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SUMMARY 

 The body’s humoral immune response plays a larger role in the body’s defenses 

beyond screening for invading pathogens. Modulation of this response is also vital for 

tissue regeneration, drug delivery, and vaccine development. The immune system 

operates within a complicated feedback loop and as such, altering the strength of the 

immune response can be approached from an engineering perspective. While a strong 

initial input can direct the response to either a pro- or anti-inflammatory bias, extreme 

responses can be deleterious, as in the case of allergic reactions or sepsis. Therefore, the 

objective of this thesis was to develop a novel biomaterials platform that can be used to 

alter the immune response in a tunable manner.  

 Antibodies are not only produced as a product of the adaptive immune response 

but are also powerful immunomodulators of the innate immune response through the 

activity of their Fc regions. Therefore, the overall hypothesis of this work was that 

coating microparticles with Fc ligands in variable surface densities would modify the 

input signal so that the immune response can be directed. Microparticle size was also 

investigated as a system variable to decouple the effects of physical versus metabolic 

signaling. The goal of this thesis was to analyze the effects of Fc coated particles on two 

major components of the humoral immune responses: macrophages and the complement 

system. The biophysical response of macrophage phagocytosis was evaluated; both Fc 

density and microparticle size had significant impacts on macrophage phagocytosis. 

Smaller microparticles (0.5 μm and 1 μm) coated with a high Fc density resulted in the 

greatest average number of particles per cell. However the larger microparticles (3 μm 

and 4.5 μm) resulted in fewer particles internalized but the greatest internalized volume 
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of particles per cell. These results provide a particle delivery “toolbox” for future 

applications involving phagocytosis by macrophages. The downstream effects of Fc 

particles on macrophage phenotype and phenotype plasticity were also analyzed. 

Results showed that gene expression varied in an Fc-density dependent manner, and 

that the addition of Fc coated particles can invert the response of LPS and IL-4 treated 

macrophages. When developed, these results are likely to have broader implications in 

the tissue regeneration and biomaterials fields. 

 The effects of the Fc coated particles were also tested in the context of the 

complement system, an often overlooked cascade of protein activation that results in cell 

opsonization and lysis. Cleaved components of the complement system are also powerful 

chemokines as they act as chemoattractants and may play an important role in vaccine 

adjuvants. The smaller particles of 0.5 μm and 1 μm resulted in the greatest levels of 

complement system activation. Fc density played a significant role in complement system 

activation, both through the classical and alternative pathway. It was observed that 

modifying density led to a binary response for smaller particles and a tunable response 

for larger particles. These results were tested in vitro by using Fc particles as a new form 

of antibiotic to direct complement-mediated bacterial cytotoxicity. Finally, Fc coated 

microparticles were then tested as an adjuvant in an attempt to better understand and 

improve the tuberculosis vaccine. These findings are significant to both the biomaterials 

and the larger immunology fields: it was observed that Fc microparticles can be used to 

tunably activate a wide range of immune processes, and could be used both to answer 

fundamental questions in immunology as well as to be used in important therapeutic 

applications. 



 

1 

CHAPTER 1  INTRODUCTION  

 The immune response represents a complicated and multi-facetted challenge, as it 

is a complex system operating within a series of layered feedback loops. Functionalized 

microparticles offer an opportunity to tune the outputs of these systems through simple 

adjustment of system variables, such as particle size, material properties, and surface 

coating. It has long been understood that the Fc region of an antibody is an important 

opsonin and immune activator. Fully understanding the effect of microparticle size and 

Fc density on the humoral immune response will answer fundamental questions in 

immunology. This will also allow future researchers to apply these results to a broad 

range of immunological disorders and biomaterials applications. 

1.1 Motivation 

 The immune system plays a large role in a variety of pathological disorders, 

would healing, tissue regeneration, and infectious diseases. In many of these cases, 

modulating or controlling the immune response is an important facet of treatment. [1-9]  

However, when trying to control the immune system, it must be kept in mind that 

directing the response to a strong pro- or anti-inflammatory bias can be detrimental. In 

the case of autoimmune disorders, completely diminishing the immune response leaves 

the patient open to secondary infections. Over-stimulating the immune response can lead 

to tissue damage or anaphylaxis. For example, it has been shown that complement system 

components deposited on red blood cells can help mask incompatible antigens to prevent 

rejection in blood transfusions, but too much complement system activation will lead to 

red blood cell lysis. [10] Complement system activation has also been shown to increase 

the efficacy of vaccines as an alternative to traditional adjuvants, however this work is 

still in early research stages. [11-13] These are just a few examples that highlight the 

importance of having a platform capable of modulating the immune response.  
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 There is also a significant need to better understand and control macrophage 

responses, to fully take advantage of their broad capabilities and phenotypic capacities. 

