen core-shell nanoconjugates at lower and higher (inset) 
magnifications. (D) Size distribution diagram of the nanoconjugates. (E) Schematic of layer-
by-layer assembled film. (F) The gold-collagen core-shell nanoconjugates were demonstrated 
to improve cell attachment and growth.
Source: Adapted with permission from Xing, R., et al., Colloidal Gold–Collagen Protein 
Core–Shell Nanoconjugate: One-Step Biomimetic Synthesis, Layer-by-Layer Assembled 
Film, and Controlled Cell Growth. ACS applied materials & interfaces, 2015; 7(44):  
24733–40, copyright American Chemical Society 2015.
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4.3.1 Gelatin

As a denatured protein, gelatin is obtained from collagen by acid/alkaline hydrolysis. 
It is a safe biomaterial approved by United States Food and Drug Administration 
(FDA) and has been widely used in pharmaceuticals, cosmetics, as well as food prod-
ucts [69]. Owing to its denatured property, it has a relatively low antigenicity when 
used in vivo. Gelatin nanoparticles have been reported for use in successful delivery 
of various drugs, protein synthesis inhibitors, tissue-type plasminogen activator, 
as well as therapeutic genes [70,71]. After chemical modification on its functional 
groups, gelatin can be further developed into targeted drug delivery vehicles [72].

Gelatin nanoparticles can be prepared using desolvating agents, such as alcohol or 
acetone [73]. However, these desolvating agents could result in the formation of large 
nanoparticles with a wide size range. Therefore, Kreuter and colleagues reported a 
two-step desolvation process to fabricate smaller nanoparticles with a narrow size dis-
tribution [74]. Glutaraldehyde can be used as a cross-linker to improve the mechanical 
properties and stability of gelatin nanoparticles. However, the cytotoxicity of residual 
glutaraldehyde limits the biomedical applications of these nanoparticles. The use of 
nontoxic cross-linkers has thus been pursued as alternatives [75]. Genipin is a com-
pound found in gardenia fruit extract and has been adopted as cross-linker without 
obvious cytotoxicity [76]. In one study, recombinant human gelatin nanoparticles were 
prepared using genipin as a cross-linker and showed a sustained release for protein 
drug delivery [77]. Another less-toxic cross-linker relies on the carbodiimide reaction. 
It was demonstrated that the efficiency of drug entrapment and loading was signifi-
cantly higher in the carbodiimide-cross-linked nanoparticles than that of nanoparticles 
cross-linked with glutaraldehyde [75]. Although the release kinetics of glutaraldehyde-
cross-linked nanoparticle was a little bit faster than carbodiimide-cross-linked one, 
they showed similar release trends at pH 7.4, which may be attributed to the similar 
intensities of interactions between the drug and two types of nanoparticles. Moreover, 
Coester and colleagues used the recombinant enzyme microbial transglutaminase as 
a cross-linker to produce gelatin nanoparticles with sizes below 250 nm and a narrow 
size distribution [78].

Gelatin nanoparticles can also be prepared by coacervation-phase separation [30], 
emulsification-solvent evaporation [79], reverse-phase evaporation [80], and nano-
precipitation [81]. A coacervation-phase separation method was reported to prepare 
paclitaxel-loaded gelatin nanoparticles, where an aqueous solution of sodium sulfate 
was added slowly to a gelatin solution containing Tween-20 followed by the addi-
tion of isopropanol-containing paclitaxel. The resultant nanoparticles showed longer 
retention and higher accumulation in tissues than the conventional paclitaxel formu-
lation using cremophor/ethanol as solubilizers [82]. For the emulsification-solvent 
evaporation method, gelatin nanoparticles can be prepared by mixing an aqueous 
phase of both gelatin and drug with an oil phase such as polymethylmethacrylate and 
then cross-linked with glutaraldehyde-saturated solvent (e.g., toluene) [79]. Reverse-
phase evaporation method was used to prepare gelatin nanoparticles inside the 
inner aqueous core of reverse micellar droplets formed by dissolving the surfactant  
(e.g., sodium bis(2-ethylhexyl) sulfosuccinate) in the solvent (e.g., n-hexane) [80]. 
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In another study, Lim and colleagues prepared drug-loaded gelatin nanoparticles 
by nanoprecipitation method using water as a solvent, ethanol as a nonsolvent, and 
poloxamer as a stabilizer [81]. Recently, a novel water-in-water emulsion technique 
was further successfully applied to prepare D,L-glyceraldehyde-cross-linked gela-
tin-poloxamer 188 nanoparticles as pulmonary insulin-administration system. The 
nanoparticles promoted effective pulmonary absorption of insulin and showed good 
relative pharmacological availability [83].

Recently, it has also been shown that gelatin can be mixed with polysaccharides or 
synthetic polymers as hybrid nanocomplexes for drug delivery applications. The nano-
complexes can be formed by ionic gelation and self-assembly. For instance, Sánchez 
and colleagues developed new hybrid nanoparticles via ionic gelation between cation-
ized gelatin and the anionic polysaccharides, dextran sulfate, and chondroitin sulfate, 
for delivery of plasmid DNA to the ocular surface [84]. Furthermore, composite nano-
particles based on glycidyl methacrylated dextran and gelatin were fabricated by a facile 
synthesis method assisted by self-assembly without using any organic solvents, where 
the release of bone morphogenetic protein was maintained for more than 12 days under 
degradative conditions by dextranase [85]. Another strategy is using modified gelatin to 
fabricate functional nanoparticles. For example, Amiji et al. conjugated 2-iminothiolane 
to primary amine groups on type B gelatin to fabricate a redox-responsive thiolated 
gelatin-based nanoparticle that could efficiently deliver its payload in the presence of 
glutathione-mediated reducing intracellular environment [86].

4.3.2 Silk protein

Silk is a protein spun by some lepidoptera larvae, such as silkworms, spiders, scorpi-
ons, mites, and flies. Silk proteins are promising biomaterials for drug delivery and 
tissue engineering applications due to their biocompatibility, slow biodegradability, 
self-assembly, excellent mechanical properties, and controllable structure and mor-
phology [87].

Fibroin is a fibrous protein constituting the core of silk [88]. Zhang and colleagues 
developed a type of insulin-loaded silk fibroin nanoparticles, where the crystalline 
silk nanoparticles could be covalently conjugated with insulin via the cross-linking 
reagent glutaraldehyde through the primary amine groups present on the surface of 
the nanoparticles [89]. The bioconjugation of insulin with silk fibroin nanoparticles 
improved their in vitro stability in both human serum and trypsin solutions. In another 
study, silk fibroin nanoparticles of controllable sizes were obtained in an all-aqueous 
process by salting out with potassium phosphate and could be loaded with small-
molecule drugs through simple electrostatic interactions between the negatively 
charged nanoparticles and the positively charged small molecules (Fig. 4.4) [90]. 
Another common fabrication strategy of silk nanoparticles is the desolvation tech-
nique using dimethyl sulfoxide as a desolvating agent. The active amino groups and 
tyrosine residues of the resultant silk fibroin favored its bioconjugation with VEGF 
leading to a sustained release profile of over 3 weeks [91]. A phase-separation method 
using PVA as a continuous phase was also utilized to separate silk solution into 
micro- and nanoparticles [92]. The porous interior space and amphiphilic nature of 
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Figure 4.4 Schematic showing formation of silk fibroin nanoparticles using an all-aqueous 
process. (A) Characteristics of silk fibroin considering the charge distribution along the amino 
acid chain. pI, isoelectric point. (B) Top: Silk fibroin molecule conformation at different pH 
values. Middle: Particle nucleation into micellar-like structures. Bottom: Particle formation 
and stabilization of secondary structures through clustering of micellar-like structures in the 
presence of potassium phosphate.
Source: Adapted with permission from Lammel, A.S., et al., Controlling silk fibroin particle 
features for drug delivery. Biomaterials, 2010; 31(16): 4583–91, copyright Elsevier 2010.

silk spheres facilitated the entrapment of drugs with different molecular weights and 
hydrophobicity.

Silk fibroin was also blended with other nanobiomaterials for improved efficacy. 
For example, silk was blended with Pluronic F-127 and F-87 in the presence of 
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solvents to achieve self-assembled micellar nanostructures, which enabled co-loading 
of both hydrophilic (insulin) and hydrophobic (anticancer paclitaxel) drugs to the 
targeted sites [93].

4.3.3 Fibrin

Fibrin is a fibrous and nonglobular protein involved in the blood coagulation cascade; 
together with platelets, the polymerized fibrin can form a hemostatic clot over the 
wound site [94]. Owing to its biocompatible and biodegradable properties, fibrin 
serves as an attractive matrix for cell growth and differentiation [95]. Besides, fibrin 
has also been exploited to process into various nanomaterials for sustained release of 
drugs and proteins [96].

An approach of synthesizing fibrin nanoparticles was previously reported, using 
a process wherein fibrinogen was first mixed with thrombin and then introduced 
to an oil emulsion to obtain fibrin microbeads with size from 60 to 180 µm, which 
were subsequently homogenized to derive fibrin nanoparticles [97]. Alternatively, a 
surfactant-free, water-in-oil emulsification-diffusion technique was used to synthesize 
fibrin nanoparticles with high yield [98]. Recently, Jayakumar and colleagues devel-
oped chitosan-hyaluronic acid composite sponge incorporated with fibrin nanoparti-
cles loaded with VEGF as a dressing for diabetic wounds (Fig. 4.5) [99]. More than 
60% of the loaded VEGF was released in 3 days and induced effective angiogenesis 
at the wound site.

4.3.4 Plant proteins

Animal protein-based nanoparticles are usually difficult to achieve sustained drug 
release due to their hydrophilic nature and rapid solubilization in aqueous environ-
ments. These nanoparticles could absorb water and swell, thus making drugs rapidly 
diffuse out. Chemical cross-linkers typically used to harden protein nanoparticles 
suffer from the presence of unreacted residuals within the nanoparticles leading to 
the risk of formation of toxic products by reaction with the tissues during in vivo 
biodegradation. This problem could be potentially overcome by using hydrophobic 
plant proteins with no need for cross-linking. Plant proteins represent a new class of 
natural biomaterials, such as those derived from zein, gliadin, soy proteins, and lectins 
[100]. Compared to hydrophilic animal proteins, hydrophobic plant proteins such as 
zein and gliadin have the capability of yielding sustained drug release [101,102]. They 
are less expensive than their animal equivalents but also possess functional groups 
that can be easily used either to adsorb or to covalently couple molecules capable of 
modifying the targeting properties of nanoparticles. In addition, plant protein–based 
nanobiomaterials may reduce the risk of spreading animal protein-related diseases 
such as bovine spongiform encephalitis [103].

Several methods have been reported for the preparation of nanoparticles from 
plant protein raw materials. Coacervation or controlled desolvation methods have 
been developed using solvent or electrolyte as the coacervation agent or by adjust-
ing the pH or the ionic strength. Plant protein-based nanobiomaterials are promising 
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candidates for drug delivery due to some of their unique properties. For instance, Guo 
and colleagues demonstrated the targeting potential of zein nanoparticles to the liver. 
Following intravenous injection of 5-FU-loaded zein nanoparticles, they were found 
to mostly accumulate in the liver and adequately remained in the blood circulation 
for at least 24 h due to their relatively high molecular weight and small particle sizes 
achievable [102].

4.4 Carbon-based nanobiomaterials

Carbon nanomaterials are defined as sp2-carbon-bonded structures including 
 zero-dimensional, one-dimensional (1D), and two-dimensional (2D) forms, such 
as fullerenes, carbon nanotubes, and graphene [104]. Carbon nanomaterials such as 
carbon nanotubes and graphene are widely explored as novel nanobiomaterials for 

Figure 4.5 Schematic of chitosan-hyaluronic acid (HA) sponge encapsulating VEGF-loaded 
fibrin nanoparticles (VnF) for enhancing angiogenesis in wounds. (A) Scanning electron 
microscopy (SEM) image and (B) phosphotungstic acid hematoxylin staining of VEGF-
loaded fibrin nanoparticles (VnF). (C) Photograph of the composite sponge. (D) Release 
profile of VEGF from the composite sponges.
Source: Adapted with permission from Mohandas, A., et al., Chitosan–hyaluronic acid/
VEGF loaded fibrin nanoparticles composite sponges for enhancing angiogenesis in wounds. 
Colloids and Surfaces B: Biointerfaces, 2015; 127: 105–13, copyright Elsevier 2015.
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drug delivery and developing the bioscaffolds to restore tissue. Carbon-based nano-
biomaterials, mainly in the form of nanotubes and graphene, have attracted much 
attention recently because of their distinctive physical and chemical behavior such 
as their hollow structure, their high surface area/volume ratio, thermal conductivity, 
electrical conductance, mechanical stiffness, and the potentials of functionalizing 
them to alter their inherent behavior [105].

Carbon nanomaterials such as single-wall and multiwall carbon nanotubes, carbon 
nanofibers, fullerenes (C60), activated carbons, and graphene, are usually created 
by various routes including plasma-enhanced chemical vapor deposition (CVD), 
electric arc discharge, laser ablation, thermal or epitaxial growth, and mechanical 
exfoliation [29].

Another exciting property of carbon-based nanomaterials is their electrical con-
ductivity, which has been indicated to promote nerve restoration [106]. Two special 
applications of carbon nanobiomaterials to neurobiologists are repairing the dam-
aged nervous tissues by the scaffolding technology and biocompatible electrodes for 
recording from or stimulating nervous tissues [29]. Currently, carbon nanobiomate-
rials have been studied as a different material for neural electrode since they have 
exceptional mechanical and electrical properties in comparison with the conventional 
electrode materials. Moreover, deposited carbon nanotubes on neural electrodes 
increase the recording abilities of the electrodes [107].

As one of the carbon-based nanobiomaterials, graphene, the elementary structure 
of graphite, is an atomically thick sheet composed of sp2-carbon atoms arranged in 
a flat honeycomb structure [108], which can be wrapped into spherical structures 
(zero-dimensional fullerenes), rolled into 1D structures (carbon nanotubes, CNTs) 
or stacked into 3D layered structures (graphite) [109]. Each carbon atom has three 
σ-bonds and an out-of-plane π-bond that can bind with neighboring atoms [110] and 
the strong carbon/carbon bonding in the plane, aromatic structure, presence of free 
π electrons and reactive sites for surface reactions have made graphene a unique mate-
rial with exceptional mechanical, physicochemical, thermal, electronic, and optical 
properties. Hence, it is not surprising that graphene has generated great interest in 
nanomedicine and biomedical applications (Fig. 4.6) [111].

Besides, by physical and chemical modifications, graphene sheets can be trans-
formed into single and multilayered graphene, graphene oxide (GO), and reduced GO 
(rGO), each of which has unique tunable properties [110]. Many researchers have uti-
lized different techniques include coating, hydrogel blending, wet/dry-spinning pro-
cesses, and 3D printing to make 2D or 3D graphene-based constructs. Graphene and 
its derivatives can also be tethered with other biomaterials [110]. Some examples of 
the reported advantages of graphene-based materials are: (a) enhancement of bioma-
terials mechanical/electrical properties, (b) improvement in cellular attachment and 
growth at biomaterials surface, and (c) production of more efficient biosensors [108].

Several biomedical applications have been studied, such as biosensing/bioimag-
ing, drug delivery, cancer photothermal therapy, and antibacterial materials [108]. 
These applications used the properties of graphene in different ways. For example, 
while the excellent optical properties are appropriate for bioimaging, graphene’s 
large surface area and availability of free π electrons are beneficial in gene and 
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Figure 4.6 Schematic overview of various applications of graphene showing its structure, 
properties, and applications. Graphene-based nanomaterials have been used for different 
nonmedical and biomedical applications because of their excellent mechanical, electrical, 
and optical properties.
Source: Adapted with permission from Goenka, S., V. Sant, and S. Sant, Graphene-based 
nanomaterials for drug delivery and tissue engineering. Journal of Controlled Release, 2014; 
173: 75–88, copyright Elsevier 2016.
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drug delivery platforms. Furthermore, excellent mechanical strength, stiffness, and 
electrical conductivity make graphene-based nanobiomaterials a good candidate for 
engineering the bone and neural tissue [110]. GO has also been utilized as a photo-
thermal agent for cancer treatment with encouraging therapeutic results owing to its 
high, intrinsic near-infrared (NIR) absorbance [112]. Also, advances for applications 
in bioengineering, regenerative medicine, and biotechnology are under study [108].

For example Li et al. [113] produced 3D graphene bioscaffold by CVD method 
using Ni foam template. Scanning electron microscopy (SEM) observation (Figs. 4.7A 
and 4.7B) indicates that graphene bioscaffolds indicated a monolith of continuous and 
porous structure, which copied and inherited the interconnected 3D structure of the 
Ni foam template. The porosity of 3D-GFs was around 99.5% and had a pore size of 
100–300 µm. Although the graphene layers were very thin, the network had excellent 
mechanical properties and flexibility, and can stand alone. Moreover, compared with 
the structure of graphene bioscaffolds prepared by freeze-drying or template assembly 
techniques, the monolith of graphene network by CVD ensured a high conductivity 
owing to the lack of defects and intersheet junction contact resistance [113].

Also neural stem cells (NSCs) adhesion on 3D-GFs was first studies. For no more 
than 10 h after cell seeding, almost no free-floating cell could be found in the culture 
medium, showing a quick cell attachment on the graphene. After another 5 days of cul-
ture, NSCs cultured on 3D-GFs formed a well neural network and presented excellent 
cell adhesion (Figs. 4.7C and 4.7D). High-resolution SEM image demonstrates that 
the cells spread widely and formed strong filopodia/GF interaction (inset of Fig. 4.7B). 
Furthermore, in the cross-section fluorescence image of graphene bioscaffold with 
NSCs (DAPI (4ʹ,6-diamidino-2-phenylindole) staining), a number of cells were seen 
inside the scaffold as well as on the surface, clearly indicating that the cells grew in 
a 3D fashion. Additionally, the SEM observation presents that the 3D-GFs remained 
intact during cell culture process over 2 weeks. Fig. 4.7C indicates that almost 90% of 
the cells cultured on 3D-GFs for 5 days were viable. The cells were also stained with 
antibody against nestin, a protein marker of NSCs. Fig. 4.7D indicates that almost 
all of cells on graphene bioscaffold were immunopositive for nestin (green), with no 
obvious difference from that on 2D graphene films, showing that NSCs proliferated 
well on 3D-GFs while maintaining their stemness [113].

Drug delivery by using graphene is also another booming area. Graphene nanopar-
ticle sheets decorated with strontium metallic nanoparticles have showed to be advan-
tageous in bone tissue engineering [114]. Reduced graphene oxide nanoparticles 
coated with strontium (rGO-Sr) are produced from the reduction of GO and strontium 
nitrate. The rGO-Sr (200–300 nm) coated with 22% strontium has been incorporated 
into macroporous tissue bioscaffolds of PCL. The PCL/rGO-Sr bioscaffolds presented 
high and distinct osteoblast proliferation due to the release of strontium from hybrid 
nanoparticles. The bioscaffolds, furthermore, indicated good mechanical behavior 
and so they can be utilized for designing biomaterials in tissue regeneration.

Sol–gel-driven HA nanoparticles and graphene nanoflakes incorporated with PCL 
were electrospun at different spinning conditions such as electrical potential, pump 
speed, distance, and viscosity [115]. The HA nanoparticles were initially amorphous 
and hence were annealed at 750°C for 2 h to crystallize them. The HA nanoparticles 



Figure 4.7 NSC adhesion and proliferation on graphene bioscaffold. (A) Low- and 
(B) high-magnified SEM images of NSCs cultured on graphene bioscaffold. The inset 
illustrates the interaction between the cell filopodia and the surface of material. (C) Cell 
viability assay of NSCs after 5 days of culture as determined by live/dead assay, live cells 
are stained green and dead cells are red, white arrow points to dead cell. The lower right 
inset indicates the percentage of live cell on graphene films (2D) and graphene bioscaffolds 
(3D). (D) Fluorescence images of NSCs proliferated on 3D-GFs for 5 days, immunostaining 
markers were nestin (green) for NSCs and DAPI (blue) for nuclei. (E) NSCs were double-
immunostained with anti-Ki67 (red) and antinestin (green) antibodies, Ki67 is a marker for 
cell proliferation. (F) Western blot analysis of Ki67 expression on 2D graphene films and 3D 
graphene bioscaffold.
Source: Adapted with permission from Li, N., et al., Three-dimensional graphene foam 
as a biocompatible and conductive scaffold for neural stem cells. Scientific reports, 2013, 
copyright Nature Publishing Group 2013.
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and graphene distributed in the PCL fibers and accelerated bone regeneration. Many 
other researches have also proved that graphene and GO are both potential com-
pounds in bone tissue engineering [43,116].

However, the thing that needs to be addressed before commercializing the carbon 
nanomaterials in the biomedical and pharmaceutical markets is health and safety 
issues [31]. Carbon-based nanomaterials can be exposed in the body by the different 
pathways such as lung, skin, nose, eyes, and digestive tract. Upon inhalation, they 
can be translocated readily to extrapulmonary sites and reach other target organs, for 
example the lymph node, central and peripheral nerve system, liver, kidney, and heart. 
Hence, further research targeting relevant exposures to carbon-based nanobiomateri-
als are required prior to their mass production [29].

4.5 Conclusions and future perspectives

Naturally based and biologically derived nanobiomaterials are still in its infancy but 
upward strides are being made to advance and enhance protocols for clinical applica-
tions and continued research in both biomedical engineering and biochemical engi-
neering will be needed to understand the potential of this type of nanobiomaterials for 
medicine and surgery. Moreover, process development is needed to enable reliable, 
cost-effective, scaled-up fabrication of bioderived polymers with desired physical, 
mechanical, chemical, and biological properties.

The success stories of polysaccharide-based nanobiomaterials for tissue engi-
neering illustrate the versatility and capability of naturally based and biologically 
derived nanobiomaterials as biological implants. Even more types of naturally derived 
materials are on the horizon for clinical medicine. Synthesizing new polymers using 
monomers obtained from agricultural resources is one avenue for future innovation. 
Agricultural resources such as cellulose may also provide useful starting materials for 
implantable medical devices. Moreover, additional polymers derived from microbial 
production are under exploration.

We have also provided an overview of the emerging protein-based nanobioma-
terials derived from collagen, gelatin, silk, fibrin, and plant proteins, with a focus 
on their applications in drug delivery. While these protein nanobiomaterials possess 
superior advantages such as biocompatibility and ease of functionalization, limita-
tions still exist. For example, as natural polymers protein-based nanobiomaterials 
are heterogeneous of molecular weights, thus oftentimes yielding wider nanoparticle 
size distribution and exhibiting more batch-to-batch variations than their synthetic 
counterparts [117]. Therefore, there is limited standard scaling-up process for 
protein-based nanobiomaterials. An attractive strategy is to use the recombinant 
protein technology. The monodispersed molecular weight, precisely defined phys-
icochemical properties, as well as the predictable placement of functional groups, 
binding moieties, or their programmable degradation profiles potentially make the 
recombinant proteins useful for drug delivery and tissue engineering applications 
[118]. In addition, further studies are needed to investigate new and safe cross-linkers 
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for stabilizing protein nanoparticles as alternatives to the toxic ones currently widely 
used. In the future, a better fundamental understanding of the mechanisms of 
 protein–drug interactions at the molecular level will provide a basis for their fur-
ther optimization to ensure the design of ideal protein nanocarriers and open more 
 exciting opportunities for their use in the area of drug and gene delivery.

Whether and how the carbon-based nanobiomaterials influence the long-term 
immune-response to downstream events of foreign body reaction have not yet been 
systemically addressed. Additional in vivo examinations and preclinical experiments 
are certainly required before these materials can be translated into the market.
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MMPs matrix metalloproteinases
MRI magnetic resonance imaging
MWNT multiwalled nanotube
NDs nanodiamonds
NIR near-infrared irradiation
NPs nanoparticles
PAA poly(acrylic acid)
PBA phenylboronic acid
PCL poly(εε-caprolactone)
PDT photodynamic therapy
PE polyelectrolyte
PEG poly(ethylene glycol)
PET poly(ethylene terephthalate)
pHex extracellular pH
PL photoluminescence
PMAA poly(methacrylic acid)
PNIPAM poly(N-isopropylacrylamide)
P(NIPAM-co-RhBUA)  poly(N-isopropylacrylamide) nanogel covalently labeled 

rhodamine B urea derivatives
P(VPBA-DMAEA)  poly(4-vinylphenylboronic acid-co-2-(dimethylamino)

ethylcrylate)
PTT photothermal therapy
PTs photothermal transductors
QDs quantum dots
RH relative humidity
SAW surface acoustic wave
semi-IPNs semi-interpenetrated polymeric networks
SM single molecule
SPIONs superparamagnetic iron oxide nanoparticles
UCST upper critical solution temperature

5.1 Introduction

Nanogels, also known as nano-sized hydrogels or hydrogel nanoparticles (NPs), 
are defined as polymer gels with a sub-micrometer size (typically in the range of 
20–200 nm) formed by physical or chemical cross-linking methods. In the recent 
decade, sudden outbreaks in nanotechnology have introduced nanogels into medical 
sciences, for the applications of drug delivery, gene delivery, imaging, biosensors, and 
so on. With the combined properties of both hydrogel and NP systems, nanogels have 
gained noticeable research and application interests in recent years. Nanogels have 
high colloidal stability, both in vitro and in vivo; they also offer the opportunity to load 
large amounts of drugs without chemical reactions and they have unique, easily tun-
able release behavior [1]. Their nano-scale size and tailored special surface properties 
offer nanogels many advantages as vehicles for delivery of small molecules, proteins, 
genes, and composite drugs since they have the abilities of reaching the capillary 
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vessels, passing blood brain barrier (BBB). Even though some nanogels may escape 
from the recognition of immune system to perform their duties, the majority of the 
administrated dose is still sequestrated by the mononuclear phagocyte system [2–4].

Nanogels could be classified as stimuli-responsive or nonresponsive gels. The 
nonresponsive gels simply swell after absorbing water, but the volume or structure of 
stimuli-responsive gels changes with response to the fluctuation of environmental fac-
tors, such as temperature, pH, pressure, electric and magnetic field, molecular species, 
ionic strength, and the combination of more than one factors [1,2]. Most of the functional 
nanogels are developed based on those sensibilities of the stimuli-responsive polymers.

This chapter introduces the material types and properties of broadly used nanogel 
systems, then explore their biomedical applications in the fields of drug delivery, 
imaging, tissue engineering, regenerative medicine, and biosensors.

5.2 Materials and methods for selected nanogel systems

Hydrogels are usually built up with three dimensional (3D) cross-linked hydrophilic 
polymers, which could be classified as natural and synthetic materials, or as positively 
and negatively charged polymers. This polymer backbone forms the hydrated network 
which mimics the porous native tissue microenvironment and is friendly in terms of 
encapsulating molecules or cells [4]. Gelation time, gel stiffness, and degradability 
are key factors that must be considered in the design processes. Gelation method 
could be selected based on the functional groups attached to the polymeric backbones.

Two distinct designs of nanogel systems are polymer hydrogel NPs and functional 
inorganic NPs entrapped in a hydrogel shell. The polymer framework could also be 
designed as regular continuous networks, interpenetrated networks (IPNs), or semi-
interpenetrated polymer networks (semi-IPNs).

The International Union of Pure and Applied Chemistry (IUPAC) defines IPNs as 
“two or more networks that are at least partially interlaced on a molecular scale, but 
not covalently bonded to each other and cannot be separated unless chemical bonds 
are broken” [5]. The final products of IPNs require enhanced mechanical properties 
and phase stabilities. The network will not be ruined if one component is degraded. 
Noncovalent semi-IPN is termed as only one component of the polymeric network 
cross-linked with the other one in a linear form. Covalent semi-IPN has two independ-
ent polymeric systems cross-linked together as a single network [6]. Core-cell poly-
meric nanogels are heterogeneous, but stable complexes that are made of completely 
distinct, covalently bound compartments.

The typical methods of nanogel preparation could be summarized as physical methods 
(i.e., emulsification and diffusion method, double homogenization method, self-assembling 
method) and chemical cross-linking methods (i.e., photo-cross-linking, enzyme catalyzed 
cross-linking, electromagnetic radiation polymerization).

5.2.1 Chitosan-based nanogels

Chitosan is one of the most common hydrophilic cationic polysaccharide, which 
is usually prepared through N-deacetylating chitin. Because of d-glucosamine and 
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N-acetyl-d-glucosamine units, chitosan presents a pKa value around 6.5 that can 
easily aggregate under physiological conditions. Therefore, nanogels based on chi-
tosan can be divided into three main catalogs: self-assembled, ionic cross-linked, 
and chemically cross-linked. In self-assembled chitosan nanogels, chitosan is usually 
given amphiphilic property through the modification of hydrophobic groups, which is 
the simplest way to prepare chitosan nanogels without surfactant or cross-linker that 
may cause side effects [7]. However, its strong cationic charge still cause aggregation 
under physiological conditions. Therefore, Makhlof et al. employed ethylene glycol 
group to increase chitosan’s water solubility and prepared self-assembled chitosan 
nanogels with deoxycholic acid as hydrophobic moity [8]. On the other hand, this 
strong cationic charge makes chitosan cross-linkable with anionic (PEs), for example, 
alginate, DNA, hyaluronic acid (HA), tripolyphosphate, etc. to form ionic cross-
linked nanogels [9–14]. Size, surface charge, and stability of formed nanogel can be 
adjusted by the solution concentration, molecular weight of chitosan, the nonstoichio-
metric ratio of anionic/cationic polymers, and the ionic strength [15–18].

Chitosan nanogels can also be prepared by chemically cross-linking amino groups 
on its backbone with various cross-linkers, which offer better stability, structure, and 
drug release properties [7]. PEG-based cross-linker are commonly used to react with 
amino groups on chitosan molecules. For instance, Jin et al. reported that dialdehyde-
caped poly(ethylene glycol) (PEG) were applied with ultrasonic spray to form urok-
inase-loaded chitosan nanogels without using surfactant [19]. In another study, Yong 
and Gan used PEG dicarboxylic acid to fix reversed mini-emulsion of chitosan, which 
resulted in mono-dispersed nanogels and tunable sizes [20].

5.2.2 Gelatin based nanogels

Gelatin, as a valuable protein-based natural biopolymer, is widely used in tissue 
engineering, drug delivery, food industries, costume and drug industries, etc. Gelatin 
is mainly obtained from hydrolyzed triple-helix collagen, which grants it great bio-
compatibility and biodegradability.

Gelatin is a polyampholyte protein and can be easily modified and cross-linked 
since it contained large amounts of amino groups and acid groups. Gelatin nanogel 
can be prepared using simple desolvation method. Saraogi et  al. added acetone as 
nonsolvent into gelatin water solution and fixed with glutaraldehyde, which resulted 
in gelatin nanogels with a size around 260 nm [21]. Reversed mini-emulsion is 
another approach to prepare gelatin nanogels. Briefly, gelatin was first cross-linked 
with N,N′-methylenebis(acrylamide), then radically polymerized to form semi-IPN 
structure. The products were further cross-linked by glutaraldehyde to complete IPN 
nanogels with a mono-dispersed size around 255 nm [22].

5.2.3 Hyaluronic acid based nanogels

Hyaluronic acid, as the only nonsulfated glycosaminoglycan, is a special polysac-
charide in synovial fluid and extracellular matrix (ECM) [23]. Similar to the situ-
ation of chitosan, HA nanogel can be prepared by self-assembly by increasing its 
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hydrophobicity via conjugating with tetradecylamine [24]. The size of nanogels 
decreases when the degree of substitution of hydrophobic moieties increases due to 
their smaller and tighter hydrophobic core in physiological conditions. Moreover, 
anionic HA in physiological also allows ionic bond forming with cationic polymers 
like chitosan, PEI, and polyarginine [13,14,25,26].

5.2.4 Poly(ethylene glycol) based nanogels

PEG, also known as poly(oxyethylene) or poly(ethylene oxide) (PEO), depending on 
the molecular weights (Mw <100,000 are called PEGs, while higher Mw polymers 
are classified as PEOs). It is a synthetic amphiphilic polymer which is soluble in 
water and many organic solvents (e.g., methylene chloride, ethanol, toluene, acetone, 
and chloroform). PEGs with Mw < 1000 are viscous liquids which are nontoxic and 
could be quickly cleaned from the body. It has been approved for biomedical applica-
tion by Food and Drug Administration (FDA). The terminal –CH2OH groups and the 
interior –CH2OCH2–groups of PEG are expected to have chemical interactions with 
various functional groups of proteins [27], thus PEG is considered to be a perfect 
candidate of protein drug delivery vehicles, tissue engineering scaffolds, and biosens-
ing membranes.

To accomplish targeted delivery of anticancer drugs to the tumor adjacent area 
(where pH is lower than normal tissue), with long blood circulation time and reduced 
nonspecific interactions with serum proteins, a novel design of PEG-based nanogels 
(PEGylated gels) with core–shell structure was prepared by using emulsion polymeri-
zation method. The derived poly(2-N,N-(diethylamino)ethyl methacrylate) (PEAMA) 
cores had hydrodynamic diameters in the range of 93–103 nm, with zeta potential 
of 3.4–6.4 mV under physiological pH 7.4; while with larger size of 115–141 nm 
and zeta potential of 0.03–0.3 mV under lower pH at 5.5 when the PEG-based gel 
NPs are in the swollen status. Thereafter, the PEAMA cores were covered via the 
Menschutkin reaction using bromobenzyl-terminated short PEG, and the nanogel 
half-life in the bloodstream can be prolonged [28].

5.2.5 Poly(N-isopropylacrylamide) based nanogels

Poly(N-isopropylacrylamide) (PNIPAM) is a “smart” polymer which has been most 
extensively investigated for environmentally sensitive applications, for example, drug 
delivery and biosensing membrane, because of its temperature and pH-responsive 
properties. PNIPAM can be easily modified with N-hydroxysuccinimide (NHS) 
ester, carboxylic acid, amine, and maleimide groups. It can also be copolymerized 
with other molecules, such as methacrylic acid. Based on this concept, a series of 
functional polymers have been developed based on PNIPAM [29]. PNIPAM’s volume 
phase transition (VPT) temperature is at 32°C in water. Heating above this lower criti-
cal solution temperature (LCST) leads to a rapid phase transition from hydrophilic to 
hydrophobic, and a collapsed state [30].

In order to reduce the cytotoxicity of nano-sized airborne pollutes, melatonin loaded 
PNIPAM nanogels were developed by mixing monomers of N-isopropylacrylamide 
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(NIPAM) and acrylic acid (AAc) with cross-linker poly(ethylene glycol) diacrylate, 
then gelated by adding ammonium persulfate (APS) under mechanical agitation. The 
final products of PNIPAM nanogels have hydrodynamic diameters in a range of 765–
955 nm, with surface zeta potential about −10 mV at 25°C, while the size decreased 
to 178–450 nm when temperature increased to 37°C [31]. In another study [30], doxo-
rubicin (DOX), a potential anticancer drug, was delivered using thermoresponsive 
N,O-carboxymethyl chitosan-conjugated PNIPAM-based nanogels, called poly(N-
isopropylacrylamide-co-1-propene-2-3-dicarboxylate-co-2-acrylamido-2-methyl-
1-propanesulfonate [poly(NIPAAm-IA-AMPS)]. These nanogels were chemically 
cross-linked with co-monomers NIPAM and itaconic acid (IA), with cross-linkers 
of 2-acrylamido-2-methylpropanesulfonic acid (AMPS) and ethylene glycol dimeth-
acrylate at 75°C, then initiated gelation by adding APS slowly under vigorous stir-
ring. After dialysis purification, the derived poly(NIPAAm-IA-AMPS) nanogels 
showed hydrodynamic diameters of 221 ± 3 nm and 198 ± 3 nm, with surface zeta 
potential about −30 mV and −32 mV (with high colloidal stability) at temperatures 
of 25°C and 37°C, respectively. The derived nanogels could be further grafted by  
N,O-carboxymethyl chitosan (NOCC) via classical 1-ethyl-3-(3-(dimethylamino)
propyl)-carbodiimide-mediated coupling chemistry.

5.2.6 Hydrogel-nanoparticle composites

Nowadays, many kinds of NPs have found applications in biomedical fields and they 
have been commercialized, while most of them are still facing the concerns regarding 
the stability and cytotoxic issues. These challenges are expected to be overcome by 
incorporating nanogel technologies into the hydrogel-NP composites that have demon-
strated enhanced properties, in order to further advance the resulting products.

Encapsulating metal NPs, especially optical or magnetic responding metals, with col-
loidal polymer shells, to construct core–shell nanogels is of great interest for biomedical 
imaging. There are in general two methods to construct functional metal NP–hydrogel 
composites: by using polymers containing strong metal binding ligands or by depositing 
polymers from the metal surface via covalent attachment or electrostatic interactions [32].

Nanogel contrast agents (CAs) have been developed for magnetic resonance 
imaging (MRI) [6] and positron emission tomography (PET) [33] in recent years, 
with most of them being based on metal chelating cross-linked nanogel technique. 
T1 MRI CA, gadolinium (Gd)-chelating self-assembled pullulan NPs were prepared 
by cross-linking the surface acryloyl groups of cholesteryl-modified pullulan with 
1,4,7,10-tetraazacyclododecane-1,4,7,10-teraacetic acid, then formulating Gd with 
UV irradiation. The hydrodynamic size of this product was 65 ± 7 nm, which is effi-
ciently retained in tumors over 7 days, and provide sixfold higher T1 relaxivity than 
Magnevist and Dotarem in a 1.4 T imaging system. The pullulan nanogels could be 
cleared from the body ~20 days post-injection, without organ dysfunction [34]. By 
using similar metal chelating skills, the same group successfully trapped 64Cu into 
the backbones of polyacrylamide, and prepared nanogel particles with hydrodynamic 
size in the range of 56–65 nm with different cross-linkers. This nanogels could be 
accumulated in tumors and be used as PET/MRI CAs [33].
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5.3 Nanogels as carriers for bioactive molecules delivery

5.3.1 The clinical problem and the ideal platform for bioactive 
molecules delivery

A drug delivery system is defined as “a formulation or a device that enables the 
introduction of a therapeutic substance in the body and improves its efficacy and 
safety by controlling the rate, time, and place of release of drugs in the body” [35]. 
Conventional drug delivery methods involve the formulation of a drug into a form 
which is suitable based on the route of delivery. For example, a compressed tablet 
would be developed if the drug is needed for per os (oral) administration, whereas 
a solution would be developed for parenteral use, for example, intravenous (IV) or 
intramuscular (IM) use. There are several routes for systemic drug delivery, such 
as gastrointestinal (GI)/enteral, parenteral, transmucosal, transnasal, pulmonary, 
transdermal, and intra-osseous. Each route of delivery is inherently linked to certain 
advantages and disadvantages [36].

Especially when a drug is being administered per os, the concentration of the 
administered drug needs to be much higher in order to accomplish therapeutic effects 
to the end organ due to several obstacles that the drug has to overcome until the des-
tination is reached, like the significant first pass metabolism of the drug after an oral 
dose (for many drugs this occurs in the liver) [37]. Parenteral drug administration 
might be advantageous in terms of the rapid onset of action and the predictable and 
almost complete bioavailability of the drug due to the bypass of GI tract metabolism. 
The pain related to the injection of the drug (sometimes in multiple areas to avoid 
tissue damage due to repeated local tissue exposure to the drug) is a major problem 
though that lead to poor patients’ compliance compared to per os administration. In 
addition, sustained release of the drugs and targeted delivery through parenteral route 
of administration is still a challenge. An extensive overview of the conventional drug 
delivery platforms is beyond the scope of this section.

In General, the conventional drug delivery methods demonstrate lower effective-
ness and are linked to toxicity and adverse effects due to the generalized effect that 
can extend to the healthy tissue, especially in high doses. Therefore, there has been 
a significant clinical need for the development of other more advanced drug delivery 
systems in order to overcome the current limitations linked to the conventional meth-
ods. The newly developed systems are mostly aiming in effective, controlled drug 
delivery, and targeted effect to a specific tissue or even to specific cells.

Key aspects that would define an ideal drug or protein delivery platform would 
relate to: (1) the encapsulation stability of the delivery system, so that the drug does 
not leak prematurely to the circulation causing unwanted effects to other tissues; (2) 
the effective response to certain stimuli that would allow the release of the drug only 
within the desired tissue or under certain circumstances; (3) the size-controlled pas-
sive targeting of certain impaired tissues (e.g., cancerous tissues) due to the enhanced 
permeation retention (EPR) effect that allows the local permeation of macromolecules 
in the range of 20–200 nm; (4) the active targeting of certain disease phenotypes, 
using specific ligands that are incorporated within the structure of the carrier, in order 
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to interact with the microenvironment and reduce adverse effects; (5) the biodegra-
dability that would leave no “leftovers” that could induce inflammation/toxicity in 
the body and the lack of toxicity of the directly used delivery system, but also of its 
indirectly produced byproducts after metabolic processing in the body; and, finally, 
(6) the ease of synthesis that would be crucial for scaling up production and for the 
ultimate approval by regulatory bodies such as the FDA [38].

With the recent advances in the field of nanotechnology, nanogels and/or nano-
composite gels for biomolecules delivery applications seem to be ticking most of the 
boxes of the “ideal” delivery platform. Therefore, in the future, we can only expect 
that nanomedicine will be more and more implemented in clinical practice to improve 
the patients’ medical care.

5.3.2 Hydrogels versus nanogels for bioactive molecules 
delivery

Originally, hydrogels were developed in order to be used as stand-alone biomateri-
als due to their inherent low protein absorption that allowed them to minimize host 
response (which is part of the umbrella term of biocompatibility) or as devices for 
controlled release applications [5,6,39,40]. Nevertheless, hydrogels were also used 
for cell encapsulation approaches opening new pathways in the field, and starting a 
trend to aim much more for bioactive than for bioinert materials. Based on the needed 
application, the classification category of a hydrogel (its porosity, physical structure, 
source, ionic charge, crosslinks, etc.) gives a lot of information on whether a hydro-
gel is appropriate for a specific tissue repair attempt or the delivery of a bioactive 
substance (e.g., drug, growth factors, cells, etc.) to the cells or tissues may promote 
a certain effect.

Hydrogels that are biocompatible, biodegradable, porous (to allow sustained 
local delivery of cells or biomolecules), and functionalized with certain molecules 
gradually become available with encouraging outcomes. No matter how promising 
this may be, after extensive studies for controlled drug release, most hydrogels seem 
to demonstrate a slower hydration response to changes in stimuli compared to the 
needed reaction time that would allow therapeutic clinical applications [39,41–44]. 
This has motivated researchers to gradually shift their attention to develop hydrogels 
in the micro- or nano-scale [45]. For the time being, nanogels are considered the 
best vehicles for drug delivery due to their nano-scale-related properties (e.g., longer 
circulation times).

Nanogels are nano-sized hydrogel, this does not imply that nanogels escape the 
natural barriers of the human body and the natural metabolic processing due to their 
nano-scale related properties. The routes of administrations are still the same for 
nanogels as described above, thereafter there are certain limitations that researchers 
have been trying to overcome. Fig. 5.1 demonstrates the physical barriers obstruct-
ing the effective administration of the drug to the end organ, even via the use of 
nanogels delivery systems [46]. Nevertheless, the superiority of nanogels lies in their 
multifunctionality, stability, and flexibility. Each nanogel’s characteristics (e.g., size, 
charge, porosity, amphiphilicity, softness, and biodegradability) can be easily tuned 
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through changes in the chemical composition of the gel, directly affecting its loading 
capacity, metabolic processing, and spatial distribution in the human body [47–49]. 
Thus, certain design implementations, as presented in Fig. 5.2, have addressed initial 
limitations discussed in Fig. 5.1.

Functionalization of the nanogel’s membrane with biomimetic molecules (e.g., 
grafting PEG or CD47 “self” peptides to the surface, coating with biomimetic 
extracted membranes from autologous leukocytes or red blood cells) is an example of 
one of the most classically used strategies in more new nanogel delivery systems that 
has allowed escape of the nanogels from phagocytic opsonization and sequestration 
processes. Likewise, endolysosomal degradation of the nanogel and/or the embed-
ded therapeutic molecule has been avoided with the use of membrane-destabilizing 
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Figure 5.1 This is an illustrative demonstration of the barriers that the nanogels encounter 
after parenteral administration. Under normal circumstances NPs would undergo the process 
of opsonization that is mediated by residual macrophages. This would lead to a nonspecific 
distribution of the nanogel in healthy tissues such as the liver and the spleen. In addition, due 
to vascular dynamics, spherical particles in the nano-scale would limit their interactions with 
the endothelial cells of the blood vessels, reducing their distribution in the tissues (either via 
active or passive targeting mechanisms). Another significant barrier that impedes the nanogels 
accumulation in the desired tissues (e.g., cancerous tissues) regards the high intratumoral 
pressure that can stem from impaired vasculature, aggressive cellular proliferation, fibrosis, 
dense ECM formation, and impaired lymphatics. In addition, endocytosis can follow different 
routes (e.g., via clathrin-coated pits or caveolae) depending on the size and surface decoration 
of the nanogels, thereby directly affecting the fate of the carrier. After the process of 
endocytosis, endolysosomal degradation in a low pH environment is detrimental to the cargo, 
especially for genetic material. Last but not least, if the nanocarrier survives up to that point, 
it may be expelled by certain drug efflux pumps that have been correlated with multidrug 
resistance (i.e., MDR pumps), inhibiting the effective release of the therapeutic.
Reproduced with permission from Schmitt F, Lagopoulos L, Kauper P, Rossi N, Busso 
N, Barge J, et al. Chitosan-based nanogels for selective delivery of photosensitizers to 
macrophages and improved retention in and therapy of articular joints. J Control Release 
2010:144;242–50. Copyright © 2015 Macmillan Publishers Limited, part of Springer Nature.
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peptides, which induces an escape mechanism, or with the use of biomimetic ligands 
or membranes, which allows cellular internalization and safe transportation of the 
nanocarrier. To the same direction, the utilization of nontraditional geometries has led 
to improved vascular dynamics. Blanco et al. have published an extensive analysis of 
the different strategies that have been used to address the initially discovered limita-
tions linked to NP-based drug delivery [46].

Last but not least, an important and unique advantage of the use of nanogels 
regards the ability of the nanogels to incorporate a wide range of entities that vary 
in physical properties (from biomacromolecules such as proteins or drugs, up to 
inorganic materials, allowing the use not only in theranostics but also in imaging/
screening applications and combinatorial approaches). This property stems from 
the versatility of the nanogels’ architecture and this is what makes nanogels such a 
promising tool in the field of nanomedicine, with potential clinical applications that 
are not limited to therapeutic interventions, but also to the field of diagnostology and 
imaging (with the use of the newly developed class of agents named “nanohybrids,” 
incorporating inorganic materials for imaging applications) [50,51].

Figure 5.2 If drug A and drug B are two different drugs that are loaded within the 
nanocarrier, this is a representation of the potential agents that can be added to the initial 
structure in order to maximize the therapeutic or diagnostic potentials. Depending on the 
purpose of the nanocomposite, certain targeting agents can be added to increase specificity of 
the carrier for a particular tissue or to improve blood circulation times and cell penetration. 
Other added agents may enable imaging applications providing the opportunity for a 
theranostics platform or may induce specific stimuli-based reactions (e.g., stimuli-based 
controlled drug release).
Reproduced with permission from Gwak SJ, Jung JK, An SS, Kim HJ, Oh JS, Pennant WA, 
et al. Chitosan/TPP-hyaluronic acid nanoparticles: a new vehicle for gene delivery to the 
spinal cord. J Biomater Sci Polym Ed. 2012:23;1437 − 50. Copyright © 2014 Macmillan 
Publishers Limited, part of Springer Nature.
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5.3.3 Nanogels as therapeutic drug carriers

As previously discussed, nanogels simultaneously possess features and characteristics 
of hydrogels and nano-scale systems. Smart nanogels have attracted much attention 
for their translational medical therapeutic potentials, due to their capacity to respond 
to multiple diverse environmental stimuli such as pH, temperature, ionic force, redox 
environment, etc. by changing their volume, refractive index, and hydrophilicity/
hydrophobicity [52].

When compared to macroscopic hydrogels, nanogels demonstrate faster respon-
siveness. They also allow the penetration of the BBB, demonstrating safe and efficient 
delivery of macromolecules across the barrier. This can be highly impactful in terms 
of clinical applications such as for the treatment of malignant brain tumors. Nanogels 
are also considered to be excellent carriers for drugs when sustained, prolonged drug 
release is desired. For example, when inhaled, it has been postulated that the swellable 
nanogels are poorly cleared in the lungs, increasing the circulation times, thereafter 
maximizing the time of the biomolecule sustained release [53,54]. In terms of their 
loading potentials, they are considered to have a great loading capacity with the abil-
ity to carry a wide variety of drugs (e.g., drugs of both low and high molecular weight, 
both hydrophobic and hydrophilic drugs) for several clinical applications [55].

As mentioned above, many NPs are designed as core–shell structures for drug delivery 
applications. The core–shell polymeric nanogels are inhomogenous, but stable complexes 
that are made of completely distinct, but covalently bound compartments. Therefore, such 
nanocomposite hydrogel matrices are thought to be innovative means for optimized modu-
lation of the parameters linked to the drug/protein release rate from the matrix [56]. Given 
the design-specific compartmentalization of the nanocomposite systems, a multistimuli-
response has become feasible using nanocomposite hydrogel matrices, allowing the 
targeted release of bioactive substances under certain conditions in different parts of the 
body, significantly enhancing previously used hydrogel models. These targeted drug deliv-
ery systems have captivated increasing attention, mainly in cancer therapy. The higher 
temperature and lower pH linked to cancer tissues compared to normal tissues makes the 
use of thermo- and pH-responsive nanocomposite systems useful for cancer theranostics 
[57–59]. They also allow the effective incorporation of hydrophobic drugs [60,61], which 
was previously known to be challenging with other carriers. The major advantage of those 
advanced matrices is the tunability, given the higher allowed level of control, which is 
required for effective tissue engineering applications. Nagahama et al. recently reported a 
novel controlled drug release system [62], highlighting the high levels of control that can 
be obtained with such advanced systems. The injectable gel he developed via the method 
of self-assembly of copolymer micelles clay nanodisks and doxorubicin gave a dual prop-
erty to the drug; in particular the drug was not only acting as a cross-linker for the forma-
tion of gel networks, but it also enabled control over its own release.

An interesting approach that is meant to enable optimal, controlled external stimu-
lation of the drug release from the nanogel or nanocomposite gel to enable a controlled 
external stimulation for initiating the drug release from such hydrogels (e.g., via light 
or electrical and magnetic fields exposure) have been increasingly studied [63–65]. 
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Photothermal therapy (PTT) and photodynamic therapy (PDT) are currently the most 
promising techniques for the treatment of cancer [66]. They are mostly based on the 
utilization of plasmonic hybrid nanogels (e.g., nanogels hybridized mostly with gold 
or silver NPs) that efficiently absorb and scatter light. The nanogels’ increasing use 
towards that direction could potentially revolutionize the oncology clinical practice.

Another major breakthrough in the field of nanotechnology has been the recent 
development of self-healing injectable nanogels or nanocomposite hydrogels. In gen-
eral, self-healing materials are commonly found in living organism, but some years 
ago, it was unimaginable that such a self-healing system would be possible to be cre-
ated artificially. Contrary to traditional injectable hydrogels, transient and reversible 
interactions governing the conformation of self-healing nanocomposites allow them 
to flow and deform into liquids under excessive strain and recover back into hydro-
gels when higher strain is removed [67–71], demonstrating new potentials for tissue 
engineering applications.

5.3.4 Nanogels in diagnostics and imaging

Theranostics is a combinatorial therapeutic and diagnostic approach using multi-
functional platforms (e.g., nanogels) [72]. In the clinical setting, theranostics is an 
important field that can significantly benefit oncology-related pathologies. MRI is 
one of the most effective tools for the timely diagnosis of cancer in early stages. 
Nevertheless, MRI is relatively insensitive, frequently requiring the use of tailored 
CAs in order to enhance image contrast, thereby effectively highlighting anatomi-
cal and pathological features of the imaged tissues [73]. Just like small therapeutic 
biomolecules, CAs suffer from short blood circulating times, nonspecific biodistribu-
tion, and noncontrolled release, while they can also exhibit cytotoxic effects [74]. For 
example, gadolinium (Gd3+) ion is toxic, but in order to be safe for clinical adminis-
tration for imaging purposes, it is given in the form of chelates. Even chelates though 
have been found to be more sensitive to transmetallation reactions that can displace 
the chelated metal ion by another competing ion, leading to toxic effects. Contrary 
to that, certain nanogels have been reported to be more inert to transmetallation reac-
tions, reducing that possibility further [75].

As mentioned before, it is the unique characteristics of nanogels that make them 
ideal carriers for a variety of imaging probes and CAs, opening a new pathway in 
theranostics and imaging applications. Nanogels that have recently been used for 
theranostic and/or imaging applications belong to another category of hybrid inor-
ganic–organic materials (the so-called “nanohybrids”). These nanogels are hybridized 
with inorganic NPs (e.g., plasmonic, magnetic, and carbonaceous materials-based 
NPs). The inorganic NPs can either interact with the nanogel through strong chemi-
cal bonds like covalent or Lewis acid–base bonds or solely through weak forces like 
hydrogen bonding, van der Waals and electrostatic forces [76,77]. Fig. 5.3 is an illus-
trative presentation of such a hybrid nanogel, aiming at theranostic applications for 
cancer. In this particular example, imaging-guided drug delivery is targeted towards 
the cancerous cells upon exposure to ultrasound signals [78].
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Given the promising applications of nanohybrids in the field of theranostics and 
nanomedicine, there has been an increasing number of studies exploring the develop-
ment of more advanced hybrids for combinatorial applications [79]. The ability of 
plasmonic NPs to absorb and scatter light has increased the popularity of the nano-
gels that are hybridized with gold nanoparticles (AuNPs), acting as phototherapeutic 
agents that target malignant cells [80–83]. Apart from the encouraging results in the 
field of PTT and PDT, plasmonic NPs also have imaging properties, along with their 
controlled drug release profile, when combined with nanogels [84].

Figure 5.3 (A) Schematic representation of the preparation of doxorubicin (DOX)-loaded 
poly (methacrylic acid)-perfluorohexane (PMAA-PFH) nanocapsules as described by Vashist 
et al. [54]. (B) Schematic illustration of an imaging-guided drug delivery system based on 
the previously seen biodegradable PMAA-PFH nanocapsules. Drug delivery is triggered by 
ultrasound signals exposure.
Reproduced with permission from Ghasemi A, Mohtashami M, Sheijani SS, Aliakbari K. 
Chitosan-genipin nanohydrogel as a vehicle for sustained delivery of alpha-1 antitrypsin.  
Res Pharm Sci 2015;10(6):523–34. Copyright © 2016 Elsevier.
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Another interesting nanohybrid that has great potential in theranostic applications 
is a result of the hybridization with magnetic NPs. Such hybridization allows manipu-
lation of the carrier via magnetic fields. This allows nanohybrids to be guided by 
magnetic fields directly to the tumor site, thereby improving the efficacy and reducing 
any cytotoxic effects of the incorporated substances [85–87]. A common approach 
to create these nanohybrids is to combine the nanogels with superparamagnetic iron 
oxide nanoparticles (SPIONs) [88]. The magnetic field can, simultaneously, induce 
multiple potential reactions, such as chemotherapy delivery, hyperthermia therapy, 
and diagnostic imaging contrast in MRI [89]. On the other hand, quantum dots (QDs), 
which exhibit unique optical and electronic properties (e.g., wideband excitation, phe-
nomenal photostability, and high quantum yield) have attracted intensive interest in 
the biomedical field, while having their own role in diagnostic imaging applications. 
Entrapment of semiconductor QDs that emit fluorescent light into the polymeric 
nanogel can also confer imaging properties to the nanohybrids [90,91].

Carbonaceous NPs were not traditionally implemented in theranostics applica-
tions. Nevertheless, a particular allotropic form of carbon (i.e., nanodiamonds, NDs) 
has been considered for bio-imaging, biosensing, and therepautic applications lately. 
Apart from the unique properties that NDs gain due to their distinctive surface archi-
tecture [92,93], they are also proven to be biocompatible in several in vitro and in vivo 
studies, providing an alternative for theranostics approaches [94,95].

Undoubtedly, utilization of the aforementioned techniques would lead to the devel-
opment of smart nanogels that could, in turn, address a variety of currently incurable 
diseases from different angles. Thus, there has been an increasing number of studies 
that have summarized the preparation of different multifunctional hybrid NPs and 
their applications in theranostics.

5.4 Tissue engineering applications—potential 
applications of nanogels in selected fields

Nanogels have been increasingly used in several fields such as sensing, diagnostics, 
and biomedical engineering, but their most impactful applications are in the area of 
drug/biomolecules delivery.

Traditionally, tissue engineering scaffolds were based on degradable macroporous 
materials that could induce a “passive” reparative process through the release of thera-
peutics. Contrary to that, the current trend in the field is the use of bioactive materials 
with nano-topographical features that closely resemble the native tissue (e.g., natural 
ECM), aiming at directly affecting and guiding the restorative process. This comes as no 
surprise, given the fact that tissue engineering scaffolds are meant to act as temporary, 
supportive, artificial ECM to accommodate cells, and guide 3D tissue formation [39].

The sectors of tissue engineering and drug delivery are two closely related 
areas. Tissue engineering is mostly used as a means of combinatorial therapeutic 
approaches. It does not only provide the scaffolds/hydrogels for structural support to, 
physically, help bridging the damaged area, but it also allows the scaffolds/hydrogels 
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to act as sustained release biomolecules vehicles in order to guide cellular responses 
and/or directly engage in the reparative process. The induced cellular response in 
the microenvironment can, subsequently, enhance the efficacy of the supportive 
scaffold/hydrogel [39]. Therefore, many times tissue engineering can be viewed as 
a special case of advanced drug delivery. We can actually realize that when talking 
about nanogels or nanocomposite gels, the terms drug delivery and tissue engineering 
applications can be used interchangeably. This is because nanogels are already nano-
engineered carriers that provide not only a highly efficient platform for therapeutics 
encapsulation, but also a versatile, protected and controlled delivery system that can 
be autoregulated based on certain stimuli.

