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Abstract 

Vaccines are essential to induce the pathogen specific immune responses against infectious disease. 

Antigens derived from pathogens needs to be delivered to and retained in the immune organs 

(especially lymph nodes) for efficient immune responses and production of neutralized antibodies. 

A strategy is to use engineered nanoparticles as delivery carriers to help antigen delivery inside 

lymph nodes. We do not know how lymph nodes process nanoparticle-based vaccines for immune 

responses. In this thesis, we first found that follicular dendritic cell (FDC) networks determine the 

intra-lymph node follicle fate of nanoparticles based on nanoparticle size. The FDCs clear smaller 

nanoparticles (5-15 nm) and retain larger nanoparticles (50-100 nm) on their dendrites. These 

retained larger nanoparticles are then presented to B cells to induce humoral immune responses. 

Next, we assessed the role of immune cell population on nanoparticle delivery inside lymph nodes 

and found subcapsular sinus macrophage prevent the nanoparticle delivery to FDCs. Suppressing 

the subcapsular sinus macrophage results in enhancement of nanoparticle delivery to lymph node 

follicles and up to 60 times more antigen specific antibody production. Lastly, removal of liver 

macrophages promotes nanoparticle delivery to lymph nodes and tumours after systemic 

administration. These studies reveal the mechanism of how our immune system process 

nanoparticles. This knowledge enables us to rationally engineer nanoparticle vaccines and develop 

strategies of altering immune cell populations to generate effective immune responses.  
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Chapter 1 - Introduction 

Vaccines 

Vaccines are considered the most successful and cost-effective medical invention in the world by 

protecting humans against pathogens and infectious diseases1. Vaccines have tremendous impacts 

on global public health2,3. The life expectancy was almost doubled in the past 100 years due to 

vaccination4. Successful vaccine development remains a challenge against several life-threatening 

infectious diseases, such as HIV/AIDS, tuberculosis, malaria, influenza, respiratory syncytial virus, 

and coronavirus1,2.  

 

Efficient vaccinations require pathogen derived antigen to transport into local lymph nodes and 

induce the production of effective neutralized antibodies5,6. Vaccines are commonly injected 

through a needle underneath the skin. The route of immunization (intramuscular vs. 

subcutaneous administrations) may access different lymph nodes but makes no different on innate 

or adaptive immune responses7. These vaccines can stimulate a local immune response and 

transport through the lymphatic system into sentinel lymph nodes to induce B cell mediated 

humoral immune responses and elicit antigen specific neutralized antibodies8–11. However, it is 

unclear how lymph nodes process antigens/pathogens and induce robust humoral immunity. The 

lack of fundamental understanding prevents the development of next generation vaccines against 

remaining and novel infectious diseases2.  

 

Lymphatic system  

The lymphatic system consists of lymph fluid, lymphatic vessels, and lymphoid organs12. The 

lymphatic system is a parallel system of the blood circulatory system. Blood pumps out from the 

heart and goes through the arteries, interstitial tissue, lymphatic system, the veins and eventually 
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flows back to heart (Fig. 1.1)12. The detailed pathway is summarized here: heart → blood vessel 

→ interstitial tissue → lymphatic capillary → lymphatic vessel → lymph node → lymphatic vessel 

→ lymphatic trunk → collecting duct → subclavian vein → superior vena cava → heart. The 

lymphatic pathway is non-symmetric: ¼ drainage of right lymphatic duct → right subclavian vein, 

¾ drainage of thoracic duct → left subclavian vein). The main functions of lymphatic system 

include: (1) balancing the body fluid; (2) transportation of lymph/body fluid back to the blood 

circulation; (3) scanning pathogens; and (4) modulating innate and adaptive immunity12–16.  

 

 

Fig. 1. 1. Schematic of the lymphatic system and blood circulation12. 
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Lymphocytes and lymphoid organs 

Lymphocytes are born and matured in the primary lymphoid organs, including the bone marrow 

and thymus. Once these lymphocytes are trained and matured, they will migrate to the peripheral 

lymphoid organs such as the secondary lymphoid organs and skin (Fig. 1.2). Secondary lymphoid 

organs are the organs that contain myeloid and lymphoid cell populations that play an important 

role to stimulate adaptive immune responses13. There are about 500-600 lymph nodes through our 

body. Lymph nodes drain and filter pathogens through the lymphatic system16,17. The major lymph 

node cellular components are T and B lymphocytes. Lymphocytes enter lymph nodes through two 

pathways: (1) high endothelial venule from blood circulatory system; and (2) afferent lymphatic 

vessels from lymphatic system.  

 

Fig. 1. 2. Lymphoid organs. Primary lymphoid organs include bone marrow and thymus. 

Secondary lymphoid organs include spleen, tonsils, Peyers’ patches and lymph nodes12.  
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Lymph node anatomy and function 

Lymph nodes are highly organized structural organs with multiple functions17–20. The structure of 

the lymph node consists of four specific areas: subcapsular sinus, cortex (follicle), paracortex, and 

medullary cord (Fig. 1.3). The lymph fluid flow pathway is summarized here: afferent lymph 

vessels → subcapsular sinus → cortical sinuses (trabecular sinuses) → medullary sinuses → 

efferent lymph vessels. Multiple afferent lymphatic vessels connect to the subcapsular sinus, and 

only one efferent lymphatic vessel clears the lymph fluid from the medullary cord (Fig. 1.3). 

Antigen presenting cells and T cells are mainly resided in the paracortex area. T cells migrate 

through high endothelial venules or lymphatics vessels and interact with antigen presenting cells 

to stimulate T cell mediate immune responses21. B cells are mainly located in the cortex (follicles) 

area. Antigens are required to pass through the subcapsular sinus and interact with B cells in lymph 

node follicles to generate B cell mediated humoral immune responses5,9. The main functions of 

the lymph nodes include: (1) draining and filtering lymphatic fluids; (2) collecting T and B 

lymphocytes; (3) scanning for the pathogen derived antigen; (4) retaining and presenting antigens; 

(5) maturing and proliferating lymphocytes; and (6) generating germinal center and eliciting 

antigen specific antibody production20.  

 

In this thesis, I will focus on understanding B cell mediated humoral immunity and how 

nanoparticle interaction with cell populations in lymph node follicles for humoral immune 

responses (Fig. 1.4).  
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Fig. 1. 3. Lymph node anatomy. The Lymph node consists of four specific areas, including the 

subcapsular sinus, cortex (follicles), paracortex and medullary cord.  

 

 

Fig. 1. 4. Schematic of cellular components in lymph node follicles that mediate humoral immune 

responses. SCS MФ stands for subcapsular sinus macrophages, LEC stands for lymphatic 

endothelial cells, FDC stands for follicular dendritic cells. LV stands for lymphatic vessel. 
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Lymph node follicle cellular components and B cell mediated humoral immunity  

Subcapsular sinus macrophages 

Antigens are required to be transported into lymph node follicles to interact with B cells and induce 

efficient humoral immune responses. Antigens diffuse from the injected site through the lymphatic 

system into the sentinel lymph nodes. Antigens enter lymph nodes via afferent lymphatic vessels 

and flow in subcapsular sinus (Fig. 1.4). The subcapsular sinus has a tube-like structure and is 

lined by lymphatic endothelial cells (LECs). These subcapsular sinus lymphatic vessel structures 

only allow lymphatic fluid or smaller sized antigens (< 15 nm) to leak out of the vessels22–24. Larger 

sized particles, such as viruses, bacteria, and immune complexes are accumulated in the 

subcapsular sinus and have greater interactions with subcapsular sinus cell populations. The key 

cell populations in the subcapsular sinus are macrophages. These subcapsular sinus (SCS) 

macrophages are the first layer of defense once pathogen drain into the lymph node25,26. SCS 

macrophages are highly phagocytic cells that are involved in sequestration and clearance of 

pathogens10,27–32. SCS macrophages can function in two ways: (1) they serve as antigen presenting 

cells and process the antigen to activate T cells for T cell mediated adaptive immunity33; and (2) 

they capture the antigen and hand over the antigen to migrating B cells in lymph node follicles for 

B cell mediated humoral immunity10,34,35.  

 

B cells 

Once antigens are transported to B cell follicles, they can interact with B cells and stimulate 

humoral immune responses. B cell stimulation is the key in the humoral immune responses of the 

adaptive immune system by secreting antigen specific neutralized antibodies. The essential steps 

of B cell encountering antigens, B cell activation, differentiation and antibody production are 

briefly summarized in Fig. 1.59,36. B cells express B cell receptors on their cell surface that can 

bind on viral antigens which are essential to initiate B cell activation. Antigen derived from 
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pathogen have a repetitive organized pattern on the pathogen surface36. These repetitive organized 

patterns facilitated antigen binding and recognition by B cell receptors. Clustering of B cell 

receptors is a strong activation signal for B cells. With the help of CD4+ T cells, B cells 

differentiate into plasma cells and memory B cells. These plasma cells then produce IgG against 

specific pathogens5. Here, the formation of the repetitive antigen recognition patterns is essential 

for B cell stimulation and production of antigen specific antibodies. It has been suggested that 

other supporting cells, such as follicular dendritic cells in the lymph node follicle, can facilitate 

antigen retention and presentation and mediate B cell activation10,35.  

 

Fig. 1. 5. Key steps of B cell mediated humoral immune responses36.  

 

Follicular dendritic cells  

Follicular dendritic cells (FDCs) form networks and are located in the center of the B cell follicle. 

Unlike the conventional dendritic cells that are derived from the hematopoietic stem cells in the 
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bone marrow, FDCs are the resident stromal cells and are derived from mesenchymal cells37. FDCs 

maintain the lymph node follicle structure in a CXCR5-CXCL13-depednent manner10. FDCs 

produce chemokine CXCL13 to attract B cells via chemokine receptor CXCR5 in the lymph node 

follicle. Depletion of FDCs fails to form the lymph node B cell follicles35. 

 

Once the antigen is transported into the follicles and are sequestered by FDCs. FDCs can prevent 

the antigen internalization by other phagocytic cells, such as conventional dendritic cells and 

macrophages. This is due to the unique location of FDCs in the center of B cell follicles. TEM 

images show 125I-labelled Salmonella flagellar antigen binds on the surface and dendrites of FDCs 

in lymph nodes (Fig. 1.6)38. FDCs express the high amounts of complement receptors Cr1 and Cr2 

(also known as CD35 and CD21 respectively), which is critical for antigen retention. Opsonized 

antigens, such as viruses, bacteria, and immune complexes can bind to FDC dendrites through 

receptor-ligand interaction, where complement receptor Cr1/2 binds with opsonized complement 

C3. In the Cr1/Cr2-deficient or complement C3-deficient mice, FDC fails to retain an immune 

complexes39. This function enables FDCs to retain the naïve antigen and present the antigen on 

their surfaces or dendrites for over months35,37,40–42. The alignment of antigen on FDC dendrites in 

a repetitive organized pattern facilitates antigen binding and crosslinking of B cell receptors8,9,11,43–

45. 
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Fig. 1. 6. TEM images of FDC ultrastructure. Arrows point to 125I-labelled Salmonella flagellar 

antigens on FDC surface and dendrites38. 

 

Germinal center reaction 

Antigen retention and presentation on FDC dendrites in lymph node follicle promotes long-term 

humoral immune responses, including B cell activation, somatic hypermutation, affinity 

maturation, and germinal center reactions5,9,37. This leads to production of high-affinity neutralized 

antibodies and memory B cells9. The process of the germinal center reactions is shown in Fig. 

1.735,46. B cells present antigen and are co-stimulated by T helper cells. Activated B cells enter to 

the dark zone of germinal centers and undergo somatic hypermutation. Proliferated B cells migrate 

to the light zone of the germinal centers. These B cell receptors are exposed to antigens that are 

presented on FDC dendrites. If the affinity of these B cell receptors is low, FDCs will not give the 

survival signals to B cells and those B cells will undergo apoptosis. If the affinity of these B cell 

receptors is high, these B cells can re-enter the dark zone and go through these cycles multiple 
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times to further improve the affinity of B cell receptors. This affinity maturation process takes one 

to several weeks. The affinity matured B cells undergo the class switching induced by follicular T 

helper cells and exit germinal centers as plasma cells or B memory cells5,46.  FDCs are essential 

for long term maintenance of germinal center reaction for humoral immunity5,35,37.   

 

 

Fig. 1. 7. Germinal center reaction. B cell activation, somatic hypermutation, affinity maturation, 

and differentiation are processed in germinal centers to stimulate long-term humoral immune 

responses35,46. 

 

Antigen delivery to FDC networks 

FDC networks in lymph node follicles are central to inducing robust humoral immune responses. 

How antigen transport occurs in FDC networks is an essential question. The opsonized antigen 

size impacts the antigen transport pathways. Antigens with sizes smaller than 15 nm flow directly 

to FDCs through conduit networks in the lymph nodes. Antigens with sizes larger than 15 nm, 

such as viruses, bacteria, and immune complexes require cell-mediated transport to FDCs24,27–32,47–

49. It has been widely accepted that SCS macrophages bind the opsonized antigen (C3d) via 

complement receptor 3 (Cr3) on their surface. SCS macrophages hand over the opsonized antigens 

to migrating B cells (Cr2) and these organized antigens eventually deposit on FDC dendrites (Cr2) 

(Fig. 1.8)10,35. The crystal structures of the Cr2-C3d complex and Cr3-C3d complex were studied 
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and opposite binding sites on C3d opsonized antigen investigated35,50. SCS macrophages were 

used as a target to efficiently transport antigens to FDCs10,51,52. Besides accumulation in the 

subcapsular sinus, viruses can accumulate at the medullary cord. Medullary dendritic cells capture 

viruses via the SIGN-R1 receptor, and shuttle viruses to B cells for transport to FDCs47. 

Endocytosis and recycling of antigen immune complexes by FDCs can enhance B cell binding 

with these antigens53. The antigens are eventually presented on FDC dendrites to stimulate B cell 

responses.  

 

Fig. 1. 8. Antigen transport to FDC networks through SCS macrophages, migrating B cells and 

eventually depositing on FDCs10,35. 

 

Nanoparticle conjugated antigen-based vaccines 

Efficient transport of antigens to FDCs in lymph node follicles is the prerequisite to inducing 

robust germinal centers and neutralized antibodies. Free antigen proteins isolated from pathogens 
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have poor lymph node retention. They cannot induce efficient clustering of B cell receptors, 

germinal center reactions and effective neutralized antibody production. Antigens conjugated to 

synthetic nanoparticles are designed for codelivery into follicles to elicit greater humoral immune 

responses than antigen alone8,49,54–57. The rationale of using nanoparticles include: (1) ease of 

synthesis using biocompatible materials; (2) ease of manipulating antigen conjugation on 

nanoparticle surface or encapsulation inside the nanoparticle; (3) precise control of the size and 

shape of nanoparticle to mimic immune complex and virus; (4) incorporation of imaging agents; 

and (5) ability to alter organ and cellular distribution. Nanoparticles conjugated to antigen show 

advantages such as interactions with lymph node cellular components and the stimulation of 

humoral immune responses compared to antigen alone58–61, as summarized in Fig. 1.9 and Table 

1.1. Nanoparticles can serve as scaffolds or templates to improve antigens integration, antigens 

alignment and display on nanoparticles59. Nanoparticles can also act as delivery carriers to alter 

antigens trafficking to lymph nodes, intra-lymph node distribution, antigens retention and 

presentation, and eventually elicit germinal center reaction and production of antigen specific 

neutralized antibodies.  



13 
  

 

Fig. 1. 9. Nanoparticles conjugated with antigens induce greater humoral immune responses than 

antigen alone. Blue color represents B cell follicles, red color represents germinal centers. 
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Table 1.1. Nanoparticle conjugated antigen is superior than free antigen to elicit greater humoral 

immune responses 

Biological components Antigen alone Nanoparticle conjugated antigen 

Lymph node delivery high high 

Lymph node retention low high 

Follicle retention low high 

FDC interaction low high 

Crosslinking B cell receptors low high 

Germinal center reaction low high 

Neutralized antibody production low high 

 

Nanoparticle size impacts lymph node delivery and intra-lymph node interaction  

Size impacts the pathways of nanoparticle transport into lymph nodes. Sub-100 nm nanoparticles 

are small enough to freely enter lymphatic vessels from the injection site (Fig. 1.10 and 11). These 

nanoparticles directly drain through lymphatics and transport into the lymph node through afferent 

lymphatic vessels62. Viruses follow the same pathway to transport to the lymph nodes63.  

Nanoparticles larger than 100 nm are internalized by resident dendritic cells underneath the skin. 

These dendritic cells migrate into the lymphatic vessels and transport the nanoparticles into the 

lymph nodes16,20,36,64,65 (Fig. 1.10 and 11). It is unclear how these migrating dendritic cells 

transport nanoparticles to other cells inside lymph nodes. Once nanoparticles enter the lymph node, 

their size mediates the binding, internalization and other interactions with cells and biological 

environment. 10-1000 nm nanoparticles can be sequestered by antigen presenting cells (Fig. 

1.11)36. Nanoparticles smaller than 15 nm can enter lymph node follicles though the subcapsular 

sinus floor formed by lymphatic endothelial cells22–24. Nanoparticles larger than 50 nm are 

captured by SCS macrophages and transported to migrating B cells in the lymph node follicles24,27–
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32,47–49. Once nanoparticles conjugated with antigens transported to FDCs in lymph node follicles, 

it enables the generation of B cell mediated humoral immune responses. Nanoparticles conjugated 

with HIV antigens (30-50 nm) can retain in lymph node follicles for over 2 week and interact with 

FDCs55. This leads to generation of robust germinal centers and HIV specific antibody 

production55. It has been known that size mediates nanoparticle transport into lymph node follicles, 

we do not know how nanoparticle size impacts antigen retention and presentation on FDC 

dendrites and eventually drive germinal center reactions and antigen specific antibody production.  

 

Fig. 1. 10. Size impacts nanoparticle transport into lymph nodes. Nanoparticle smaller than 100 

nm freely drain into the lymphatic system and flow into local lymph nodes. Nanoparticle larger 

than 100 nm requires dendritic cell-mediated transport to local lymph nodes65. 
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Fig. 1. 11. The size of nanoparticle delivery system and pathogenic agents. Nanoparticles smaller 

than 100 nm efficiently enter lymph vessels and directly flow into lymph nodes. Nanoparticles 

with size between 10 and 1000 nm are efficiently taken up by antigen presenting cells36.  

 

Complement protein adsorption on nanoparticle facilitates FDC retention 

To induce germinal centers and acquired humoral immunity, larger particulate antigens of immune 

complexes, viruses and bacteria require opsonization by complement C3 and retention on FDC 

surface through complement receptor 2 (Cr2)10,11,35,56,66,67. Nanoparticles conjugated with HIV 

antigens were reported to stimulate humoral immune responses through this innate immune 

recognition55. These nanoparticles that accumulated in the FDC networks and the generated 

germinal centers were dependent on complement, mannose-binding lectin55. Loss of complement 

(either C3 or Cr2) prevented nanoparticle retention in lymph node follicles. Loss of mannose-

binding lectin disrupted nanoparticle interaction with FDCs. This resulted in significant reduction 

of humoral immune responses (germinal center B cells, follicular T helper cells, antigen-specific 

antibody production) compared to wild type mice55. Complements were also suggested to mediate 
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humoral immune response of targeted adjuvant and polymer-based nanoadjuvants49,68–72. 

Nanoparticle surface chemistry can induce complement activation and opsonization of 

complement proteins in vivo73,74. The relationship between the designed nanoparticle surface 

chemistry and complement protein absorption in vivo is currently unclear. Future work should be 

focused on how to design nanoparticle surface chemistry to maximize the complement 

opsonization. This will enable maximizing nanoparticle transport to lymph node follicles and the 

interaction with FDCs for more efficient humoral immune responses.  

 

Challenge of nanoparticle conjugated antigen-based vaccine 

Although there are significant merits of using nanoparticles as antigen delivery vehicles, several 

challenges remain: (1) How can the nanoparticle and antigen be tracked? (2) How can we ensure 

the nanoparticle conjugated antigens are incorporated during transport at organ, intra-organ, and 

cellular levels? (3) How can we make sure nanoparticles do not degrade in vivo so they can bind 

to FDC dendrites for weeks? (4) How do lymph nodes clear nanoparticles over time? and (5) How 

can we ensure the antigen structure displayed on the nanoparticle performs with the same 

presentation and accessibility compared to antigen alone? Addressing these questions will enable 

us to better understand nanoparticle platform to delivery antigen. It will also provide us with the 

foundation to further design multifunctional nanoparticle-based vaccines for effective vaccination. 

 

Thesis rationale 

A better understanding of nanoparticle designs and their interactions with lymph nodes can guide 

the rational engineering of nanoparticle vaccines for efficient humoral immune responses. 
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Thesis hypothesis 

Nanoparticle design and the role of immune cell populations mediate nanoparticle delivery and 

retention in lymph nodes for humoral immune responses. 

 

Thesis objective 

Understand how lymph nodes process nanoparticle vaccines for humoral immunity. 

 

Specific aims:  

1. understand how nanoparticle design influences antigen retention and presentation in lymph 

node follicles 

2. understand the role of the immune cell populations inside lymph nodes for nanoparticle 

delivery into lymph node follicle 

3. understand the role of the immune cell populations in the liver for nanoparticle delivery into 

lymph nodes after systemic administration 
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Chapter 2 - Nanoparticle size influences antigen retention and presentation in 

lymph node follicles for humoral immunity 

 

Introduction  

Efficient vaccination requires long-lived germinal center reactions to drive antibody-mediated 

humoral immunity 5,6,46,75. Antigens must be retained and presented to B cells in lymph node 

follicles to generate an effective humoral immune response 8–10,76. A proposed strategy is to use 

engineered nanoparticles to deliver antigens into follicles 8,49,54–57. Tuning the size of nanoparticle 

alters its transport to the lymph node follicle 10,11,36. 5 nm nanoparticles such as toll-like receptor 

agonists flow directly to lymph node follicles, whereas 100 nm nanoparticle such as viruses require 

cell-mediated transport into follicles 24,27–32,47–49. Although it is generally known that lymph node 

physiology mediates nanoparticle transport to follicles in a size-dependent matter, it is unclear how 

different sizes of nanoparticles interact with cells inside follicles to influence: (1) follicular 

retention, (2) antigen presentation, (3) germinal center formation and (4) antigen-specific antibody 

production. A better understanding of the interaction of nanoparticle design with the lymph node 

system can guide the rational/optimal engineering nanoparticles to drive germinal center reactions 

that generate antibody-mediated humoral immunity for efficient vaccination. 

 

Materials and methods  

Synthesis of gold nanoparticles 
5 nm gold nanoparticles (AuNPs) were synthesized according to previously developed methods 77. 

In brief, 50 µL of 10% HAuCl4 (Sigma-Aldrich S4641) was diluted in 40mL of deionized H2O. 

The solution was stirred and heated to 60ºC for 50 minutes. Meanwhile, reducing solution 

containing 3 mL 1% sodium citrate tribasic (Sigma-Aldrich S4641), 1.125 mL 1% (w/v) tannic 
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acid (Sigma-Aldrich 1401554), and 1.125 mL 25 mM potassium carbonate (Sigma-Aldrich 

367877) diluted in 9.5 mL deionized H2O was heated in a water bath at 60ºC for 50 minutes. Then, 

10 mL of the reducing solution was added into the HAuCl4 containing flask. The reaction was 

maintained at 60ºC for 30 minutes, followed by 100ºC for 10 minutes. The solution was then 

cooled on ice to room temperature. 1 mL of 40 mg/mL bis(p-sulfonatophenyl)phenylphosphine 

dihydrate dipotassium salt (Sigma-Aldrich 698539) was added to the reaction flask and allowed to 

stir overnight. The next day, AuNPs were washed three times by ultracentrifugation (Beckman 

Coulter's Optima MAX-XP) and resuspension of the pellet in 0.02% sodium citrate tribasic, 0.02% 

Tween-20 (BioShop TWN510). The centrifugation speed was 150,000 g. AuNPs were then stored 

at 4ºC before use.  

 

15 nm AuNPs were synthesized using a method adapted from Frens 78. In brief, 1 mL of 3% (w/v) 

sodium citrate tribasic was diluted in 100 mL deionized water and heated to a boil. 100 µL of 10% 

(w/v) aqueous HAuCl4 was then added under vigorous stirring. The reaction was maintained for 

10 minutes and immediately cooled on ice to room temperature. 15 nm AuNPs were then used to 

seed the growth of larger AuNP sizes. The synthesis of 50 nm and 100 nm AuNPs were described 

previously by our group 79. Briefly, molar equivalents of sodium citrate tribasic (1.5 × 10-2 

M), aqueous HAuCl4 (2.5 × 10-2 M), and 15 nm AuNPs (2-4 × 10-9 M) were diluted in 100-500 

mL deionized water at room temperature. The appropriate molar equivalent of hydroquinone 

(Sigma-Aldrich H17902) (2.5 × 10-2 M) was rapidly added to the solution under vigorous stirring. 

The reaction was maintained overnight. In the following day, 1-5 mL of 5% (w/v) Tween-20 was 

added to the solution and stirred for 10 minutes. AuNPs were washed two times by centrifugation 

and resuspension of the pellet in 0.02% sodium citrate tribasic and 0.05% Tween-20. The 
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centrifugation speeds ranged from 500-10000 g depending on the AuNP size. AuNPs were then 

stored at 4ºC before use.  

 

Synthesis of nanoparticle conjugated vaccines 

Nanoparticle conjugated vaccines were synthesized using different sizes of spherical AuNPs 

conjugated to ovalbumin (OVA) (Sigma-Aldrich A5503) antigen. Before protein conjugation, 

nanoparticle stock was washed once in 0.02% sodium citrate tribasic for 35 minutes. 100 mM 

sodium citrate tribasic solution and HCl was mixed and pH was adjusted to 2.3. This solution was 

then diluted to 20 mM of sodium citrate tribasic (pH 3) and mixed with 10 mg/mL pre-solubilized 

OVA in PBS. After that, OVA in 20 mM of sodium citrate tribasic (pH 3) was rotated for 2 hours 

and filtered using a 0.22 µm PES filter. AuNPs with 1.6 x 1016 nm2 total surface area was added 

to 250 µL OVA solution and incubated at 37ºC for 1 hour. The solution was topped up to 1.2 mL 

with 500 µL of 1× PBS + 0.05% Tween-20 (PBST). The 5 nm AuNPs conjugated to OVA was 

purified using 100 kDa Amicon tube with the centrifugation speed of 4000 g for 5 minutes. The 

other sizes (15, 50, and 100 nm) of AuNPs conjugated to OVA was purified in 1.5 mL Eppendorf 

tube with centrifugation speeds of 5000, 600, and 200 g respectively for 60 minutes. OVA-AuNPs 

were washed three times by centrifugation using PBST buffer. OVA-AuNPs were finally 

resuspended in sterile PBS. OVA-AuNP vaccine was filtered using a 0.22 µm PES filter and the 

concentration was re-adjusted before footpad intradermal administration.  