[1, 14-17] For example, research has shown that delivering anti-inflammatory activated 

macrophages to the site of spinal cord injury can lead to increased nerve regeneration 

while pro-inflammatory macrophages are detrimental. [18] A simple reagent that could 

be used to inhibit the inflammatory phenotype would therefore be of tremendous value to 

tissue regeneration efforts. As another example, Mycobacterium tuberculosis targets and 

reproduces within alveolar macrophages. Over 2 billion people have been infected with 

M. tuberculosis in recorded history, and there are over 8 million new cases each year 

resulting in 1.5 million deaths. M. tuberculosis can be treated with a stringent course of 

antibiotics, but there are a high number of cases of multi-drug resistant tuberculosis due 

to limited availability of drugs to complete a full course of treatment or poor compliance 

with the treatment protocol. This is especially true in cases in which patients also have 

another immuno-compromising infection such as HIV. [19-21] Therefore, a new 

approach to antibiotics for M. tuberculosis would be beneficial for these cases. 

Complement system proteins can be directly antimicrobial through the formation of the 

terminal complement complex (TCC) and have an additional function in the recruitment 

of other innate and adaptive immune factors and cells through the chemotactic and pro-

inflammatory properties of their degradation products (C3a, C5a, etc.). The TCC 

cytotoxic action occurs through the formation of a nanoscale transmembrane channel 

leading to loss of integrity of the pathogen bilayer membrane and osmotic lysis. [22, 23] 

Finally, there is currently only one FDA approved vaccine, Bacillus Calmette-Guerin 

(BCG), which has an efficacy rate of 0-80%.  If we can better understand and control 

macrophage response to the vaccine through novel adjuvants, we may be able to better 

improve the vaccine response and develop a improved way to treat the infection.  
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1.2 Specific Aims 

 The ability to control the body’s immune response has long been an important 

goal in biomaterials research. [2, 24-27] Macrophages represent an important target for 

immunomodulation as they are capable of a broad range of phenotypes that have been 

shown to be activated upon exposure to external stimuli. [17, 28, 29] Specifically, 

macrophage phenotype can be altered and phagocytosis mediated through the binding of 

Fc surface receptors to the Fc domains of bound antibody to antigen-antibody immune 

complexes. [28-32] By functionalizing microparticles with variable densities and 

amounts of Fc to simulate these immune complexes, downstream effects on macrophage 

phenotype or phagocytosis efficiency can be modulated. [31] Fc coated microparticles 

can also be used to activate the complement system which can lead to a wide variety of 

applications including antibiotics, vaccine development, and viral clearance. [10-13, 33] 

Microparticles offer an ideal platform for immunoengineering as they enable us to alter a 

variety of physical and biochemical characteristics to tune a desired response. [26, 30, 34-

37] While Fc receptor crosslinking in macrophages and complement system activation 

has been previously studied, it was not yet understood how Fc display on particles, and 

the combinatorial effects of Fc density and particle size, can affect these two systems. 

Therefore, this work focused on decoupling the effects of Fc density and microparticle 

size on macrophage phagocytosis and phenotype and on controlled complement system 

activation. Altering macrophage phenotype through Fc-mediated phagocytosis and 

activating the complement system can also have an impact on key adaptive immune 

components. This is why we applied Fc coated particle platform to better understand the 

tuberculosis vaccine, BCG.   

 The overall objective of this dissertation is to evaluate the effect of Fc particles 

on the humoral immune response. The overall hypothesis is that microparticles 

functionalized with a varied Fc density would provide a tunable platform for altering 

macrophage phenotype and humoral immunological effects.  
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1.2.1 Specific Aim 1: Characterize the effects of Fc functionalized microparticles 

on phagocytosis and macrophage phenotype.   

 The hypothesis is that a particle size and Fc density will affect macrophage 

response in a tunable manner. Functionalized microparticles with variable Fc densities 

were created. These particles were then delivered to macrophages and the amount of 

particle internalization was determined through flow cytometric and fluorescent 

microscopic analyses. Macrophage phenotype was characterized by evaluating gene 

expression of several cytokines using qRT-PCR. Cytokine secretion was then confirmed 

by testing for TNFα and IL-12 concentrations in conditioned media through ELISA.  

1.2.2 Specific Aim 2: Modulate complement system activation for directed 

bacterial cytotoxicity.   