Although tissue engineering constructs can be developed in the micro- or macro-
scale based on the required application, incorporation of NPs within a scaffold or 
hydrogel (e.g., nanocomposite hydrogels) and/or the ability to manipulate nano-scale 
parameters of the scaffold (i.e., via 3D nanoprinting technique) are crucial for the 
effective reparative outcome. Not only the implementation of nano-scale factors (e.g., 
NPs) can greatly improve the field of tissue engineering, but also tissue engineering 
methodologies can directly affect and improve nano-scale parameters. In particular, 
the tremendous problem of the poor reproducibility of reported research results, 
which has been expressed several times in the medical research literature, also affects 
the field of nanotechnology [96]. It is very hard to precisely control nano-scale ele-
ments of a nanogel/nanocomposite hydrogel obtaining a highly standardized and 
reproducible model.

To that direction, there has been an increasing interest for the development of 3D 
nanoprinting technology, which is thought to lead the field to a future revolution. 
The attempts to accomplish a good reproducibility in a nano-scale level though 3D 
printing have already become more intense, leading to the recent emergence of a 
new pending patent on 3D nanoprinting via scanning probe lithography-delivered 
layer-by-layer deposition. This protocol enables the conduction of 3D printing with 
nanometer precision and inter-layer registry in all three dimensions, using PE inks and 
atomic force microscopy [97].

Therefore, the accomplishments in the field of nanomedicine with the use of 
nanogels are already significant and promising, but, they can be enhanced through 
the utilization of tissue engineering advancements. This way the field can advance 
further, moving towards clinical translation, in order to improve the quality of care in 
many different medical areas in the future.

This section aims at introducing some nanogel-based tissue engineering applications 
in different medical areas analyzing the rationale behind nanogels’ use. Nanogels can 
obviously be used in a wide range of medical areas such as oncology, radiology, neu-
rology, dermatology, infectious diseases, pulmonology, gene therapy, and many more, 
while this list will keep expanding more and more due to the introduction of novel 
nanogel-based systems based on clinical needs. Therefore, we mainly focus our atten-
tion, thereby dedicating a significant portion of this section to oncology-related applica-
tions, due to the significant contribution of nanogels to this field of nanomedicine. Other 
applications in systems like musculoskeletal, central nervous system (CNS), and car-
diovascular are also noted but the extensive analysis within seperate sub-sections goes 



Nanobiomaterials Science, Development and Evaluation102

beyond the scope of this chapter. Key aspects on the rationale behind the nanogels’ use 
in the analyzed fields of tissue engineering and nanomedicine are of high importance for 
the deeper understanding of the field, but also for the future advancement of developed 
nano-engineered materials, therefore they are highlighted in each sub-section.

5.5 Nanogels in oncology

5.5.1 The clinical need and current limitations in oncology 
theranostics

Although cancer therapeutics have greatly advanced to the point that many oncology 
patients are able to live a normal and long life, surviving cancer, cancer remains one 
of the major examples of ineffective therapeutic strategies in current clinical practice. 
To be more specific, chemotherapy is a commonly used therapeutic approach, appli-
cable for many types of cancer. Nevertheless, the delivery of conventional chemother-
apeutics is still challenging and it is also directly linked to significant adverse effects 
[98] that have urged many patients with advanced cancers to decline therapy in order 
to “respectfully” live their lives with their families. Different chemotherapeutic agents 
may cause different side effects like fatigue, pain, mouth and throat sores, change in 
bowel habits, nausea and vomiting, blood disorders, nervous system effects, cogni-
tive alterations, sexual and reproductive issues, appetite loss, hair loss, or other long 
term effects damaging certain tissues (e.g., heart, liver, kidneys, etc.). The toxicity of 
those drugs and adverse effects are related to issues with the drugs solubility, poor 
pharmacokinetics, and in vivo stability.

To avoid the unwanted side effects and promote targeted delivery of therapeutics 
to the cancerous tissues, immunomodulatory methods have emerged. These methods 
use antigenic proteins, peptides, or nucleic acids for direct targeting of the cancerous 
cells-related abnormalities (e.g., defects in antiapoptotic proteins, inducing uncon-
trollable cell proliferation) in order to promote a more effective reaction, specifically 
aiming for the anomalous cells [99]. However, there are certain downsides linked to 
traditional immunomodulatory biologics, such as the low transfection efficacy, seri-
ous adverse effects (e.g., serious infections, malignancy, cytokine release syndrome, 
anaphylaxis, and immunogenicity), as well as uncontrollable and untraceable gene 
transfer [100]. Thus, the clinical need for the development of efficient tools for 
cancer-related theranostics remains. This has shifted scientific attention to the field of 
nanotechnology, with a focus on nanogels due to their versatile, promising properties 
that may help to minimize adverse effects, maximize targeted therapeutics uptake, and 
overcome physical normal or disease-related barriers.

5.5.2 Rationale for use of nanogels: Advantages over 
conventional methods

Nanogels and nanocomposite gels seem to be uniquely qualified for the development 
of novel oncology-related theranostics, overcoming most of the limitations that are 
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linked to the use of conventional therapeutics. The tunability and multifunctionality 
of the nanogels as discussed in the section of drug delivery is of high importance for 
nanomedicine and tissue engineering applications. In particular, using versatile sur-
face modifications and altering the size and shape of the nanogels, passive or active 
drug targeting can be accomplished, despite the presence of multiple physical barri-
ers that would normally halt delivery [38]. Surface biofunctionalization techniques 
also allow controlled and targeted release of the embedded biomolecule, while the 
increased surface/volume ratio of NPs facilitate the transfer of large cargos to the 
desired area. A significant advantage linked to the effective nanogels-based drug 
release regards the capability of the nanogels to load large amounts of payload with-
out the need of chemical reactions that might be detrimental for the drug’s bioactiv-
ity. Finally, the use of nanocarriers in oncology provide an advanced vehicle for drug 
delivery, enabling improved solubility, stability, and penetration of the embedded 
drug, regardless of the obstacles that are associated with the particular route of drug 
administration used. Challenging issues that are used to raise problems in the delivery 
of therapeutics (e.g., hydrophilicity/hydrophobicity of the embedded molecule) have 
now been resolved thanks to nanocarriers design.

Therefore, systemic efforts have been made in order to develop novel theranos-
tics based on the advantageous use of nanogels. Nanogels are mainly used as more 
efficient, targeted, and safe delivery systems for theranostics substances [101,102] 
or even for cancer vaccines for immunomodulatory purposes [103,104] in oncology. 
The flexibility of their design can offer nano-scale systems that respond to single or 
multiple stimuli, enabling premium control over the release pattern of the embedded 
substances. Delivery of two or more molecules that have different characteristics (i.e., 
one hydrophilic and one hydrophobic molecule) has become feasible and efficient 
regulation of each substance’s release can be internally or externally induced [102]. 
Thus, it is evident that the challenges that the field of oncology has been facing for so 
many years can partially be overcome with the advances in nanotechnology.

To develop efficient therapeutics though, a deeper understanding of the clinical need 
and the pathophysiological background of the targeted disorder is required first. The 
nanogels-based delivery systems that have been developed are directly associated with 
the pathophysiological characteristics of cancerous tissues. In specific, it is known that 
the disrupted local vasculature, coupled with diffusion anomalies due to tumor-related 
vascular dynamics and reduced total oxygen (O2) blood capacity secondary to the 
disease- or treatment-induced anemia lead to an imbalance of O2 supply and consump-
tion in the cancerous tissues. Secondary to the low oxygen levels, the tissues produce 
energy via anaerobic pathways and lactic acid production is increased [105,106]. This 
subsequently causes a mild decrease in the extracellular pH (pHex) of a tumor (i.e., 
pHex ~ 6.5 compared to the normal of ~ 7.4) [107]. Even though the hypoxia and the 
hypoxia-induced acidic microenvironment of cancerous tissues pose major challenges 
in the treatment of cancer and can negatively affect therapeutic outcomes [105], they 
can be also used to our advantage for the development of targeted tissue-specific thera-
pies. This is the basis for the development of pH-responsive nanogels.

A recent example of a pH-responsive nanogel was reported by Steinhilber et. al.  
[108], utilizing benzacetal bonds for generating biodegradable protein-resistant 
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polyglycerol nanogels. In this study, it was reported that the encapsulation efficiencies 
of the developed nanogels were more than 99% for labile macromolecules (e.g., pro-
teins and enzymes) when the nanogel was intact. The nanogel was capable of remain-
ing stable in physiological pH values for a long time but it could rapidly degrade into 
low molecular fragments within acidic microenvironments, like the ones found in 
malignancies. There have been a series of studies [109–111] that gradually improve 
similar nanogels, aiming at prolonging the drugs’ availability in the local tissues and 
targeting cancerous cells.

Effectively targeting the cancerous cells may be essential in order to minimize the 
side effects caused by cytotoxic drugs and maximize bioavailability of the drugs in 
the desired areas only. Nevertheless, after successfully reaching the tumor site, it is 
important that the carrier is able to penetrate the cancerous mass. Solid tumors are 
normally hard to penetrate due to the abnormal vasculature and the dense ECM that 
surround the tumor [112]. To tackle this obstacle, novel pH-dependent reversible 
swelling–shrinking nanogels have been developed [112,113]. These nanogels are 
slightly negatively charged under physiological conditions (i.e., pH ~ 7.4), but during 
the opsonization process, after they get exposed to the highly acidic endolysosomal 
environment (i.e., pH of 5.0–6.0) of the cells, they become swollen in the core area 
due to the protonation of core-embedded amino groups that turn the core’s charge 
positive. The subsequent massive volume expansion leads not only to the release of 
the drug, but also to endolysosomal bursting, allowing escape of the carrier in the 
cytosol. The normal pH within the cytosol induces another transformation of the 
nanogel, which eventually shrink and return to their original state. While the released 
drug keeps killing cancerous cells, the nanogel returns to the original size, escapes 
from the dead cell, and penetrates deeper into the tumor tissue due to the repeated 
“infection” of the cells.

Other pH-dependent nanogels that aim at deeper penetration into malignant tissues 
have also been developed, like the recent example for dual pH-triggered multistage 
drug delivery system of Zan et al. [114]. In that case, an initial reduction of the pH 
close to the usual malignant tissue levels (i.e., pH ~ 6.5) induced the reorganization 
of the nanogels into much smaller NPs that could easily penetrate deeper into the 
cancerous tissue, while in parallel a further reduction of the pH value (i.e., pH ~ 5.0) 
triggered the drug release within the endolysosomal environment of the targeted cells.

Apart from pH values, temperature also seems to possess an important place in 
the pathophysiology and treatment of cancer. It has been suggested that mild increase 
in the local tissues temperature can be caused in malignant tissues [115]. Therefore, 
similarly to the pH-sensitive nanogels, thermoresponsive nanogels have been devel-
oped that respond only to temperature alterations (e.g., drug release upon exposure 
to higher temperature in malignant tissues). For the development of such nanogels, 
the choice of materials is based on their good thermosensitivity and LCST. PNIPAM 
is the most commonly used thermosensitive material used for the development of 
thermosensitive drug delivery systems, demonstrating a LCST of around 32°C in 
distilled water [116].

Although initial attempts focused on the LCST effect on the nanogel efficacy, it is 
now known that the upper critical solution temperature (UCST) also plays an important 
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role in the temperature-induced response of the nanogel. UCST-like behavior that is 
characterized by swelling rather than de-swelling of the nanogel at increased tempera-
tures was found to be beneficial for the efficient release of the drug. Thermoresponsive 
nanogels that were formed from a combination of acrylic acid and acrylamide have 
been studied as an example of a UCST-like system due to the weak nature of the hydro-
gel bonds between acrylic acid and acrylamide, causing the bonds to break in higher 
temperature. These nanogels were found to be remarkably more efficient at slightly 
higher temperatures [117], providing an alternative for cancer-related applications.

Despite promising preliminary findings, pH-thermal dually responsive nanogels 
are still considered a better approach to effectively target cancerous cells [118]. 
In order to accomplish dually responsive hybrid nanogels with little interference 
between stimuli, IPNs are mostly utilized due to their native design characteristics 
(see Section 5.3.2.3 for more details on IPNs) [119–122]. The potentials and tun-
ability of such hybrid dual-responsive nanogel systems can be seen in a recent study 
of Chen et  al. [122]. In this study a novel pH-thermal dual-responsive nanogel of 
hydroxypropylcellulose–poly(acrylic acid) (HPC–PAA) particles in the form of IPN 
structure was developed and after being loaded with anticancer drugs, it demonstrated 
encouraging results. The novelty of this system lied in the fact that, depending on the 
chemical composition and the degree of cross-linking, the thermoresponsive behavior 
could be shifted from the UCST to the LCST.

Other nanogels have focused on targeting other aspects of the pathophysiological 
changes observed in cancer. Redox-responsive nanogels are single-response deliv-
ery systems that are meant to be sensitive in the so-called redox reactions. Redox 
reactions are oxidation–reduction reactions that are highly significant for the cell’s 
survival. It comes as no surprise that there is a local alteration in redox reactions 
when there is a malignancy. Glutathione (GSH) is a crucial tripeptide that is needed 
to alleviate oxidative stress through redox reactions. GSH is capable of reducing 
disulfide bonds by acting as an electron donor [123]. The cytoplasmic concentra-
tion of GSH has been found to be about 1000-fold the GSH concentration of the 
extracellular environment [114] and in tumor tissues it has been estimated that these 
concentrations become about 4-fold higher compared to normal tissues [124]. Thus, 
this leads to the development of a reducing intracellular environment in malignant 
tissues. Other pathophysiological mechanisms (e.g., high content of endolysosomal 
reducing enzymes, such as γ-interferon-inducible lysosomal thiol reductase, that can 
act at low pH values) have also been thought to contribute to the reducing intracellular 
cancerous environment [125]. This have given the opportunity for redox-responsive 
nanogels, which commonly employ disulfide bonds (easy to be broken down in the 
reducing environment), to effectively target the tumor site.

Several studies have proceeded with the development of redox-responsive nanogels 
to enhance accumulation at the target sites and reduce the chance of premature leakage 
of the embedded drug in the delivery pathway [126–128]. The employment of redox-
sensitive disulfide bonds is a common practice for the development of smart delivery 
vaccines, providing a potential vehicle for more effective immunomodulatory treat-
ments. Bioreducible (disulfide cross-linked) cationic nanogels have successfully medi-
ated antigen or gene delivery to the desired tissues [103,129,130].
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On the other hand, other studies have dedicated their efforts in developing nanogels 
that respond to the presence of certain enzymes in the targeted tissues. For instance, 
an abundance of HA receptors have been observed on the surface of numerous tumor 
cells. This is consistent with the overexpression of enzymes belonging to the family 
of hyaluronidases (HAases). The enzymes are known to degrade HA intracellularly 
and extracellularly [131]. Therefore, HA is kind of natural biodegradable biomate-
rial with an inherent active tumor targeting property and this is the reason why it is 
commonly used as a means to reach the tumor site. Indeed, HA nanogels containing 
enzyme-sensitive groups were proven to prolong anticancer drugs circulation times 
and promote their accumulation in the tumor site. Yim et  al. [132] took advantage 
of the action of HAases in order to gain deeper penetration of the drug to malignant 
tissues. In that case, HA degradation enabled the action of their degradable cationic 
nanogel, which could subsequently induce cancerous cell death. The induced necrosis 
would in turn reduce cell density within the cancerous mass, facilitating paracellular 
transport of the nanogels, allowing deeper penetration to heterogenous tumors.

Similarly, tumors are known to excrete a significant amount of proteolytic enzymes 
(e.g., matrix metalloproteinases, MMPs). These enzymes are thought to indirectly 
promote the tumor’s growth by degrading the basement membrane and natural ECM, 
providing free space for the cancerous cells uncontrollable proliferation. On this basis, 
MMPs-sensitive core–shell nanogels prepared by the method of self-assembly were 
designed [133]. Thanks to the core–shell like structure of such nanogels, effective and 
stable encapsulation of hydrophobic drugs has become feasible. This way the drugs are 
only released when they reach areas overexpressing MMPs (i.e., malignant tissues).

However, perhaps the currently most promising techniques for cancer therapies, 
namely the PTT and PDT [66], have been based on light responsive nanogels or nano-
hybrids. As illustrated in Fig. 5.4, in that case, photothermal transductors (PTs) with 
absorption in the biological optical window are incorporated within the nanogels. 
Therefore, near-infrared irradiation (NIR), also known as “biological optical window” 
due to the combination of high tissue penetration with low damage, can be utilized to 
externally regulate the impact of the nanogels in the targeted tissues. In specific, PDT 
is based on PTs that can use NIR light in order to produce reactive oxygen species, 
subsequently causing tissue destruction. On the other hand, PTT utilizes specific PTs 
that can transform NIR light into local heat [135]. Local hyperthermia (rise in tumor 
temperature) has a long history in the annals of cancer treatment. This is because 
hyperthermia (40–45°C) is thought to initiate a cascade of subcellular events, thereby 
rendering the malignant cells susceptible to radiation and chemotherapy [136,137]. 
The targeted delivery of nanogels-induced heat to the cancerous mass is certainly 
advantageous compared to traditionally used methods such as hot-water bath or 
heated blood perfusion [135]. Nanogels incorporating PTs within their structure are 
ideal nano-engineered devices for PTT because of their tunable size and architecture, 
biocompatibility, biodegradability, loading capacity, post-synthetic modification, and 
capability of targeted accumulation within the tumor site [138].

Recent advancements in the field of nanotechnology have also improved the 
nanohybrids that incorporate the PTs, after utilization of thermoresponsive polymeric 
materials that are meant to induce a simultaneous chemotherapeutic effect. To be 
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more specific, employment of thermoresponsive polymeric materials within the nano-
gel’s structure can induce a swelling/de-swelling effect, depending on the fluctuations 
of local temperature, thereby enabling targeted and regulated release of an embedded 
chemotherapeutic agent [139]. Thus, this provides a “two-hit” therapeutic possibility 
for the treatment of cancer: (1) initially the incorporated PTs increase the local tem-
perature upon external stimulation with NIR light, targeting only malignant tissues, 
thereby making the cells susceptible to damage (first hit) and (2) the increase in local 
temperature induces a structural change to the thermoresponsive nanogel. This subse-
quently, enables the regulated release of anticancer drugs, targeting only the already 
susceptible to chemotherapy-induced damage cancerous mass (second hit).

Last but not least, the use of multiresponsive nanogels (e.g., pH-thermal or pH-
redox dually responsive nanogels) became more and more common in the field of 
nanomedicine [58,140–143], providing more versatile system allowing premium level 
of control. This can gradually help in developing more and more effective nanogels, 
being directly guided by the clinical needs and relying on observed disease-specific 
pathophysiological alterations.

5.6 Biosensor

Biosensor is an analytical device used for the detection of an analyte with chemical 
or biochemical detector [144]. Nanogels have gained great attention for application 
in biosensors because of their stability, biocompatibility, stimuli-response, swelling 
translation, and large surface area. In recent years, a great variety of nanogels have 

Figure 5.4 Schematic representation of the principles of photothermal therapy. PEGylated 
gold NPs with incorporated photothermal agents internalized by the targeted cells. Upon 
irradiation NPs react both to heat and light causing malignant cells that include the NPs to  
get killed.
Reproduced with permission from Lakshmanan S, Gupta GK, Avci P, Chandran R, Sadasivam 
M, Jorge AES, et al. Physical energy for drug delivery; poration, concentration and activation. 
Adv Drug Deliv Rev 2014;71:98–114. Copyright © 2013 Elsevier.
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been used in biosensors. According to the roles nanogels have played, the applica-
tions on biosensor mainly focus in three sections: nanogels as encapsulation vehicles 
for biosensor detectors; nanogels as multifunctional stimuli-responsive materials for 
biosensor detectors; and nanogels as sensory membrane of biosensors.

5.6.1 Nanogels as encapsulation vehicles for biosensor 
detectors

Nanogels are now playing an important role in biosensors because of their unique 
properties. Like gels and microgels, the hydrophilicity of nanogels offers great bio-
compatibility and physical–chemical stability. The small size of nanogels (<0.2 µm) 
[145] confers on high responsiveness to various stimuli as well as quick response 
time. These characteristics make nanogels good candidates as encapsulation vehicles 
for biosensor detectors. Nanogels as encapsulation vehicles could be used as scaffolds 
to support both inorganic and organic functional NPs.

Inorganic functional NPs, such as QDs, magnetic, and metallic nanoparticles are 
always used for biosensors due to their own special properties: they act as optical 
identification code, increase sensor sensitivity, and expand sensor detection range 
[149]. However, there are still many disadvantages to be addressed. For example, QDs 
placed into live cells exhibit aggregation which may interfere with cell function, thus, 
causing cell toxicity [146]; magnetic NPs easily tend to aggregate without special 
surfactant; metallic NPs have the great disadvantage of being reactive to oxidizing 
agents and having potential risk of chronical nanotoxicity. Since inorganic functional 
nanoparticals rarely meet the requirement of biosensor, research on nanogels as the 
scaffold/encapsulation for inorganic functional NPs continuously grow. Riedinger 
et  al. [147] used pH-responsive poly(2-vinylpyridine-co-divinylbenzene) nanogels 
as scaffold for allyl-PEG capped inorganic NPs, including magnetic iron oxide 
nanoparticles (IONPs), fluorescent CdSe/ZnS QDs, and metallic gold, as illustrated in  

Figure 5.5 Allyl-PEG capped inorganic NPs, including magnetic IONPs, fluorescent CdSe/
ZnS QDs, and metallic gold (AuNPs of 5 and 10 nm) individually and in combination were 
covalently attached to pH-responsive poly(2-vinylpyridine-co-divinylbenzene) nanogels.
Adapted from Weng J, Ren J. Luminescent quantum dots: a very attractive and promising 
tool in biomedicine. Curr Med Chem 2006;13(8):897–909. Reprinted with permission from 
American Chemical Society, Copyright (2011).
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Fig. 5.5. Another attempt that goes beyond the fabrication of discrete inorganic NPs is 
the one of Goswami et al. [148] who designed a novel luminescent sensor by encap-
sulating luminescent Au nanoclusters with chitosan nanogels. This sensor showed 
nearly threefold photoluminescence (PL) intensity compared to the one of nonchi-
tosan nanogel. Similarly, Chen et al. [80] developed near infrared (NIR) luminescent 
gold cluster–poly(acrylic acid) (PAA) hybrid nanogels by in situ reduction of gold salt 
in the core-hollow and shell-porous PAA nanogels. Taking PAA nanogels as scaffold, 
the quantum yield of Au–PAA nanogels is determined to be 0.9%, twofold higher 
in magnitude than the one of other synthesized Au clusters, while the excitation 
wavelength is in the NIR range. With these characteristics, it is evident that Au-PAA 
nanogels exhibit tumor imaging ability without any target group.

Organic functional NPs/molecules, such as enzymes, fluorescent probes, and DNA, 
are widely used for the biosensor because of high catalytic ability, mild reaction con-
ditions, and specificity of the reactions. However, there are still many disadvantages 
of taking organic functional NPs as detectors in a biosensor. Organic NPs, especially 
enzymes, require strict monitoring of several parameters (e.g., solvent pH, local 
environmental temperature, purity of solvent) to maintain fully operational physical 
environments. Even tiny shift in the working environment could cause great fluctua-
tion in the activity of organic NPs. Furthermore, biosensors formed by organic NPs 
rely heavily on immobilization technology. Leakage of organic NPs seriously impacts 
biosensor sensitivity because of the high catalytic efficiency and finite lifetime of 
organic NPs. In order to tackle these disadvantages, nanogels have been explored as 
an alternative due to their unique characteristics, attracting increasing attention based 
on promising preliminary findings. The nanosize of the gels provide great surface 
area and plenty cross-linkable sites for organic-NPs-loading or covalent cross-linking 
[150]. These characteristics result in highly catalytic activity and immobilization 

Table 5.1 Recent studies on immobilization of organic NPs on 
nanogels

Nanogel Organic nanoparticles Immobilization 
technique

Ref.

Poly(acrylic acid)-based 
nanogels

Glucose oxidase Covalent [151]

Polyacrylamide nanogel Bovine carbonic anhydrase Covalent [152]
Polyacrylamide nanogel Lipase Encapsulation [153]
Fe3O4/chitosan nanogel Glucoamylase Adsorption [154]
Polyethyleneglycol Lipase Imprinted [155]
Pluronic F127 Fluorescent probe (DMDP-M) Adsorption [156]
Polyurethane nanogel Coumarin 6/Nile Red Adsorption [157]
Polyurethane nanogel 8-Hydroxypyrene-1-

carbaldehyde
Adsorption [158]

Poly(ethylene glycol)  
nanogel

2-Methacryloyloxyethyl 
phosphorylcholine copolymer 
bearing oligonucleotides

Physical  
interaction

[159]
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stability of organic NPs. In addition, the biocompatibility and great water-retention 
capability of nanogels provide a favorable microenvironment for organic NPs. An 
overview of the growing research about immobilizing organic NPs on nanogels can 
be seen in Table 5.1, which summarizes recent representative reports.

As shown in Table 5.1, varieties of organic NPs are reported being immobilized 
on nanogels acting as detectors for the biosensor. According to the literature reports, 
frequently immobilized organic NPs can be divided into three classes: enzymes, fluo-
rescent probes, and DNA. Using a variety of immobilization methods, these kinds of 
organic NPs were encapsulated in nanogels, exhibiting enhanced activity and stability.

5.6.2 Nanogels as multifunctional stimuli-responsive materials 
for biosensor detectors

As mentioned in the introduction, nanogels simultaneously possess advantageous 
properties of a hydrogel system and NPs. Multifunctional stimuli-responsive hydro-
gels, which are able to dramatically change their volume and other properties in 
response to environmental stimuli such as temperature [160,161], redox [162], pH 
[163], light [160], glucose concentration [164,165], and magnetic field [166] are 
increasingly attracting attention in the biosensor area. Mingle structured and core–
shell structured are the two main composite structure-based categories of multifunc-
tional stimuli-responsive nanogels.

Mingle structured multifunctional nanogels, which are commonly used for mul-
tifunction biosensors, contain two parts: stimuli-responsive nanogel and functional 
particles. Take the multifunctional chitosan–poly(methacrylic acid) (PMAA)–CdSe 
hybrid nanogel as an example: as illustrated in Fig. 5.6, chitosan–PMAA–CdSe nano-
gel is made up of a pH responsive nanogel and CdSe QDs. The cross-linked PMAA 
together with semi-interpenetrating chitosan were prepared as a pH-responsive 
nanogel, which can sufficiently undergo a pH-induced volume phase transition. 
CdSe QDs, which are mixed homogeneously in the nanogel system, can translate the 

Figure 5.6 Schematic representation of the concept for designing multifunctional chitosan–
PMAA–CdSe hybrid nanogel and its potential extending applications in biomedical field.
Adapted from Wu W, Shen J, Banerjee P, Zhou S. Chitosan-based responsive hybrid nanogels 
for integration of optical pH-sensing, tumor cell imaging and controlled drug delivery. 
Biomaterials 2010:31(32);8371–81. Reprinted with permission from Elsevier Publishing 
Group, Copyright (2010).
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volume phase transition into optical codes. These two parts make chitosan–PMAA–
CdSe hybrid nanogel a good detector candidate for pH-biosensor. Additionally, 
the functional-NPs/mingle-structured-gels composite nanogels facilitate favorable 
interactions between each subcomponent. Zhu et  al. [168] reported a temperature-
responsive hybrid nanogel system, in which immobilized Bi2O3 QDs can work coop-
eratively with nanogel networks of poly(vinyl alcohol). Li and Lu [169] successfully 
developed nanogel-based temperature and Hg2+ ions dual fluorescent sensors, in 
which the thermo-induced collapse of PNIPAM nanogel was successfully utilized to 
further enhance the Hg2+ detection sensitivity. Coincidentally, Li and Lu [169] devel-
oped a thermoresponsive nanogel-based sensitive and selective fluorescent sensor for 
Cr3+ detection with PNIPAM nanogel, which was covalently labeled using rhodamine 
B urea derivatives (P(NIPAM-co-RhBUA)). Upon heating above the phase transition 
temperature, enhanced fluorescence intensity of P(NIPAM-co-RhBUA) was observed 
(≈61-fold increase at 45°C), accompanied by an improved detection sensitivity.

Core–shell is one special structure of multifunctional nanogels, which has gained 
significant attention from an increasing number of researchers because of the improved 
biocompatibility, biostability, and convenient manufacturing process. Compared with 
mingle multifunctional nanogels, core–shell structured nanogels’ sensitive properties 
mainly depend on the nature of the encapsulated cores. As shown in Fig. 5.7, small AgNPs  
(10 ± 3 nm) core is covered by poly(4-vinylphenylboronic acid-co-2-(dimethylamino)
ethyl acrylate)[p(VPBA-DMAEA)]gel shell. AgNPs, being noble-metal-based NPs, 
can provide strong fluorescence without bleaching. While boronic acid (BA)-based 
ligands coupled with polymers (such as phenylboronic acid copolymer) can be used for 
glucose sensing, p(VPBA-DMAEA) demonstrates, at the same time, characteristics of 
BA ligands and nanogels. By taking AgNPs as fluorescence codes, the glucose-induced 
swelling/shrinking of p(VPBA-DMAEA) conveys the glucose concentration into opti-
cal signals thereafter regulating preloaded insulin delivery [170]. With the similar 

Figure 5.7 Schematic illustration of smart hybrid nanogels that can integrate optical glucose 
detection and self-regulated insulin delivery at physiological pH and temperature into a single 
nano-object.
Adapted from Wu W, Mitra N, Yan EC, Zhou S. Multifunctional hybrid nanogel for 
integration of optical glucose sensing and self-regulated insulin release at physiological pH. 
ACS Nano 2010:4(8);4831–9. Reprinted with permission from American Chemical Society, 
Copyright (2010).
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design, other materials were reported to have been used for core–shell multifunctional 
stimuli-responsive nanogels. Some of recent reports are summarized in Table 5.2.

5.6.3 Nanogels as sensory elements of biosensors

As nanogel simultaneously possesses characteristics of hydrogel system and NP sys-
tem, the injectable liquid morphology, protein resistance, responsive swelling–shrink-
ing volume transitions, and tunable 3D nanostructure properties make it a candidate 
for sensory elements of biosensors.

Membranes are known to greatly affect the lifetime, sensitivity and accuracy of bio-
sensors, posing a significant challenge in the field of biosensors development. Despite 
the fact that great progress has been made on membrane techniques in the recent 
decades, there are still many requirements to be satisfied, such as the lifetime prolon-
gation, the further enhancement of biocompatibility and, mostly, the higher resistance 
to protein absorption and to cell adhesion. Scott et al. [179] developed a low-protein-
absorption/low-cell-adhesion membrane made from PEG-octavinylsulfone and BSA 
nanogels. By testing poly(ethylene terephthalate) PET surface, this membrane exhib-
ited higher CHO cell adhesion resistance (2.3 ± 3.2 adhered cells/mm2) compared to 
air plasma modified PET (1100 ± 216 cells/mm2). Tessler et al. [180] demonstrated 
that PEG/bovine serum albumin (BSA)-based nanogel membrane also has the ability 

Table 5.2 Core–shell multifunctional stimuli-responsive nanogels

Core material Shell material Functions Ref.

AgNPs Poly(N-isopropylacrylamide- 
co-acrylic acid)

Imaging for cancer cell  
with pH drug release  
control

[171]

AuNPs Poly(2-(2-methoxyethoxy)
ethyl methacrylate

Shell thickness tunable; 
converting temperature into 
optical signals

[172]

NaYF4:Yb3+–Er3+ 
nanocrystals

Poly(N-isopropylacrylamide 
co N-acrylyl-N-rhodamine  
B acylhydrazine thiourea)

Response to multistimuli.  
Can be used as detector for 
pH, temperature, Hg2+ ions

[173]

Carbon nanodots Poly(N-isopropylacrylamide) 
(PNIPAM)

Sensitive to temperature  
with drug delivery ability

[174]

Carbon nanodots 
with magnetic iron 
oxide nanocystals

Poly(N-isopropylacrylamide-
co-acrylamide)

Temperature sensitive, tumor 
imaging with magnetic/NIR-
thermally responsive drug 
carriers

[175]

Porphyrin PEG-poly(ε-caprolactone) 
(PCL) copolymer

Imaging for hepatoma tumor 
with drug deliver ability

[176]

Protoporphyrin PEG–PCL copolymer Fluorescence imaging with 
thermosensitive

[177]

Graphene with 
doxorubicin

Hyaluronic acid Photoluminescence with  
laser irradiation drug  
release control

[178]
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to resist single molecule (SM) proteins and even DNA adsorption. Compared to BSA 
surface and multi-arm PEG membrane, PEG/BSA nanogel membrane absorbed only 
fourfold less SM proteins than did the BSA surface and twofold less SM proteins than 
did the multi-armed PEG membrane. Another study [181] improved Scott’s research 
in terms of protein absorption resistance by using a clickable copper catalyzed azide/
alkyne cycloaddition (CuAAC) and functional PEG (CuAAC/functional-PEG) nano-
gel, which escapes the risk of bulk gelation due its stability, contrary to PEG/BSA 
nanogels. Apart from protein/cell resistance, nanogels are also used as biosensor 
membranes due to their multiresponsive volume-transition property. Atta et al. [182] 
used epoxy-based nanogels as self-healing membranes to fill the micro- and nano-
cracks using the nanogels temperature-responsive swelling–shrinking capability. 
Sun et al. [183] developed a temperature- and ethanol-responsive nanogel membrane 
used on microchips. This membrane, formed by chitosan and PNIPAM nanogels in 
the microchannels of the chip, served as a platform of nanovalves, enabling volume 
shifting based on the temperature and ethanol changes. Luo et al. [184] also reported 
in situ fabricated PNIPAM nanogel membranes working as “gates” for the nanogel’s 
pore sizes and they noted that the nanogel’s surface properties can be controlled as the  
“open/close” gates in response to the temperature.

Nanogels are not only useful as part of a biosensor’s membranes, but also as 
other elements of biosensor. Wu et al. [185] prepared NH3 responsive nanofibers by 
electrospinning polyaniline/polyacrylonitrile/l-lysine-based nanogels. The prepared 
nanofibers exhibited highly selective response toward NH3 at room temperature with 
2.2 ppm detection limit. Ramakrishnan et al. [186] used PNIPAM nanogel as sens-
ing medium in surface acoustic wave (SAW) devices to measure relative humidity 
(RH). PNIPAM nanogels exhibited unique absorption properties; the membrane mass 
increased as RH rose, which resulted into resonance frequency shifts. Based on the 
observation that the PNIPAM nanogels showed nanosecond volume transitions when 
passing the LCST, which is about 32º, Reese et al. [187] developed a nanosecond pho-
tonic crystal optical switching devices with PNIPAM nanogels. This device exhibited 
fast light transmission switches within 900 ns. By exploiting the swelling/de-swelling 
property of nanogels, Lee et al. [188] formed glucose sensitive artificial muscle via 
introducing BA nanogels into carbon multiwalled nanotube (MWNT) yarn. Given 
that the BA nanogels were sensitive to glucose, this artificial muscle rotated to differ-
ent angles, responding accordingly to the glucose concentration.

5.7 Conclusion and future prospective

Nanogels have been explored as promising drug delivery vehicles, for both small 
molecule chemical drugs and for proteins/peptides. The applications of getting drugs 
delivered to the central nervous system and targeting cancer cells are the two hot-
spots of this field. Off-target effect is always a critical problem which, needs to be 
minimized when designing the structure and components of the nanogel drug delivery 
system. Regarding the safety of using metal-containing nanogels, the mechanisms of 
metabolism and cytotoxicity have to be investigated further. In general, the studies 
of nanogels with large animal models are very limited, and the registered clinical 
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trials are even less. Therefore, nanogel translational activities have to be planned very 
diligently. Finally, nanogels seem to hold great promise in the field of biosensors. 
Future work should focus on developing specific implantable nanogel-based devices 
that would monitor biological reactions in vivo or even test the behavior of new drug 
compounds in the human body.
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6.1 Introduction

Nanobiomaterials are a highly developed branch of biomedicine [1–7]. Among them, 
nanodrug carriers including liposomes, oil-in-water (O/W) nanoemulsions, nanoparti-
cles, nanocrystals, lipid-based nanobiomaterials, and so on, have been about to prove 
advantages such as enhanced drug solubility and stability, improved performance, 
and increased efficacy of using nanosized dosage forms for medical purposes [8–11]. 
In this category, liposomes are an interesting group of carriers. They were first intro-
duced in 1970s with the purpose of reducing toxic side effects of drugs. Two main 
groups of these colloidal lipid-based carriers are nanostructured lipid carriers (NLCs) 
and solid lipid nanoparticles (SLNs). These systems substitute the oil (lipid) by solid 
lipid. Nanoparticles based on solid lipids (SLN, NLC) have been proposed as an 
alternative colloidal drug delivery system to polymeric nanoparticles, emulsions, and 
liposomes [12,13]. They are composed of solid lipids stabilized with an emulsifying 
layer in an aqueous dispersion [14]. SLNs are easily prepared nanoparticles made 
from inexpensive, safe, stable, and biodegradable materials. The average particle 
size of SLN is 10–1000 nm. They are such a desired carrier because of having all the 
advantages of other colloidal carriers and not having their disadvantages. These car-
riers are from natural or synthetic resources of solid lipids and lecithin, respectively. 
So, polymers, emulsions, and liposomes could be replaced by SLNs and improve the 
delivery system. Formerly, it was hard to find an appropriate chemical substance hav-
ing high solubility or complete absorption. NLCs, which are a new generation of col-
loidal drug delivery system, are promising type of carriers having the most advantages 
needed. Recently, they have been used successfully in many fields such as dermal, 
topical, and so on. The base structures of NLCs are solid and liquid lipid nanoparticles 
dispersed in water. This aqueous mixture is stabilized with surfactants [15–17].

6.2 Applications

SLNs are such an appropriate group of carriers in drug delivery system. Basically, 
lipids have been brought into pharmaceutical field to be a superior alternative for 
liposomes, emulsions, and polymeric nanoparticles and their limitations. Some 
advantages of SLNs are their small size and subsequently large surface area; this large 
surface area gives the potential of loading high amounts of drug and more interaction 
of phases on the surface [18].

6
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These advantages are not only for drug delivery systems, but also for using in 
other materials, for example nutrients. Because of the lipid nature of NLCs they are 
potential systems to enhance skin hydration. But they have low viscosity that makes 
them inapplicable to topical usage. To solve this problem, NLCs should be mixed with 
common semisolid systems of drug delivery with higher viscosity. Accordingly, the 
mixture will be a more stable nanoparticle. Despite all benefits of NLCs they have 
defects in their structures, for example amorphous or multiple state type that results 
in lowering drug leakage meanwhile of storage [19]. Oral bioavailability improved 
by loading drugs with low solubility in water by lipid formulations [20]. Yet there are 
fewer studies on oral routs with NLC systems.

NLCs have advantages and limitations; some of the advantages are stability, easy 
to prepare, enhanced carrier system, improved release of drug, better dispersion in 
aqueous system, regular particle sizes, increase in skin hydration and its occlusion, 
and so on. Having toxicity to the nature and not being totally developed are among 
the most important limitations of NLCs [21,22].

6.3 Classification of SLNs

According to the nature of lipid and the active ingredients, the solubility of actives 
in the melted lipid, nature and concentration of surfactants, method of production, 
and its temperature. SLNs have 3 different types including type 1, 2, and 3. Type 1 is 
obtained from a solid solution of lipid and active ingredient. A solid solution can be 
made when SLNs are produced by the cold homogenization method. A lipid blend can 
be produced containing the active ingredient in a molecularly dispersed form. After 
solidification of this blend, it is ground in its solid state to avoid the enrichment of 
active molecules in different parts of the lipid nanoparticles. Type 2 can be obtained 
by the hot technique and the active ingredient concentration is low during the cooling 
process. SLN type 3 can be made by high concentration of active ingredient in the 
melt. Cooling down of the hot oil droplets will, in most cases, reduce the solubility of 
the active ingredient in the melt [23].

6.4 Classification of NLC

Depending on their structures, NLCs are divided into three types, type 1, 2, and 3. 
NLC type 1 has a mixture of solid and liquid lipids, this mixture leads to an amor-
phous structure because of differences in crystallization processes for solid and liquid. 
Subsequently, amorphous structures let the drugs to be placed amorphous and in the 
form of clusters on NLC, which is undesired. Because of higher solubility of drugs 
in liquid lipids than solid form, these particles are produced in liquid form first, and 
then crystalized into solid form. In high amounts of lipids (solid and liquid mixture), 
solubility gap might occur during crystallization step. This gap increases the possibil-
ity of separation of two phases and precipitation of nanocomponents. Type 2 consists 
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of mixed oil-fat water, so, at low solubility, the drug is more able to be set in solid 
part(Fig. 6.1).

As solubility increases, drug placing is shifted to the oily parts. Like NLC type 1, 
miscibility gap occurs at high oil concentrations, leading to separation between the 
phases and precipitation of oily components. Type 3 is an enhanced one, in which 
the mixture of them is in such a way that they can’t be crystallized. Also, this type 
has an amorphous lipid matrix in solid phase. Preventing from crystallization avoids 
drug release during it. To accommodate the drugs, based on the drug’s hydrophilic 
or lipophilic characteristics, different particles can be used. Lipid-based particles are 
potentially suitable for lipophilic drugs, and hydrophilic drugs can be incorporated 
with peptides and proteins [16,24,25].

6.5 Preparation methods

Several techniques have been developed for synthesis of carriers based on their 
sensitivities about stability, solubility, and so on, the most important methods are 
high-pressure homogenization, microemulsion technique, solvent emulsification-
evaporation technique, solvent emulsification-diffusion technique, phase inversion 
temperature (PIT) method [26], melting dispersion method, ultrasonication technique, 
solvent displacement technique, and double emulsion technique [15,17,23,26–39].

6.5.1 High-pressure homogenization (HPH) method

This technique is a promising method for preparing different types of lipid-based 
particles most likely for SLNs, NLCs, and lipid drug conjugate (LDC). The proce-
dure is to pushing lipids through a narrow gap in order to decrease their size by a 
high pressure about 100–200 bars. This pressure results in shear stress and cavitation 
that makes the particles to minify into submicron range. One of the most important 
advantages of this technique is being capable of large-scale production. Two types of 
production by this method are hot and cold homogenization techniques. In both the 
mentioned techniques, drug should be dissolved in the melting lipid at temperatures 
about 5–10°C higher than the melting point [40–42].

Crystallized
excipients

Drug Drug

Crystallized
excipients

Drug

1 2 3

Figure 6.1 Different types of NLCs, type 1, 2, and 3.
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In hot high-pressure homogenization (HPH) method, the drug and lipid are melted 
at a temperature 10°C higher than the lipids melting point and then mixed with a 
surfactant solution at the same temperature. Consequently, a hot preemulsion forms 
by the use of a high-speed stirrer. In the next step, this hot preemulsion is processed 
in a temperature-controlled high-pressure homogenization under 500 bar. The final 
nanoemulsion cools down to room temperature and crystals of SLN, NLC, or LDC 
forms [27].

Cold HPH is appropriate for drugs that are heat liable or hydrophilic. The drug 
is melted with lipid simultaneously and quickly cooled by liquid nitrogen leading to 
a solid lipid microparticle, which is a presuspension and is then homogenized at or 
below room temperature and forming SLN, NLC, or LDC. Both hot and cold HPH 
techniques yield narrow particle size distributions; they both are also suitable for pro-
cessing lipid concentrations up to 40%. Besides, cold homogenization minimizes the 
thermal exposure of the sample [28].

6.5.2 Microemulsion method

In this technique, the lipids containing fatty acids or glycosides are liquefied and 
simultaneously the drug is added to liquefied lipid. These lipids will then be added to 
a mixture of water, cosurfactant(s), and the surface-active agent, which is heated to a 
similar temperature under a moderate stirring till the lipid softens. Now a microemul-
sion is formed, which is a clear, thermodynamically stable system with the particular 
ratios of components. This microemulsion has the needed properties for the forma-
tion of nanoparticles with a desired size. The microemulsion is then spread in a very 
cold liquid medium with moderate mixing of hot microemulsion with water during a 
quantitative relation in the range of 1:25–1:50. This dispersion in cold liquid medium 
results in fast recrystallization of the oil droplets [29].

6.5.3 Solvent emulsification-evaporation or diffusion technique

In this method, the hydrophobic drug and lipophilic material are dissolved in a water-
immiscible organic solvent such as cyclohexane, dichloromethane, toluene, chloro-
form, and so on, and then it turns into an emulsified mixture in an aqueous phase 
using high-speed homogenizer. To improve the efficiency of fine emulsification, the 
coarse emulsion is immediately passed through the microfluidizer. This organic sol-
vent is evaporated by stirring at room temperature and reduced pressure leaving lipid 
precipitates of SLNs. In this technique, the final particle size depends on the concen-
tration of lipid in organic phase. Very small particle size could be obtained with low 
lipid load (5%) related to organic solvent. One of the advantages of this method is the 
avoidance of heat during the process, which makes it suitable for the incorporation of 
highly thermolabile drugs. However, some problems may arise due to solvent residues 
in the final dispersion [26]. These dispersions are commonly dilute, because of the 
low solubility of lipid in the organic material. Normally, lipid concentrations in the 
final SLN dispersion range around 0.1 g/L; therefore, the particle concentration has to 
be increased by means of, for example ultrafiltration or evaporation.
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In the solvent-diffusion technique, partially water-miscible solvents (e.g., benzyl 
alcohol, ethyl formate) are used. First, they are saturated with water to ensure ini-
tial thermodynamic equilibrium of both liquids. Then, the lipid is dissolved in the 
water-saturated solvent and subsequently emulsified with solvent-saturated aqueous 
surfactant solution at elevated temperatures. The SLN precipitate after the addition of 
excess water (typical ratio: 1:5–1:10) due to the diffusion of the organic solvent from 
the emulsion droplets to the continuous phase. Similar to the production of SLN via 
microemulsions, the dispersion is fairly dilute and needs to be concentrated by means 
of ultrafiltration or lyophilization. Average particle sizes of 100 nm and very low 
particle size distributions can be achieved by both solvent evaporation methods [43].

6.5.4 Solvent emulsification-diffusion technique

Solvent emulsification-diffusion technique can be done in both aqueous phase and 
oil, so the solvent that is used for this method should be partially miscible with water. 
Methyl acetate, ethyl acetate, isopropyl acetate, butyl lactate, and benzyl alcohol are 
some of these solvents. For being sure of thermodynamic equilibrium of solvent and 
water, they are saturated mutually. If there is a need of heating to solubilize the lipid, 
the saturation step should be done at that temperature. In the next step, the lipid and 
drug are dissolved in water-saturated solvent and this organic phase (internal phase) 
is emulsified with solvent-saturated aqueous solution-containing stabilizer (dispersed 
phase) using stirrer. After the formation of O/W emulsion, water (dilution medium) 
in the usual ratio ranges from 1:5 to 1:10, are added to the system in order to allow 
solvent diffusion into the continuous phase, thus forming aggregation of the lipid in 
the nanoparticles. Then, both phases are maintained at equal higher temperatures and 
the diffusion step is done at room temperature or at the temperature under which the 
lipid is dissolved. At the end, the diffused solvent should be removed, and it can be 
done by vacuum distillation or lyophilization [34,44].

6.5.5 Melting dispersion method

In melting dispersion method, drug and solid lipid are melted in an organic solvent 
regarded as oil phase, and simultaneously water phase is also heated to the same tem-
perature as oil phase. Subsequently, the oil phase is added to a small volume of water 
phase and the resulting emulsion is stirred at high speed for few hours. Finally, it is 
cooled down to room temperature to yield nanoparticles [31].

6.5.6 Phase inversion temperature (PIT) method

PIT is one of the most well-known methods for production of microemulsions stabi-
lized with nonionic surfactants, and involves phase inversion of O/W to water-in-oil 
(W/O) emulsions and vice versa induced by temperature. The technique is based on 
the change in the properties of polyoxyethylated surfactants at different temperatures. 
At 25 °C the hydrophilic parts of the saccharide (SAC) molecules are hydrated to a 
certain extent; at this temperature, the hydrophilic–lipophilic balance (HLB) value of 
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surfactants defined by Griffin is valid. An increase in the temperature causes dehy-
dration of the ethoxy groups. Subsequently, the lipophilicity of the molecules of the 
SAC increases with corresponding decrease in HLB value. At a specific temperature 
the SAC is equally dependent on the aqueous and lipid phases. This temperature is 
defined as the PIT. This special state is known by very low surface tension and the 
presence of complex structures in the system. If the temperature is further increased, 
the SAC’s dependence to the lipid phase becomes high enough to stabilize emulsions 
of the W/O type [30,45].

6.5.7 High-shear homogenization or ultrasonication  
technique

Ultrasonication is based on the cavitation mechanism. In the first step, the drug is 
added to previously melted solid lipid. Then, aqueous phase that has been heated to 
the same temperature is added to the melted lipid. This mixture can be emulsified in 
three ways: by probe sonication, by using high-speed stirrer, or aqueous phase added 
to lipid phase drop by drop followed by magnetic stirring. The obtained preemulsion 
is ultrasonicated using probe sonicator with water bath at 0 °C. The production tem-
perature keeps at least 5 °C above the lipid melting point to prevent recrystallization 
during the process [32].

6.5.8 Solvent displacement technique

This technique involves a rapid solvent distribution in water (solvents such as dime-
thyl sulfoxide (DMSO) or ethanol). In the first step the lipid is dissolved in the sol-
vent. By using a needle it is quickly injected into an aqueous solution of surfactants. 
The solvent migrates rapidly in the water and the lipid particles precipitate in the 
aqueous solution. Small particle sizes are affected by the high velocity of distribu-
tion processes. The more lipophilic, the solvents give larger particles that may cause 
problems, for example physical instability. The advantages of this method are low 
temperatures, easy handling, and the equipment are easily available. But, the main 
disadvantage is the use of organic solvents [33].

6.5.9 Double emulsion technique

Double emulsion is a novel technique in which the drug is dissolved in aqueous solu-
tion, and further emulsified in melted lipid. The primary emulsion is stabilized by 
adding stabilizer that is dispersed in aqueous phase containing hydrophilic emulsifier, 
which is followed by stirring and filtration. Double emulsion technique avoids the 
necessity to melt the lipid for the preparation of peptide-loaded lipid nanoparticles 
and the surface of the nanoparticles could be modified in order to sterically stabilize 
them by means of the incorporation of lipid-PEG (polyethylene glycol) derivatives, 
This technique has been used for the preparation of sodium cromoglycate-containing 
SLN [34,46,47].
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6.6 Conclusion

Lipid-based nanobiomaterials are one of the new and innovative therapeutic delivery 
systems, which have a high potential to enhance the bioavailability of drugs with low 
solubility and also target the site of action. This can be the key point in delivery sys-
tem for critical drugs like the drugs for different cancers. The nanocarriers, especially 
SLNs and NLCs, are the drug delivery systems that reach the targeted site in the body 
with desired concentration and in the appropriate time. The NLCs as the new form of 
carriers have more flexibility in drug loading, drug release and enhanced performance 
in producing final dosage forms such as injectable, tablets, creams, and capsules. 
Being capable of large-scale production helps these materials to take an important role 
in pharmaceutical world in the near future. The investigations on lipid-based nanobio-
materials should extend to find alternative routes and to treat more diseases with them.
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7.1 Introduction

Nanotechnology involves the use of nanostructures with a size of 1–100 nm and 
nanoparticles, which are described as small structures that act as a whole unit with 
regard to their transports and properties [1–3]. In the formation of hybrid structures, 
peptides and proteins can be used as patterns for nanobiomaterials [4,5]. Besides, they 
can be considered as functional nanoscale biomaterials. It has been shown that vari-
ous peptides and their derivatives have molecular architectures such as tubes, fibers, 
planes, ribbons, nanospheres, gels, and three-dimensional (3D) networks [3]. Peptide 
nanomaterials have been prominently used in applications such as bioengineering, 
drug delivery, regenerative medicine, tissue engineering, and molecular devices, 
because of their advantageous properties, including their biocompatibility, structural 
diversity, and biological functionality [6]. In recent years, bionanocomposites have 
been considered hybrid materials derived from natural and synthetic biodegradable 
polymers and organic/inorganic fillers [7].

7.2 Peptides

Peptides are composed of two or three to hundreds of amino acid residues covalently 
connected through amide bonds called peptide bonds. Two amino acids combine 
through a peptide bond to form a dipeptide. The peptide bond is formed by dehydra-
tion between the α-carboxyl group of an amino acid and the α-amino group of another 
amino acid. Peptide bond formation is an example of the condensation reaction, the 
main reaction class of living cells. Three amino acids connected by two peptide bonds 
form a tripeptide, and tetrapeptides and pentapeptides occur similarly by connection 
of amino acids. In this way, a structure formed by the connection of a small number 
of amino acids are called oligopeptide, and a structure formed by connection of large 
number of amino acids is called polypeptide [8–11].

7.3 Peptide nanomaterials

Peptide-based nanomaterials are formed from small peptide sequences that have the 
flexibility to develop desired biophysical characteristics by connection with various 
nanomaterials or through self-assembly [12–14]. A structure of peptide-based nano-
materials, which comprises single peptides, can affect another peptide by noncovalent 
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interactions, such as ionic, hydrophobic, and hydrogen bonding. Desired supramolecu-
lar structures can be formed by including a large number of these building blocks [15].

In recent years, there has been increasing research interest in peptide nanomateri-
als because of their biocompatibility and structural diversity. Peptide nanomaterials 
are used in drug delivery systems and tissue engineering as contrast agents, gene 
transfer tools, and gene therapy agents [16].

For example, Chilkoti et al. showed that artificial recombinant chimeric polypep-
tides that conjugated with hydrophobic chemotherapeutics can self-assemble into 
nanoparticles. Drugs, imaging agents, and targeting moieties can thus self-assemble 
into multifunctional nanoparticles [17].

7.4 Advantages of peptide-based nanomaterials

Peptide-based nanomaterials have several advantages, depending on the areas of usage. 
They show excellent properties such as high biological activity, biofunctionality, 
easy modifiability, injectability, biodegradability, and biocompatibility. These impor-
tant advantages increase the biomedical applications of peptide-based nanomaterials 
[16,18,19]. These advantages also provide several resources for studies based on drug 
targeting and regenerative medicine. Peptide-based nanomaterials are more stable and 
have superior activity per mass unit. They also have long-term storage and easy manipu-
lation capacities because of their small size. For that matter, decorated nanocarriers can-
not be easily modified on the basis of physicochemical properties. Peptides are lightly 
modified by some functional groups because of their chemical properties, and this 
increases their biological activity [16,20]. The most important feature of peptides is that 
they can generate several nanostructures by themselves with the help of the peptide self-
assembly process. Their synthesis and purification methods are very simple because of 
automated solid-phase synthesis methods and standard high-performance liquid chro-
matography (HPLC). Peptides serve as building blocks to create complex 3D structures 
that can be used to manipulate various nanostructures and provide many features to 
nanomaterials. Consequently, these peptide-based nanomaterials have wide application 
areas because of these properties, when compared to other nanomaterials [18,21–24]. 
One of the most remarkable properties of peptide-based nanomaterials is self-assembly. 
When choosing the self-assembly method for producing peptide-based nanomaterials, 
there are several benefits, for instance, peptides can generate different nanostructures 
such as nanofibers, nanoparticles, nanotapes, gels, and nanorods [25]. Because of these 
properties, peptide-based nanomaterials can be used in widespread applications areas 
such as regenerative medicine, drug targeting, cosmetics, and vaccines [24–26].

7.5 Applications of peptide-based nanomaterials

Peptide-based nanomaterials have significant and widespread applications because 
of their features such as injectability, biodegradability, and biocompatibility. One 
of the major application fields of peptide-based nanomaterials is delivery systems, 
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and peptide-based nanomaterials serve as drug carriers in this field. These nanocar-
riers have specific ligands for releasing the drug to a target area of the body [27,28]. 
Peptide-based nanomaterials have been used as agents for regenerating and repairing 
tissue in tissue engineering [29]; as a vaccine because of several advantages of pep-
tide-based nanosized vaccines such as easy uptake by cells owing to their small size 
and protection of enzymatic degradation [30]; and as an antiaging agent in cosmetic 
[31]. All these application fields will be described in the following text.

7.5.1 Tissue engineering

Tissue engineering has developed rapidly in the last few decades after the devel-
opment of bioengineering technologies and the appearance of stem cell therapies 
[32–34]. In tissue engineering studies, scaffolds are key components that can provide 
a well-defined biomimetic environment surrounding the cells [35,36]. These scaffolds 
can support cell adhesion, cell proliferation, and infiltration to prove the success of 
tissue engineering [37]. Thus, scaffolds exhibit significant applications for tissue 
engineering [38]. Self-assembling peptide nanofibrous scaffolds (SAPNF) have been 
used to regenerate tissues such as nerve, cartilage, and bone [39].

Since bone and cartilage are very dynamic tissues and respond to changes in the 
applied mechanical forces by growth or matrix modification, damage to cartilage 
and bone is common [40,41]. Therefore, repair and regeneration of cartilage and 
bone have critical importance in the development of modern regenerative medicine. 
Peptide nanotechnology has been used to promote cartilage regeneration [16]. To 
understand the function of TATVHL ( Thr-Ala-Thr-Val-His-Leu) peptide-grafted scaf-
folds, bovine knee cartilages were cultured in these scaffolds, and it was found that 
the surface of the TATVHL peptides increases the adhesion of the bovine knee chon-
drocytes to the scaffolds. The surface of the TATVHL peptides effectively promotes 
the amount of cartilage components as well as accelerates the proliferation of bovine 
knee chondrocytes. Peptide-based nanocarriers can stimulate cartilage regeneration 
by delivering growth factor to the deficient sides [42].