 

PEGylation of gold nanoparticles 
AuNPs suspended in 0.02% sodium citrate tribasic, 0.02% Tween-20 were mixed with 2 kDa 

thiol-methoxyl heterobifunctionalized PEG (CH3O-PEG2kDa-SH) (Laysan Bio, Inc MPEG-SH-

2000) and 5 kDa amine-thiol heterobifunctioanlized PEG (NH2-PEG5kDa-SH) (Rapp Polymere 
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135000-40-20) at a 4:1 molar ratio with a total poly(ethylene) glycol (PEG) density of 5 PEG/nm2. 

The reaction was allowed to proceed in a 60ºC water bath for 1 hour. The 5 nm PEGylated AuNPs 

were purified in 0.1 M sodium bicarbonate (pH 8.4) and 0.05% Tween-20 buffer using ultra-

centrifugation at the speed of 220,000 g for 45 minutes. 50 nm PEGylated AuNPs were purified 

with centrifugation speed of 2000 g for 35 minutes. The purified PEGylated AuNPs were then 

mixed with Cy5 NHS Ester (Click Chemistry Tools 1076-100) in a 2:1 ratio between the amounts 

of the 5 kDa mPEG-SH and NHS-Cy5. The reaction proceeded on a rotator overnight protected 

from light. Cy5 conjugated to PEG-AuNPs were purified using PBST for four times by 

centrifugation. Pellets were resuspended in sterile PBS before injection. PEGylated AuNPs were 

stored at 4ºC and protected from ambient light before use. 

 

Physicochemical characterization of gold nanoparticles and nanoparticle vaccines 

The core size of AuNPs, OVA-AuNPs, and PEG-AuNPs were characterized by transmission 

electron microscopy (TEM) (Fig. 2S1 and Table. 2S.1). 5 µL of nanoparticle stock was added on 

the plasma treated copper grids (Ted Pella 01813-F). After 3 minutes, the samples were blotted 

and left undisturbed for 10 minutes to be completely air-dried. To visualize the protein conjugated 

layer on the AuNP core, OVA-AuNP sample on the TEM grid were washed one time with 5 µL 

deionized water before negatively stained with 3 µL of 1% uranyl acetate (Ted Pella 19481). The 

stained samples were blotted after 1 minutes of staining and air dried for another 10 minutes. All 

samples were tested using TEM at 200 kV (Tecnai 20, FEI, Hillsboro, OR, USA) and imaged using 

an AMT 16000 camera. The average nanoparticle core sizes were determined by measuring over 

100 particles using ImageJ (NIH, Maryland) 80. The hydrodynamic diameters were characterized 

using dynamic light scattering (DLS) (Malvern Instruments Ltd., Worcestershire, UK) and UV-

visible absorbance spectroscopy (UV-Vis) (Shimadzu Scientific Instruments). The surface change 
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was measured using Zetasizer Nano-ZS (Malvern Instruments Ltd.). The concentrations of 

nanoparticles were measured using UV-Vis. The conjugated OVA amount was determined by 

bicinchoninic acid (BCA) assay (ThermoFisher Scientific 23235).  

 

OVA protein extraction and quantification using bicinchoninic acid assay 

OVA-AuNPs (with 2 x 1014 nm2 total surface area) resuspended in 25 µL PBS were added to 8 µL 

of 4% NuPAGE LDS buffer (ThermoFisher Scientific NP0007) and 4 µL of 500 mM dithiothreitol 

(DTT) (BioShop DTT001.5). This solution was incubated at 70°C for 1 hour. After 1 hour, the 

particles were centrifuged at 18,000 g for 15 minutes. The supernatant was retrieved and 

solubilized in 25 µL of 2% (w/v) sodium dodecyl sulfate (SDS) (ThermoFisher Scientific NP0001). 

To remove the SDS and DTT from protein isolates, 950 µL of 10% (w/v) trichloroacetic acid (TCA) 

(Sigam-Aldrich T6399) in acetone was added into the Eppendorf with protein isolates and 

incubated at -80˚C for 12 hours. The samples were centrifuged down at 18,000 g at 4˚C for 15 

minutes to pellet the protein. The supernatant was discarded, and the protein pellet was 

resuspended in 500 µL of 0.03% (w/v) deoxychol (Sigma-Aldrich 30970) and vortexed thoroughly. 

100 µL of 72% (w/v) TCA was added and incubated on ice for 30 minutes to allow protein 

precipitation. Samples were centrifuged again at 18,000 g at 4˚C for 15 minutes. The washed pellet 

was then topped up with 950 µl of acetone at -30˚C. Samples were vortexed thoroughly and 

incubated at -80˚C for 1 hour. The precipitated protein was centrifuged to the bottom at 18,000 g 

at 4˚C for 15 minutes. The supernatant was discarded and the purified protein pellet was air dried. 

These purified protein samples were dissolved in a 2% (w/v) SDS solution in PBS. At the same 

time, OVA was dissolved in the same SDS solution and diluted stepwise for the standard curve. 

The OVA standards and purified protein samples were incubated again at 70˚C for 1 hour. 200 µL 

of the bicinchoninic acid (BCA) (ThermoFisher Scientific 23235) working reagent provided in the 
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kit was added to samples, standards and controls. They were incubated at 60˚C for 30 minutes until 

a purple colour developed. The samples were cooled to room temperature and scanned on an 

absorbance plate reader at 562 nm (Tecan Sunrise). The estimated total protein content was 

calculated based on the standard curve. The final footpad injection dose was normalized based on 

the same total amount of OVA antigen (10 μg) for each size as determined by the BCA assay 

described here (Fig. 2S3). 

 

Animal care 

All animal experiments were performed according to the protocols approved by the University of 

Toronto Division of Comparative Medicine and Animal Care Committee (protocol numbers: 

20011620, 20011910, 20012102). 6 to 10-week old wild type C57BL/6 mice were purchased form 

Charles River Laboratories (Montreal, Canada) and The Jackson Laboratory (Maine, USA). The 

genetically modified female C57BL/6 C3 (Jax stock #003641), Cr2 (Jax stock #008225) and CD19 

(Jax stock #006785) knockout (KO) mice were purchased from The Jackson Laboratory. Mice 

were anesthetized using isoflurane (3%) carried with oxygen during injection. OVA-AuNP 

vaccines and PEG-AuNPs were injected into the intradermal footpads of mice using a 29-gauge 

insulin needle (Fig. 2S2). The injection dose was normalized to the same conjugated OVA amount 

(10 μg) and the injection volume was 20 μL for each footpad. 4 footpads were injected, and sentinel 

lymph nodes were further studied.  

 

Histology, immunostaining and imaging 

The mice were sacrificed after different injection times (from 2 hours to 8 weeks). The sentinel 

(axillary, brachial and popliteal) lymph nodes were collected for histological analysis. To preserve 

the antigens on cell membrane and on nanoparticles, the isolated fresh lymph nodes were directly 
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placed into frozen section compound (VWR® International, LLC 95057-838) in a plastic 

cryomold (Tissue-Tek® at VWR® 4565) and frozen with liquid nitrogen. The frozen samples 

were taken to the Toronto Centre for Phenogenomics (TCP) on dry ice for further sample 

processing. 8 μm tissue sections were cut on Cryostar NX70 and placed on charged slides. Tissue 

sections were stained using silver enhancement kits (Ted Pella, Inc. 15718) to enhance gold 

nanoparticle signal. For immunostaining, tissue sections were stained for follicular dendritic cells 

(FDCs) using anti-CD21 antibody (Abcam 75985) and/or anti-FDC-M1 antibody (BD Biosciences 

551320), for B cells using anti-B220 antibody (eBioscience 14-0452-82), and for subcapsular sinus 

macrophages using anti-sialoadhesin (CD169) antibody (Abcam 53443). To verify if OVA antigen 

is still intact with gold nanoparticles, tissue sections were stained with anti-ovalbumin antibody 

(FITC) (Abcam 85584) to visualize OVA antigens location. To verify germinal center formation, 

tissue sections were stained with anti-GL7 antibody (FITC) (BioLegend 144604). Tissue sections 

were then counter stained with DAPI.  

 

The stained tissue sections were scanned using an Olympus VS-120 slide scanner and imaged 

using a Hamamatsu ORCA-R2 C10600 digital camera for all bright-field, fluorescent and dark-

field images. The bright-field images of silver stained nanoparticles in lymph node follicles were 

quantified using ImageJ (NIH) 80. The threshold of all silver stained images was set up the same 

value for each. The total area of the silver stained area was then determined and compared across 

all conditions. To colocalize gold nanoparticle signal and immunostaining, dark-field images were 

used based on the scattering intensity from gold nanoparticles. Dark-field images 81 of gold 

nanoparticle signal were used to colocalize the distribution of FDC networks, and OVA antigens 

in lymph node follicles.  
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Tissue clearing 

Lymph node tissues were processed for tissue clearing as previously described 82. Briefly, lymph 

nodes were extracted and placed into hydrogel monomer solution containing 4% formaldehyde 

(Bioshop Canada Inc. FOR201.500), 2% w/v acrylamide (Bioshop Canada Inc AB1032), and 

0.25% w/v VA-044 azo initiator (Wako Chemicals VA-044) in 1× PBS. The lymph nodes were 

incubated in the hydrogel monomer solution for 7 days at 4°C. To crosslink the hydrogel monomer 

within the tissues, fresh hydrogel monomer solution was added to the samples, and then samples 

were degassed and purged with argon gas. The samples were incubated at 37°C for 3 hours. The 

hydrogel embedded lymph nodes were rinsed with PBS and then incubated in clearing solution 

containing 4% w/v SDS in 200 mM sodium borate solution (pH 8.5 with 0.1% Triton-X 100 

(Sigma-Aldrich X100) and 0.01% sodium azide (Bio Basic DB0613)) for 5 days at 50°C. Samples 

were then placed in borate solution for storage at 4°C.  

 

Immunostaining of cleared tissues and three-dimensional light-sheet imaging 

Immunostaining of cleared tissue was performed by blocking lymph node tissues with blocking 

buffer containing 5% w/v bovine serum albumin (BSA) (Sigma-Aldrich A9418) in PBS, 0.1% 

Triton X-100, 0.01% sodium azide. Lymph nodes were left in blocking solution at room 

temperature overnight. Next, primary CD21 antibody (Abcam 75985) was added to lymph nodes 

at a 1:100 dilution in 1 mL of PBS with 2% v/v goat serum, 0.1% Triton X-100, and 0.01% sodium 

azide solution and incubated at room temperature for 2 days. Tissues were then washed for 24 

hours with PBS, 0.1% Triton X-100, 0.01% sodium azide solution to remove excess primary 

antibody. Cy5 conjugated secondary antibody was then incubated with the lymph nodes at a 1:200 

dilution as well as with DAPI (Sigma-Aldrich D9542) at a final concentration of 10 μM in 2% v/v 

goat serum, PBS, 0.1% Triton-X 100, 0.01% sodium azide for 2 days at room temperature. The 



27 
  

stained tissues were then washed with PBS, 0.1% Triton-X 100, 0.01% sodium azide solution for 

24 hours to remove excess stain. Tissues are placed in 67% 2’2-thiodiethanol (TDE) solution in 

200 mM sodium borate, 0.1% Triton-X, 0.01% sodium azide solution for refractive index matching 

prior to light-sheet imaging. 3D light-sheet imaging of the cleared and stained lymph nodes was 

performed using the Zeiss Light-sheet Z.1 microscope using the CLARITY Plan-Neofluar 

Objective, 20X, NA 1.0, refractive index of 1.45 in 67% TDE solution. Standard emission and 

filter lines were used for DAPI and CD21 detection. Dark-field imaging of gold nanoparticles was 

done as previously described by detecting scattering intensity from the metallic nanoparticles 81. 

The 3D images were visualized using Bitplane IMARIS version 8.1.  

 

TEM study on lymph node tissues 

TEM was used to visualize the localization of nanoparticle distribution around FDCs in lymph 

node follicles at the subcellular level. The mice were sacrificed after different injection times (from 

2 hours to 8 weeks). The sentinel lymph nodes were collected and directly fixed with 0.5% 

formaldehyde and 4% glutaraldehyde (Sigma-Aldrich 340855) in PBS at room temperature for 1 

hour. The samples were then stored at 4°C. Fixed lymph node samples were sent to the Nanoscale 

Biomedical Imaging Facility at The Hospital for Sick Children for further processing. The lymph 

node samples were mounted and sectioned, then placed on copper grids. Samples were then 

negative stained with 2% uranyl acetate (Ted Pella 19481). The morphology of FDCs and 

nanoparticle localization of lymph node sections were imaged using TEM at 200 kV. The numbers 

of nanoparticles on FDC dendrites were quantified using TEM images. In brief, the area (um2) of 

FDC dendrites were measured using ImageJ (NIH) 80. The total numbers of gold nanoparticle 

within the area of FDC dendrites were calculated using ImageJ by setting up the same threshold 

value. The numbers of OVA protein conjugated on different sizes of AuNPs were previously 
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quantified using BCA (Fig. 2S3). The total amount of conjugated antigen on FDC dendrites for 

each size was then calculated.  

 

Lymph node disaggregation and cell staining and flow cytometry 

Total number of GL7+B220+ germinal center B cells were quantified using flow cytometry. The 

mice were immunized using different sizes of OVA-AuNP vaccines and sacrificed at 5 weeks. The 

sentinel lymph nodes were isolated and mechanically disaggregated using a razor blade. After that, 

these lymph nodes were enzyme disaggregated into single cell suspension using 4790 µL of Hanks' 

Balanced Salt Solution (HBSS) buffer (ThermoFisher Scientific 14185052) with 200 µL of 10 

mg/ml collagenase IV (Sigma-Aldrich C5138) and 10 µL of 10 mg/mL of DNase (Roche 

10104159001) in an Eppendorf tube. These samples were incubated and rotated at 37°C for 30 

minutes. The disaggregated lymph node cells were passed through a 70 µm cell strainer and 

centrifuged at 300 g at 4°C for 10 minutes. The supernatant was discarded, and cell pellet was 

resuspended in HBSS blocking buffer supplemented with 0.5% (w/v) bovine serum albumin and 

2 mM EDTA. Cell suspension was stained with fluorescent labelled antibodies. Anti-CD16/32 

antibody (BioLegend 101302) was used for Fc receptor blocking. Antibodies stained for germinal 

center B cells including: Zombie NIR Live/Dead stain (BioLegend 423106), BV510 anti-B220 

(RA3-6B2) (BioLegend 103247), and Alexa Fluor® 647 anti-GL7 (BioLegend 144606). Cells 

were stained on ice for 30 minutes and followed by 2 washes using HBSS blocking buffer. Cells 

were then fixed using 1.6% paraformaldehyde (Thermo Fisher Scientific 28906) in HBSS on ice 

for 30 minutes. Cells were resuspended in blocking buffer for flow cytometry. Cell stain events 

were acquired using a 5-laser BD LSR FORTESSA X-20 flow cytometer. Cell stain events were 

analyzed using FlowJo V10 software.  
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ELISA of OVA-specific antibody production 

OVA-specific antibody production was measured in the sera using enzyme-linked immunosorbent 

assay (ELISA) after immunization of different sizes of OVA-AuNP vaccines at 5 weeks. 100 µL 

of OVA with a concentration of 20 µg/mL was pre-coated on MaxiSorp 96-well plate (Thermo 

Fisher Scientific 442404) at 4°C overnight. The solution was discarded, and the wells was washed 

one time with 400 µL of PBST. After discarding the washing PBST, 200 µL of 1× casein buffer 

(Sigma-Aldrich B6429-500ML) was added to block the wells at room temperature for 2 hours. 

The solution was discarded and washed one time with PBST. To perform serial dilution of the sera, 

100 µL of 0.5× casein buffer was added into the lanes except the 1st one. The serum samples were 

first diluted 100 times with 0.5× Casein buffer and then added into the 1st lane of the plate (200 

µL). The samples were then serially diluted until the second final lane. The last lane was kept as a 

control without serum samples. Samples were then incubated at room temperature for 1 hour. The 

wells were washed two times using PBST. Goat anti-mouse IgG secondary antibody, horseradish 

peroxidase (HRP) (Thermo Fisher Scientific 31430) was diluted 5000 times. The diluted HRP 

solution (100 µL) was then added into wells and incubated at room temperature for 1 hour. The 

wells were washed two times using PBST. 100 µL TMB (3,3',5,5;-tetramethylbenzidine) 

chromogen solution (Thermo Fisher Scientific 002023) was added into each well and incubated at 

room temperature for 20 minutes. The blue color was developed, and the reaction was terminated 

by adding 1 M sulfuric acid (100 µL). The absorbance was measured using an absorbance plate 

reader at 450 nm (Tecan Sunrise). The reference was setup at 570 nm. All titers reported are inverse 

dilutions where A450 nm - A570 nm equals 0.1.  
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Modified ELISA of C3 protein absorbed on nanoparticles  

C3 absorption on nanoparticles were measured using a modified ELISA 55. 5 nm and 50 nm OVA-

AuNP vaccines were pre-coated onto MaxiSorp 96-well plate overnight at 4°C. The pre-coated 

concentration was normalized by 5 μg/mL of OVA in 50 µL of PBS. The solution was discarded, 

and the wells were washed one time with PBST. 1× casein buffer was used to block the wells at 

room temperature for 2 hours. The wells were washed one time with PBST. 30% serum from wild 

type mice was added to each well and allowed to incubate at 37°C for 1 hour. Plates were washed 

two times. 1× HRP-conjugated anti-mouse complement C3 antibodies (Abcam 157711) were 

added into the wells and incubated at room temperature for 1 hour. The wells were then washed 

two more times using PBST. TMB was added into the wells and incubated at room temperature 

for 20 minutes. The reaction was stopped by adding sulfuric acid. The absorbance was then 

measured using a plate reader at 450 nm with the reference of 570 nm. The optical density (OD) 

at 450 nm was determined.  

 

To verify the C3 absorption on nanoparticles in vivo, OVA-AuNP vaccines were injected 

intradermally into the footpads of mice. The mice were sacrificed, and sentinel lymph nodes were 

isolated after 1 and 6 hours post-injection for 5 and 50 nm OVA-AuNP vaccines. These sentinel 

lymph nodes were mechanically disaggregated using a razor blade and passed through a 70 µm 

cell strainer and centrifuged at 300 g at 4°C for 10 minutes. The supernatant was collected and 

washed three times using HBSS buffer. To isolate the nanoparticles, samples of 5 and 50 nm OVA-

AuNPs were centrifugated with the speeds of 80,000 g and 600 g respectively for 60 minutes. The 

supernatant was discarded and nanoparticles were purified using PBST 3 times. The concentration 

of OVA-AuNPs was measured using UV-Vis and 5 μg/mL of OVA normalized nanoparticles in 

50 µL of PBS was coated on MaxiSorp 96-well plate at room temperature for 12 hours. Using the 
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same protocol of in vitro modified ELISA, 1× Casein buffer was used to block the wells at room 

temperature for 2 hours. Plates were washed two times. 1× HRP-conjugated anti-mouse 

complement C3 antibody was added into wells and incubated at room temperature for 1 hour. After 

washing using PBST, TMB was added to establish the reaction for 20 minutes. The reaction was 

terminated by adding sulfuric acid. The OD was measured at 450 nm using a plate reader. 

   

Statistical analyses 

Data was collected from 4-8 mice per group. All statistical analyses and graphing were performed 

using GraphPad Prism 6.0. Data were analyzed using one-way ANOVA followed by Tukey’s 

multiple comparisons test or an unpaired t test. Data are presented as mean ± SD. P < 0.05 is 

defined as significant: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  

 

Results and discussion 

We first studied the relationship between nanoparticle size and follicle retention in the lymph node. 

We synthesized a model nanoparticle vaccine composed of different sizes of spherical gold 

nanoparticles (AuNPs) conjugated to ovalbumin (OVA) antigen. The full characterization of the 

nanoparticle physicochemical properties is described in Fig. 2S1 and Table 2S.1. We chose AuNPs 

because: (1) they can be easily synthesized with broad and precise sizes in the 2 to 100 nm size 

range, (2) they are non-degradable that allows long-term tracking at the organ and cellular levels, 

and (3) they can be coated with multiple molecules which enables them to be used as an adjuvant 

and delivery vehicle for antigen peptides or proteins 83–87. These sub-100 nm nanoparticles should 

transport from the injection site to sentinel lymph nodes through the lymphatics16,20,36,64 (Fig. 2.1A). 

We expect the size of the nanoparticles mediates their kinetics, binding, and other interactions with 

cells and biological structures in the lymph nodes. Once nanoparticles enter the afferent lymphatic 
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vessel of a lymph node, they need to pass a two-layer filter system 22,23, subcapsular sinus 

macrophages and lymphatic sinus endothelial cells, before entering lymph node follicles and 

interacting with B cells (Fig. 2.1B). We administered our model OVA-AuNP vaccine through 

intradermal footpad injections into C57BL/6 mice (Fig. 2.1A). The injection dose was normalized 

based on the same total amount of OVA (10 μg) for each size (Fig. 2.S1 and S2). The normalizing 

of dosing in our study enable us to test the impact size of nanoparticles on their lymph node 

interaction. We sacrificed the mice after different injection times (from 2 hours to 8 weeks) and 

collected the axillary, brachial and popliteal as sentinel lymph nodes for histological analysis 

(Fig.2.1B). We stained the sample with silver to enhance the AuNP signal on the tissue. We 

observed a clear difference between different nanoparticle sizes and their intra-lymph node 

transport and retention in follicles (Fig. 2.1C, S3). The smaller OVA-AuNPs (5-15 nm) appeared 

in the follicles within 2 hours but were cleared in the next 48 hours. The larger OVA-AuNPs (50-

100 nm) accumulated in subcapsular sinus at 2 hours. They required a longer time to accumulate 

in follicles and were retained for over 5 weeks (Fig. 2.1D). The 50-100 nm OVA-AuNPs showed 

greater retention than the 5-15 nm ones after 48 hours of injection. 50 nm OVA-AuNPs shows 19-

fold and 4-fold greater amounts of nanoparticles accumulated in lymph node follicles than 5 nm 

and 15 nm OVA-AuNPs at 48 hours (Fig. 2.1E). These results confirmed a clear relationship 

between nanoparticle size and lymph node follicle retention. 

 

We determined the lymph node cells involved with the retention of nanoparticles. We know from 

previous studies that follicular dendritic cells (FDCs) are resident stromal cells that form networks 

located in the follicle centers and are the only known cell type that acquire and retain naïve antigens 

for months 35,37,40–42. FDC networks reserve these naïve antigens and present to B cells for B cell 
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activation and generate germinal center reactions 8,9,11,43–45. Therefore, FDCs were a logical 

candidate to mediate both the sequestration and retention of OVA-AuNPs inside lymph node 

follicles. The mice were sacrificed at the peak OVA-AuNP accumulation times in lymph node 

follicles (2 hours for 5 and 15 nm OVA-AuNPs, and 48 hours for 50 and 100 nm OVA-AuNPs). 

To preserve the antigens on cell membrane, the isolated fresh lymph nodes were directly placed 

into frozen solution in a plastic cryomold and frozen with liquid nitrogen. 8 μm tissue sections 

were cut and placed on charged slides. Tissue sections were stained using silver enhance kits to 

enhance gold nanoparticle signal and antibody immunostaining for FDCs and other cell types. We 

found the AuNP signal (silver staining) colocalized with the networks of CD21+ FDCs in the 5-

15 nm (Fig. 2.2A, and Fig. 2S4A) and the 50-100 nm OVA-AuNP (Fig. 2.2B, and Fig. 2S4B) 

tissue samples. This cell is highlighted by the green colour staining in Fig. 2.2A-B and Fig. 2S4. 

To verify the histology stain for FDCs, we co-stained this cell type using another FDC-M1 

antibody (Fig. 2.2C). FDC-M1 (red colour) and CD21 (green colour) stains are colocalized on 

FDCs. We also show that T cells (CD3+), tingible body macrophages (CD68+), and dendritic cells 

(CD11c+) are not the major cell types involved in sequestration of the OVA-AuNPs (Fig. 2.2D). 

This is because these stained immune cells (brown colours) are not corresponding to the area of 

OVA-AuNP signals (Silver staining). We confirmed this conclusion using 3D images of lymph 

nodes after CLARITY processing 81,82. The results show that FDCs formed network clusters (green 

colour) and OVA-AuNPs (red colour) were colocalized in these FDC networks (Fig. 2S5). Our 

results confirmed the role of FDCs in mediating the retention of nanoparticles inside of the lymph 

node follicle. 

 



34 
  

We further analyzed whether the nanoparticles are inside the FDCs or on their dendrites. The mice 

were sacrificed after the peak OVA-AuNP accumulation times in lymph node follicles. The 

sentinel lymph nodes were collected and directly fixed with 0.5% formaldehyde and 4% 

glutaraldehyde in PBS. The fixed samples were mounted and sectioned, then placed on copper 

grids. The sample sections were negative stained with 2% uranyl acetate. The morphology of FDCs 

and nanoparticle localization of lymph node sections were imaged using transmission electron 

microscopy (TEM) at 200 kV. TEM analysis showed that the residence of OVA-AuNPs in or out 

of the FDCs is size-dependent (Fig. 2.3A-B). The 5 nm OVA-AuNPs are internalized in the 

endolysosome-like structures of FDCs while the 50-100 OVA-AuNPs are aligned on the FDC 

surfaces or dendrites (Fig. 2.3C). The 15 nm OVA-AuNPs can inside the FDC or on the FDC 

surface. While the 5 nm OVA-AuNPs were trapped in endolysosome-like structures (Fig. 2.3A), 

interestingly, we observed instances where the endolysosomal membrane were disrupted and 5 nm 

OVA-AuNPs were found in the cytoplasm (Fig. 2.4A). This is shown by the green arrow. We also 

found extracellular vesicles containing 5 nm OVA-AuNPs (red circles) attached to the FDC 

surface (Fig. 2.4A). These results suggest that 5 nm OVA-AuNPs can be cleared by FDCs through 

endolysosomal escape or extracellular vesicles within 48 hours. These cleared 5 nm OVA-AuNPs 

by FDCs were further eliminated from lymph node follicles (Fig. 2.1C). In contrast, the 50-100 

nm OVA-AuNPs remained on the surface of the FDCs, with most of them residing on the dendrites 

(Fig. 2.4B). They were retained on the dendrites for a few weeks. We conclude that the size of the 

nanoparticles determines when they are taken up by the FDCs or resided on the cell surface and 

dendrites. 
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Next, we tested how nanoparticle size mediates antigen presentation on FDC dendrites. We 

administered different sizes of OVA-AuNPs through intradermal footpad injections into C57BL/6 

mice and sacrificed the mice at 48 hours. The sentinel lymph nodes were isolated and fixed. We 

sectioned the lymph node tissues and placed on copper grids for TEM study. TEM revealed that B 

cells were surrounded by FDC dendrites containing the OVA-AuNPs (Fig. 2.5A-B). The FDC 

dendrites deposited with OVA-AuNPs grip B cells that facilitates the interaction of conjugated-

antigen and B cell receptors. There were significantly more 50 and 100 nm OVA-AuNPs on FDC 

dendrites than 5 nm OVA-AuNPs at 48 hours (Fig. 2.5C-E). In addition, 100 nm AuNPs can 

conjugate 317-fold and 100-fold more OVA than the 5 and 15 nm AuNPs, respectively (Fig. 2S2). 

This leads to 175-fold more OVA bound to the FDC dendrites by the 100 nm AuNPs in comparison 

to the 15 nm AuNPs (Fig. 2.5F). This result suggests 50-100 nm OVA-AuNPs can present more 

antigen on FDC dendrites to B cells.  