Stupp et  al. chose self-assembled peptide amphiphile (PA) molecules to form 
nanofibers. They bound the growth factor β-1 (TGFβ-1) with PA nanofibers. Results 
of their in vitro experiments have shown that these nanofibers can induce human 
mesenchymal cells to undergo chondrogenic differentiation. Their in vivo experi-
ments have also shown that the peptide-TGFβ-1 complexes substantially increase 
the regeneration of microfracture-treated chondral defects [43]. The peptide KLD12 
including the Ac-KLDLKLDLKLDL-NH2 sequence was modified with Substance P 
(SP). Polylactic acid and beta tricalcium phosphate were used to fabricate KLD12/
KLD12-SP, which enhance bone regeneration. The results of in vitro and in vivo 
experiments have shown that KLD12/KLD12-SP have several advantages, such as 
accelerated formation of bone tissue and repair of bone deficiencies [44]. An impor-
tant aspect of the bone tissue growth is the mineralization of scaffolds that can be 
controlled by calcium phosphate and short peptides. Nonoyama et  al. showed that 
polyethylene glycol (PEG)-conjugated (leucine-glutamate) peptide molecules can be 
arranged antiparallel to each other in a mica surface [45].
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Nerve injury or damage may be due to a variety of human diseases or health prob-
lems [46,47]. Thus, there has been an increasing focus on nerve regeneration [48]. 
Self-assembling peptide nanotechnology is also used for nerve healing. Tekinay et al. 
designed and synthesized four PA molecules, namely heparan-sulfate-mimicking 
PA (HSM-PA), laminin epitope carrier PA (IKVAV-PA), Glu-PA, and Lys-PA. These 
PAs were self-assembled into nanofibers and mimicked neural extracellular matrices 
(ECMs). All of these PAs exhibit the same hydrophobic alkyl tails and VVAG peptide 
sequence constituting β-sheet. After the cells were cultured with scaffolds, results 
showed that the PA scaffolds promote PC-12 cell neurite growth compared to scaf-
folds having only laminin-derived signals [49].

Three specific motifs, arginine–glycine–aspartic acid (RGD), bone marrow hom-
ing peptide 1 (BMHP1), and bone marrow homing peptide 2 (BMHP2), were used 
to modify the self-assembling peptide by Cunha et al., and then, this self-assembling 
peptide was modified again depending on a 16-residue peptide-RADA16. RADA16-
RGD, RADA16-BMHP1, and RADA16-BMHP2 were made functional after they 
were self-assembled into scaffolds for the use of a 3D culture of adult neural stem 
cells (NSCs). These self-assembling peptides provide stimulative 3D microenviron-
ment effects for different cell types, and promote proliferation and differentiation 
of adult NSCs. Various peptide-based nanomaterials can induce cell proliferation 
and neuro-regeneration as explained above, but they have some function in exten-
sive loss of cerebral parenchyma [50]. Through experiments, Wu et al. showed that 
injured nerve tissue can be regenerated with the help of the self-assembling pep-
tide nanofibers. Nanofiber scaffolds were prepared using peptide self-assembly of 
Ac-RADARADARADARADA-CONH2 (RADA16-I), and the results revealed that 
seriously injured brain might be reconstructed using peptide nanofiber scaffolds. 
Several experiments confirmed that self-assembling peptide nanomaterials are invalu-
able in the healing of nerve disease [51].

7.5.2 Delivery systems

Targeted drug delivery has been commonly used for increasing the efficiency of 
drugs and for decreasing the adverse effects with canalizing drugs to specific areas of 
body [52]. This excellent mechanism enables the drug carriers to identify molecular 
targets that are on cell surface or nuclear membranes by means of specific targeting 
ligands. Performing surface modification of the drug carrier is another way to induce 
the active drug targeting, especially in nanocarriers, for effective targeted moieties of 
cells. Polymeric nanoparticles, liposomes, micelles, polymer-drug conjugates, pep-
tides, proteins, and antibodies are identified as nanosized drug carrier systems and are 
widely used in this ever-developing field [53]. Nanosized drug carrier molecules can 
identify and bind to target antigens or receptors that are overexpressed or selectively 
expressed via cells or tissue components [52].

The high specificity (depends on complex) and strong molecular identification are 
the main characteristic properties of nanosized drug carriers, which have several inter-
connection areas with targets such as peptides and proteins. Usage of peptide-based 
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targeting is more advantageous than the other targeting molecules since peptides and 
proteins show great affinities and specificities for other biomolecules [52].

The peptide-based delivery molecules have several advantages. When compared 
to antibodies or proteins and conventional drugs, peptides have more efficient pen-
etration capacity and more specificity to the tissue because of their small size [54]. 
Peptides are inexpensive when considered chemically, they do not have immunogenic 
effect, and they can be used various times on the same individual [55]. Further, pep-
tides do not accumulate in tissues because of their short half-life and rapid clearance, 
and this avoids possible metabolite formation. For these several advantages, peptide-
based delivery molecules have several applications such as delivery of small molecule 
drugs and genes [52].

Amphiphilic peptides (APs), which are a type of self-assembling peptides, have 
been widely used in the delivery of small molecule drugs [56]. APs have a hydro-
philic head and hydrophobic tail [57]. The interaction of the hydrophobic alkyl tails, 
hydrogen bonding, and electrostatic repulsions are three major forces that affect 
AP self-assembly systems [58,59]. Zhang’s research has shown that AP includes 
the sequences KKGRGDS and VVVVVV that could self-assemble into micelles. 
Doxorubicin (DOX) is known as an antitumor drug, and it is trapped to these micelles. 
Zhang then performed experiments delivering these DOX-loaded micelles to human 
cervical cancer Hela and monkey kidney COS7 cells. At the end of the experiments, 
the antitumor drug was released from the micelles with intracellular uptake and 
was efficiently delivered into the Hela cells. This is because of the RGD sequence 
as revealed by the research results. Integrins are well-known as heterodimeric cell 
receptors that are overexpressed in the blood vessel of solid tumors. Integrins promote 
tumor cell migration and tumor growth because of mediating the adhesion and ECM. 
High binding affinity for Arg–Gly–Asp (RGD) sequences is a characteristic property 
of integrins, and this makes RGD peptides the most popular tool for drug delivery 
systems and imaging agents [60].

Gene delivery or gene therapy is another outstanding research field for treatment 
of human diseases. Gene delivery has shown promising potential treatment methods 
for various diseases such as cancer and cardiovascular disease [61,62]. Target gene 
and delivery vectors are the main factor for the therapeutic efficiency of gene delivery 
[63]. The delivery efficiency is also related to protein coatings, DNA complexes, and 
interactions among cells [64]. Many molecules have been used as delivery vectors for 
gene delivery. Peptides are one of these molecules, and recent researches have shown 
that peptide-based nanomaterials can be used for gene-targeting delivery systems [65].

Zhang et  al. used APs for targeted gene delivery systems. They produced two 
types of biocompatible BolA-like APs. These BolA-like APs have dual ligands, of 
which one is the tumor-targeting peptide Arg-Gly-Asp RGD and another is a cell-
penetrating peptide. These two molecules can bind DNA easily, because they include 
the RGD motif, which has some advantages for gene delivery such as transporting 
DNA through cell membranes easily andits essential sequence for cell attachment. 
BolA-like APs induce cervical cancer Hela cell arrest and tumor suppression and also 
regulates the gene expression property [66].
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7.5.3 Vaccines

Nanovaccines comprise of nanosized particles attached or formulated with com-
ponents that can stimulate the immune response. Nanovaccines can stimulate the 
immune system to prohibit or kill infections and prevent the spread of diseases [67]. 
Nanovaccines have attracted attention in recent years owing to their remarkable 
advantages such as low toxicity, wide surface area, low dosage, and stable dosage 
forms [68,69]. Nanomaterials that will be used for vaccine development can be pro-
duced from polymers, lipids, peptides, or inorganic components.

Peptide-based vaccines have several advantages such as safety, stability, and ease 
of production, and because of these properties, they have been considered to be prom-
ising for the development of therapeutic vaccines [70]. Peptide-based nanovaccines 
are produced by the use of antigenic peptides that cause the pathogenesis of viruses, 
parasites, and bacteria [70]. These vaccines show better effect on the immune system, 
are resistant to enzymes, and do not require additional adjuvant [70–72].

Peptide-based nanovaccines can be produced in several forms: with polymer 
nanoparticles by encapsulation or attaching peptide antigen to the surface of polymer 
nanoparticles, by lipidation of peptides that can self-assemble into nanoparticles and 
induce strong immune responses, by self-assembly of peptides that are biodegradable, 
biocompatible, and can induce both cellular and humoral immune responses without 
the help of an adjuvant, and with inorganic nanoparticles and nanotubes that can serve 
as carriers for peptide-based vaccines. These forms can induce immune responses and 
often have optimal efficacy [30].

7.5.4 Diagnosis

The capabilities of peptide-based diagnostics in recognition of specific viral or 
bacterial infections have been demonstrated through several studies. Peptide-based 
diagnostics have been used in the determination of antibodies [73–75]. Results have 
shown 96.7% sensitivity and 100% specificity by an enzyme-linked immunosorbent 
assay (ELISA) using an 18-amino acid (AA) peptide from the glycoprotein of virus 
[76]. It has also been reported that peptide-based diagnostics have 100% sensitivity 
and 99% specificity for bacterial pathogens by peptide-based ELISA and are not just 
limited to viral pathogens [77]. Therefore, peptide-based diagnostics have a signifi-
cant role in serological identification of a variety of infectious diseases.

In a study on the use of peptides in diagnosis, Navalkar et al. showed that pep-
tide epitopes have higher sensitivity and specificity compared to random peptide 
sequences [78].

In recent years, brain natriuretic peptide (BNP), which is 32 AA peptide synthe-
sized from ventricles, has gained importance for use in the diagnosis of heart failure 
for patients admitted to the emergency services [79].

Another peptide sequence that has been used in diagnosis is C-peptide. Insulin 
is synthesized as a pro-peptide and released into circulation with C-peptide, and 
therefore, exogenous insulin lacks C-peptide [80]. Peripheral C-peptide concentra-
tions have been used for detection of beta cell secretory activity because C-peptide is 
secreted from the beta cell in equimolar concentration with insulin. Plasma C-peptide 
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has thus been used in control of insulin secretion in patients with insulin antibodies 
for type 1 diabetes and investigation of patients with hypoglycemic disorders [81].

Shen et al. aimed at developing rapid diagnostic tests for tuberculosis using three 
immunodominants antigens (Ag85B, BfrB, and TrxC), which are obtained from TB 
patients. The researchers selected synthetic peptides from these immunodominant 
proteins. The result of their study revealed that these peptides exhibit the potential for 
producing rapid diagnostic kits [82].

Mukherjee et  al. aimed at producing freeze-dried kits for PET imaging of neu-
roendocrine tumors using 68Ga-labeled 1,4,7,10-tetraazacyclododecane-N,Nʹ,Nʹʹ,Nʹʹʹ-
tetraacetic acid (DOTA) peptides. They successfully produced vial kits that are 
available and useful for using PET imaging of neuroendocrine tumors [83].

OspC is a peptide antigen in Borrelia burgdorferi, which causes Lyme disease. 
Arnolbaldi et al. used OspC peptides for detecting Lyme disease using ELISA. Their 
results showed that OspC peptides have the potential for rapid diagnosis of Lyme 
disease [84].

Fachiroh et al. aimed at developing rapid diagnostic kits for detecting nasopharyn-
geal carcinoma. They used a combination of Epstein–Barr Virus (EBV) EBNA1- and 
viral capsid antigen-p18-derived synthetic peptides. In addition, they used IgA and 
IgG for ELISA. Their study proved that the combined IgA EBNA1 + VCA-p18 
ELISA is a potential tool for primary diagnosis of nasopharyngeal carcinoma [85].

Protein 85 (OMP85) is a highly conserved outer membrane protein of Neisseria 
meningitidis. This protein was used by Reddy for the rapid diagnosis of bacterial 
meningitis. In that study, the peptide sequence between 720 and 745 residues was 
chosen, which is the unique region of Neisseria meningitidis. Polyclonal antibodies 
against this peptide sequence were also prepared. Subsequently, OMP85 was conju-
gated with colloidal gold nanoparticles. The results revealed that GNP-OMP85 is a 
promising material for rapid diagnosis of Neisseira meningitidis at low concentration 
of bacterial and protein antigens [86].

In another study, M2e and hemagglutinin peptides are used for developing ELISA 
method against Influenza. The result showed that the antibody response was high 
against both M2e and hemagglutinin peptides [87].

7.5.5 Cosmetics

Several researches have been carried out on peptides and proteins that have cosmetic 
properties such as promoting skin and hair health and on their potential role as hair 
conditioning agents in following years and at the beginning of the 1960s. The func-
tionalities of peptides can be controlled through the production process. For example, 
the hydrophobicity of peptides influences their cosmetic properties (substantivity to 
hair and skin, tenside binding capacity, foaming and emulsifying performance, inter-
action with radical species, and solubility) [82].

In the market, peptides can be counted as cosmetic components consisting of short-
chain amino acid sequences such as 6–7 amino acids, but there are also exceptions to 
this rule (8– and 20– peptides have been found).

Various studies have shown that peptides and amino acids can reverse the effects of 
aging on the skin, and this property has been utilized in wound-healing research [83].
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Various studies have shown that peptides may upregulate cellular growth factors, 
and they may heal skin by mimicry of angiogenesis and granulation tissue and new 
collagen synthesis. Peptides have been therefore been considered as cosmetic agents.

7.6 Conclusion and future trends

In recent years, application fields of peptide-based materials have been consistently 
developing. These materials are nonimmunogenic, biocompatible, biodegradable, and 
easily modifiable. Peptide-based nanomaterials are therefore an extremely interesting 
research area for the development of new delivery systems.

Regenerative medicine, which involves tissue engineering and 3D cell culture for 
repair and treatment of defective tissue, is one of the most outstanding applications of 
peptide-based nanomaterials. Scaffolds produced from peptide-based nanomaterials 
can mimic the ECM environment.

Peptide-based nanomaterials are useful for drug delivery systems, another field that 
has become attractive for researches. In particular, peptide-based nanocarriers are very 
suitable for carrying antitumor and imaging agent to the relative tissue or area of body 
because they have some advantages such as easy modifiability, injectability, biodegra-
dability, and biocompatibility. The main problems in vaccines are the efficacy of vaccine 
preparations, distribution, and availability of the vaccine. Developing nanotechnology 
can be used to solve these problems with peptide-based nanovaccines. These materials 
can be injectable, biodegradable, exhibit high bioactivities and stability. They will be 
very useful for developing new cancer, Alzheimer, and allergy vaccines in the future.

Rapid diagnosis is crucial in treating disease and decreasing morbidity and mortal-
ity. In particular, a peptide-based strip test is very useful for rapid diagnosis of several 
diseases. Developing molecular biology and genetics enables production of synthetic 
peptides that are unique, highly conserved, and immunodominant for bacterial causes 
of disease. These developments enable treatment of incurable diseases in the future.

Cosmeceuticals are important, and this industry is growing rapidly every year. This 
growth leads to the necessity of new products. Researchers are therefore searching for 
new molecules that can be used in the cosmetic industry. Peptide-based nanomateri-
als are one of these new molecules in cosmetics. They serve as signal, carrier, and 
neurotransmitter-affecting molecules [88–89], which are useful for wound healing 
and antiaging. Searching new peptide-based materials will be collaterally developed 
with this growing cosmetic industry.

To sum up, peptide-based nanomaterials are a topic of increasing interest for 
researchers.
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8.1 Introduction

A new era of disease diagnosis and therapy is dawning as a result of knowledge 
advancements in biology, materials science, chemistry, and medicine. Cooperation 
between scientists of these areas is inevitable with the development of personalized 
medicines and advanced biomaterials. Drug delivery is one such area that requires 
multidisciplinary expertise. Medicinal chemists have devoted their efforts to synthesize 
therapeutic moieties with superior properties such as improved potency and bioavail-
ability. Bioengineers and pharmacologists focused on developing materials that have 
minimal undesired in vivo interactions. Immunologists have studied and intervened 
in the foreign body response against the biomaterials. Materials scientists, through 
incorporation of materials of different sizes, shapes, compositions, and chemistries are 
creating novel materials with higher therapeutic indices. In this respect, widespread 
classes of materials have been designed to enhance the efficacy and decrease the toxic-
ity, through controlled and targeted delivery of the therapeutics [1–5].

One notable active area in drug delivery is targeted cancer therapy with the goal 
to reduce the side effects associated with regular chemotherapy. It is now evident that 
efficient in vivo drug uptake into cancer cells requires drug carriers with small and tai-
lored sizes (10–100 nm) to avoid rapid clearance as well as capitalize on the enhance 
permeability and retention (EPR) effect. This is where nanotechnology comes into 
play. Through employment of various classes of nanoparticles (NPs) for drug delivery, 
it is now possible to design a nanotherapy for a particular target or disease. The prop-
erties of NPs can be fine-tuned by altering their sizes, geometry, chemistry, and many 
other factors. Despite the immense efforts to apply nanotechnology to drug delivery, 
in vivo uptake of synthetic NPs still lacks desired efficiency [6]. Lack of specificity is 
another challenge in developing targeted drug delivery, and various strategies such as 
using targeting peptides and antibodies have not demonstrated promising effects [7]. 
It is reported that on average only 0.7% of the administered therapeutic agents would 
eventually be delivered to the solid tumor [7], and the remaining would be delivered to 
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undesired targets (known as off-target delivery) and body clearance system. This has a 
deleterious impact on nanomaterials-based translational medicine from the efficiency 
point of view, as well as from the toxicity and potential side effects perspectives.

As mentioned earlier, close collaboration between multiple branches of science is 
required for further advancements in nanotherapeutics. For instance, biologists and 
pharmacologist need a source of materials with low toxicity, which could preserve 
drug’s activity and efficiently target the relevant receptors. They also prefer materials 
that are capable of integrating with the target tissue, are responsive to stimuli, and pos-
sess drug release capability of desired doses and time frame. Delivery of drugs to spe-
cific targets (i.e., organ, tissue, wound, or even cells) in the human body using bio- and/
or synthetic materials-based drug carriers has revolutionized biomedical research for 
the past few decades. Among various proposed carriers, liposomes [1], NPs [2], polym-
ersomes [3], dendrimers [4], nanotubes [8], and hydrogels [5] have demonstrated to be 
cost-effective with decreased toxicity and minimum side effects. In addition to targeting 
capabilities, the material component of the drug delivery systems are desired to possess 
properties including but not limited to biocompatibility, biodegradability, and minimum 
immunogenicity. However, single-component materials that can meet the requirement 
of multiple characteristics are scarce, if any. Therefore, intensive research has been 
focused on engineering materials through hybridization of two or more components, 
with each playing specific and vital roles. The term hybridization is usually used for 
interpenetration of materials at the nanometer (less than 1 μm) or molecular level. 
International Union of Pure and Applied Chemistry (IUPAC) has defined hybrid mate-
rials as “material composed of an intimate mixture of inorganic components, organic 
components, or both types of components” [9]. Here, we refer to the engineered NPs 
(with more than one component present together), a hybrid structure. We also utilize the 
term hybridization to refer to the process of making these NPs composite.

8.2 Nanoparticles hybridization techniques

Fabrication of a hybridized structure on the nanometer scale requires extensive informa-
tion on functional groups, conjugation chemistries, and physical behavior of materials. 
A stable hybrid nanomaterial consists of different components, which are complexed 
together properly. It should be noted that while in some instances very stable bonding 
is essential between the components, in others controlled degradable hybrids are of 
interest. Contrast enhancement NP is an example of the former, and controlled release 
nanohybrids the latter. Generally, three methods are known for conjugation of the 
materials on the nanoscale: (1) chemical bonding through electron sharing between the 
components, (2) physical bonding (other than self-assembly), and (3) self-assembly, 
where materials arrange together desirably. Here the first two methods are discussed.

8.2.1 Physically conjugated hybrid nanoparticles

Generally, chemisorption or physisorption approaches could be applied to stabi-
lize NPs with polymers, in which NPs are covalently or physically linked to the 
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polymer, respectively [10,11]. Physically attached hybrids are more sensitive to 
the surrounding media, pH, and temperature, whereas chemically bonded NPs 
(also known as covalently bonded) are more stable. The most important benefit of 
physisorption technique over the chemisorption is that chemical reactions between 
the moieties of US Food and Drug Administration (FDA) approved materials can 
impact their original FDA approval [12], while physical interactions are generally 
known to be safe and do not lead to further FDA assessments. In other words, 
physically bonded nanohybrid formulation usually face less regulatory barriers in 
the translational process.

The interbonding between physisorbed hybrid NPs are due to physical inter-
actions, including hydrogen bonding or other types of electrostatic interactions. 
Thermodynamically, the bonding energy of physisorbed hybrids are lower than 
chemisorbed systems—the adsorption enthalpy is between 5 and 40 kJ/mol for physi-
cal bonds and 40 and 800 kJ/mol for covalent bonds, although polarity and molecular 
mass can influence this range [13]. In physiological media, competitive exchange 
between proteins and polymer-core NP interbond may culminate in NPs fast aggre-
gation [14]. However, physisorption strategy may offer an advantage in other cases. 
Compared to core–shell hybrids with chemisorbed polymeric shell, water molecules 
have better accessibility to the core of hybrids with a shell structure consisting of a 
physisorbed polymeric corona. In the case of iron oxide NPs (IONPs), for example, 
this accessibility provides enhanced relaxivity rate [15] through faster exchange rate 
of water molecules within the first hydration layer of IONPs, which is a crucial char-
acteristic for magnetic resonance imaging (MRI) applications. It should be noted that 
commercial IONPs are generally taking advantage of physisorbed coating of dextran 
around IONPs mainly for this purpose.

In drug-loaded physisorbed hybrid NPs, physical forces between absorbed polymer 
and NP core determine the loading efficiency of the drug. Cheng et al. incorporated 
amino-functionalized silicon phthalocyanine, which is a photodynamic therapy (PDT) 
compound, into polyethylene glycol (PEG)-coated gold NPs through hydrophobic 
interactions [16]. They reported that PEG acts as a physical cage around NPs, allow-
ing delivery of hydrophobic drug to the target. They reported that the net negative 
charge from anion adsorption on the gold NPs surface interacts with the protonated 
amine of the PDT compound to further promote drug loading and stabilize the hybrid 
NPs. Kim et al. also reported that hydrophobic drug loading on gold NPs dramatically 
increases when a moiety containing amine group (tamoxifen) presents on the surface 
of NPs [17]. Thus, physical coating is a promising method to load hydrophobic drugs 
onto the surface of NPs.

Although the physical bondings in these examples are known to be inherently 
weak, thus limiting their application in intravenous drug delivery [15], physical 
interaction between avidin and biotin molecules is the strongest known noncovalent 
interaction (Kd = 10−15 M). This bonding is now widely used in nanomedicine. Once 
the bond forms between biotin and avidin it is insensitive to extreme conditions of 
pH, ionic strength, and temperature, offering a promising nanomaterials hybridiza-
tion method for biomedical applications. Biotinylation, owing to its mild nature, 
is one of the most popular methods to conjugate different moieties to cells without 
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compromising their viability or biological activity [18]. Ma et al. developed a multi-
functional hybrid structure for a targeted drug and gene codelivery system [19]. They 
achieved the joining of two biotinylated moieties by taking advantage of avidin’s 
tetravalency for biotin binding. Doxorubicin (DOX)-conjugated polyion complex 
(D-PIC) was prepared using poly(l-aspartic acid) and poly(2-(2-aminoethylamino) 
ethyl methacrylate). Plasmid DNA (pDNA) was added to generate D-PIC-pDNA NPs 
with positively charged surfaces. Then, the negatively charged macromolecule avidin/
biotin–PEG-co-poly(l-glutamate acid) was coated onto D-PIC-pDNA NPs. Finally, 
biotinylated transferrin was attached to the surface of the complexes as a targeting 
agent. The complexes protected pDNA against nuclease degradation, minimized 
interference from blood proteins, facilitated tumor cell uptake, and delivered both 
doxorubicin (DOX) and the gene payload. In vitro cell tests indicated that their hybrid 
had increased transfection efficiency in the presence of serum in HeLa and HepG2 
cells. This multifunctional ternary complex proved to be an efficient carrier for the 
targeted release of anticancer drugs and genes [19].

8.2.2 Chemically conjugated hybrid nanoparticles

To form strong bonds between various moieties, chemical conjugation techniques 
can be applied, where moieties are connected via one or more covalent bonds. Every 
chemical modification process requires the reaction of two functional groups with 
each other, leading to the formation of a covalent bond. One important benefit of this 
technique is the strong bonding between the moieties, which can be engineered to 
survive harsh environment. Some of the most utilized chemistries are described below 
to provide some insights into the chemical hybridization.

8.2.2.1 Amine reactions

Functional groups capable of reacting with amine-containing moieties are the most 
common groups for chemical cross-linking. In an amine, one or more hydrogen atoms 
from ammonia are replaced by organic substituents such as alkyl (alkane chain) and 
aryl (aromatic ring) groups.

Amine functional group has been introduced to afford various drug delivery 
benefits, even though some limitations have been argued as well. For instance, pres-
ence of amine group in the backbone of phenyl boronic acid hydrogels enhances the 
formation of complexes, which enables tuning of insulin release from the hydrogel 
matrix [20]. Amine-coupling process can be applied to conjugate almost all proteins 
and peptides. Here, we briefly introduce isothiocyanate and N-hydroxysuccinimide 
(NHS) ester chemistries.

The reactions between amine-functionalized NPs and isothiocyanate or NHS func-
tionalized compounds are shown in Fig. 8.1. These chemistries are frequently used 
for generating fluorescently labeled NPs. NPs functionalized with amine groups react 
with available fluorescence dyes, such as fluorescein isothiocyanate, rhodamine B 
isothiocyanate, and Cy5.5 NHS ester (Fig. 8.1).
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However, some limitations are associated with introducing amine groups. Excessive 
unconjugated primary amines are, biologically, highly active and may result in 
unwanted in vivo interactions.

8.2.2.2 Sulfonyl chlorides

Sulfonyl chlorides are highly reactive derivatives of sulfonic acid and have analo-
gous properties and reactivity to acid chlorides of carboxylates. Their reaction with 
nucleophiles including amines necessitates alkaline conditions (pH 9–10) and under-
goes the formation of a penta-valent transition state, which is unstable. The reaction 
with amines proceeds with better yield when conducted in organic solvents because 
hydrolysis is a major competing reaction in water. Sulfonyl chlorides have played a 
vital role in bioconjugation chemistry, as sulfonic acids can be simply converted into 
sulfonyl chlorides via phosphorus pentachloride in nonaqueous conditions.

8.2.2.3 Thiol reactions

Another common bioconjugation chemistry is the thiol reactions, in which reactive 
groups are able to couple with sulfhydryl-containing molecules. Thiols, which are 
also called mercaptans, are analogous to alcohols. They are named in a similar fashion 
as alcohols except the suffix-thiol is used in place of-ol. By itself the -SH group is 
called a mercapto group. It generally refers to the reaction of compounds containing 
thiol with “enes,” with very high conversion rate [12]. This chemistry is very com-
mon among biologists due to its high reaction kinetic in biological media. Generally, 
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Figure 8.1 Chemical reactions based on amine-functionalized nanoparticles.  
(A) Isothiocyanate functional group reaction leads to formation of isothiourea. (B) NHS  
ester reaction forms amide bond.
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thiols react with alkenes through two mechanisms: Michael-type addition, or radical-
mediated reaction as shown in Fig. 8.2. In the former, generally a base abstracts a 
proton from a thiol, forming a thiolate anion, which performs as a nucleophile. Then, 
thiolate anion attacks the electrophilic β-carbon on alkene to form carbon-centered 
anion. This intermediate then abstracts a proton from conjugate acid to give rise to 
the Michael addition.

Thiol–disulfide exchange reaction is also widely used. The stability of disulfide 
bond in various biological milieu needs to be carefully examined to prevent premature 
degradation or cargo release.

8.2.2.4 Carboxylate reactions

Carboxylate functionality demonstrates a low nucleophilicity in aqueous solution, 
which makes it unreactive with many nucleophilic-based bioconjugate reagents. 
Carboxylic acid derivatives such as esters, anhydrides, and acid halides react well 
with good nucleophiles. Carbodiimides have been successfully developed, and func-
tion as zero-length cross-linking agents. Carbodiimides activate a carboxylate group 
for coupling with primary amines, without becoming part of the final product. For 
instance, Cho et  al. used 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 
chemistry to conjugate acid-capped gold NPs to daunorubicin [21].

Figure 8.2 Two widely used thiol reaction chemistries. (A) Thiols react with alkenes  
through two mechanisms: Michael-type addition, or radical-mediated reaction.  
(B) Thiol-functionalized nanomaterials can further be conjugated with variable molecules, 
including vinyl sulfone, maleimide, and acrylate groups.
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8.3 Polymer–biomacromolecule hybrid

Providing biological characteristics for synthetic polymers was always of great 
interest among polymer scientists. In doing so, polymer–biomacromolecule hybrid 
conjugates were first introduced by Ringsdorf in 1975 [28]. Since then, diverse 
polymer–biomacromolecule hybrids have been established and implemented in a 
vast range of areas including bioseparations, drug/siRNA delivery, enzymatic cata-
lytic processes, diagnostics and biosensing, cell culture processes, and DNA motors. 
Generally, three methods are applied to generate polymer–biomacromolecule NPs: 
(1) The “grafting-to” approach involves the covalent or physical attachment of a syn-
thetic polymer to a biomacromolecule by reactive or affinity coupling (Fig. 8.3a). In 
this method, a preexisting polymer containing a functional end-group reacts with a 
complementary functional group on the biomacromolecule, resulting in the coupling 
of biomacromolecule and polymer. (2) In the “grafting from” method, the biomac-
romolecule is functionalized with a specific moiety (Fig. 8.3b). Polymerization initi-
ates from this precise site on the biomacromolecule capable of generating radicals 
(initiator or chain transfer agent) and initiates polymerization of monomers. (3) In 
the “grafting-through” approach, the biomacromolecule is primarily attached to 
monomers, followed by polymerization (Fig. 8.3c). This technique, therefore, may 
culminate in hybrids with manifold biological species attached along the polymer 
backbones [29].

8.3.1 Polymer–protein hybrid

The field of protein–polymer conjugation is of utmost interest in bioengineering, as 
the properties of protein could be remarkably improved after modification with poly-
mers. Polymeric NPs have much medical promise with a large number of products 
presently in clinical trials or approved for clinical use [22]. It has been shown that 
attaching polymers significantly enhances protein solubility, stability, pharmacokinet-
ics (blood half-life), and biodistribution, while decreasing immunogenicity [23,24]. 
Advances in protein–polymer hybridization have focused on developing the ability 
to attach the polymer to protein in a site-specific manner. Site-specific control over 
the location of the polymer attachment on the protein prevents heterogeneity and 
preserves the activity or the structure of the protein. Grafting the polymer from the 
protein prevents the steric problems associated with coupling two large molecules 
of differing properties; it greatly simplifies purification of the new protein–polymer 
hybrid because the low molecular weight residual monomer can be easily removed. 
Protein–hydrophobic polymer conjugates are expected to have interesting functionali-
ties due to their amphiphilic molecular structures. Zare group reported a successful 
hybridization of bovine serum albumin with poly(methyl methacrylate) to fabricate 
self-assembled NPs with an encapsulated anticancer drug, camptothecin [25]. NPs 
were given intravenously into mice with subcutaneously injected colon cancer cells. 
They observed a significant decrease in the size of the tumor through delivering the 
drug via NPs, rather than naked drug [25].
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8.3.2  Polymer-RNA hybrid

Expression of oncogenes can be inhibited by small double-stranded interfering RNA 
(siRNA) molecules, which are able to mediate the cleavage of complementary mRNA 
sequence [26]. Since siRNA molecules possess inherent negative charge, their trans-
portation across the cell membrane is limited. Therefore, some attempts have been 
made to take advantage of hybridization of siRNA. Jung et al. reported siRNA–quan-
tum dot hybrid construct, which successfully inhibited epidermal growth factor recep-
tor variant III (EGFRvIII) expression in human U87 glioblastoma [27].

8.4 Bioinspired hybrid

Nature has long been the inspiring source for scientists from various disciplines and 
will definitely keep playing a vital role in future science and technology advance-
ments. Owing to its natural origin, biomimetic materials have attracted much attention 
in the field of biomaterials to address the difficulties in drug delivery. As an illustra-
tion, biotechnological experience demonstrates that delivery of drugs has remained a 
challenge, as poor membrane crossing, low solubility, toxicity, and poor stability of 
drugs limit their in vivo benefits. Among various strategies, hybridizing drugs with 
engineered bacteria, viruses, and various cells such as macrophages has shown to be 

Figure 8.3 Primary synthesize methods of polymer bioconjugates through controlled radical 
polymerization. (A) Grafting to, (B) grafting from, (C) and grafting through approaches.
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highly effective to address the above-mentioned issues [30]. For instance, pathogens 
attack immune system and induce interactions with target cells. By taking advantage 
of viruses and bacteria as biomimetic carriers, these pathogens can be used to deliver 
drugs (or therapeutic moiety) to the desired target in efficient dose and favorable time 
frame. However, lack of functionality is the major drawback of biomimetic NPs. 
Therefore, some studies attempted to hybridize biomimetic materials to create func-
tional biomimetic platforms. In one study, Wang et al. employed eukaryotic cell-like 
hybrid platform (EukaCell) for encapsulation of theranostic agents (DOX and indo-
cyanine green). Their hybrid vesicle, EukaCell, contains fullerene (C60), mesoporous 
silica, and phospholipid (1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC)). 
Using this hybrid platform, they reported a 58- and 21-fold enhancement in encapsu-
lation efficiency and loading content, respectively, in comparison with conventional 
silica NPs. They also reported that release of the encapsulated drug can be precisely 
controlled via near infrared laser irradiation. Interestingly, the irradiation-induced 
release was attributed to the disruption of the interactions between DOX–fullerene–
silica hybrid [31].

One of the vital platforms in biomimetic drug delivery systems is based on bioen-
gineered bacteria. This area has gained a lot of attention during the past few years, 
especially, for the targeted drug delivery to tumors [32], as some strains of bacteria 
are revealed to possess inherent tumor homing nature. For instance, Bifidobacterium 
bifidum and Salmonella typhimurium—have a natural tumor-targeting behavior and 
they specifically colonize in tumor tissues [33]. In this respect, bioengineered bacteria 
offer a promising platform for targeted therapeutic delivery to tumors.

Through advancements in genetic engineering it is now possible to encode a protein 
within the bacteria (recombinant bacteria). Since bacteria possess RNA polymerases, 
plasmid vectors can encode any protein (antibody, cytokine, and enzyme) within the bac-
teria to produce the desired protein in the preferred target. For instance, bacteria has been 
engineered to secrete human immunodeficiency virus type 1 (HIV-1) prototypic viru-
cidal compound cyanovirin-N, which potently inhibits HIV-1 infection. However, both 
cytotoxicity and immunogenicity issues have hampered the translation of this protein 
into a viable therapeutic agent. Chen et al., demonstrated that PEGylation of cyanovirin-
N significantly enhances its anti-HIV-1 activity with attenuated cytotoxicity [34].

What makes bacteria promising for drug delivery is the feasibility of bacteria 
bioconjugation. This is achieved mainly by taking advantage of the strong biotin–
streptavidin interaction for attachment of cargo to benign bacteria [32]. Three main  
domains may be classified within bacteria-based targeted drug delivery: (1) recombinant 
bacteria, (2) tumor-targeting bacteria, and (3) NP–bacteria hybrid structure (Fig. 8.4).  
All these classes have been developed by utilizing the hybridization techniques.

Hybridization of NPs with bacteria is an interesting platform that greatly enhances 
the efficiency of drug delivery systems. For example, Akin et al. fabricated a hybrid 
delivery system comprising a bioluminescence reporter gene loaded into NPs, which 
was carried on the bacteria surface. When incubated with cells, the cargo-carrying 
bacteria (they named it as “microbots”) were internalized by the cells, and the genes 
released from the NPs were expressed in the cells. Mice injected with microbots also 
expressed the genes in different organs. Their approach offers a possibility to deliver 
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different classes of moieties to live animals (in vivo) and a variety of cells (in vitro) 
without complicated genetic manipulations [32].

8.5 NPs hybridization to overcome biological barriers

Efficient accumulation of nanotherapeutics at diseased sites is often impeded by 
biological barriers. Many research efforts have been devoted to hybridize multiple 
functionalities and moieties within the overall NP design. Targeted delivery of thera-
peutics will remain unachievable unless NPs be engineered with consideration of the 
biological barriers they are likely to encounter. To overcome these barriers, novel 
hybrid design features can be rationally added to create a new generation of nano-
therapeutics [35].

The main difficulty that limits the site-specific delivery of nanotherapeutics is 
their nonspecific and unfavorable uptake by healthy organs. Immediately after being 
injected, mononuclear phagocyte system (MPS) sequesters NPs and clear them from 
circulation. MPS system consists of phagocytic cells, which are mostly resident 
macrophages in the spleen [35]. Following administration of NPs into the biological 
media, proteins get adsorbed onto the surface of NPs, forming a protein corona. This 
corona leads NPs to attach to specific receptors on the surface of phagocytes, and go 
through phagocytosis [36].

Figure 8.4 Engineering methods for bacteria-based drug delivery. In bacterial ghosts, 
plasma components including genetic materials are eliminated (A). Microbots are hybridized 
with nanoparticles on their surface (B). Recombinant bacteria are genetically modified by 
expression systems that encode antigens, cytokines, and other biologically active proteins (C).
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Fig. 8.5 demonstrates different methods to circumvent the nonspecific uptake 
of NPs with the focus on surface engineering of NPs. For instance, hybridizing the 
surface of NPs with PEG is an established strategy to overcome the short half-life in 
blood circulation. PEG has highly flexible hydrocarbon chains, with a large number 
of plausible conformations. This behavior leads to the formation of a conformational 
“cloud” around the NPs [37]. PEG also consists of oxygen atom (ether group) in every 
repeating unit of the polymer, which creates tight conjunction with the surrounding 
water molecules, thus forming a hydration layer around NPs, making them invisible 
for the MPS system. Indeed, water molecules can readily adsorb to the PEGylated 
NPs with hydrophilic surfaces, leading to NPs with enhanced blood half-lives [38]. 

Figure 8.5 Surface coating of NPs is a well-established approach to limit their clearance 
by MPS. As soon as NPs contact the biological media, proteins adsorbed onto their surface 
to form a protein corona, leading to NPs attachment to specific receptors on the surface of 
phagocytes. PEG, for instance, limits this phenomenon through forming a hydration layer 
and conformational cloud around NPs. CD47 is a “don’t eat me” peptide and limits the NPs 
recognition by MPS for phagocytosis. The last but not the least approach is to “camouflage” 
NPs with biomimetic coatings such as cell membranes extracted from autologous leukocytes 
and red blood cells which provides a longer blood half-life.



Nanobiomaterials Science, Development and Evaluation158

Although PEG has been used in several clinical products, the recent anti-PEG immu-
nological responses has led researchers to find other stealth-coating alternatives [37]. 
Another recently emerged area in biomimetic hybridization is the coating of synthetic 
NPs with biological moieties such as cell membrane, which combines the function-
alities of membranes with the versatile synthetic NPs for enhanced targeted drug 
delivery [39]. For instance, Ren et al. embedded IONPs within the red blood cells and 
showed a significant circulation time enhancement-24 h after intravenous injection, 
10% of the NPs were still in the circulation [40]. In another study, the membrane of 
cancer cells of the human estrogen-independent breast carcinoma model was used as a 
coating to target tumors of the same origin [41]. Poly lactic-co-glycolic (PLGA) poly-
mer was then fused into the cell membrane. As control samples, PLGA itself as well 
as red blood cell coated PLGA NPs were also studied for uptake efficiencies. Through 

Figure 8.6 Macrophages carrying gold bellflowers for photothermal therapy, which can be 
decorated with neuron-specific or tumor-specific ligands [43]. Macrophages enter the brain 
parenchyma via paracellular and transcellular pathways. Both macrophages and exosomes 
are known to be capable of delivering cargo directly into the cytosol of the target cells 
independent of endosomes. The blood–brain barrier (BBB): brain capillary endothelial cells 
with unfenestrated tight junctions are primarily responsible for maintaining the integrity 
of the BBB. Additional components of the BBB are astrocytes, pericytes, neurons, and 
perivascular macrophages. One mechanism of cell-mediated transcytosis to cross BBB is 
normally used by monocytes/macrophages and probably by exosomes.
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quantification with flow cytometry assay, they reported that cancer cell membrane-
camouflaged PLGA NPs demonstrated 20- and 40-fold increase in uptake comparing 
to PLGA NPs and red blood cell coated PLGA NPs, respectively.

One promising example of overcoming the biological barriers is to hybridize NPs 
to cross the blood–brain barrier (BBB). Every year many new drugs are being devel-
oped for central nervous system (CNS) disorders; yet, few reach the market. The brain 
capillary endothelial cells are the major barriers, limiting the transfer of most drugs 
[2]. The delivery of drugs and other molecules across the intact BBB to the CNS 
is an ongoing challenge in drug delivery research. BBB provides a tight regulating 
gate, which controls the influx and efflux transport to the brain. To pass this barrier, 
hybridization of NPs offers a possibility of CNS drug delivery. Recently, Huang et al. 
incorporated macrophages with various cargos and gold bellflower inside hyaluronic 
acid NPs for photothermal therapy [42] (Fig. 8.6).

8.6 Conclusion

Very few single-type NPs-based biomaterials are available that are having all 
the attributes such as nonimmunogenicity, biocompatibility, and biodegradability. 
Physical conjugation methods such as nanoscale layering and nanoencapsulation, 
and various types of chemical conjugations of different materials would result in 
nanomaterials with enormous prospects and opportunities. Such a combination of 
NPs with different formulation process can be tailored to have greater efficacy with 
less systemic toxicity. Therefore, multifunctional hybrid nanomaterials are the natural 
choice for the better application of the biomaterials.
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9.1 Introduction

In the last two decades, researchers have focused on achieving controlled release sys-
tems that have the ability to target and treat the diseased area. Nanotherapeutics rep-
resents a rapidly growing field and involves the design, manufacture, and applications 
of such nanosized drugs. These systems have demonstrated a number of advantages, 
such as biocompatibility and improved pharmacokinetics, being considered promis-
ing for future personalized therapies.

For example, in the case of cancer treatment, conventional chemotherapeutic 
agents are spread throughout the body affecting both healthy and cancer cells and pro-
ducing a high toxicity [1,2]. Nanosized drug-containing agents are considered ideal 
agents in cancer therapy, ensuring a controlled and targeted release [3].

One of the most important advantage of nanoparticles refers on the enhanced per-
meability and retention effect (EPR), which is based on the fact that the permeability 
of tumor vessels is much higher, allowing the entry of antitumor agents [4]. Another 
advantage of using nanotherapeutics refers to the possibility of magnetic nanopar-
ticles to induce a therapeutic response through hyperthermia. This method involves 
injecting the magnetic nanoparticles; the patient is then placed in a magnetic field 
that changes the direction thousands of times each second. Magnetic nanoparticles 
are moved by magnetic force and begin to heat up, destroying cancerous tissue [5,6]. 
Also, some nanoparticles, especially metals have been studied due to their antimicro-
bial properties. Starting with silver, which is known for its antimicrobial properties 
since ancient times, numerous organic, inorganic, and complex, mixed nanoparticles 
have been developed and studied for their antimicrobial properties in the last 20 years 
[7]. Owing to their efficiency and great versatility, nanostructures could be considered 
a new and feasible alternative to overcome the current world crisis of antibiotics, by 
being able to fight against resistant microorganisms.

9
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9.2 Nanotherapeutics with antimicrobial properties

Given that a large diversity of bacteria is resistant to antibiotics, severe infections are 
becoming again a major threat to the world. A recent worldwide study reveals over 300 
million cases of severe illness due to bacterial infection [8], most of them being caused 
by resistant bugs. Currently, antimicrobial agents that are used in hospitals are inef-
ficient due to their weak antimicrobial activities. As an alternative, clinicians increased 
the dose of administered antibiotics and developed mixed therapies by combining two 
or more antibiotics to treat difficult infections. However, their effect is still not sufficient 
to cure most of those infections and, moreover, numerous side effects related to the high 
dosing and untargeted activity is systematically reported. Antibiotics are used to treat 
infections, but they show numerous disadvantages such as bacterial resistance to anti-
biotics and the fact that they may have various side effects. A solution for this problem 
could refer to the use of nanoparticles, which proved to be able to improve the efficiency 
of active antimicrobial agents and ensure their targeted transport and controlled release, 
even when utilized at low doses [9]. The main benefit of nanoparticles with antimi-
crobial properties is that they can specifically penetrate and modulate the behavior of 
target bacterial cells. Owing to these advantages, recently, numerous systems based on 
nanoparticles with antimicrobial properties have been developed and tested [8,10].

9.2.1 Inorganic nanotherapeutics

Metal oxide nanoparticles such as iron oxide (Fe3O4), silver (Ag), copper oxide (CuO), 
titanium dioxide (TiO2), and zinc oxide (ZnO) were studied with interest due their anti-
microbial properties. In literature, metal oxides are divided into two categories depend-
ing on their antimicrobial mechanism. These mechanisms are presented in Fig. 9.1.

The first mechanism refers to the activity reported for the metal oxide nanoparti-
cles (TiO2, Ag, CuO, ZnO, MgO, CaO) that have the capacity to destroy the cell wall 
of bacteria through the oxidation reactions and liberation of reactive oxygen species 
(ROS). It has been shown that the result of this mechanism (free oxygen radical) can 
be harmful not only to the bacteria cells but also eukaryotes, including the human 
body. The second mechanism involves metal oxide nanoparticles (CeO2, Al2O3, Y2O3) 
that act as radical scavengers [9,11,12]. In Table 9.1, the main applications of these 
nanoparticles with proved antimicrobial effect are presented.

9.2.1.1 TiO2 nanoparticles

TiO2 is ideal for the environment and for use in medical applications due to its charac-
teristics such as biocompatibility, low cost, and high stability. It is a metal oxide that 
is found in three stable polymorphic forms: anatase, brookite, and rutile [28]. It was 
demonstrated that TiO2 nanoparticles are ideal for antimicrobial applications, as they 
present a high efficiency against a variety of bacteria, including Bacillus sp., which is 
one of the most naturally resistant organism [9,29].

It has been demonstrated that ROS are generated when TiO2 is photoactivated by 
ultraviolet (UV) light. The mechanism of killing bacteria is not fully understood, it is 
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Figure 9.1 The main mechanisms to explain antimicrobial effects of nanomaterials.
Source: Image adapted from Parham, S., Wicaksono, D.H., Bagherbaigi, S., Lee, S.L. &  
Nur, H. 2016. Antimicrobial Treatment of Different Metal Oxide Nanoparticles: A Critical 
Review. Journal of the Chinese Chemical Society, 63, 385-393.

Table 9.1 The main applications of inorganic nanoparticles with 
antimicrobial activity

Materials Applications References

TiO2 nanoparticles Antimicrobial, UV protection, 
photo-catalyst, solar cell

Parham et al. [11,13–15]

Ag and Ag2O nanoparticles Antimicrobial, UV protection, 
disinfectant

Zhang et al. [11,16]

CuO nanoparticles Antimicrobial, water 
purification, electrical 
conductive

Sharmila et al. [17–19]

ZnO nanoparticles Antimicrobial, photo catalyst Sarwar et al. [20,21]
MgO nanoparticles Antimicrobial, photo catalyst Bindhu et al. [22,23]
CaO nanoparticles Antimicrobial Marquis et al. [24]
CeO2 nanoparticles Antimicrobial, UV protection Lu et al. [25]
Al2O3 nanoparticles Antimicrobial Ahmed, Nadeem [26]
Y2O3 nanoparticles Antimicrobial, 

photoluminescence
Prasannakumar et al. [27]

assumed that ROS have the ability to destroy cell membranes and other vital cellular 
components, including the DNA [10,12].

Sunada et al. had tried to explain the mechanism of killing Escherichia coli using 
irradiated TiO2. This mechanism involves three steps: the first step refers to partial 
decomposition of the membrane wall, resulting in permeability changes that facilitate 
the easy penetration of the nanoparticles in the cell and the release of ROS. In the 
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second step, because the membrane is attacked by the released ROS, peroxidation 
processes of membrane lipids rapidly occur, which culminate with cell death [30].

Further studies revealed that the use of TiO2 nanoparticles under UV light causes 
destruction of various types of cells, including human cells. An ideal alternative to this 
problem is doping the TiO2 nanoparticles with metal ions to ensure a more specific 
action [11].

Dizaj et al. reported that TiO2 nanoparticles have a real success in the inhibition 
of the development of bacterial biofilms, which can develop on the surface of medi-
cal devices [31]. These highly organized multicellular structures called biofilms are 
communities of microorganisms, which are very different from their counterparts 
and are very resistant to any known antimicrobial agent, including the host immune 
system. Thomas and Venkataramana used microorganisms isolated from patients to 
demonstrate the antibacterial effect of TiO2 nanoparticles. These results were reported 
to control microbial growth in a dose- and time-dependent manner. The minimum 
inhibitory concentration results proved that bacterial growth is inhibited at concentra-
tions higher than 15 mg/mL TiO2 nanoparticles [32]. Another study was realized to 
see the antimicrobial activity of TiO2 nanoparticles (with dimensions less than 25 nm) 
against E. coli laboratory strains. It was observed that the minimum amount of TiO2 
nanoparticles that inhibit bacteria growth was 200 μg/mL [33].

9.2.1.2 Ag and Ag2O nanoparticles

Ag nanoparticles are used in antimicrobial applications because of their specific 
properties and because they can be produced by a variety of techniques in different 
dimensions and forms, such as photocatalysis, photochemical, biological synthesis, 
and so on [11,34].

The mechanism by which Ag nanoparticles act against bacteria is explained by 
the release of ions that destroy the cellular membrane resulting in cell death. The 
major disadvantage is that ions generate free radicals, they disseminate through  
the bloodstream, and can affect host biomolecules [12]. Also, it was reported that the 
dimension of Ag nanoparticles for this mechanism are imported because the nano-
particles with dimensions under 20 nm attaches to cellular membranes and proteins 
that contain sulfur and offer a high permeability [10]. Ag nanoparticles were inten-
sively studied because of their antimicrobial properties. Salari et al. had synthesized 
Ag nanoparticles using bioreduction of Ag ions. The antimicrobial properties of Ag 
nanoparticles were tested against Staphylococcus aureus, Salmonella typhimurium, 
Listeria monocytogenes, and Klebsiella sp. It was observed that, for all tested bacteria 
species, a minimum concentration of 1 mg/mL is efficient to kill all inoculated cells in 
less than 24 h, Ag nanoparticles being very efficient [35]. Another study investigated 
the minimal inhibitory concentration (MIC) of using Ag nanoparticles with dimen-
sions between 30 and 40 nm, obtained by chemical synthesis and laser ablation. It was 
observed that MIC for Salmonella sp., S. aureus, and E. coli was 2.81 μg/mL, 4.37 μg/mL, 
and 2.8 μg/mL respectively, when nanoparticles were obtained by chemical synthesis, 
while for laser ablation method, the obtained nanoparticles proved MIC values of 
2.68 μg/mL, 2.36 μg/mL, and 2.10 μg/mL, respectively [36].
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Abd-Elnaby et al. had synthesized Ag nanoparticles to investigate the antimicro-
bial properties in combinations with antibiotic substances. It was observed that the 
presence of Ag nanoparticles increase the area of inhibition of Vibrio fluvialis com-
pared to control plain antibiotic (without nanoparticles) [37]. Another recent study 
refers to Ag nanoparticles obtained from reducing and stabilizing a polysaccharide. 
In this research, nanoparticles with dimensions between 20 and 90 nm were obtained, 
and they were tested for their antimicrobial activity against E. coli, with great anti-
microbial results [38]. Ag nanoparticles with dimension of approximately 20 nm and 
spherical shape were obtained by electrochemical method and tested against E. coli, 
Pseudomonas aeruginosa, and S. aureus. It was observed that the Gram positive strain 
of S. aureus had a higher resistance to the prepared nanoparticles, as compared with 
Gram negative rods, E. coli and P. aeruginosa [39].

9.2.1.3 CuO nanoparticles

CuO nanoparticles have attracted the attention of researchers and health care profes-
sionals because of their physical, chemical, high temperature, and photocatalytic 
properties, but mostly because of their antimicrobial properties [31]. Ravishankar Rai 
and Jamuna Baihad reported that CuO nanoparticles can be used in killing the bac-
teria in hospitals, but for this a high concentration of CuO nanoparticles is necessary 
[10]. However, the mechanism of killing bacteria by using CuO nanoparticles is not 
clearly understood. It is considered that CuO nanoparticles can easily enter the cell 
membrane and destroy exposed bacteria cells [11].

Naika et al. had synthesized CuO nanoparticles with dimensions between 5 and 
10 nm by solution combustion method. They proved the antimicrobial efficiency of 
these nanoparticles against various microbial species, such as Klebsiella sp., E. coli, 
and S. aureus, when utilized at concentrations ranging 500–1000 µg. It was observed 
that, at this concentration, CuO nanoparticles were more efficient against Klebsiella 
sp., and E. coli than against S. aureus [40]. CuO nanoparticles were also efficient 
against Enterococcus faecalis infections [41].

Das et al. obtained CuO nanoparticles by thermal decomposition methods and tested 
their antimicrobial activity against E. coli and P. aeruginosa. Also, for these nanoparti-
cles, an antioxidant activity by free radical scavenging was observed. The antimicrobial 
activity showed an increase in bacterial inhibition after 3 h at a concentration of 4 mg/mL 
in E. coli and an increase in bacterial inhibition after 4 h at a concentration of 4 mg/mL  
in P. aeruginosa [42]. Another study, which is the antimicrobial activity of these 
nanoparticles, was carried out by Khashan et al. who synthesized CuO nanoparticles in 
spherical shape and dimensions between 3 and 40 nm by laser ablation. The antimicro-
bial activity of CuO nanoparticles was very high, and nanotherapeutics was proposed 
as an efficient treatment for the therapy of severe infections produced by E. coli [43].

Pandey et  al. had synthesized CuO nanoparticles by electrochemical routes for 
studying their bactericidal potential against Bacillus anthracis. It was observed that 
after 1 h a concentration of CuO nanoparticles of 1 mg/mL killed approximately 
92.17% of the inoculated B. anthracis cells, these results being very promising for a 
new therapy in destroying this deadly bacillus [44].
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9.2.1.4 ZnO nanoparticles

ZnO is a material utilized very often in biomedical applications because of its unique 
properties, such as electric conductivity, optical, and piezoelectric properties [45,46]. 
The mechanism of killing bacteria using ZnO nanoparticles was described by Beyth 
et al. as having two paths of action. The first involves the penetration of cell wall and 
the second involves the generation of ROS [9].

Xie et  al. had demonstrated that ZnO nanoparticles with approximately 20 nm 
diameter, are very efficient in killing Campylobacter jejuni. After the treatment with 
a concentration of ZnO nanoparticles of 0.05 mg/mL, significant inhibition of cell 
growth was observed. The MIC of these nanoparticles was determined to be 0.025 mg/mL 
for C. jejuni [47]. In another study, the antimicrobial activity of ZnO nanoparticles 
against E. coli was investigated. Authors used ZnO nanoparticles with dimensions of 
approximately 70 nm and different concentrations, and demonstrated that the inhibi-
tion of cell growth is directly proportional to the increasing concentration of these 
nanotherapeutics [48].

Gunalan et  al. had compared the antimicrobial activity of ZnO nanoparticles 
obtained by green synthesis with the ZnO nanoparticles obtained by chemical synthe-
sis against S. aureus, Serratia marcescens, and Citrobacter freundii. It was observed 
that green ZnO nanoparticles possess a greater antimicrobial activity than chemical 
ZnO nanoparticles. The authors had reported that the green ZnO nanoparticles can be 
successfully used in applications such as medicine and food safety [49].

9.2.1.5 MgO nanoparticles

These nanoparticles can be synthesized by different methods (i.e., sol-gel, hydrother-
mal) at a low price. The mechanism of killing bacteria using MgO nanoparticles is 
similar to other metal oxide nanomaterials [50,51].

Sundrarajan et al. had synthesized MgO nanoparticles by chemical method using 
different temperatures and tested their antimicrobial activity against S. aureus and 
E. coli. It was observed that the inhibition zone was greater in the case of S. aureus, 
as compared with E. coli, grown in the presence of the same concentration of nano-
particles. Also, it was observed that the antimicrobial activity of MgO nanoparticles 
is higher when the calcination temperature is low [52]. In another study, the antimi-
crobial properties of MgO nanoparticles with average diameter of 20 nm was tested 
against C. jejuni, E. coli, and Salmonella sp. It was determined that for a 104 CFU/mL 
microbial inocula, the MIC was 0.5 mg/mL for C. jejuni, 1 mg/mL for E. coli, and 
1 mg/mL for Salmonella sp. Also, the MIC for 108−9 CFU/mL bacterial inocula was 
studied after 4 h of treatment with MgO nanoparticles and the MIC was 2 mg/mL for 
C. jejuni, and 8 mg/mL for E. coli and Salmonella sp. He et al. [53], Jin and He com-
pared the antimicrobial activity of MgO nanoparticles against E. coli and Salmonella 
sp. with the antimicrobial activity of MgO nanoparticles utilized in combination with 
ZnO nanoparticles. It was observed that by adding ZnO nanoparticles the antimicro-
bial activity of MgO is not improved [54].
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9.2.1.6 CaO nanoparticles

The antimicrobial activity of CaO nanoparticles (with dimensions between 14 and 
24 nm) was studied against P. aeruginosa, Staphylococcus epidermidis, Candida 
tropicalis, and the highest inhibition was observed in P. aeruginosa and S. epidermidis 
[55]. Marquis et al. studied the antimicrobial activity of CaO nanoparticles with diam-
eter of about 58 nm against different bacterial strains. It was observed that the greatest 
inhibition occurred against E. coli tested strain [24].

9.2.1.7 CeO2 nanoparticles

Cerium oxide (CeO2) nanoparticles are tolerated both in vitro and in vivo by human 
cells, this property making them suitable for medical applications. For this reason, 
the antimicrobial effect of CeO2 nanoparticles was extremely studied. Das et  al. 
had synthesized CeO2 nanoparticles with average diameter of 37.6 nm by chemical 
method and tested their antimicrobial activity against S. aureus. The same mechanism 
of inhibition of the bacteria was previously observed for most of the above-mentioned 
nanoparticles; CeO2 nanoparticles attached to the cell wall, penetrated the wall and 
subsequently produced the inhibition of RNA and DNA [56]. Also, dos Santos et al. 
had reported that the mechanism of CeO2 to kill occurs also by producing ROS [57].

Cuahtecontzi-Delint et al. had studied the antimicrobial activity of CeO2 nanopar-
ticles in the presence of different surfactants (Triton X-100, polyvinyl pyrrolidone 
(PVP), and Tween 80) against E. coli. The MIC of such CeO2 nanoparticles was  
3 mg/mL−1, while in the case where surfactants were utilized the best MIC was 
observed in the presence of Tween 80 (0.150 mg mL−1) [58].

9.2.1.8 Al2O3 nanoparticles

Ansari et al. had studied the antimicrobial activity of aluminum oxide (Al2O3) nano-
particles against S. aureus. The MIC value of these nanoparticles was at 1700 μg/mL. 
It was observed by scanning electron microscopy (SEM) that cells were significantly 
affected by the presence of such nanoparticles. The membrane was damaged and 
nanoparticles caused cell death by entering inside cells [59]. Also, Al2O3 nanopar-
ticles were tested against P. aeruginosa and the MIC was found to be 1,600 μg/mL. 
It was observed that at a concentration of 2,000 μg/mL results in total inhibition of 
bacterial activity [60].

9.2.2 Organic nanotherapeutics

The most investigated organic nanotherapeutics relies on polymeric nanoparticles. 
These can kill bacteria by two mechanisms: cationic surfaces or by releasing antimi-
crobial agents, antibiotics, and so on. Organic antimicrobial materials are considered 
less stable at high temperature than inorganic antimicrobial materials [9].
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9.2.2.1 Chitosan nanoparticles

Chitosan is a natural polymer with great applications in medicine due to its properties 
such as biodegradability, biocompatibility, and nontoxicity [61,62]. The antimicrobial 
effect of chitosan nanoparticles with various molecular weights was tested against 
Streptococcus mutans. It was observed that the cell membrane was destroyed when 
bacteria cells were treated with chitosan nanoparticles. Also, a low antimicrobial 
activity was observed for chitosan nanoparticles with high molecular weights (20 to 
25% of total amount of microbial cells were killed) and a high antimicrobial activ-
ity for chitosan nanoparticles with low molecular weights (>95% of total amount of 
microbial cells were killed) [63]. In another study, the antimicrobial properties of 
chitosan nanoparticles with dimensions of approximately 36 nm were tested against 
E. coli and S. aureus. It was observed that the antibacterial activity increases with 
the concentration of nanoparticles. For example, for a concentration of 5 mg/mL for  
E. coli the antibacterial rate was 95%, while at the same concentration for S. aureus 
the antibacterial rate was 81% [64].

Mohammadi et al. had studied the antimicrobial activity of chitosan nanoparticles 
and chitosan microparticles against P. fluorescens, Erwinia carotovora, and E. coli. 
The MIC and the minimum bactericidal concentration (killing dose) was investigated 
and it was observed that chitosan nanoparticles present a better antimicrobial activity 
as compared with chitosan microparticles [65].

Piras et al. wanted to increase the antimicrobial activity of chitosan nanoparticles 
and reduce their toxicity, so they tried to encapsulate temporin B into chitosan nano-
particles. These systems were tested against Staphylococcus epidermidis for 4 days 
and the tests demonstrated a significant antimicrobial effect. It was reported that the 
gradual release ensures a long-lasting antimicrobial activity [66]. In another study, the 
antifungal activity of chitosan nanoparticles functionalized with different molecular 
weight drugs against Candida albicans, Fusarium solani, and Aspergillus niger was 
tested. The MIC tests revealed that the chitosan nanoparticles with low molecular 
weight were very efficient in inhibiting the growth of these microfungi, being more 
efficient as compared with chitosan nanoparticles with high molecular weight. 
However, in the case of Aspergillus niger, a resistance to chitosan nanoparticles with 
low molecular weight was observed, but this exception was not observed in the case 
of chitosan nanoparticles with high molecular weight [61].

9.2.2.2 Poly-ε-lysine

This homopolymer is used in medical applications owing to its properties such as  
biocompatibility, biodegradability, solubility, nontoxic, and stable at high tempera-
tures [67]. It had been declared that poly-ε-lysine has strong antimicrobial effects, 
being efficient against fungi, bacteria, and even a few types of viruses [68].

Shi et al. had reported the antimicrobial effect of poly-ε-lysine in combination with 
citral against E. coli strains. The antimicrobial properties of poly-ε-lysine was studied 
by the MIC. MIC of poly-ε-lysine was 2–4 µg/mL and in combination with citral was 
0.5–1 µg/mL [69].
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Abd-Elnaby et  al. had produced poly-ε-lysine by marine Bacillus subtilis and 
investigated its antimicrobial activity against Gram negative and Gram positive bac-
teria after 24 h incubation at 37°C (figure 5). The inhibition for all bacteria, except 
for S. aureus, was observed [37]. Also, Shima et al. had reported that poly-ε-lysine 
possess antimicrobial effect against Gram negative and Gram positive bacteria at a 
concentration of 1–8 µg/mL [70].

9.2.2.3 Polysiloxanes

Quaternary ammonium compounds are widely used because of their antimicrobial 
activity. Majumdar et al. had studied the antimicrobial effect of polysiloxane coating 
containing quaternary ammonium against E. coli, S. aureus, and C. albicans. It was 
observed that this complex composition is able to induce the microbial inhibition [71].

In another study, the antimicrobial activity of polysiloxane quaternary ammonium 
salts containing epoxy group against E. coli and S. aureus was evaluated. The MBC, 
in the case of E. coli was 1.5 × 10−5 mol/L, while in the case of S. aureus it was  
2.8 × 10−5 mol/L [72]. Lin et al. had tested the antimicrobial properties of polysilox-
ane containing quaternary ammonium salts against E. coli, S. aureus, R. solani, and 
Fusarium oxysporum f. sp. cubenserace. It was observed that the complex had a very 
good antimicrobial activity toward E. coli and F. oxysporum f. sp. cubenserace [73].

9.2.2.4 Triclosan

Triclosan is already used in oral products owing to its antibacterial effects. About 
the mechanism of action of triclosan, it was initially considered that at sublethal 
concentrations it can inhibit a specific bacterial target, but in the last decade because 
of the multiple studies, it was observed that its activity is nonspecific at sublethal 
concentrations [74].

Suller and Russell had studied the antibacterial effect of triclosan against S. aureus 
strains. It was observed that the MIC was 0.025–1 mg/L [75].

Also, Braid and Wale had investigated the antimicrobial activity of triclosan-
impregnated plastic against S. aureus, E. coli, P. aeruginosa, B. cereus, and  
S. putrefaciens at different temperatures. It was observed that the inhibitions of bacte-
ria occurred at 22°C and 30°C, but at 4°C no inhibition was observed [76]. In another 
study, the MIC of triclosan against S. aureus was established to be 0.25 μg/mL [77].

9.2.2.5 Peptides

Most of the peptides considered for biomedical applications are cationic and amphip-
athic peptides. The mechanism of action consists in disintegration of the lipid bilayer 
structure. Also, it was reported that some peptides have a different mechanism that 
does not destroy the cellular membrane. It acts by binding to the DNA and RNA and 
inhibits replication [78,79] [80].

Guilhelmelli et  al. reported that the antimicrobial activity of peptides depends  
on size, conformation, charge (anionic/cationic), structure, and hydrophobicity. In 
Table 9.2, the advantages and the disadvantages of peptides used as single therapeutic 
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antimicrobial agents are presented [81]. Also, the resistance of microorganisms to 
antimicrobial peptides is debatable, for example Porphiromonas gingivalis secrete 
digestive proteases that destroy peptides [82].

9.3 Nanotherapeutics with antitumor properties

Anticancer drugs pose problems due to high types affecting both normal cells and 
tumor cells [83]. Considering that in the 21st century the complete treatment for can-
cerous disease remained undiscovered, the researchers concluded that the therapeutic 
treatment route by using nanoparticles, could bring a huge step forward in the therapy 
of this deadly disease [84,85]. Moreover, along with their impact in the development 
of cancer nanotherapeutics, nanoparticles can be used in the detection, diagnosis, and 
treatment of various types of cancer [85].

The use of nanotherapeutics in medicine has numerous advantages, such as targeted 
release, stability and solubility of drugs, lower toxicity, and a higher specificity. Also, 
another advantage of nanoparticles is that they present a high permeability at tumor  

Table 9.2 Advantages and disadvantages of peptides used as single 
therapeutic antimicrobial agents [81]

Advantage Antiviral, antibacterial, and antifungal activity
Quick action
Antiinflammatory activities

Disadvantages Expensive
Local toxicity
Pharmacodynamic and pharmacokinetic issues

Table 9.3 Nanoparticle-based drugs used in various types of 
cancer [87]

Product Nanomaterials Dimension 
(nm)

Application Administration Phase

Combidex Iron oxide 
nanoparticle

20 Tumor 
imaging

Intravenous Not  
available

Biovant Nanosized 
calcium 
phosphate

Not available Vaccine 
component

Intramuscular Phase I

Bioconjugated 
nanoparticles

Luminescent 
quantum dots

15 Cancer 
imaging

Subcutaneous Preclinical

Abraxane Albumin-bound 
paclitaxel 
particles

130 Breast 
cancer

Intravenous Approved
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Table 9.4 Types of inorganic nanoparticles for cancer therapy [88]

Type of 
nanoparticles

Dimension 
(nm)

Advantages Disadvantages Applications

Metallic 
(silver, gold 
nanoparticles)

<50 Large surface 
area, safe

Low 
biocompatibility

Targeted release 
of drugs, 
diagnosis

Magnetic 
(supermagnetic 
iron oxide 
particles)

5–100 Biocompatible, 
nontoxic, 
stable, allow 
controlling the 
distribution

Forming 
aggregates

In vivo imaging 
(photoacoustic 
tomography)

Nanoshells 10–300 Therapeutic 
potential

Relatively large 
dimensions

In vivo imaging 
(photoacoustic 
tomography)

Ceramic 
(titanium 
dioxide, 
aluminum oxide 
nanoparticles)

<100 Stability, easy to 
prepare, water 
soluble

– Carriage of 
drugs, proteins, 
etc.

Carbon 
nanotubes

1.5–5000 
(length) × 0.5–
20 (diameter)

Thermal 
conductivity, 
can reach to 
target

Cytotoxicity, 
release active 
compounds

Targeted 
delivery 
of drugs, 
thermotherapy 
of tumors

vessels allowing the entry of tumor agents, compared with healthy vessels [86]. In  
Table 9.3, some nanomaterials used in the various stages of cancer are presented [87].

9.3.1 Inorganic nanotherapeutics

Various types of inorganic nanoparticles have been developed for cancer applications, 
including diagnosis, therapy, and imaging. In Table 9.4, a few examples of inor-
ganic nanoparticles, their advantages and disadvantages, and their applications are  
presented [88].

9.3.1.1 Silver nanoparticles

In the field of nanomedicine, Ag nanoparticles are highly used due to their unique 
properties. After extensive research, it was found that Ag nanoparticles have bio-
logical effects on human cells [89]. For example, Jeyaraj et al. had investigated the 
development of anticancer agents by studying the cytotoxic effects of Ag nanoparti-
cles with dimensions of approximately 22 nm against human breast cancer cells. By 
the reduction of tetrazolium salt assay (MTT) and Hochest assay, the cytotoxic effect 
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of Ag nanoparticles against human breast cancer cells was confirmed [90]. Lalitha 
had studied the cytomorphological changes in human breast cancer cells by using 
MTT assay. The anticancer effect of Ag nanoparticles was with the anticancer effect 
of cisplatin and it was observed that Ag nanoparticles have a superior activity. The 
complete cell inhibition in the case of Ag nanoparticles was obtained with 25 µg/mL, 
while in the case of cisplatin it was obtained with 30 µg/mL [91]. Also, Gurunathan 
et al. had reported that Ag nanoparticles can be suitable candidates for human breast 
cancer therapy [92].

In another study, peripheral blood mononuclear cells were used and the safe con-
centration by using Ag nanoparticles was investigated. It was found that a concentra-
tion of less than 39 µg/mL is considered nontoxic and the inhibition percent of tumor 
cells at this concentration was 60% [89].

9.3.1.2 Gold nanoparticles

Gold nanoparticles are used because of their biocompatibility and optoelectronic 
properties and because of the availability of different synthesis methods (biologi-
cal, physical, and chemical). Also, in literature it was reported that gold nanoparti-
cles have antitumor properties [87]. Gold nanoparticles present a good tendency to 
accumulate in tumor sites [93]. Gold nanoparticles can use different mechanisms of 
killing tumor cells, such as drug delivery systems for anticancer agents, mechanical 
damage, or by photothermal ablation [94]. Kumar et al. obtained gold nanoparticles 
with dimension of 2 nm, which had been functionalized with therapeutic peptide and 
a targeted peptide (CRGDK). It was observed that the targeted peptide has increased 
intracellular uptake of gold nanoparticles. Another remark was that, because of the 
presence of this complex targeted peptide, the delivery of the therapeutic peptide was 
better inside the targeted cells. Also, it was reported that this complex peptide can be 
successfully used in cancer treatments [95].

The properties of gold nanoparticles make them usable as contrast agents. For 
example, gold nanoparticles with dimensions of 1.9 nm were intravenously injected 
in vivo and a longer retention time and a superior contrast was obtained [93]. In 
another study, gold–gold sulfide nanoparticles with diameters of less than 25 nm, 
obtained by the reduction of chloroauric acid (HAuCl4), were usedIt was observed 
that these nanoparticles produce two peaks and one is in the near infrared (NIR) 
region. Kennedy et al. had reported that these gold nanoparticles can be used in abla-
tive therapy because of their absorbance in the NIR region [96].

In connection with the toxicity of gold nanoparticles are two contradictory opin-
ions. In some studies, it was reported that gold nanoparticles do not show cellular 
toxicity. For example, Hainfeld et al. reported that a single dose of gold nanoparticles 
(2.7 g Au/kg body weight) do not produce toxicity against mice bearing subcutaneous 
EMT-6 mammary carcinomas. It was also observed that nanoparticles were excreted 
by urine and feces [97].

On the other hand, it was reported that because of the presence of gold nanoparti-
cles ROS were generated, and also a massive cytokine release, apoptosis, necrosis or 
mitochondrial toxicity was observed [93]. Kennedy et al. reported that the toxicity of 
gold nanoparticles depends on their size and their coating and contained agent [96].
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9.3.1.3 Supermagnetic iron oxide nanoparticles

These nanoparticles have unique properties such as high magnetization, contrast 
enhancement for imaging of affected tissue/cell and targeted release of drugs. The 
properties and the fact that supermagnetic Fe3O4 nanoparticles can be synthetized by 
various techniques (Table 9.5) make them able for to be used for cancer treatment [99]. 
Also, supermagnetic Fe3O4 nanoparticles can be used for the detection of cancer in 
four different stages. The first mechanism involves the detection of the receptor on the 
surface of cancer cells; the second involves detection of unusual angiogenesis in the 
tumor microenvironment; the third mechanism involves detection of circulating tumor 
cells and the last mechanism involves the detection of soluble tumor biomarkers [100].

To eliminate the opsonization of supermagnetic Fe3O4 nanoparticles surfactants 
such as polyethylene glycol (PEG), poloxamers, and so on, are used. The most used 
surfactant to coat these nanoparticles is PEG that improves the biocompatibility, 
solubility, stability, and allows loading of therapeutic agents. Peng et al. have reported 
the synthesis of supermagnetic Fe3O4 nanoparticles with dimensions between 5 and 
30 nm and the coating of these nanoparticles with amphiphilic triblock polymers that 
allows the introduction of several functional groups [101].

Quinto et al. obtained supermagnetic Fe3O4 nanoparticles with average diameter 
of 14 nm by thermal decomposition technique and coated these nanoparticles with 
phospholipid-PEG. After that, doxorubicin was loaded into the supermagnetic Fe3O4 
nanoparticles. It was observed that this complex presented a sustained of doxorubicin 
release over 72 h, the local produced temperature was about 43°C, and the nanosystem 
was capable to determine the death of cancer cells [102].

9.3.1.4 Nanoshells

Nanoshells are represented by nanoparticles which consisting of two parts. The first 
part is represented by a dielectric core and the second part is represented by a metal-
lic shell who covering the shell (gold nanoshell) [103]. The gold nanoshell can be 
prepared by two methods. The first method involves the formation of Ag shell on the 
surface of silica nanoparticles and the second mechanism involves the formation of 
gold nanoshell by the galvanic replacement of a metallic core [104].

Table 9.5 Various techniques for synthesis of supermagnetic iron 
oxide nanoparticles [98]

Synthesis methods Advantages Disadvantages

Hydrothermal The ability to control the 
dimension of nanoparticles

High reaction time

Microemulsion The ability to control the 
dimension of nanoparticles

The use large quantities of 
solvent

Coprecipitation Rapid synthesis Oxidation
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Also, the surface plasmon resonance wavelength of nanoshells can be changed 
from NIR to visible depending on the ratio of core size and thickness of the surface 
[105].

In vivo studies confirmed the efficiency of nanoshells against various tumor cells. 
Also, in comparison with free drug, the nanoshells showed a much lower toxicity [106]. 
Morton et al. had investigated the effect of nanoshell with PEG layer on mice subcuta-
neously injected with CT26 colon carcinoma tumor cells. The treatment began in the 
moment when the diameter of tumor had between 3 and 5.5 mm. After 10 days it was 
observed the complete resorption of the tumors. The treatment continued for 90 days 
and no trace of tumor was observed after complete treatment [105].

9.3.1.5 Titanium dioxide nanoparticles

TiO2 has many applications in industry, such as paints, toothpastes, skincare products, 
and cosmetics. Recently, TiO2 was proposed by the International Agency for Research 
on Cancer as “possibly carcinogenic to humans.” Also, there are studies in which it 
was reported that TiO2 nanoparticles can cause respiratory tract cancer [107].

Fujiwara et al. had used CT26 and LL2 mouse cancer to study the effect of TiO2 
nanoparticles on cancerous cells. First time, the cells were treated with 6 nm anatase 
TiO2 nanoparticles without UV irradiation. It had been observed that induction of 
inflammatory cytokines and oxidative stress had started to grow. Also, when CT26 
cells were treated with TiO2 nanoparticles with dimensions between 10 to 70 nm, it 
was observed that the smaller nanoparticles had produced more oxidative stress and 
inflammatory cytokines than in the first case. As a solution, in order to minimize the 
toxicity and to avoid the diffusion of TiO2 nanoparticles (10 nm), these nanoparti-
cles were suspended in a collagen gel inserted into a subcutaneous tumor in a CT26 
mouse. It was observed that this complex can be successfully applied for the local 
treatment of tumors [108].

You et  al. synthetized hydrophilized TiO2 nanoparticle and administered the 
obtained nanotherapeutics to tumor-induced mice. After that, it was observed that 
nanoparticles arrived to the SCC7 tumor with the help of the enhanced permeation 
and retention effect. Also, when the ultrasound treatment began, it was observed that 
the presence of ROS and tumor growth was stopped at least 15 times compared to 
control (mice without ultrasound treatments) [109]. Sungkaworn et  al. studied the 
changing morphologies of TiO2 nanoparticles against human cervical carcinoma 
(HeLa) cells. It was observed that in comparison with the control, the sizes, the circu-
larity, and the diameters of colonies formed by HeLa cells were smaller when treated 
with TiO2 nanoparticles [110].

9.3.1.6 Aluminum oxide nanoparticles

The toxicity of Al2O3 nanoparticles had been extensively studied both in vitro and  
in vivo since 1990 [111]. Also, it was reported in many cases that Al2O3 nanoparticles 
are toxic both to the cancerous cell lines and normal cell lines [112]. For example,  
Di Virgilio et al. reported that on Chinese hamster ovary cells the Al2O3 nanoparticles 
induced genotoxic and cytotoxic effects [113].
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Lin et al. had compared the cytotoxicity of Al2O3 nanoparticles with dimensions 
of 13 and 22 nm in cultured human bronchoalveolar carcinoma (A549) with positive 
control (CeO2 nanoparticles with dimensions of 20 nm) and with negative control 
(TiO2 nanoparticles with dimensions of 40 nm). In the case of Al2O3 nanoparticles, 
it was observed that the cytotoxicity was lower than positive control and higher than 
negative control [111]. Sun et al. had reported that the Al2O3 nanoparticles may be 
a potential adjuvant for antitumor immunotherapy. They studied the cytotoxicity of 
Al2O3 in combination with tumor cell vaccine and observed a higher cytotoxicity 
against the H22 liver cancer cells, in comparison with the control (untreated BALB/c 
mice). Also, tumor necrosis was observed in the case of Al2O3 in combination with 
tumor cell vaccine [114].

9.3.1.7 Quantum dots

Quantum dots are semiconductor nanocrystals resistant to chemical degradation, high 
thermal stability, and optical properties (high brightness) [115]. Also, it was reported 
that because of their unique optical properties quantum dots can be successfully used 
in cancer imaging applications and cellular tracking [116,117].

Xing and Rao have reported two mechanisms for the accumulation of quantum 
dots at tumor sites. The first mechanism is called the active targeting and involves 
antibodies and the second mechanism is called the passive targeting, which refers to 
the enhanced permeability and retention effect [118].

Chen et al. had developed a new detection method for breast cancer, an analysis 
system compound from quantum dots–based immunofluorescence technology. It was 
reported that compared with other techniques, the quantum dots-based immunofluo-
rescence technology is more precisely, sensitive and cheaper [119].

9.3.2 Organic nanotherapeutics

Over time, many systems have been developed for the treatment of cancer. Each sys-
tem presents advantages and disadvantages for a particular type of application [88].

9.3.2.1 Polymers

The delivery systems consisting of polymer have the advantage that they are biocom-
patible, biodegradable, nontoxic, and hydrophilic. These systems are successfully 
used in cancer therapy [120,121]. Some examples of polymeric delivery systems are 
presented below.

9.3.2.2 Chitosan nanoparticles

Besides the good properties of chitosan, the most important advantage that makes it 
suitable for applications targeted release is that it can form polyelectrolyte complexes 
with DNA [120]. Arya et al. had studied the efficiency of a system that consists of 
Herceptin, gemcitabine, and chitosan nanoparticles against Mia Paca 2, PANC 1, and 
HEK293 cells. The system was prepared by ionic gelation method, and nanoparticles 
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with dimension between 150 and 250 nm were obtained. It was observed that this 
system presents an increased efficiency, which is influenced by the presence of gem-
citabine. Also, in the case of the tested system in vitro it was observed that it induces 
decreased DNA synthesis and apoptosis [122].

Park et  al. obtained nanoparticles of glycol chitosan with different molecular 
weights and tested them to analyze the difference. From in vitro tests, it was reported 
that there was no difference between the three samples. From in vivo tests (SCC7 
tumor-bearing mice), it was observed that the glycol chitosan nanoparticles with the 
biggest molecular weight are circulating in the body for a longer time [123]. Also, 
Zhang et  al. prepared oleoyl-chitosan nanoparticles loaded with doxorubicin with 
different degrees of substitution (5, 11, and 27%). The in vitro drug release showed 
that the high release of doxorubicin was achieved in the case of nanoparticles with a 
degree of substitution of 5%. The in vivo tests showed a low cytotoxicity to hemolysis 
rates and no toxicity for mouse embryo fibroblasts [124].

In another study, Kumar et al. had used mice (with lung inflammation) injected 
intravenously with chitosan nanoparticles loaded with Sertoli cells and an antiinflam-
matory compound. After 24 h, it was observed that this system was targeted delivery, 
because 90% of the antiinflammatory compound was found in the lungs [125]. Ekinci 
et  al. had synthetized a system for breast cancer diagnosis. They obtained these 
system methotrexate-chitosan nanoparticles by ionotropic gelation. After that these 
systems were radiolabeled with Technetium-99m, and their absorption in human 
breast cancer and human keratinocyte cell lines was studied. It was observed that 
Technetium-99m–methotrexate-chitosan nanoparticles present a high absorption in 
the cancer cell lines studied and in the case of the normal cells it was observed that 
these system produce minimum negative effects [126].

9.3.2.3 Poly ε-caprolactone nanoparticles

It is a class of polymers that shows both biocompatibility and biodegradability and 
this class can be successfully used for cancer therapy [120]. For applications of 
colon cancer, Ortiz et al. produced a system compound of 5-fluorouracil-loaded poly 
(ε-caprolactone) nanoparticles and gene E. This system was tested to observe the 
potential therapeutic against the SW480 human cancer cell line. The inhibition of 
proliferation by 40 times was observed, compared to the control (the nonincorporated 
drug alone) and induction of apoptosis in SW480 cells [127].

In another study, Chawla and Amiji wanted to increase the local concentration of 
tamoxifen for breast cancer applications. They prepared poly ε-caprolactone nano-
particles with dimensions between 250 and 300 nm by solvent displacement method 
and loaded them with tamoxifen. It was observed that the maximum drugloading 
efficiency was 64% and it was obtained with 50 mg of tamoxifen [128]. Mei et al. had 
reported that the system formed from docetaxel, poly (ε-caprolactone) and Pluronic 
F68 can be successfully used for the treatment of breast cancer [129].

9.3.2.4 Polyhydroxyalkanoates

Polyhydroxyalkanoates are polyesters that are synthesized by various bacteria under 
limited conditions (in the absence of oxygen, nutrients, etc.), but in the presence of 
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carbon sources [130]. The polyhydroxyalkanoates properties such as biocompatibil-
ity, biodegradability, and the fact that kinetics of drug release can be controlled by 
engineering makes these materials suitable for cancer applications [131].

For example, Choiniere and his coworkers had created a delivery system based on 
polyhydroxyalkanoates for breast cancer applications, which can be easily modified 
to incorporate a targeting molecule. In this case, folic acid was used, which improves 
the selectivity for cancerous tissues and helps to improve the efficiency of encapsula-
tion of anticancer drug, paclitaxel. Since polyhydroxyalkanoates nanoparticles are 
biocompatible and biodegradable, in this case the toxicity relate to the anticancer drug 
that is trapped inside the nanoparticles [132].

9.3.2.5 Carbon nanotubes

For cancer therapy, a candidate that draws attention for many years are carbon nano-
tubes (CNTs). The CNTs are cylindrical molecules of carbon with physicochemical 
properties that make them ideal as carriers for drugs, proteins, peptides, and so on 
[133,134]. The CNTs can be of two main types, made of a single sheet (single-walled 
carbon nanotubes—SWNT) or of several sheets (multiwalled carbon nanotubes—
MWCNT) [135].

On the market, CNTs can be functionalized to minimize the toxicity and increase 
their biocompatibility. Some of the techniques used to functionalize these CNTs are 
presented in Table 9.6 [136].

Liu et al. had studied the effect of CNTs–paclitaxel conjugate in comparison with clini-
cal Taxol against a murine 4T1 breast-cancer model. It was observed that CNTs–paclitaxel 
inhibit the tumor growth and was concluded that the enhanced permeability and retention 
effect had an essential role in offering a higher effective. Also, this system showed no 
toxicity, being released via biliary pathway [134]. In another study were used cancer cells 
(human Panc1 and HeLa) for investigating the anticancer activity of CNTs, etoposide and 
the system consisting of CNTs and etoposide. It was observed that the largest anticancer 
activity was obtained in the case of the system CNT + etoposide [137].

Also, Wang et al. had studied the anticancer effect of CNTs against PC3 cell line 
and against in a murine S180 cancer model. For in vitro tests, they tested the single-
walled carbon nanotube conjugate with docetaxel (SWNT-DTX) in the first case, and 

Table 9.6 The techniques used for functionalizing carbon 
nanotubes for biomedical applications [136]

CNT Functionalization Technique Duration

MWCNT 2.8 M HNO3 Refluxing of MWCNT  
nitric acid

72 h

MWCNT 14 M HNO3 Refluxed 18 h
MWCNT 20 mL HNO3 Sonication 1 min
SWCNT HNO3/H2SO4 Sonication 4 h
SWCNT 2.5 M of HNO3 Refluxed 2–36 h
SWCNT 2 mg/L PL-PEG-NH2 Sonication 1 h
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in the second case the single-walled carbon nanotube conjugate with docetaxel and 
linked with NGR peptide (SWNT-NGR-DTX) was tested. It was observed that in PC3 
cells at 48 h there was no difference between control (docetaxel), SWNT-DTX, and 
SWNT-NGR-DTX, but at 72 h a high difference was observed between SWNT-NGR-
DTX and the control. In the case of in vivo tests, it was observed that compared to 
control (in this case was normal saline) the SWNT-DTX and SWNT-NGR-DTX pro-
duce the inhibition of tumor growth. It was concluded that SWNT-NGR-DTX does 
not produce side effects and may be promising for cancer treatment [138].

9.3.2.6 Dendrimers

Dendrimers are branched polymeric macromolecules that can be synthesized by two 
methods: convergent and divergent. They are composed of core molecule, branches, 
and surface molecules [139].

Padilla De Jesús et  al. had produced a dendritic nanoformulation by covalent 
attachment of doxorubicin to the three-arm poly-(ethylene oxide)-polyester dendrons 
(G2). It was observed that the drug release depends on pH, the release was faster at a 
pH lower than 6. The cytotoxicity of the system on different cancer lines was reduced 
compared to the free drug, and to determine the biodistribution mice were used for 
the in vivo tests. It was observed that in the vital organs a very low accumulation 
was found [140]. Bhadra et al. had realized an extended release system of antican-
cer drug (based on 5-fluorouracil) using non-PEGylated and PEGylated (PAMAM) 
dendrimers. It was observed by in vitro studies that the PEGylation of the systems 
offers a higher load capacity and an extended drug release in comparison with the 
non-PEGylated dendrimers [141]. In another study, Shi et  al. had reported that 
dendrimer-entrapped gold nanoparticles can be successfully used for the imaging of 
cancer. Thus, they created a system of dendrimer-entrapped gold nanoparticles linked 
with folic acid and fluorescein isothiocyanate molecules, which have been success-
fully bound to a human epithelial carcinoma cell line [142].

9.3.2.7 Liposomes

One of the advantages of using liposomes for cancer treatment, besides their proper-
ties (biocompatibility, biodegradability, and stability in colloidal solutions), is that  
the cytotoxic drugs can be delivered successfully in high concentrations at the tumor 
site [143,144]. Their mechanism of action against tumors is very simple, because the 
use of liposomes in cancer applications presents two advantages. In the first place, 
it has been demonstrated that, owing to the high temperature of the tumor, a local 
agglomeration of liposomes occurs. In the second place, liposomes are designed to 
be stable at 37°C, but become unstable at higher temperatures (39°C–42°C) [143].

Cortes et al. reported that the system consisting of irinotecan hydrochloride and 
oxaliplatin coloaded liposomes showed a higher cytotoxicity in vitro (HCT-116 and 
CT-26 cells) and an in vivo antitumor activity (CT-26 bearing BALB/c mice) com-
pared to the single encapsulated drugs [145]. Also, Sriraman et  al. had obtained a 
system consisting of PEGylated doxorubicin-loaded liposomes targeted with differ-
ent receptors (transferrin, folic acid, and transferrin-folic acid). It was observed by 
in vitro tests that the system that contained transferrin-folic acid showed the higher 
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cytotoxicity against HeLa cells and A2780-ADR ovarian carcinoma cell monolayers, 
compared with the systems that contained transferrin or folic acid.

The in vivo tests carried out on HeLa xenograft model in nude mice showed for 
the system doxorubicin-loaded liposomes a tumor growth inhibition of 42%, while the 
system that contained transferrin-folic showed a tumor growth inhibition of 79% [146].

9.4 Conclusions

Nanotherapeutics can be synthesized by various methods depending on the applica-
tions where they are intended to be used. A wide variety of inorganic and organic 
nanoparticles has been investigated for their antimicrobial and antitumoral properties, 
which are the main and the most investigated applications in the current medical 
field. It was observed that the antimicrobial and antitumoral activities of such nano-
therapeutics depend on their particularities, such as dimensions, shape, mechanism of 
action, and cytotoxicity. Even though impressive advances have been made recently, 
the wide use in the current clinical practice of most nanotherapeutics remains 
restricted, main concerns referring not only to their long-term safety for the patient, 
but also to ecological and toxicological aspects.
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10.1 Introduction

To improve human health, the use of various natural, synthetic, and semisynthetic 
materials to fabricate implantable devices such as drug-eluting stents, artificial 
organs, biosensors, catheters, tissue engineering scaffolds, and heart valves is rapidly 
growing [1]. Although many kinds of implants, particularly orthopedic and dental 
implants, have been developed to repair defects, implant-mediated inflammation, 
and bacterial infections are critical issues that determine the implantation success 
[2,3]. Among different strategies adopted to control these critical aspects, surface 
modifications of biomedical materials by organic, inorganic, and composite coatings 
have attracted much interest in recent years. This is a flexible and versatile approach 
to modify biomaterial surfaces with regard to surface energy, adhesion, bioactivity, 
biocompatibility, hydrophilicity, corrosion, and degradation as well as providing spe-
cial functionality such as drug delivery and cellular differentiation by loading growth 
factors [4].

Smart design and functionalization of biomaterial surfaces with coatings highly 
depend on interactions between the surface and the surrounding tissues [5]. Generally, 
biomaterials are divided into three classes based on their interactions with the liv-
ing tissues and organs including bioinert, bioactive, and bioresorbable materials [6]. 
Bioinert materials do not form chemical or biological bond at the interface between 
the implant and the host tissue and the consequent relative movements are likely to 
cause inflammatory reactions. Several polymers (high molecular weight polyethyl-
ene and poly(etheretherketone)), ceramics (Al2O3, ZrO2), and metals (Ti and Cr-Co 
alloys) appertain to this class [6]. In order to improve the adhesion between bioinert 
materials and living tissues and organs, some strategies including cementation [7] as 
well as morphological and biological fixation are introduced [8]. The cementation 
is achieved when the prosthesis is fixed by an inorganic or a polymeric cementing 
paste. Morphological and biological fixation may occur with porous implants due 
to bone ingrowth. Although mechanical attachment of bone to the bioinert devices 
takes place using fixation methods, the adhesion problems cannot completely be 
solved. Bioactive coatings are commonly used on bioinert metallic implants (stain-
less steel, cobalt chrome alloys, titanium alloys, etc.), where no cement for fixation 
is applied. The second generation of biomaterials, called “bioactive materials,” have 
been evolved after L.L. Hench [9] who developed bioactive glasses that were able to 
bond to hard and soft tissues without any rejection. Surface modifications of bioinert 
materials with bioactive coatings have then become a golden approach to enhance 
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their biofunctionality and to resolve the fixation shortcomings. The coatings must 
include several important criteria [10]:

● Biocompatibility without immune response with the human body.
● Sufficient mechanical strength when under physiological stresses associated with locomo-

tion to not detach from the implant surface.
● Osteoconductivity to stimulate the osteoblast cells for making new bone surrounding the 

implant.
● Osteoinductivity and be able to recruit various stem cells from surrounding tissue and 

induce differentiation into osteogenic cells.
● Antibacterial property and antiinfective surface to minimize prosthetic infection.

Bioresorbable materials with a potential of gradual degrading in body environ-
ment and replacing by the living host tissue are promising candidates for the surface 
modifications of biomedical articles [11,12]. Although apatite formation might not be 
observed on the surface of some bioresorbable materials such as β-tricalcium phos-
phate [13] and natural calcite [14] after soaking in simulated body fluid (SBF) or in 
vivo condition, these materials enable to bond to living bone due to their high resorb-
ability. Bioresorbable inorganic materials and some bioresorbable polymers including 
polylactic acid and polycaprolactone have been developed and utilized for coating of 
drug-eluting stents [15].

To boost the performance of bioactive coatings, nanotechnology has opened up 
new opportunities for surface modifications of biomedical implants by mechanical 
(blasting, attrition for obtaining nanosized grains), chemical (acid etching, chemi-
cal vapor deposition  (CVD), electrochemical processes) and physical (thermal and 
plasma spray, sputtering, physical vapor deposition (PVD)) methods or by their 
combination [16]. Such evidences affect surface area, surface energy, roughness, and 
hydrophilic properties of the biomedical implants, and can thus enhance adhesion and 
epitenon cells [17], proliferation [18], endocytotic activity [19], and gene regulation 
[20] of fibroblasts [21], osteoblasts and osteoclasts [22], endothelial [23], and epithe-
lial [24]. In this chapter, a brief introduction to surface modifications of biomaterials 
based on nanostructured coatings and their potential applications are presented.

10.2 Biocompatible nanostructured coatings

Biocompatibility refers to the interaction of a living system with medical devices 
or component materials. The common definition of biocompatibility is “the qual-
ity of being compatible with living system by not being toxic or injurious and not 
causing immunological rejection” [25]. A tetrazolium-based colorimetric assay 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)), blood com-
patibility, and numerous other strategies such as mimicking cell membranes, enhanc-
ing the surface affinity for serum proteins, promoting cell adhesion, inclusion, or 
immobilization of anticoagulants are commonly utilized to evaluate biocompatibility 
[26,27]. Most of these approaches are based on an underlying hydrophilic surface. 
Hydrophilic coatings on medical devices may also be used as the basis for active 
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coatings, the elution of drugs or other species, and for imaging purposes [28]. For 
instance, contrast agents for magnetic resonance imaging (MRI) are often coated 
with polymers to increase their solubility and biocompatibility [29]; the coating of 
Ti surface with poly(amino acid) diblock copolymer nanoparticles (NPs) as a novel 
surface modification approach is introduced to load and controllably release bone 
morphogenetic protein-2 (BMP-2) for 40 days due to the decreased hydrophilicity of 
Ti substrate [30].

10.2.1 Nanocomposites based on synthetic and natural 
polymeric coatings

Poly(ethyleneglycol) (PEG), poly(lactic-co-glycolic acid) (PLGA), dendrimers mole-
cules, polyvinylpyrrolidone (PVP), and polyvinyl alcohol (PVA) are the most success-
fully developed synthetic polymers to prepare nanocomposite coating for biomedical 
applications [31,32]. Under physiological conditions, the polymers hydrolyze in the 
body and produce original monomers. Since the produced monomers are by-products 
of various metabolic pathways in the body, there is minimal toxicity with the use 
of the polymer for drug delivery, vaccine adjuvant, or other biomedical applica-
tions [31]. Among the natural polymers, polysaccharides including chitosan, sodium 
alginate, and dextran are frequently used to cover NPs. Excellent properties of these 
polymers including rapid blood clotting, biodegradability, nontoxicity, high charge 
density, gelling, and mucoadhesivity led to their wide pharmaceutical applications. It 
has further been suggested that polysaccharides may structurally mimic extracellular 
glycoprotein carbohydrate and they may play a role in reorganizing collagen fibers in 
reconstructed tissues to provide efficient physiological functioning [31]. Electrospun 
nanofibrous polymers coated by biocompatible NPs have been introduced as an inter-
esting and controllable architecture to fabricate three-dimensional (3D) scaffolds [33] 
for wound dressings and skin repair [34], tooth regeneration [35], and drug delivery 
[36]. PVA nanofibers coated by Ag NPs through dip-coating methods can be utilized 
as an antibacterial wound healing mat with high porosity and excellent pore-inter-
connectivity, which is particularly important for exuding fluid from the wound [34]. 
This polymeric nanocomposite inhibits the invasion of exogenous microorganisms 
and assists the control of fluid drainage due to its small pores and very high specific 
surface area of PVP nanofibers.

10.2.2 Coatings based on nanostructured calcium phosphates

So far, many studies have been performed to determine the behavior of different 
calcium phosphate phases under in vitro and in vivo conditions with respect to bio-
activity, osteoinductivity, and osteoconductivity [37,38]. Their long-term stability as 
well as their suitability as a corrosion-protective coating for biodegradable metallic 
implants have also been examined [39,40]. For example, in vitro studies have deter-
mined that dicalcium phosphate dehydrate (DCPD) is a promising biodegradable 
and bioresorbable coating for metallic substrates because of its high release rate of 
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calcium and phosphate ions [41]. Recently, biodegradable Mg alloys were coated with 
plate-like DCPD/MgF2 nanostructures via fluoride conversion processes followed 
by an electrochemical deposition method [42]. It was shown that the DCPD/MgF2 
coatings improved the nucleation sites of apatite more than those of the uncoated 
implants.

Additionally, clinical studies involving the implantation of dicalcium phosphate 
anhydrous (DCPA) granules in the alveolar sockets of humans showed an increased 
bone regeneration, indicating its osteoconductivity [43]. Xu et  al. [44] studied the 
effect of particle size of DCPA on the Ca and PO4 release in dental composites includ-
ing nanosilica-fused whiskers and DCPA particles at DCPA:whisker mass ratio of 
1:1. They showed that dental resin (bisphenol A-glycidyl methacrylate (Bis-GMA)) 
composites containing DCPA with an average particle size of 112 nm released Ca to 
a concentration of 0.85 mmol/L and PO4 of 3.48 mmol/L, which were more than the 
composites containing 12 μm DCPA (Ca of 0.67 mmol/L and PO4 of 1.11 mmol/L).

Several studies have demonstrated the stability of octacalcium phosphate (OCP) 
at a physiological pH and temperature, and its ability to convert to a bone-like apatite 
when exposed to slightly more acidic conditions. Wang and coworker [45] electro-
chemically fabricated a novel micro/nanostructured OCP/protein composite coating 
on titanium substrate by using an induced deposition technique. Enhanced in vitro 
adhesion of osteoblast cells to the nanosized OCP/protein coating compared with 
the microsized OCP/protein coating was observed [45]. In another study, Jiang et al. 
[39] investigated the effect of micro- and nanosponge-like OCP coatings on titanium 
surface on in vitro biological response to osteoblast cells. Enhanced MC3T3-E1 cell 
proliferation, alkaline phosphatase activity, and extracellular matrix mineralization 
on the nanocoating was shown. They suggested that the OCP nanocoating could be 
considered as a favorable implant for osseointegration in vivo.

Tricalcium phosphate (TCP) is often investigated as a biphasic coating in combina-
tion with hydroxyapatite (HA). Several studies have indicated that better biocompat-
ibility is attained when a mixture of HA and TCP ratios are utilized due to the greater 
solubility of TCP compared to HA [46–48]. Tanzer et al. [47] showed that TCP/HA 
coatings applied to titanium hip implants exhibited an increased biocompatibility 
and decreased bone loss compared to untreated implants without the coatings. Other 
researchers have successfully used antibiotic-loaded TCP to prevent bone infections 
in bovine cancellous bone defects during healing [49]. Fibroblast cell attachment on 
collagen scaffolds modified with nano-TCP and fibroblast growth factor 2 (FGF2) 
confirmed improved cytocompatibility compared with micro-TCP [50].

HA is the most attractive member of calcium phosphates with a chemical composi-
tion similar to the inorganic phase of natural bone (Ca/P = 1.67) [51]. In vitro and in 
vivo bioactivity, biocompatibility, and osteoconductive properties of HA have been 
shown in many studies [52,53]. The brittle nature of HA renders it unsuitable for use 
in load-bearing orthopedic applications [54]; however, as a coating material of metal-
lic implants, a combination of high mechanical strength of metals with superior bio-
logical compatibility of HA can be attained. Nanosized HA coatings with high surface 
area show a significant improvement in bioactivity as extracellular matrix proteins, 
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growth factors, and numerous osteogenic potential cells interact with nanostructured 
surfaces [18,20,23]. Zhao et al. [55] reported the effect of zinc-substituted nano-HA 
coatings on bone integration with implant surfaces. They showed that rod-like Zn–HA 
coatings significantly improved the bone area within all threads after 4 and 8 weeks. 
Jafari et al. [56] employed a sol–gel dip-coating method following sintering process 
to prepare nano-HA coatings on Ti-14Zr13Nb alloy for orthopedic applications. It 
was found that sintering at elevated temperatures led to a higher surface integrity and 
crystallinity of nano-HA (to ~89%) with improved mechanical strength. A better cor-
rosion resistance to biological environment was also attained [56]. Surmeneva et al. 
studied in vitro biocompatibility of nanostructured Si–HA coatings on Ti substrates 
with the aid of MTT assay, and reported good attachment and growth of MG63 
osteoblast-like cells after 7 days of incubation [57].

Recently, composites of HA with carbon nanostructures including graphene 
[58,59] and carbon nanotubes (CNTs) [60] have been prepared and utilized. Uniform 
bioactive coatings with improved mechanical strength and favorable corrosion sta-
bility were prepared from HA/graphene nanocomposite by electrophoretic deposi-
tion (EDP) on titanium [61]. EDP of nanostructured HA and HA/CNT coatings on 
Ti6Al4V alloy followed by sintering at 800°C was also examined, and increased 
surface hardness, adhesion strength, and bone-bioactivity were shown [60].

10.2.3 Nanostructured bioactive glass coatings

Bioactive glasses (BG) consist of oxides from the SiO2–CaO–MgO–NaO–K2O–P2O 
system, and are commonly used in cranial repair and dental implants [62]; however, 
their usage in load-bearing applications is limited due to their poor mechanical prop-
erties and intrinsic brittleness. The release of silicate and calcium ions are thought to 
promote the growth and osteogenic differentiation of primary osteoblast cells and acti-
vation of some families of genes in osteoprogenitor cells [63]. As a result, the chemi-
cal composition of BG and their dissolution rate in physiological environment (which 
depends on their surface area and morphology) determine bioactivity depending on 
its morphology [62,64]. BG NPs with a high surface-to-volume ratio are very inter-
esting not only because they present a larger specific surface area, but also a higher 
surface energy compared to micrometric-sized particles. Therefore, BG NPs are 
potentially very attractive for surface modifications of metallic implants and ceramic 
scaffolds due to the enhancement of bioactivity and mechanical properties. Many 
studies have focused on the development of coatings made of BG NPs and their com-
posites. For instance, Roohani-Esfahani et  al. [65] prepared a polycaprolactone/BG 
(40 nm; 30 wt%) nanocomposite coating on HA/β-tricalcium phosphate scaffolds with 
improved compressive strength and modulus; Esfahani et  al. [66] showed enhance-
ment in the compressive strength of cancellous bone extracted from an adult bovine 
femur surface modified with polyvinyl alcohol/BG nanocomposites; Rego et al. [67] 
prepared nanocomposite coatings with an architecture similar to nacre from BG NPs/
chitosan/hyaluronic acid through layer-by-layer deposition techniques. They showed 
good adhesive properties and bioactivity of the coatings for dentistry and orthopedics.



Nanobiomaterials Science, Development and Evaluation196

10.2.4 Other inorganic nanoparticulate coatings

Dense or porous SiO2 with low toxicity in vitro is commonly used to shell different 
NPs for gene and drug delivery applications. Increased cell damage has been shown 
for silica microsized particles compared with NPs [68]. Napierska et al. [69] studied 
the effect of particle size of amorphous SiO2 on human endothelial cells function, and 
they found that the exposure of human endothelial cells to nanosized SiO2 (18–54 nm) 
enhanced their adhesive properties. Besides SiO2, Au-shelled NPs have been archi-
tected for biomedicine, especially for drug delivery [70] and cancer applied hyper-
thermia treatments [71]. Hashimoto et  al. [71] compared the exposure of cultured 
macrophages RAW264.7 to Au and Ag NPs. Although an inflammatory response was 
observed for both materials, the harmful cytotoxic effects of gold were smaller than 
that of silver. As described for other kinds of nanomaterials, the interaction between 
cells and Au NPs could be mediated by unspecific adsorption of serum proteins onto 
the gold surface.

Diamond-like carbon (DLC) coatings have been emerged in orthopedic, cardio-
vascular, and dental applications due to their superior tribological and mechanical 
properties with corrosion resistance, biocompatibility, hemocompatibility, and cells 
growth without any cytotoxity and inflammation [72]. In vitro and in vivo studies on 
stents with DLC films has confirmed that the release of metal ions (Ni, Cr, Mo, and 
Mn) from the stents in contact with human plasma for 4 days was suppressed by the 
DLC coating [73,74]. In spite of several successful applications of DLC, there are 
some reports of failure of DLC coating in orthopedic implants [75,76]. A clinical 
test reported that the failure rate of the DLC-coated Ti-6Al-4V femoral head is much 
higher than the alumina femoral head because of the instability of DLC in aqueous 
environments caused by delamination or spallation [75].

10.3 Antibacterial coatings

Biomaterials-associated infections are one of the most common postoperative compli-
cations in health care environments. These infections may lead to a variety of compli-
cations such as chronic inflammation and implant failure, to delay in wound healing 
and proper tissue union, or even death [77]. Annually, about 750,000 surgical site 
infections arise in the United States that cost more than $1.6 billion in extra hospital 
charge and more than 3.7 million extra hospital days [78]. Cure of these infections is 
usually achieved by removal of the implant, debridement of all infected tissue, and 
long-term antibiotic drug therapy [79]. Several strategies have been developed to 
lower the risk of the infections after implant surgery including progressing in operat-
ing standards, minimizing the possibility of contamination during surgery, routine 
antimicrobial prophylaxis, and use of antimicrobial coatings [80]. The biomaterials-
associated infections are very recalcitrant to treatment with antibiotics. Once the 
biomaterials are implanted in the body there will be a race between the bacteria and 
the host cells. If the bacteria win the race, they adhere to the surface of biomaterials 
and produce extracellular polysaccharide, resulting in the formation of a biofilm [81]. 
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Bacteria cells in biofilms are up to 1000-fold more resistant to antimicrobial agents as 
compared with planktonic bacteria [82]. Biofilms may form on a wide variety of sur-
faces from water pipes and natural aquatic systems to medical devices and implants. 
Various kind of implants such as venous catheters, heart valves, stents, neurosurgical 
ventricular shunts, implantable neurologic stimulators, arthroprostheses, fracture fixa-
tion devices, breast implants, intraocular lenses, bone and dental implants are prone 
to be infected [83].

Current research studies are centered on strategies to prevent infections at the 
site of the implants by disrupting the ability of microorganisms to colonize on the 
surface of the biomaterials, as well as to prevent their propagation in the space sur-
rounding the implant. Physiochemical modifications of implant surfaces, decorating 
the implant surfaces with antimicrobial agents such as Ag NPs or antibiotic drugs are 
some ways to inhibit the bacterial adhesion [84,85]. The following sections highlight 
some of the most recent progress at antibacterial nanostructured coatings to decrease 
and prevent the bacterial infection of biomaterials.

10.3.1 Antibiotic-releasing coatings

Local and controlled release of antimicrobial agents directly at the implant site may 
represent an effective approach to treat biomaterials-associated infections. The local 
release of antimicrobial agents provides a high concentration of the therapeutics at 
or near the desired target tissue, which reduces systemic side effects [86]. Recent 
studies have shown the effectiveness of local drug delivery to prevent bone infections 
and/or promote osteointegration [87,88]. The antibiotic-releasing coatings can act as 
reservoir for the antibiotic drugs and allow drug release during the implantation time 
or for a special period of time inside the body. In order to achieve an optimal effect 
of the drugs, many parameters such as physicochemical nature of the used coating 
material and the drug, porosity, thickness, and preparation method should be taken 
into consideration. Moreover, molecular weight and drug solubility in water as well as 
drug/coating affinity and interaction can influence the drug release behavior from the 
coatings. In a recent study, Ordikhani et al. [89] have utilized chitosan as a biodegrad-
able carrier and vancomycin as an antibiotic drug model to modify the surface of bone 
implants. In vitro antibacterial assay against Gram-positive Staphylococcus aureus 
bacteria determined the effect of vancomycin release on preventing bacterial adhe-
sion and reduction of infection risk. To enhance the bone-bioactivity and drug-release 
capacity of the coatings, BG NPs were incorporated into the chitosan–vancomycin 
coatings. The nanocomposite coatings exhibited high bone-bioactivity in terms of 
apatite-forming ability in simulated body fluid and showed better cellular affinity as 
compared to the chitosan coatings [90]. However, the elution kinetics of vancomycin 
from chitosan-bioactive glass nanocomposite coatings revealed a high initial burst 
release of the drug within the first elution step [90]. The burst release can be unde-
sirable because it causes a high drug loss and adverse side effects or tissue irritation 
in vivo [91]. To overcome these limitations, Ordikhani et al. [92] introduced a mul-
tilayer chitosan-bioactive glass nanocomposite coating with a prolonged sustained 
vancomycin release for up to 6 weeks with a zero-order release kinetics (Fig. 10.1a). 
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Similarly, Patel et al. [93] developed chitosan-bioactive glass nanocomposite coatings 
containing ampicillin with a long-term drug delivery capacity over 10–11 weeks, 
and appropriate antibacterial effect against Streptococcus mutants (Fig. 10.1b) [93]. 
Chitosan matrix coatings containing graphene oxide (GO) nanosheets [94], Laponite 
nanolayers [95], and gelatin nanospheres [96] have also been used to locally deliver 
antibiotic drugs to combat implant-associated infections. Ciprofloxacin-loaded chi-
tosan nanoparticle-based coatings on titanium implants exhibit a strong antibacterial 
efficacy against nosocomial strains of S. aureus bacteria, approximately 20 times 
more reduction than controls [80]. No interfering with MG63 osteoblast-like cells 
proliferation, adhesion, and gene expression up to 2 weeks is also noticeable [97].

Figure 10.1 (a) Cumulative drug release in PBS solution at 37°C for multilayer 
nanocomposite coating as compared to monolayer nanocomposite coatings prepared from 
chitosan/BG suspension containing 2 mg/mL vancomycin [92]; (b) Antibacterial tests of the 
ampicillin-loaded BG nanoparticles coating against Streptococcus mutants using an agar 
diffusion plate. Antibacterial effective zone was formed around the ampicillin-loaded coating 
at 24 h and was maintained and even increased for up to 5 days, which was not observed in 
the coating without ampicillin loading, confirming the efficacy of the drug delivery through 
the composite coating layer [93]; Bactericidal activity of TiO2 nanostructures with two 
diameters of (c) 100 nm and (d) 50 nm with and without UV irradiation [120].
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Besides chitosan coatings, poly(D,L-lactide-co-glycolide acid) PLGA coatings 
have been utilized to temporarily and locally deliver antibiotics after implantation in 
the treatment of periodontal and bone infections [98]. In vitro drug release studies 
illustrated that the drug-loaded PLGA films were capable of effectively delivering met-
ronidazole in a controlled way, that is 80% drug released within 2 weeks of incubation 
[98]. Resorbable and biocompatible thin silica hydrogels films containing vancomycin 
showed bactericidal properties against S. aureus and a great promise to prevent and 
treat bone infections [99].

Besides polymeric materials, nanoporous inorganic coatings on implants such 
as aluminum oxide [100], titanium oxide [101], and porous silica [102] can also 
provide sustained release of therapeutics. For example, titania nanotubes–loaded 
gentamicin exhibited effective results in minimizing initial bacterial adhesion with 
no adverse effects on adhesion, proliferation, and differentiation of osteoblast pre-
cursor cells [101]. Titania nanotubes capped with HA coating exhibited better drug-
loading capacity of gentamicin (800 μg/cm2) compared to the bare anodized substrate  
(660 μg/cm2) [103]. Besides orthopedic implants, middle-ear prostheses are prone to 
infections, which may result in healing disorders after surgery and the extrusion of 
the implants. To this end, Hesse et  al. [102] introduced nanoporous silica coatings 
as a drug delivery system for ciprofloxacin and they studied the impact of either 
a “slow release” or a “burst release” of ciprofloxacin in the infected middle-ear of 
white New Zealand rabbits. Their results showed a better outcome for animals of the 
burst release group [102]. The kinetics of drug release is an important issue, which 
influences the outcome of drug-releasing coatings. Fast release provides high doses 
of drugs in limited time with short-term actions, while slow release of drugs may not 
reach the required therapeutic level, and can cause bacterial resistance at the release 
site [104]. However, the high dosage of burst release may cause severe side effects 
inside the body.

10.3.2 Silver-release coatings

Although considerable research studies have been conducted on the efficacy of nano-
structured drug-releasing coatings, clinical effectiveness of these implants is mainly 
dependent on the infections caused by bacteria that are sensitive to the used antibiot-
ics in their surface modifications [105,106]. On the other hand, with the emergence 
of antibiotic-resistant strains of bacteria, the need for new classes of disinfection 
materials has increased [107]. Silver NPs are one of the most promising antimicrobial 
agents, which have been widely used in the formulation of many biomedical applica-
tions such as drinking water filter [108], textile fabrics [109], wound dressing [110], 
and implant coatings [111].

Recent studies have shown that Ag NPs can provide efficient antimicrobial prop-
erties mainly because of their high surface-to-volume area, which results in better 
contact with microorganisms and penetration inside them. Silver NPs interact with 
sulfur-containing proteins on the bacterial membrane and the phosphorus-containing 
compounds like DNA inside the bacteria [112]. The antibacterial properties of Ag 
NPs larger than 10 nm is mainly attributed to the release of silver ions (Ag+) [113]. 
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The mechanism of inhibitory action of Ag+ on microorganisms is based on the loss of 
DNA replication ability and inactivation of cellular proteins [114].