 

This allowed us to test if the 50-100 nm OVA-AuNPs would induce more humoral immune 

responses over the smaller 5-15 nm OVA-AuNPs. We immunized the mice using different sizes 

of OVA-AuNP vaccine and sacrificed the mice at 5 weeks. The isolated lymph nodes were frozen 

in a plastic cryomold. The lymph node tissue sections were cut and stained with anti-OVA antibody 

for OVA and other antibodies for immunostaining. Our result shows that 100 nm AuNPs were still 

colocalized with OVA in the follicles, confirming that the OVA remained conjugated to the AuNPs 

after 5 weeks of injection (Fig. 2.6A). We first observed germinal center generation as a 

measurement of humoral immune response. We performed histological analysis for germinal 

centers using an anti-GL7 stain. We observed that 100 nm OVA-AuNPs can induce germinal 

centers (red colour) that attach FDC networks (green colour) and 100 nm OVA-AuNPs are still 
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colocalized with FDC networks after 5 weeks of immunization (Fig. 2.6B). We performed 

histology for all sizes. The 50 and 100 nm OVA-AuNPs could induce germinal centers (red colour), 

whereas the 5 nm OVA-AuNPs failed to generate robust germinal center reactions (Fig. 2.6C-D). 

We further quantified the total number of GL7+B220+ germinal center B cells by disaggregation 

of the lymph node into single cells for flow cytometry (Fig. 2.6E-F, 2S6). We found that the 100 

nm OVA-AuNPs generated 5-fold more germinal center B cells than 5 nm OVA-AuNPs (Fig. 

2.6F). These findings confirm that the retained 50 and 100 nm OVA-AuNPs on FDC dendrites can 

induce greater stimulation of germinal center reactions, and proliferation of germinal center B cells. 

Next, we quantified the amount of OVA-specific antibody in the sera using enzyme-linked 

immunosorbent assay (ELISA) to determine if the 100 nm OVA-AuNPs elicited greater antigen-

specific antibody production. 5-fold more OVA-specific antibody was produced in response to 

100 nm OVA-AuNPs than the 5 nm OVA-AuNPs (Fig. 2.6G). We conclude that the conjugation 

of OVA to the 50-100 nm nanoparticle can induce greater humoral immune responses than the 5-

15 nm nanoparticles because more conjugated antigens are bound and presented on FDC dendrites 

to stimulate B cells.  

 

While OVA is involved in generating an antigen-specific immune response, we were curious to 

know why the nanoparticles are bound to receptors on the FDCs. Our recent study showed that 

nanoparticles opsonize serum proteins when they are administered into the animal74. Previously, 

we used mass spectrometry to identify the adsorbed proteins. Thus, we have a list of candidates 

that can be tested to identify the specific proteins that may be responsible for the receptor-ligand 

interaction. We hypothesize that complement C3 was opsonized on the nanoparticle surface and 

this ligand is responsible for its interaction with the FDC through complement receptor 2 (Cr2) 
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(Fig. 2S7). This hypothesis is built on previous findings that virus and bacteria require 

opsonization by complement C3 10,11,35,66,67. We performed experiments with C3 and Cr2 knockout 

mice, and used CD19 knockout mice as a negative control. It has been shown previously that 

inhibition of CD19 receptors disables B cell stimulation and germinal center formation 88,89. Here, 

we expected that even OVA-AuNPs retained and presented on FDC dendrites, OVA-AuNPs 

should not induce humoral immune responses in CD19 knockout mice. We injected the C3, Cr2 

and CD19 receptor knockout mice with 50 nm OVA-AuNP vaccines and sacrificed the mice after 

48 hours and 5 weeks, respectively (Fig. 2.7A-F). We determined a loss of complement (either C3 

or Cr2) prevented OVA-AuNP retention in follicles (Fig. 2.7A and 7D) and OVA-AuNP 

presentation on FDC dendrites (Fig. 2.7B and 7E) at 48 hours. We determine that a loss of C3 

protein failed to induce germinal centers at 5 weeks (Fig. 2.7C). Both complement knockout mice 

(C3 protein and Cr2) produced significantly lower numbers of germinal center B cells than wild 

types and showed no significant difference compared to CD19 knockout mice at 5 weeks (Fig. 

2.7F). These results show that C3-Cr2 ligand-receptor pair assists the retention and presentation 

of OVA-AuNPs on the FDCs, leading to germinal center reactions. We then tested for OVA-

specific antibody production using ELISA. Surprisingly, we found loss of complements did not 

limit OVA-specific antibody production (Fig. 2S8). The mechanism is unknown and will be 

explored later. To test if nanoparticle opsonization by C3 is based on nanoparticle size, we 

designed a modified ELISA experiment where different sizes of OVA-AuNPs were pre-coated 

onto plates and incubated with wild type mice sera. Our results show that 50 nm OVA-AuNPs 

have greater C3 deposition than 5 nm ones in vitro (Fig. 2S9). To verify that OVA-AuNPs follow 

the same principle in vivo, we performed the same ELISA experiment on 5 nm and 50 nm OVA-

AuNPs isolated from lymph nodes in vivo at 1 and 6 hours post-injection. Similarly, we found 
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more C3 adsorbed onto 50 nm OVA-AuNPs than 5 nm ones (Fig. 2.7G). These results suggest that 

larger OVA-AuNPs are opsonized by complements more than smaller ones, leading to enhanced 

nanoparticle retention, antigen presentation on FDC dendrites and more robust germinal center 

reactions. 

 

Conclusion 

In this study, we discovered that the physiology of the lymph node determines the kinetics and 

cellular interaction of the nanoparticles. Sub-100 nm nanoparticles can transport through the lymph 

node. However, the intra-lymph node fate is determined by the size. The 5-15 nm nanoparticles 

can enter the FDCs while the 50-100 nm remained on the surface. The binding of the nanoparticles 

to the dendrites were greater with the 50-100 nm. Our study reveals the mechanism of how lymph 

node follicles process different nanoparticle sizes. This provides us with fundamental knowledge 

on how biological selection of antigens occurs and functions. Our report provides results for gold 

nanoparticles with OVA only. The role of organic or inorganic synthetic nanoparticles with other 

antigens on how to shape the acquired immune responses should be fully assessed in the future as 

well. The results of these findings will guide the rational design of antigen-conjugated synthetic 

nanoparticles in mediating FDC interaction for more effective vaccine development. 
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Fig. 2. 1. Lymph node follicles clear smaller nanoparticles and retain larger ones. (A) 

Schematic of lymph node distribution. OVA-AuNPs were injection into C57BL/6 mice through 

intradermal footpad administration. Axillary (Ax), brachial (Br) and popliteal (Pop) lymph nodes 

are defined as sentinel lymph nodes. (B) Schematics of a lymph node that are made of subcapsular 

sinus, follicle, paracortex and medullary cord areas. Lymph nodes are considered as a two-layer 

size-selective filter system that comprised of subcapsular sinus macrophages and lymphatic sinus 

endothelial cells before entering B cell follicle. (C) Histological images of different OVA-AuNP 

sizes cleared or retained in lymph node follicles after 2 hours to 8 weeks post intradermal footpad 

injection into C57BL/6 mice (n = 4 mice/group). Lymph node follicles of sentinel lymph nodes 

were collected. Data collected from 10 lymph node follicles (n = 4). The injection dose was 

normalized based on the same OVA antigen amount (10 μg) for each size. (D) Schematic of the 

size-dependent OVA-AuNP transport kinetics. The 5-15 nm OVA-AuNPs appeared in the follicles 

within 2 hours but are cleared in the next 48 hours. The 50-100 nm OVA-AuNPs accumulated at 

subcapsular sinus at 2 hours. They had the delayed follicle accumulation and were retained for 

over 5 weeks. (E) Quantification of different sizes of OVA-AuNP accumulation in follicles at 48 

hours post-injection. Graphs represent mean ± SD; ****P < 0.0001. All P values from one-way 

ANOVA followed by Tukey’s multiple comparisons test. 
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Fig. 2. 2. FDC networks involved in nanoparticle sequestration in lymph node follicles. 

Histology of (A) 5 nm and (B) 50 nm OVA-AuNP sequestration in lymph node follicles associated 

with FDC networks at 2 hours and 48 hours post intradermal footpad injection. Gold nanoparticle 

signals colocalized in the area of FDC networks (CD21 green; CD169 red; Silver black). (C) 

Validation of antibody staining for FDCs in lymph node follicles. FDC-M1 (red) and CD21 (green) 

stains colocalized on FDCs. (D) OVA-AuNP signals are not colocalized with T cells (CD3) 

(brown), tingible body macrophages (CD68) (brown), and dendritic cells (CD11c) (brown), 

indicating that they are not majorly involved in sequestration of OVA-AuNPs in lymph node 

follicles.  
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Fig. 2. 3. FDCs internalize smaller nanoparticles and align larger nanoparticles on their 

surfaces and dendrites. (A-B) Representative TEM images of nanoparticle location associated 

with FDCs in a size-dependent manner. TEM study was performed at different times of post-

intradermal footpad injection (the 5-15 OVA-AuNPs at 2 hours; the 50-100 nm OVA-AuNPs at 

48 hours). (A) The 5 nm OVA-AuNPs preferred to be internalized by FDCs (red arrows point to 

endolysosomes), and (B) The 50-100 nm OVA-AuNPs preferred to be aligned on FDC surfaces 

and dendrites (red arrows point to FDC dendrites). (C) Quantification of nanoparticle location 

either inside the FDC or on FDC dendrites. TEM images and schematics of 5 nm OVA-AuNPs 

internalized by FDCs while 50-100 nm OVA-AuNPs retained on FDC surface or dendrites. 15 nm 

OVA-AuNPs can be both inside the FDC or on FDC surface. Data collected from 3 sentinel lymph 

nodes for each size (n = 3-4 mice/group). 
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Fig. 2. 4. FDCs clear smaller nanoparticles by endolysosomal escape and extracellular 

vesicles, and retain larger ones on their dendrites. (A) TEM images and schematics of 5 nm 

OVA-AuNPs cleared through endolysosomal escape or exosomes. (B) TEM images and 

schematics of 100 nm OVA-AuNPs retained on FDC dendrites over a few weeks. Data collected 

from 3 sentinel lymph nodes for each size (n = 3-4 mice/group). 



47 
  

 

 



48 
  

Fig. 2. 5. Larger nanoparticles have greater deposition on FDC dendrites leading to more 

conjugated antigens presentation on FDC to stimulate B cells. (A) Representative TEM images 

of FDC dendrites surrounding B cells containing OVA-AuNPs (red arrows point to FDC dendrites). 

(B) Schematics of (A) that OVA-AuNPs are deposited on FDC surfaces and dendrites. FDC 

dendrites surrounding B cells with OVA-AuNPs that facilitates the interaction of conjugated-

antigen and B cell receptors. (C-D) TEM images of different sizes of OVA-AuNPs depositing and 

presenting conjugated-antigen on FDC dendrites at 48 hours post intradermal footpad injection. 

Red arrows point to the FDC dendrites. Quantifying (E) numbers of OVA-AuNPs and (F) numbers 

of conjugated OVA on FDC dendrites at 48 hours. Data collected from 3 sentinel lymph nodes for 

each size (n = 3-4 mice/group). Data shown as mean ± SD; ****P < 0.0001. All P values from 

one-way ANOVA followed by Tukey’s multiple comparisons tests. 
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Fig. 2. 6. Larger nanoparticle vaccines induce greater humoral immune responses. (A) 

Colocalization of 100 nm AuNPs with OVA antigen in follicles after 5 weeks of injection. Anti-

OVA stain colocalized with AuNP signal generated by dark field microscopy, indicating that the 

OVA remained conjugated to the AuNPs. (B) Colocalization of 100 nm OVA-AuNPs with FDCs 

in germinal centers after 5 weeks of immunization. FDC colocalized with AuNP signal generated 
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by dark field microscopy. Assessment of (C and D) germinal center formation (GL7 red; CD21 

green; B220 blue), (E) percentage of germinal center B cells (GL7+ B220+), (F) numbers of 

germinal center B cells (GL7+ B220+), and (G) antigen-specific antibody production in sera after 

intradermal footpad injection with different sizes of OVA-AuNP vaccine at 5 weeks (n = 4-8 

mice/group). The injection dose is normalized based on the same amount of OVA antigen (10 μg) 

for each size. Data shown as mean ± SD; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P values 

from one-way ANOVA followed by Tukey’s multiple comparisons tests. 
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Fig. 2. 7. Larger nanoparticle vaccines induce greater complement opsonization resulting in 

enhanced nanoparticle retention, antigen presentation on FDC dendrites and germinal 

center reactions. (A-F) Study of nanoparticle retention, antigen presentation and germinal center 

reactions in wild type and C3, Cr2 and CD19 receptor knockout mice after intradermal footpad 

injection with 50 nm OVA-AuNP vaccines. (A and D) Histology of OVA-AuNP sequestration in 

lymph node follicles at 48 hours (n = 4 mice/group in C57BL/6 background) (B and E) 

Representative TEM images of AuNP conjugated antigen presentation on FDC dendrites at 48 

hours. Data collected from 3 sentinel lymph nodes for each condition (n = 3-4 mice/group). 

Assessment of (C) germinal center formation (B220 blue; CD21 green; GL7 red) and (F) numbers 

of germinal center B cells (GL7+ B220+) after intradermal footpad injection with 50 nm OVA-

AuNP vaccine at 5 weeks (n = 4-8 mice/group). (G) Quantification of the complement C3 adsorbed 

on OVA-AuNP surfaces using ELISA (AU standards for arbitrary units, n = 5). Graphs represent 

mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P values from one-way 

ANOVA followed by Tukey’s multiple comparisons tests or an unpaired t test. 
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Supplementary figures and table 

 

Fig. 2S. 1. Nanoparticle vaccine characterization. (A) TEM images of 5, 15, 50, and 100 nm 

(left to right) Citrate-coated gold nanoparticles (citrate-AuNPs). The scale bars in each figure is 

50 nm. (B) TEM images of ovalbumin-coated gold nanoparticles (OVA-AuNPs) with core sizes 

of 5, 15, 50, and 100 nm (left to right). 
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Table 2S.1. Physicochemical properties of nanoparticle vaccines 

Nanoparticle  Physicochemical Properties 

 

Size Surface 

Ligands 

 

Inorganic 

Diameter (nm) 

Hydrodynamic 

Diameter (nm) 

ζ Potential 

(mV) 

λLSPR (nm) 

5 Citrate  4.6 ± 0.1 8.9 ± 0.9 -9.9 ± 2.0 515 

 

15 

OVA  18.7 ± 2.6 -12.6 ± 0.3 520 

Citrate 15.1 ± 0.6 21.8 ± 2.4 -8.0 ± 0.8 521 

 OVA  82.2 ± 9.3 -20.4 ± 0.2 528 

50 Citrate 48.2 ± 2.0 60.8 ± 1.5 -22.9 ± 0.5 531 

 OVA  125.3 ± 7.9 -23.0 ± 0.2 548 

100 Citrate 112.0 ± 3.7 112.5 ± 3.7 -25.7 ± 3.1 570 

 OVA  167.5 ± 5.9 -20.2 ± 0.2 585 

 

 

Fig. 2S. 2. Quantification of numbers of OVA protein on AuNPs using bicinchoninic acid 

(BCA) assay. The injection dose is normalized based on the same total amount of OVA antigen 

(10 μg) for each injection. 
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Fig. 2S. 3. Quantification of silver stained area in histology images of different sizes of 

OVA-AuNP retention in lymph node follicles over 8 weeks. Histology images of different 

OVA-AuNP vaccine sizes cleared or retained in lymph node follicles after various times (from 2 

hours to 8 weeks) post intradermal footpad injection into C57BL/6 mice (n = 4 mice/group). 

Lymph node follicles of sentinel (axillary, brachial and popliteal) lymph nodes were collected. 

Data collected from 10 lymph node follicles (n = 4). The injection dose was normalized based on 

the same OVA antigen amount (10 μg) for each size. 
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Fig. 2S. 4. FDC networks involved in nanoparticle sequestration in lymph node follicles. 

Histology study of (A) 15 nm and (B) 100 nm OVA-AuNP sequestration in lymph node follicles 

associated with FDC networks at 2 hours and 48 hours post intradermal footpad injection. Gold 

nanoparticle signals colocalized in the area of FDC networks (CD21 green; CD169 red; Silver 

black).  
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Fig. 2S. 5. 3D images of 50 nm OVA-AuNPs associated with FDC networks in lymph node 

follicles after CLARITY processing. Sentinel lymph nodes were isolated and cleared after 48 

hours post intradermal footpad injection into C57BL/6 mice (n = 4 mice/group). (A) OVA-AuNPs 

deposited on FDC (CD21+) networks. (CD21 green; OVA-AuNP red). (B) Colocalization of 

OVA-AuNPs with FDC networks in lymph node follicles (CD21 green; OVA-AuNP red).  
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Fig. 2S. 6. Gating strategy for analyzing germinal center B cells after 5 weeks of 

immunization.  

 

 

 

Fig. 2S. 7. Complement protein C3 opsonized on the OVA-AuNP surface mediating the 

interaction with the FDC through complement receptor 2 (Cr2).  
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Fig. 2S. 8. Antigen-specific antibody production in sera are assessed after injection into wild 

type or knockout mice at 5 weeks. 50 nm OVA-AuNPs were injected into wild type, and C3, Cr2 

and CD19 receptor knockout mice and mice were sacrificed after 5 weeks (n = 4-8/group of mice 

in C57BL/6 genetic background). 

 

 

Fig. 2S. 9. Larger nanoparticles induce greater complement opsonization than smaller ones. 

Wild type mice serum was added to OVA-AuNP vaccine pre-coated plate in vitro. C3 deposition 

was tested using ELISA. Graphs represent mean ± SD; ****P < 0.0001. All data was analyzed 

using an unpaired t test. 
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Chapter 3 - Nanoparticle size influences antigen retention and presentation in 

lymph node follicles for humoral immunity 
 

Introduction 

Successful vaccinations require antigen delivery into lymph node follicles to generate efficient 

antibody-mediated humoral immune responses5,8–10,34,46,90,91. Lymphatic endothelial cells (LECs) 

form the subcapsular sinus (SCS) floor that only allow smaller sized antigens (<15 nm) to enter 

lymph node follicles22–24. Macrophages in the SCS capture larger sized nanoparticles (>50 nm), 

viruses, and bacteria and actively transport them to cross the layer of LECs into follicles10,27–32. 

This principle has been used to target the SCS macrophages for effective vaccination10,51,52. Recent 

studies showed that removing the SCS macrophages did not reduce humoral immune 

responses47,92–96. These contradictory findings raise a question: do SCS macrophages promote or 

prevent nanovaccine transport to lymph node follicles for humoral immune responses?  We 

assessed the role of SCS macrophages and their contribution to delivery of nanovaccines to lymph 

node follicles and to production of antibodies.  

 

Materials and methods 

Synthesis of gold nanoparticles 

15 nm gold nanoparticles (AuNPs) were synthesized using method adapted from Frens78. Briefly, 

1 mL of 3% (w/v) sodium citrate tribasic (Sigma-Aldrich S4641) was prepared in 100 mL 

deionized water and boiled. Under vigorous stirring, 100 μL of 10% (w/v) aqueous HAuCl4 was 

added and allowed to react for 10 minutes. The reaction was then immediately cooled on ice to 

room temperature. These 15 nm AuNPs were then used for the preparation of 100 nm AuNPs as 

described previously by our group79. Molar equivalents of sodium citrate tribasic (1.5 × 10-2 M), 

aqueous HAuCl4 (2.5 × 10-2 M), and 15 nm AuNPs (2-4 × 10-9 M) were added to 95-97 mL 
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deionized H2O to make 100 mL total. The molar equivalent of hydroquinone (Sigma-Aldrich 

H17902) (2.5 × 10-2 M) was then added to the solution under vigorous stirring. The reaction was 

maintained overnight. Tween-20 (final concentration of 0.05% w/v) was added to the solution and 

stirred for 10 minutes. 100 nm AuNPs were then washed two times by centrifugation at 750 g, 

resuspending the pellet in 0.02% sodium citrate tribasic and 0.05% Tween-20. AuNPs were stored 

at 4C for future use.  

 

Synthesis of nanoparticle conjugated vaccines 

A model nanoparticle conjugated vaccine was composed of different sizes (15 nm and 100 nm) of 

spherical AuNPs conjugated to ovalbumin (OVA) (Sigma-Aldrich A5503) antigen. AuNP stocks 

were washed once using 0.02% sodium citrate tribasic buffer for 35 minutes before OVA protein 

conjugation. 100 mM sodium citrate tribasic solution and HCl in deionized water was prepared 

and pH was adjusted to 2.3. This solution was diluted to 20 mM of sodium citrate tribasic with 

approximately pH 3 and mixed with OVA into the final concentration of 10 mg/mL. OVA protein 

in 20 mM of sodium citrate tribasic was mixed on rotator for 2 hours and filtered using 0.22 µm 

PES filter. 250 µL OVA solution was added in to the AuNP solution with 1.6 x 1016 nm2 total 

surface area. The mixed solution was then incubated in a 1.5 mL Eppendorf tube at 37ºC for 1 

hour. After conjugation, the mixed solution was topped up with 1× PBS + 0.05% Tween-20. The 

OVA conjugated AuNPs (OVA-AuNPs) was then wash with 1× PBS + 0.05% Tween-20 and 

purified with centrifugation speeds of 5000 g for 15 nm AuNPs and 200 g for 100 nm AuNPs for 

60 minutes. OVA-AuNPs were purified three times and resuspended in sterile PBS. OVA-AuNP 

nanovaccine was filtered using a 0.22 µm PES filter to remove the possible aggregates. The OVA-

AuNP nanovaccine concentration was justified before footpad intradermal injection.  
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Physicochemical characterization of gold nanoparticles and nanovaccines 

The core size of AuNPs and OVA-AuNPs were characterized by transmission electron microscopy 

(TEM) (Fig. 3S3 and Table. 3S1). TEM copper grids (Ted Pella 01813-F) was plasma treated. 5 

µL of AuNP or OVA-AuNP stocks was added on the treated TEM grids. The samples were blotted 

after 3 minutes using Kimwipes. The samples were left on grids for another 10 minutes to be 

completely air dried. To visualize the protein layer conjugated on the AuNP, OVA-AuNP samples 

on the EM grid were washed one more time with 5 µL deionized water and blotted using Kimwipes. 

The samples were negatively stained with 3 µL of 1% uranyl acetate (Ted Pella 19481). The 

stained samples were blotted using Kimwipes after 1 min of staining and air dried for 10 more 

minutes. All samples were visualized using TEM at 120 kV (Tecnai 20, FEI, Hillsboro, OR, USA) 

with an AMT 16000 camera. The AuNP core sizes were determined by measuring over 100 

nanoparticles using ImageJ (NIH, Maryland)80. The hydrodynamic diameters were characterized 

using dynamic light scattering (DLS) (Malvern Instruments Ltd., Worcestershire, UK) and 

absorbance was measured using UV-visible absorbance spectroscopy (Shimadzu Scientific 

Instruments). The surface charge was measured using Zetasizer Nano-ZS (Malvern Instruments 

Ltd.) in 150 mM HEPES, pH 7.5. The concentrations of AuNPs and OVA-AuNP were measured 

using UV-visible absorbance spectroscopy. The amount of OVA protein conjugated on AuNP 

were measured by bicinchoninic acid (BCA) assay (ThermoFisher Scientific 23235).  

 

Extraction and quantification of OVA protein using bicinchoninic acid assay 

OVA-AuNP solution with 2 x 1014 nm2 total surface area was resuspended in 25 µL PBS in a 1.5 

mL Eppendorf tube. 8 µL of 4% NuPAGE LDS buffer (ThermoFisher Scientific NP0007) and 4 

µL of 500 mM dithiothreitol (DTT) (BioShop DTT001.5) were mixed in the Eppendorf. This 

solution was then incubated at 70°C for 1 hour. The Eppendorf was centrifuged at 18,000 g for 15 
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minutes. The supernatant was collected and mixed with 25 µL of 2% (w/v) sodium dodecyl sulfate 

(SDS) (ThermoFisher Scientific NP0001). To eliminate the SDS and DTT from the isolated OVA 

protein, 950 µL of 10% (w/v) trichloroacetic acid (TCA) (Sigma-Aldrich T6399) in acetone was 

added into the Eppendorf tube and incubated at -80˚C for 12 hours. The Eppendorf tube was 

centrifuged at 18,000 g at 4˚C for 15 minutes. The supernatant was removed, and the OVA protein 

was resuspended in 500 µL of 0.03% (w/v) deoxycholate (Sigma-Aldrich 30970) and vortexed 

thoroughly. 100 µL of 72% (w/v) TCA was mixed into the Eppendorf and incubated on ice for 30 

minutes. The protein was centrifuged at 18,000 g at 4˚C for 15 minutes. 950 µl of acetone (-30˚C) 

was mixed into the Eppendorf tube and vortexed thoroughly. The tube was in incubated at -80˚C 

for 1 hour. The isolated OVA protein was pelleted at the bottom after centrifugation at 18,000 g at 

4˚C for 15 minutes. The supernatant was removed, and the isolated protein was air dried for 30 

minutes. The purified protein was dissolved into a 2% (w/v) SDS solution in PBS. To establish the 

standard curve, OVA protein was dissolved into a 2% (w/v) SDS solution in PBS and diluted 

stepwise. The purified protein and standards were incubated at 70˚C for 1 hour. 200 µL of the 

bicinchoninic acid (BCA) (Thermo Fisher Scientific 23235) reagent I from the kit was added to 

all samples and standards. These samples and standards were incubated at 60˚C for 30 minutes 

until a purple colour developed. All samples and standards were cooled to room temperature and 

analyzed on an absorbance plate reader at 562 nm (Tecan Sunrise). The protein amount was 

calculated based on the standard curve. The injected OVA-AuNP dose is normalized based on the 

injected OVA antigen amount (10 μg) (Fig. 3S4). 

 

Animal care 

All animal experiments were performed according to the protocols approved by the University of 

Toronto Division of Comparative Medicine and Animal Care Committee (protocol numbers: 
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20011620, 20011910, 20012102). 8 to 12-week old wild type C57BL/6 mice were purchased form 

Charles River Laboratories (Montreal, Canada). Mice were anesthetized using isoflurane (3%) 

carried with oxygen during intradermal footpad injection. OVA-AuNP nanovaccines were 

intradermally injected using a 29-gauge insulin needle. The injected dose was normalized to the 

OVA protein amount. The injected volume was 20 μL for each footpad and 4 footpads were 

injected in each mouse. The axillary, brachial, and popliteal sentinel lymph nodes were collected 

for further studies.  

 

Administration of macrophage inhibitors 

Clodronate or PBS liposomes (Liposoma BV CP-005-005) was used to eliminate subcapsular sinus 

(SCS) macrophages in lymph nodes (Fig. 3S1). Other macrophage inhibitors including gadolinium 

chloride (GdCl3) (Sigma-Aldrich 203289), carrageenan (CGN) (Sigma-Aldrich C1138), and 

dextran sulfate 500 (DS500) (Sigma-Aldrich D6001), were used to inhibit SCS macrophage uptake 

function (Fig. 3S1). Free clodronate (Clodronic Acid Disodium Salt Hydrate) (TRC Canada 

C586875) and low molecular weight Dextran sulfate 9 (DS9) (average molecular weight 9,000 - 

20,000 Da) (Sigma-Aldrich D6924) were used as negative controls, which cannot effectively 

physically or functionally eliminate macrophages. 20 μl of macrophage inhibitors were 

intradermally injected into the footpads of C57BL/6 mice using 29-gauge insulin syringes. 

Equivalently, the amount of injected macrophage inhibitors was 0.1 mg per footpad, in total 0.4 

mg for four footpads. Macrophage inhibitors were intradermally injected into the mouse footpad 

(7, 3, 1, and 0 days (3 hours)) before or (3 and 7 days) after administration of 100 nm OVA-AuNP 

nanovaccine.  
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Histology, immunostaining, and imaging 

The mice were sacrificed after different injection times (from 2 hours to 5 weeks). The axillary, 

brachial, and popliteal sentinel lymph nodes were collected for histological analysis. The collected 

sentinel lymph nodes were directly placed into frozen section compound (VWR® International, 

LLC 95057-838) in a plastic cryomold (Tissue-Tek® at VWR® 4565) and frozen with liquid 

nitrogen. This method can preserve the antigens on cell membrane for immunostaining. The frozen 

samples were taken to the Toronto Centre for Phenogenomics (TCP) on dry ice for further sample 

processing. 8 μm sample sections were cut on Cryostar NX70 and placed on charged slides. To 

visualize OVA-AuNP distribution, sample sections were stained using silver enhancement kits 

(Ted Pella, Inc. 15718) for enhancement of gold signal. Prior to the immunostaining, sample 

sections were post-fixed in 10% neutral buffered formalin, permeabilized in 0.5% Triton X-100. 

All sections were incubated in primary antibody overnight at 4 °C, rinsed in TBST then incubated 

in secondary antibody for 1 hour at room temperature. The subcapsular sinus (SCS) macrophages 

were stained using rat anti-sialoadhesin (CD169) antibody (Abcam ab53443; 1:600) followed by 

anti-rat secondary conjugated with Alexa Fluor 488 (Abcam ab150165; 1:200). Lymphatic 

endothelial cells were labeled using rabbit anti-Lyve1 antibody (Abcam ab14917; 1:500) followed 

by anti-rabbit secondary conjugated with Alexa Fluor 555 (Thermo Fisher A21428; 1:200), Syrian 

hamster anti-podoplanin antibody (BioXCell BE0236; 1:1000) followed by biotinylated anti-

Syrian Hamster IgG (Abcam ab6891; 1:200) then Streptavidin-Alexa Fluor 594 (Thermo Fisher 

S11227; 1:1000), or rabbit anti-Prox1 antibody (BioLegend 925201; 1:1500) followed by anti-

rabbit secondary conjugated with Alexa Fluor 555. Follicular dendritic cells (FDCs) were labeled 

using rabbit anti-CD21 antibody (Abcam ab75985; 1:1800) followed by anti-rabbit secondary 

conjugated with Alexa Fluor 555. B cells were detected using rat anti-B220 antibody (eBioscience 

14-0452-82; 1:100) followed by anti-rat secondary conjugated with Alexa Fluor 674 
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(ThermoFisher A21247; 1:200), and germinal center formation was labeled using rat anti-GL7 

antibody (FITC) (BioLegend 144604; 1:250). Nuclei were then counterstained with DAPI (Sigma-

Aldrich D9542) on sample sections. 

 

The sample sections were scanned using an Olympus VS-120 slide scanner and imaged using a 

Hamamatsu ORCA-R2 C10600 digital camera for all bright-field and fluorescent images. The 

images of silver stained OVA-AuNPs in lymph node follicles were quantified using ImageJ 

(NIH)80. The threshold of silver stained images was set up to the same value. The total area of 

silver stained area in lymph node follicles were analyzed. The space between lymphatic endothelial 

cells were measured using ImageJ (NIH)80.  

 

TEM study on lymph node tissues 

SCS macrophage location, sinus structure, FDCs in lymph node follicles, and the location of OVA-

AuNPs were studied using TEM at the subcellular level. The mice were sacrificed after different 

injection times (12 or 48 hours). The axillary, brachial, and popliteal sentinel lymph nodes were 

collected and directly fixed with 4% formaldehyde and 0.5% glutaraldehyde (Sigma-Aldrich 

340855) in PBS at room temperature for 1 hour. The samples were stored at 4°C. The fixed samples 

were sent to the Nanoscale Biomedical Imaging Facility at The Hospital for Sick Children for 

further processing. The lymph node samples were mounted, sectioned and placed on copper grids 

(Ted Pella 01813-F). The sectioned samples were negative stained with 2% uranyl acetate (Ted 

Pella 19481) on copper grids. The images were taken using TEM at 120 kV. The space between 

lymphatic endothelial cells were measured using ImageJ (NIH)80.The numbers of nanovaccines on 

FDC dendrites were quantified using TEM images. The area (um2) of FDC dendrites were 
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measured using ImageJ (NIH)80. The total numbers of 100 nm OVA-AuNPs within the area of 

FDC dendrites were then calculated.  

 

Lymph node disaggregation and cell staining and flow cytometry 

Percentage of germinal center B cells (GL7+B220+) and numbers of germinal center B cells 

(GL7+B220+) were quantified using flow cytometry. The mice were immunized using different 

nanovaccine designs and sacrificed at 5 weeks. The axillary, brachial, and popliteal sentinel lymph 

nodes were collected and mechanically disaggregated using a razor blade. These lymph node 

samples were enzyme disaggregated into single cell suspension using 958 µL of Hanks' Balanced 

Salt Solution (HBSS) buffer (ThermoFisher Scientific 14185052) with 40 µL of 10 mg/ml 

collagenase IV (Sigma-Aldrich C5138) and 2 µL of 10 mg/mL of DNase (Roche 10104159001) 

in a 1.5 mL Eppendorf tube. Lymph node samples were incubated and rotated at 37°C for 30 

minutes. The disaggregated lymph node cells were passed through a 70 µm cell strainer and 

centrifuged at 300 g at 4°C for 10 minutes in an Eppendorf tube. The supernatant was removed, 

and cell pellet was resuspended in HBSS blocking buffer supplemented with 0.5% (w/v) bovine 

serum albumin and 2 mM EDTA. Cell suspension was stained with fluorescent labelled antibodies. 

Anti-CD16/32 antibody (BioLegend 101302) was used for Fc receptor blocking. To determine the 

germinal center B cell formation. Zombie NIR Live/Dead stain (BioLegend 423106), BV510 anti-

B220 (RA3-6B2) (BioLegend 103247), and Alexa Fluor® 647 anti-GL7 (BioLegend 144606) 

were used. Lymph node cells were stained on ice for 30 minutes and followed by 2 washes using 

HBSS blocking buffer. These cells were fixed using 1.6% paraformaldehyde (Thermo Fisher 

Scientific 28906) in HBSS on ice for 30 minutes. Cells were resuspended in blocking buffer for 

flow cytometry. The stained lymph node events were acquired using a 5-laser BD LSR 

FORTESSA X-20 flow cytometer. These events were then analyzed using FlowJo V10 software.  
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ELISA of OVA-specific antibody production 

OVA-specific antibody production was measured in the blood sera using enzyme-linked 

immunosorbent assay (ELISA) after immunization of different nanovaccine formulation at 1 to 5 

weeks. 100 µL of OVA with a concentration of 20 µg/mL in PBS was pre-coated on MaxiSorp 

96-well plate (Thermo Fisher Scientific 442404) at 4°C overnight. The solution was removed. The 

wells were washed once with 400 µL of PBST. 200 µL of 1× casein buffer (Sigma-Aldrich B6429-

500ML) was added to block the wells at room temperature for 2 hours. The wells were washed 

once with 400 µL of PBST. The blood serum samples were diluted 100 times with 0.5× Casein 

buffer and added into the 1st lane of the plate (200 µL). 100 µL of 0.5× casein buffer was added 

into the lanes except the 1st one to perform the serial dilution of the blood sera. The samples were 

serially diluted until the second final lane. The last lane was kept a base line. Samples were 

incubated at room temperature for 1 hour. The wells were washed two times using PBST (400 µL). 

Goat anti-mouse IgG secondary antibody, horseradish peroxidase (HRP) (Thermo Fisher 

Scientific 31430) was diluted 5000 times and added into the wells (100 µL). Samples were 

incubated at room temperature for 1 hour. The wells were washed two times using PBST (400 µL). 

TMB (3,3',5,5;-tetramethylbenzidine) chromogen solution (Thermo Fisher Scientific 002023) was 

added into wells (100 µL) and incubated at room temperature for 10 mins. The blue color was 

developed depending on the amount of detected OVA protein. The reaction was stopped by adding 

1 M sulfuric acid (100 µL). The absorbance was measured using absorbance plate reader at 450 

nm (Tecan Sunrise). The reference was setup at 570 nm. All titers reported are inverse dilutions 

where A450 nm - A570 nm equals 0.1.  
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Toxicity evaluation of macrophage inhibitors  

Toxicology assessment of macrophage inhibitors were conducted using hematology and liver 

biochemistry assays. Macrophage inhibitors of clodronate liposomes, GdCl3, CGN, and DS500 

were intradermally injected into the mouse footpad. The amount of injected macrophage inhibitors 

was 0.1 mg per footpad, in total 0.4 mg for four footpads. Mice were sacrificed after 3 days of 

injection. Blood samples were collected through cardiac puncture using a 23-gauge needle and 

separated into two fractions. One fraction of blood was transferred to microfuge tubes containing 

dipotassium EDTA and kept on ice. These samples were taken to the DCM of Medical Science 

Building at the University of Toronto on ice for immune cell analysis and hematology analysis. 

Immune cell included white blood cells, lymphocytes, monocytes and neutrophils. Hematology 

analysis included red blood cell (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular 

volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 

concentration (MCHC), platelet (PLT), mean platelet volume (MPV), platelet hematocrit (%). The 

other blood fraction was centrifuged down at 500g for 10 minutes and the blood sera was collected. 

The sera samples were taken to the Toronto Centre for Phenogenomics (TCP) on dry ice for 

hepatotoxicity analysis of serum markers. Serum markers of liver parenchyma included alanine 

transaminase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total 

bilirubin (TBIL). Liver and spleen sections were cut and fixed in 10% formalin for 1 day. The 

fixed tissue sections were taken to Toronto Centre for Phenogenomics (TCP) for further sample 

processing. Liver and spleen tissue sections were stained with hematoxylin and eosin to observe 

any systemic or gross inflammation. The sample sections were scanned using an Olympus VS-120 

slide scanner and imaged using a Hamamatsu ORCA-R2 C10600 digital camera for all bright-field 

images.  
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Statistical analysis 

Data was collected from 3-7 mice per group. All statistical analysis and graphing were performed 

using GraphPad Prism 6.0. Data were analyzed using one-way or two-way ANOVA followed by 

Tukey’s multiple comparisons test or an unpaired t test. Data are shown as mean ± SD. P < 0.05 

is defined as significant: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  

 

Results and discussion 

Depleting SCS macrophages allows more OVA-AuNP nanovaccines to access lymph node 

follicles 

Our first set of experiments involved the complete removal of SCS macrophages. Clodronate 

liposomes have been shown to remove SCS macrophages without depleting other cell populations 

in lymph nodes (Fig. 3S1)96–99. We intradermally injected 20 μl of PBS or clodronate liposomes 

in the footpad of C57BL/6 mice. The amount of injected clodronate drug encapsulated in 

liposomes is 0.1 mg. We sacrificed the mice 7 days after PBS or clodronate liposome 

administration and collected the axillary, brachial, and popliteal as sentinel lymph nodes for 

histological analysis (Fig. 3.1A and 1B). We isolated sentinel lymph nodes and directly placed 

them into frozen solution in a plastic cryomold. We froze the sample by liquid nitrogen to preserve 

the antigens on the cell membrane for immunostaining. Tissue sections were sectioned with a 

thickness of 8 μm and placed on charged slides. Lymph node sections were stained using 

antibodies. Anti-CD169 (red color) was used to stain SCS macrophages. Anti-Lyve1 (green), anti-

podoplanin (blue) and anti-Prox1 (green) were used to stain LECs. We found LECs form the lymph 

node subcapsular sinus with discontinuous cell connections at the sinus floor (Fig. 3.1A and 1B). 

White arrows show the space between LECs. The space size is about 1-10 μm (Fig. 3S2). There 

were no statistically significant differences in space size between PBS liposome and clodronate 

liposome treatments. SCS macrophages are resident cells located in the sinus or sitting at the inter-
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endothelial space of the sinus floor. Some SCS macrophage can be located outside of the sinus and 

in the B cell follicles. PBS liposome treatment had no influence on macrophage populations, 

whereas clodronate liposomes depleted SCS macrophages. In both treatments, the sealed inter-

endothelial cell space remained open. We conclude that clodronate liposome treatment eliminated 

SCS macrophages without disrupting the lymph node subcapsular sinus structure. 

 

We next tested if SCS macrophage depletion would affect nanovaccine localization inside or 

outside of lymph node follicles (Fig. 3.1C and 1D). Our nanovaccine model is composed of 

ovalbumin (OVA) antigen conjugated to spherical gold nanoparticles (AuNPs). The full 

characterization of OVA-AuNP nanovaccine physicochemical properties is described in Figure 

3S3 and Table 3S1. The rationale of choosing AuNPs is because they are easily synthesized with 

excellent size control, biocompatible and nonbiodegradable, and easily coated with multiple model 

antigens100. We previously determined that 100 nm OVA-AuNP nanovaccines have the highest 

follicle retention and OVA-specific antibody production100. In this study, we studied 100 nm OVA-

AuNP nanovaccine location after PBS or clodronate liposome treatments. We injected 100 nm 

OVA-AuNP nanovaccines intradermally into the footpad 7 days post intradermal footpad injection 

of PBS or clodronate liposomes. The injected 100 nm OVA-AuNP nanovaccine dose is normalized 

based on the injected OVA antigen amount (10 μg) (Fig. 3S3-4, Table. 3S1). The sentinel lymph 

nodes were collected 12 hours after OVA-AuNP nanovaccine injection and directly fixed with 4% 

formaldehyde and 0.5% glutaraldehyde in PBS. The fixed samples were mounted and sectioned, 

then placed on copper grids. The tissue samples were negatively stained using 2% uranyl acetate. 

The morphology of the lymph node subcapsular sinus and OVA-AuNP location of tissue sections 

were imaged using transmission electron microscopy (TEM) at 120 kV. We pseudo-colored SCS 
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macrophages in green, LECs in brown, and OVA-AuNP nanovaccines in black for better 

visualization. TEM images revealed that SCS macrophages can reside (1) in the lymphatic sinus, 

(2) at the space between LECs, and (3) outside of the LEC floor and in the lymph node follicle 

(Fig. 3.1C). SCS macrophages are capable of sequestering OVA-AuNP nanovaccines in all 

locations. Clodronate liposome treatment eliminated SCS macrophages in the above-mentioned 

positions and allowed OVA-AuNP nanovaccines to cross the floor of LECs to access lymph node 

follicles (Fig. 3.1D). We illustrated a schematic to demonstrate this phenomenon (Fig. 3.1E). We 

conclude that SCS macrophages play a barrier role to prevent OVA-AuNP nanovaccines from 

accessing lymph node follicles.  

 

Depleting SCS macrophages increases OVA-AuNP nanovaccine retention and presentation 

in lymph node follicles and induces greater humoral immune responses 

We studied the effect of SCS macrophage depletion on OVA-AuNP nanovaccine follicle delivery 

and humoral immune responses. We determined the kinetics of 100 nm OVA-AuNP nanovaccine 

accumulation in lymph node follicles after various injection times (2 hours to 5 weeks). PBS or 

clodronate liposomes were injected intradermally into the footpad of mice 7 days before OVA-

AuNP nanovaccine administration. Histological images of lymph node follicles revealed that 

CD21+ follicular dendritic cells (FDCs) (green color) remained intact in the B cell follicles after 

clodronate liposome administration indicating the treatment is specific for the depletion of 

CD169+ SCS macrophages (red color) (Fig. 3.2A). Gold nanoparticle signal was enhanced by 

silver staining. We observed a clear difference between clodronate liposome and PBS liposome 

pretreatments on OVA-AuNP accumulation in lymph node follicles (Fig. 3.2A). Clodronate 

liposome pretreatment led to faster follicle delivery at 12 hours, greater follicle accumulation at 

48 hours to 2 weeks, and longer retention time of OVA-AuNPs in follicles compared to PBS 
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liposome pretreatment (Fig. 3.2B). From our previous study100, we knew that FDCs in lymph node 

follicles determine OVA-AuNP nanovaccine retention and antigen presentation for B cell 

activation. TEM images revealed that there was an increase of 100 nm OVA-AuNP deposition and 

presentation on the FDC dendrites at 48 hours in clodronate liposome pretreatment than control 

condition (Fig. 3.2C and 2D). This indicated that more 100 nm OVA-AuNP nanovaccines can 

stimulate B cell activation after clodronate liposome treatment. We next tested if clodronate 

liposome pretreatment could induce greater humoral immune responses compared to PBS 

liposome pretreatment. We immunized the mice using 100 nm OVA-AuNP nanovaccines after 

PBS or clodronate liposome treatment and sacrificed the mice at 5 weeks. We performed 

histological analysis for germinal centers using an anti-GL7 stain. Our results showed that 100 nm 

OVA-AuNP nanovaccines could induce germinal centers (red color) that were attached to the FDC 

networks (green color) for both PBS and clodronate liposome pretreatments (Fig. 3.2E). We 

further quantified the percentage and total number of germinal center B cells (GL7+B220+) after 

disaggregation of sentinel lymph nodes into single cells for flow cytometry (Fig. 3.2F and 2G, and 

Fig. 3S5). We found that the clodronate liposome pretreatment generated 2 times more germinal 

center B cells than PBS liposomes pretreatment. Next, we quantified the amount of OVA-specific 

antibody production from the blood serum using enzyme-linked immunosorbent assay (ELISA) to 

determine if clodronate liposome pretreatment elicited greater antigen-specific antibody 

production. We determined that clodronate liposome pretreatment can induce 2 times more OVA-

specific antibody than PBS liposome pretreatment (Fig. 3.2H). We conclude that SCS macrophage 

is a barrier to prevent OVA-AuNP nanovaccine retention and presentation in lymph node follicles 

that limits humoral immune responses.  
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Depleting SCS macrophages allows greater antigen-specific antibody production in various 

vaccine designs 

We tested if this principle of eliminating SCS macrophage is applicable to various vaccine designs. 

We studied the effect of OVA-AuNP nanovaccine dose and size, and vaccine formulation on 

antigen-specific antibody production after elimination of SCS macrophages. We immunized the 

mice using different doses of 100 nm OVA-AuNP nanovaccine after PBS or clodronate liposome 

pretreatment and measured the antibody production from blood serum at 5 weeks (Fig. 3.3A). We 

found decreasing the 100 nm OVA-AuNP injection dose (normalized based on antigen OVA 

amount from 10 to 0.04 μg) led to linearly decreased OVA-specific antibody production after PBS 

liposome pretreatment. Surprisingly, lowering the 100 nm OVA-AuNP nanovaccine injection dose 

led to non-linearly decreased antibody production after clodronate liposome pretreatment. 

Antigen-specific antibody production was improved by 2-60 times after clodronate liposome 

pretreatment compared to PBS liposome pretreated condition at various 100 nm OVA-AuNP 

nanovaccine injection doses. After clodronate liposome pretreatment, we could achieve the same 

OVA-specific antibody production by reducing the injected dose of 100 nm OVA-AuNP by 16 

times compared to the injected dose of 10 µg normalized OVA. We then tested another size of 15 

nm OVA-AuNP nanovaccines and found they followed a similar dose-dependent behavior (Fig. 

3.3B). OVA-specific antibody production was significantly higher in response to clodronate 

liposome than PBS liposome pretreatment. We further tested if this approach can be applied for 

other vaccine formulations. We tested different vaccine formulations including antigen alone (Fig. 

3.3C) and antigen formulated with commercial adjuvant Alum (Fig. 3.3D). Pretreatment using 

clodronate liposomes with these vaccine formulations showed significantly higher OVA-specific 

antibody production than PBS liposome pretreatment. We conclude that eliminating SCS 
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macrophage is a universal approach to improving antigen-specific antibody production for a 

variety of vaccine designs.  

 

Inhibition of macrophage uptake function improves nanovaccine delivery to lymph node 

follicles and induces robust humoral immune responses 

We next determined if this phenomenon was clodronate liposome treatment-specific, or whether 

this phenomenon was related to the physical removal or functional removal of the SCS 

macrophages. SCS macrophages play key roles in innate immunity to protect the host against 

pathogens96. Repopulation of depleted SCS macrophages requires 2-6 months by monocytes93. It 

has been shown that chemical agents gadolinium chloride (GdCl3), carrageenan (CGN), and 

dextran sulfate 500 (DS500) can inhibit macrophage uptake function (Fig. 3S1)99,101–107. We 

hypothesized that the pretreatment of the mice by these macrophage inhibitors can reduce the 

uptake capability of SCS macrophages without eliminating them. To tests this hypothesis, we 

sacrificed the mice 24 hours after intradermal footpad administration of various macrophage 

inhibitors and isolated sentinel lymph nodes for histological analysis, then compared to PBS 

control. The injection doses of macrophage inhibitors were standardized to be 0.1 mg in 20 μl 

volume. Histology revealed that SCS macrophages remained around the subcapsular sinus floor 

of lymph nodes 24 hours after macrophage inhibitor pretreatment (Fig. 3.4A), indicating SCS 

macrophages were not eliminated after the pretreatment with macrophage inhibitors. CD169 (red 

color) was used to stain for SCS macrophages and Prox1 (green color) was used to stain for LECs. 

We examined the TEM images with the enlarged panels focused on SCS macrophages after 

intradermal footpad injection of 100 nm OVA-AuNP nanovaccines after pretreatment of 

macrophage inhibitors (Fig. 3.4B). SCS macrophages were labelled in green and LECs were 

labelled in brown for better visualization. We found reduced amounts of 100 nm OVA-AuNP 
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nanovaccines in SCS macrophages after all types of macrophage inhibitor pretreatment compared 

to PBS control. We conclude that the inhibition of macrophage uptake function is sufficient to 

reduce the OVA-AuNP nanovaccine sequestration by SCS macrophages in lymph nodes.  

 

We then determined if pretreatment with macrophage inhibitors (i.e., agents that alter the uptake 

function) led to the same phenomenon as clodronate liposome pretreatment in mice, resulting in 

enhanced OVA-AuNP nanovaccine delivery to lymph node follicles and induction of robust 

humoral immune responses (Fig. 4C-F). We sacrificed the mice 48 hours after 100 nm OVA-AuNP 

nanovaccine administration following macrophage inhibitor pretreatment. We achieved 2 times 

enhanced OVA-AuNP nanovaccine accumulation in lymph node follicles after inhibition of 

macrophage function compared to PBS control (Fig. 4C and 4E). Next, we immunized the mice 

using 100 nm OVA-AuNP nanovaccine (2.5 μg OVA amount) after 24 hours of macrophage 

inhibitor treatment and sacrificed the mice at 5 weeks. We achieved similar humoral immune 

responses across all macrophage inhibitor treatment groups (Fig. 4D and 4F). We can induce 

germinal centers (red color) after all types of macrophage inhibitor pretreatment, but not in PBS 

control mice (Fig. 4D). Mice pretreated with macrophage inhibitors had 10-13 times higher OVA-

specific antibody production compared to PBS control (Fig. 4F). Here we explored the universality 

of macrophage inhibitors by disruption of SCS macrophage uptake, resulting in enhanced humoral 

immune responses.  

 

Assessing the administration windows of macrophage inhibitors for efficient antibody 

production 

We next assessed the administration time windows of macrophage inhibitors for efficient antibody 

production (Fig. 3.5A). Macrophage inhibitors can disrupt the SCS macrophage uptake function, 
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but it is unclear how long this effect can last for OVA-AuNP nanovaccines. We asked the question 

whether the administration time between the macrophage inhibitor and OVA-AuNP nanovaccines 

influences the antigen-specific antibody production. We addressed this question by testing 

different sequences of macrophage inhibitors and OVA-AuNP nanovaccine administration. 

Macrophage inhibitors (clodronate liposomes, GdCl3, CGN, and DS500) were intradermally 

injected into the mouse footpad (7, 3, 1, and 0 days (3 hours)) before or (3 and 7 days) after 

administration of 100 nm OVA-AuNP nanovaccines and compared to PBS control (Fig. 3.5). We 

immunized the mice using 100 nm OVA-AuNP nanovaccines (2.5 μg OVA amount) and measured 

the OVA-specific antibody production from blood serum at 5 weeks. We found that the 

administration window to maximize antibody production is dependent on macrophage inhibitor 

type. They are highlighted using blue shaded area (Fig. 3.5). Clodronate liposomes deplete SCS 

macrophages and results in a broader window to induce efficient antibody production compared 

to PBS control. We failed to generate efficient antibody production when we administrated 

macrophage inhibitors 3-7 days after OVA-AuNP nanovaccine administration. We achieved 

efficient antibody production in all types of macrophage inhibitors when the macrophage inhibitors 

were administered 0-1 day prior to OVA-AuNP nanovaccines. 

 

Macrophage inhibitors show great adjuvanticity when they were formulated with OVA-

AuNP nanovaccines 

Vaccine formulations are typically formulated with antigens and adjuvants that are co-

administrated. Adjuvants are used to amplify antigen-specific immune responses. Designing novel 

adjuvants enable us to better engineer the immune system and develop successful vaccines2,3,108–

111. We found pretreatment of macrophage inhibitor 0-1 day prior to OVA-AuNP nanovaccine 

administration resulted in enhanced antigen-specific antigen production (Fig. 3.5), we proposed to 
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formulate macrophage inhibitors with our 100 nm OVA-AuNP nanovaccines together to test the 

adjuvanticity of these macrophage inhibitors (Fig. 3.6). We pre-mixed the 100 nm OVA-AuNPs 

(2.5 μg OVA amount) with each macrophage inhibitor (0.1 mg) and injected them intradermally 

into the footpad of C57BL/6 mice. We measured the OVA-specific antibody production from 

blood serum at 1 to 5 weeks. We found OVA-AuNP nanovaccines formulated with macrophage 

inhibitors induced greater antibody production than OVA-AuNP nanovaccines alone after 2 weeks 

of immunization. We also achieved 34-39 times higher antibody production immunized by OVA-

AuNP nanovaccines formulated with different types of macrophage inhibitors compared to OVA-

AuNP nanovaccines alone at 5 weeks (Fig. 3.6). This finding is equivalent to the pretreatment of 

macrophage inhibitors (Fig. 3.4H and Fig. 3.5B-E). We conclude that macrophage inhibitors can 

act as adjuvants that can be easily pre-mixed with nanovaccines to induce greater humoral immune 

responses for more efficient vaccination.  