One promising approach to provide antimicrobial coatings on the surface of bio-
materials is incorporating Ag NPs into the biocompatible coatings. There are several 
methods to introduce silver NPs into the coatings, such as sol–gel [115], layer-by-layer 
assembly [116], electrophoretic deposition [117], and arc plasma deposition [118]. 
Tian et  al. [111] showed that silver nanoparticle–doped HA coatings had excellent 
antimicrobial activity toward both Gram-negative Escherichia coli and Gram-positive  
S. aureus bacteria, without impeding the human bone marrow stromal cells proliferation, 
attachment, and osteoinductivity [111]. Polyelectrolyte-silver nanocomposite coatings 
containing polyethyleneimine as polycations, poly(sodium 4-styrenesulfonate) as poly-
anions and negatively charged Ag NPs exhibited strong antimicrobial effects against 
three Gram-negative bacterial strains with strong adhesive properties including E. coli, 
Aeromonas hydrophila, and Asaia lannenesis [116]. The antibacterial activity and 
cytotoxicity of silver-containing coatings are directly proportional to the silver content 
embedded in the matrix. For example, by increasing the amount of silver ions the bio-
activity and biocompatibility of the calcium silicate glasses–based coatings decreased, 
while the antibacterial activity of the films against the S. aureus increased [119].

The antibacterial potency of Ag NPs can be enhanced in combination with titanium 
dioxide nanotube arrays, owing to electrical coupling between Ag NPs and TiO2 
nanotubes and improved hydrophobicity of the coating [120]. In a recent study, Jia 
et al. [121] developed hierarchical TiO2/Ag coating with a sustained release of Ag+ up 
to 4 weeks. The resultant coatings showed “trap-killing” antimicrobial potency with-
out negatively affecting cell functions of osteoblast-like MG-63 in vitro or causing 
serious inflammatory response in a rabbit model in vivo [121]. Ultraviolet (UV) irra-
diation also enhances the antibacterial efficacy of TiO2 coatings, as Esfandiari et al. 
[120] have shown; a decrease in the number of bacteria colonies upon UV radiation 
for two different sizes of TiO2 nanotubes (100 nm and 50 nm) have been demonstrated 
(Figs. 10.1c and 10.1d).

PEEK coating containing BG and Ag NPs show antibacterial properties as well 
as better cell attachment and spreading behavior in in vitro experiments using E. coli 
bacteria and MG-63 osteoblast-like cells, respectively [117]. Composite orthopedic 
coatings containing chitosan/BG/Ag NPs deposited on the surface of stainless steel 
support proliferation of MG-63 osteoblast-like cells up to 7 days of culture [122]. 
The low released concentration of Ag+ ions (<2.5 ppm) is efficiently inhibit activity 
of Staphyloccocus aureus up to 10 days [122].

Silver NPs are mostly made by physical and chemical methods that can be accompa-
nied with toxic substances to be absorbed onto their surfaces [123]. Green synthesis of 
Ag NPs, as a safe, cost-effective, and ecofriendly method [124], does not require elabo-
rate processes such as multiple purification steps and microbial culture maintenance 
[125]. Ciobanu et al. [126] deposited HA-Ag NP layers on porous polyurethane scaffold 
through HA biomimetic deposition combined with silver ions reduction from AgNO3 
solution [126]. Their results showed that by deposition of Ag NPs on the surface of HA/
polyurethane scaffold, the antimicrobial activity against either E. coli or S. aureus bac-
teria has attained high values, up to 94.3% and 92.5% respectively [126]. Mishra et al. 
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[127] synthesized monodispersed and crystalline PVA-capped Ag NPs through a green 
facile microwave irradiating approach. They incorporated the PVA-capped Ag NPs in 
chitosan matrix and deposited on the surface of titanium substrates by “spread cast-
ing” followed by solvent evaporation. In vitro bactericidal activity against E. coli and  
S. aureus showed that the resultant coatings kept their antimicrobial activity for 8 h due 
to the slow sustained release of silver ions [127]. Starch-capped Ag NPs incorporated 
into nanoporous silica coatings on titanium surface also exhibited strong antibacterial 
properties. The resultant coatings not only killed the adherent bacteria but also decreased 
the extent of biofilm formation by more than 70% compared to the control [128].

Animal studies have determined promising achievements by the incorporation 
of Ag NPs into the coatings. Secinti et al. [129] demonstrated the effect of Ag NPs 
coated on screws in bacteria-infected rabbits. They observed that biofilm formation 
was inhibited on all silver-coated screws, but all uncoated screws developed a biofilm 
on their surfaces [129]. Although the use of Ag NPs in biomaterials’ coatings has 
shown a great promise in lowering the risk of infections in vitro and in animal mod-
els, this area needs more research, especially to reveal the potential adverse effects of 
circulating the NPs in human body.

In addition to Ag NPs, other nanoparticles such as zinc oxide, tungsten oxide, 
titanium dioxide, copper oxide, and magnesium oxide have shown reasonable anti-
bacterial and antibiofilm properties [130,131]. Memarzadeh et al. [130] studied the 
minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) values of zinc oxide and tungsten oxide nanoparticulate coating against  
S. aureus, E. coli, Staphylococcus epidermidis, and Pseudomonas aeruginosa bac-
teria. Their findings showed that 2500 µg/mL or above of the oxides were required 
to kill the species of bacteria tested. They also observed that while tungsten oxide 
was more effective in suspension using growth inhibition tests, the coated samples 
with zinc oxide was more bactericidal. Abdulkareem et al. [131] studied bactericidal 
potential of nanoparticulate coatings based on zinc oxide, HA, and a combination of 
both deposited on the surface of titanium substrates. A better antibacterial activity of 
ZnO NPs and the zinc oxide/HA composite coatings compared with pristine HA and 
the uncoated titanium surface was shown [131].

10.3.3 Other antimicrobial coatings

Apart from antibacterial release coatings, bacterial antiadhesive nanostructured coat-
ings have been gained considerable research interests in biomaterial applications and 
health care environment. The surface characteristics of biomaterials such as topogra-
phy, roughness, chemistry, hydrophilicity, surface charge, and energy play important 
roles on protein absorption and subsequently bacterial adhesion and biofilm forma-
tion [132]. Thereby, by manipulating the surface properties of biomaterials such as 
coating with bactericidal materials, a new class of antibiofilm-formation coatings 
without the use of antibiotic drugs or Ag NPs have been introduced. For example, 
nanostructured noble metal coating consisting of palladium, gold, and silver showed 
appropriate antiadhesive properties against S. aureus bacteria in vitro, without imped-
ing osseointegration in vivo [133].
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Nanostructured silica–copper films also showed potential applications for the 
reduction of microbial environmental contaminations [134]. Chitosan polymeric 
coatings have exhibited strong antimicrobial properties [135]. The antimicrobial 
mechanism of chitosan is mostly attributed to the interactions between charged 
amino-groups of chitosan with anionic groups on the bacteria cell walls, which 
enhance the cell-wall permeability and consequently causing osmotic imbalances and 
intracellular protein leakage [136]. Another proposed mechanism is to subdue bacte-
rial growth by inhibiting enzymes via chelating transition metal ions [136,137]. The 
incorporating of GO nanosheets [94] could increase bactericidal capacity of chitosan 
coatings due to both membrane and oxidative stress as well as the direct contact of 
the sharp edges of the GO sheets with bacterial cell membranes [138]. Santos et al. 
[139] observed that the antimicrobial activity of a nanocomposite film containing 
poly-N-vinyl carbazole polymer containing GO was 90% more effective in preventing 
bacterial colonization relative to the unmodified surface.

Recent researches have shown that while antiadhesive nanostructured coatings are 
more biocompatible, active release therapeutic agents are more effective in the prevention 
of bacteria adhesion and biofilm formation [140]. However, toxicity issues and the emer-
gence of microbial resistance compromise their applications; hence, there is an urgent 
need for translational science of these strategies. Close collaboration should be between 
the materials scientists, biologists, and clinicians in the development of nanostructured 
antimicrobial coatings to successfully combat biomaterial-associated infections.

10.4 Conclusion and future directions

When biomedical devices and implants come in contact with physiological envi-
ronment, bioactivity, biocompatibility, and degradation are strongly dependent on 
their interactions with the surrounding tissues. Therefore, surface modifications of 
implants and medical devices to make them as compatible as with the body are very 
important and crucial. Many studies have determined that cell responses to surfaces 
with nanostructured features are different to microtextured surfaces due to the specific 
surface area, surface energy, roughness, and hydrophilic properties of nanotextured 
surfaces. The contents of this chapter propose a good opportunity to researchers from 
academia and industry to discuss the achievements in this field and outline future 
directions in terms of technological developments and product commercialization in 
the fields of biomedical devices.
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11.1 Introduction

Nanomaterials are small-scale (<100 nm) materials with distinct optical, magnetic, 
electrical, and mechanical properties generated by molecular engineering. They are 
thought to enhance the properties of virtually all types of materials (Royal Society, 
2004), and the use of these products with distinct properties is becoming even more 
prominent [1]. Nanomaterials bearing these unique chemical and physical properties 
can be used in various application fields such as biotechnology, medicine, electron-
ics, photonics, telecommunication, aerospace, and energy [2]. Optical, electrical, and 
mechanical characterization of nanomaterials is a challenging issue for researchers 
[3] and several different optical microscopy techniques can be used to study nanoma-
terials [4]. Additionally, for the use of nanomaterials in regenerative medicine studies 
with stem cells (SCs), phototherapy, drug/gene delivery, and imaging, the interaction 
of the materials with cells has to be determined [5]. Thus, this section describes physi-
cal and chemical properties of nanomaterials, techniques for characterization and  
in vivo and in vitro interactions of nanomaterials.

11.2 Structural characterizations using microscopy 
techniques

Several types of optical microscopy, scanning probe microscopy (SPM), and electron 
microscopy (EM) may be accounted as advanced microscopy since they can produce 
high-resolution images at micrometer to subnanometer scale. All of these techniques 
have different advantages and disadvantages in studying nanomaterials.

1. Optical microscopy can monitor various species with great temporal resolution, but has lim-
ited spatial resolution due to diffraction of light through the microscope and light scattering 
in thick samples.

2. SPM techniques can image samples in subnanometer resolution, but cannot track multiple 
materials at the same time and cannot effectively image large surfaces.

11
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3. Electron microscopy techniques can produce excellent detail at the subnanometer scale, but 
only conductive, dry samples are compatible with EM imaging [4].

Therefore, the choice for advanced-microscopy techniques to image a nanomate-
rial strictly depends on the information to be investigated and the desired resolution.

11.2.1 Optical microscopy techniques

In order to observe micron-level samples with a certain resolution, optical microscopes 
can be used. Advanced magnification is not possible in optical microscopes due to 
limitations in light wavelength. Therefore, to observe submicron size samples, more 
advanced imaging techniques such as SEM, TEM, and AFM have been developed.

11.2.2 Scanning probe microscopy techniques

SPM is a group of techniques used in the characterization of nanostructures with 
atomic or subatomic resolution spatially that includes atomic force microscopy 
(AFM) and scanning tunneling microscopy (STM) [6–10]. By bringing a small 
sample probe into close proximity with the sample, SPM measures the interaction 
between these and an image is then generated by scanning the tip of the probe and 
collecting data pixel by pixel, which can be constructed as a three-dimensional (3D) 
display. SPM techniques are very useful in direct characterization of the surface 
of materials with high spatial resolution without a laborious specimen preparation 
process. They allow nanoscale observation and thus are best for characterization of 
nanomaterial structure [11].

11.2.3 Atomic force microscopy

AFM is an SPM technique with high resolution that is used for real-time imaging 
and ability to monitor surface topography at nanoscale. It is possible to investigate 
electronic structure and chemical bonding of atoms and molecules using AFM. This 
technique utilizes a sharp tip located at the end of a microcantilever and recognizes the 
interaction between this tip and the sample surface [12]. The radius of the tip ranges 
between a few angstroms with carbon nanotube (CNT) tips to a few nanometers with 
silicon-based tips and recognizes a potential resulting from van der Waals, chemical, 
electrostatic, capillary, and magnetic force interactions with the surface that changes 
with distance from the surface [13]. When the tip is brought closer to the sample, the 
cantilever is deflected due to increase in intermolecular forces. This deflection can 
be tracked using the laser displacement that is reflected off the cantilever and can be 
imaged onto a photodiode array. The resolution is dependent on the size of the tip and 
reaches 0.1 nm in vertical and 0.5 nm in lateral directions under optimal conditions [12].

AFM scanning is performed either by contact or tapping. When imaging is per-
formed when the tip is in contact with the sample, the overall force is repulsive and 
this type is called static or contact mode of AFM. Tapping mode is performed by 
oscillating the cantilever at its resonant frequency with limited interaction between 
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the tip and the specimen. The surface properties are determined by the change in 
the amplitude, phase, and frequency of the oscillations according to the tip–sample 
interactions. Amplitude modulation is the most common use in the noncontact mode 
where changes in the amplitude and phase of the oscillations provide the informa-
tion for imaging [14]. Changes in amplitude provide information about the surface 
topography, while changes in phase discriminate between different types of materials. 
Therefore, surface topography, adhesion forces, viscosity, and rigidity can be inves-
tigated using noncontact AFM [15]. Another application of AFM is scanning force 
microscopy that enables nanomechanical studies by measuring magnetic, frictional, 
molecular, and electrostatic interaction forces. AFM is a more useful method for non-
conductive nanomaterials [16,17].

11.2.4 Scanning tunneling microscopy

Another influential SPM technique is STM [18], which is based on monitoring the 
tunneling current between a sharp metal tip and the sample. Unlike AFM, STM tip 
does not usually touch the surface of the specimen, but a voltage between a few mil-
livolts and a few volts is applied between the tip and the specimen and the tunneling 
current is measured. When the tip touches the surface of the specimen, the voltage 
will end up in an electrical current, but when the tip is further away, the system is an 
open circuit and the current will be zero. In fact, the distances between the tip and 
the surface of the specimen is extremely small, about only 0.5 to 1.0 nm, or only a 
few atomic diameters long, and electrons can tunnel between the tip and the surface 
creating a tunneling current. This current strictly depends on the distance between the 
tip and the surface. The distance between the tip and the surface of the specimen is 
controlled with a piezoelectric element attached to the STM tip and an electrical volt-
age. This voltage is adjusted to hold the tunneling current constant in the z direction, 
thus keeping the distance between the surface of the specimen and the tip constant 
using feedback electronics [19]. STM is useful for detecting and characterizing con-
ductive samples such as CNTs and graphine layer. The instrument can also be used 
to move single nanotubes, molecules, and metal ions on smooth surfaces with great 
precision [20].

11.2.5 Electron microscopy techniques

EM is highly capable of analyzing nanoparticles to investigate their size, shape, and 
aggregation state, and also can aid interpretation of information generated using other 
techniques; hence considered one of the most powerful techniques in investigating 
nanomaterials [21]. For high-resolution imaging, electromagnetic radiation with 
shorter wavelengths, such as electron beams, must be utilized. The development of 
electron microscopes has enabled researchers to achieve magnifications of the order 
of one million and resolution of up to 0.1 nm. When an electron beam encounters the 
sample, electrons can be transmitted, diffracted, or backscattered generating measur-
able signals. Electrons may also get diffracted by particles oriented toward the beam, 
generating crystallographic information. Additionally, the electrons in the beam may 
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encounter atoms in the sample, causing the electrons in the beam to be scattered back 
or remove more electrons from the atoms of the specimen. Because these processes 
increase the atomic number of the atom, backscattering and secondary electron 
generation are more effective. There are two main types of electron microscope the 
transmission EM (TEM) and the scanning EM (SEM) [22].

11.2.5.1 Transmission electron microscopy (TEM)

TEM is applicable for investigating particle size, shape, surface layers, or absorbates 
with high spatial resolution [23,24]. Recently, the technique has been improved so 
that the structural changes in nanoparticles resulting from interactions with substrates 
at gas, liquid, or solid phases can be studied. A modern TEM can image atoms in crys-
talline specimens with a resolution about 0.1 nm, which is smaller than interatomic 
distance. Additionally, a single nanocrystal can be chemically analyzed quantitatively 
by focusing an electron beam to a diameter less than 0.3 nm. Such analyses are essen-
tial for the characterization of materials at a differing length ranging from atoms to 
a few hundred nanometers. TEM can also be used to investigate particle shape, size, 
crystallinity, and interparticle interaction of nanomaterials [25]. Using two condenser 
lenses, a monochromatic electron stream from an electron gun is focused to form a 
beam. High-angle electrons in the beam are eliminated by the condenser aperture 
before they reach the sample to be analyzed. It is also essential that the sample is thin 
enough to permit some electrons in the beam to transmit through the specimen. Some 
electrons are elastically and inelastically scattered in the forward direction, while 
others are unscattered due to interactions between the beam and the specimen. The 
detected signal contains information about the sample.

Although TEM imaging has many advantages, it still exhibits several challenges 
such as image overlapping. In image overlaps, the surrounding matrix usually masks 
the supported nanoparticles. However, occasionally an epitaxial relationship between 
the nanoparticles and their support can provide information about size and shape. 
Besides, the electron beam irradiation in the usual high-resolution imaging conditions 
may cause damage to the nanoparticles. High-resolution transmission electron micros-
copy (HRTEM) generates images of the crystalloid structure of a sample at an atomic 
scale making use of the interference of the electron wave with itself in the image plane. 
Each imaging electron interacts with the specimen in an independent manner, the 
electron wave undergoes further phase change and interference as it goes through the 
microscope’s imaging system. In order to obtain structural and chemical information 
with a spatial resolution at atomic level, such as the oxidation state of an element, TEM 
can be complemented with electron energy-loss spectroscopy (EELS) [21].

11.2.5.2 Scanning electron microscopy (SEM)

SEM is capable of imaging almost any surface with a resolution of about 1 nm. 
The properties of the electron probe and the interaction of the probe with the speci-
men determines the image resolution of SEM. Unlike TEM, SEM is inadequate for 
characterizing nanoparticles, because in some cases SEM is unable to differentiate 
nanoparticles from the substrate. The situation is worse when the nanoparticles under 
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investigation tend to adhere to each other to form agglomerates. Still, surface topol-
ogy, morphology, and chemical composition can be studied using SEM. Its high-res-
olution capability enables researchers to probe nanomaterials with critical structural 
properties. Nonetheless, SEM can provide information on the purity of a nanoparticle 
and an insight on their degree of aggregation.

11.2.6 Energy-dispersive X-ray analysis (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is a technique used in combination with 
SEM and enables the analysis of near-surface elements and their amount at different 
positions providing a map of the sample. The material being examined determines the 
energy of the emitted X-rays. The X-rays are produced in a region about 2 microns 
deep, making EDX not a true surface science technique. Electron beam is moved 
across the material and an image of the elements in the specimen can be formed; 
however, due to low X-ray intensity, image generation usually takes a couple of hours. 
If the nanoparticles near or at the surface of a specimen are heavy metal ions, such 
as Au, Pd and Ag nanoparticles, the composition and the amount can be estimated 
with EDX; however, elements with low atomic numbers are difficult to detect because 
the Si–Li detector protected by beryllium window is unable to detect elements with 
atomic number below 11 (Na). Various X-ray techniques are utilized for the charac-
terization of nanomaterials such as X-ray absorption fine structure (XAFS), X-ray  
photoelectron spectroscopy (XPS), small-angle X-ray scattering (SAXS), and  
X-ray diffraction (XRD) nowadays. For analyzing chemical composition, spectrosco-
pies based on X-rays are useful, which include X-ray absorption spectroscopy (XAS) 
such as extended X-ray absorption fine structure (EXAFS), XPS, X-ray absorption 
near-edge structure (XANES), EDX, and X-ray fluorescence spectroscopy (XRF). 
These techniques mostly make use of the radiation absorbed or emitted by the sample 
after X-ray excitation (except for electrons in XPS). The spectroscopic techniques 
can be used for elemental analysis since spectroscopy properties are characteristic to 
specific elements [21,26].

11.3 Biomechanical properties

Molecules that have strong conjugation with the neighboring molecules end up with 
high mobility scores. Therefore, characterizing optical, mechanical, and electrical 
properties of newly developed molecules has always been an issue for researchers. 
On the other hand, mechanical properties of the materials are fundamentally related 
to stress and strain. By introducing structural changes in nanomaterials, mechani-
cal property and structure correlation can be established. Thus, characterizing 
mechanical properties of nanomaterials is essential both for scientific purposes and 
device application. Quantifying mechanical properties of the nanomaterials will 
enable researchers to determine the operating limit of these materials in applicable 
devices [3].
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The mechanical properties of nanomaterials would be enhanced than bulk materi-
als, if their chemical stability could be enhanced. It is known that CNTs have excel-
lent mechanical properties. Bulk ceramic and metallic materials, effect of porosity, 
grain size, and particle-filled polymers and polymer composites, superplasticity, and 
CNT-based composites are studied under “Mechanical Properties of Nanoparticles”. 
The study of mechanical properties of nanomaterials is a basic interest, because it is 
very challenging to produce macroscopic materials of such great density with grain 
size less than 100 nm. Two materials, polymers that contain nanoparticles or nano-
tubes and severely plastic-deformed metals attract great interest for their potential 
industrial importance as they exhibit outstanding properties. However, the latter are 
not accounted as nanomaterials because of their large grain size. Procedures for stud-
ying mechanical properties of bulk nanomaterials are usually very limiting, because 
producing samples with defined porosities and grain sizes are strictly required [27].

Biomechanics is the study of movement and structure of living things using 
mechanical laws. Mechanics is a branch of physics that deals with motion and the 
forces that create motion. Motion can be created in living things as a consequent of 
forces such as a stimulus for growth and development. With the help of mathematical 
and conceptual tools, biomechanics help us understand how living things move and 
how we can improve movement to make it safer when needed [28].

11.4 Cell/biomaterials interactions

Cells of an organism obtained from any tissue require surface attachment to be able 
to proliferate, execute cellular activity, and maintain vitality. Therefore, it is very 
important that the cells utilized in tissue engineering applications to attach to the 
surface of the tissue scaffold. Furthermore, the molecular and topographical structure 
of the biomaterial forming the tissue scaffold is essential for the development of a 
microenvironment that mimics the extracellular matrix. Biological activities of the 
cells used in tissue engineering applications such as cellular growth, differentiation, 
and proliferation are regulated with stimuli from extracellular matrix (neurotransmit-
ters, hormones, etc.). These signals are received by the cells using specific receptors 
on the cell surface [29]. In order to convert these signals into cellular responses, a 
complex cellular mechanism including molecules made of up carbohydrate, protein, 
and generally glycoconjugate plays a role. Carbohydrates found on the cell surface 
regulate the communication between the cell and its environment. The carbohydrate 
subunits of the glycoconjugates on the surface of animal cells regulate the adhesion 
of cells onto surfaces, act as receptors (integrins) or function as ligands (fibronectin, 
laminin, etc.) [30].

Nonspecific chemical interactions (electrostatical forces, van der Waals interac-
tions, etc.) as well as receptor–ligand interactions are important in the attachment 
of a cell to the surface. Although there is constant nonspecific chemical interaction 
between interacting cells and the surface, specific receptor–ligand interactions are 
only achieved through the expression of the receptor molecules on the cell surface that 
recognize ligand molecules by their functional groups [30]. Once the cells adhere to 
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the tissue scaffold, a series of physical and chemical reactions begin between the cells 
and the scaffold surface. After the placement of the tissue scaffold in the body or in 
cell culture, adsorption is initiated by cell surface molecules. These focal adhesions 
make up the primary cellular domains of complex assemblies that consist of cytoplas-
mic and transmembrane proteins and the integrin receptors [31].

11.5 Stem cells

Long-term cell division, proliferation potential and self-renewal capabilities of stem 
cells (SCs) earned them a central place in the field of regenerative medicine, particu-
larly in tissue engineering. SCs can be isolated from various sources such as bone 
marrow, cord blood, cord matrix, peripheral blood, and adipose tissue [32]. Although 
therapeutic cloning seems to be a possibility in tissue engineering, the technology to 
precisely control stem cell behavior under culture conditions is still under develop-
ment. For instance, a recent study reporting successful osteogenic differentiation of 
SCs for tissue engineering when gold nanoparticles were used in culture suggests 
the importance of including nanoparticles in culture [33]. Advances in nanomaterial 
research will definitely facilitate the advances in stem cell research. Scaffolds utiliz-
ing nanomaterials may assume specific roles in tissue engineering applications using 
SCs. Although research is ongoing on this topic, various limitations are encountered 
routinely. Several studies have reported different influences of nanoparticles on differ-
ent cell lines based on the type and size of the particles; however, studies investigat-
ing interactions between nanoparticles and SCs are inconclusive [34–39]. Cytotoxic 
effects, genetic analysis, and histological evaluation of SCs in nanomaterial-based tis-
sue engineering applications urgently need to be studied in order to approve biosafety 
of use of nanoparticles in stem cell cultures [40–42].

11.6 Biocorrosion

Nanomaterial research is leading to novel and exciting applications, because of 
unique properties of nanomaterials such as high grain boundary volume fraction and 
extremely fine grain size [43]. Nanomaterials lie in the high-energy local-minima 
region and are thermodynamically metastable; however their kinetics is rapid, thus 
retaining active metal nanoparticles is very challenging. They are prone to attack and 
transformation, which may cause poor corrosion resistance, phase change, high solu-
bility, deterioration, and difficulty in retaining structure [27].

In most laboratory investigations, the cause of corrosion is primarily attributed to 
microbes, instead of CO2 or other factors that cause corrosion [44].

Corrosion was associated with microbes as early as 1910 [45,46]. It is known 
that the presence of microorganisms on surfaces affect the performance of the mate-
rial; and such microbial growth on surfaces, namely biofilms, promote biofouling. 
Biofilms may also promote undesired physicochemical reactions that do not occur 
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under abiotic conditions. For metallic materials, formation of a biofilm or a biofoul-
ing layer that cause changes in the material’s properties are called biocorrosion or 
microbially influenced corrosion (MIC) [47]. Biocorrosion or MIC refers to the 
rapid deformation of metals due to biofilms on their surfaces. Although biocorrosion 
and microbial corrosion suggest microbes as the main cause of corrosion, the term 
MIC does not specify whether the microbe association is direct or indirect. Recent 
investigations on biocorrosion mostly focused on the effect of mineralization on the 
surface of metallic materials and the effect of extracellular enzymes of the biofilm on 
electrochemical reactions such as redox reactions at biofilm–metal interface [45–47].

Anaerobic iron corrosion results from electron loss from elemental iron (Fe0) 
that releases soluble ferrous iron (Fe+2). Under anaerobic conditions, the elec-
trons must be accepted by an oxidant other than oxygen [44] and it is important 
to identify the terminal acceptor in corrosion research. Several biocorrosion stud-
ies have focused on biocorrosion of aluminum and its alloys in jet fuels by fungal 
contaminants, corrosion of steel due to sulfate-reducing bacteria (SRB), strategies 
to monitor biocorrosion in industrial water systems, and electrochemical techniques 
for evaluating the effects of biocorrosion [48].

It has been shown that Cu-containing stainless steel has high antibacterial activity 
(99.9%) against Escherichia coli and Staphylococcus aureus, but for this efficiency, 
Cu concentration must be at least 5 wt.%. Such high Cu content creates a Ti2Cu inter-
metallic phase that rapidly deteriorates mechanical properties of the steel. In addition 
to that, Ag has even higher antibacterial ability than Cu and has been used in antibac-
terial coatings and alloys [49].

The research is now more focused on the manufacture of materials or coatings that 
have greater abrasion and corrosion resistance [43].

Nanomaterials have distinct physical, chemical, and physicochemical properties; 
therefore nanocoating is becoming a hot topic in nanotechnology applications for 
prevention and management of corrosion. Nanocoating is the integration of nanoparti-
cles in the coating material forming denser products and provide enhanced properties 
regarding thermal and electrical conductivity, corrosion resistance, chemical resist-
ance, and better surface appearance [50,51]. Examples of these are antimicrobial 
coatings with enhanced corrosion resistance, zeolite coatings, and epoxy coatings, as 
well as titanium coatings with hydroxyapatite nanoparticles that are used in biomedi-
cal implants [43,51].

Despite their wide use in medical devices for their ability to resist corrosion, 
their biocompatibility and mechanical properties, titanium and its alloys may cause 
loosening or even the failure of implants due to bacterial infections, because they do 
not have antibacterial activity [49]. Additionally, magnesium and its alloys have been 
shown to have outstanding biocompatibility in several studies; however, their ten-
dency to undergo swift degradation and corrosion usually damages the surrounding 
tissue and limits their clinical applications [52].

Early implant failure has been shown to be caused by local corrosion of the sur-
face of metals and alloys that affect their bioactivity [53]. Titanium alloys in medical 
implants spontaneously form a protective oxide coating on their surface; still, surface 
modifications are employed to enhance the antibacterial function of these implants 
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like the addition of antibacterial materials such as Ag, Cu, and Zn into surface coatings 
[49]. Unfortunately, these antibacterial implants that have undergone surface modifi-
cation usually present solid coating shedding and the sustainability periods are short.

Physical and dielectric properties of the oxide film have been proposed to be vital 
for implant biocompatibility. Titanium alloys have unique corrosion resistance ability; 
however, the release of metal ions into the physiological environment such as vanadium 
still raises questions due to studies reporting potential adverse effects. In order to reduce 
ion release from surgical implants, passivation strategies such as nitric acid or heat 
treatment and aging in 100°C water are employed. However, some of these procedures 
have been reported to cause significant increase in Ti, Al, and V trace levels in passi-
vated Ti alloys; thus are controversial. Such high ion and protein concentration in the 
body creates an aggressive environment, which may cause compositional change in the 
implant, eventually causing early failure. The corruption process can occur across mul-
tiple layers. It is also important that the surface coating is able to promote tissue engi-
neering of the implant. Coatings modified with hydroxyapatite, calcium, or phosphate 
have been shown to promote bone formation and cellular growth on implants [53].

Future prospects in this field are very much related to the studies on the devel-
opment of innovative microscopy techniques, novel spectroscopic techniques, and 
electrochemistry [48].

11.7 Biodegradation

Nanocomposites with ultralarge surface area to volume ratio, so-called clay nano-
composites or nanoclays, are formed by nanoparticles. Using nanoparticles for filling 
up spaces, enhance mechanical properties of the material as well as their degradation 
resistance. Nanoparticles can also help achieve activation energy faster.

Various nanoparticles also enhance thermal, mechanical, physicochemical sta-
bility, as well as biodegradability [54]. Biodegradation is defined as the microbial 
decomposition of an organic substance, suggesting that this process does not account 
for inorganic nanomaterials. Therefore, biotic degradation is usually out of question 
for most nanomaterials including silver, titanium oxide, cerium oxide, nano-zero-
valent iron, zinc oxide, copper oxide, and quantum dots [55].

Biodegradation of particles is an essential issue to be questioned because of the 
knowledge gap in biodegradation mechanisms [54]. When particles are not biode-
graded or excreted from the body, adverse effects may occur and to study particle 
accumulation in various organs and tissues, long-term in vivo studies of model organ-
isms are required [56].

Biodegradation of carbon-based nanomaterials, especially certain CNTs, has been 
a major concern, because it is thought that they may display asbestos-like patho-
genicity due to their fiber-like morphology and/or biopersistency. Several studies 
have suggested that carbon-based nanomaterials may be liable to biodegradation. 
According to our knowledge, limited mineralization occurs under very specific test 
conditions. Carbon-based nanomaterials, such as CNTs, graphene oxide, and nano-
diamonds are also resistant to biodegradation due to their inorganic nature and they 
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are potential candidates for medical applications such as imaging and drug delivery 
[54,57]. Thus, biodegradation is an insignificant issue for the fate of carbon-based 
nanomaterials such as CNT and carbon black (CB), and their behavior in the environ-
ment. Nevertheless, biological degradation of organic surface coatings may occur and 
should not be overlooked [55].

It has been shown that particle shape plays an important role in the degradation 
properties of nanoparticles. Surface area and diameter are also important for cellu-
lar uptake of nanoparticles. Although hemispherical particles are used as sustained 
release devices to achieve zero-order; spherical particles have shapes that are sus-
ceptible to degradation and can present different degradation profiles. In addition to 
that, deterioration rate of spherical nanoparticles is especially important for spleen 
filtration, because the filtering units of the spleen are asymmetrical. Biocompatible 
nanoparticle polymers are also used to extend the drug release period because they 
have biodegradation periods that range from days to months. Molecular weight of 
polymers is especially an important parameter for biodegradation rate [58].

Low-density polyethylene (LDPE) accumulates daily, thus its degradation is a sol-
emn problem. Many different degradation procedures have been studied, but the effi-
ciency is strictly dependent on certain conditions. LDPE was successfully degraded 
by nanobarium titanate (NBT), Fullerene 60, and super magnetic iron oxide (SPION) 
with the enhancement of microbial activity [59].

Many carbon-based nanomaterials have been produced for investigation in the 
use of diagnostics and therapeutics. Nonetheless, the biological interactions of these 
materials are still largely unknown [57].

Nanoparticle bioreactivity is based on interactions between proteins and nano-
particles and provides the formation of a nanoparticle-protein corona, which is quite 
dynamic. This protein corona may affect various cellular and molecular processes 
such as cellular uptake, degradation, and clearance of nanoparticles and inflammation 
[60]. Undeniably, the so-called “bio-corona” of biomolecules on nanomaterials in the 
body has a potential significance. A special example of biocorona interactions, which 
is enzymatic degradation of carbon-based nanomaterials by immune cells, serve as an 
important example for medical use of these nanomaterials [57].

11.8 In vitro assessments

Scientists generally use in vitro tests to evaluate biomaterial toxicity, dose–response 
relationship of chemicals and the risk when a patient is potentially exposed to toxic 
chemicals [61]. In vitro tests have lower cost and test time than in vivo tests [62], but 
the properties of the material to be tested, the fitness of the test, and the biocompati-
bility analysis affects the choice of test and physiological and inflammatory responses 
against the materials to be tested cannot be assessed by in vitro tests [63]. Replacing 
in vivo tests with in vitro methods enables us to screen multiple compounds at a 
time, can be used to produce preliminary data for further screening newly developed 
materials and has ethical importance regarding animal welfare. In vitro tests generally 
focus on evaluating the toxicity of a material [64]. Although the methods available 
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for assessing toxicity of nanomaterials are the same as the techniques for macromol-
ecules, nanomaterial toxicity is more diverse than other materials [65].

The technique to be used depends on the properties of the material, biocompat-
ibility data analysis, and the fitness of the test [63].

Compared to in vivo tests, more specific and sophisticated in vitro tests are being 
developed to overcome the high cost of experiments, to reduce the use of experimen-
tal animals and to avoid time and energy consumption for ethical committee approv-
als [66]. These tests must consistently predict and evaluate possible influences of 
the nanomaterial in a spectrum of benefits to risks, including potential health threats 
upon exposure to the material as they begin to be commonly used in medicine and 
manufacturing [67].

11.8.1 Cell cultures for cytotoxicity

Cell responses against the tested materials are assessed using in vitro biocompatibility 
tests [68]. When nanomaterials are exposed to in vivo conditions, they immediately 
encounter an enormous amount of biological and physiological stimuli such as sur-
face-active molecules, inflammatory or pathological conditions, and many different 
cell types. In order to evaluate nanomaterial compatibility or toxicity, it is essential 
to understand the interactions of nanomaterials with different proteins and cells. 
Interactions between cells and nanomaterials include cellular uptake of nanomaterials 
for further processing, effects on membrane perturbations and cell signaling, effects 
on electron transfer machinery, cytokine, chemokine, and reactive oxygen species 
(ROS) production, gene regulation, programmed and unprogrammed cell death, and 
toxic reactivity [67]. Additionally, the physicochemical properties of nanomaterials 
such as particle size, composition, shape, surface area, and chemistry, crystallinity, 
redox potential, and solubility, are also very important as they are associated with 
potential toxicity [69].

Using numerous cell lines in in vitro systems provide many advantages including 
the observation of primary effects on target cells without inflammation, efficiency, 
and cost-effectiveness, ability to assess multiple parameters at the same time and 
information made available for the design of further whole animal studies [70]. Other 
advantages being discussed are the potential use of transgenic cell lines, reduced 
variability between experiments, and reduced amount of test materials. On the other 
hand, the conditions of many commercially available cell lines, such as being over-
passaged, lacking validity for phenotype, and contamination with other cells cause 
significant disadvantages. Moreover, in vitro models cannot completely mimic the 
physiological and biological organization and complexity of cell, tissue, or organs 
in vivo [71].

For the last 40 years, cell culture in two dimensions has been used as a routine 
application in thousands of laboratories worldwide [72]. The most common evalua-
tion method is cell reactivity assay using in vitro cell culture either with commercial, 
usually genetically modified cells or primary cells freshly harvested from tissue on 
plastic plates, with or without serum, exposed to nanomaterials [67]. Different models 
of in vitro studies provide information about different levels information associated 
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with in vivo organization. Moreover, two-dimensional cell culture is suggested to 
be primitive and cannot reproduce the anatomy of a tissue in its physiological state 
in the body [72]. In organ culture, whole or a part of an organ (explant) is cultured 
to preserve histological architecture and it is possible to study in vivo processes  
ex vivo. Organotypic culture is another in vitro assay method that uses several differ-
ent cell types to reconstitute cell heterogeneity as in vivo conditions. Using multiple 
cell types in these models is essential to generate complex cellular organization and 
function [71]. With multidisciplinary approach and expertise, it would be possible to 
create a third dimension in cell culture, which will be more relevant to study. For the 
third dimension, scaffolds need to be designed for supporting cells and bioreactors 
for nutrient and waste exchange. Since 3D culture systems are becoming more mature 
and they reflect animal physiology more every day, soon we will be able to develop 
co-cultures with possible stem cell integration [72].

In vitro cell viability tests generally assess cell morphology, proliferation, mem-
brane permeability, and cell function [73].

11.8.2 Cell proliferation and membrane permeability

The effect of biomaterials on cell proliferation can easily be assessed by making a cell 
count. Cell counting can be performed either under microscope by different types of 
counting chambers such as Petroff-Hausser and Hemocytometer or by using automa-
tized devices such as flow cytometer [16].

Cell count can also be performed by directly evaluating the increase in cell amount 
in culture or by using dyes that differentiate between living and dead cells. Staining 
living/dead cells enables us to calculate percent viability [69]. This assay is generally 
based on changes in cell permeability of living and dead cells, because living cells 
maintain a functional membrane transport, whereas dead cells do not. Although some 
dyes stain only dead or membrane-damaged cells, some others will only stain living 
cells because they are taken into cells by active transport [74]. For instance, release 
of cytosolic lactate dehydrogenase enzyme (LDH) can be used as an indicator of 
membrane damage, because it is found in the soluble fraction of the cell and a damage  
to the cell membrane will cause leakage of this enzyme to the extracellular fluid  
[75]. Additionally, DNA synthesis and proliferation can be evaluated using fluores-
cence dyes.

11.8.3 Morphological analysis

Cells are exposed to some materials to be tested, and differences in the morphology 
can be detected by a light microscope or an electron microscope with great detail 
[76]. Changes in morphology of any cells usually correlate with the cytotoxicity 
results of the cells [69]. Observations that help us to evaluate the morphology of a cell 
include lysosome formation in dying cells, condensation and fragmentation of cells, 
lysosomal disintegration of cell fragments in neighboring cells through phagocytosis, 
detachment of cells from the surface, and breakdown of cells into fragments [77].
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11.8.4 Metabolic tests of cell

Viable cells have different abilities to convert certain chemicals into measurable 
forms and these differences can be utilized to measure metabolic activity of the cells 
[78]. Cellular functions and metabolic activity is assessed with these tests. Mossman 
described one of the most common metabolic tests that uses (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (MTT). MTT is an indirect test and measures 
the activity of mitochondrial dehydrogenase enzyme when MTT is applied to cells in 
culture. Metabolically active living cells convert MTT reactant into purple formazan 
crystals using mitochondrial dehydrogenase enzyme and the quantification of the pur-
ple color determines the activity of dehydrogenase, thus indirectly cell viability [79]. 
Resazurin, a redox-sensitive dye, is another example that can be used as a metabolic 
test. On the other hand, ATP detection is accounted to be the gold standard, because 
cell death causes loss of ability to synthesize ATP and a swift loss of cytoplasmic ATP 
by means of endogenous ATPases, both of which influence ATP levels of the cell, thus 
indicating cell viability, which closely regulates ATP levels [78].

11.8.5 Other tests

Some other in vitro tests are available to serve different purposes. The cytotoxicity 
of the materials that are directly in contact with the cells can be measured by the 
morphological changes in the cells, which is the basis of direct contact test [66]. This 
test can be used to determine the toxicity of biomaterials, since it tests the toxicity of 
solid materials directly [80]. On the other hand, agar overlay method was developed 
as a standard for the assessment of cytotoxicity of biomaterials by Guess et al. In this 
method, briefly, L929 cells are grown as a monolayer on the bottom of a petri dish 
for 24 hours, then overlayed by a 1.5% agar nutrient layer. Subsequently, the cells are 
stained with neutral red, the material to be tested is applied to the top of the agar and 
according to the size of the decolored zone and the degree of cell lysis, the toxicity of 
the material is determined after 24 hours [81].

In vivo rabbit test was replaced by the in vitro skin irritating test in order to reduce 
animal experiments. Artificial skin samples such as EPISKIN [82] and EpiDerm [83] 
can be utilized to predict skin irritancy. Embryonic cultures for in vitro teratogenicity 
tests are also suitable for reducing animal use. Sister chromatid exchange tests, chro-
mosomal abnormality tests, micronuclei test, and comet test are genotoxicity tests 
that can be used on cell cultures. Hemocompatibility assays, including hemolytic test, 
clotting time test, platelet adhesion and activation test, and anticoagulant assays, also 
provide another parameter [84].

11.9 In vivo assessments

Animal models make up an essential step for testing biomaterials before clinical use 
of those in humans. When a material is tested with in vivo tests, it comes into con-
tact with various cell types and responses and interacts with proteins, enzymes, and 
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hormones. Although there are numerous animal models available to test implants, it 
is always critical to decide on which model to use. Short-term in vivo studies usually 
take up to 12 weeks and use small animals such as mice, rats, rabbits, or guinea pigs. 
Long-term studies generally use animals with longer life expectancy such as rabbits, 
guinea pigs, dogs, goat, sheep, and pigs [85].

According to the ISO 10993-1 and FDA Biological Response Test, in vivo tests 
to evaluate tissue compatibility include assays for cytotoxicity, irritation, sensitiza-
tion, systemic/acute toxicity, subchronic toxicity, chronic toxicity, intracutaneous 
reactivity, genotoxicity, hemocompatibility, carcinogenicity, and biodegradation [86]. 
Several of these tests are briefly explained below.

11.9.1 Systemic toxicity

Preclinical toxicology testing is important in determining the adverse effects profile of the 
tested compound according to Principles of Safety Pharmacology [87]. Although many 
effects can be predicted using the information from animal testing, there are still some 
toxic effects observed in humans that were not predicted from animal studies, which cause 
a major limitation to the tests [107].

According to WHO report (Principles for preclinical testing of drug safety) pro-
cedures are categorized into two classes: studies that use single administration and 
studies that use repeated administration that may use short-term (subacute) or long-
term studies (chronic).

11.9.2 Skin sensitization

Skin sensitization testing is important in determining potential sensitization of 
chemicals prior to human exposure [88]. Skin sensitization risk is a crucial issue for 
especially cosmetic products [89].

Local lymph node assay (LLNA) has been authenticated as an alternative to 
skin sensitization test using comparisons between guinea pigs and humans. LLNA 
evaluates the effect of contact allergens on the function of lymphocyte proliferation 
in draining lymph nodes. This method is objective, time- and cost-effective, and pro-
vides important animal welfare benefits.

Nonanimal skin sensitization tests increasingly gain importance due to cost, ani-
mal welfare issues, and technological limitations. It is believed that nonanimal skin 
sensitization tests will be developed based on cell culture [90].

11.9.3 Irritation

During manufacturing, use, and disposal of nanomaterials, risk of exposure through 
surficial organs such as eyes and skin is very high. Information of surficial organ 
 irritation and sensitization is an essential part of research on potentially hazardous 
chemicals [91]. Both in vivo and in vitro toxicity tests aim to assess irritation or sensi-
tization risk of these materials when in contact with human skin or eye [92,93]. Rabbit 
skin irritation test described by Draize et al. is the most common of these tests [94].
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11.9.4 Intracutaneous reactivity

The skin contains numerous highly potent immune-related cells, thus is one the most 
immunostimulatory tissues [95].

The rabbit intracutaneous reactivity test is a commonly used method for evaluat-
ing irritant chemicals. Test solutions that contain specific amounts of test compounds 
are prepared, the fur of the animal at the upper back is clipped, and a small gauge 
needle is used to inject the solution into the skin. The injection site forms a swelling 
resembling a mosquito bite and these sites can be scored by the investigators [96].

11.9.5 Genotoxicity

Genotoxicity is the ability of a physical or chemical agent to damage genetic material. 
This damage on DNA can be single- or double-strand breaks, DNA adducts, or alkali 
labile sites. In vivo and in vitro genotoxicity tests have been used since 1970s [97].  
It would be essential to collect information from whole animal carcinogenicity assays 
with nanomaterials, in order to prepare a basis for genotoxicity assays [98].

Chromosomal abnormalities occur when normal chromosome structure or chromo-
some number are altered due to chemical mutagens or induced radiation [99]. Colchicine, 
which is a tubulin polymerization inhibitor, is injected to the experimental animals to 
inhibit cell division at metaphase stage, and animals are scarred 2–4 hours after injection. 
Abnormalities in bone marrow cells of the animals are then detected [100].

Micronuclei (MN) form during mitosis and can be derived from acentric chromo-
some fragments or whole chromosomes. An increase in the number of MN indirectly 
refers to structural or numerical aberrations in chromosomes that may be caused by 
various agents [101].

11.9.6 Carcinogenicity

Carcinogenicity is aberrant growth or cell division caused by damage to DNA. The 
mutagenic capacity of a substance defines its carcinogenic potential [102]. It has been 
suggested that the increased surface area of a given volume of biomaterial results in 
an increased foreign body reaction and a decrease in carcinogenicity or tumorigenesis 
potential. This may have crucial consequences for nanoparticles and tissue engineer-
ing scaffolds due to their high surface area in medical devices [103].

When nanoparticles are inhaled, the primary route of entry is the lungs, which raises a 
major issue of identifying nanoparticles that could potentially be lung carcinogens [104].

Long-term animal studies are crucial for reliable risk evaluation, especially for 
potential carcinogens. The standard procedure for carcinogenicity potential is testing 
a chemical in two rodent species of both sexes, usually mice and rats, at three doses 
(zero, low, and high) for up to 2 years [105].

11.9.7 Reproductive and developmental toxicity

Teratogenicity testing is used for determining materials that are toxic during 
the development of an organism. Four indicators of developmental toxicity are 
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embryonic or fetal death, retardation, malformation, and functional impairment [106]. 
Teratogenicity tests are generally performed on mice, rats, and rabbits [107], as well 
as zebrafish and chick embryos [108].

11.10 Conclusion

Owing to their unique properties and novel application areas, it is obvious that 
nanoparticles have come into prominence recently [2]. Nanoparticles are considered 
to find various other application fields as well. However, the characterization of 
nanoparticles and determination of their interactions with living/nonliving materials 
is essential because nanoparticles have different physical and chemical properties at 
nanoscale in bulk form or as a result of different engineering processes.

Advanced imaging systems including optical and scanning microscopies can 
be used for imaging of the engineered nanoparticles. Nevertheless, these imaging 
systems are expensive, laborious, and sometimes inadequate for characterization of 
nanoparticles, thus there is a need for the improvement of available techniques, find-
ing complements for them, and also development of novel systems.

Determination of the interactions between nanoparticles and other materials/equip-
ment/biological products that will be used in medical, cosmetic, electronic, and so on 
areas together with nanoparticles is one of the most essential studies required for the 
improvement of nanotechnology. For instance, the interactions between nanoparticles 
and cellular structures, biological materials and polymers must be studied for tissue 
engineering studies. Studying cell/stem cell responses, biodegradability, and corro-
sive properties of the nanomaterials using in vitro and in vivo techniques is among 
the most common research techniques. However, these techniques are considerably 
complicated, costly, and laborious.

Nanotechnology studies will make progress especially in multidisciplinary fields 
such as tissue engineering with imaging and characterization of nanoparticles and 
determining their interactions with biological products or materials related to the area 
of use. Since the techniques used for this purpose are laborious and expensive, the 
staff working in these areas need to be specialized in nanomaterials. Thus, consider-
ing all these techniques and their needs, improvement and optimization of the avail-
able techniques and development of novel ones are required.

11.11 Future aspects

The physicochemical characteristics of nanomaterials at nanoscale are novel and still 
require investigation; thus the effect of nanomaterials in physiological interactions 
both at a molecular and systemic level is an interesting research topic, especially in 
the case of in vivo administration of nanomedicines [109].

The evaluation techniques for nanomaterials that are developed for use in biologi-
cal systems often emphasize on safety and risk assessment.
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In order to develop reliable protocols and techniques for characterization of nano-
materials and their interactions within biological systems, investigations using multi-
disciplinary collaborations including physical scientists, engineers, and toxicologists 
are essential [110].

Most of the safety tests regarding nanomaterials are based on in vivo animal  
models; however, only a few reports present assays utilizing in vitro techniques. 
Studies in assay biology, computation, and screening will continue an innovative 
course to open up new possibilities for mechanistic, efficient, and predictive chemical 
toxicology [111].

Nevertheless, full replacement of animal studies with in vitro techniques in repro-
ductive hazard assessment does not appear to be prominent in near future [112].

References

 [1] Tsuji JS, et al. Research strategies for safety evaluation of nanomaterials, part IV: risk 
assessment of nanoparticles. Toxicol Sci 2006;89(1):42–50.

 [2] Dahotre NB, Seal S. Nanomaterials and surfaces: processing, characterization, and appli-
cations. JOM 2004;56(10):35.

 [3] Ghorai S. Chemical, physical and mechanical properties of nanomaterials and its applica-
tions; 2013.

 [4] Joshi M, Bhattacharyya A, Wazed Ali S. Characterization techniques for nanotechnology 
applications in textile. Indian J Fibre Text Res 2008;33:304–17.

 [5] Verma A, Stellacci F. Effect of surface properties on nanoparticle–cell interactions. Small 
2010;6(1):12–21.

 [6] Liu GY, Xu S, Qian Y. Nanofabrication of self-assembled monolayers using scanning 
probe lithography. Acc Chem Res 2000;33(7):457–66.

 [7] Giessibl FJ, et  al. Subatomic features on the silicon (111)-(7x7) surface observed by 
atomic force microscopy. Science 2000;289(5478):422–6.

 [8] Bonnell DA. Scanning tunneling microscopy A2 Buschow KHJ, editor. Encyclopedia of 
materials: science and technology (3rd ed.). Oxford: Elsevier; 2001. p. 8269–81.

 [9] Meyer E. Atomic force microscopy: fundamentals to most advanced applications, Vol. 1. 
New York: Springer-Verlag Telos. 2007.

 [10] Bonnel D. Scanning probe microscopy and spectroscopy: theory, techniques, and applica-
tions. New York: Wiley-VCH; 2000.

 [11] Yarbrough JM, Himmel ME, Ding SY. Plant cell wall characterization using scanning 
probe microscopy techniques. Biotechnol Biofuels 2009;2:17.

 [12] Fotiadis D, et  al. Imaging and manipulation of biological structures with the AFM. 
Micron 2002;33(4):385–97.

 [13] Israelachvili JN. Intermolecular and surface forces. Burlington, MA: Academic Press; 
2011.

 [14] Deniz AA, Mukhopadhyay S, Lemke EA. Single-molecule biophysics: at the interface of 
biology, physics and chemistry. J R Soc Interface 2008;5(18):15–45.

 [15] Ando T, et  al. High-speed AFM and nano-visualization of biomolecular processes. 
Pflugers Arch 2008;456(1):211–25.

 [16] Guntherodt HJ, Anselmetti D, Meyer E. Applied sciences. NATO ASI series, Vol. 286. 
Dordrecht: Kluwer Academic; 1995.

http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref1
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref1
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref2
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref2
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref3
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref3
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref4
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref4
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref5
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref5
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref6
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref6
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref7
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref7
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref8
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref8
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref9
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref9
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref10
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref10
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref11
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref11
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref12
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref12
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref13
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref13
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref14
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref14
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref15
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref15


Nanobiomaterials Science, Development and Evaluation228

 [17] Binnig G, Quate CF, Gerber C. Atomic force microscope. Phys Rev Lett 1986;56(9):930–3.
 [18] Bai C. Scanning tunneling microscopy and its applications. New York: Springer-Verlag 

Telos; 2007.
 [19] Baro AM, Binnig G, Rohrer H, Gerber C, Stoll E, Baratoff A, et al. Real-space obser-

vation of the 2× 1 structure of chemisorbed oxygen on Ni(110) by scanning tunneling 
microscopy. Phys Rev Lett 1984;52:1304–7.

 [20] Endo M, et al. Applications of carbon nanotubes in the twenty-first century. Philos Trans 
A Math Phys Eng Sci 2004;362(1823):2223–38.

 [21] Laborda F, et al. Detection, characterization and quantification of inorganic engineered 
nanomaterials: a review of techniques and methodological approaches for the analysis of 
complex samples. Anal Chim Acta 2016;904:10–32.

 [22] Blank H, et  al. Application of low-energy scanning transmission electron microscopy 
for the study of Pt-nanoparticle uptake in human colon carcinoma cells. Nanotoxicology 
2014;8(4):433–46.

 [23] Henry CR. Morphology of supported nanoparticles. Prog Surf Sci 2005;80(3–4):92–116.
 [24] Brydson R, Brown A. An investigation of the surface structure of nanoparticulate systems 

using analytical electron microscopes corrected for spherical aberration Turning Points in 
Solid-State, Material and Surface Science. London: RSC Publishing; 2008.778.91

 [25] Wang ZL, Poncharal P, de Heer WA. Nanomeasurements in transmission electron micros-
copy. Microsc Microanal 2000;6(3):224–30.

 [26] Barr TL, et al. X-ray photoelectron spectroscopic studies of kaolinite and montmorillon-
ite. Vacuum 1995;46(12):1391–5.

 [27] Alagarasi A. Introduction to nanomaterials. National Center for Environmental Research; 
2011.

 [28] Knudson D. Fundamentals of biomechanics. Springer Science & Business Media; 2007.
 [29] Polak JM, Bishop AE. Stem cells and tissue engineering: past, present, and future. Ann N 

Y Acad Sci 2006;1068:352–66.
 [30] Chen W, et  al. Nanotopography influences adhesion, spreading, and self-renewal of 

human embryonic stem cells. ACS Nano 2012;6(5):4094–103.
 [31] Chang H, Wang Y. Cell responses to surface and architecture of tissue engineering scaf-

folds. In: Regenerative medicine and tissue engineering—cells and biomaterials; 2011. p. 
569–581.

 [32] Allahverdiyev AM, et al. Microcapillary culture method: a novel tool for in vitro expan-
sion of stem cells from scarce sources. Arch Med Res 2012;43(6):423–30.

 [33] Li J, et al. Gold nanoparticle size and shape influence on osteogenesis of mesenchymal 
stem cells. Nanoscale 2016;8(15):7992–8007.

 [34] Ahmad I. Nanotoxicity of natural minerals: an emerging area of nanotoxicology. J 
Biomed Nanotechnol 2011;7(1):32–3.

 [35] Ai J, et  al. Nanotoxicology and nanoparticle safety in biomedical designs. Int J 
Nanomedicine 2011;6:1117–27.

 [36] Feliu N, Fadeel B. Nanotoxicology: no small matter. Nanoscale 2010;2(12):2514–20.
 [37] Ferreira AJ, Cemlyn-Jones J, Cordeiro CR. Nanoparticles, nanotechnology and pulmo-

nary nanotoxicology. Rev Port Pneumol 2013;19(1):28–37.
 [38] Greish K, Thiagarajan G, Ghandehari H. In vivo methods of nanotoxicology. Methods 

Mol Biol 2012;926:235–53.
 [39] Hubbs AF, et  al. Nanotoxicology--a pathologist’s perspective. Toxicol Pathol 

2011;39(2):301–24.
 [40] Bolt HM, Marchan R, Hengstler JG. Recent developments in nanotoxicology. Arch 

Toxicol 2013;87(6):927–8.

http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref16
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref17
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref17
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref18
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref18
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref18
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref19
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref19
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref20
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref20
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref20
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref21
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref21
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref21
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref22
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref23
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref23
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref23
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref24
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref24
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref25
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref25
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref26
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref26
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref27
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref28
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref28
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref29
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref29
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref30
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref30
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref31
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref31
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref32
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref32
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref33
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref33
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref34
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref35
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref35
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref36
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref36
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref37
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref37
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref38
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref38


Evaluation techniques 229

 [41] Chou LY, Chan WC. Nanotoxicology. No signs of illness. Nat Nanotechnol 
2012;7(7):416–7.

 [42] Clark KA, White RH, Silbergeld EK. Predictive models for nanotoxicology: current chal-
lenges and future opportunities. Regul Toxicol Pharmacol 2011;59(3):361–3.

 [43] Saji VS, Thomas J. Nanomaterials for corrosion control. Curr Sci 2007;92(1):51–5.
 [44] Gu T. New understandings of biocorrosion mechanisms and their classifications. J Microb 

Biochem Technol 2012;2012.
 [45] Morsi RE, Labena A, Khamis EA. Core/shell (ZnO/polyacrylamide) nanocomposite: 

In-situ emulsion polymerization, corrosion inhibition, anti-microbial and anti-biofilm 
characteristics. J Taiwan Inst Chem Eng 2016;63:512–22.