 

Assessing the toxicity of macrophage inhibitors 

We finally tested the toxicity of these macrophage inhibitors. Macrophage inhibitors disrupt the 

SCS macrophage function of local lymph nodes after intradermal footpad administration. We 

asked the question “what are the consequences of local innate immunity suppression on mice and 

could this induce systemic toxicity”. We conducted a toxicology assessment using hematology and 

liver biochemistry assays. We injected the mice with 0.1 mg of these macrophage inhibitors and 

sacrificed the mice after 3 days. No significant difference in immune cell counts and hematological 

markers were determined across different macrophage inhibitors compared to PBS controls (Fig. 

3S6 and S7). We did not see any increase in all of the tested liver function biomarkers alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and total 

bilirubin (TBIL) after macrophage inhibitor treatment compared to PBS controls (Fig. 3S8). All 
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biomarker concentrations are within the normal range for C57BL/6 mice112. We did not observe 

systemic or gross inflammation in the histological sections of C57BL/6 mice hepatic tissue and 

splenic tissues after macrophage inhibitor treatment (Fig. 3S9 and S10). Here, we conclude that 

this approach is safe because this approach only suppresses the SCS macrophage function and does 

not induce systemic toxicity. 

  

Conclusions and outlook 

SCS macrophages are the first layer of defense in lymph nodes against pathogen and infectious 

disease25,26. These SCS macrophages are highly involved in the sequestration and clearance of 

viruses and bacteria. SCS macrophages are considered professional antigen presenting cells that 

directly activate T cells and natural killer T cells33,113,114. Depletion of SCS macrophage limits 

cancer cell clearance and promote tumour growth96. SCS macrophages are important in capturing 

viruses, bacteria or immune complexes and promote antigen transport to B cell follicles to 

stimulate the humoral immune responses10,27–32. However, the importance of SCS macrophages in 

promoting B cell mediated humoral immunity has been recently challenged10,47,92,94. Here, we 

found that SCS macrophages play a barrier role to prevent OVA-AuNP nanovaccines from 

accessing lymph node follicles. Physical removal or functional impairment of SCS macrophages 

by chemical agents (clodronate liposomes, GdCl3, CGN or DS500) allowed OVA-AuNP 

nanovaccines to more efficiently deliver to and retain in follicles and interact with FDCs. This led 

to enhancement of humoral immune responses and eventually elicited up to 60 times more antigen-

specific antibody production depending on nanovaccine design and injection dose. We 

summarized this finding with a schematic (Fig. 3.7A). Our findings of greater B cell activation 

and antibody production after eliminating SCS macrophages using clodronate liposomes are 

supported by other groups47,92–96.  
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We also tested other chemical agents and they were not sufficient to remove macrophages or 

disrupt their uptake function and failed to generate enhanced OVA-AuNP nanovaccine follicle 

delivery and humoral immune responses. For example, clodronate needs to be encapsulated into a 

liposome formulation to induce macrophage depletion, whereas free clodronate agent alone (0.1 

mg) cannot remove SCS macrophages and induce robust humoral immunity (Fig. 3S11). Free 

clodronate formulated with OVA-AuNPs cannot induce effective vaccination compared to 

clodronate liposome formulated nanovaccines (Fig. 3S12). Dextran sulfate 9 (DS9) (0.1 mg) 

(average molecular weight 9,000 - 20,000 Da) is not sufficient to saturate macrophage scavenger 

receptors compared to DS500 (average molecular weight > 500,000 Da) and failed to inhibit 

macrophage uptake function105 (Fig. 3S13). These results support the finding that inhibition of 

SCS macrophage uptake function is critical to allow more OVA-AuNP nanovaccines to enter 

lymph node follicles and mediate efficient humoral immune responses. The adjuvanticity of these 

macrophage inhibitor agents were determined by testing the neutralized antibody production of 

immunized mice. The nanovaccines formulated with macrophage inhibitor agents resulted in more 

than 30 times higher antibody production compared to nanovaccines alone. This category of 

adjuvant shows the reverse effects of reducing innate immunity and boosting humoral immunity. 

We term them “reverse adjuvants”. The mechanism of these adjuvants is different from any 

existing adjuvants used in vaccines2,64,108,111,115–119. The clinical applications of the “reverse 

adjuvants” need to be further explored in the future by combining with other commercially 

available adjuvants and vaccine formulations for specific infectious disease models. The potential 

adjuvanticity of other chemical agents for macrophages uptake inhibition including cell membrane, 

endocytosis, and cytoskeleton pathways need to be evaluated in the future. This study demonstrates 
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the role of SCS macrophages in the transport of the delivery of nanovaccine to the lymph node 

follicle. Delivery to the final target in the lymph node is critical to the vaccines’ ability to generate 

neutralizing antibodies.  
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Fig. 3. 1. Depleting subcapsular sinus (SCS) macrophages allowed OVA-AuNP nanovaccines 

to access lymph node follicles. (A) Immunostaining images of the SCS macrophages (CD169, 

red), lymphatic endothelial cells (Lyve1, green; Podoplanin, blue; and Prox1, green). White arrows 

present the space between LECs. (B) SCS macrophages were depleted with clodronate liposomes 

in the lymph node, as demonstrated by the lack of CD169 red stain. (C) Representative TEM 
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images of lymph node subcapsular sinus after intradermal footpad injection of 100 nm OVA-AuNP 

nanovaccines at 12 hours. Corresponding schematics were demonstrated for better visualization of 

SCS macrophages (green), LECs (brown), OVA-AuNP nanovaccines (black). SCS macrophages 

can sequester nanovaccines when they resided (1) in the lymphatic sinus, (2) at the space between 

LECs, (3) out of the LEC floor and in lymph node follicles. (D) Clodronate liposome treatment 

depletes SCS macrophages and allows nanovaccines to cross the floor of LECs to access lymph 

node follicles. (E) Schematic of nanovaccine transport with and without SCS macrophage. PBS-

lipo represents PBS liposome and CL-lipo represents clodronate liposome in the figure.  
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Fig. 3. 2. Depleting SCS macrophages increases OVA-AuNP nanovaccine retention and 

presentation in lymph node follicles and induced greater humoral immune responses. (A) 

Histological images of lymph node follicles after 7 days post intradermal footpad injection of PBS 

or clodronate liposome treatment. SCS macrophages (red) were depleted after clodronate liposome 

administration whereas follicular dendritic cells (FDCs, green color) in B cell follicles remained 

intact. Representative TEM images show that the retention of 100 nm OVA-AuNP nanovaccines 

in lymph node follicles varied between lymph nodes with and without SCS macrophage depletion. 

(B) Quantification of 100 nm OVA-AuNP nanovaccine accumulation in follicles at 2 hours to 5 

weeks after 7 days of PBS or clodronate liposome administration. (C) TEM images of 100 nm 

OVA-AuNP nanovaccine deposition and presentation on the dendrites of follicular dendritic cells 

(FDCs) at 48 hours post intradermal footpad injection after 7 days of PBS and clodronate liposome 

administration. Red arrows point to the dendrites of FDCs. (D) Quantifying numbers of 100 nm 
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OVA-AuNP nanovaccines on FDC dendrites at 48 hours. Assessment of humoral immune 

responses including (E) germinal center formation (GL7 red; CD21 green; B220 blue), (F) 

percentage of germinal center B cells (GL7+B220+), (G) numbers of germinal center B cells 

(GL7+B220+), and (H) antigen-specific antibody production from blood serum after intradermal 

footpad injection of PBS and clodronate liposomes 7 days prior to 100 nm OVA-AuNP 

nanovaccine injection at 5 weeks (n = 4 mice/group). PBS-lipo represents PBS liposome and CL-

lipo represents clodronate liposome in the figure. Data shown as mean ± SD; *P < 0.05; **P < 

0.01; ***P < 0.001; ****P < 0.0001. All P values are from two-way ANOVA or followed by 

Tukey’s multiple comparisons tests or an unpaired t test. 
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Fig. 3. 3. Depleting SCS macrophage allowed greater antigen-specific antibody production 

in various vaccine designs. Measurements of OVA-specific antibody production after 

administration of (A) 100 nm and (B) 15 nm OVA-AuNP nanovaccine with (PBS-lipo treated) 

and without (CL-lipo treated) SCS macrophages. (C) The antibody production was also examined 

for (C) free antigen and (D) antigen formulated with commercial adjuvant Alum with wild-type 

and depleted SCS macrophages (n = 3-6 mice/group).  PBS-lipo represents PBS liposome and CL-

lipo represents clodronate liposome in the figure. Data shown as mean ± SD; *P < 0.05; **P < 

0.01; ***P < 0.001; ****P < 0.0001. All P values are from two-way ANOVA followed by Tukey’s 

multiple comparisons tests or an unpaired t test. 
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Fig. 3. 4. Inhibition of macrophage uptake function improved nanovaccine delivery to lymph 

node follicles and robust humoral immune responses. (A) SCS macrophages remain intact in 

the subcapsular sinus of lymph nodes after administration of macrophage inhibitors using GdCl3, 

carrageenan (CGN) or Dextran sulfate 500. CD169 (red color) stains for SCS macrophages and 

Prox1 (green color) stains for LECs. (B) Representative TEM images and the enlarged images on 

SCS macrophages were examined after intradermal footpad injection of 100 nm OVA-AuNP 

nanovaccines after 24 hours of macrophage inhibition administration. SCS macrophages labeled 

green and LECs labeled brown. Pretreatment of macrophage inhibitors induce greater 100 nm 

OVA-AuNP nanovaccine accumulation in lymph node follicles and humoral immune responses 

(C-F). (C) Histological images of 100 nm OVA-AuNP nanovaccines accumulation in lymph node 
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follicles were analyzed after 48 hours post nanovaccine intradermal footpad injection. Macrophage 

inhibitors were administered 24 hours prior to nanovaccine injection (n = 4 mice/group). Data were 

collected from 10 lymph node follicles for each condition. (E) Quantification of 100 nm OVA-

AuNP nanovaccine accumulation in follicles at 48 hours after macrophage inhibitor administration. 

Assessment of (D) germinal center formation (GL7 red; CD21 green; B220 blue), and (F) antigen-

specific antibody production in blood serum after administration of 100 nm OVA-AuNP 

nanovaccine at 5 weeks, macrophage inhibitors were prior to nanovaccine injection (n = 3 

mice/group). The injected dose of 100 nm OVA-AuNP nanovaccine was normalized based on the 

inject OVA antigen amount (2.5 μg). Data shown as mean ± SD; *P < 0.05; **P < 0.01; ****P < 

0.0001. All P values are from one-way ANOVA followed by Tukey’s multiple comparisons tests.  
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Fig. 3. 5. Assessing the administration windows of macrophage inhibitors for efficient 

antibody production. Antibody production at 5 weeks after (B) Clodronate liposomes, (C) GdCl3, 

(D) CGN, and (E) DS500 were intradermally footpad injected before (7, 3, 1, and 0 days (3 hours)) 

or after (3 and 7 days) administration of 100 nm OVA-AuNP nanovaccine (n = 3-6 mice/group). 

The best administration windows were obtained for each macrophage inhibitors (blue shaded area) 

as determined by statistical comparison to control PBS condition. Data shown as mean ± SD; *P 

< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P values are from one-way ANOVA 

followed by Tukey’s multiple comparisons tests. 
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Fig. 3. 6. Macrophage inhibitors showed great adjuvanticity when they were formulated with 

OVA-AuNP nanovaccines. Antibody production after administration of OVA-AuNP 

nanovaccine and agents that inhibit macrophage uptake or deplete macrophages (n = 7 mice/group). 

The data were collected from two separate experiments. Data shown as mean ± SD; ***P < 0.001; 

****P < 0.0001. All P values are from two-way ANOVA followed by Tukey’s multiple 

comparisons tests.  
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Fig. 3. 7. Schematic of transport of OVA-AuNP nanovaccines to the follicular dendritic cells 

in lymph node follicles for robust humoral immune responses.  
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Supplementary figures and table 

 

 

Fig. 3S. 1. Mechanism of macrophage inhibitors. Clodronate liposomes were used to deplete 

SCS macrophages in lymph nodes. Other macrophage inhibitors including gadolinium chloride 

(GdCl3), carrageenan (CGN), or dextran sulfate 500 (DS500) were used to inhibit SCS macrophage 

uptake function 
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Fig. 3S. 2. Quantification of space between lymphatic endothelial cells (LECs). (A) Spaces 

between LECs were measured based on Prox1 antibody stain (n = 40). (B) Spaces between LECs 

were measured based on TEM (n > 20). Spaces between LECs was measured after PBS liposome 

and clodronate liposome treatment. PBS-lipo represents PBS liposome and CL-lipo represents 

clodronate liposome in the figure. Data shown as mean ± SD. The statistical analysis was studied 

by an unpaired t test.  
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Fig. 3S. 3. Characterization of nanoparticles and nanovaccines. TEM images of (A) 15 and (B) 

100 nm citrate-coated gold nanoparticles (citrate-AuNPs). Scale = 50nm. TEM images of 

ovalbumin-coated gold nanoparticles (OVA-AuNPs) with core sizes of (C) 15 and (D) 100 nm. 
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Table 3S.1. Physiochemical properties of nanoparticles and nanovaccines 

Nanoparticle Physicochemical Properties 

Size Surface 

Ligands 

Inorganic 

Diameter (nm) 

Hydrodynamic 

Diameter (nm) 

 Potential 

(mV) 

LSPR (nm) 

15 Citrate 15.3 ± 1.2 19.2  0.5 -9.7  1.6 521 

 OVA  79.6 ± 5.5 -21.5 ± 1.2 528 

100 Citrate 109.0 ± 5.9 107.1  2.9 -24.8  1.1 575 

 OVA  165.7 ± 6.5 -22.5 ± 1.3 587 

 

 

Fig. 3S. 4. Quantification of OVA protein amount AuNPs using bicinchoninic acid (BCA) 

assay. The OVA-AuNP injection dose is normalized based on the same total amount of OVA 

antigen. 
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Fig. 3S. 5. Gating strategy for analyzing germinal center B cells after 5 weeks of 

immunization using 100 nm OVA-AuNPs.  

 

Fig. 3S. 6. Analysis of immune cells. Immune cell counts from blood of C57BL/6 mice 3 days 

after intradermal injection of macrophage inhibitors (0.1 mg per footpad, in total 0.4 mg for four 

footpads) and PBS controls (n = 4 mice/group). WBC represents white blood cells. Grey shaded 

area represents normal range of cell counts for C57BL/6 mice. 
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Fig. 3S. 7. Hematology study. Hematology analysis of C57BL/6 mice 3 days after intradermal 

injection of macrophage inhibitors (0.1 mg per footpad, in total 0.4 mg for four footpads) and PBS 

controls (n = 4 mice/group). Parameters shown include red blood cell count (RBC), hemoglobin 

(HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin 

(MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count (PLT), mean platelet 

volume (MPV), and procalcitonin (PCT). Grey shaded area represents normal range for C57BL/6 

mice. 
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Fig. 3S. 8. Hepatotoxicity study. Hepatotoxicity analysis of serum markers alanine transaminase 

(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total bilirubin (TBIL) 

3 days after intradermal injection of macrophage inhibitors (0.1 mg per footpad, in total 0.4 mg 

for four footpads) and PBS controls (n = 4 mice/group). Grey shaded area represents normal range 

for C57BL/6 mice. 
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Fig. 3S. 9. Liver histology study. No inflammation was observed in the hepatic histological 

sections of C57BL/6 mice after treatment of PBS, clodronate liposomes, GdCl3, CGN and DS500 

macrophage inhibitors (0.1 mg per footpad, in total 0.4 mg for four footpads) at day 3 (n = 4 

mice/group). 



99 
  

 

Fig. 3S. 10. Spleen pathology study. No inflammation was observed in the splenic histological 

sections of C57BL/6 mice after treatment of PBS, clodronate liposomes, GdCl3, CGN and DS500 

macrophage inhibitors (0.1 mg per footpad, in total 0.4 mg for four footpads) at day 3 (n = 4 

mice/group). 
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Fig. 3S. 11. Free clodronate treatment cannot efficiently remove SCS macrophage and induce 

robust humoral immune responses. (A) SCS macrophages remained intact in the subcapsular 

sinus of lymph nodes after administration of free clodronate whereas clodronate liposome 

treatment removed SCS macrophages. The injection doses of clodronate amount are 0.1 mg in 20 

μl volume. CD169 (red color) stains for SCS macrophages and Prox1 (green color) stains for LECs. 

(B) Representative TEM images and the enlarged images on SCS macrophages were examined 

after intradermal footpad injection of 100 nm OVA-AuNP nanovaccines after macrophage 

treatment using free clodronate or clodronate liposomes. The injected 100 nm OVA-AuNP 

nanovaccines were normalized based on the injected OVA antigen amount (10 μg). 100 nm OVA-

AuNP nanovaccines were observed in the SCS macrophages after free clodronate treatment 

compared to clodronate liposome treatment. Pretreatment of clodronate liposomes induced greater 

100 nm OVA-AuNP nanovaccine accumulation in lymph node follicles and humoral immune 

responses compared to free clodronate (C-F). (C) Histological images of 100 nm OVA-AuNP 

nanovaccines accumulation in lymph node follicles were analyzed after 48 hours post 

nanovaccines intradermal footpad injection. The injected 100 nm OVA-AuNP nanovaccine was 

normalized based on the injected OVA antigen amount (10 μg). Clodronate liposomes or free 

clodronate were administered 72 hours prior to nanovaccine injection (n = 4 mice/group). (E) 

Quantification of 100 nm OVA-AuNP nanovaccine accumulation in follicles at 48 hours after 

macrophage inhibitor administration. Assessment of (D) germinal center formation (GL7 red; 

CD21 green; B220 blue), and (F) antigen-specific antibody production in blood serum after 

administration of 100 nm OVA-AuNP nanovaccines at 5 weeks, Clodronate liposomes or free 

clodronate were administered prior to nanovaccine injection (n = 3 mice/group). The inject 100 

nm OVA-AuNP nanovaccines were normalized based on the injected OVA antigen amount (2.5 

μg). Data shown as mean ± SD; **P < 0.01; ***P < 0.001. All P values are from one-way ANOVA 

followed by Tukey’s multiple comparisons tests. 
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Fig. 3S. 12. Pre-mixing free clodronate with OVA-AuNPs cannot induce efficient adjuvant 

effects compared to clodronate liposome formulated with OVA-AuNP nanovaccines. Vaccine 

formulations that are composed of 100 nm OVA-AuNPs and free clodronate or clodronate 

liposomes were pre-mixed and injected through intradermal footpad into C57BL/6 mice (n = 4-7). 

Antigen OVA-specific antibody production from blood serum was measured weekly. The injected 

100 nm OVA-AuNP nanovaccines were normalized based on the injected OVA antigen amount 

(2.5 μg). The clodronate amount is 0.1 mg. Data shown as mean ± SD; *P < 0.05; ****P < 0.0001. 

All P values are from two-way ANOVA followed by Tukey’s multiple comparisons tests. 
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Fig. 3S. 13. Low molecular weight dextran sulfate is not sufficient to inhibit macrophage and 

induce robust humoral immune responses. (A) SCS macrophages remained intact in the 

subcapsular sinus of lymph nodes after administration of both high molecular weight DS500 

(average molecular weight > 500,000 Da) and low molecular weight DS9 (average molecular 

weight 9,000 - 20,000 Da). The injection amounts are 0.1 mg in 20 μl volume. CD169 (red color) 

stains for SCS macrophages and Prox1 (green color) stains for LECs. (B) Representative TEM 

images and the enlarged images on SCS macrophages were examined after intradermal footpad 

injection of 100 nm OVA-AuNP nanovaccines after macrophage treatment using DS500 or DS9. 

The injected 100 nm OVA-AuNP nanovaccines were normalized based on the inject OVA antigen 

amount (10 μg). Significantly less amount of 100-OVA-AuNP nanovaccines were observed in the 

SCS macrophages after DS500 compared to DS9 treatment. Pretreatment of DS500 induce greater 

100 nm OVA-AuNP nanovaccine accumulation in lymph node follicles and humoral immune 

responses compared to DS9 (C-F). (C) Histological images of 100 nm OVA-AuNP nanovaccine 

accumulation in lymph node follicles were analyzed after 48 hours post nanovaccine intradermal 

footpad injection. The injected 100 nm OVA-AuNP nanovaccine were normalized based on the 

injected OVA antigen amount (10 μg). DS500 or DS9 were administered 24 hours prior to 

nanovaccine injection (n = 4 mice/group). (E) Quantification of 100 nm OVA-AuNP nanovaccine 

accumulation in follicles at 48 hours after macrophage inhibitor administration. Assessment of (D) 

germinal center formation (GL7 red; CD21 green; B220 blue), and (F) antigen-specific antibody 

production in blood serum after administration of 100 nm OVA-AuNP nanovaccine at 5 weeks, 

DS500 or DS9 were prior to nanovaccine injection (n = 3 mice/group). The injected 100 nm OVA-

AuNP nanovaccine was normalized based on the inject OVA antigen amount (2.5 μg). Data shown 

as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001. All P values are from one-way ANOVA 

followed by Tukey’s multiple comparisons tests. 
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Chapter 4 - The effect of removing Kupffer cells on nanoparticle 

tumour delivery 
 

Introduction 

Nanomaterials are designed as drug carriers for the treatment of cancer but few nanomedicines 

have advanced to clinical use. A recent meta-analysis showed that less than 0.7% (median) of 

administered nanoparticles are delivered into solid tumours120. This low delivery efficiency can be 

attributed to phagocytic cells of the mononuclear phagocytic system sequestering nanomaterials 

due a combination of cellular and physical characteristics. For example, Tsoi and co-workers 

showed that when nanomaterials enter the liver, the flow rate of the nanomaterials slow by 1000 

times in the liver sinusoid to enable interaction and uptake by hepatic Kupffer cells, B cells, and 

endothelial cells121. The most common strategies to prevent phagocytic uptake by the liver is by 

coating the nanoparticle surface with neutrally-charged anti-fouling polymers, such as 

polyethylene glycol, or by manipulating size and shape122,123. Even though this strategy has led to 

an increased blood-half life and tumour accumulation, these strategies do not allow us to determine 

the contribution of phagocytic cells in mediating the delivery process and have not advanced 

nanomedicine formulations to the clinic. This begs us to ask the question, “what is the impact on 

nanoparticle delivery to tumours after removing some or all of the main cells in the liver that 

sequesters them?” This allows us to determine the contribution of these cell types to the delivery 

process quantitatively and allows us to systematically focus on the “culprit” biological system to 

increase delivery in future studies. Improving delivery efficiency to tumours is likely a balancing 

act between different organs. To figure this out, we must analyze one organ at a time.  

 

After we completed the meta-analysis, we were searching for strategies to improve the delivery 

efficiency of administered nanoparticles.  In our analysis of the literature, there has been a number 
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of studies that have characterized different agents that can deplete macrophages. Examples include 

gadolinium chloride102,124, methyl palmitate125,126, dextran sulfate (500 kDa)127, carrageenan103,128, 

and clodronate liposomes129. Ohara and co-workers went a step further in their analysis and 

demonstrated the impact of depleting liver Kupffer cells in mediating the therapeutic effectiveness 

of Doxil by measuring tumour volume. It was difficult to determine the impact of the Kupffer cell 

depletion on nanoparticle delivery because Doxil can serve as “chemotherapeutic agent as well as 

a macrophage inhibitor”. However, the results of these studied provided a chemical tool (e.g., 

clodronate-liposome for Kupffer cell depletion) that allowed us to elucidate how liver 

macrophages impact the nanoparticle delivery process. This enabled the probing of the influence 

of nanoparticle formulations and tumour types in mediating the delivery process. Furthermore, by 

carefully selecting the proper nanoparticle type, we quantified the delivery process to allow our 

results to be fully compared in future studies. As the field of nanomedicine start to database these 

quantitative results, analysis of a large dataset will lead to rational engineering strategies to 

overcome the delivery problem. In this study, we fully determined the impact of dose-dependent 

removal of Kupffer cells on nanoparticle tumour delivery and evaluated the toxicity to the animal 

after removal of these cells. We showed that removing all or a portion of Kupffer cells can increase 

delivery of nanoparticles to the tumour up to 150 times. These enhancements were dependent on 

nanoparticle size, material composition, and tumour type. Our data shows that strategies to tune 

inherent biology can improve nanoparticle delivery efficiency to solid tumours. 
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Materials and methods 

Mammalian Cell Culture 

Ovarian adenocarcinoma (SKOV3), breast adenocarcinoma (MDA-MB-231), melanoma  

(MDA-MB-435S), and non-small cell lungs carcinoma (A549) cell lines were cultured for 

inoculation of tumour xenografts. The SKOV3, MDA-MB-231, and A549 cell cultures were 

maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in T-175 

tissue culture flasks (Nest Biotechnology Co., Ltd. Wuxi, China) and kept at 37 °C in a 5% CO2 

humid environment. Cells were passaged at 85% confluence and subdivided in 1/4 to 1/6 in fresh 

T-175 flasks. MDA-MB-435S cells were cultured identically except RPMI supplemented with 10% 

FBS and 1% penicillin/streptomycin was used in place of DMEM.  

 

Preparation of Human Tumour Xenograft Models 

All animal procedures and husbandry were conducted in accordance with the guidelines from the 

animal ethics committee from the Division of Comparative Medicine at the University of Toronto 

(animal protocol numbers: 20010886 and 20011813). Six-week-old female CD1 nu/nu mice were 

purchased from Charles River Laboratories. Animals were acclimatized for one week following 

delivery. T-175 culture flasks at 85-90% confluence containing a given cell line were harvested 

using 0.25% w/v trypsin for 10 min at 37°C in 5% CO2. The cell suspensions were centrifuged at 

500g for 5 min and the supernatant was discarded. The cell pellets were suspended in 1 mL of 

DMEM or RPMI and the cell aliquot was counted with a hemacytometer. A 500 µL aliquot of the 

stock was mixed with 500 µL of Matrigel™ and kept on ice. To inoculate tumours, mice were 

subject to anesthesia initially at, 5% v/v isoflurane in oxygen and later maintained using 3% v/v 

isoflurane in oxygen. Using a 1 mL syringe equipped with a 25g needle, 200 µL of the stock cell-

Matrigel™ mixture was injected subcutaneously in the animal’s right hind flank (SKOV3, A549, 

and MDA-MB-435S). For MDA-MB-231 orthotopic xenografts, the cell suspension was 
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inoculated between the inguinal fourth and fifth mammary fat pad on either the right or left side. 

For SKOV3, A549, and MDA-MB-435S xenografts, between 4-6 × 106 cells were injected, while 

for MDA-MB-231, 6-8 × 106 cells were inoculated. Animals were then removed from anesthesia 

and allowed to recover under ambient conditions for 10 min before being placed back in their 

respective housing. Tumour growth was monitored by the Division of Comparative Medicine for 

ulceration. Mice were selected for experiments after tumour volume reached 1 cm3; MDA-MB-

231 xenografts were selected when the tumour volume was 0.8 cm3. The PC3 orthotopic tumour 

xenografts were a gift from Dr. Gang Zheng at Toronto General Hospital. Tumour volume was 

monitored using MRI and animals were selected when the diameter reached 7 mm.  