 [46] Beech IB, Sunner J. Biocorrosion: towards understanding interactions between biofilms 
and metals. Curr Opin Biotechnol 2004;15(3):181–6.

 [47] Beech IB, Sunner JA, Hiraoka K. Microbe-surface interactions in biofouling and biocor-
rosion processes. Int Microbiol 2010;8(3):157–68.

 [48] Videla HA, Herrera LK. Microbiologically influenced corrosion: looking to the future. Int 
Microbiol 2005;8(3):169.

 [49] Chen M, Zhang E, Zhang L. Microstructure, mechanical properties, bio-corrosion 
properties and antibacterial properties of Ti–Ag sintered alloys. Mater Sci Eng C 
2016;62:350–60.

 [50] Popoola A, Olorunniwo O, Ige O. Corrosion resistance through the application of anti-
corrosion coatings. Pretoria, South Africa: Developments in Corrosion Protection, Intech; 
2014.241.70

 [51] Rathish RJ, et al. Corrosion resistance of nanoparticle-incorporated nano coatings. Eur 
Chem Bull 2013;2(12):965–70.

 [52] Abdal-hay A, et al. Biocorrosion behavior of biodegradable nanocomposite fibers coated 
layer-by-layer on AM50 magnesium implant. Mater Sci Eng C 2016;58:1232–41.

 [53] Advincula MC, et  al. Surface analysis and biocorrosion properties of nanostructured 
surface sol–gel coatings on Ti6Al4V titanium alloy implants. J Biomed Mater Res Part B 
Appl Biomater 2007;80(1):107–20.

 [54] Bhatia M, et al. Implicating nanoparticles as potential biodegradation enhancers: a review. 
J Nanomed Nanotechnol 2013;2013.

 [55] Hartmann NIB, et  al. Environmental fate and behaviour of nanomaterials: new knowl-
edge on important transfomation processes. : Danish Environmental Protection Agency;  
2014.

 [56] Alkilany AM, Murphy CJ. Toxicity and cellular uptake of gold nanoparticles: what we 
have learned so far? J Nanopart Res 2010;12(7):2313–33.

 [57] Bhattacharya K, et al. Biological interactions of carbon-based nanomaterials: from coro-
nation to degradation. Nanomed Nanotechnol Biol Med 2016;12(2):333–51.

 [58] Aslan B, et  al. Nanotechnology in cancer therapy. J Drug Target 2013;21(10): 
904–13.

 [59] Pandey P, et al. Nanoparticles accelerated in vitro biodegradation of LDPE: a review. Adv 
Appl Sci Res 2015;6(4):17–22.

 [60] Saptarshi SR, Duschl A, Lopata AL. Interaction of nanoparticles with proteins: relation to 
bio-reactivity of the nanoparticle. J Nanobiotechnol 2013;11(1):1.

 [61] Ratner BD, et al. Biomaterials science: an introduction to materials in medicine. Elsevier 
Science; 2012.

 [62] Peppas NA, Langer R. New challenges in biomaterials. Science 1994;263(5154):1715–9.
 [63] Ratner BD, et  al. Biomaterials science: an introduction to materials in medicine. 

Academic press; 2004.

http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref39
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref39
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref40
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref40
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref41
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref42
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref42
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref43
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref43
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref43
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref44
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref44
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref45
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref45
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref46
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref46
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref47
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref47
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref47
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref48
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref48
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref48
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref49
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref49
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref50
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref50
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref51
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref51
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref51
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref52
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref52
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref53
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref53
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref53
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref54
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref54
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref55
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref55
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref56
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref56
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref57
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref57
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref58
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref58
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref59
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref59
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref60
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref61
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref61


Nanobiomaterials Science, Development and Evaluation230

 [64] Ukelis U, et al. Replacement of in vivo acute oral toxicity studies by in vitro cytotox-
icity methods: opportunities, limits and regulatory status. Regul Toxicol Pharmacol 
2008;51(1):108–18.

 [65] Lee J, et  al. In vitro toxicity testing of nanoparticles in 3D cell culture. Small 
2009;5(10):1213–21.

 [66] Di Silvio L. Cellular response to biomaterials. Elsevier; 2008.
 [67] Jones CF, Grainger DW. In vitro assessments of nanomaterial toxicity. Adv Drug Deliv 

Rev 2009;61(6):438–56.
 [68] You ES, et  al. In vitro biocompatibility of surface-modified poly (DL-lactide-co-

glycolide) scaffolds with hydrophilic monomers. J Ind Eng Chem 2007;13(2):219.
 [69] Farcal L, et al. Comprehensive in vitro toxicity testing of a panel of representative oxide nano-

materials: first steps towards an intelligent testing strategy. PLoS One 2015;10(5):e0127174.
 [70] Huang Y-W, Wu C-H, Aronstam RS. Toxicity of transition metal oxide nanoparticles: 

recent insights from in vitro studies. Materials 2010;3(10):4842–59.
 [71] Astashkina A, Mann B, Grainger DW. A critical evaluation of in vitro cell culture models 

for high-throughput drug screening and toxicity. Pharmacol Ther 2012;134(1):82–106.
 [72] Haycock JW. 3D cell culture: a review of current approaches and techniques. 3D cell 

culture: methods and protocols; 2011. p. 1–15.
 [73] Freshney RI. Culture of specific cell types. Wiley Online Library; 2005.
 [74] Hudson L, Hay F. Isolation and structure of immunoglobulins. Pract Immunol 1980;3.
 [75] Choksakulnimitr S, et al. In vitro cytotoxicity of macromolecules in different cell culture 

systems. J Controlled Release 1995;34(3):233–41.
 [76] Dutta R. Fundamentals of biochemical engineering. Springer; 2010.
 [77] Schweichel JU, Merker HJ. The morphology of various types of cell death in prenatal 

tissues. Teratology 1973;7(3):253–66.
 [78] Riss TL, Moravec RA, Niles AL. Cytotoxicity testing: measuring viable cells, dead cells, 

and detecting mechanism of cell death. Mammalian cell viability: methods and protocols; 
2011. p. 103–114.

 [79] Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to 
proliferation and cytotoxicity assays. J Immunol Methods 1983;65(1–2):55–63.

 [80] Oleszczuk P. The toxicity of composts from sewage sludges evaluated by the direct con-
tact tests phytotoxkit and ostracodtoxkit. Waste Manage 2008;28(9):1645–53.

 [81] Schmalz G. Agar overlay method. Int Endod J 1988;21(2):59–66.
 [82] Cotovio J, et al. The in vitro skin irritation of chemicals: optimisation of the EPISKIN 

prediction model within the framework of the ECVAM validation process. Altern Lab 
Anim 2005;33(4):329–49.

 [83] Kandárová H, et al. The EpiDerm test protocol for the upcoming ECVAM validation study 
on in vitro skin irritation tests-an assessment of the performance of the optimised test. 
Altern Lab Anim 2005;33(4):351.

 [84] Elahi MF, Guan G, Wang L. Hemocompatibility of surface modified silk fibroin materi-
als: a review. Rev Adv Mater Sci 2014;38(2):148–59.

 [85] Thrivikraman G, Madras G, Basu B. In vitro/in vivo assessment and mechanisms of toxic-
ity of bioceramic materials and its wear particulates. RSC Adv 2014;4(25):12763–81.

 [86] Morais JM, Papadimitrakopoulos F, Burgess DJ. Biomaterials/tissue interactions: possible 
solutions to overcome foreign body response. AAPS J 2010;12(2):188–96.

 [87] Pugsley MK, Authier S, Curtis M. Principles of safety pharmacology. Br J Pharmacol 
2008;154(7):1382–99.

 [88] Robinson MK, et al. A review of the Buehler guinea pig skin sensitization test and its use 
in a risk assessment process for human skin sensitization. Toxicology 1990;61(2):91–107.

http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref62
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref62
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref62
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref63
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref63
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref64
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref65
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref65
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref66
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref66
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref67
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref67
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref68
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref68
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref69
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref69
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref70
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref71
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref72
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref72
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref73
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref74
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref74
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref75
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref75
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref76
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref76
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref77
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref78
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref78
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref78
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref79
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref79
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref79
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref80
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref80
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref81
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref81
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref82
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref82
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref83
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref83
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref84
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref84


Evaluation techniques 231

 [89] Natsch A, Emter R. Skin sensitizers induce antioxidant response element dependent 
genes: application to the in vitro testing of the sensitization potential of chemicals. 
Toxicol Sci 2008;102(1):110–9.

 [90] Sakaguchi H, et al. Development of an in vitro skin sensitization test using human cell 
lines; human Cell Line Activation Test (h-CLAT) II. An inter-laboratory study of the 
h-CLAT. Toxicol In Vitro 2006;20(5):774–84.

 [91] Ema M, et al. Evaluation of dermal and eye irritation and skin sensitization due to carbon 
nanotubes. Regul Toxicol Pharmacol 2011;61(3):276–81.

 [92] Tornier C, Rosdy M, Maibach HI. In vitro skin irritation testing on reconstituted human 
epidermis: reproducibility for 50 chemicals tested with two protocols. Toxicol In Vitro 
2006;20(4):401–16.

 [93] Kishore AS, Surekha P, Murthy PB. Assessment of the dermal and ocular irritation 
potential of multi-walled carbon nanotubes by using in vitro and in vivo methods. 
Toxicol Lett 2009;191(2):268–74.

 [94] Draize JH, Woodard G, Calvery HO. Methods for the study of irritation and toxicity of 
substances applied topically to the skin and mucous membranes. J Pharmacol Exp Ther 
1944;82(3):377–90.

 [95] Alarcon JB, et  al. Preclinical evaluation of microneedle technology for intradermal 
delivery of influenza vaccines. Clin Vaccine Immunol 2007;14(4):375–81.

 [96] Bs LT. An analysis of ISO intracutaneous reactivity test results to justify a reduction in 
animal requirements. Lab Anim (NY) 2003;32(3):26.

 [97] Bedir A, Bilgici B, Yurdakul Z. DNA Hasarı Analizinde µ-FADU ve COMET 
Yöntemlerinin Karşılaştırılması. Türk Klinik Biyokimya Derg 2004;2(3):97–103.

 [98] Landsiedel R, et al. Genotoxicity investigations on nanomaterials: methods, preparation 
and characterization of test material, potential artifacts and limitations—many questions, 
some answers. Mutat Res 2009;681(2):241–58.

 [99] Yüzbaşıoğlu D, Zengin N, Ünal F. Gıda Koruyucuları ve Genotoksisite Testleri. Gıda 
Dergisi 2014;39(3).

 [100] Şekeroğlu ZA, Şekeroğlu V. Genetik toksisite testleri. TÜBAV Bilim Dergisi 
2011;4(3):221–9.

 [101] Demirel S, Zamani AG. Mikronükleus tekniği ve kullanım alanları. Genel Tıp Dergisi 
2002;12(3):123–7.

 [102] Güldaş E, Keçeci DA. Endodontik tedavidekullanılan kök kanal patlarınınsitotoksik 
özellikleri – Bölüm I. Türk Diş Hekimliği Dergisi 2011;81:72–5.

 [103] Anderson JM. Future challenges in the in vitro and in vivo evaluation of biomaterial 
biocompatibility. Regener Biomater 2016:rbw001.

 [104] Lindberg HK, et  al. Genotoxicity of nanomaterials: DNA damage and micronuclei 
induced by carbon nanotubes and graphite nanofibres in human bronchial epithelial cells 
in vitro. Toxicol Lett 2009;186(3):166–73.

 [105] Tsuda H, et al. Toxicology of engineered nanomaterials-a review of carcinogenic poten-
tial. Asian Pac J Cancer Prev 2009;10(6):975–80.

 [106] Brown N. Teratogenicity testing in vitro May 27–29, 1986 Mechanisms and models 
in toxicology: proceedings of the European Society of Toxicology Meeting held in 
Harrogate. : Springer Science & Business Media; 2012.

 [107] Baker J. Principles for the testing of drugs for teratogencity. Report of a WHO Scientific 
Group; 1967.

 [108] Beedie SL, et  al. In vivo screening and discovery of novel candidate thalidomide 
analogs in the zebrafish embryo and chicken embryo model systems. Oncotarget 
2016;7(22):33237–45.

http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref85
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref85
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref85
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref86
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref86
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref86
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref87
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref87
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref88
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref88
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref88
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref90
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref90
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref90
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref91
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref91
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref92
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref92
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref93
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref93
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref94
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref94
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref94
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref95
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref95
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref96
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref96
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref97
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref97
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref98
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref98
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref99
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref99
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref100
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref100
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref100
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref101
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref101
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref102
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref102
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref102
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref103
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref103
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref104
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref104
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref104


Nanobiomaterials Science, Development and Evaluation232

 [109] Lin P-C, et  al. Techniques for physicochemical characterization of nanomaterials. 
Biotechnol Adv 2014;32(4):711–26.

 [110] Powers KW, et  al. Research strategies for safety evaluation of nanomaterials. Part 
VI. Characterization of nanoscale particles for toxicological evaluation. Toxicol Sci 
2006;90(2):296–303.

 [111] Shukla SJ, et al. The future of toxicity testing: a focus on in vitro methods using a quan-
titative high-throughput screening platform. Drug Discov Today 2010;15(23):997–1007.

 [112] Adler S, et al. Alternative (non-animal) methods for cosmetics testing: current status and 
future prospects—2010. Arch Toxicol 2011;85(5):367–485.

http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref105
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref105
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref107
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref107
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref108
http://refhub.elsevier.com/B978-0-08-100963-5.00011-2/sbref108


Nanobiomaterials Science, Development and Evaluation. DOI: 
© Elsevier Ltd. All rights reserved.2017

http://dx.doi.org/10.1016/B978-0-08-100963-5.00012-4

Nanotoxicity
Samad Ahadian and Milica Radisic
University of Toronto, Toronto, ON, Canada

12.1 Introduction

Nanomaterials have experienced a rapid growth in scientific, technological, and com-
mercial applications leading to the spawn of nanoscience and nanotechnology fields. 
Several nanomaterial-based products have currently entered the market and new 
entries are coming on a daily base [1]. A large amount of nanomaterials are annually 
consumed to fulfill the market requirements [2]. Such manufacturing and utilization 
of nanomaterials open multiple routes of release and entry of these materials into the 
environment and human body [3]. Nanomaterials have also found wide applications 
in biomedicine, particularly in the context of bioimaging, biosensing, delivery of 
biomolecules, cancer therapy, and regenerative medicine [4]. Some nanotechnology 
products, such as imaging agents, diagnostic tools and materials, and drugs have 
already received (or expected to receive) regulatory approvals for human use [5]. 
Therefore, humans can be exposed to nanomaterials either inadvertently through 
an uncontrolled environment or deliberately through a known source (e.g., drugs or 
biomedical agents).

Increasing exposure of humans to nanomaterials and distinct characteristics of 
these materials need the development of reliable protocols and tools to characterize 
the nanomaterial properties and in particular their toxicity and hazard. These pro-
tocols and tools should be able to evaluate and predict health benefits and hazards 
associated with nanomaterials available in commercial products and medicine [6]. An 
ideal assessment regime considers both acute and chronic exposure of nanomaterials 
at different doses because they correspond to rigorous physicochemical characteriza-
tion of materials. In addition, physiological reactivity of nanomaterials at molecular, 
cellular, tissue, and organ levels is considered in assessing the risk-benefit analyses of 
these materials [7,8]. To this end, many analytical approaches and devices have been 
developed to reveal the impact of nanomaterial properties on physiological responses 
and processes in vitro and in vivo. This assessment regime precedes any preclinical/
clinical application of nanomaterials and their exposure to humans. A major challenge 
in the nanotoxicity assessment is that nanomaterials may have distinct properties from 
their micro- or macroscopic counterparts [9]. For example, a high fractional surface of 
nanoparticles (<20 nm in size) causes a significant change in physicochemical prop-
erties of particles compared with larger particles [10]. Therefore, the toxicological 
assessment of nanomaterials should be done for all developed nanomaterials regard-
less of their original nature.
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Major toxicity forms of nanomaterials in the body are shown in Fig. 12.1. 
Nanomaterials in the body can cause the toxicity via some molecular mechanisms. 
The major molecular mechanism is the formation of oxidative stress using free radi-
cals [11]. The oxidative stress may enhance the inflammation response in the body 
via the upregulation of reduction-sensitive transcription factors (e.g., NF-κB), kinases, 
and activator protein-1 [12]. Such free radicals in large quantity can also oxidize and 
therefore damage biological components such as proteins, lipids, and DNA. Some 
organs, such as spleen and liver, are the main targets of oxidative stress due to slow 
removal and accumulation of free radicals along with the prevalence of large num-
ber of phagocytes. Other organs with high blood flow, such as lung and kidney, can 
also be affected by nanomaterials [13]. Nanomaterial interactions with cell nucleus 
and mitochondria may cause nanotoxicity. Some nanomaterials (e.g., fullerenes,  
gold nanoparticles, carbon nanotubes (CNTs), and block copolymer micelles) may be 
localized to the mitochondria and induce reactive oxygen species (ROS) formation and 
apoptosis [14]. Other toxicity mechanisms associated with nanomaterials may be due 
to their high interaction with the surrounding environment. Absorption of nanomateri-
als into the blood circulation may lead to thrombosis and hemolysis. Moreover, nano-
material interactions with the immune system increase the risk of immunotoxicity [15].

This book chapter reviews commonly used approaches to identify nanomaterial 
toxicity in vitro and in vivo systems. These nanotoxicological assays are crucial in the 
characterization of nanomaterials prior to their applications in medicine, biotechnol-
ogy, agriculture, and ecosystem. Toxicity of different nanomaterials is then discussed 
using some case studies. As the nanomaterials are quite complex in nature, there 
may be some inconsistent results showing the different views of nanomaterial safety. 
Finally, some concluding remarks are given on the nanomaterial toxicity, which may 
be useful in the design and development of nanomaterials and characterization tools.

Figure 12.1 Major toxicity forms of nanomaterials in the body [49].
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12.2 In vitro cell-based toxicity assays

Nanomaterials encounter a wide and complex range of biological species and reac-
tions in vivo, such as different cell types in different tissues and organs, soluble 
factors, and inflammatory or pathological reactions. Therefore, various in vitro cell-
based toxicity assays were created to mimic physiological interactions of nanomateri-
als with cells and other physiological moieties. Nanomaterials affect cell behaviors 
and function in multiple ways, such as cell signaling, electron transfer cascades, 
membrane perturbations, production of chemokines, cytokines, and ROS, gene regu-
lation, intercellular and transcytosis transport, and apoptosis or necrosis [16]. In vitro 
cell-based toxicity assays typically use primary cells harvested from tissues or cell 
lines cultured on plastic dishes. Nanomaterials are then applied to the cell culture 
plates and subsequent cell reactivity to nanomaterials is assessed [17]. A wide range 
of in vitro cell-based toxicity assays ideally reveal all possible physiological interac-
tions with nanomaterials in vivo. However, there may not be a consistent correlation 
between the cell response in vitro and that observed in vivo because of complex and 
dynamic cellular environment in vivo. Therefore, further validation of in vitro cell-
based toxicity results with in vivo conditions is crucial. Here, we review commonly 
used in vitro toxicity assays. In particular, the use of such assays to determine the 
toxicity of nanomaterials is highlighted.

12.2.1 Reactive oxygen species production assays

ROS can be directly measured in cell medium using fluorescein-based probes or 
electron paramagnetic resonance (EPR). Dichlorodihydrofluorescein diacetate [18] is 
a common material, which is oxidized using the ROS and produces the fluorescence 
light as a measure of nanoparticle concentration in cell media [19]. EPR is able to 
detect free radicals in the medium even in the presence of cells. For the EPR meas-
urement, a radical-consuming spin probe (4-hydroxy-2,2,6,6-tetramethylpiperidine 
1-oxyl) or a spin-trapping agent (5,5-dimethyl-1-pyrroline N-oxide) for superoxide 
or hydroxide radicals are added to the nanomaterial solution for a period of time. The 
supernatant is then analyzed on an EPR spectrometer [20,21].

Other ROS measurement assays can evaluate cells exposed to nanomaterials. 
Cells naturally use glutathione (an endogenous reducing agent derived from a ROS 
insult) to neutralize deleterious effects of ROS [22]. Therefore, glutathione assay was 
developed and used to detect the ROS [23]. Other ROS detection assays essentially 
analyze key oxidized species or aim to measure ROS effects on DNA or cell mem-
brane. For example, immunocytochemistry is used to detect specific DNA lesions 
(e.g., 8-hydroxydeoxyguanosine) as a measure of ROS-affected DNA damage [20]. 
As an alternative, BODIPY-C11 (a fluorescent dye) is able to insert into lipid bilayers 
of cells exposed to ROS and distinguish between the unoxidized and oxidized lipids 
fluorescently as red and green colors, respectively [24].
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12.2.2 Cell viability assays

Cell viability assays are mainly based on the cellular metabolism or membrane integ-
rity [25]. Cell viability assays simply quantify the percentage of live cells versus dead 
cells in response to an external stimulus. Most assays involve the conversion of one 
or multiple dye precursors in live and/or dead cells, which can then distinguish the 
cells fluorescently or colorimetrically. Most commonly used cell viability assays to 
detect nanotoxicity are lactate dehydrogenase [26], trypan blue [20], formazan-based 
(e.g., 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium or MTS [27] and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide or MTT) [24] assays), Alamar blue (resazurin) [28], ATP-luciferin 
luminescence [29], and mitochondrial membrane potential [30] assays. However, 
there may be some side reactions or ambiguities associated with these assays. For 
example, cysteamine-coated quantum dots (QDs) catalytically reduced MTT to 
formazan without affecting the cellular metabolism [31]. The Alamar blue may 
reduce to a nonfluorescent material due to long incubation times or high density of 
cell cultures [32]. Therefore, careful calibration is required for all dye-based assays to 
assess potential interference of nanomaterials with the cell metabolism.

Cells can be sorted and quantified using fluorescence-activated cell sorting (FACS) 
in terms of live, dead, and apoptotic [33]. Moreover, FACS is able to reveal molecular 
mechanisms of nanotoxicity, such as measuring the upregulation of Fas receptor, an 
important signaling pathway in apoptosis [34]. FACS can be automated and simulta-
neously do the processing of several cells in one cell viability assay [35].

Other cell viability assays to evaluate nanotoxicity include specific enzyme-linked 
immunosorbent assay (ELISA) kits [36], Hoechst-DNA [37], Caspase [38], comet 
[39], and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
assays [40]. The latter assays are sensitive to molecular pathways involving the apop-
totic DNA fragmentation of cells. The ELISA uses antibodies (e.g., epidermal growth 
factor receptors) and fluorescence colorimeter to differentiate between live and dead 
cells [41]. The Hoechst-DNA, as a fluorescent probe, attaches to the double-stranded 
DNA with high amount of adenine-thymine extracted from the nucleus of cells under 
stress [42]. The Caspase measures the downstream regulators of the mitochondrial 
apoptotic pathway [43]. The comet assay uses gel electrophoresis to quantify the 
fragmented DNA [44]. The TUNEL quantifies the amount of fragmented DNA in cell 
nuclei as a measure of cell apoptosis [45]. These assays should be used with nano-
materials in cell-free medium as a control to detect any interference of nanomaterials 
with the assays.

12.2.3 Cell stress assays

Changes in cellular behavior or nonlethal injuries can be observed for cells exposed 
to nanomaterials. These injuries or changes can be revealed in gene or protein expres-
sion, inflammation reaction, and phagocytic ability of cells. Therefore, some charac-
terization methods to determine the cell phenotype and its stability are used as cell 
stress assays to determine the nanotoxicity. These methods include polymerase chain 
reaction (PCR), Western blotting, and other protein assay analyses. In particular, the 
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expression of GADD45β (DNA damage-dependent), CDKN1A (cell-cycle arrest 
gene), NFκBIA (inflammatory response), NF-κB (upregulator of cytokines, adhesion 
molecules, and fibrotic/inflammatory growth factors), EGFP (reporter gene), and IL-6 
(inflammatory response) is assessed using quantitative, real-time PCR (qPCR) [46]. 
Major cellular proteins in the nanotoxicity pathways (e.g., chemokines and cytokines) 
are evaluated using the Western blotting [47].

12.3 Analysis of toxicity in vivo

Assessing nanotoxicity in vivo is a daunting task because the nanomaterial complex-
ity has led to conflicting studies about the safe use of nanomaterials in vivo [48]. 
Unique properties of each nanomaterial make the generalization of nanotoxicity 
rather complicated. Therefore, it is necessary to evaluate all aspects of nanotoxicity 
for any underlying nanomaterial to predict its behaviors and fate in vivo. Examination 
of chronic exposure and long-term toxicity of nanomaterials are two important fac-
tors to understand the nanotoxicity in vivo [49]. In vivo toxicity assays are expensive, 
time-consuming, and involve ethical issues of using animals. However, they are more 
suitable to model the high complexity of human body than in vitro cell-based assays. 
There are some nanotoxicity studies reflecting contradictory results of toxicity analy-
sis between in vitro and in vivo conditions [50]. For example, Sayes et al. employed 
in vitro cell-based assays to predict in vivo nanotoxicity of ZnO nanoparticles and 
showed that the in vitro assays did not demonstrate the toxicity associated with ZnO 
nanoparticles in vivo [51]. Therefore, it is crucial to do nanotoxicity analysis in vivo 
to precisely determine the safe use of a nanomaterial.

12.4 Nanomaterial toxicity

The nanotoxicity can result from composition, purity, size, and shape of nanomaterials 
[52]. Degradability of nanomaterial is also an important parameter affecting long-term 
and acute toxicity of nanomaterials. Accumulation of nondegradable nanomaterials in 
tissues and organs can cause detrimental problems for cells and tissues in the body [53]. 
On the other hand, biodegradation products of nanomaterials can cause unpredicted 
nanotoxicity [54]. Slow dissolution and shape of nanomaterials can affect the mac-
rophage-mediated clearance of nanomaterials from the body. Champion and Mitragotri 
evaluated the interaction of alveolar macrophages with nanomaterials with different 
shapes [55]. They found that the macrophage spreading onto the nanomaterials is 
required for an effective clearance of nanomaterials. In this section, some research stud-
ies on the nanotoxicity of commonly used nanomaterials are summarized and discussed.

12.4.1 Gold nanoparticles

Facile synthesis, ease of surface functionalization, and stability have made gold 
nanomaterials an attractive option for protein and gene delivery, cancer treatment, 
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implants (e.g., stents and pacemakers), and biological imaging [56]. Moreover, gold 
was reported to be an antirheumatic and antiinflammatory agent (e.g., Tauredon and 
Auranofin) to treat rheumatoid arthritis [57]. Some studies have assumed that gold 
nanomaterials are nontoxic most likely due to the well-known safety of bulk gold. 
However, gold behaves differently at the nanoscale dimensions compared with bulk 
gold. Some studies showed that gold nanomaterials may become toxic using cyanida-
tion or oxidation in the body [58]. Gold nanomaterials can be heavily absorbed by 
the kidneys leading to eryptosis (erythrocyte suicidal death) or nephrotoxicity [59]. 
Shape, size, and surface charge are main design parameters to overwhelm the poten-
tial toxicity of gold nanomaterials [60].

12.4.2 Silver nanoparticles

Silver nanoparticles have widely been employed as antibacterial agents and thereby 
may exert toxic effects on the human health [61]. The toxicity of silver nanoparticles 
has been demonstrated for some cell types and animal models [62]. Silver nano-
particles can migrate to the olfactory bulb upon the inhalation or can enter into the 
kidneys, circulatory system, heart, and liver [63]. These nanoparticles were found in 
patients with colon cancer [64] and in patients with blood diseases [65]. In vivo tox-
icity of silver nanoparticles was evaluated using a mouse model [66]. The cytotoxic 
effects of nanoparticles on the sperm function and embryo development were studied 
(Fig. 12.2). The silver nanoparticles significantly decreased the rate of sperm fertiliza-
tion and viability in a dose-dependent manner due to the internalization of nanopar-
ticles into the sperms. In general, size, route of exposure, and concentration of silver 
nanoparticles are crucial parameters to determine the nanotoxicity of particles [67].

12.4.3 Metal oxides

Metal oxide nanoparticles (e.g., TiO2 and magnetite) have been used in water treat-
ment [68], groundwater remediation [69], pharmaceuticals [70], and removal of toxic 
elements from air [71]. Such wide applications of metal oxide nanoparticles increase 
their level of exposure to biological systems via dermal contact, inhalation, or inges-
tion. It was shown that CeO2 nanoparticles can be introduced into human fibroblasts 
in vitro without affecting the cell viability [72]. Interestingly, Xu et al. showed that 
the nanotoxicity of metal oxide nanoparticles (CuO and ZnO) was associated with 
their electrical conductivity [73]. Karlsson et al. measured DNA damage and oxida-
tive stress caused by different metal oxide nanoparticles (i.e., TiO2, CuO, ZnO, Fe2O3, 
CuZnFe2O4, and Fe3O4) [74]. They showed that the nanotoxicity varied widely among 
the underlying nanoparticles. CuO nanoparticles caused the highest level of DNA 
damage and cytotoxicity. ZnO affected the cell viability and DNA damage, while 
the TiO2 nanoparticles only led to the DNA damage. Iron oxide nanoparticles (Fe2O3 
and Fe3O4) showed no or low cytotoxicity and CuZnFe2O4 particles had a moderate 
cytotoxicity effect.
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Figure 12.2 ROS analysis, mitochondrial damage, and sperm morphology after the treatment with different concentrations of silver 
nanoparticles. (A) The mitochondrial sheath in nanoparticle-treated and control sperm cells revealed by transmission electron microscopy. The 
arrows show the mitochondria swelling in the sheath. (B) Quantification of mitochondrial copy number in nanoparticle-treated sperms in the 
presence or absence of N-acetyl-L-cysteine (NAC) (a ROS inhibitor) pretreatment. The mitochondrial copy number was determined using qPCR. 
(C and D) Flow cytometry results showing the ROS in nanoparticle-treated sperms stained with 2′,7′-dichlorodihydrofluorescein diacetate-
fluorescein isothiocyanate (DCFH-DA-FITC) in the presence or absence of NAC. (E) A morphological pattern picture of sperms taken by phase 
contrast microscopy. (F) The morphological analysis for five categories of normal morphology, coiled tail, detached head, bent tails, and roll tail 
(*P < .05, **P < .01, and ***P < .001) [66].
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12.4.4 Carbon nanotubes

CNTs consist of one or multiple graphene sheets arranged into a cylindrical structure 
[75]. One single sheet of graphene forms single-walled CNTs, while multiwalled 
CNTs consist of more than one graphene sheets. CNTs have found wide biomedical 
applications ranging from tissue regeneration, bioimaging, biosensing, gene and drug 
delivery, and stem cell differentiation due to their unique structure, high mechanical 
strength, high electrical conductivity, and visibility in infrared region [76]. The safe 
use of CNTs is still under debate most likely due to the lack of complete and system-
atic toxicity analyses [77]. CNT characteristics, such as length, diameter, functionali-
zation, and purity are potential factors to influence the nanotoxicity of CNTs in vitro 
and in vivo. We showed that highly pure and carboxyl-functionalized CNTs are not 
toxic to skeletal muscle cells and can be used to fabricate contractile skeletal muscle 
tissues [78,79]. Hydrophobic nature of CNTs can cause the CNT aggregation in aque-
ous media. The aggregate size is a primary concern for the nanotoxicity of CNTs in 
vivo. Therefore, pristine CNTs are usually dispersed in hydrogels [80] or biocompat-
ible surfactants, such as Pluronic F108 or Tween 80 [81]. The accumulation of CNTs 
has been observed in the liver, lungs, and spleen [82]. However, no acute toxicity was 
reported for the tissues. It was discovered that single-walled CNTs were aggregated 
and wrapped by secreted proteins from cells [83]. Simultaneously, the upregulation 
of apoptosis-related genes occurred.

12.4.5 Graphene

Graphene consists of sp2-hybridized carbons arranged in a single-layer and hexagonal 
structure [84]. Graphene was first fabricated from monocrystalline graphitic films 
[85]. Similar to CNTs, graphene-based nanomaterials have recently attracted much 
attention in tissue engineering, delivery of biomolecules, biosensing, and bioimaging 
due to extraordinary mechanical, electrical, and optical properties [86]. However, 
there have been less toxicity studies on graphene compared with CNTs. Chang et al. 
showed that graphene oxide has no obvious toxicity effect on A549 cells and the 
cells favorably proliferated on the graphene oxide films [87]. However, Zhang et al. 
demonstrated the stress-induced nanotoxicity of graphene oxide in vivo [88]. The 
formation of oxidizing cytochrome c and high production of hydroxyl radicals were 
responsible for the nanotoxicity of graphene oxide. Sadisharan et al. showed that pris-
tine graphene was found on the Vero cell membrane causing high oxidative stress and 
apoptosis, while carboxyl-functionalized graphene showed no nanotoxicity despite 
internalizing the cell membrane (Fig. 12.3) [89]. Pristine graphene is hydrophobic 
and therefore has high potential of aggregation and toxicity in biological media. 
Therefore, some methods have been proposed to functionalize graphene and to make 
stable aqueous dispersions of graphene. In our recent work, bovine serum albumin 
(BSA) was used to make highly stable and aqueous dispersion of graphene in a facile 
and scalable manner [90]. The BSA physically interacted with the graphene sheets 
without compromising electrical and mechanical properties of pristine graphene. As 
recently reviewed by Kiew et al., physicochemical properties of graphene (e.g., size, 



Figure 12.3 Confocal pictures and flow cytometry data showing the uptake of pristine graphene and carboxyl-functionalized graphene in 
Vero cells. (A1 and A2) Bright field images depicting the accumulation of carboxyl-functionalized graphene on the plasma membrane of cells.  
(B1 and B2) Intracellular uptake of carboxyl-functionalized graphene. Fluorescence confocal pictures of F-actin for the cells treated with the 
pristine graphene (A3) and carboxyl-functionalized graphene (B3). Flow cytometry data shows an enhanced forward scattering in (C) cells treated 
with the pristine graphene and an increase in side scattering in (D) cells treated with the carboxyl-functionalized graphene [89].
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number of layers, functional groups, and reduction state) and exposure method are 
crucial parameters to evaluate the nanotoxicity of graphene-based nanomaterials [91].

12.4.6 Quantum dots

QDs are semiconductor nanocrystals having unique electrical and optical properties 
[92]. QDs have a broad absorption, high brightness, narrow line width in emission 
spectra, long fluorescence lifetime with little photobleaching over time, and tunable 
emission maxima [93]. These characteristics have made QDs popular in medicine and 
biotechnology as fluorescent probes in bioimaging for targeting DNA, peroxisomes, 
and cells [94]. The safe use of QDs in vivo is an ongoing research topic. The main 
problem of QD nanotoxicity in the body is nephrotoxicity due to their absorption and 
accumulation in the kidneys [95]. For instance, gadolinium-based contrast agents 
used in clinical magnetic resonance imaging were shown to cause acute renal failure 
[96]. While some researchers consider QDs as bioinert when their metallic core is 
completely passivated, other researchers still doubt the safety of QDs. Selenium and 
cadmium, as the most used metals in QD cores, may cause chronic and acute cytotox-
icities in vertebrates and possess significant environmental and health concerns [97].

12.5 Future trends

Currently used nanotoxicology assays often lack high accuracy, sensitivity, and 
selectivity. Moreover, the complex nature of biological systems makes it difficult to 
obtain reliable information on the toxicity of nanomaterials [1]. There is no consen-
sus among researchers regarding experimental designs and protocols of nanotoxicity 
studies. As a result, irreproducible and conflicting results can be found in the litera-
ture. Therefore, novel analytical tools and more importantly standardized methods are 
required to reliably and accurately determine the toxicology of nanomaterials. The 
latter requires a multidisciplinary team of molecular biologists, material scientists, 
and toxicologists to make sure that all aspects of nanotoxicology are considered. Such 
collaboration greatly helps us to fundamentally understand the biological interactions 
of nanomaterials with proteins, cells, tissues, and organs, which is important in the 
safe design and fabrication of nanomaterials. Prior to the use of nanomaterials in the 
clinic and industrial products, nanomaterials should show a high level of biocompat-
ibility with minimal negative effects on cell viability and tissue function in vitro and 
in vivo [98].

Nanomaterials should not be considered biocompatible because of safety of their 
bulk materials. Physicochemical characteristics of nanomaterials (e.g., shape, size, 
surface charge, degree of aggregation, and surface chemistry) may affect the potential 
toxicity of nanomaterials. Long-term and chronic exposure of nanomaterials is impor-
tant to understanding the nanotoxicity in vivo. Complex nature of nanomaterials may 
arise their unexpected interactions with biological moieties. Therefore, nanotoxicity 
experiments and assays should carefully be designed and performed to reveal all pos-
sible interactions of nanomaterials with biological components.
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High-throughput analysis of advanced cell-based assays enables us to screen nano-
toxicity of multiple nanomaterials at different concentrations on different cell types, 
simultaneously [99]. Such expanded experimental setup is useful to increase the 
level of accuracy and biomimicry of nanotoxicity assays. Moreover, high-throughput 
nanotoxicity assays may significantly reduce time and cost associated with commonly 
used nanotoxicity assays [100]. Numerous nanomaterial–cell interactions can be pro-
cessed in high-throughput nanotoxicity assays in parallel to evaluating any potential 
cytotoxicity effect of nanomaterials in vivo [101]. As an example, Manshian et al. 
used a high-content imaging and PCR technique to reveal the nanotoxicity of silver 
nanoparticles coated with different polymers exposed to endothelial and neural cells 
[102]. They found that the particles coated with poly(ethylene glycol) had the highest 
level of toxicity.

Finally, nanotoxicity studies have significantly increased our understanding of 
environmental and health issues of nanomaterials. As a result, the human exposure to 
potentially toxic nanomaterials is substantially decreased. Nanotoxicity studies hold 
promise to further reveal molecular mechanisms associated with the nanomaterial 
toxicity and disease. In addition, these studies will be helpful in the development of 
safety policies regarding synthesis, commercial use, and recycling of nanomaterials.

12.6 Conclusions

Increasing exposure of humans to nanomaterials from synthetic and natural sources 
has motivated researchers to study nanotoxicity effects of nanomaterials. Herein, we 
described some commonly used assays to measure the toxicity of nanomaterials in 
vitro and in vivo. Some nanotoxicity studies were then discussed focusing on the 
toxicity of specific nanomaterials (i.e., metallic nanoparticles, metal oxides, CNTs, 
graphene, and QDs).
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13.1 Introduction

The term “nanomaterial” has been defined by the Scientific Committee on Emerging 
and Newly Identified Health Risks of the European Commission on October 18, 2011 
as followed: “nanomaterial” means a natural, incidental or manufactured material 
containing particles, in an unbound state or as an aggregate or as an agglomerate and 
where, for 50% or more of the particles in the number size distribution, one or more 
external dimensions is in the size range 1 nm–100 nm” [1].

The definition of “biomaterial” is mainly based on the interaction of the material 
with a biological environment and aimed to react with an appropriate host response 
in a specific application. A leading international journal defines “biomaterials” as 
those materials—which are natural or synthetic, alive or lifeless, and usually made of 
multiple components—that interact with biological systems. Biomaterials are often 
used in medical applications to augment or replace a natural function (http://www.
nature.com/subjects/biomaterials). Thus, the material chemistry and properties are not 
defined solely by the term “biomaterial.” The combination of both definition creates 
the term “nanobiomaterial” describing a material which is mainly characterized by its 
size and its biological host response. Thus, “nanobiomaterials” can be of natural and 
synthetic origin. In this chapter, we are mainly focusing on nanobiomaterials, their 
characteristics, possible application, and biological host response.

13.2 The effect of particle size

The reduced volume of nanoparticles produces an enhanced surface area with a rear-
rangement of atoms. The majority of atoms in a nanobiomaterial is on the surface 
of the particle [2] which is changing the catalytical, steric, magnetic, mechanical, 
biological, electrical, and optical properties of the nanobiomaterial particle [3]. The 
elemental composition in the nanoparticle determines the previously mentioned phys-
ical properties. Especially the size of a nanoparticle determines the property to cross 
natural and physiological barriers, which usually serve the organism to protect itself 
against foreign substances. The entry of nanoparticles is selected based on the physi-
ological properties and transport mechanism of the host barriers [4]. The blood–brain 
barrier is crossed easily by particles with a size smaller than 100 nm [5]. In particular, 
the chemical and physical properties of the particles are important when crossing the 
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blood–brain barrier. Investigations of Gao and Jiang showed that only particles with 
a coating based on colloidal molecules, in this case “polysorbate 80”, passed the 
endothelial layer of the brain capillaries [5].

However, also cells have a protective outer layer, the cell membrane. The cyto-
plasma and all organelles are ensheeted by a double lipid layer and separated from the 
extracellular matrix. However, there are some mechanism, which allow particles to 
enter the internal part of a cell. Based on the particle size and the type of cell the entry 
mechanism of particles into the cell are different [6]. So-called “nonprofessional” 
phagocyting cells [7] seem to prefer the clathrin-endocytic and caveolin-endocytotic 
pathways when internalizing nanoparticles with a size of 40 nm. Particles with a size 
of more than 1 µm will not be internalized by these cells. In contrast, “professional 
phagozytes” [7] phagocyte or macro-pinocyte particles with a diameter of more than 
1 µm. However, “professional phagocytes” can also internalize nanoparticles of 40 nm 
using the calthrin-mediated pathway as well as micropinocytosis or phagocytosis 
[6]. In general, studies show a huge variation in particle size for particles using non-
phagocyting pathways in the range of 50 nm to 1 µm and particles of 250 nm to 3 µm 
preferring the phagocytosis pathway [8].

In total, five different particle internalization mechanisms have been identified. As 
mentioned before, cells are capable to take up particles depending on their size by 
phagocytosis, macro-pinocytosis, a clathrin (CME), or caveolae (CvME) cell medi-
ated endocytosis or via a clathrin and caveolae independent endocytosis [9,10].

13.3 The immune system responds to nanobiomaterials

The size of the particles is one of the most important parameters in the biological 
internalization process. Particles with a diameter of 50 nm can enter cells directly 
using non-phagocyting pathways. However, nanoparticles of 20 nm can enter even 
the interstitium via gap junctions of endothelial cells [3]. As soon as the nanoparticles 
are leaving the isolated production conditions and get in contact with the natural or 
physiological environment, the “bare particles” are getting in contact with biologi-
cal molecules [3,11–14]. The adsorption of proteins on the particles creates a shell 
called “corona.” The surface properties and the particle material [15,16] as well as its 
location determine the composition of the “corona” and thus the response of the host 
organism against the particles [11,12,17]. The adhesion of proteins depends on the 
composition of the nanoparticles and the corresponding molecules [11,12]. Mainly 
non-covalent reversible forces, such as electrostatic, van der Waals, and hydrophobic 
forces so-called solvation forces [18], are determining the adhesion of proteins on the 
surface of the nanoparticle [19,20].

Body fluids provide a dynamic character, which results into high variations in 
potential “corona” proteins. Based on the adhesion of proteins to the nanoparticle sur-
face, a “hard corona” is formed with strong interactions and a “soft corona” is formed 
with low binding strength [21]. The number of different adhered forms of serum 
proteins is even extended by the material-dependent change in protein conformation, 
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which also constantly changes the contact area for immune cells [11,12,22,23]. These 
conformational changes are not only locally different depending on the application 
site but also dependent on the individual patient and therefore is never identical 
according to the high variation in protein concentrations and their changing protein 
relations in the serum or any other body liquid of a patient.

Depending on the health status of the patient the variation and number of proteins 
may rise. The shape and size of the particle have a direct effect on the composition 
of the protein “corona” [16]. The immune response to the particle is therefore also 
depending on the individual “corona” and thus hard to control. The most abundant 
proteins in the serum which are adsorbed on particles are immuno-globulins, lipopro-
teins, complement factors, acute phase proteins, and coagulation factors [11,12,16]. 
Immuno-globulins, complement factors, and acute phase proteins are part of the 
complement system. The most important physiological functions of the complement 
system is the defense of the organism against foreign particles by a process called 
“opsonization.” But the complement system also acts via chemotactic recruitment of 
immune cells to the site of inflammation, vasodilatation, an anaphylactic effect, which 
intensifies the immune response via chemotactic effects, and activation of leukocytes 
by degranulation of the immune cells, and thus an activation of the adaptive immune 
system. Moreover, the complement system helps to eliminate cell detritus, denatur-
ized proteins and promotes to eliminate particles via activation of phagocytes.

13.4 The effect of surface properties  
in biological systems

The surface of the nanoparticles seem to play an essential major role in the for-
eign body response. The nanoparticle’s surface properties define the profile of the 
“corona”. The proteins of the “corona” are the first parts of the nanoparticles to 
interact with the biological environment and thus determine the respective immune 
response. Thus, the surface properties of the nanoparticles are the key to control the 
kinetic of nanoparticles in the organism. The variance in charge, the structural prop-
erties, polarity, solubility, enzymatic, or immunologic properties of the nanoparticles 
have an influence on the resorption, distribution, metabolism, and excretion of the 
nanoparticles. In this respect, some research groups investigated some of the previ-
ously named parameters in depth. Bertholon et al. could demonstrate depending on 
the 3D orientation of the coated molecules on the nanoparticles a variation in the 
complement system activation. This effect is associated with the amplification of the 
steric-repulsive disability [15].

In nanoparticles, the outer surface can change, but also the inner surface of the 
nanoparticle can be varied to alter the functionality of the particle. Mesoporous silica 
nanoparticles have a hollow porous structure and provide further options to be used 
as a drug carrier or a diagnostic agent. The variable pore sizes of the nanoparticles 
[24] permit the loading and controlled as well as conditional release of various sub-
stances. The retention and release of the substances could be controlled by specific 
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coatings and physical conditions (pH value and temperature). The important surface 
modifications of mesoporous silica nanoparticles and its role in drug delivery has 
been intensively reviewed elsewhere [25]. Several diseases are treated today by 
nanoparticles such as cancer, HIV, leukemia, neurological diseases, diabetes mellitus, 
and others [26]. The team of Li et al. from the Laboratory for Biological Effects of 
Nanomaterials and Nanosafety has investigated the increasing therapeutic challenge 
of multidrug resistant bacteria. The research team found an effective nanoparticle 
based treatment as an alternative for antibiotics. The combination of mesoporous 
silica nanoparticles and the antibacterial enzyme lysozyme has created a new and 
highly effective antibacterial medication. The enzyme lysozyme has been stabilized 
by the nanoparticles and promoted a multivalent binding of lysozyme to the bacterial 
wall and fast lysis, while it was completely biocompatible [27]. Aside the transport for 
pharmacolgical therapeutics, the nanoparticles can be used for diagnostic purposes. 
A coating of the nanoparticle surface with interleukin 10 enhances the detection of 
atherosclerotic plaques and thus helps for early discovery of the diseases. The integra-
tion of fluorescence molecules into the coating allows the detection of accumulated 
nanoparticles at the inflamed area of atherosclerotic plaques [28].

Further studies demonstrated that the charge of the nanoparticle [29] as well as its 
physiological polarity (lipophilic vs lipophobic) determines the effect on the immune 
status. The team of Ranit Kedmil et al. found that the positive charge of lipophilic 
nanoparticles has an increased immune response while negative and neutral parti-
cles have a less intense immune response, which is mainly linked to a temporarily 
enhancement of proinflammatory cytokines from TH1 and TH17 cells as well as an 
increased expression of interferon responsive genes in T cells, B cells, monocytes, 
and DCs [30–32]. Other research groups found that the increased immune response in 
the form of an acute hypersensitivity reaction to lipid-based nanoparticles was inde-
pendent from the species [33]. Several studies prove that hydrophilic surfaces persist 
for longer periods in the body. This is an important observation for drug carriers. A 
specific solubility as well as other physical and chemical properties are determined 
by the material of the particle itself or can be created by a specific coating. One of the 
most popular nanoparticle coatings is polyethylene glycol (PEG) or Macrogol which 
provides an extended period inside the blood track. PEG is a water soluble, chemi-
cally inert, and nontoxic synthetic polymer. Until today, the mechanism for its long 
persistence in blood is addressed by its steric-repulsive disability and thus its reduced 
adsorption of blood proteins. The reduced adsorption results in a so-called “stealth 
effect,” which means that the particle is not recognized as a foreign particle and thus 
its elimination via phagocytes is retarded until the carrier particle reaches the treat-
ment location [34]. Latest studies demonstrated that with PEG coated particles not the 
quantity, but the quality of the adsorbed proteins are important. Specifically from the 
group of lipoproteins the apoliproteine J (clusterin) has a strong binding to PEG sur-
faces. This protein guarantees the so-called “stealth effect” of the coating [35]. This 
breakthrough discovery of the “stealth effect” has been combined with an absorbable 
particle alternative, which provides a non-toxic effect by using a temporary implant 
material (no material accumulation in the cells) [35]. In some cases synthetic polymer 
coatings have been also combined with naturally occurring glycoproteins such as 
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CD47 [36] and even whole membrane sections of leucozytes [37] and the red blood 
cells [38] to mimic the “self-status” of body own proteins and thus escape the immune 
response [39]. The glycoprotein CD47 induces after the contact with the suppressing 
partner CD172 a negative signal into the phagocytes and thus prevents by an activa-
tion [40]. The leucolike vectors as well as the erythrocyte-mimicking nanoparticles 
are fully covered by isolating membrane sections together with the characteristic sur-
face marker and thus escape the immune system for some time [37,38]. The “stealth 
effect” can be combined with other functional structures and is thus used to optimize 
the property profile of the nanoparticles. Thus, Singh et al. have developed a gold-
based nanoparticle, which was coated with PEG containing the cell-penetrating pep-
tide trans-activator of a transcription peptide and a fluorescence marker. Both should 
enable the transport of a drug into the nucleus of HIV-infected cells. The fluorescence 
maker has been used to determine the location of the nanoparticles. The PEG coating 
guarantees the “immune-tolerated” stay of the nanoparticles in the blood stream until 
they reach their destination [41]. In general, nanoparticles can escape the contact with 
the immune system, but they can also intentionally be used to suppress the immune 
response.

13.5 How primary and secondary states of 
nanobiomaterials interfere with biological environments

The space occupied by a “primary” nanoparticle in a biological system is not always 
constant. Depending on the material properties, the chemical and physical properties 
of the particles as well as the environmental conditions, single “primary” nanopar-
ticles can agglomerate and form complexes which increases the total diameter of 
their space in the biological environments. The bonding strength among the parti-
cle determines if they are called agglomerates or aggregates. In agglomerates, the 
nanoparticles are held together by weak forces such as van der Waals forces or elec-
trostatic forces. Aggregates are formed by covalent or metallic bonds from primary 
nanoparticles. Both forms, aggregates and agglomerates, present the “secondary” 
status of nanoparticles. If the nanoparticles are in the “primary” state or change to the 
“secondary” determines the distribution of the nanoparticles in the biological organ-
ism (human) [42]. Another major parameter with a significant effect on the formation 
of the “secondary” status is the concentration of the nanoparticles. An increasing 
concentration of nanoparticles leads to an increasing particle agglomeration [43]. The 
nanoparticles tend to form “secondary” structures in fluids. The reversible agglomer-
ates as well as the stable aggregate of nanoparticles sediment and accumulate in fluids 
[42,44]. If nanoparticles are linked to other complexes the volume and content of the 
“secondary” structure changes compared to the “primary” nanoparticles, but also the 
biological environment will be challenged differently. In this regard, cells in a cell 
culture will receive a higher concentration of nanoparticles, if they sediment, but 
receive less nanoparticles if they are staying dispersed in the solution. The status is 
influencing the uptake rate of the nanoparticles into cells [45]. Moreover, the increase 



Nanobiomaterials Science, Development and Evaluation254

in size of the “secondary” particle reduces the dissemination of the nanoparticle in 
the biological organism (human). Many external chemical and physical properties of 
the environment influence the formation of “secondary” structures [42]. The ionic 
strength is an environmental parameter which is influencing the agglomeration of the 
nanoparticles by changing the electrical double layer of the “primary” particles [46]. 
With increasing ionic strength of the solvent, the electrical double layer is reduced 
which enhances agglomeration. As an example, divalent cations have a promoting 
effect on the aggregation of 4–5 nm TiO2 nanoparticles in CaCl2 [47]. The calcium 
ions are adsorbed on the TiO2 nanoparticle surface which neutralizes the negative 
charge and induces the particle agglomeration. A predominant effect in this process 
are van der Waals forces of the particles [48,49]. In contrast, a reduced ionic strength 
of the environment promotes a thicker electrical double layer which enhances elec-
trostatic repulsion. In monovalent fluids (NaCl) as well as in deionized water, the pH 
value has a significant influence on the agglomeration of the nanoparticles via surface 
charge. In acid solutions the nanoparticles get a positive charge, while in alkaline 
solutions the nanoparticles get a negative charge. According to “Coulomb’s law” 
particles of same charge push each other, while particles of opposite charge attract 
each other. Thus, nanoparticles of same charge in acid or alkaline milieu reduce the 
agglomeration, while the pH in the neutral range increases the effect of the van der 
Waals forces and thus increases the formation of clusters of nanoparticles [46]. The 
response of nanoparticles to various pH values in the environment depends if diva-
lent or monovalent ions are present. In acidic milieu the nanoparticles have the same 
charge and push each other. In alkaline milieu the usually enhanced ionic strength 
reduces the electrical double layer of the negatively charged particles and thus reduces 
the repulsive force in favor of the van der Waals forces and the particles agglomerate. 
Not all divalent ions have the same strength to neutralize the particle’s charge. As an 
example, it has been demonstrated that calcium ions have a stronger neutralization 
effect on agglomeration than magnesium ions [46] (Fig. 13.1).

The zeta-potential (ζ) is usually used to determine the stability of the dispersion. 
The zeta-potential represents the electrokinetic potential on the slipping plane of the 
double layer of the particles [50]. With increasing potential the electrokinetic repul-
sion increases and thus the agglomeration is less likely and the dispersion gets more 
stable [51,52] (Fig. 13.2).

The formation of agglomerates and aggregates are limiting the therapeutic use 
of nanoparticles. Intense research is focusing to control and reduce the formation of 
“secondary” states by specific coatings [49].

Figure 13.1 Environmental conditions influence the dispersion of the nanoparticle.  
(A) Strong surface charge, either positive or negative, increases the repulsive forces and thus 
continues a dispersion of nanoparticles in solutions. With weak surface charge, the repulsive 
forces are dominated by the van der Waals forces and particle clusters are formed. (B) Low 
ionic strength in the environmental milieu of the nanoparticles leads to an increased thickness 
of the electrical double layer and thus a continuation of the nanoparticles in the “primary,” 
dispersed state. With an increased ionic strength, less ions are needed to neutralize the 



Immune response to nanobiomaterials 255

nanoparticle. Thus, the electrical double layer of the nanoparticle and their repulsive forces 
are small and they are forced to aggregate. (C) In a solution with extremely high or low 
pH values, the nanoparticles will be charged either positive or negative. Then the particles 
provide high repulsion and they keep on to be dispersed. In neutral pH ranges, these particles 
have a thin electrical double layer and thus tend to agglomerate.
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13.6 Health risks of nanobiomaterials

The quote of Louis Pasteur “The role of the infinitely small in nature is infinitely 
large” has been used in a different context, but is incredibly true for nanoparticles. 
Their diverse nature is providing almost unlimited possibilities of applications, for 
example, in cosmetic, medical, textile, automotive industry, food industry, and clean-
ing products. Besides the unique usability of nanoparticles, some nanoparticles carry 
a health risk of partly known origin. In this case the different physicochemical proper-
ties of the nanoparticles are important. The surface charge is not only important for 
aggregation and agglomeration, but also has hematolytic activity. Positively charged 
nanoparticles increase the hemolysis, while negatively charged particles have no such 

Figure 13.2 Model of a nanoparticle in aqueous solution. The nanoparticle has a negative 
charge in aqueous solutions. For neutralization, positive ions attach to the particle surface 
and create the “Stern layer.” This first ion layer cannot completely neutralize the charge of 
the nanoparticle. Therefore more ions attach to the Stern layer. The binding of these ions to 
the particle is weaker due to the larger distance of these ions to the particle’s surface  
and thus these ions are more mobile. This ion habit provided the name “Diffuse layer.” Both 
ion layers are forming the electric double layer. With increasing thickness of the electrical 
double layer, the repulsive forces increase and the dispersions gets more stable. Each layer 
has its own potential. The potential of the electrical double layer is called zeta-potential and 
correlates with the stability of the dispersion.
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effect. Nanoparticles with a PEG coating have a “stealth effect” and can hide from the 
immune system. Thereby they have a higher chance to reach their anatomical destina-
tion and be effective locally. The extended stay of nanoparticles in the cardiovascular 
system promotes an increased interaction of the nanoparticles with blood proteins and 
coagulation factors. Several studies have demonstrated that nanoparticles interact with 
thrombocytes and promote thrombus formation [53,54]. Moreover, it has been shown 
that in cases of nanoparticle interaction the activation of the coagulation cascade dif-
fers from normal activation pathways. The formation of aggregates with erythrocytes 
and coagulation proteins enhances the phagocytosis by antigen-presenting cells and 
therefore enhances the elimination of particles from the cardiovascular system [54]. 
Recently, an in vitro study demonstrates the effect by inhibiting coagulation through 
a dose-dependent effect by silver nanoparticles which were covered by citrate (AgNP-
CIT-20 nanoparticles). However, with increasing concentration of nanoparticles the 
inhibition of coagulation will be reduced [55]. The effect of the agglomerates on the 
environment is controversially discussed. Gliga et al. have conducted a series of in 
vivo experiments using silver nanoparticles. They have shown that the agglomeration 
of the particles play a minor role addressing the cytotoxicity of the particles compared 
to previous reports. The comparison of coated and non-coated silver nanoparticles of 
different sizes demonstrated that particles of smaller diameter release a significant 
higher amount of silver into the cell which determine their higher toxicity of those 
nanoparticles. The uptake rate and quantity of coated and noncoated particles was 
similar in that case. Thus, the toxic effect is not based on the agglomerates, but on 
the concentration of the initial “primary” nanoparticles [56]. Nanoparticles seem to 
provide a multifold influence on the immune system. The interaction of nanoparti-
cles with immune cells is changing the expression of immune-modulating surface 
proteins, for example, pattern-recognition receptors (PRRs), enzymes, and cytokines. 
By studying the surface proteins immune cells revealed the modulating expression 
of toll-like receptors after the exposure to various nanoparticles. Depending on the 
material an enhanced or reduced expression has been observed. Toll-like receptors 
belong to the group of PRRs and are used for the recognition of various pathogens. 
An enhanced expression of toll-like receptors can result in hyperbolic immune reac-
tions and can induce autoreactivity. While a reduced expression of toll-like receptors 
could result in neglected pathogens and an absent immune response. In addition to 
modulations in PRRs, changes in the expression of MMP-2, AP-1, PTK, MHC-II, 
Arginase-1 as well as cytokines and transcription factors have been observed [57]. 
Also in late (adaptive) phase of the immune response to nanoparticles some varia-
tions from normal reactions have been observed. For example, Dark Agouti rats show 
during a normal immune response without nanoparticles the appearance of TH1 cells, 
DCs, and macrophages, while after exposure to nanoparticles the dominant cells are 
natural killer (NK) cells, NKt cells, and DCs [57]. Specific nanoparticles seem to 
have a toxic effect on lymphocytes. In a series of in vivo experiments it was shown 
that silver nanoparticles coated with PVP or citrate (CIT) reduce the proliferation and 
viability of lymphocytes [55].