 

Administration of Clodronate, PBS Liposomes and Gold Nanoparticles 

Mice were tail vein injected with 200 µL of clodronate liposomes suspension (0.05 mg·mL-1) or 

200 µL of saline (PBS) liposomes (control) using a 29g insulin needle. For an average mouse of 

20g of body weight, this injected dose resulted in both hepatic and splenic macrophage depletion 

as stated by the manufacturer. For experiments investigating dose dependent macrophage 

depletion, the stock clodronate liposomes were diluted to 0.017, 0.01, 0.005, and  

0.0025 mg·mL-1 with sterile 1× PBS. After 48h, A750-AuNPs were suspended in sterile PBS and 

injected into the animal via the tail vein. A fixed injection volume of 150 µL was used in the 

administration of all AuNPs. The injected dose was normalized to the total nanoparticle surface 

area across the different sized AuNPs investigated. The surface area of a single AuNP with radius, 

r was assumed as a sphere. For AuNPs with average diameters of 50, 100, and 200 nm, the surface 

areas were assumed to be 7854 nm2, 31416 nm2, and 125664 nm2, respectively. For a standardized 

total injected surface area of 3.18 × 1015 nm2, the concentrations of 50, 100, and  

200 nm AuNPs administered were 4.0 nM, 1.12 nM, and 0.28 nM, respectively.  
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In Vivo Fluorescence Imaging of Gold Nanoparticle Biodistribution  

Following administration of A750-AuNPs, animals were imaged using a Kodak in vivo 

multispectral imaging system (Bruker Corporation, Billerica, MA) at 2h, 6h, 12h and 24h post 

injection. Mice were initially placed under 4% (v/v) isoflurane in oxygen and the anesthesia was 

maintained at 3% (v/v) during the course of the image. Excitation and Emission bandpass filters 

at 750 nm and 830 nm (Carestream Health, Inc., Rochester, NY), respectively were used in the 

acquisition of A750-AuNP fluorescence from whole body animal images. The bandpass of each 

filter was ca. 35 nm at full-width-half-maximum. Images were acquired with an exposure and 

integration time of 10 min. Fluorescence images were modified using Image J software to enhance 

contrast and clarity, a fixed contrast setting was used to present fluorescence images from both 

experimental and control animals. To qualitatively assess AuNP biodistribution at the organ level, 

ex vivo images of extracted organs were also taken in petri dishes. Identical organs from clodronate 

treated and PBS treated animals were also paired and imaged in groups for qualitative comparison.  

 

Quantitative Blood and Organ Distribution of Gold Nanoparticles using ICP-MS 

To quantitatively determine the AuNP blood and tumour pharmacokinetic profiles, mice were 

euthanized at 2h, 6h, 12h and 24h post nanoparticle injection. Blood was collected via cardiac 

puncture using a 1 mL syringe equipped with a 25g needle. The harvested organs included: lungs, 

heart, liver, spleen, stomach, intestines, kidneys, axillary lymph nodes, brachial lymph nodes, 

inguinal lymph nodes and the tumour. A skin sample was also taken from the animal’s posterior 

thoracic cavity. Average mass of the tumours resected from each mouse tumour model can be 

found in Supporting Information, Table 4S.2. Organs and blood samples were weighed and placed 

into glass culture tubes. In addition to organ samples, a portion of or the total administered AuNP 

dose was also added to a separate tube. To the samples, 800 µL of concentrated nitric acid (69% 
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w/v) was added. For regional lymph nodes, this volume was reduced to 200 µL of nitric acid. An 

acid control sample containing solely nitric acid was also prepared in triplicate. The samples were 

placed on a heat bath at 70°C and allowed to digest overnight. The following day, 200 µL of 

concentrated hydrochloric acid (37% w/v) was added to each tube. To lymph node samples, the 

volume was reduced to 50 µL, as to maintain a 4:1 volume ratio between HNO3 and HCl. The 

organ digestate was maintained at 70°C for an additional 3h. The digested samples were transferred 

into 50 ml conical vials and diluted to a final volume of 40 mL with deionized water, samples 

containing lymph nodes were diluted to a total volume of 10 mL. The final acid concentration in 

each sample was 2% (v/v) HNO3 and 0.5% (v/v) HCl.  Diluted samples were then passed through 

a 0.22 µm PES syringe filter (EMD Millipore - Merck KGaA, Darmstadt, Germany). A calibration 

curve ranging from 1×10-3 - 1×102 µg·mL-1 of elemental gold (High-Purity Standards, Charleston, 

SC) prepared in  2% (v/v) HNO3 and 0.5% (v/v) HCl was used to determine the quantity of gold 

in each sample. Quantitative gold concentrations were determined using a NexION 350X 

inductively coupled plasma mass spectrometer (ICP-MS) (PerkinElmer, Billerica, MA).  A 500 

µL injection loop was used and sample solution was mixed with carrier (2% (v/v) HNO3 and 0.5% 

(v/v) HCl) and internal standard (Ir 1000 mg·L-1) prior to aspiration; several rinses were added 

between samples to minimize cross contamination. The mass analyzer was set to Au 197 and Ir 

192 for all measurements. Prior to analysis, the instrument was calibrated using a setup solution 

containing 1 µg·L-1 of Be, Ce, Fe, In, Li, Mg, Pb, and U in 1% HNO3 using the SmartTune method 

as indicated by the manufacturer. Quantitative analysis of total gold content in organs is presented 

as a normalized percentage of the injected dose (% I.D.). Since several AuNP ensembles were used 

over the course of this study, the data have been normalized to the average injected dose value of 

AuNPs determined from each measured replicate across the dosages of clodronate investigated. 
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The blood half-life of AuNPs was determined as a % I.D. weighted against the amount of blood 

retrieved from the animal and normalized to 1.8 g; the average total blood content of a 20 g mouse. 

The decay curves were fit as single exponential decays using GraphPad Prism 6 software. To 

determine the % I.D. of the AuNPs that were delivered to the tumour, the area-under-the-curve 

(AUC) of the pharmacokinetic profile was determined using the trapezoidal approximation 

bounded by a time frame of 22h. 

 

Analysis of Silver Nanoparticle Biodistribution using ICP-MS 

Quantitative determination of silver nanoparticle biodistribution using ICP-MS was done similarly 

as described for gold nanoparticles with the following modifications. SKOV3 xenograft mice were 

euthanized 3h post injection and blood was collected via cardiac puncture. The organs analyzed 

included: liver, spleen, blood, and the tumour. Organ samples were digested overnight using 

concentrated HNO3 and diluted to a final volume of 2% v/v prior to aspiration in the ICP. The 

mass analyzer was set to Ag 107 where Ir 192 was used as an internal standard. The quantity of 

silver in each organ was determined using a silver standard curve and the quantitative organ 

biodistribution was normalized as a % I.D. to the quantity of silver measured in the injected aliquot. 
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Analysis of the Biodistribution of Liposomes and Silica Nanoparticles 

The quantitative determination of liposome and silica nanoparticle organ biodistribution was done 

using fluorimetric analysis of organs imaged ex vivo. SKOV3 xenograft mice were injected with 

liposomes or silica nanoparticles 48h after initial administration of clodronate liposomes (0.017 

mg·g-1) or PBS liposomes. Animals were then euthanized 3h post injection of liposomes or silica 

nanoparticles and blood was removed via cardiac puncture and extracted organs were washed with 

copious amounts of distilled water. Organs analyzed included: livers, spleens, and tumours. Organs 

were grouped into clodronate treated or control (PBS liposomes) and imaged adjacently in the 

same field using a Kodak in vivo multispectral imager. Organs were imaged using 650 nm 

excitation and fluorescence emission was collected using a 700 nm bandpass filter with FWHM 

ca. 35 nm and exposure time of 1 min. Both liposomes and silica nanoparticles contained dye 

analogues of Cy5. Analysis of ex vivo fluorescence images of organs was done using ImageJ 

software (National Institutes of Health, Bethesda, MD). The background signal of each image was 

determined by averaging three independent measurements of image area. Peripheries of organs 

were traced and the average integrated fluorescence density was calculated for each organ. The 

integrated fluorescence intensities were averaged for each organ in the clodronate or control treated 

animals and were used to quantitatively compare organ biodistribution of liposomes or silica 

nanoparticles. 

 

Immunohistochemistry and Histological Tissue Analysis 

Sections of liver, spleen and tumour tissues were fixed in 10% formalin for one week. The fixed 

tissues were then sent to the University Health Network Pathology Research Program at Toronto 

General Hospital or Toronto Centre for Phenogenomics for the remaining histological preparation. 

Tissue sections were stained with hematoxylin and eosin to observe any gross inflammation in 
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hepatic and splenic tissue due to clodronate or AuNPs. Histology tissues were also treated with 

silver nitrate to observe AuNP distribution and immunohistochemically treated with F4/80 

antibody and Ki67 to stain macrophages and cancer cells, respectively. The stained slices were 

imaged using an IX51 light microscope. For semi-quantitative analysis of Kupffer cell populations 

in liver tissue, histological slides were sent to the Advanced Bioimaging Centre at Mount Sinai 

Hospital for full slide scans. The full images of the hepatic tissue sections were expanded to 

identical magnifications using Adobe Photoshop. A 20 cm × 20 cm frame was drawn centered on 

a hepatic central vein or portal triad from three independent positions in the tissue. In these areas 

Kupffer cells were identified using the brownish-red staining of horseradish peroxidase and the 

presence of a nucleus as the tissues were also counterstained with hematoxylin. From sequential 

counts in triplicate, an average Kupffer cell quantity was determined for each dose of clodronate 

investigated. 

 

Hematology and Liver Biochemistry of Clodronate Treated C57BL/6 Mice 

C57BL/6 mice at 7-9 weeks were injected with PBS or clodronate liposomes at dosages of, 0.005, 

0.017, 0.05 mg·g-1 to create four groups of 4 animals per group (n=4). At 48h post injection, 

animals were anesthetized with 4% v/v isoflurane in oxygen and anesthesia was maintained at 3%. 

The thoracic cavity of the animal was exposed and blood was collected through cardiac puncture 

using a 23g needle. For hematology samples, blood was transferred to microfuge tubes containing 

di potassium EDTA at a final concentration of 5-10 mM and kept on ice. For liver biochemistry 

analysis, serum was isolated from whole blood by centrifugation at 500g for 10 min. The serum 

was transferred to a fresh microfuge tube and kept on ice. Both blood and serum samples were 

sent for analysis at Toronto Centre for Phenogenomics immediately after collection and were 

analyzed within one day. Serum biochemistry markers of liver parenchyma included: alanine 
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aminotransferase, alkaline phosphatase, aspartate transaminase, and bilirubin. Hematology 

markers: red blood cell (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume 

(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration 

(MCHC), red blood cell distribution with (RDW), platelet (PLT), mean platelet volume (MPV), 

white blood cells (WBC), neutrophils (NE), lymphocytes (LY), monocytes (MO), basophils (BA), 

and eosinophils (EO). 

 

Cecal Ligation and Puncture Sepsis Model in C57BL/6 Mice 

C57BL/6 mice at 7-9 weeks were used in the induction of the CLP model of polymicrobial sepsis. 

Mice were injected 48h prior to the CLP procedure with PBS liposomes or clodronate liposomes 

at dosages of, 0.005, 0.017, 0.05 mg·g-1 to create four groups each containing ten animals (n=10). 

It is noteworthy that animals in clodronate groups were blinded to the surgeons and all surgeries 

were conducted in a biosafety cabinet. Animals were anesthetized through inhalation of isoflurane 

at 4% v/v in oxygen, the maintenance concentration of isoflurane was 2.5% v/v throughout the 

duration of the procedure and the animal was kept on a heat pad at 38°C to maintain body 

temperature. The abdomen of the mouse was shaved and twice sterilized with 70% ethanol and 

betadine. Buprenorphine 0.15 mg·kg-1 was administered subcutaneously as pre-operative analgesia. 

Mice were covered with slotted sterile drapes exposing only the sterile portion of the abdomen. A 

1-1.5 cm skin incision was made along the midline exposing the abdominal muscle. A 1 cm 

incision was then made in the muscle layer to expose the peritoneum. The cecum was isolated, 

placed on gauze and hydrated with sterile saline. A 6.0 absorbable silk suture was used to ligate 

the cecum 1 cm from the distal end. This accounted for a cecal ligation point that was ca. 25% of 

the animal’s entire cecum. A single perforation was made midway in the ligated portion using a 

21g needle. A pin-head amount of fecal material was extruded using forceps and the large intestine 
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was returned to the peritoneal cavity. The incisions in the abdominal muscle and skin were closed 

using 3.0-5.0 absorbable silk suture. Animals were kept under a heat lamp for 15 min during 

recovery with access to food and water. Postoperative analgesia (buprenorphine, 0.15 mg·kg-1) 

was given every 10-12h to ease pain and discomfort. Animals were monitored every 4-6h for a 

total of 48h following completion of the surgical procedure. Rectal body temperature was taken as 

hypothermia was used as an indirect indicator of sepsis. The endpoint in this study was defined by 

a rectal body temperature below 32°C. Animals having body temperatures below this threshold 

were euthanized in accordance with ethics approval as established by the Animal Care Committee 

at the University of Toronto. To confirm induction of sepsis, blood was collected from euthanized 

septic animals (n=4) through cardiac puncture. Whole blood was diluted with sterile PBS, plated 

on LB agar plates (BD Biosciences, Mississauga, Ontario, Canada) and incubated at 37°C 

overnight. Agar plates were imaged using a standard smartphone camera. Control blood was 

collected through tail vein puncture of sterile animals (n=4). 

 

Statistical Analyses  

Data was analyzed by unpaired t-tests or one-way or two-way ANOVA methods using GraphPad 

Prism 6 with Bonferroni correction. The Holm-Sidak approach was taken for multiple comparisons. 

Survival curves were analyzed by log-rank (Mantel-Cox) test. Data is presented as average values 

of three to four replicates and precision reported is the sample standard deviation unless stated 

otherwise. Statistical significance between different experimental groups was measured at (*p < 

0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001). 
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Results 

We designed a series of experiments to allow us to determine the impact of the liver Kupffer cells 

in mediating the tumour delivery process. These experiments involved the (1) dose-dependent 

removal of macrophages using dicholoromethylenediphosphonic acid-liposomes (clodronate 

liposomes) and then (2) administration of therapeutic nanoparticles (gold nanoparticles, silica, and 

liposomes) in different tumour mouse models (ovarian, breast, skin, prostate, and lung cancer).  At 

the beginning of this project, we focused on gold nanoparticles because of their versatility in 

different sizes and surface chemistries and ease of quantification using both optical imaging (via 

fluorescent labeling) and elemental analysis with inductively-coupled plasma-mass spectrometry.    

 

Gold Nanoparticle Functionalization 

We first designed a library of gold nanoparticles (AuNPs) for assessment. AuNPs were synthesized, 

surface modified, and tagged with AlexaFluor750 (A750) as described previously by our group77,79. 

The surfaces of the nanoparticles were first functionalized with a mixed ligand film comprised of 

5 kDa methoxy-terminated poly(ethylene glycol) (5KmPEG) and 10 kDa amino terminated 

poly(ethylene glycol) (10KamPEG) at a 4:1 ratio. The mixed PEG ligands were grafted to the 

nanoparticle surface at a density of 5 PEG·nm-2 to passivate the surface against the adsorption of 

serum proteins123. The AuNPs were characterized using transmission electron microscopy, 

absorbance and fluorescence spectroscopy, and dynamic light scattering (see Fig. 4S1-S2) and the 

results are summarized in Table 4S.1 prior to animal studies. 

 

Characterization of depletion of phagocytes in the liver and spleen.  

Clodronate-liposomes were effective in killing phagocytic cells. Mice injected with clodronate 

liposomes (0-0.05 mg·g-1) were euthanized at 48h post injection. Clodronate liposomes depleted 

F4/80+ hepatic and splenic macrophages proportionally to dose (Fig. 4.2A-C and Fig. 4S3). The 



117 
  

liver histological sections suggested that the more phagocytic Kupffer cells near the portal triads 

were depleted to a greater extent in comparison to the Kupffer cells near the central vein (Fig. 4. 

2A-C). It has been shown that 43% of Kupffer cells are located between adjacent portal triads. The 

number decreases successively to 25% toward the central vein. Blood flows from numerous portal 

triads into a single central vein (black arrow in Fig. 4.2A) and therefore cells located near the portal 

triads are the first to interact with the nanoparticles. The relative number of KCs compared to 

controls decreased to 25% and to 10% when 0.017 mg/g, and 0.050 mg/g of clodronate liposomes 

was administered respectively (Fig. 4.2). The annotations shown in Fig. 4.1D-F are representative 

of the above histological sections. In panel E, clear Kupffer cell depletion zones can be seen 

between adjacent portal triads. Furthermore, dosimetric depletion influenced the repopulation of 

Kupffer cells (Fig. 4.2H) in Balb/C mice. Our data suggests that when only a portion of Kupffer 

cells are depleted, the livers of these animals repopulate to normal levels in 5 vs 10 days. It is 

noteworthy that Balb/C mice were seen to have less Kupffer cells than CD1 nu/nu mice in 

comparison of hepatic histology (Supporting information Fig. 4S4). 

 

Clodronate Liposomes Improve the Pharmacokinetics and Delivery of Nanoparticles to 

Tumours 

We first asked, if both the liver and spleen were completely depleted of phagocytic macrophages, 

what is the maximum increase in nanoparticle tumour delivery? Mice were injected with 

clodronate liposomes or PBS liposomes 48h prior to administration of 100 nm AuNPs to deplete 

the liver and splenic macrophages 130. There was a re-distribution of the AuNPs after 

administration of clodronate liposomes (Fig. 4.2). We also found that after 48h, gold nanoparticle 

uptake in the liver was minimized to less than 10% I.D. (Supporting Information, Fig. 4S5). Since 

fluorescence is a semi-quantitative method, we further quantified the distribution of the AuNPs by 
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using Inductively-Coupled Plasma–Mass Spectrometry (ICP-MS) (Fig. 4.2 C and D). Clodronate 

liposomes increased the blood half-life of 100 nm AuNPs 13 times, from 0.64 h-1 to 8.00 h-1and 

increased their delivery to the tumour from 0.03 %I.D. to 0.5 %I.D. The full biodistribution 

analysis is shown in the supporting information Fig. 4S6. The removal of phagocytic cells re-

distributed the administered nanoparticles and led to an increase in tumour accumulation of 13 

times; 6 times higher than previously reported.  

 

How Does Macrophage Depletion Relate to Nanoparticle Size?  

We next evaluated the impact of nanoparticle size in mediating the improvement in delivery 

efficiency. Macrophages are well-known to have a size-dependent interaction with nanoparticles122. 

A range of AuNP size (50-200 nm) was selected. Fig. 4.3A and B show 24h in vivo whole animal 

fluorescence images and ex vivo fluorescence images of organs from animals that were 

administered 50 nm and 200 nm AuNPs, respectively. In Fig. 4.3A, the whole animal fluorescence 

images in Fig. 4.3AI and 3AIII appear similar, albeit the ex vivo organ fluorescence images in II 

and IV differ significantly. A similar redistributive trend was seen for 50 nm AuNPs that was 

displayed previously for 100 nm AuNPs in (Supporting information, Fig. 4S5). A four times 

reduction in nanoparticle accumulation in the liver liberated an excess of 250 times more 

nanoparticles in the blood after administration of clodronate liposomes (Fig. 4.3D). For these 50 

nm AuNPs, we observed an increase in delivery efficiency to the tumour from 0.12% to 2.15% ID 

at 24h. For 200 nm AuNPs, clear differences can be seen from the in vivo animal fluorescence 

images shown in Fig. 4.3BI and 3BIII resembling the biodistribution pattern for 100 nm AuNPs. 

The data in Fig. 4.3A shows substantially improved pharmacokinetics for 200 nm AuNPs in 

comparison to the 50 nm AuNPs (Fig. 4.4B). Quantitative analysis of the 200 nm AuNP 

biodistribution using ICP-MS (Fig. 4.3D) highlighted an improvement of 150 times in the delivery 
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efficiency of AuNPs to the tumour from 0.0057% to 0.8500% ID at 24h.  There was a direct 

relationship between nanoparticle size and delivery efficiency (Fig. 4.4) and the relationship is 

defined by Equation 1.  

[𝐼.𝐷.𝑇𝐶𝐿]

[𝐼.𝐷.𝑇𝑃𝐵]
= 0.0033𝑑𝐴𝑢𝑁𝑃

2 + 0.053𝑑𝐴𝑢𝑁𝑃    (1) 

Our data suggests that the relative increase in nanoparticle tumour delivery is exponentially 

proportional to the diameter of the nanoparticle when macrophages are depleted. The most 

substantial increase (150-times) was seen for 200 nm AuNPs. It is noteworthy that 50 nm AuNPs 

had the highest accumulation in the tumour at 24h (2.15 %I.D.) across all three nanoparticle sizes 

investigated and represents a 20-times increase relative to control animals (0.12% I.D.). 

Mathematical modeling of these data provides insight into the relative delivery efficiency that 

could be expected for a specific nanomaterial size. These results suggest that this two-step delivery 

strategy can improve the delivery of larger nanomaterials to tumours. 

  

Gold Nanoparticle Tumour Delivery Efficiency is Dependent on Clodronate Dose and 

Cancer Type 

In the previous experiment, we used a dose of clodronate liposomes to completely remove all 

hepatic and splenic macrophages. However, if such a high dose (0.05 mg/g of animal body weight) 

is required to improve AuNP delivery, this approach may not be viable for use in patients as 

Kupffer cells are an integral component of the innate immune system. This level of macrophage 

depletion may compromise patient immunity to an extent that may require sterile quarantine. Thus, 

we opted to evaluate if improvements in nanoparticle delivery efficiency could be realized at lower 

doses of clodronate liposomes leaving the host with some intact innate macrophages. Four 

additional doses of clodronate liposomes were investigated in the range of 0.0025 mg·g-1 to 0.017 

mg·g-1 of animal body weight and each dose was injected into the animal 48h prior to AuNP 
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administration. Analysis of the total gold content in the AuNP organ biodistribution also displayed 

a dose dependent decrease in the amount of gold in the liver, with incremental increases in 

accumulation in the spleen as shown in Fig. 4.6A. The total amount of AuNPs in the liver decreased 

successively from 58 ± 6% I.D (control) to 10 ± 3% I.D. Depleting 50% of Kupffer cells resulted 

in a 10-times increase in delivery of AuNPs to the tumour at 0.0025 mg·g-1 of clodronate liposomes 

(Fig. 4.6B). Interestingly, no statistically significant improvements were seen in AuNP tumour 

accumulation beyond 0.005 mg·g-1 dose of clodronate liposomes. This data suggests that complete 

hepatic and splenic depletion is not required to maximize the enhancement in tumour delivery of 

subsequently administered nanoparticles using this two-step delivery strategy. We next determined 

whether the improved AuNP delivery efficiency after clodronate liposome administration occurs 

in tumors beyond the SKOV3 ovarian cancer xenograft model. We investigated the delivery 

efficiency of AuNPs after administering a lower dose of clodronate liposomes (0.017 mg/g) in a 

subcutaneous xenograft of non-small cell lung cancer (A549), and in orthotopic xenografts of 

breast cancer (MDA-MB-231), skin cancer (MDA-MB-435) and prostate cancer (PC3). We 

observed improvements of 20-fold relative to control animals for SKOV3, A549 and MDA-MB-

231 tumour, while almost a 100-fold increase was seen in animals with PC3 orthotopic xenografts 

for the delivery of 100 nm AuNPs 48 hrs after administration of clodronate liposomes (Fig. 4.6C). 

Interestingly, no significant improvement in tumour delivery efficiency was seen for the MDA-

MB-435 tumour model. This suggests that tumours present unique intrinsic barriers to nanoparticle 

accumulation. Of all the tumour models investigated, PC3 tumours had some of the largest masses 

(0.7700 ± 0.4109 g) while MDA-MB-231 tumours grown on the mammary fat pad had the smallest 

masses (0.0078 ± 0.0065 g) (see Supporting Information Table 4S.2). The results showed the 

highest and lowest AuNP accumulation of 1.923 %ID and 0.006 %ID, respectively. This data is 
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consistent with a previously reported study suggesting that tumour pathophysiology influences 

nanoparticle uptake131. PC3 tumours also displayed the highest mass normalized AuNP 

accumulation of 2.091 %ID/g at 24h, see supporting information Fig. 4S7. We saw no depletion 

of tumour associated macrophages in SKOV3 tumours after administration of clodronate 

liposomes (Supporting Information, Fig. 4S8). 

 

Macrophage Depletion Enhances the Tumour Delivery of Various Nanomaterials 

We evaluated whether macrophage depletion could improve the delivery of different nanoparticle 

types. To encompass a broad classification of materials, we selected silica, silver, and liposomal 

nanoparticles at a fixed diameter of 100 nm and surface modified with PEG ligands (see 

Supporting Information, Fig. 4S9, S10 and Table 4S.3). Fig. 4.7A-C shows the hepatic, splenic, 

and tumoural tissue distribution of SiNPs, nano-liposomes, and AgNPs at 3h post injection, 

respectively. The clodronate liposome dose used was 0.017 mg·g-1 and animals were injected with 

clodronate liposomes or PBS liposomes 48h prior to nanoparticle administration. Macrophage 

depletion increased the delivery of all particles to the tumour (Fig. 4.7A-C). Enhancements in 

tumour delivery were 2, 5 and 7 times for nano-liposomes, SiNPs and AgNPs, respectively. 

Collectively the data in Fig. 4.6 and Fig. 4.7 highlight the universality of this two-step delivery 

strategy to improve the tumour delivery of nanomedicines, both across various nanomaterials and 

types of cancer and using a dose that does not result in complete hepatic and splenic macrophage 

depletion. 

  

Macrophage Depletion Causes No Systemic Toxicity but Increases Disease Onset in a Model 

of Polymicrobial Sepsis 

The data regarding enhancements in nanoparticle tumour delivery after macrophage depletion with 

clodronate liposomes is promising, but arguably is a double-edged approach in comparison to 



122 
  

materials or drug design. Therefore, we asked: “what is the consequence of this immune 

suppression on the animal and could this impair their ability to combat infection?”  

 

We first conducted a toxicology assessment using hematology and liver biochemistry assays on 

animals treated with a dosing scheme of clodronate liposomes from 0.00-0.05 mg·g-1 (Fig. 4.8A 

and Supporting Information, Fig. 4S.11, S.12 and Tables 4S4-S5). We saw an increased quantity 

of the parenchymal markers alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

and alkaline phosphatase (ALP) after treatment with an increasing dose of clodronate liposomes, 

albeit the marker concentrations are still within the normal range for these animals. These 

observations have also been reported elsewhere when Kupffer cells were depleted with clodronate 

liposomes132. Histological sections of CD1 nu/nu mice hepatic tissue showed no systemic or gross 

inflammation relative to controls (Supporting Information, Fig. 4S13). A similar dose dependent 

depletion of Kupffer cells and splenic macrophages was seen in C57BL/6 mice (Supporting 

Information, Fig. 4S14 and Fig. 4S15). Furthermore, no statistically significant differences in 

hematological markers were seen across the doses of clodronate liposomes investigated against 

control animals (Supporting Information, Fig. 4S11 and S12).  

 

We sought to gain insight in the consequence of the host acquiring a severe microbial infection 

when macrophages were at their lowest levels. We selected an animal model of polymicrobial 

sepsis to answer this question as this is a severe complication that could arise from an infection. 