Thus, nanobiomaterials are carrying a significant health risk which needs to be 
relialbly controlled before uncovering their therapeutic use.
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14.1 Introduction

In recent decades, there has been an explosion of great interest in nanoscale and 
microscale systems in order to initiate a better understanding of suitable and better 
carriers of drug delivery system as well as facilitate the immigration and transporta-
tion of cells and genes within the tissues, with as little side effect and destruction as 
possible [1–3]. In the world market today, the nanoparticles (NPs) have been devel-
oped and greatly advertised. The world market announced, in recent decades, that the 
cost of shopping for NPs globally has risen to over $10 billion [1]. With an increase 
in industrial demands and production capacity, a better understanding of how to safely 
develop and use these engineered nanomaterials are of huge concern to researchers 
[1–3]. The work done by Lacerda et al. [1] indicates that carbon nanotube (CNT) has 
the potential to be a viable component in drug delivery system within biomaterials 
engineering. This was further verified by their work in the translocation of single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs), 
when loaded with peptides, proteins, nucleic acids, and drugs into the mammalian 
cells [4–8]. CNTs are therefore a group of materials whose useful exploitable prop-
erties prompt an increase in production and utilization within the circle of diverse 
applications; this is to ensure that their safety is of vital importance [9]. Several 
researchers have worked on different metals and NPs with the potential for human 
health risk assessment for different NPs, including carbon fullerenes, titanium dioxide 
(TiO2) [10,11]. These NPs are able to be used in the human body due to their excellent 
mechanical and biological properties such as large surface-to-volume ratio or proper 
bioactivity and biocompatibility of nonmetallic NPs [10]. The dialogue between the 
surgeons and materials engineers has led to a faster solution to clinical problems. The 
major issue that arises due to the implantation of NPs is the toxicity of NPs and this 
depends on the characteristics of biomaterials [12–16]. A large number of man-made 
medical devices such as hip joints, heart valves, dental roots, intraocular lens, and so 
on, are implanted into human bodies every year [17,18]. In this study, our objective is 
to build a uniform protocol and standard for the biological behavior of common NPs 
used in biomaterials field.

14
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14.2 Safety factors

There is a need for a highly sensitive system for evaluating the potential hazards that 
are brought by biomaterials because the innate properties of these materials, most 
often, do not permit an increased dosage to take place [19]. Moreover, a huge implau-
sibility takes place when we extrapolate from one test system to another; a good 
example of this is from animals to human beings [12,13,19]. However, in order for 
this to be feasible, toxicologists take into account the idea of safety factors; with this, 
the toxicologists are able to scientifically outline the inter- and intraspecies variations 
that exist. In other words, there is a need to exaggerate the human clinical dosage that 
is foreseen within the nonhuman system test. When considering the toxicity model 
that is native to animals, there is an avenue for lowering down the dosage of the target 
cells by diffusion, distribution, variations in the amounts of cells exposed, that is due 
to the inflammatory response, and metabolism [12,19]. However, when considering 
the cell culture models, where the variables associated with distribution, metabolism, 
and absorption are reduced, the cell dosage is increased to give out an excellent test 
system that is highly sensitive.

14.3 Nanoparticle biomaterials safety

The NPs employed in the manufacture of human cosmetics such as the famous sun-
screen is made from zinc dioxide [14,15] and TiO2 [20] as a result of the ultraviolet 
radiation manipulation. Oral NP as well as intravenous administrations are more 
efficient in rapidly diluting into the blood stream when compared to the conven-
tion transdermal administration and so, once this has fully circulated into the blood 
stream, it has to go through the first-pass metabolism that is present in the liver; as a 
result, it can get stored up or spread through the vasculature to vital organs such as 
the cardiovascular, brain, skin, and so on. Now, even with its heavily guarded blood–
brain–barrier (BBB) [21,22] against threats such as external chemicals, nanoparticu-
late matter can still break through the barrier and squeeze through tight junctions and 
so, this opens the brain to potential particulate toxicity [21]. Therefore, there is a need 
for concrete data on NP toxicity to be safe against adverse effects that are dangerous 
to the human anatomy. On the other hand, NPs acting as gene delivery system as well 
as a drug, have huge potential in the medical field; also, it can be applied in contrast 
agents [23,24], and for fluorescent labeling. The size range for meeting up with the 
standard of a true “NP” is from 1–100 nm; this must be a least one of the dimensions 
of the materials. NP as a carrier mechanism for chemotherapeutic drugs has been 
incredibly popular due to its efficiency in spotting cells that are cancerous and also, 
its ability to limit toxicity concentration [21]. An example of one of the clinically 
approved metal oxides is superparamagnetic iron oxide nanoparticles (SPIONs) and 
this has outstanding applications in the field of biomedicine such as the magnetic 
resonance imaging (MRI) [25], hyperthermic destruction of tumor tissue [26], and 
gene delivery [27].
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14.4 Targets of drug deliver targets and hazard 
assessment

CNTs toxicity and toxicokinetics was crucially and carefully analyzed by Johnston 
et  al. (2010) with primary concentration on the physiochemical characteristics that 
causes CNT toxicity [9]. In this section, more information that has surfaced recently 
will be discussed since Johnston et al. (2010) publication [9]; the focus will be on 
extracting and describing data that is required for assessing risk in a structure that is 
comparable to the regulatory assessment of the risk as shown in Fig. 14.1.

14.4.1 Liver targets

Now being the locality for the first-pass mechanism, there is a particular vulner-
ability the liver is open to when exposed to NPs toxicity and consistently, it has been 
seen to accumulate substances that have been administered; this is even after a long 
exposure. As a result, a thorough assessment of the NPs hepatocellular toxicity is still 
vital [28,29].

14.4.2 Dermal targets

From scientific evidence, it has been proven that the skin is one of the largest organs 
of the body and it is incredibly important because it provides the first line of barrier 

Figure 14.1 Routes of administration of nanoparticles and their advantages and 
disadvantages.
Source: Reproduced from Yildirimer, L., Thanh, N.T., Loizidou, M., & Seifalian, A.M. 
(2011). Toxicology and clinical potential of nanoparticles. Nano Today, 6(6), 585-607.
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between the external environment and the internal organs [9]. Owing to this, the skin 
is an easy target for an array of environmental threats that reside within the atmos-
phere as well as toxic substances within cosmetic products, clothing, spray [21], and 
so on. Moreover, NPs that are topically applied have the ability to penetrate the skin 
and gain entry into the blood stream; also, this leads to more hostile effects in the 
human body at a systemic scale [9,21].

14.4.3 Lung targets

The lung presents an open target for delivery of drugs; this is as a result of the lung’s 
large surface area, noninvasive nature of inhalation therapy, avoidance of the first-pass 
metabolism, and localization/accumulation of drugs within the pulmonary tissue; this 
results in a reduction in the systemic side effects [30–32]. In the past, a lot of authors 
have conducted research on the mechanism of operation of the CNT pulmonary toxic-
ity with respect to the in vitro and have been able to prove that the CNTs were cytotoxic 
to various lung epithelial cell lines [9,21,28,29]. CNTs were shown to contain an out-
standing high concentration of metals as impurities, that is about 30%, which played a 
role in its toxicity. On the other hand, however, CNTs that have been sanitized without 
the presence of biometals were shown to reduce the native oxidative stress development 
[30]; this suggests that just like the fullerenes, the reactive oxygen species (ROS) might 
be embedded via radical addition to the surface of the CNTs and this is due to their high 
electron affinity [33]. Researchers are strongly certain that the CNT presence caused 
the formation of granuloma; however, they pointed out that the SWCNT that houses the 
nickel (Ni), gave out a mortality rating that was incredibly higher [21].

14.4.4 Brain targets

Now unlike the liver, the brain has a very low regenerative ability and so, must be 
safeguarded against foreign threats. This is achieved, as stated previously by the BBB, 
which helps in stopping blood-borne pathogens from entering and damaging the brain 
permanently [21,22]. Nevertheless, bypassing the BBB might not be a bad option in 
some cases but rather it might be potentially lifesaving and advantageous in providing 
a solution to acute illnesses such as cerebral meningitis and also chronic conditions 
such as Parkinson’s diseases [34,35]. A smaller amount of drugs is administered 
through the use of targeted drug delivery and so, it lowers the amount of systemic 
hostile effects. Targeted drug delivery allows the use of smaller drug doses and hence 
reduces systemic adverse effects [36].

14.5 Reaction of nanoparticles for clinical applications

14.5.1 Polymeric nanoparticles reaction

Polymeric NPs have the property of being surface modified, biocompatible, and are 
quite capable of maintaining a sustained drug discharge [21]. Researchers have been 
able to highlight its outstanding potential in the treatment of pulmonary diseases 
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of different varieties such as chronic obstructive pulmonary disease (COPD) [21], 
asthma, lung cancer, and tuberculosis as well as the dreaded diabetes [37–41]. 
Currently, a multitude of organic nanopolymers exists, which includes the gelatine, 
Iranian Gum Tragacanth polymer [21,42], collagen, chitosan, bovine serum albumin 
(BSA), and the alginate [21]. Moreover, within the last 30 years, there has been an 
increase in the development of polymers that are synthetic such as the poly(lactic-co-
glycolic acid) (PLGA), which is biodegradable and biocompatible and are employed 
in devices intended for drug carriage [30,43,44]. Now although nanoconfiguration of 
the loaded drug showcases a promising substitute for conventional cancer treatment, 
the level of its cytotoxicity needs to be carefully analyzed [3]. PLGA NP has been 
shown to improve the outcome of therapeutic as well as reduce the hostile effects via 
a targeted and sustained drug delivery process. According to Romero et al.’s findings, 
the cytotoxicity levels within the PLGA NPs can be lowered by stabilizing it with 
BSA [3,21].

14.5.2 Silica (SiO2) nanoparticles reaction

Already, there has been a widespread usage of silica (SiO2) NPs within the nonmedi-
cal arena; it has been used as an additive to chemical products such as cosmetics, 
varnishes, and polish, [21,45,46]. The study has shown that SiO2 NPs are safer in 
moderate dosage, that is below 20 μg/mL, when compared to their crystalline counter-
parts that are classified as class-one carcinogens [46–48]. Now apart from the depend-
ence on concentration, SiO2 NPs were shown to have particle size-dependent cellular 
toxicity with a minute diameter, which resulted in greater harm when compared to 
its bigger counterparts as depicted in Napierska et  al. [49]. Also, there are several 
factors or reasons that may be responsible for inconsistent results, that is the absence 
or presence or type of the specified coating play a major role in piecing together the 
interactions that NPs and the physiological environment will have, as well as the size 
of the particle [21]. Nevertheless, results have surfaced that contradict the theory of 
size-dependent toxicity and so, this requires further investigation to pinpoint the role 
of various routes of the administration of the particles. Most often, SiO2 NPs have 
been employed in drug additives as well as cosmetics and are most often used as the 
nanovehicles for delivery of drugs [42,50–55].

14.5.3 Silver nanoparticles reaction

In terms of toxicity assessment, silver (Ag) is one of the most reviewed and studied 
metals. But there is a major setback in terms of its high cost and this is due to the 
fact that the AgNP has an inherent antimicrobial effect, which has been deployed in 
several products that range from clothing to wound dressings [21,42]. The concentra-
tion level is responsible for the toxicity assessment and it varies with respect to the 
coating at the surface. According to Samberg et al., there has been reports generated 
that a substantial amount of toxicity resides in AgNP that is uncoated with the human 
epidermal keratinocytes; this is in contrast to the particles that are coated with carbon 
[21,56]. Now aside, Au, AgNP has been proven to have neurodegenerative effects 
[57,58]. Recently, research that focuses on AgNP and BBB interaction has shown 
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that the BBB undergoes functional disruption and subsequently, causes brain edema 
formation [22,57]. Furthermore, parameters that are responsible for affecting the tox-
icity level include its shape [59], size [60], particle concentration [61], and the ability 
to deplete cells of antioxidants [62].

14.5.4 Gold nanoparticles reaction

Gold (Au) NPs, that is AuNP, owing to its high potential for biofunctionalization and 
simplistic ability to be synthesized, there has been a range of research undertaken 
to find out about its applications clinically as well as its use in dermal drug delivery 
[63]. According to researchers, the Au compounds have generally been tagged safe 
and been routinely used clinically for several years, that is for treating ailments such 
as rheumatoid arthritis [64]. Nevertheless, once it has been shrunk to the nanoscale, 
there is a profound change that the particles undergo, which is with respect to its 
biochemical properties; this necessitates carrying out investigations into the profile 
of its cytotoxicity. Now, irrespective of the wealth of toxicity studies that have been 
carried out on AuNP, inconsistent findings are still the major drawbacks that truncate 
its transition into the clinical environment. A lot of research has demonstrated that the 
cellular uptake of Au NPs is a function of its particle size, time, and concentration. 
In a recent research conducted by Mironava et al. [65], the human dermal fibroblasts 
have exposed the Au NPs for a period of about 6 days [65,66]. About three sets of 
NP concentrations were uncovered for each of the two size variations. Also, the same 
group consider platinum folate NP toxicity in two various cell types (cancer and 
normal cells) [67].

14.5.5 Superparamagnetic nanoparticles reaction

Superparamagnetic NPs, also known as SPIONs, are made up of iron oxide core 
and a variable coating of carbohydrate that is responsible for governing the cellular 
uptake and half-life of its biology [19,21]. Now, of profound importance is the level 
of its surface coverage, which has been postulated to be the major parameter in its 
cellular uptake because incomplete coverage at the surface was demonstrated to pro-
mote rapid endocytosis as well as opsonization; however, SPION that is coated fully 
doesn’t get opsonized and as a result, half-life of its plasma is lengthened (constant 
agents: ferumoxide, ferumoxtran, ferumoxsil) [23,24,68]. Another research suggests 
that particle size is actually the major factor that dictates the uptake of the mac-
rophages [69]. Now, regardless of the SPION routine usage, the neurotoxicity level, 
as well as its long-term effect, hasn’t been evaluated extensively. SPION in particular 
is incredibly valuable for novel therapeutic and diagnostic applications. Moreover, the 
reduction in its dimension may induce cytotoxicity and therefore, interfere with the 
functionality of the cell as well as its components [70,71]. Also, studies have shown 
a correlation between the types of surface coating, magnetic properties, particle size, 
concentration, products breakdown, the degree of opsonization and cytotoxicity in 
cultured cells, and concentration [72–77]. Nowadays, orthoferrite ceramics, RFeO3 
(R = rare earth metals), have been the target of attention of researchers owing to their 
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useful properties in various applications ranging from solid oxide fuel cells [75–78], 
sensors [79], environmental catalysts [80] to magnetic materials [81], and biomagnet-
ite properties function in hyperthermia treatment [82,83]. Besides, high domain-wall 
velocity as well as the existence of Bloch lines making them applicable in magneto-
optical data storage devices [77].

14.5.6 Zirconia nanoparticles reaction

The osteoconductivity, biocompatibility, and osseointegration characteristics of zirco-
nia (ZrO2) have been discussed in various studies [14,15, and 84]. Moreover, there is 
a high flexural strength that is inherent to ZrO2 as well as its fracture toughness. And 
so, a coating that has been prepared is a combination of these two properties, that is 
the novel natural hydroxyapatite (NHA)/zircon [14]. As a matter of fact, this coat-
ing with respect to its bioactivity speeds up the osseointegration. But however, this 
needs to be verified by future animal studies as well as the culturing of cells. Possible 
improvement of the interface that links the implants with the bone can increase the 
roughness level, which will in effect speed up its quality and osseointegration [84]. 
According to a consensus conducted in 2009, the report showed that rough surfaces or 
moderately rough surfaces provided an enhanced bone amalgamation when compared 
to conventionally using a minimal and smooth rough surface [85].

14.5.7 Titanium dioxide nanoparticles reaction

There are several properties that are inherent to TiO2 NPs that make it a valuable asset 
in active ingredients for the production of cosmetics and commercial sunscreens. 
Moreover, these NPs demonstrate better chemical stability, UV-light-blocking prop-
erties, and as a result give out better transparency and aesthetics to creams [20,21]. 
Cell-type-dependent TiO2 toxicity with respect to in vitro research affects the normal 
cell’s functionality, which includes differentiation, cell proliferation, apoptosis, and 
mobility [86,87]. Effects such as this can also replicate itself in vivo. To be able to 
gauge its capacity to penetrate, research studies on dermal infiltration has been carried 
out on human volunteers by utilizing various investigative methodology. A research 
conducted by Lademan et al. [88], on the penetrative effect of repeated administra-
tion of the TiO2 that had an element of sunscreen, was applied to the volunteers’ skin 
[21,88]. From these facts, it can be seen that varying grades of toxicity and permea-
tion with respect to the functionalization of the TiO2 NP and surface coating as well as 
the follicle pore’s number at the surface of the skin facilitate the uptake of the particle. 
Mavon et  al. [89] showed near total recovery of sunscreen after 15 tape strippings 
with no TiO2 deposition in hair follicles or skin layers.

14.5.8 Core–shell nanoparticles reaction

An outstanding coating required for magnetic as well as various particles to be func-
tions of targeted drug delivery is Au. Iron oxides (Fe2O3 and Fe3O4), and Au are both 
incredibly biocompatible and are suitable for human usage. Another key advantage of 
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this metal is that it is very easy to track within the human body and it can be a func-
tion of bioorganic and organic molecules; this includes enzymes and proteins [82]. 
Furthermore, iron and its oxides’ NPs, have an inherent magnetic characteristic that 
can be administered to tissues, organs, or cancer tumors by making use of an outer 
magnetic field [21,82].

14.5.9 Calcium orthophosphate bioceramics reaction

Two independent postulations were made by Kuboki et al. [90] and Ripamonti [91] 
that the geometric configuration of the calcium orthophosphate bioceramic was 
indeed a key parameter when the issue of bone induction arose [92]. There have also 
been speculations that the rough surface of the nanostructure or a given surface charge 
of the implants might be responsible for the asymmetric division of the stem cells into 
osteoblasts [93]. However, in in vivo experiments, an observation of an inflammation  
occurred after the calcium orthophosphate bioceramics was implanted [94–96]; as 
a general conclusion, utilizing calcium orthophosphate with Ca/P ionic ratio, that 
is within the range of 1.0–1.7, is that all available implants aren’t only nontoxic in 
property but produce zero foreign reactions and inflammation to the human body. 
One reason that inflammation occurs is as a result of highly porous HA bioceramics, 
which could be due to sharp implant edges [95]. Another factor causing this is the 
micro movements of implants [92].

14.5.10 Magnesium reaction

Based on a study conducted by Razavi et al. [55], the rapid degradation of magne-
sium could be controlled by having the surface of the magnesium implants modified 
by utilizing the fluoridated hydroxyapatite (FHA) through the combination of an 
electrophoretic deposition (EPD) [18] and microarc oxidation (MAO) [12]. A coated 
AZ91 magnesium alloy was examined for its biocompatibility when implanted into 
the greater trochanter area of rabbits. According to the results uncovered from in 
vivo test on the animal, there was a substantial improvement in the FHA/MAO-
coated implant’s biocompatibility when compared to the ones that were uncoated. 
Furthermore, when the AZ91 implants were coated with FHA/MAO, the magnesium 
ion that was released into the blood plasma was reduced and the weight problem was 
also significantly reduced.

14.5.11 Carbon nanotubes reaction

CNTs are commonly utilized for in vivo inhalation; CNTs can be divided into 
MWCNTs and SWCNTs, where the former represents the one with a higher cytotox-
icity level. Now, what makes the toxicity level vary is as a result of the larger surface 
area of the SWCNTs unlike the multilayered alternative [97]. Moreover, CNTs shows 
true promise in biomedicine in fields such as photodynamic therapy (PDT) [98], drug 
delivery, and as tissue engineering scaffolds [9,28,29].
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14.6 Characterization for different exposure routes

14.6.1 Cardiovascular effects

According to a research study in vitro and in vivo, an exposure to CNTs with respect 
to the cardiovascular system could have a detrimental effect on the human body 
and this could result in complications such as prothrombic responses [99], vascular 
damage, sites distal to the exposure site having oxidative responses or inflammatory 
problems [100,101], as well as an increased risk of cardiovascular disease that affects 
the normality of the electrophysiology [102].

14.6.2 Irritation/Corrosivity

An experiment was carried out by Lange and Huczko in 2001, whereby the rabbits’ 
eyes were modified by drenching it with a high concentration carbon of SWCNTs; 
from the results, it was shown that no eye irritation occurred [103]. Also, this same 
carbon didn’t irritate the skin in patch test conducted within a phase of 96 h, which 
was done on 40 volunteers that gave a report of various irritation and allergies. One 
test conducted by Kishore et al. in 2009 was in two varying sizes of MWCNTs on the 
potential of the eye and dermal irritability in vitro and in vivo [104]. A 0.5 mg dosage 
of MWCNTs, which was applied every 4 h on the clipped area of the rabbits’ skin 
didn’t prompt any dermal responses such as edema and erythema until about 72 h of 
postexposure. According to an experiment conducted in the in vitro, it showed that 
about 10 mg of MWCNTs didn’t result in any irritation [28].

14.6.3 Oral exposure

With respect to SWCNTs, only one acute oral toxicity research was carried out [28]. 
A single dose of 1000 mg/kg bodyweight of about three various types of SWCNTs 
was administered to a mice by Kolosnjaj-Tabi et  al. [105]. The result showed that 
despite the large dosage administered to the mouse, no changes occurred in the body 
weight and also, no abnormalities sprang up during the duration of 14 days of patho-
logical examination.

14.6.4 Inhalation/Pulmonary exposure

A lot of studies or researches have been conducted that investigated the pulmonary 
effects due to exposure by aspiration, instillation, and inhalation. Now, when it comes 
to the human anatomy, the intratracheal instillations as well as pharyngeal aspirations 
aren’t conventional exposure entry sites; however, these medium have been used on 
animals such as rats and mice to conduct an experiment on the systematic and poten-
tial pulmonary toxicity of high levels of the CNTs [106,107].
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14.6.5 Oxidative stress

The oxidative stress is defined by the imbalance taking place between the antioxi-
dants and the production of oxidants defences. Now with regard to the oxidants, it 
has been postulated to be a major mechanism that suppresses the biological effects 
of the CNTs. Malone dialdehyde (MDA) content or the lungs protein thiols, that are 
biomarkers of oxidative stress, increases after undergoing an initial exposure to CNT 
for 24 h [108,109].

14.6.6 Inflammation

From experiments conducted, the pulmonary exposure to CNT resulted in an inflam-
matory response induction. Moreover, this so-called induction is a preliminary phase 
that occurs as early as 6-24 h after the exposure occurs initially with the enrolment of 
neutrophils in the bronchoalveolar lavage fluid (BALF) [30,48]. Now within 15 days 
after the preliminary exposure, neutrophil-driven infiltration is usually resolved and 
transient.

14.6.7 Pharmacological activity

With respect to the economic, regulatory, and political bodies, there could be mas-
sive consequences, when the demarcation of medical devices and medicinal products 
takes place.

In this section, the discussion is focused only on the demarcation that takes place 
between the biomaterial and the pharmaceutical product, that is of the biological 
active constituency. Theoretically, however, there arise some exceptions; this could be 
for the purpose of promoting biological activity within the body such as regeneration 
of bone, and undesirable activity of blood cloth or infections.

14.6.8 Gene therapy

Gene therapy shows true promise in providing a solution to certain diseases by alter-
ing, replacing, or perhaps supplementing the genes that aren’t available or are abnor-
mal, which are severe conditions that are responsible for various ailments. Now the 
question is how exactly do the desired genes get targeted to the cells in question in an 
effective and safe manner? Also, there must be clarity on the similarities in the precise 
delivery of highly potent drugs.

14.7 Legal aspects of biomaterials

Any reasonable student in the field of biomaterials engineering knows that no 
products, regardless of how much precision was put into its manufacture can last 
forever; also, medical implants usually have undesired side effects or repercussions 
to the body. In our world today, some of these factors can influence the patients and  
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manufacturer’s perspective and most often, induce worries in both parties as to the 
integrity and safety of these medical devices. When it comes to the law, there are prod-
uct liability laws that impose some sort of legal responsibility on the manufacturers of 
products, that is car manufacturers, computer manufacturers, and so on, as well as other 
companies that are connected to the stream of commerce, which includes divisions such 
as distributors, wholesalers, retailers, and so on, when customers get injured or, worse, 
killed. As a matter of fact, there are three theories that are normally postulated by 
products liability plaintiffs: in the first theory, they claim that the manufacturers were 
careless, that is they failed in making sure that their products are safe for human usage. 
Secondly, they claim that the manufacturers breached the legally enforceable promises, 
which is also generally known as warranties, that is when the products don’t perform 
optimally as expected or meet the quality standard by the regulatory bodies [19]. 
Finally, the legal actions are taken on manufacturers, that is under strict liability, the 
plaintiff sues the company and so the manufacturer is held accountable for the hazard-
ous product, irrespective of the care and promises made by the manufacturers. In order 
to avoid such problems hovering around these legal theories, the medical devices must 
be manufactured with safety as its number one priority before it is sold to the public. 
Also, clear instructions must be highlighted on the manual to disclose to the physicians 
or sometimes the patients, the risk involved in using this product. Products liability 
usually falls within the arena of civil laws known as torts. Torts are just wrongful acts 
that are committed that give an avenue for a lawsuit to be executed.

14.8 Long-term testing in vivo

When considering long-term testing of tissues, there are two aspects to take into con-
sideration. One involves the response of the tissue to the material concerned while 
the other involves the response of the material, that is degradation, to implantation. 
Now when talking about the long-term implantation of test material within the bones 
and muscles of rabbits, rats, and dogs, there are two species that are highly recom-
mended, that is, the rabbits and the dogs. Now when considering the rabbits’ implants, 
the standards usually call for about four healthy rabbits per period of sacrifice with 
usually one control and then the two test materials are introduced into paravertebral 
muscles of the spine at each side. When considering bone implants, the standard 
is usually using three implants for every femur. However, no standards are put in  
place for testing of devices on a long term. But when a device is required for a  
definite application, it is completely and absolutely important to conduct a credible 
device test [19]. When considering fixation fracture plates, it is recommended to use 
plates that are attached to the femoral osteotomies within dogs’ bodies. In this research, 
the effects of implants on the tissue will be analyzed and also, the effect it has on the 
device in question will be reviewed, that is the material degradation. As stated earlier, 
the standard for long-term testing of implants hasn’t been established by the American 
Society for Testing Materials (ASTM) yet; however, F1439, that is the Standard 
Guide for Performance of Lifetime Bioassay for the Tumorigenic Potential of Implant 
Materials, gives us some guidelines as to the type of testing to carry out.
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14.9 Global regulatory strategy and intended use

For drug delivery system, the incorporation of biomaterial is essential and it is used as 
carriers, that is within packages for biologics and then integrated into components of 
key importance within the medical devices for various applications such as syringes 
and disposable tubing to implantable devices in order to sustain life or revive and 
restore limb as well as organ functionality. Now with respect to all these various 
applications, the biomaterials are regulated indirectly by the intended usage of the 
final product. And so, the regulation is correlated with the risk associated with its 
intended usage. Notwithstanding the numerous applications in other fields, a majority 
of its application has been in the field of biomedicine and so this chapter will con-
centrate on the regulatory limitations put on the development of the products using 
biomaterials [19].

14.10 Biological and environment reaction

The implant’s surface is torched by bacteria and as a result, this leads to hydrogen 
corrosion as well as leaves a destructive imprint. Also, there are some reports that 
point toward corrosive activity taking place in the presence of cell and protein in order 
to destroy the metallic implants. Some vital or important factors such as cells and  
protein causing destruction without taking into account some factors such as the polar-
ization reactions as well as the electrode potential was uncovered by some researchers. 
Some of the observations indicated that the proteins get attracted to the surface of the 
metal at outstanding amounts. Moreover, Jacobs et  al. record their book chapter in 
[19,110], showed or highlighted that these proteins can bind with the ions of the metal 
and get transported to other parts of the body. In other words, protein plays a crucial 
role in influencing the corrosion rate of the metallic implant in terms of its dentistry 
and orthopedic prosthesis without deploying any kind of the distinctive mechanism.

14.11 Conclusions and future trends

There is a range of clinical applications that NPs presents, but there is a drawback 
in its application due to safety and toxicity consideration. And until these issues 
are dealt with thoroughly and fully understood, there will always be a limitation in 
its usage. Research has shown that the factors that are responsible for NPs toxicity 
include diameter, length, and purity, functionalization, and production methodology. 
And when these factors are altered or shaped, NPs can now become safe for human 
usage. In vivo studies have been remarkably informative in demonstrating that various 
methodology of administration can have different pathological results. While when 
considering the in vitro studies, these studies are useful for triangulating and identify-
ing the causes of NP toxicity; however, drawing a decisive conclusion from a given 
literature can be complicated due to the inconsistencies among research. And so, this 
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is a true depiction of the growing number of opinions that the conventional cytotoxic-
ity aren’t suitable enough for conducting nanotoxicity experiments due to the fact that 
NPs all have unique properties and so, might bring about inconsistencies in results. 
There is, therefore, an urgent need for a reputable standard in this field as well as a 
consensus for measuring accurately the nanotoxicity level. However, based on the 
research undertaken by us and countless others, specific types of functionalization can 
greatly limit the amount of toxicity level leaked into the body; and so far, there has 
been promising progress as to its clinical application in the future. Irrespective of the 
differences in terms of their wall number, metal contamination source, and particle 
dimensions, it has been demonstrated by a good number of investigators that several 
types of CNTs are capable of eliciting similar underlying toxicity, but with varying 
potencies. According to the research, one of the most important target organs with 
respect to inhalation is the lungs; however, the skin is also prone to inflammation. 
As a result, in order for risk assessment to be thoroughly executed, CNTs have been 
assumed to induce toxic effects with a degree of the threshold. On the other hand, 
more investigation of systemic effects, that is cardiovascular and immunological, and 
then, sustainability and reversibility effects, which follows the repeated exposure to 
inhalation as well as the trigger mechanism for systemic effects via the release of 
mediators and also, postexposure periods, that is within several months, should be 
greatly considered.

References

 [1] Lacerda L, Bianco A, Prato M, Kostarelos K. Carbon nanotubes as nanomedicines: from 
toxicology to pharmacology. Advanced drug delivery reviews 2006;58(14):1460–70.

 [2] Cheng J, Chan CM, Veca LM, Poon WL, Chan PK, Qu L, et  al. Acute and long-term 
effects after single loading of functionalized multi-walled carbon nanotubes into zebrafish 
(Danio rerio). Toxicology and applied pharmacology 2009;235(2):216–25.

 [3] Burugapalli K, Razavi M, Zhou L, Huang Y. In Vitro Cytocompatibility Study of a 
Medical β-Type Ti-35.5 Nb-5.7 Ta Titanium Alloy. Journal of Biomaterials and Tissue 
Engineering 2016;6(2):141–8.

 [4] Pantarotto D, Singh R, McCarthy D, Erhardt M, Briand JP, Prato M, et  al. 
Functionalized carbon nanotubes for plasmid DNA gene delivery. Angewandte Chemie 
2004;116(39):5354–8.

 [5] Pantarotto D, Briand JP, Prato M, Bianco A. Translocation of bioactive peptides across 
cell membranes by carbon nanotubes. Chemical Communications 2004;1:16–17.

 [6] Kam NWS, Dai H. Carbon nanotubes as intracellular protein transporters: generality and 
biological functionality. Journal of the American Chemical Society 2005;127(16):6021–6.

 [7] Wu W, Wieckowski S, Pastorin G, Benincasa M, Klumpp C, Briand JP, et al. Targeted 
delivery of amphotericin B to cells by using functionalized carbon nanotubes. Angewandte 
Chemie International Edition 2005;44(39):6358–62.

 [8] Lu Q, Moore JM, Huang G, Mount AS, Rao AM, Larcom LL, et al. RNA polymer trans-
location with single-walled carbon nanotubes. Nano Letters 2004;4(12):2473–7.

 [9] Johnston HJ, Hutchison GR, Christensen FM, Peters S, Hankin S, Aschberger K, et al. A 
critical review of the biological mechanisms underlying the in vivo and in vitro toxicity of 

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref1
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref1
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref2
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref2
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref2
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref3
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref3
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref3
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref4
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref4
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref4
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref5
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref5
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref6
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref6
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref7
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref7
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref7
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref8
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref8
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref9
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref9


Nanobiomaterials Science, Development and Evaluation274

carbon nanotubes: The contribution of physico-chemical characteristics. Nanotoxicology 
2010;4(2):207–46.

 [10] Jeng HA, Swanson J. Toxicity of metal oxide nanoparticles in mammalian cells. Journal 
of Environmental Science and Health Part A 2006;41(12):2699–711.

 [11] Tsuji JS, Maynard AD, Howard PC, James JT, Lam CW, Warheit DB, et  al. Research 
strategies for safety evaluation of nanomaterials, part IV: risk assessment of nanoparticles. 
Toxicological sciences 2006;89(1):42–50.

 [12] Razavi M, Fathi M, Savabi O, Vashaee D, Tayebi L. In vivo assessments of bioabsorbable 
AZ91 magnesium implants coated with nanostructured fluoridated hydroxyapatite by 
MAO/EPD technique for biomedical applications. Materials Science and Engineering:  
C 2015;48:21–7.

 [13] Razavi M, Fathi MH, Savabi O, Vashaee D, Tayebi L. Biodegradation, bioactivity and in 
vivo biocompatibility analysis of plasma electrolytic oxidized (PEO) biodegradable Mg 
implants. Physical Science International Journal 2014;4(5):708.

 [14] Karamian E, Motamedi MRK, Khandan A, Soltani P, Maghsoudi S. An in vitro evaluation 
of novel NHA/zircon plasma coating on 316L stainless steel dental implant. Progress in 
Natural Science: Materials International 2014;24(2):150–6.

 [15] Karamian E, Khandan A, Kalantar Motamedi MR, Mirmohammadi H. Surface charac-
teristics and bioactivity of a novel natural HA/zircon nanocomposite coated on dental 
implants. BioMed research international 2014:2014.

 [16] Khandan A, Abdellahi M, Ozada N, Ghayour H. Study of the bioactivity, wettability and 
hardness behaviour of the bovine hydroxyapatite-diopside bio-nanocomposite coating. 
Journal of the Taiwan Institute of Chemical Engineers 2016;60:538–46.

 [17] Cui FZ, Li DJ. A review of investigations on biocompatibility of diamond-like carbon and 
carbon nitride films. Surface and Coatings Technology 2000;131(1):481–7.

 [18] Khandan A, Abdellahi M, Barenji RV, Ozada N, Karamian E. Introducing natural 
hydroxyapatite-diopside (NHA-Di) nano-bioceramic coating. Ceramics International 
2015;41(9):12355–63.

 [19] Ratner BD, Hoffman AS, Schoen FJ, Lemons JE. Biomaterials science: an introduction to 
materials in medicine. Academic press; 2004.

 [20] Karamian E, Abdellahi M, Khandan A, Abdellah S. Introducing the fluorine doped natu-
ral hydroxyapatite-titania nanobiocomposite ceramic. Journal of Alloys and Compounds 
2016;679:375–83.

 [21] Yildirimer L, Thanh NT, Loizidou M, Seifalian AM. Toxicology and clinical potential of 
nanoparticles. Nano today 2011;6(6):585–607.

 [22] Franke H, Galla HJ, Beuckmann CT. Primary cultures of brain microvessel endothelial 
cells: a valid and flexible model to study drug transport through the blood–brain barrier 
in vitro. Brain Research Protocols 2000;5(3):248–56.

 [23] Cheng R, Feng F, Meng F, Deng C, Feijen J, Zhong Z. Glutathione-responsive nano-
vehicles as a promising platform for targeted intracellular drug and gene delivery. Journal 
of controlled release 2011;152(1):2–12.

 [24] Benson JD, Chen YNP, Cornell-Kennon SA, Dorsch M, Kim S, Leszczyniecka M, et al. 
Validating cancer drug targets. Nature 2006;441(7092):451–6.

 [25] Ito A, Shinkai M, Honda H, Kobayashi T. Medical application of functionalized magnetic 
nanoparticles. Journal of bioscience and bioengineering 2005;100(1):1–11.

 [26] Gupta AK, Gupta M. Synthesis and surface engineering of iron oxide nanoparticles for 
biomedical applications. Biomaterials 2005;26(18):3995–4021.

 [27] Veiseh O, Gunn JW, Kievit FM, Sun C, Fang C, Lee JS, et al. Inhibition of tumor-cell 
invasion with chlorotoxin-bound superparamagnetic 2009.

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref9
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref9
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref10
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref10
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref11
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref11
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref11
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref12
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref12
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref12
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref12
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref13
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref13
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref13
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref14
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref14
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref14
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref15
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref15
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref15
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref16
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref16
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref16
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref17
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref17
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref18
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref18
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref18
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref19
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref19
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref20
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref20
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref20
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref21
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref21
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref22
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref22
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref22
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref23
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref23
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref23
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref24
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref24
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref25
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref25
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref26
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref26


Safety, regulatory issues, long-term biotoxicity, and the processing environment  275

 [28] Aschberger K, Johnston HJ, Stone V, Aitken RJ, Hankin SM, Peters SA, et al. Review 
of carbon nanotubes toxicity and exposure—Appraisal of human health risk assessment 
based on open literature. Critical reviews in toxicology 2010;40(9):759–90.

 [29] Schipper ML, Nakayama-Ratchford N, Davis CR, Kam NWS, Chu P, Liu Z, et al. A pilot 
toxicology study of single-walled carbon nanotubes in a small sample of mice. Nature 
nanotechnology 2008;3(4):216–21.

 [30] Crouzier D, Follot S, Gentilhomme E, Flahaut E, Arnaud R, Dabouis V, et  al. Carbon 
nanotubes induce inflammation but decrease the production of reactive oxygen species in 
lung. Toxicology 2010;272(1):39–45.

 [31] Yang W, Peters JI, Williams RO. Inhaled nanoparticles—a current review. International 
Journal of Pharmaceutics 2008;356(1):239–47.

 [32] Patton JS, Byron PR. Inhaling medicines: delivering drugs to the body through the lungs. 
Nature Reviews Drug Discovery 2007;6(1):67–74.

 [33] Ryter SW, Kim HP, Hoetzel A, Park JW, Nakahira K, Wang X, et al. Mechanisms of cell 
death in oxidative stress. Antioxidants & redox signaling 2007;9(1):49–89.

 [34] Selkoe DJ. Cell biology of protein misfolding: the examples of Alzheimer's and 
Parkinson's diseases. Nature cell biology 2004;6(11):1054–61.

 [35] Hu K, Shi Y, Jiang W, Han J, Huang S, Jiang X. Lactoferrin conjugated PEG-PLGA 
nanoparticles for brain delivery: preparation, characterization and efficacy in Parkinson's 
disease. International journal of pharmaceutics 2011;415(1):273–83.

 [36] Brigger I, Dubernet C, Couvreur P. Nanoparticles in cancer therapy and diagnosis. 
Advanced drug delivery reviews 2002;54(5):631–51.

 [37] Matsuo Y, Ishihara T, Ishizaki J, Miyamoto KI, Higaki M, Yamashita N. Effect of beta-
methasone phosphate loaded polymeric nanoparticles on a murine asthma model. Cellular 
immunology 2009;260(1):33–8.

 [38] Pison U, Welte T, Giersig M, Groneberg DA. Nanomedicine for respiratory diseases. 
European Journal of Pharmacology 2006;533(1):341–50.

 [39] Sosnik A, Carcaboso ÁM, Glisoni RJ, Moretton MA, Chiappetta DA. New old challenges 
in tuberculosis: potentially effective nanotechnologies in drug delivery. Advanced drug 
delivery reviews 2010;62(4):547–59.

 [40] Sarfati G, Dvir T, Elkabets M, Apte RN, Cohen S. Targeting of polymeric nanoparticles 
to lung metastases by surface-attachment of YIGSR peptide from laminin. Biomaterials 
2011;32(1):152–61.

 [41] Rink JS, McMahon KM, Chen X, Mirkin CA, Thaxton CS, Kaufman DB. Transfection 
of pancreatic islets using polyvalent DNA-functionalized gold nanoparticles. Surgery 
2010;148(2):335–45.

 [42] Heydary HA, Karamian E, Poorazizi E, Heydaripour J, Khandan A. Electrospun of poly-
mer/bioceramic nanocomposite as a new soft tissue for biomedical applications. Journal 
of Asian Ceramic Societies 2015;3(4):417–25.

 [43] Yang R, Yang SG, Shim WS, Cui F, Cheng G, Kim IW, et al. Lung-specific delivery of 
paclitaxel by chitosan-modified PLGA nanoparticles via transient formation of microag-
gregates. Journal of pharmaceutical sciences 2009;98(3):970–84.

 [44] Tian F, Cui D, Schwarz H, Estrada GG, Kobayashi H. Cytotoxicity of single-wall carbon 
nanotubes on human fibroblasts. Toxicology in vitro 2006;20(7):1202–12.

 [45] Lin W, Huang YW, Zhou XD, Ma Y. In vitro toxicity of silica nanoparticles in human lung 
cancer cells. Toxicology and applied pharmacology 2006;217(3):252–9.

 [46] Akhtar MJ, Ahamed M, Kumar S, Siddiqui H, Patil G, Ashquin M, et al. Nanotoxicity 
of pure silica mediated through oxidant generation rather than glutathione depletion in 
human lung epithelial cells. Toxicology 2010;276(2):95–102.

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref27
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref27
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref27
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref28
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref28
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref28
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref29
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref29
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref29
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref30
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref30
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref31
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref31
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref32
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref32
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref33
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref33
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref34
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref34
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref34
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref35
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref35
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref36
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref36
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref36
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref37
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref37
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref38
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref38
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref38
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref39
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref39
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref39
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref40
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref40
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref40
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref41
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref41
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref41
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref42
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref42
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref42
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref43
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref43
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref44
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref44
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref45
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref45
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref45


Nanobiomaterials Science, Development and Evaluation276

 [47] Yang H, Liu C, Yang D, Zhang H, Xi Z. Comparative study of cytotoxicity, oxidative 
stress and genotoxicity induced by four typical nanomaterials: the role of particle size, 
shape and composition. Journal of applied Toxicology 2009;29(1):69–78.

 [48] Lu S, Duffin R, Poland C, Daly P, Murphy F, Drost E, et al. Efficacy of simple short-term 
in vitro assays for predicting the potential of metal oxide nanoparticles to cause pulmo-
nary inflammation. Environmental health perspectives 2009;117(2):241.

 [49] Napierska D, Thomassen LC, Rabolli V, Lison D, Gonzalez L, Kirsch-Volders M, et al. 
Size-Dependent Cytotoxicity of Monodisperse Silica Nanoparticles in Human Endothelial 
Cells. Small 2009;5(7):846–53.

 [50] Meng H, Liong M, Xia T, Li Z, Ji Z, Zink JI, et al. Engineered design of mesoporous 
silica nanoparticles to deliver doxorubicin and P-glycoprotein siRNA to overcome drug 
resistance in a cancer cell line. ACS nano 2010;4(8):4539–50.

 [51] Shi X, Wang Y, Varshney RR, Ren L, Zhang F, Wang DA. In-vitro osteogenesis of syn-
ovium stem cells induced by controlled release of bisphosphate additives from micro-
spherical mesoporous silica composite. Biomaterials 2009;30(23):3996–4005.

 [52] Kazemi A, Abdellahi M, Khajeh-Sharafabadi A, Khandan A, Ozada N. Study of in vitro 
bioactivity and mechanical properties of diopside nano-bioceramic synthesized by a facile 
method using eggshell as raw material. Materials Science and Engineering: C 2016.

 [53] Najafinezhad A, Abdellahi M, Ghayour H, Soheily A, Chami A, Khandan A. A compara-
tive study on the synthesis mechanism, bioactivity and mechanical properties of three 
silicate bioceramics. Materials Science and Engineering: C 2017;72:259–67.

 [54] Sharafabadi AK, Abdellahi M, Kazemi A, Khandan A, Ozada N. A novel and economical 
route for synthesizing akermanite (Ca2 MgSi2 O7) nano-bioceramic. Materials Science 
and Engineering: C 2016.

 [55] Yazdimamaghani M, Razavi M, Vashaee D, Moharamzadeh K, Boccaccini AR, Tayebi L. 
Porous magnesium-based scaffold tissue engineering. Materials Science and Engineering: 
C 2016.

 [56] Samberg ME, Oldenburg SJ, Monteiro-Riviere NA. Evaluation of silver nanoparticle 
toxicity in skin in vivo and keratinocytes in vitro. Environmental health perspectives 
2010;118(3):407.

 [57] Sharma HS, Hussain S, Schlager J, Ali SF, Sharma A. Influence of nanoparticles on 
blood–brain barrier permeability and brain edema formation in rats Brain edema XIV. 
Vienna: Springer; 2010. p. 359–64.

 [58] Tang J, Xiong L, Wang S, Wang J, Liu L, Li J, et  al. Distribution, translocation and 
accumulation of silver nanoparticles in rats. Journal of nanoscience and nanotechnology 
2009;9(8):4924–32.

 [59] Arora S, Jain J, Rajwade JM, Paknikar KM. Cellular responses induced by silver nano-
particles: in vitro studies. Toxicology letters 2008;179(2):93–100.

 [60] Lankveld DPK, Oomen AG, Krystek P, Neigh A, Troost–de Jong A, Noorlander CW, 
et  al. The kinetics of the tissue distribution of silver nanoparticles of different sizes. 
Biomaterials 2010;31(32):8350–61.

 [61] Kim S, Choi JE, Choi J, Chung KH, Park K, Yi J, et  al. Oxidative stress-dependent  
toxicity of silver nanoparticles in human hepatoma cells. Toxicology in vitro 
2009;23(6):1076–84.

 [62] Teodoro JS, Simões AM, Duarte FV, Rolo AP, Murdoch RC, Hussain SM, et  al. 
Assessment of the toxicity of silver nanoparticles in vitro: a mitochondrial perspective. 
Toxicology in Vitro 2011;25(3):664–70.

 [63] Pornpattananangkul D, Olson S, Aryal S, Sartor M, Huang CM, Vecchio K, et al. Stimuli-
responsive liposome fusion mediated by gold nanoparticles. ACS nano 2010;4(4):1935–42.

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref46
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref46
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref46
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref47
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref47
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref47
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref48
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref48
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref48
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref49
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref49
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref49
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref50
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref50
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref50
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref51
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref51
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref51
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref52
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref52
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref52
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref53
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref53
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref53
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref54
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref54
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref54
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref55
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref55
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref55
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref56
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref56
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref56
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref57
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref57
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref57
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref58
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref58
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref59
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref59
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref59
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref60
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref60
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref60
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref61
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref61
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref61
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref62
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref62


Safety, regulatory issues, long-term biotoxicity, and the processing environment  277

 [64] Murphy CJ, Gole AM, Stone JW, Sisco PN, Alkilany AM, Goldsmith EC, et  al. Gold 
nanoparticles in biology: beyond toxicity to cellular imaging. Accounts of chemical 
research 2008;41(12):1721–30.

 [65] Mironava T, Hadjiargyrou M, Simon M, Rafailovich MH. Gold nanoparticles cellular  
toxicity and recovery: Adipose Derived Stromal cells. Nanotoxicology 2014;8(2):189–201.

 [66] Mironava T, Hadjiargyrou M, Simon M, Jurukovski V, Rafailovich MH. Gold nanopar-
ticles cellular toxicity and recovery: effect of size, concentration and exposure time. 
Nanotoxicology 2010;4(1):120–37.

 [67] Mironava T, Simon M, Rafailovich MH, Rigas B. Platinum folate nanoparticles toxicity: 
cancer vs. normal cells. Toxicology in Vitro 2013;27(2):882–9.

 [68] Jung CW, Jacobs P. Physical and chemical properties of superparamagnetic iron oxide 
MR contrast agents: ferumoxides, ferumoxtran, ferumoxsil. Magnetic resonance imaging 
1995;13(5):661–74.

 [69] Raynal I, Prigent P, Peyramaure S, Najid A, Rebuzzi C, Corot C. Macrophage endocytosis 
of superparamagnetic iron oxide nanoparticles: mechanisms and comparison of ferumoxi-
des and ferumoxtran-10. Investigative radiology 2004;39(1):56–63.

 [70] Brunner TJ, Wick P, Manser P, Spohn P, Grass RN, Limbach LK, et al. In vitro cytotoxicity  
of oxide nanoparticles: comparison to asbestos, silica, and the effect of particle solubility. 
Environmental science & technology 2006;40(14):4374–81.

 [71] Oberdörster G, Stone V, Donaldson K. Toxicology of nanoparticles: a historical perspec-
tive. Nanotoxicology 2007;1(1):2–25.

 [72] Berry CC, Wells S, Charles S, Curtis AS. Dextran and albumin derivatised iron oxide 
nanoparticles: influence on fibroblasts in vitro. Biomaterials 2003;24(25):4551–7.

 [73] Berry CC, Wells S, Charles S, Aitchison G, Curtis AS. Cell response to dextran-deriva-
tised iron oxide nanoparticles post internalisation. Biomaterials 2004;25(23):5405–13.

 [74] Mahmoudi M, Simchi A, Imani M, Shokrgozar MA, Milani AS, Häfeli UO, et al. A new 
approach for the in vitro identification of the cytotoxicity of superparamagnetic iron oxide 
nanoparticles. Colloids and Surfaces B: Biointerfaces 2010;75(1):300–9.

 [75] Saeedi M, Abdellahi M, Rahimi A, Khandan A. Preparation and characterization of 
nanocrystalline barium ferrite ceramic. Functional Materials Letters 2016;9(05):1650068.

 [76] Ghayour H, Abdellahi M, Bahmanpour M, Khandan A. Simulation of dielectric behavior 
in RFeO_ {3} orthoferrite ceramics (R = rare earth metals). Journal of Computational 
Electronics 2016;15(4):1275–83.

 [77] Jabbarzare S, Abdellahi M, Ghayour H, Arpanahi A, Khandan A. A study on the synthesis 
and magnetic properties of the cerium ferrite ceramic. Journal of Alloys and Compounds 
2017;694:800–7.

 [78] Zhang TS, Ma J, Kong LB, Chan SH, Kilner JA. Aging behavior and ionic conductivity 
of ceria-based ceramics: a comparative study. Solid State Ionics 2004;170(3):209–17.

 [79] Wu A, Shen H, Xu J, Wang Z, Jiang L, Luo L, et al. Crystal growth and magnetic property 
of YFeO 3 crystal. Bulletin of Materials Science 2012;35(2):259–63.

 [80] Ameta J, Kumar A, Ameta R, Sharma VK, Ameta SC. Synthesis and characterization of 
CeFeO3 photocatalyst used in photocatalytic bleaching of gentian violet. Journal of the 
Iranian Chemical Society 2009;6(2):293–9.

 [81] Abbad A, Benstaali W, Bentounes HA, Bentata S, Benmalem Y. Search for half-metallic 
ferromagnetism in orthorhombic Ce (Fe/Cr) O3 perovskites. Solid State Communications 
2016;228:36–42.

 [82] Liu X, Novosad V, Rozhkova EA, Chen H, Yefremenko V, Pearson J, et al. Surface func-
tionalized biocompatible magnetic nanospheres for cancer hyperthermia. IEEE transac-
tions on magnetics 2007;43(6):2462–4.

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref63
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref63
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref63
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref64
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref64
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref65
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref65
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref65
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref66
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref66
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref67
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref67
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref67
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref68
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref68
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref68
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref69
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref69
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref69
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref70
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref70
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref71
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref71
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref72
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref72
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref73
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref73
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref73
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref74
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref74
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref75
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref75
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref75
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref76
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref76
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref76
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref77
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref77
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref78
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref78
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref79
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref79
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref79
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref80
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref80
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref80
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref81
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref81
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref81


Nanobiomaterials Science, Development and Evaluation278

 [83] Jordan A, Scholz R, Wust P, Schirra H, Schiestel T, Schmidt H, et  al. Endocytosis of 
dextran and silan-coated magnetite nanoparticles and the effect of intracellular hyperther-
mia on human mammary carcinoma cells in vitro. Journal of Magnetism and Magnetic 
Materials 1999;194(1):185–96.

 [84] Ehrenfest DMD, Coelho PG, Kang BS, Sul YT, Albrektsson T. Classification of osseoin-
tegrated implant surfaces: materials, chemistry and topography. Trends in biotechnology 
2010;28(4):198–206.

 [85] Lang NP, Jepsen S. Implant surfaces and design (Working Group 4). Clinical Oral 
Implants Research 2009;20(s4):228–31.

 [86] Kiss B, Bíró T, Czifra G, Tóth BI, Kertész Z, Szikszai Z, et al. Investigation of micronized 
titanium dioxide penetration in human skin xenografts and its effect on cellular functions 
of human skin-derived cells. Experimental dermatology 2008;17(8):659–67.

 [87] Pan Z, Lee W, Slutsky L, Clark RA, Pernodet N, Rafailovich MH. Adverse effects of titanium 
dioxide nanoparticles on human dermal fibroblasts and how to protect cells. Small 2009; 
5(4):511–20.

 [88] Lademann J, Weigmann HJ, Rickmeyer C, Barthelmes H, Schaefer H, Mueller G, 
et al. Penetration of titanium dioxide microparticles in a sunscreen formulation into the  
horny layer and the follicular orifice. Skin Pharmacology and Physiology 1999; 
12(5):247–56.

 [89] Mavon A, Miquel C, Lejeune O, Payre B, Moretto P. In vitro percutaneous absorption 
and in vivo stratum corneum distribution of an organic and a mineral sunscreen. Skin 
pharmacology and physiology 2006;20(1):10–20.

 [90] Kuboki Y, Takita H, Kobayashi D, Tsuruga E, Inoue M, Murata M, et al. BMP-induced 
osteogenesis on the surface of hydroxyapatite with geometrically feasible and nonfea-
sible structures: topology of osteogenesis. Journal of biomedical materials research 
1998;39(2):190–9.

 [91] Ripamonti U. The morphogenesis of bone in replicas of porous hydroxyapatite obtained 
from conversion of calcium carbonate exoskeletons of coral. J Bone Joint Surg Am 
1991;73(5):692–703.

 [92] Dorozhkin SV. Bioceramics of calcium orthophosphates. Biomaterials 2010;31(7):1465–85.
 [93] Habibovic P, Yuan H, van der Valk CM, Meijer G, van Blitterswijk CA, de Groot K. 3D 

microenvironment as essential element for osteoinduction by biomaterials. Biomaterials 
2005;26(17):3565–75.

 [94] Nagase M, Baker DG, Schumacher Jr HR. Prolonged inflammatory reactions induced 
by artificial ceramics in the rat air pouch model. The Journal of rheumatology 
1988;15(9):1334–8.

 [95] Rooney T, Berman S, Indresano AT. Evaluation of porous block hydroxylapatite for aug-
mentation of alveolar ridges. Journal of Oral and Maxillofacial Surgery 1988;46(1):15–18.

 [96] Prudhommeaux F, Schiltz C, Lioté F, Hina A, Champy R, Bucki B, et al. Variation in the 
inflammatory properties of basic calcium phosphate crystals according to crystal type. 
Arthritis & Rheumatism 1996;39(8):1319–26.

 [97] Dresselhaus MS, Dresselhaus G, Saito R. Physics of carbon nanotubes. Carbon 
1995;33(7):883–91.