Furthermore, sepsis is a common problem for many patients receiving chemotherapy133 and 

Kupffer cells are integral towards combating sepsis134. The data in Fig. 4.8B shows total animal 

survival 48h after induction of sepsis intraoperatively through a cecal ligation and puncture 
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procedure. We confirmed induction of the sepsis animal model by bacterial culture of blood 

collected from septic animals (Supporting Information Fig. 4S16). Mice with body temperature 

below 32°C were euthanized according to ethics guidelines of the animal use protocol where the 

endpoint was considered as a morbid state. Animals in groups treated with clodronate liposomes 

from 0.005-0.050 mg·g-1 are shown by the red, blue and solid black lines in Fig. 4.8B. Clodronate 

liposomes increased the disease onset of sepsis where only 20% and 30% of animals exhibited 

mild hypothermia with body temperatures greater than 32°C for all three treatment groups. 

Interestingly, there was no statistically significant difference between the group treated with 0.017 

mg·g-1 clodronate liposomes and the control (P=0.01932, Mantel-Cox Log rank test). However, 

the overall median survival for control animals was 38h. Those animals receiving clodronate 

liposomes at 0.05, 0.017, and 0.005 mg·g-1 decreased to 12h, 23h, and 10h, respectively. Our data 

shows that survival was not dependent on clodronate dose, rather any degree of depletion increased 

the onset of sepsis. This data suggests that if a patient were to acquire an acute infection that led 

to sepsis when their innate immunity was at peak suppression, their prognosis would be less 

favorable. Since depleting only a portion of Kupffer cells results in twice faster repopulation (Fig. 

4.2H), this minimizes the duration of time between clodronate and nanoparticle injection cycles 

that a patient is left with a weakened innate immune system. This reduces the risk of infection 

without sacrifice to enhancement in nanoparticle tumour delivery.  

 

Discussion 

The purpose of designing long-circulating nanoparticles is to enable a high concentration of 

nanoparticles to accumulate in the tumour.  Here, we focused on the removal of different amounts 

of these nanoparticle sequestration cell types in the liver to determine their contribution to the 
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delivery process. While our results show drastic improvements in the delivery efficiency of 

nanoparticles to tumours when these cells were removed, we were surprised that the increase was 

not more dramatic. By removing the contribution of these cells to the delivery process, we show 

that they are likely to contribute only 2% (maximum) to the delivery problem. This begs the issue 

of what are the contributions from the other organs, especially tumour (and how their 

pathophysiology mediates this process).  

 

When the nanoparticles are available for accumulation in the tumour, they must either (a) reside 

in the tumour vessel, or (b) enter into tumour stroma. The calculation of tumour delivery efficiency 

assumes they are resident in the tumour over a period of time. In our strategy, we removed the 

liver cells that take them up, but if they are not able to accumulate in the target diseased tissue, 

they can stay in circulation or be taken up by other cell types in the liver and potentially other 

organs.  If they circulate long-enough, they may be taken up by re-populated Kupffer cells.  Hence, 

a high delivery efficiency to the tumour is a balancing act between the tissue kinetics between the 

different organs that are involved in the process. This study shows the liver Kupffer cells may only 

contribute 2% to the delivery efficiency.  

 

A next step to addressing the “delivery problem” would be to evaluate how each organ contributes 

to the delivery process. This may involve analysis of the spleen, lymph nodes, skin, and other 

organs that have been reported to sequester nanoparticles, as well as the tumour system. A full 

understanding of the contribution of each organ, from the organ-, cellular-, and molecular-level, 

would help us to develop rational strategies to overcome the poor delivery efficiency.  These results 

would allow us to consider how to design a multi-functional nanosystem that can avoid biological 
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barriers, or how to use combinatory strategies to alter biological systems for effective nanoparticle 

delivery to the tumour. These basic studies are important to solving the “delivery problem”.  

 

 

Fig. 4. 1. Two-step injection scheme to improve the delivery of nanoparticles to the tumour. 

Clodronate liposomes are intravenously injected into the mouse via the tail vein to remove a 

portion of Kupffer cells within 48h. Gold nanoparticles are then intravenously injected. Removal 

of a portion of Kupffer cells ensure host immune tolerance is not significantly suppressed and 

provides improved pharmacokinetics of gold nanoparticles by preventing off-target accumulation 

in the liver. Nanoparticle transport through the blood stream is enhanced and the subsequent 

delivery to the tumour is increased. Within 10 days from clodronate administration, Kupffer cells 

are repopulated from monocytes in the blood.  
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Fig. 4. 2. Histological sections of mouse liver tissue immunohistochemically stained with anti-

F4/80-HRP 48h after administration of 0-0.05 mg·g-1 of clodronate liposomes (A-C). The 

histological sections are schematically represented in D-F. The liver contains a hexagonal 

microvascular repeating unit known as the hepatic lobule (black dashed lines). Blood flows from 

several portal triads (portal vein, hepatic artery, and bile ducts) and drains into a single central vein. 

At increasing doses of clodronate liposomes, clear depletion zones of Kupffer cells can be seen in 

periportal regions and between adjacent portal triads as compared to perivenous regions (panel B 

and E) relative to controls (A). At a dose of 0.05 mg·g-1, near complete depletion of Kupffer cells 

can be seen in the hepatic lobule shown in C. G Normalized percentage of Kupffer cells counted 

from fixed areas of CD1 nu/nu hepatic tissue sections from animals treated with clodronate 

liposomes (0.00-0.05 mg·g-1). H Depletion and repopulation of Kupffer cells in BALB/c mice. The 

number of Kupffer cells from fixed areas of tissue were quantified at 120h and were normalized 

to the initial amounts at 48h after adminstration of clodronate liposomes. It was found that 0.017 

mg·g-1 was sufficient to completely deplete the livers in this strain of mice. 
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Fig. 4. 3. A In vivo fluorescence images of a single CD1 Nu/Nu SKOV3 xenograft at 2-24h, after 

the intravenous injection of AuNPs that was treated with PBS liposomes. B Analogous images of 

a single animal after administration of AuNPs, albeit this animal was injected with clodronate 

liposomes 48h prior. Improved circulation of the AuNPs can be visualized by a clearly resolved 

whole-body fluorescence image with fluorescence emerging from the position of the tumour 

xenograft (dashed white lines). C The normalized blood half-life of AuNPs as determined by ICP-

MS in animals treated with clodronate liposomes (grey) and those with PBS liposomes (white). 

The curves were fit as single phase exponential decays, and the administration of clodronate 

liposomes improved the half-life of the AuNPs to 8·h-1 from 0.64·h-1. D The pharmacokinetic 

accumulation of AuNPs at the SKOV3 tumor from 2-24h after administration of clodronate (grey) 

and PBS liposomes (white). The integrated area-under-curve (AUC) as determined by ICP-MS 

was found to be 0.5 %I.D. in animals treated with clodronate where control showed 0.03 %I.D.. 
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Fig. 4. 4. Biodistribution of 50 nm and 200 nm AuNPs 48h after clodronate administration. A In 

vivo animal (I + III) and ex vivo organ (II + IV) fluorescence images 24h after tail vein injection 

of 50 nm AuNPs in control (top) and clodronate (bottom) treated animals. Organ abbreviations: 

(HR) heart, lungs (LU), liver (LV), stomach (ST), spleen (SP), skin (SK), kidneys (KD), tumour 

(TM), and intestines (IN). The quantitative organ distribution as determined by ICP-MS is shown 

in panel C. A reduction in uptake of nanoparticles in the liver translated to a near 20-times increase 

in delivery of nanoparticles to the tumour. B In vivo animal (I+III) and ex vivo organ (II+IV) 

fluorescence images 24h after administration of 200 nm AuNPs in animal treated with PBS 

liposomes (top) and clodronate liposomes (bottom). The quantitative organ distribution is shown 

in panel D. A two-fold decrease in liver accumulation of 200 nm AuNPs translated to 142-times 

increase in the delivery of the nanoparticles to the tumour. *Statistical significance was considered 

as p < 0.05. 
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Fig. 4. 5. The delivery of AuNPs to SKOV3 tumors is improved exponentially as a function of 

nanoparticle diameter (dAuNP) using clodronate liposomes 48h prior to AuNP administration. The 

relative increase in AuNP tumour delivery efficiency with clodronate liposomes (ID TCL) 

compared to controls (ID TPB) was 18, 32 and 150 times for nanoparticle diameters of 50, 100, and 

200 nm respectively.  
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Fig. 4. 6. A Biodistribution at 24h of 100nm AuNPs as measured by ICP-MS in the liver, spleen, 

and blood at an increasing dosage of clodronate liposomes. A gradual decrease from 80% I.D. to 

less than 20% I.D. was seen for the liver, while the accumulation of AuNPs in the spleen increased 

from 10% to 40% I.D. It was found that less than 1% of AuNPs were seen circulating in blood at 

all other dosages of clodronate. B AuNP tumour accumulation as a %I.D. for increasing dosages 

of clodronate liposomes. C Administration of clodronate liposomes at a dose of 0.017 mg/g 

improved the global delivery of nanoparticles to four of five xenograft tumour models investigated. 

The increased accumulation of A750-AuNPs in SKOV3 and A549 subcutaneous xenografts and 

MDA-MB-231 and PC3 orthotopic xenografts was 20 to 100 times (p < 0.05). 
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Fig. 4. 7. A(I) Ex vivo fluorescence images showing the distribution of 100 nm SiNPs in livers, 

spleens, and tumours 48h hours after administration of clodronate liposomes (CL) or PBS 

liposomes (PBS). The average integrated fluorescence intensity of the corresponding tissues is 

shown in panel (II). B The distribution of 100 nm nano-liposomes in liver, spleen, and tumours 

are shown qualitatively by the ex vivo fluorescence images in (I) and the average integrated 

fluorescence intensity normalized on an organ basis is given in panel (II). C The organ distribution 

of 100 nm AgNPs was determined using ICP-MS. The silver signal from each tissue was 

normalized as a %I.D. The Ag signal in the tumours was expanded by 50-fold for illustration on 

the same axis scale. Macrophage depletion reduced the liver accumulation of all three types of 

nanoparticles with resultant increases to splenic and tumour tissue. Nanoparticle delivery to the 

tumour increased between 2-7 times and was dependent on the nanoparticle type. The dose of 

clodronate liposomes was 0.017 mg·g-1, mice were euthanized 3h after injection of nanoparticles. 

Animals used in these experiments were SKOV3 tumour xenografts in CD1 nu/nu mice (n = 3-4). 
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Fig. 4. 8. A Hepatotoxicity analysis of serum markers alanine transaminase (ALT), aspartate 

aminotransferase (AST), alkaline phosphatase (ALP) and total bilirubin after intravenous 

administration of clodronate liposomes (0-0.05 mg·g-1). Data are represented as an average of n = 

3, where error bars illustrate the standard deviation of the measurement. B Survival curves of 

animals administered clodronate liposomes (0-0.05 mg·g-1) followed by induction of sepsis 48h 

through cecal ligation and puncture. Survival was defined by animals exhibiting hypothermia with 

a body temperature higher than 32°C. Macrophage depletion with clodronate liposomes increased 

the onset of sepsis and reduced median survival time by three-fold and overall survival by up to 

30%. There was no statistical significance between animals receiving 0.017 mg·g-1 of clodronate 

liposomes and control animals (p = 0.1932 by Mantel-Cox Log rank test). Each group consisted 

of n = 10 animals. 
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Supplementary figures and table 

 

Fig. 4S. 1. A Scheme for the synthesis of 15 nm AuNPs that seed the growth of larger 50-200 nm 

AuNPs. Chloroauric acid is reduced by citrate at reflux to produce 15 nm AuNP seeds. The purified 

15 nm AuNP seeds are further reduced to larger 50-200 nm AuNPs with hydroquinone at room 

termperature in the presence of additional citrate and chloroauric acid. B TEM images of (I) 15, 

(II) 50, (III) 100, and (IV) 200 nm AuNPs, the scale bar in each image is 100 nm. (V-VIII) 

Corresponding average diameters as determined by fitting a Gaussian to each measured 

nanoparticle distribution. Average NP diameter was determined by measuring 90-100 NPs from a 

single TEM frame. The scale bar in each figure is 100 nm The hydrodynamic diameter and the 

extinction spectra of the 15-200 nm AuNPs is given by C and D, respectively. 
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Fig. 4S. 2. A Surface modification of AuNPs. Citrate capped AuNPs are ligand exchanged with 

thiolated 5kDa mPEG and 10kDa amino-PEG at a 4:1 ratio. The free amine facilitated the covalent 

attachment of Alexa-750 to render the NPs fluorescent. B Agarose gel electrophoresis of 100 nm 

citrate capped (left) and A750 AuNPs (right). The panel below is the same agarose gel 

fluorescently imaged at 830 nm after excitation with 750 nm light. C Solution phase fluorescence 

measurements of 100 nm A750-AuNPs (red) and citrate AuNPs (blue). 
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Fig. 4S. 3. Histopathology of CD1 nu/nu mice splenic tissue 48h after administration of clodronate 

liposomes A and PBS liposomes B. The panels shown in (i) are tissue slices (H&E) stained. The 

reduced hematoxylin staining in panel A (i) demonstrates a reduction of cells in the red-pulp space. 

The immunohistochemical staining of the same tissue slice with anti-F4/80-HRP (ii) illustrates the 

depletion of macrophages in the red-pulp space in A(ii) from B(ii). The tissue slices shown by 

A(iii) and B(iii) are stained with silver nitrate to show the location of AuNPs which appear in the 

white pulp region in both animals treated with clodronate liposomes and PBS liposomes. The dose 

of clodronate liposomes was 0.05 mg·g-1. 
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Fig. 4S. 4. Histology slices of liver tissue stained with anti-F4/80 HRP from CD1 nu/nu mice (left) 

and BALB/c mice (right). Animals were injected with PBS liposomes 48h prior to isolation and 

fixation of resected livers. The histological sections qualitatively illustrate a higher density Kupffer 

cells in CD1 nu/nu hepatic tissue as compared to BALB/c. The data is also consistent with the 

complete hepatic depletion seen of BALB/c livers when animals were injected with a clodronate 

liposomes dose of 0.017 mg·g-1. 

 

Fig. 4S. 5. Evaluation of the delay time between the injection of clodronate liposomes and AuNPs. 

The AuNP accumulation in the liver, spleen and that remaining in the blood was used assess the 

degree of macrophage depletion from clodronate liposomes. It was found that 48h after 

administration of 0.05 mg·g-1 clodronate liposomes, complete depletion of Kupffer cells and 

splenic macrophages minimized the accumulation of AuNPs in these organs and maximized the 

amount of available AuNPs in the blood. 
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Fig. 4S. 6. A Histological sections of liver tissue from CD1 nu/nu SKOV3 xenografts after 

injection of AuNPs. Images (I+III) and (II+IV) are stained with hematoxylin/eosin and silver, 

respectively. The top two panels are tissue slices from an animal that was administered clodronate 

liposomes while those on the bottom are respective of pretreatment with PBS liposomes. Increased 

liver tissue distribution of AuNPs are seen in (IV) as qualitatively illustrated by black clusters 

characteristic of silver reduction. B Histological sections of tumor tissues that were stained with 

anti-Ki-67/HRP and counter stained with hematoxylin (I+III) to illustrate cancer cells while (II+IV) 

are stained with silver nitrate to visualize AuNPs. Panels (I+II) were tissues taken from an animal 

that received clodronate liposomes + AuNPs; clusters of AuNPs are visualized as dark smudges 

(arrows) in the tumor tissue on the contrary to the slice shown in (IV) where no silver reduction is 

visible. C Ex vivo fluorescence images of the 24h biodistribution of AuNPs in an animal treated 

with (I) and without (II) clodronate liposomes. The animal organs: heart (HR), lungs (LU), liver 

(LV), stomach (ST), spleen (SP), skin (SK), kidneys (KD), tumor (TM), and intestines (IN) are 

organized similar to their intrinsic anatomical arrangement. Panels (III) and (IV) show the livers 

and tumors from pretreatment with clodronate (top) and PBS (bottom) liposomes. The qualitative 

redistribution of the AuNPs from liver sequestration improves the delivery to the solid tumor. D 

The total organ distribution after 24h as measured by ICP-MS with (grey) and without (white) 

injection of clodronate liposomes. All organs harvested were analyzed, only organs showing 

statistically significant (p-value < 0.05) differences in quantitative accumulation are shown. The 

liver signals were reduced 4-times in animals that were administrated clodronate liposomes an 

increase in accumulation was seen to the spleen, lungs, and axillary, brachial and inguinal lymph 

nodes (lymph); AuNPs were still in circulation after 24h. Clodronate liposomes administration 
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enabled a 32-times increase in AuNP delivery to the tumor. Statistical significance was measured 

at *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, and ****p-value < 0.0001. 

 

Table 4S. 1. Average tumor masses resected from each cancer type. 

Tumor Model Average mass (g) 

SKOV3 0.51 ± 0.26 

MDA-MD-231 0.0078 ± 0.0065 

MDA-MB-435 0.43 ± 0.34 

PC3 0.77 ± 0.41 

A549 0.17 ± 0.21 

 

 

Fig. 4S. 7. Mass normalized tumor delivery of 100 nm AuNPs (%I.D.·g-1) to various cancer types. 

The increased accumulation of AuNPs in SKOV3 and A549 subcutaneous xenografts and MDA-

MB-231 and PC3 orthotopic xenografts was 20 to 60 times. *p-value < 0.05, **p-value < 0.01, 

and ***p-value < 0.001. 
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Fig. 4S. 8. SKOV3 tumor tissue stained with anti-F4/80 HRP to illustrate tumor associated 

macrophages. Panels A (i) and (ii) are images at of a tissue slice at 2.5× and 20×  from an animal 

48h after injection with clodronate liposomes. Analagous images are shown in B (i) and (ii) from 

a control animal treated 48h prior with PBS liposomes. Qualitatively, the tumor associated 

macrophages that are illustrated by the the brownish-colour (arrows) do not differ in the two tissues. 

This suggests tumor associated macrophages in the SKOV3 tumor were not depleted with 

clodronate liposomes at a dose of 0.05 mg·g-1. 
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Fig. 4S. 9. A Synthesis and characterization of nano-liposomes. The synthetic scheme is shown by 

(i) where mixed lipid films are lyophilized from organic solvents, hydrated in PBS buffer and then 
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crude liposomes are sized and homogenized by extrusion through a 0.1 µm nucleopore membrane. 

Analysis of nano-liposomes was done by TEM (ii), DLS (iii) and absorbance/fluorescence 

spectroscopy (iv). B Surface modification of amine terminated SiNPs (i) scheme for derivatization: 

SiNPs were conjugated with a mixed film of OPSS and methoxy terminated 5kDa PEG ligands. 

TCEP was used to reduce the OPSS disulfide to a free thiol to conjugate with sulfo-Cy5 maleimide 

to render the NPs fluorescent. A TEM image, DLS spectrum and absorbance and fluorescence 

spectra of the modified SiNPs are shown by (ii-iv), respectively. C (i) Scheme for the ligand 

exchange of citrate stabilized AgNPs with methoxy and amine terminated PEG ligands. The 

terminal amine was used to couple the fluorophore A750-NHS. SiNPs were characterized by TEM 

(ii), DLS (iii), and absorbance/fluorescence spectroscopy (iv). AgNPs exhibited weak fluorescence, 

inset in panel C (iv). The scale bar in each TEM image from panels A-C is 100 nm. 

 

Fig. 4S. 10. To confirm the removal of excess Sulfo-Cy5 maleimide, the SiNPs were interrogated 

against free sulfo-Cy5 maleimide using a 0.7% w/v agarose gel. Samples were run in triplicate, 

where both displayed anodic migration and confirmed the absence of unconjugated sufo-Cy5 

maleimide in the SiNPs samples. 

 

Table 4S. 2. Physico-chemical properties of lipsomes, AgNPs, and SiNPs. 

Nanoparticle Inorganic diameter 

(nm) 

Hydrodynamic diameter 

(nm) 

Zeta potential 

(mV) 

DiD-

Liposome 

- 109.0 ± 8.5 -5.56 ± 0.86 

A750-AgNP 96.0 ± 10.0 142.1 ± 9.5 -14.7 ± 0.4 

A647-SiNP 101.1 ± 6.2 139.1 ± 9.6 -8.04 ± 0.33 
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Table 4S. 3. Liver biochemistry panel from C57BL/6 mice treated with clodronate liposomes.  

 
Clodronate liposome dose (mg·g-1) 

Reference 

(mean ± SD)* 

 0 0.005 0.017 0.05  

ALT (u/L) 15.2 ± 0.5 25.2 ± 1.32  32.6 ± 6.88  44.0 ± 3.49  50.53 ± 37.15  

AST (u/L) 48.3 ± 3.27  74.0 ± 18.6  106.5 ± 15.6  211.3 ± 23.9  126.54 ± 133.29  

ALP (u/L) 128.4 ± 7.65  177.2 ± 9.42  184.8 ± 9.68  334.5 ± 24.1 234.51 ± 93.36  

TBIL (mg/dL) 0.14 ± 0.02 0.12 ± 0.01  0.10 ± 0.02  0.12  ± 0.04 0.28 ± 0.1  

*Reference from: http://www.criver.com/files/pdfs/rms/c57bl6/rm_rm_d_c57bl6n_mouse.aspx 

 

 

Fig. 4S. 11. Hematology analysis of C57BL/6 mice 48h after intravenous injection of clodronate 

liposomes from 0-0.05mg·g-1. Error bars represent standard deviation calculated from four animals. 

Parameters shown include red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), 

mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular 

hemoglobin concentration (MCHC), red blood cell distribution width (RDW), platelet count (PLT), 

and mean platelet volume (MPV). No statistical significance was observed between treatment 

groups for all parameters as analyzed by one-way ANOVA with Bonferroni correction (α = 0.05). 
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Table 4S. 4. Hematology analysis from C57BL/6 mice treated with clodronate liposomes.  

 
Clodronate liposome dose (mg·g-1) 

Reference 

(mean ± SD)* 

 0 0.005 0.017 0.05  

RBC (M/μL) 8.26 ± 0.61 9.40  ±  0.23 7.79 ± 2.64 8.76 ± 0.95 9.17 ± 1.05 

HGB (g/dL) 12.55 ± 0.76 14.20 ± 0.59 11.98 ± 4.20 13.10 ± 1.44 13.72 ± 1.59 

HCT (%) 39.6 ± 3.5 45.1 ± 1.6 36.9 ± 13.4 41.7 ± 4.7 45.32 ± 6.27 

MCV (fL) 47.95 ± 0.84 48.03 ± 0.94 47.03 ± 1.82 47.63 ± 0.47 49.46 ± 3.88 

MCH (pg/cell) 15.20 ± 0.36 15.10 ± 0.41 15.30 ± 0.88 14.98 ± 0.33 15.02 ± 1.11 

MCHC (g/dL) 31.70 ± 1.13 31.45 ± 1.29 32.53 ± 1.53 31.4 ± 0.70 30.54 ± 3.19 

RDW (%) 19.00 ± 0.80 19.15 ± 0.84 18.83 ± 0.33 19.08 ± 0.78 17.90 ± 1.24 

PLT (K/μL) 412 .00 ± 

11.46 

542.25 ± 

34.46 

357.50 ± 

243.31 

384.00 ± 

133.85 

1167.12 ± 

306.96 

MPV (fL) 5.43 ± 1.31 4.65 ± 0.25 6.15 ± 1.07 5.58 ± 0.50 4.90 ± 0.33 

*Reference from: http://www.criver.com/files/pdfs/rms/c57bl6/rm_rm_d_c57bl6n_mouse.aspx 

 

 

Fig. 4S. 12. Analysis of immune cells from blood of C57BL/6 mice 48h after intravenous injection 

of clodronate liposomes 0-0.05mg·g-1. Error bars represent standard deviation calculated from four 

animals. Parameters shown include white blood cells (WBC), neutrophils (NE), lymphocytes (LY), 

monocytes (MO), basophils (BA), and eosinophils (EO). No statistical significance was observed 

between treatment groups for all parameters as analyzed by one-way ANOVA with Bonferroni 

correction (α = 0.05). 
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Table 4S. 5. Immune cell counts from C57BL/6 mice treated with clodronate liposomes. 

 
Clodronate liposome dose (mg·g-1) 

Reference 

(mean ± SD)* 

 0 0.005 0.017 0.05  

WBC (K/μL) 3.68 ± 0.53 3.70 ± 1.78 4.45 ± 2.25 4.50 ± 2.12 8.69 ± 2.44 

NE (K/μL) 0.65 ± 0.15 0.67 ± 0.29 0.59 ± 0.50 0.55 ± 0.32 1.22 ± 0.51 

LY (K/μL) 2.76 ± 0.41 2.84 ± 1.44 3.63  ± 2.05 3.83 ± 1.79 6.92 ± 1.92 

MO (K/μL) 0.15 ± 0.05 0.10 ± 0.02 0.13 ± 0.08 0.09 ± 0.03 0.37 ± 0.15 

BA (K/μL) 0.04 ± 0.03 0.02 ± 0.02 0.03 ± 0.01 0.01 ± 0.01 0.03 ± 0.04 

EO (K/μL) 0.09 ± 0.04 0.05 ± 0.05 0.08 ± 0.05 0.03 ± 0.01 0.16 ± 0.13 

*Reference from: http://www.criver.com/files/pdfs/rms/c57bl6/rm_rm_d_c57bl6n_mouse.aspx 

 

 
Fig. 4S. 13. CD1 nu/nu hepatic tissue stained with hematoxylin and eosin (H&E) from an animal 

treated with clodronate liposomes A and control PBS liposomes B after 48h. Clodronate 

liposomes were not seen to cause any gross inflammation to hepatic tissue in comparison to 

controls. 
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Fig. 4S. 14. Immunohistochemically stained tissue sections with anti-F4/80-HRP and 

counterstained with hematoxylin from livers of C57BL/6 mice treated with clodonate liposomes 

0-0.05mg·g-1. The data show a similar dose-dependent depletion of Kupffer cells in hepatic tissue 

as seen for CD1 nu/nu mice. 
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Fig. 4S. 15. Immunohistochemically stained splenic tissue sections with anti-F4/80-HRP and 

counter stained with hematoxylin from C57BL/6 mice treated with clodonate liposomes 0-

0.05mg·g-1. The white-pulp zone (WPZ), marginal zone (MZ) and red-pulp zone (RPZ) can be 

spatially resolved in the tissue sections. Panels A-D show a similar dose-dependent, successive 

decrease in the quantity of red-pulp macrophages. This dose-dependent depletion of red-pulp 

macrophages is consistent with what was seen for CD1 nu/nu mice. 