 [98] Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, Korbelik M, et  al. 
Photodynamic therapy. Journal of the National Cancer Institute 1998;90(12):889–905.

 [99] Radomski A, Jurasz P, Alonso-Escolano D, Drews M, Morandi M, Malinski T, et  al. 
Nanoparticle-induced platelet aggregation and vascular thrombosis. British journal of 
pharmacology 2005;146(6):882–93.

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref82
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref82
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref82
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref82
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref83
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref83
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref83
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref84
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref84
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref85
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref85
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref85
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref86
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref86
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref86
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref87
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref87
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref87
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref87
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref88
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref88
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref88
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref89
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref90
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref90
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref90
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref91
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref92
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref92
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref92
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref93
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref93
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref93
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref94
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref94
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref95
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref95
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref95
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref96
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref96
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref97
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref97
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref98
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref98
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref98


Safety, regulatory issues, long-term biotoxicity, and the processing environment  279

 [100] Yang ST, Wang X, Jia G, Gu Y, Wang T, Nie H, et al. Long-term accumulation and low 
toxicity of single-walled carbon nanotubes in intravenously exposed mice. Toxicology 
letters 2008;181(3):182–9.

 [101] Li Z, Hulderman T, Salmen R, Chapman R, Leonard SS, Young SH, et al. Cardiovascular 
effects of pulmonary exposure to single-wall carbon nanotubes. Environmental health 
perspectives 2007:377–82.

 [102] Helfenstein M, Miragoli M, Rohr S, Müller L, Wick P, Mohr M, et al. Effects of com-
bustion-derived ultrafine particles and manufactured nanoparticles on heart cells in vitro. 
Toxicology 2008;253(1):70–8.

 [103] Huczko A, Lange H. Carbon nanotubes: experimental evidence for a null risk of skin 
irritation and allergy. Fullerene Science and Technology 2001;9(2):247–50.

 [104] Kishore AS, Surekha P, Murthy PB. Assessment of the dermal and ocular irritation 
potential of multi-walled carbon nanotubes by using in vitro and in vivo methods. 
Toxicology letters 2009;191(2):268–74.

 [105] Kolosnjaj-Tabi J, Hartman KB, Boudjemaa S, Ananta JS, Morgant G, Szwarc H, 
et  al. In vivo behavior of large doses of ultrashort and full-length single-walled car-
bon nanotubes after oral and intraperitoneal administration to Swiss mice. Acs Nano 
2010;4(3):1481–92.

 [106] Maynard AD, Baron PA, Foley M, Shvedova AA, Kisin ER, Castranova V. Exposure to 
carbon nanotube material: aerosol release during the handling of unrefined single-walled 
carbon nanotube material. Journal of Toxicology and Environmental Health, Part A 
2004;67(1):87–107.

 [107] Methner M, Hodson L, Dames A, Geraci C. Nanoparticle emission assessment technique 
(NEAT) for the identification and measurement of potential inhalation exposure to engi-
neered nanomaterials—Part B: Results from 12 field studies. Journal of occupational and 
environmental hygiene 2010;7(3):163–76.

 [108] Folkmann JK, Risom L, Jacobsen NR, Wallin H, Loft S, Møller P. Oxidatively Damaged 
DNA in Rats Exposed by Oral Gavage to C60 Fullerenes and Single-Walled Carbon 
Nanotubes. Environmental health perspectives 2009;117(5):703.

 [109] Migliore L, Saracino D, Bonelli A, Colognato R, D'Errico MR, Magrini A, et al. Carbon 
nanotubes induce oxidative DNA damage in RAW 264.7 cells. Environmental and 
molecular mutagenesis 2010;51(4):294–303.

 [110] Jacobs H, Okano T, Lin JY, Kim SW. PGE1—Heparin conjugate releasing polymers. 
Journal of Controlled Release 1985;2:313–9.

http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref99
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref99
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref99
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref100
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref100
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref100
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref101
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref101
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref101
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref102
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref102
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref103
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref103
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref103
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref104
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref104
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref104
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref104
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref105
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref105
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref105
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref105
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref106
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref107
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref107
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref107
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref108
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref108
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref108
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref109
http://refhub.elsevier.com/B978-0-08-100963-5.00014-8/sbref109


This page intentionally left blank



Nanobiomaterials Science, Development and Evaluation. DOI: 
© Elsevier Ltd. All rights reserved.2017

http://dx.doi.org/10.1016/B978-0-08-100963-5.00015-X

Practical aspects
Serda Kecel-Gunduz, Sefa Celik and Aysen E. Ozel
Istanbul University, Istanbul, Turkey

15.1 Introduction

Nanotechnology is about the functional design and production of structures from 
atoms and molecules, at scales of 1–100 nm, and the examination of those structures 
and their effective utilization [1]. The size and distribution of the particles is the most 
important characteristic for studies at nanoscales: namely nanoscience [2–3]. In addi-
tion to basic research in physics, chemistry, and biological sciences, nanotechnology 
and nanoscience is widely used in many areas. These areas include nanoelectronics 
and computer technologies (fiber optic communication networks), aviation and space 
research, environment and energy, agriculture, chemical engineering and the defense 
industry, and especially biomedical and medical fields due to the nanoscales possible. 
The most important development in these fields was the invention of the scanning 
tunneling microscope in 1981 by Binning and Rohrer, who won a Nobel Prize for 
their invention [4]. That study made it possible to examine the surface of biological 
materials at nanoscales. Another development was the discovery of fullerene parti-
cles, which are the building blocks for synthetic carbon nanostructures, by Kroto et al. 
in 1985 [5]. Fullerene particles are C60 allotropes that form carbon nanotube arrays.

Nanotechnology can be explained in two ways, using a “top-down” approach or a 
“bottom-up” approach, that can be summarized as follows:

Bottom-up: (From atoms to molecules, from molecules to materials)
This is an approach from the small scale to the big scale. It is about creating molecules by 
aligning atoms, the most fundamental building blocks of matter.
Top-down: (From materials to molecules, from molecules to atoms)
This is an approach from the big scale to the small scale. It is about decomposing materials 
into its atoms via mechanical or chemical processes and rearranging them. Owing to tech-
nological advances, this method is the more commonly performed (Fig. 15.1).

Nanotechnological products occur in our daily lives in so many areas and make our 
lives easier by replacing the materials we use with smarter, long-lasting ones. There 
are many examples of the application of nanotechnology, from self-cleaning paints to 
drip-dry and dirt-repellent fabrics; from elastic but more solid concrete to diamond-
hard coatings; from killing cancer cells without harming the body to nanotechnologi-
cal drug-carrying systems, creams with effects that last for days, antibacterial and 
odor-free socks, and antimicrobial fridges.

15
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15.2 Part I: Nanomaterials and their types

15.2.1 Nanotechnological drug-carrying systems

Nanotechnology has developed new drug-carrying systems for the delivery of active 
molecules to the target tissue or cells in the body. The idea of using carrying systems 
for drugs was initially proposed by Paul Ehrlich in the form of magic bullets, which 
are now widely used in medicine [6].

Nanocarriers provide useful, enhanced systems for diagnosis and treatment by 
quickly solving the problems encountered when dealing with the absorption of the 
drugs and their delivery to the correct parts of the body. Especially in cancer treat-
ments, the nanocarriers are crucial in avoiding the unwanted side effects of the 
drugs released into the body by directly targeting the cancer cells. Nanocarriers are 
solid, colloidal particles at submicron-scales, generally with radii of 10–1000 nm. 
They are prepared from polymers with specific physicochemical properties and are 
used as carrying systems after being loaded with drugs. Drug-carrying nanoparticle 
systems can be classified as nanocapsules, nanospheres, nanotubes, nanocrystals, or 
nanoemulsions.

Figure 15.1 Schematic representation of the top-down and bottom-up synthesis processes of 
nanomaterials.
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Nanoparticles: These are solid, matrix-type structures with a circular form having 
particle sizes between 100 nm and 200 nm. They are usually obtained from natural or 
synthetic polymers. The drug is dissolved in the polymer matrix where it is trapped 
and encapsulated by being chemically bound or adsorbed. Inside the body, nanopar-
ticles allow the release of various drugs, vaccines, and hydrophobic and hydrophilic 
biological macromolecules. Additionally, studies show that nanoparticles allow con-
trolled drug release to specific organs and cells [7]. The nanoparticles either encapsu-
late the drug molecules or carry those using covalent bonds when delivering them to 
the tumorous tissue. Nanoparticles fix the stability, solubility, and permeability of the 
drug by reducing its decay under physiological conditions. They decrease the drug 
concentration within healthy tissues and the toxic side effects associated with this by 
passive and active targeting methods to increase the drug concentration within the 
tumorous tissues and—through the active targeting method and surface modification 
method—provide the specific delivery of the drug, enabling penetration of the tumor.

Nanotubes: Peptide nanotubes are highly organized materials that are formed by 
noncovalent hydrogen bond interactions and van der Waals interactions [8]. Owing to 
the conformations and functional varieties of proteins and peptides, peptide nanotubes 
are versatile molecules for the development of nanometer scale devices [9–12], and 
they are used in many different fields such as biochemistry, chemistry, biology, and 
medicine [13]. Depending on the specific interactions between the peptide nanotubes 
and the biomolecules, they are used in molecular-recognition procedures and as med-
icine-recognition docks. Peptide nanotubes are classified into two groups as either 
cyclic or linear nanotubes. Studies have been carried out on cyclic peptide nanotubes 
since 1974, and they have become an important research topic in ion or small mol-
ecule delivery. The structure, the dynamic characteristics, and the carrying properties 
of cyclic peptides have been examined through experimental and theoretical studies 
[14–18]. One of the reasons behind the use of cyclic peptide structures is that they are 
easy to synthesize, have pores with varying radii, have a changing surface chemistry, 
and they act as a new type of antibiotics against bacterial pathogens [19].

Ghadiri et al. have become the pioneers in the design of cyclic peptide nanotubes 
[20]. Cyclic peptides have characteristic structural properties [21–22]. The structure 
of the nanotube depends on the D- and L-α-amino acids in an alternating order. Cyclic 
D- and L-α-peptides have structural properties that peptide antibiotics and their deriv-
atives do not [23]. Cyclic nanotubes that have D- and L-α-peptide arrangements are 
antibacterial and have an important place in applications as drug-carrying agents [24]. 
Zang et al. demonstrated the nanotube formation using unpaired linear peptide mono-
mers. Those peptides have two different surfaces: hydrophilic and hydrophobic [25].

Amino acid chains that make up the linear peptide combine to form nanotube 
structures by themselves. The best example of these are the nanotubes with radii 
varying between 20 nm and 50 nm that are obtained from α-lactalbumin. The forma-
tion of this nanotube depends on the structure of α-lactalbumin and can be used for 
protection of the drugs [26]. Linear peptides are a member of the bolaamphiphile 
peptide class. The structures of bolaamphiphile peptide-based nanotubes can be inves-
tigated using X-ray and Raman spectroscopy. In a study in 2000, it was observed that 
metal-covered nanowires could be produced from bolaamphiphile peptide nanotubes 



Nanobiomaterials Science, Development and Evaluation284

[27]. In that study, researchers used glycylglycine bolaamphiphile crystals. Ordered 
nanofibers, formed by ionic peptides (a peptide subcategory), were used in tissue 
engineering for cell renewal. In 2005, Hidenori Yokoi et  al. did important studies 
on the three-dimensional (3D) cell culture, tissue repair, and cell renewal using the 
nanofiber structure of the RADARADARADARADA (RADA16-I) ionic peptide 
[28]. The first applications of peptide nanotubes have been in antibiotic agents inter-
acting with bacterial membranes. It was found by some studies that peptide nanotubes 
are an effective carrier allowing membrane trespassing (hence an antibiotic agent) for 
ions and molecules such as water or glucose [29–30]. Many peptides are being used 
safely on living organisms (in vivo) or in the laboratory (in vitro); nevertheless, short- 
and long-term side effects are still a matter of concern. In a study by Westermark 
et  al. in 2009, it was observed that amyloid remnants were found in rats that had 
been given peptides including RADA16-I and silver nitrate [31]. Amyloid is a harm-
ful peptide sequence that breaks the communication between the cells and makes  
the tissue (or the organ) dysfunctional by increasing cell death [32]. It became  
possible to diagnose many diseases early on, such as cancer or oriental sore, with 
the use of modified electrodes [33]. In another study by Katerina A. Drouvalakis 
et al. in 2008, nanotube-based immunosensors were used for the first time for direct 
identification of antibodies related to the diseases in human serum [34]. In 2013, 
studies were done for the detection of cancer cells using folic acid peptide nanotubes 
applied to modified graphene electrodes. Phe–Phe dipeptide and its derivatives, which 
already have an important role in cancer treatments and drug-carrying systems, will 
continue to have a significant part in future studies, as reported by Silvia et al. [35]. 
The structure of linear peptides are being studied in both theoretical and experimental 
works [36–40].

Nanospheres: Nanospheres, found in amorphous or crystalline structures in 
nature, have the ability to protect the drug against enzymatic and chemical decay. 
Biocompatible and recyclable polymeric materials are used in the preparation of 
nanospheres as drug carriers. Nanospheres can be categorized as immune nano-
spheres and magnetic nanospheres. Immunomagnetic nanospheres that are prepared 
from a combination of the two types improve the targeting considerably. Since these 
carrying systems are nanosize, they can pass through the smallest blood vessels and 
penetrate the target cells or tissues. Nowadays, nanospheres are used in many applica-
tions using polypeptides, proteins, amino acids, and genes. Further studies are being 
done to improve nanosphere drug-carrying systems in terms of parameters such as 
drug release rate, surface modification, and drug-carrying capacity [41–43].

Nanocrystals: Colloidal nanocrystals comprise an important class of materials 
with a potentially high number of different applications ranging from medicine to 
electronics and optoelectronic devices [44]. Within recent years, nanocrystal formu-
lations have become important as carriers for oral, parenteral, and other drug appli-
cations with low solubility [45]. Drugs in the form of nanocrystals—solid particles 
at nanosizes—do not require any solvents and/or encapsulation chemicals in their 
application. Since there is no need for encapsulation, and their formulation is easy, 
nanocrystals can be produced in large amounts. The key property of drug nanocrystals 
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with nanometer size is that their content is 100% drug, like the polymeric nanoparti-
cles, but with no carrier material. Since there are no solid dissolution agents in their 
formulations, nanocrystals are expected to have a low toxicity and a high anticancer 
effect [46]. They are obtained via milling, precipitation, or homogenization, or by 
a combination of those three methods. All of the industrial methods aim to obtain 
smaller sizes from a drug powder.

Nanocapsules: Nanocapsules are a subcategory of nanoparticles that are vesicular 
systems consisting of an inner core of colloidal size, encircled by a polymeric protec-
tor [47–49]. They have become interesting for biomedical research because they can 
protect enzymes, proteins, and other alien cells and focus the drugs onto their targets 
and control their release [50–52]. Some of those systems are liposomes, nanoparti-
cles, active matter polymer conjugates, polymeric micelles, dendrimers, hydrogels, 
and solid lipid particles. The use of polymeric materials, especially as the encapsulat-
ing material, is very common.

Polymers that are used in medical applications—such as polyethylene (PE), pol-
yurethane (PU), polytetrafluoroethylene (PTFE), polyacetal (PA), polymethylmeth-
acrylate (PMMA), polyethylene teraphthalate (PET), silicon rubber (SR), polysulfone 
(PS), polylactic acid (PLA), and polyglycolic acid (PGA)—can be produced in vari-
ous compositions and shapes (fiber, film, gel, bead, nanoparticles) and therefore have 
a broad spectrum of use as biomaterials [53].

Polymeric nanoparticles—poly(alkyl cyanoacrylates) (PACA), chitosan-PLA, 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles—are micelle-based systems, den-
drimers, phospholipid, and lipid-based systems. It is seen that chitosan-coated poly-
caprolactone has the biopotential to provide drug release for the treatment of bladder 
cancer, whereas pemetrexed loaded magnetic O-carboxmethyl chitosan nanoparticles 
have that ability for lung cancer and golden nanoparticle-drug conjugates for a variety 
of cancers [54].

Proteins comprise a class of natural molecules that has functionality and poten-
tial applications in biology. Nanomaterials produced from proteins are recyclable, 
antigenic, and can be easily bonded to the surfaces of drugs and ligands. Interest in 
polymeric nanoparticles has increased gradually throughout past years. Nowadays, 
active research is focused on the preparation of nanoparticles using proteins such as 
albumin and gelatin. The delivery of treating molecules via polymeric nanoparticles 
is an important application for cancer treatment [55].

Nanoemulsions: Nanoemulsions are colloidal particle systems with sizes between 
10 nm and 1000 nm, and are used as carriers for drug molecules. These carriers are 
solid spheres and their surfaces are negatively charged, amorphous, and lipophilic. 
Nanoemulsions, whose basic content is lipid and aqueous phases, can easily pen-
etrate the cells of microorganisms such as bacteria or fungi and terminate them, 
thus minimizing the toxic reaction. They protect the drug and increase its bioactivity 
[56–58], and are therefore widely used in drug-carrying systems. In 2003, it was seen 
that nanoemulsions with no side effects on the mucosa membrane showed biologi-
cal activity against harmful viruses via a study on rats and other animals [59]. More 
research and development on nanoemulsions is expected [60] (Fig. 15.2).
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15.3 Part II: The uses of nanomaterials

15.3.1 Nanotechnology in cancer diagnosis and treatment

The use of nanotechnology in the detection, diagnosis, and treatment of diseases 
is one of the biggest innovations in the medical field. Responding to cancer cells 
at the early stages of the mutation can stop the evolution of cancer [61]. Currently, 
the growth or changes in the organs can be monitored via classical methods, but the 
cancer diagnosis can be made only with a biopsy if there is any doubt. With nano-
structures, a single tumor cell can be penetrated, and with the developments in related 
imaging technologies, tumors can be diagnosed at an earlier stage compared to clas-
sical methods. The diagnosis of breast cancer via mammography requires one million 
tumor cells to be present; however, it is possible to make a diagnosis with fewer than 
100 cells using nanotechnological structures [62]. Iron oxide nanoparticles are being 
used as contrast agents in magnetic resonance imaging of cancer cells. Iron oxide 
nanoparticles have low toxicity, can adhere in the blood for a long time and can be 
broken down biologically [63,64]. Semiconducting quantum dots (QDs) are particles 
at nanometer size with optical and electronic features, enhanced signal intensity, and 
stability. With QDs emitting radiation at different wavelengths, it is possible to image 
and monitor more than one tumor indicator at the same time. This increases the sen-
sitivity for detection of cancerous cells.

Figure 15.2 Schematic representation of the nanocapsule, nanosphere, nanocrystal, nanotube, 
and nanoemulsion.
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Sathe et al. have performed studies on imaging of cancerous cells using nanocrystals 
with iron oxide and QDs. From these studies, it has been determined that the combination 
of nanocrystals with iron oxide and QDs can be used to get the best image quality [65].

It is shown that QD nanoparticles that are actively targeted at the MUC1 mucin 
protein can be used in imaging ovarian cancer [66], whereas QDs targeted at HER2 
receptors can be used in imaging breast tumor cells [67], and QDs targeted at tumor-
related glycoprotein 72 (TAG-72) can be used in imaging gastric cancer cells [68].

The primary methods in cancer treatment are radiotherapy, chemotherapy, and 
surgery. Radiotherapy relies on the destruction of cancer cells with radiation at spe-
cific frequencies. The disadvantages of this method are the exposure of healthy cells 
to radiation and the loss of functionality in the tissue, and the inability to distribute 
radiation to the cancer cells equally. The most important aim in chemotherapy is to 
annihilate the mechanisms sustaining the division of cancerous cells. For this purpose, 
drugs with toxic effects are used to kill cancerous cells. However, the drugs are not 
targeted within the body and they affect the healthy cells as well as the cancerous 
ones. Surgical methods involving the removal of cancerous tissues also has disadvan-
tages, such as the possible loss of an organ, risk of recurrence of the disease, and the 
inability to perform it on all types of cancer.

Important innovations have been made in nanooncology to increase the concentra-
tion of the treatment drugs within the cancerous cells and to minimize the toxic effects 
on the healthy cells [69].

Aptamers are DNA or RNA oligonucleotides used in targeted therapy that adhere 
to the target molecules. Owing to their small size, they do not interact with the whole 
surface of the molecule and stay stable in the circulatory system without losing their 
activity for a long time [70].

P-glycoprotein is a protein that enables drugs to be transported within the body. 
Any change in its activity may reduce the curative effects of the drug and increase its 
toxic effects. With targeted therapy using nanotechnological methods, the release of 
P-glycoprotein can be controlled.

Since peptides with amino acid sequences typical to cancer cells are smaller 
than antibodies, and are chemically durable, their use in targeted cancer treatment 
is increasing. Various studies show that they can be combined with various drugs or 
drug-carrying systems and be selectively targeted at cancerous cells [33].

15.3.2 Nanotechnology in tissue engineering and  
dental treatment

Nanotechnology, together with nanomaterials, nanorobots, and related biotechnologies, 
is being used in dentistry, tissue engineering, implantology, and restorative dental treat-
ments [71,72]. Resin-based composites is one of the most important nanotechnological 
developments in dental treatment. The main reason behind the use of nanofillings—and 
hence nanotechnology—in dentistry and dental treatments are that nanocomposites can 
be used in all teeth. They have good polishing and adherence qualities, a wide range of 
colors, and good mechanical properties [73]. With the use of noninjection nanorobotic 
painkillers in dental treatments, analgesic activity can be controlled, the process will 
be speeded up and the side effects minimized. Thus, patient concerns and fears will 
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be resolved resulting in increased comfort. Technological studies are being carried on 
the identification and destruction of plaque within the oral cavity and of pathogenic 
bacteria elsewhere by nanorobots [74]. Nanohydroxyapatite is a highly biocompatible 
and bioactive material that is used in dentistry for osteogenesis and remineralization. 
In various studies, it has been shown that toothpastes containing nanohydroxyapatite 
are more effective in avoiding caries compared to other toothpastes [75,76]. Nanofibers 
produced from biopolymers have an important place in biomedical sciences due to 
their properties. They are used as wound dressings since they do not contain toxic 
materials, they stop fungus reproduction, and they are hemostatic, antiallergic, and 
breathable. As reported in research material, antibacterial nanofiber wound dressings 
produced from biopolymers containing silver ions can sustain an effective defense 
against various bacteria [77,78]. Replacing dead tissue with artificial tissue produced 
for the human body using steady, resistant, and durable nanomaterials will be one of 
the most important contributions of nanotechnology to tissue engineering.

15.3.3 Nanotechnology in the treatment of eye diseases

PMMA, PACA, polycaprolactone, albumin, gelatin, PLA, chitosan, and Eudgarid 
are nanoparticles that are used in drug delivery to the eye due to their drug-loading 
capacity, drug release rate, and biocompatibility of the polymers used. Chitosan is the 
most preferable nanoparticle for drug delivery to the eye for the treatment of many 
diseases such as glaucoma, ocular infections, and ocular inflammations, due to its 
biodegradability, biocompatibility, and stability [79–81].

15.3.4 Nanotechnology in the treatment of cardiovascular 
diseases

Nanocarriers are also preferred in the field of cardiology, because their small sizes 
allow them to travel inside the blood vessels, they are biodegradable, biocompatible, 
and have low toxicity. Magnetic nanoparticles with super-paramagnetic properties, 
coated with carbohydrate or polymers containing an iron oxide core, are very important 
for the imaging of cardiovascular diseases. Nanostents developed using nanotechnol-
ogy help the healing process for cardiac patients and prohibit blood coagulation [82].

15.3.5 Nanotechnology in the treatment of neurological 
diseases

The blood brain barrier (BBB) is a defense mechanism developed by the brain against 
pathogens and toxins. This barrier acts as a filter that stops many water-soluble active 
substances such as antibiotics, neuropeptides, and other oligo- and macro-molecules from 
trespassing to the central nervous system. Various carrying strategies have been devel-
oped for the delivery of water-soluble active substances. Nanoparticles and nanovesicles 
are used as drug-carrying systems. Additionally, the local application of convection-
enhanced delivery (CED) liposome is a method that is used in diagnosis and treatment. 
Apart from brain tumors, this method can also be used for the diagnosis and treatment of 
neurodegenerative diseases such as Alzheimer’s or Parkinson’s disease [83,84].
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15.3.6 Nanotechnology in the cosmetics industry and  
its applications

Nanotechnology has many application areas in cosmetics, ranging from suntan creams 
to moisturizers, and from perfumes to hair conditioners. Nanotitanium dioxide (TiO2) 
and zinc oxide (ZnO) particles are widely used for protection in suntan creams. The 
particles block ultraviolet (UV) rays, spread more evenly on the skin, are more trans-
parent, less scented, and leave no residuals [85,86]. In vitro studies showed that nano-
TiO2 and ZnO particles penetrate the stratum corneum layer of the skin and accumulate 
there [86,87]. There are also products being developed containing nanoiron molecules 
instead of nano-TiO2 or ZnO to protect against UV rays [87]. In the production of 
dyes for hair, eyelashes, eyebrows, and nails, nanocelluloses are used. Nanocelluloses 
are categorized into three groups according to their features: microfiber cellulose, 
nanocrystal cellulose, and bacterial nanocellulose. Bacterial nanocellulose has a high 
water-holding capacity (99% water), and therefore it is used in the production of mois-
turizing creams and face masks [88]. Nanosilver particles are used in many cosmetic 
products such as soap, lotions, acne products, antiseptic sprays, and creams because 
they are antibacterial, antiviral, antifungal, and antimicrobial. Additionally, deodorants 
with nanosilver particles eliminate the odor resulting from the combination of bacteria 
due to their antibacterial features [89]. Another nanomaterial that is found in founda-
tions, eyeliners, eye shadows, mascaras, and nail polishes is carbon black, a coloring 
agent in make-up products. However, this material was identified as a possible carci-
nogenic for humans by the International Agency for Research on Cancer (IARC) [90].

15.4 Part III: Common nanoparticles and their harmful 
effects

Owing to their unique chemical and physical properties, nanomaterials have a wide 
range of applications. With smaller sizes, the physical properties of nanotechnological 
materials can change: (electrical, magnetic, optical, stiffness, robustness, conductiv-
ity, melting point, etc.). For example, metals have become stronger, lighter, and more 
conducting, whereas ceramics have become more elastic, and plastics have become 
more conductive. Nanomaterials consist of nanoparticles of sizes between 0.1 nm 
and 100 nm. The physical, chemical, and mechanical properties of nanoparticles 
differ dramatically from macroscopic solids of the same kind. For example, silicon 
is a semiconductor macroscopically, but at nanosizes it behaves as a conductor. The 
physicochemical properties, size-range quantum effects, size-dependence of the elec-
tronic structure, unique properties of the surface atoms, and high surface-to-volume 
ratio can all make a nanoparticle desirable. In the fields of computation, construc-
tion, cosmetics, energy, environment, food, medical packaging, dyes, coating, sports, 
entertainment, textile, clothing, and transportation, the most preferred nanoparticles 
are Ag, Fe, Pt, Sn, Al, Cu, Zr, Se, Ca, Mg, TiO2, ZnO, CeO2, SiO2, Al2O3, carbon 
black, fullerene, nanoclay, ceramics, QDs, and many more. Nanoparticles with bigger 
surface areas increase the performance of batteries and fuel cells and are important for 
the efficiency of structures such as electrodes [91].
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Silver nanoparticles are used mainly in cosmetics (soap, lotion, antiseptic creams) 
and textiles (socks, shirts, antiallergic cloths, masks, gloves, antibacterial carpets, 
antibacterial polymeric floor liners, and wallpaper) because of their antimicrobial 
and antibacterial properties [92,93]. These particles also increase the sensitivity and 
performance of metal oxide sensors.

Golden nanoparticles are commonly used in health (cardiac patients, diagnosis of 
cancer, and infection agents) and as catalyzers for fuel cells and in the production of 
nanodevices [94–97].

Iron nanoparticles can be used in cleaning pollutants such as uranium from soil 
and water. They can also be used as drug carriers, magnetic storage devices, sensors, 
and electrode materials [92–98].

Copper nanoparticles, which have good conductivity, are used in print technology 
and in cleansing underground waters of heavy metals [99]. Copper oxide nanoparti-
cles are used in dyes and in the production of electronic devices [100].

Zinc oxide (ZnO) nanoparticles are used as antimicrobial agents, especially in foot 
protection creams, since they stop mold and fungus growth [101–102]. Additionally, 
they have a wide range of use in electronics, optics, and optoelectronics as varis-
tors and catalyzers [103]. Zinc oxide doped with manganese, cobalt, and silver sees 
changes in its structural, optical, photocatalytic, and antibacterial properties [104].

Titanium dioxide nanoparticles are especially used in self-cleaning glasses and 
paints due to their photocatalytic and hydrophilic properties [105–106], in coatings 
and air cleaning due to their antibacterial properties, in cosmetics due to their bio-
compatibility, and also in solar batteries [107]. To favor their antibacterial properties, 
they are doped with silver to produce silver titanium dioxide metal/metal oxide nano-
particles. These nanoparticles are mainly used in antibacterial plastic, coatings, and 
medical applications [108].

Nickel oxide nanoparticles are used as cathodic material for batteries in addition 
to applications in sensors [103–109].

Aluminum oxide, iron oxide, and tin oxide nanoparticles are used in polishing 
jewelry, and cerium oxide nanoparticles are used in polishing optical and fiber optic 
materials. Lead oxide nanoparticles are used in battery applications due to their reli-
ability and low cost, and indium oxide nanoparticles are mainly preferred in gas sen-
sors and optoelectronic devices.

Commonly used nanoparticles can easily penetrate the body in different ways: 
via respiration, nutrition, or through the skin, and therefore, they can cause various 
diseases by affecting different organs.

The risks and uncertainties of the effects on living tissue and the environment 
caused by nanoparticles should not be ignored when developing new application 
fields for nanotechnology.

Potential health risks related to exposure to these particles must be identified and 
precautions against them must be developed. Depending on their shape, size, and ions, 
these particles can be toxic. Nanoparticles, especially those with cytotoxic and geno-
toxic effects, are shown in Table 15.1 along with their areas of use and their harmful 
effects on humans.



Table 15.1 Properties, areas of use, and harmful effects of nanoparticles [110,111]

NP Properties Areas of use Harmful effects

TiO2 Biocompatibility, 
photocatalytic, optical 
and electrical properties, 
corrosion resistance, 
mechanical strength, 
bleaching, opaqueness.

Cosmetics, food, toothpaste, sun  
cream, printing ink, dyes, polish,  
plastic,  
paper, industrial materials, rubber, 
cleaning supplies, photocatalytic 
applications, solar cells for refinement 
of organic matter in waste water and 
catalyzers [112,113].

Carcinogenic when inhaled [112,113].
Accumulated at different sites in brain and causes 
change in neural structure [114].
When exposed to TiO2, changes in the sodium, 
potassium, magnesium, calcium, iron, and zinc 
levels in the brain were observed [114,115].
TiO2 nanoparticles can be genetically inherited 
from mothers, therefore diseases regarding the 
brain development and nervous system of the 
newborn are possible [116,117].

ZnO Antibacterial Sun creams, biosensors, food additives, 
cement, tires, ceramic materials, 
pigments, plastics, catalyzers, and 
electronic materials.

Dissolved Zn+2 ions cause toxicity.
Inflammatory effects related to ZnO toxicity [118].
Neurotoxicity of ZnO nanoparticles at different 
sizes was observed for neural stem cells of rats.
When taken orally by mammals, ZnO 
nanoparticles increase the blood viscosity and 
pathological regions in the stomach, liver, kidneys, 
pancreas, and spleen [119].

Ag Shiny, silvery white, soft 
metal. Antibacterial and 
antifungal.

In medical devices, textile, personal care 
products, food services, construction 
materials, and in washing machines as an 
antibacterial agent; in the production of 
ethylene oxide as a catalyzer; conductors, 
mirrors, and photographic applications; 
air-fresheners, wall paints, and laundry 
detergent [120–122].

Penetrates the body easily and accumulates in the 
organs: kidneys, liver, testicles, lungs, or brain.
Toxicity was observed in the cells from the liver, 
skin, vascular system, lungs, and reproductive 
systems.
Can cause oxidative stress and cell death in human 
skin carcinoma and fibrosarcoma cells [123].
Produces damage in DNA [124].
Neurotoxic effects detected by in vitro and in vivo 
studies [125].

(Continued)



Table 15.1 Properties, areas of use, and harmful effects of nanoparticles [110,111]

NP Properties Areas of use Harmful effects

Iron oxide (FeO, 
Fe2O3, Fe3O4)

Supermagnetic Industrial and biomedical applications; 
biomedical imaging (magnetic resonance 
imaging, positron emission tomography, 
or ultrasound), gene and drug delivery, 
tissue renewal, cancer treatment; brain 
imaging and targeted drug delivery to the 
brain.

Increase of use of Fe3O4 nanoparticles in industry 
and biomedical sciences can trigger fibrillation 
in polluted air. Increasing fibrillation encourages 
neurodegenerative diseases such as Alzheimer’s or 
Parkinson’s [126–127].
When intranasal exposure to Fe2O3 nanoparticles 
occur, neurons are damaged and oxidative stress 
increases [128].

Copper and 
copper oxide

Responsible for 
the production of 
neurotransmitters such 
as epinephrine and 
norepinephrine that can 
be found in the brain at 
high levels.

Ink, oiler, coatings, semiconductors, heat 
transfer fluids, antimicrobial preparates, 
and intrauterine devices [129].

CuO nanoparticles are extremely toxic in 
comparison with other metal oxide nanoparticles 
[130].

Aluminum  
oxide (alumina, 
Al2O3)

Good electrical and 
anticorrosive properties.

Coatings resistant to scratching, alloys 
and sensors, motor vehicles, electronic 
materials or isolators, exterior linings, and 
personal care products [131].

Neurotoxicological effects that cause 
mitochondrial weakening [132].

Table 15.1 (Continued)
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15.5 Conclusions and future directions

This chapter has offered a detailed guide to nanomaterials (nanoparticles, nanotubes, 
nanospheres, nanocrystals, nanoemulsions, and nanocapsules) and their application 
areas (cancer diagnosis and treatment, low-toxicity drug carriers [133], treatment of 
eye diseases, treatment of cardiovascular diseases, treatment of neurological diseases, 
and tissue engineering, textile, cosmetics, electronics, computers, food, and agricul-
ture). In addition to the application areas and successes of nanotechnological materials,  
their harmful effects have also been detailed in tabular form. Since the full environ-
mental effects of nanoparticle pollution created by nanotechnology are as yet unknown, 
there are increasing concerns that nanoparticles will affect human health in a harmful 
way. There is a large body of research on nanoparticles that are commonly used and 
their harmful effects. Research done on humans and animals show that some nano-
particles can penetrate the body and the organs via vascular and lymphatic systems,  
and yet their use in medical science for diagnosis [134] and treatment [135–136] is very 
important and cannot be neglected. The importance of nanotechnology in industry increases 
day by day. However, it is also very important that the developments in nanotechnology  
must be pursued safely and cautiously considering the effects on the environment and 
human health.
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16.1 What are nanomaterials and why are they 
important?

The concept of measurement in the form of meter, centimeter, and millimeter is well 
understood by all and regularly used to express size in a meaningful way. However, 
working with 1000 parts in a millimeter, otherwise known as micrometer (µm) is less 
familiar to most people and the thought of 1000,000 parts in 1 mm or more appropri-
ately, nanometer (nm) is beyond most people’s scope of perception. Hence materials 
described by nanometer scale are not only very small but are of significant importance 
when it comes to precision engineering and efficient functionality.

Distinction between nanoparticle and nanomaterials lies in the dimensional charac-
teristics of these materials. The term particle refers to a substance of small dimension 
in all its axes for example, a fine powder. Therefore, nanoparticles are described as 
those with dimensions between 1 and 100 nm in size. Nanomaterials, on the other hand, 
are not necessarily the same as they need to have at least one dimension in nanoscale 
for example, nanofibers with possibly infinite length are in this category. In either sce-
nario, the overall effect is a function of the material surface area and the consequences 
that has on the material behavior. To better illustrate the surface area perspective, the 
depictions below show two cylindrical objects of identical volumes; however, due to 
their different internal structures, their overall surface area are very different.

5cm

8cm

ø = 5 cm, l = 8 cm, n = 1 ø = 0.4 cm, l = 8 cm, n = 75
Surface area = 2πrh + 2πr2 Surface area = 75 (2πrh + 2πr2)
= 2π × 2.5 × 8 + 2π × 2.52 = 75 (2π0.2 × 8 + 2π × 0.22)
= 164.85 cm2 = 772.44 cm2

16
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The large difference in the surface area has a number of implications in terms of 
material behavior and functionality. For start, the greater surface area within a given 
volume allows greater absorption of liquids, dyes, or drugs and likewise a quicker 
or more efficient means of releasing or dispatching the loaded material. For a given 
material, the bulk object also has a much lower flexibility, tenacity, and resilience 
compared to its high surface area counterpart. Nanomaterials are often described as 
a bridge between bulk materials and atomic or molecular structures [1]. The change 
in physical properties at nanoscale is of immense interest and has opened up a whole 
new field of engineering, design, and application needs.

At this fine level, what is known as “quantum effects” governs the behavior and over-
all properties of nanomaterials [2]. Details of quantum effects is beyond the scope of  
this chapter; however, its presence at nanolevel is the source that leads to novel 
optical, thermal, electrical, and mechanical behaviors, which are distinctly different 
to those of bulk materials. Specific examples include melting temperature of gold 
nanoparticles at about 300°C as opposed to ~1065°C in bulk, or appearance of gold 
nanoparticles in shades of red or purple rather than the deep yellow color we are all 
familiar with in bulk gold [3,4]. Furthermore, materials such as ceramics that are brit-
tle, hard, strong in compression but weak in shear, and tensile loading, at nanoscale 
behave as ductile materials when subjected to elevated temperatures [5]. Inclusion of 
nano-inorganic particles in composites could also alter their dielectric constant and 
hence influence their photonic band-gap structures [6,7].

Nanomaterials are found abundantly in natural habitat and to a searching eye are 
full of clues and instructions as to the nature of their complex behaviors and proper-
ties. Despite their existence, due to technological limitations and unavailability of right 
investigative tools, they have remained out of reach and therefore out of sight for a 
long time. With the advent of the electron microscopes in the 1930s and their full com-
mercialization in the 1960s, a new horizon beyond what had been possible until then 
was unveiled and with it there came an explosion of opportunities and potentials for 
new forms of investigation at molecular or nanoscale domain [8]. The term nanotech-
nology was subsequently first used by Norio Taniguvhi in 1974 and since then the all-
inclusive terminology has blossomed into an area of great interest around the globe [9]. 
This is largely due to man’s desire to explore, investigate, and, where possible, control 
and manipulate matter at its lowest level of existence that is, atoms and molecules.

In nature, many biological species and inorganic objects are made from nanomateri-
als. However, our appreciation of their existence has only just begun. For instance, self-
cleaning feature of lotus leaf is governed by its intricate surface nanostructure, which 
minimizes water droplet contacts and makes them roll away henceforth removing dirt 
[10], or the fact that Geckos can walk upside down on glass is purely down to their 
nanoscale spatulae feet structure that utilizes otherwise very weak Van der Waals forces 
to its advantage [11]. The skin, bones, hair, and nails have similar nanostructures with 
specific in-built functions without which they would not be able to operate.

This is also true with inorganic matter where nanostructures are developed through 
crystal growth in diverse chemical conditions of the earth’s crust. Such examples 
include complex nanostructures of clay, hydrated amorphous form of silica known as 
opal and pyrogenic silica otherwise known as fumed silica [12].
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Generally, nanomaterials can be classified based on three variables of origin, 
dimension, and structural configurations.

Origin: Natural nanomaterials originate from nature itself and includes a range of 
species such as viruses, protein molecules, minerals such as clays, colloids such as 
milk and blood, gelatine, or mineralized materials such as shells, corals, bones, insect 
wings, and so on. Artificial or manmade nanomaterials, however, are those that are 
produced through precision fabrication processes, which include carbon nanotubes, 
semiconductors such as quantum dots, and so forth.

Dimensions: Nanomaterials could be categorized into zero-, one-, two-, or three-
dimensional materials. Zero-dimensional nanomaterials include gold and silver 
nanoparticles and semiconductors (quantum dots). They are often spherical in shape 
and their dimensions range between 1 nm and 50 nm. One-dimensional nanomaterials 
have one dimension outside the nanometer range, which include nanowires, nanorods, 
and nanotubes, mainly based on metals and their oxides. Two-dimensional nanoma-
terials have two dimensions outside the nanometer range. Nanofilms, nanosheets or 
nanowalls are some of these examples. Three-dimensional nanomaterials have all 
their three dimensions outside the nanoscale but they are composed of individual 
blocks that have nanometer scales [8,13].

Structural configurations: On this basis, nanomaterials are often classified into 
four categories:

● Carbon-based nanomaterials: For example, fullerenes consisting of spherical and ellipsoidal 
configurations or single- and multiwalled nanotubes.

● Metal-based nanomaterials: For example, nanogold/silver, metal oxides, and quantum dots.
● Dendrimers: These are branched macromolecules with distinct surface characteristics that 

could be functionalized.
● Composites: These are multiphase materials where any of their three dimensions could be 

in nanoscale, for example, colloids and gels.

Nanomaterials maybe produced by what is known as top-down technique or 
bottom-up technique [8,9,14].

Top-down technique basically starts off with a large piece of a material and it 
is gradually grinded down to nanomaterial size using high energy methods. These 
include milling, sputtering, etching, or laser ablations. Detailed insight into opera-
tional procedures of these techniques is beyond the scope of this chapter.

Bottom-up technique involves building from the lowest point that is, atoms and 
molecules upward. This may be achieved by various techniques including sol–gel 
processing, aerosol deposition, or atomic/molecular condensation and self-assembly. 
Again, details of these processing techniques are beyond the limit of this chapter, 
although further reference to one of these techniques; that is, self-assembly including 
electrospinning will be made later on in the chapter.

What needs to be borne in mind is, to manufacture nanodevices for different sec-
tors, high purity materials/ceramics, polymers, and composite materials are required 
to achieve high performance. If this is not achievable, the packing becomes nonuni-
form and the irregularity in the physical shape of nanoparticles would cause differ-
ences in the packing density.
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Nonuniformity can also be brought about by agglomeration that is beyond control. 
Because of this shortfall, the material may be subjected to permeability disorders and 
hence experience property change from plastic to brittle status.

Even if the uniformity is preserved during manufacturing, the material may be sub-
jected to certain anomalies during the packing time. This will cause changes in the den-
sity of the material, and would be liable to increase during fusing or the sintering process.

Because of these likelihoods, it is best to process nanomaterial in such a way that 
distribution of components and permeability within them is physically uniform; hence 
the intricacy and the artful assembly of nanomaterials are maintained.

Carbon nanotubes (CNTs) are typical examples of such assemblies where depending 
on production technique impurities such as polydisperse mixtures that is, metallic and 
semiconducting single-wall nanotubes, can drastically influence product performance 
and undermine their potentials. Although the primary use of highly purified devices has 
been in electronics, there is growing interest in using them for a variety of biomedical 
applications including vehicles for targeted delivery of drugs to cancer cells with least 
side effects and excessive doses, or in functionalized CNTs where near-infrared light 
could be used to transfer the generated heat to the target cell and thus destroy it.

16.1.1 Characterization of biomaterials

The naked eye can see objects down to ~20 µm and no further. Optical microscopes 
push this resolution boundary down to ~0.2 µm and no more, limited by the wavelength 
of the visible light. Hence to view objects at nanoscales, electrons rather than light 
are used, which provide resolutions down to 0.001 µm or 1 nm scale. These special-
ized characterization tools include scanning electron microscope (SEM), transmission 
electron microscope (TEM), scanning tunneling microscope (STM), and atomic force 
microscope (AFM). Although the principles of all these techniques are different they 
all produce high-resolution images of material surfaces and bulks. For further in-depth 
details of each of these techniques, readers are referred to more specialized textbooks 
[15]. Raman spectroscopy could also be used to study rotational, vibrational, and other 
low-frequency modes in a given nanostructure. This technique essentially relies on 
Raman scattering of monochromatic laser light. The shift or variation in energy level 
gives information about the subject under examination [16]. Other characterization 
techniques include wide-angle X-ray diffraction and particle size analysis by various 
methods including dynamic light scattering or DLS [17]. Detail discussions on these 
techniques are again beyond the limit of this chapter and will not be pursued further.

16.2 What is their application in healthcare  
and medicine?

Universally useful behavior of nanomaterials makes them suitably viable in almost all 
conceivable forms of applications and allows all disciplines to benefit from these fun-
damental behaviors. Since their emergence in the 1980s, research and development in 
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nanomaterials and nanotechnology has mushroomed and has in recent years matured 
into a commercial reality. To keep within the context of this section, references 
only to their use and application in general healthcare and specifically medicine are  
made here.

Generally, there are three distinctive areas within the healthcare that nanotechnol-
ogy and nanomaterials have or could have long-lasting impact. These include:

● Diagnosis;
● Prevention; and
● Treatment.

Diagnosis is the first step in finding out what is wrong with a patient. A wrong 
diagnosis can have consequential implications that could lead to wasted efforts, 
trauma, and considerable costs both to the patients and the clinicians in charge. 
Hence, nanoparticles that could identify cancer cells and tumors by the release of the 
so-called biomarkers or detection of magnetic nanoparticles by nuclear magnetic res-
onance (NMR) [18] or using carbon nanotubes and gold nanoparticles in sensors that 
detect proteins in oral cancers and indeed antibody-coated nanofiber meshes that bind 
to individual cancer cells [19] are only few examples of the diagnostic techniques that 
have been developed or are currently under development.

Prevention rather than treatment is the best way of avoiding disease or ill health 
particularly if the consequences are likely to be permanent or irreversible. Hence 
nanotechnology and nanomaterials that can monitor environment, air, and health 
hazards such as pollutants, bacteria, and viruses could limit, if not completely stop, 
the devastating effect of such predators. Some of these preventative measures include 
the inclusion or coating of food containers with silver nanoparticles to kill bacteria 
and prolong shelf life [20] or the presence of gold nanoparticles in toothpastes, which 
helps to prevent plague formation, cavities, and gingivitis [21]. Other examples 
include the development of nanofilters where pathogenic microbes including viruses 
are captured and zapped by nanobased antimicrobials or ultraviolet (UV) lights [22].

Treatment is the inevitable action once damage is done and the way this is carried 
out could have much physical, psychological, and clinical impact on the patients as 
well as the physicians. Nanomedicine and nanomaterials are revolutionizing treat-
ments of cancer by targeting affected cells, organs, or bone and teeth regeneration, 
and repairs like never before. Treating lung cancer by inhaling nanodrugs and local-
ized treatments with minimal side effects are becoming increasingly routine treatment 
procedures [23].

To elaborate further on the scope of nanomaterials application with the healthcare, 
they may be broadly divided into four general categories.

16.2.1 Drug and gene deliveries

Traditionally, drugs have been taken orally because it is noninvasive and convenient; 
however, some drugs, particularly those carrying peptides or proteins, get damaged 
within harsh acidic conditions of the stomach and ultimately destroy or reduce their 
bioavailability where needed. This is indeed the reason why type I diabetics have to 
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inject themselves with insulin [24]. Nanoencapsulation of insulin using biocompatible 
materials that can resist the severity of stomach environment is currently a subject of 
much research with promising results [25].

Nanoparticles as healing agents can be delivered to preidentified targets, including 
sites that cannot be easily accessed by standard drugs. For example, if the drug can be 
chemically fused to a nanoparticle, it can then be guided to the location of the disease 
or the infection by external electromagnetic signals. These nanodrugs could subse-
quently be released either because of the presence of certain molecules or be signaled 
into action by external stimuli such as radio waves or infrared heat. This strategy will 
not only offer a better and more effective treatment but could avoid potential harmful 
side effects at the expense of reduced dosages [26].

Delivery of drug to the brain is highly challenging due to the presence of the so-
called blood–brain barrier. Nanoparticles as carriers of drugs could be used to carry 
out this task effectively, thus improving drug efficiency and reducing drug toxicity 
[27]. Another application of nanotechnology and nanoparticles is the delivery of anti-
gens for vaccination and enhancement of immunizations [28].

Diseases such as cancer, hemophilia, hypercholesterolemia, and neurodegenerative 
malfunctions could benefit from gene therapy [29]. This effectively means introduc-
ing genes at the targeted sites where correction or elimination of the faulty genes 
can take place. For reasons beyond the scope of this chapter, genes are susceptible to 
damage and cannot be introduced into the body in their raw form. To overcome this 
issue, they may be encapsulated in carefully selected nanoparticles, some of which 
includes lipid-based, or polymer-based, or even inorganic nanoparticles. However, 
issues relating to biodegradation, biocompatibility, and aggregation in physiological 
fluids or nonspecific adsorption by undesired tissues are challenges that are still being 
tackled by many researchers around the world [29,30].

16.2.2 Nanobased medical devices

The function of implantable nanomedical devices are to continuously sense and 
monitor the environment so that they can perform a range of tasks including deliver-
ing drugs, sampling body fluids, maintaining normal blood flow in arteries, and even 
killing undesirable cells such as cancer cells [31]. Although these may be achieved, to 
a certain extent, by biological systems, their material properties and speeds at which 
they can be enacted are somewhat limited.

Implantable medical devices based on nanodevice electronics such as nanostruc-
tured electronics, actuators, sensors, and the like, are simply a revolution in the way 
diseases and malfunctioning organs can be detected at a very early stage and how the 
knowledge could be used to prompt action long before any damage is done. These 
could operate independently or be prompted into action by outside stimuli such as 
electromagnetic waves, heat, or sound waves [8,31]. Materials including nanotubes, 
nanowires, and other suitable nanoscale materials are the key components in self-
assembly and/or precision production at this level [31].

Nanorobots are a natural progression of this technology whereby built-in intelli-
gence at nanoscale would have specific tasks in detection, delivery, and dispensation 
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of what is required in the human body. Manufacturing such devices is an ongoing 
challenge both in terms of size and costs as well as safety issues [32]. There are 
also ongoing work on biodegradable devices and robots that corrode and eventually 
discharge from the body once their task is complete, thus avoiding any unnecessary 
presence of materials in the body. The implication and overall consequences of such 
degradation products are currently under investigation [33].

16.2.3 Tissue engineering/scaffolds

Tissue engineering is now a well-established method of combining cells with mate-
rials to improve or replace biological functions. To achieve this, cells are grown on 
appropriately made scaffolds before they can be used. The scaffolding materials and 
their structure are crucial in allowing cell survival and proliferation. Scaffolds made 
from nanomaterials, particularly nanofibers, play this role quite effectively because 
of their huge surface area and superior strengths and their close resemblance to extra-
cellular matrix (ECM). These can be produced by a number of techniques including 
direct drawing from solution, melt processing, phase separations, self-assemblies, and 
the so-called island in the sea process or electrospinning [34]. Electrospinning by far 
is the preferred method of nanofiber production, given the versatility of the technol-
ogy and the relative ease of their production. The process uses electrostatic forces to 
draw fibers from a liquid polymer solution or melt, with the application of high volt-
age. In comparison to the conventional spinning techniques such as wet spinning, dry 
spinning, melt spinning, and gel spinning, which produce fiber having diameters in 
micrometer range, electrospinning is a process capable of producing polymer fibers 
having diameters ranging from a few microns to tens of nanometers. Owing to their 
enormous advantages, electrospun fibers have been successfully applied in various 
applications ranging from the field of biomedical such as tissue engineering scaffolds, 
controlled drug release systems, filtration, pharmaceutical, healthcare, biotechnology, 
to environmental engineering [35]. Figs. 16.1–16.3 are some examples of possible 
applications of this technology.

Figure 16.1 Example of possible electrospun membranes for fine filtration or as substrate for 
tissue engineering application.
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16.3 Modified implants

Hip and joint replacements have traditionally used titanium or stainless steel alloys, 
but despite being bioinert, their surface interaction with the nanostructure of bone 
often leads to lack of adhesion and ultimate seperation and loosening. This would then 
result in further trauma and possible second and third operations [37]. Nanocoating 
of such surfaces can closely emulate natural bone structures and hence promote and 
encourage osteoblast proliferation and integration, hence avoiding long-term prob-
lems and disassociations. These nanocoatings could be from a variety of materials 
including metals, polymers, ceramics, or carbon-based materials and composites 
made from them [38].

Figure 16.2 Example of electrospun narrow (<6 mm) vascular grafts with internal helices [36].

Figure 16.3 Example of continous production of electrospun membranes with preset 
nanofiber directional orientation illustrating the versatility of this production technique.
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Other than the use of nanodrugs in treating teeth and gum problems, dental implant 
therapy has made huge advances in the recent times with respect to surface and 
interaction characteristics. Cell colonization, surface chemistry modifications, and 
improved wettability have all led to better results soley due to embracement and use 
of nanomaterials [39].

Quite a few cosmetic manufacturers nowadays regularly use nanomaterials in 
their products. For instance, nanoparticles of zinc and titanium oxides are regularly 
included in suntan lotions to provide better and more effective protection against 
UV light, or inclusion of protein-derived stem cells in creams are claimed to prevent 
aging, and so on [40].

16.4 What are their potentials and future prospects?

In the 21st-century, nanomaterials and nanotechnology in general will continue to 
dominate and lead research and development. In 2014, the global nanomaterial market 
reached $3.4 billion, and by 2020, depending on which estimates are to be believed, 
it can reach anything from $11.8 billion to $30 billion [41,42]. This market is largely 
dominated by the United States but Europe accounts for 30% of the total market share.

Huge investments made in the emerging economies of China, India, and some 
Southeast Asian countries are expected to be the fastest growing markets, given their 
rapid industrialization programs. It is generally believed that nanomaterials market in 
healthcare would surpass that of electrical and electronics market in not too distant 
future, based on the huge advancements being made in the biomedical field [41–43].

The key drivers of the nanomaterials’ market are the ever-increasing range of 
applications. In healthcare, specifically, this is geared to increasing population of the 
elderly and life expectancy of most people across the world [40,41].

Nanotechnology has shown the potentials to revolutionize all aspects of science 
and engineering over and beyond what could have been imagined only 20 years ago 
and nowhere this is more evident than in the medical health and medical device arena. 
All this, without a doubt, is in the interest of all, particularly the new generation where 
preventative medicine, personal health management at will, and safety concerns at 
affordable costs will help them lead healthier lifestyle.

16.4.1 Safety of nanomaterials

Despite the advantages and ever-increasing practicality of nanomaterials, it must 
be noted that working at nanoscale is not an entirely safe and danger-free practice, 
ironically due to the very same reasons that make nanomaterials technically so attrac-
tive. Their potency may be divided into three means by which they can affect human 
health.

● Inhalation
● Ingestion
● Dermal penetration.
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Inhalation is the first and foremost means by which nanoparticles could be trans-
ported into the body. Hence the respiratory tract leading to lungs is first affected. 
Depending on size, they may then enter the blood stream and therefore find access to 
other tissues and organs and even the brain and possibly the fetus of pregnant women 
[40,44]. Furthermore, depending on the active nature of the nanomaterial, a number of 
associated hazards may follow. For instance, when metal nanoparticles are used, they 
are prone to attack by the body environment and can undergo corrosion, transforma-
tion, and lose their integrity or, in the event of oxygen being present, they can become 
highly explosive due to their high surface area.

Ingestion can arise from manual handling of nanomaterials and hand-to-mouth 
transfer from contaminated surfaces or by taking in contaminated water or food. 
Through the stomach and the digestive system, they would eventually reach the blood 
stream, tissues, and various other organs [45]. More alarmingly however, increasingly, 
nanomaterials are deliberately put into food and dairy products to enhance color, 
flavor, and texture and to prolong shelf life. Examples of such nanoparticles include 
titanium dioxide, silicon oxide, and zinc oxide [46]. These could potentially damage 
DNA and proteins in cells with serious consequences. There currently exists very lit-
tle study on long-term effects of such materials in the body and their safety remains 
an open question [42–45].

Dermal penetration, although unbroken skin is a reasonable barrier to nanoparticle 
entry, any incision or skin injury could allow free access to such particles through 
unintentional exposure or in the form of consumer products such as creams and other 
ointments [47]. However, there is a body of evidence that suggest that nanomaterials 
included in sunscreens and personal care products could potentially be toxic. Since 
nanomaterials can much more easily cross biological membranes than larger particles, 
their greater surface area increase production of reactive free radicals and oxygen 
species, which can result in oxidative stress, inflammation, and ultimately damage 
to DNA [48].

Despite these known facts, there is still knowledge deficiency in the available 
information regarding toxicity of nanomaterials, which makes risk assessments dif-
ficult without much hard evidence. It may therefore be years before full effects of 
nanomaterials on human health become apparent.

16.5 Conclusion

Nanotechnology, and nanomaterials in particular, in the context of medical and 
clinical healthcare applications, play an increasing crucial role in the 21st-century 
medicine where designing “bottom-up” has become the key in many diagnostic and 
preventative treatments. Nanoparticle loadings and functionalization of biomaterials 
has allowed localized administration of drugs and achievement of desired properties 
via various compound attachments. Having proved their viability, doctors and scien-
tists are changing their classic views of treating disease and are increasingly drawn 
to methodologies that offer prevention of ill health prior to their manifestations in the 
traditional ways. Placing nanosensors in blood streams to alert risks of heart attacks, 
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inclusion of graphene-based biosensors to detect biomolecules, proteins, and DNA, 
or indeed the development of 3D-printed nanobatteries to power nanorobots are only 
some of the new preventative developments taking place in the area. Just as much as 
nanoparticles and nanomaterials are becoming integral to everyday life, their possible 
toxicity and potential negative impact on the environment and health in general are 
becoming important and a subject of much-needed research.
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