 

 

Fig. 4S. 16. To confirm induction of sepsis in C57BL/6 after the cecal ligation and puncture 

procedure, bacteria cultures were done by plating sterile PBS (A), blood from sterile animals (n=4) 

(B) and blood isolated from killed septic animals (n=4) and incubating at 37°C for 24h. (C) 

Bacterial colony growth can be seen in the agar plate in C, confirming induction of sepsis. 
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Fig. 4S. 17. CD1 nu/nu hepatic tissue immunohistochemically stained with anti-F4/80 HRP to 

display Kupffer cells (brownish-red features). The average number of Kupffer cells in hepatic 

tissue was used to provide a semi-quantitative assessment on the degree of macrophage for a given 

dose of clodronate liposomes. The number of Kupffer cells in fixed areas centered on either a 

portal triad or central vein (red box) were counted. The average was computed from three 

independent areas of each tissue slice.  
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Chapter 5 - Conclusions and future directions 

Summary 

Efficient vaccination requires long-lived germinal center reactions to drive antibody-mediated 

humoral immunity. Antigens must be retained and presented to B cells in lymph node follicles to 

generate an effective humoral immune response. A proposed strategy is to use engineered 

nanoparticles to deliver antigens into follicles. However, our understanding of how lymph nodes 

direct nanoparticle transport and retention is limited. A better understanding of nanoparticle 

designs and their interactions with lymph nodes can guide the rational/optimal engineering of 

nanoparticles for optimal immune responses. In my PhD thesis, I divided my objective into three 

aims: (1) understand how nanoparticle design influences antigen retention and presentation in 

lymph node follicles, (2) alter the immune cell populations in lymph nodes to enhance nanoparticle 

delivery, (3) manipulate the immune cell populations in the liver to enhance the systemic delivery 

into lymph nodes.  

 

In chapter 2, we found that follicular dendritic cell (FDC) networks determine the intra-lymph 

node follicle fate of these nanoparticles by clearing smaller ones (5-15 nm) within 48 h and 

retaining larger ones (50-100 nm) for over 5 weeks. The 50-100 nm-sized nanoparticles had 175-

fold more delivery of antigen at the FDC dendrites, 5-fold enhanced humoral immune responses 

of germinal center B cell formation, and 5-fold more antigen specific antibody production over 5-

15 nm nanoparticles. Our results show that we can tune humoral immunity by simply changing the 

antigen delivery carrier size to produce effectiveness of vaccines. 

 

In chapter 3, we assessed the role of type of immune cells called the resident macrophages in the 

subcapsular sinus on nanovaccine delivery to lymph node follicles. We discovered that SCS 
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macrophages play a barrier role to prevent nanovaccines from accessing lymph node follicles. This 

is illustrated by measuring the humoral immune responses after removing or functionally altering 

these cells in the nanovaccine transport process. We observed up to 60 times more antigen-specific 

antibody production after suppressing SCS macrophages. The degree of the enhanced antibody 

production is dependent on the nanovaccine dose and size, formulation, and administration time. 

These findings suggest that altering transport barriers to enable more nanovaccine delivery to the 

lymph node follicles for neutralized antibody production is an effective strategy to boost 

vaccination.  

 

In Chapter 4, we evaluated the role of the resident macrophages in the liver on nanoparticle 

delivery to lymph nodes and tumours after systemic administration of nanoparticles. After 

complete removal of liver macrophages, we achieved up to 10 times enhanced lymph node delivery 

and 50 times improved tumour accumulation in multiple nanoparticle designs and tumour models. 

We further reduced the dose of macrophage depleting chemicals to precisely remove the 

macrophages in periportal area of the liver that sequesters most of injected nanoparticles. This 

strategy allowed us to remove the partial liver macrophage populations but keep an intact immune 

system that enables to mediate the risk of infection in a sepsis model.  

 

The significance of these researches reveals the mechanism of how our immune systems, 

especially lymph node physiology mediates nanoparticle vaccine retention and presentation in 

follicles. This fundamental knowledge provides us critical insights towards engineering design of 

nanoparticle vaccines and development of strategies to alter lymph node physiology to generate 

robust vaccination responses.  
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Future directions 

Physicochemical property of nanoparticle impacts in vivo behavior  

Nanoparticle physicochemical design mediates biological interaction in vivo. My PhD study 

highlights the complement system as immune recognition mediators to bridge nanoparticle-

conjugated vaccines and long-term humoral immunity. Future work will explore a better 

understanding of synthetic materials and biological agents (immune complexes, viruses, and 

bacteria) behaviors in lymph nodes. This provides more detailed guidance of rational nanoparticle 

design (Fig. 5.1). Future work should focus on building up the correlations among 

physicochemical design (materials types, sizes, shapes and surface chemistries) of synthetic 

materials, complement activation, lymph node delivery and follicle retention, germinal center 

reactions and neutralized antibody production. This will allow us to determine the optimized 

nanoparticle physicochemical properties to maximize the interaction with complements and lymph 

node retention that will elicit longer and great humoral immune responses. 

 

Fig. 5. 1. Physicochemical properties of synthetic materials and biologic agents determine lymph 

node follicle retention and germinal center reaction for effective vaccine development.  
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Antigen structure display on nanoparticles  

Antigen arrangement and display is essential for clustering B cell receptors and stimulate B cell 

activation. Structural antigen design can be incorporated into a nanoparticle platform to mimic the 

pathogen surface pattern and engage with B cell receptor recognition for efficient humoral immune 

responses. The structural of virus protein antigen can first be determined using X-ray 

crystallography and cryo-electron microscopy. Computational protein structural design principle 

can then be utilized to rationally design the antigen system. The computational approach has been 

demonstrated the capability of designing nanoparticle scaffolds for multivalent presentation of 

viral glycoprotein antigens with atomic-level accuracy135. The advances of nanoparticle-based 

antigen design is summarized in Fig. 5.2.136. These self-assembling protein nanoparticles 

successfully displayed intact native-like HIV Env trimer, influenza hemagglutinin or prefusion 

RSV trimers in the predicted structure57,135,137. With this level of precisely antigen structure display, 

we will be able to address the following questions in the future: (1) Does the antigen structure 

display on a nanoparticle show the same presentation and accessibility compared to antigen 

structure without a nanoparticle?; (2) What is the optimal antigen density on a nanoparticle to 

induce the optimized crosslinking of B cell receptors?; and (3) Can we incorporate multiple antigen 

structures on a single nanoparticle to fully mimic the virus, such as influenza? Addressing the 

above-mentioned questions will allow us to integrate antigen structure design into the development 

of the next generation nanoparticle vaccines to against infectious diseases.  



153 
  

 

Fig. 5. 2. Antigen structure display on nanoparticle platform for vaccine development136.  

 

Potential projects:   

Project 1: Designing nanoparticle core materials for vaccines 

Objective: Identify an optimal nanoparticle core material that demonstrates the highest antigen 

integration and humoral immune responses. 

Rationale: Nanoparticle core materials induce different immunogenicity. It is unclear clear how 

the different materials impact antigen integration and humoral immune responses.  

Significance: Rational nanoparticle core design is essential for development of nanoparticle 

vaccines.  

In this project, I will design and synthesize multiple material types. These will include gold 

nanoparticles, silica nanoparticles, poly(lactic-co-glycolic acid) (PLGA) polymer nanoparticles,  

and liposomes. The nanoparticles (1) can be easily synthesized with precise size; (2) are 

biocompatible, which allows us to track them at the tissue and cellular levels; and (3) can be coated 

with multiple molecules, which enable them to be combined with antigens and adjuvants. I will 

then conjugate a model antigen OVA onto these nanoparticle surfaces through chemical reactions. 

The coating of OVA on the nanoparticle surface is coordinated by a combination of electrostatic 

adsorption and coordinate bonding. I will characterize their physicochemical properties (e.g., 
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hydrodynamic diameters and surface changes) using electron microscopy, dynamic light scattering, 

and Zetasizer Nano-ZS. I will quantify the amount of OVA antigen integration into the 

nanoparticle using a protein quantification assay. I will perform the in vitro immunogenicity test 

with B cells. B cells will be isolated from both male and female mouse lymph nodes (6-8 weeks 

old mouse) and cultured with nanoparticles in vitro. I hypothesize that the optimal designed 

nanoparticle should activate the B cells. The activated B cells will be quantified using flow 

cytometry and the antibody production will be quantified using enzyme-linked immunosorbent 

assay. In the end I will identify an optimal nanoparticle chemical composition that demonstrates 

the highest antigen integration and B cell activation that can generate greatest antibody production. 

 

Project 2: Engineering nanoparticles incorporated with toll-like receptor adjuvants 

Objective: Identify an optimal surface toll-like receptor (TLR) ligand conjugation that 

demonstrates the highest humoral immune responses.  

Rationale: TLR ligands are efficient adjuvants to be incorporated on nanoparticle surface to 

induce efficient humoral immune responses.  

Significance: Rational nanoparticle surface design with adjuvants is important for development 

of nanoparticle vaccines.  

TLR play central roles in the recognition of pathogen-associated molecular patterns and initiation 

of B cell immune responses. TLR ligands have become a key component of efficient vaccination 

due to their adjuvant properties. TLRs in B cells can be divided into two groups: (1) cell surface 

receptors (such as TLR4) and (2) receptors localized in the endosome of a cell (such as TLR9). In 

this project, I will be focused on implementing the TLR ligands as adjuvants onto nanoparticles to 

maximize B cell activation and antibody production. I will conjugate a TLR4 ligand 
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(monophosphoryl lipid A) or/and a TLR9 ligand (CpG oligodeoxynucleotide) on the nanoparticle 

surface. The amount of TLR ligands will be quantified by a DNA assay. The antigen OVA will be 

further conjugated on the nanoparticle. I will test the immunogenicity of these engineered 

nanoparticles. These studies will identify the dominant pathway (either activation through the cell 

surface receptors or through the endosome inside the cell) or if it is necessary to incorporate both 

pathways in nanoparticle design to maximize B cell activation, proliferation, and antibody 

production. This project will identify the optimal surface adjuvant ligand integration on 

nanoparticle that demonstrates the highest B cell activation and antibody production.  

 

Project 3: Engineering antigen structure using computational protein design. 

Objective: use computational protein structural design principles to rationally design the antigen 

system. 

Rationale: Structural antigen design can be incorporated into a nanoparticle to mimic the pathogen 

surface pattern. 

Significance: Rational antigen structural design can maximize B cell recognition for efficient 

vaccination. 

In this project, I will consider the structure of HIV as a virus model for this proof of concept study. 

Since envelope glycoprotein gp120 expressed on every surface of HIV viral envelope, I will 

incorporate the HIV-1 gp120 protein structure on a nanoparticle and determine its structure using 

X-ray crystallography and cryoelectron microscopy. I will use a computational structure-based 

design to modify the sequence of the HIV-1 gp120 protein. I will then engineer disulfide bridges 

onto them and conjugate modified gp120 proteins onto nanoparticles. I expect this synthetic 

nanoparticle will expose 20-50 copies of modified HIV-1 gp120 protein aligned on the surface. 
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This engineered surface structure will be designed to maximize antigen density with the repetitive 

HIV-1 gp120 protein pattern for optimal B cell recognition and activation. I will test the stability 

of this engineered nanoparticle using mouse serum. I expect that this structural antigen designed 

nanoparticles will generate B cell activation and antibody production in vitro. I expect this 

nanoparticle system to be successfully delivered to the lymph node follicles for robust antibody 

production. This computational approach can be widely used to design and engineer the structural 

antigen nanoparticles for other pathogens. The result of these studies will be computing designs 

and engineering antigen structures on nanoparticle cores that demonstrate the maximize B cell 

recognition and antibody production. 

 

Conclusion & Outlook 

Vaccines have protected people for hundreds of years against pathogens and infectious diseases. 

We do not understand the mechanism how vaccines work nor how our humoral immunity 

generates specific antibody to neutralize pathogens until 50 years ago. Thanks to recent advances 

of biology and immunology fields, we can evaluate the role of immune cell populations and test 

their functions for acquired immune responses that enables us to development more effective 

vaccines.  

 

A vaccine is made of antigens and adjuvants. Anything that can induce greater immune response 

in addition to antigen is considered as an adjuvant (from Latin, meaning “to help”). In the equation 

of vaccine development, greater value of 𝑥 represents the superior help or adjuvanticity to amplify 

the antigen-specific immune responses. Designing novel adjuvants with greater values of 𝑥 enable 

us to better engineer our immune system and develop successful vaccines for infectious diseases. 

However, the mechanism of how adjuvant works is still a black box. 
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𝑉𝑎𝑐𝑐𝑖𝑛𝑒 = 𝑎𝑛𝑡𝑖𝑔𝑒𝑛 + 𝑎𝑑𝑗𝑢𝑣𝑎𝑛𝑡 

𝑎𝑑𝑗𝑢𝑣𝑎𝑛𝑡 = 𝑥 

𝑎𝑛𝑡𝑖𝑔𝑒𝑛 + 𝑥 > 𝑎𝑛𝑡𝑖𝑔𝑒𝑛 𝑎𝑙𝑜𝑛𝑒 

 

In my thesis, we developed two types of adjuvants: (1) nanoparticles that serve as adjuvants to 

improve antigen integration and display, and antigen retention and presentation in lymph node 

follicles for humoral immunity, and (2) pharmacological agents that disrupted the macrophage 

uptake function can be considered as adjuvants to improve antigen delivery to lymph node follicles. 

The latter shows the reverse effects of reducing innate immunity and boosting humoral immunity. 

We term them “reverse adjuvants”. The clinical applications of these adjuvants need to be further 

explored in the future by combining with other commercially available adjuvants and vaccine 

formulations for specific infectious disease models.  

 

We need vaccines to help us boost our immune system. Vaccines also need help.  
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Engineering (IBBME) of University of Toronto, ON, Canada ($3,300) 

• 2019: The UofT most understandable scientist as the First Place, University of Toronto, ON, 

Canada ($800 iPad Air) 

• 2016: Paul and Sally Wang Distinguished Graduate Scholarship at IBBME of University of 

Toronto, ON, Canada [Only one scholarship is awarded annually] ($6,000) 

• 2015: Paul and Sally Wang Distinguished Graduate Scholarship at the Institute of IBBME of 

University of Toronto, ON, Canada [Only one scholarship is awarded annually] ($6,422) 

• 2015-2018: Alexander Graham Bell Canada Graduate Scholarship by Natural Sciences and 

Engineering Research Council of Canada (NSERC) ($35,000/yr for 3 years, $105,000 in total).  

• 2014-2015: Wildcat Graduate Scholarship at the Institute of Biomaterials and Biomedical 

Engineering (IBBME) of University of Toronto, ON, Canada [Only one scholarship is awarded 

annually for domestic student] ($11,666/yr) 

• 2014:Ontario Graduate Scholarship at the University of Toronto, ON, Canada ($15,000/yr) 

• 2014: Ph.D offer from University of Toronto with annual stipend of the Institute ($16,000/yr) 

+ the cost of tuition and fees, ON, Canada 

• 2014: Our project of Sticking Together - An Elastic Surgical Glue on the $100,000, BRIght 

Futures Prize (Brigham and Women's Hospital) was nominated. 

• 2013: Micro- and Nanotechnologies in Medicine Travel Scholarship, supported by Harvard 

Medical School, Brigham and Women's Hospital and the National Science Foundation, 

Cambridge, MA, USA 

• 2013-2015: Administrator and editor, Website of the Canadian Biomaterials Society 

• 2012-2014: Vice President, The Montreal Chapter of the Canadian Biomaterials Society 

• 2012: Excellence presentation prize, 1st student seminar by advanced study committee 

FOCHAPEE 

• 2012: Junior Engineer, ordre des ingénieurs du Québec 

• 2011: Nominated for NSERC Innovation Challenge Award, Concordia University 

• 2010: CALPHAD-STT scholarship, CalphadXXXIX international conference 

• 2009: Golden Key International Honour Society, (top 15% of the class and interested in service 

and leadership development), Concordia University, Canada. 

• 2008 - 2009: Partial tuition fee remission award, Concordia University 

• 2007: Best bachelor thesis, Material Science and Engineering Department, Beijing University 

of Technology 

• 2006: Group 1st prize, personal 1st prize, material mechanical properties speech competition, 

Beijing University of Technology 

• 2005: Group 2nd prize, personal 1st prize, university English drama competition, Beijing 

University of Technology 
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Contributions 
Journal Articles: (*equal contribution) 

• Biomedical engineering (immunology, nanotechnology, tissue engineering) 

1. Y.N. Zhang, W. Poon, E. Sefton, W.C.W. Chan, “Suppressing subcapsular sinus macrophages 

enhance transport of nanovaccines to lymph node follicles for robust humoral immunity”, ACS 

Nano, (2020). 

2. B. Ouyang, *W. Poon, *Y.N. Zhang, P.Z. Lin, B.R. Kingston, A.M. Syed, A.J. Tavares, J. 

Chen, M.S. Valic, J. Couture-Senécal, G. Zheng, W.C.W. Chan, “Trillion nanoparticles 

overwhelm liver clearance and enhance tumour delivery”. Nature Materials, (Accepted, 2020). 

3. Y.N. Zhang, *J. Lazarovits, *W. Poon, *B. Ouyang, L.N.M. Nguyen, B.R. Kingston, W.C.W. 

Chan, “Nanoparticle size influences antigen retention and presentation in lymph node follicles 

for humoral immunity”, Nano Letters, Vol. 19, 7226−7235 (2019). 

4. W. Poon, *Y.N. Zhang, *B. Ouyang, B.R. Kingston, J.L. Wu, S. Wilhelm, W.C.W. Chan, 

“Elimination pathways of nanoparticles”, ACS Nano, Vol. 13, 5785-5798 (2019).  

5. J. Lazarovits, Y.Y. Chen, F. Song, W. Ngo, A.J. Tavares, Y.N. Zhang, J. Audet, B. Tang, Q. 

Lin, M.C. Tleugabulova, S. Wilhelm, J.R. Krieger, T. Mallevaey, W.C.W. Chan, “Synthesis 

of patient-specific nanomaterials”, Nano Letters, Vol. 19, 116-123 (2019). 

6. *A.J. Tavares, *W. Poon, *Y.N. Zhang, Q. Dai, R. Besla, D. Ding, B. Ouyang, A. Li, J. Chen, 

G. Zheng, C. Robbins, W.C.W. Chan, “Effect of removing Kupffer cells on nanoparticle tumor 

delivery”, Proceedings of the National Academy of Sciences, Vol. 114, E10871-E10880 (2017). 

7. N. Annabi, Y.N. Zhang, A. Assmann, A. Vegh, G. Cheng, B. Dehghani, S. Gangadharan, A. 

Khademhosseini, A. Weiss, “Engineering a highly elastic human protein-based sealant for 

surgical applications”, Science Translational Medicine, Vol. 9, eaai7466 (2017). 

8. Y.S. Zhang, Y.N. Zhang, W. Zhang, “Cancer-on-a-chip systems at the frontier of 

nanomedicine”, Drug Discovery Today, Vol. 22, 1392-1399 (2017).  

9. *Y.N Zhang, *W. Poon, A.J. Tavares, I.D. McGilvray, W.C.W. Chan, “Nanoparticle–liver 

interactions: Cellular uptake and hepatobiliary elimination”, Special issue: Drug Delivery 

Research in North America, Journal of Controlled Release, Vol. 240, 332-348 (2016).  

10. *Y.N. Zhang, *R. Avery, *Q.V. Martín, A. Assmann, B.D. Olsen, N. Annabi and A. 

Khademhosseini, “Rapid photopolymer elastin like peptides for tissue engineering 

application”, Advanced Functional Materials, Vol. 25, 4814-4826 (2015). 

 

• Material science and mechanical engineering 

1. J. Wang, Z. Zhang, Y.N. Zhang, D. Han, L. Jin, L. Sheng, P. Chartrand, M. Medraj, 

“Investigation on metallic glass formation in Mg-Zn-Sr ternary system by the CALPHAD 

method”, Materials Letters, Vol. 256, 126628 (2019). 

2. X. Zhang, Y.N. Zhang, D. Kevorkov, M. Medraj, “Experimental investigation of the Mg-Zn-

Zr ternary system at 450°C”, Journal of Alloys and Compounds, Vol. 680, 212-225 (2016). 

3. J. Wang, Y.N. Zhang, P. Hudon, P. Chartrand, I.H. Jung and M. Medraj, “Experimental 

determination of the phase equilibria in the Mg-Zn-Sr ternary system”, Journal of Materials 

Science, Vol. 50, 7636-7646 (2015). 

4. J. Wang, Y.N. Zhang, P. Hudon, I.H. Jung, P. Chartrand and M.Medraj, “Experimental study 

of the crystal structure of the Mg15-xZnxSr3 ternary solid solution in the Mg-Zn-Sr system at 

300 ℃”, Journal of Materials and Design, Vol. 86, 305-312 (2015). 

5. J. Wang, Y.N. Zhang, P. Hudon, I.H. Jung, M.Medraj and P. Chartrand, “Experimental study 
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of the phase equilibria in the Mg-Zn-Ag ternary system at 300 ℃”, Journal of Alloys and 

Compounds, Vol. 639, 593-601 (2015). 

6. Y.N. Zhang, X. Cao, P. Wanjara and M. Medraj, “Tensile properties of laser additive 

manufactured Inconel 718 using filler wire”, Special issue: The Materials Science of Additive 

Manufacturing, Journal of Materials Research, Vol. 29, 2006-2020 (2014). 

7. M. Mezbahul-Islam, Y.N. Zhang, C. Shekhar and M. Medraj, “Critical assessment and 

thermodynamic modeling of Mg-Ca-Zn system supported by key experiments”, CALPHAD: 

Computer Coupling of Phase Diagrams and Thermochemistry, Vol. 46, 134-147 (2014). 

8. Y.N. Zhang, X. Cao, P. Wanjara and M. Medraj, “Oxide films in laser additive manufactured 

Inconel 718”, Acta Materialia, Vol. 61, 6562-6576 (2013). 

9. Y.N. Zhang, X. Cao, P. Wanjara, “Fiber laser deposition of Inconel 718 using filler wire”, 

Journal of Advanced Manufacturing Technology, Vol. 69, 2569-2581 (2013). 

10. Y.N. Zhang, X.D. Liu, Z. Altounian and M. Medraj, “Coherent nano-scale ternary precipitates 

in crystallized Ca4Mg72Zn24 metallic glass”, Scripta Materialia, Vol. 68, 647-650 (2013). 
11. Y.N. Zhang, G.J. Rocher, B. Briccoli, D. Kevorkov, X.B. Liu, Z. Altounian and M. Medraj, “The 

crystallization characteristics of the Mg-rich metallic glasses in the Ca-Mg-Zn system”, Journal of 

Alloys and Compounds, Vol. 552, 88-97 (2013). 

12. D. Kevorkov, Y.N. Zhang, K. Shabnam, P. Chartrand, M. Medraj, “Experimental study of the Al-Ca-

Zn system at 350ºC”, Journal of Alloys and Compounds, Vol. 539, 97-102 (2012). 

13. Y.N. Zhang, X. Cao, S. Larose and P. Wanjara, “Review of the tools for friction stir welding and 

processing”, special issue on Advances in High Temperature Joining of Materials, Canadian 

Metallurgical Quarterly, Vol. 51, No. 3, 250-261 (2012). 

14. Y.N. Zhang, D. Kevorkov, X.D. Liu, F. Bridier, P. Chartrand and M. Medraj, “Homogeneity range 

and crystal structure of the Ca2Mg5Zn13 compound”, Journal of Alloys and Compounds, Vol. 523, 75-

82 (2012). 

15. Y.N. Zhang, D. Kevorkov, F. Bridier and M. Medraj, “Experimental investigation of the Ca-Mg-Zn 

system using diffusion couples and key alloys”, Journal of Science and Technology of Advanced 

Materials, Vol. 12, No. 8, rec.No. 025003 (2011).  

16. Y.N. Zhang, D. Kevorkov, J. Li, E. Essadiqi and M. Medraj, “Determination of the solubility range 

and crystal structure of the Mg-rich ternary compound in the Ca-Mg-Zn system”, Intermetallics, Vol. 

18, No. 12, 2402-2411 (2010).  

17. Y.F. Wu, W.B. Du, Y.N. Zhang, Z.H. Wang, “Creep mechanism of as-cast Mg-6Al-6Nd alloy”, Rare 

Metals, Vol. 29, No. 5, 538-541 (2010). 

 

Oral and Poster Presentations (Selected): 

1. Y.N. Zhang, Nanovaccine induces robust humoral immunity for vaccination, The UofT most 

understandable scientist (UTMUST) 2019 event, University of Toronto, November 22, 2019, 

Toronto, ON, Canada. (Oral) [First place award] 

2. Y.N. Zhang, J. Lazarovits, W. Poon, B. Ouyang, L.N.M. Nguyen, B.R. Kingston, W.C.W. 

Chan, Nanoparticle size influences antigen retention and presentation in lymph node follicles 

for humoral immunity, Donnelly Centre Graduate Student Association, November 4, 2019, 

Toronto, ON, Canada. (Oral) 

3. W. Poon, A.J. Tavares, Y.N. Zhang, B. Ouyang, B.R. Kingston, J.L.Y. Wu, R. Besla, D. Ding, 

A. Li, J. Chen, S. Wilhelm, G. Zheng, C. Robbins, W.C.W. Chan, Removing Kupffer cells 

improves nanoparticle tumour delivery and elimination, Vancouver Nanomedicine Day, 

September 12-14, 2019, Vancouver, BC, Canada. (Oral) 

4. B. Ouyang, W. Poon, Y.N. Zhang, P.Z. Lin, B.R. Kingston, A.M. Syed, A.J. Tavares, J. Chen, 

M.S. Valic, J. Couture-Senécal, G. Zheng, W.C.W. Chan, Nanoparticle delivery depends on 



173 
  

dose, Gordon Research Conference/Seminar for Cancer Nanomedicine, June 23-28, 2019, 

West Dover, VT, USA. (Poster). [Best Poster award] 

5. Y.N. Zhang, Towards understanding how lymph node processes nanoparticles, College of 

Veterinary Medicine, China Agricultural University, June 11, 2019, Beijing, China. (Oral) 

6. N. Annabi, Y.N. Zhang, A. Assmann, A. Vegh, G. Cheng, B. Dehghani, S. Gangadharan, A. 

Khademhosseini, A. Weiss, Engineering a Highly Elastic Protein-based Surgical Sealant, 

European Chapter Meeting of the Tissue Engineering and Regenerative Medicine International 

Society (TERMIS), June 26-30, 2017, Davos, Switzerland. (Oral) 

7. Y.N. Zhang, R. Avery, Q.V. Martín, A. Assmann, A. Vegh, A. Memic, B.D. Olsen, N. Annabi, 

and A. Khademhosseini, A highly elastic and rapidly crosslinkable hydrogel for biomedical 

applications, Materials research society (MRS) fall meeting, November 29-December 4, 2015, 

Boston, Massachusetts, USA. (Poster) 

8. Y.N. Zhang, X. Cao, P. Wanjara and M. Medraj, Fiber Laser Deposition of Superalloys Using 

Filler Wire or Powder, ASME Turbo Expo, June 15th to 19th, 2015, Montreal, Canada. (Oral) 

9. Y.N. Zhang, G.J. Rocher, B. Briccoli, X.D. Liu, X.B. Liu, Z. Altounian and M. Medraj, 

Crystallization studies of the Mg-rich metallic glasses in the Ca-Mg-Zn system, American 

Society of Metals (ASM) Montreal Chapter, February 2013, École Polytechnique de Montréal, 

Montreal, Canada. (Poster) 

10. Y.N. Zhang, X. Cao, M. Guerin, S. Larose, P. Wanjara, Tools for friction stir welding and 

processing: a review, Innovations in Joining of Advanced Materials, COM, 2011, Montreal, 

Canada. (Oral) 

11. Y.N. Zhang, D. Kevorkov, J. Li, E. Essadiqi, M. Medraj, Experimental investigation of the Ca-

Mg-Zn system via diffusion couples and key experiments, CalphadXXXIX, 2010, Jeju, Korea. 

(Oral)  

 