  

 The hypothesis is a high Fc density coating will lead to high levels of complement 

system activation and result in high levels of bacterial cytotoxicity. Microparticles of 

various sizes and Fc coating densities were delivered to human serum aliquots to 

determine complement system activation. After complement stimulation, microparticles 

were collected and incubated with primary antibodies specific for various complement 

components to characterize the specific complement pathways involved. Deposition of 

complement components on particles was confirmed using flow cytometry. A Monte 

Carlo simulation was used to validate a model that showed variations in Fc density could 

result in nonlinear activation of the complement system, which was observed 

experimentally. The experiment was repeated in C1 and Factor B deficient sera to 

determine which complement pathways were activated. Our Fc coated particles were 

observed to be cytotoxic by incubation with bacteria and analysis with a live/dead 

fluorescent staining by flow cytometry. 
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1.2.3 Specific Aim 3: Evaluate the in vitro effects of Fc functionalized 

microparticles on BCG-macrophage interaction.   

 The hypothesis is that Fc primed macrophages will lead to increased BCG 

phagocytosis and lysosome maturation. The interactions of macrophages treated with 

BCG and microparticles compared to BCG alone were quantified using flow cytometry 

and fluorescent and confocal microscopy. The amount of nitric oxide produced by 

macrophages was quantified as a result of BCG and/or Fc coated microparticles.  

1.3 Innovation and Significance 

 The importance of innate immune components such as macrophages and the 

complement system is only paralleled by the complexity behind the intricate feedback 

systems controlling their activation. This fact makes these mechanisms both important 

foci of numerous research studies as well as difficult subjects of study. While the FcR 

and its corresponding activation pathways have previously been studied, applying this 

knowledge still holds great potential in the fields of biomaterials and vaccine 

development. Functionalizing microparticles with varied densities of Fc ligand provides a 

tunable method for modulating biophysical processes of macrophage phagocytosis, 

macrophage gene expression and phenotype, as well as complement system activation.  

This also represents the first time, to our knowledge, that the complement system has 

purposefully been activated through the use of a protein-functionalized biomaterial and 

applied as an antibiotic. These studies have identified Fc microparticles as a possible 

platform for a variety of clinical applications and could therefore aid in the translatability 

of this study. As M. tuberculosis primarily infects macrophages, the ability to deliver 

particles to macrophages and better engage macrophages with the BCG vaccine could 

greatly improve the efficacy of the vaccine and also offer a secondary option for infection 

treatment. This body of work is innovative through its application of a platform 
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technology to the problem of a rationally designed, initiated, and propagated “tunable” 

immune response.  
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CHAPTER 2  LITERATURE REVIEW 

2.1 Macrophage Response 

 Macrophages are a key component of the immune system and perform a range of 

functions that span the innate and adaptive immune response. [17, 29, 38, 39] These cells 

reside in many different tissue spaces including the brain, lung, and lymphoid tissues. 

[40, 41] Recent studies have shown that some populations of tissue resident 

macrophages, such as microglia within the brain and Langerhans cells within the skin, are 

generated during prenatal development in the yolk sac. [29, 42, 43] For most 

macrophages, however, monocytes derived from myeloid progenitor cells generated 

within the bone marrow circulate through the body before entering the tissues as 

macrophages. [29] Macrophages respond to their surroundings due to stimuli to their 

numerous surface receptors. These surface receptors recognize a broad variety of inputs 

such as cytokines from nearby cells, pathogen associated molecular patterns displayed by 

pathogens, and apoptotic cells. Inputs from cytokines and crosslinking of surface 

receptors leads to phagocytosis and internalization of the original input (ie receptor or 

particulate) and further downstream internal signaling. [38, 39] While this role is the 

reason macrophages are typically thought of as first responders of the innate immune 

response, macrophages also play a key role in the adaptive immune system. Macrophages 

are capable of processing and presenting phagocytosed antigens to T and B cells as well 

as secreting cytokines that encourage recruitment of other immune cells.  [38, 44, 45] 

Despite the protective effect macrophages can have, these cells also play a role in the 

promotion of many disease states, including atherosclerosis [46, 47], tumor 

microenvironments [3, 48], and tuberculosis [19, 49-51].  
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2.1.1 Macrophage Phenotype 

 Traditionally macrophages were thought to have only two distinct 

phenotypes: inflammatory (M1) and anti-inflammatory (M2). Macrophage phenotype has 

since become a more complex field of study, due to the large variety of phenotypes that 

have been described and the resulting impacts of those different phenotypes on wound 

healing and tissue regeneration. [15, 17, 27-29] Recent reviews have defined four distinct 

phenotypes with many more possible. These distinct phenotypes are categorized by 

cytokine output as well as up-regulation of specific surface receptors as highlighted in the 

table below (Table 1).   

Table 1: Classification of Macrophage Phenotype.Summary of the various factors 

that can affect macrophage phenotype and the surface markers used to classify to 

macrophage phenotype. [15-17, 27, 28, 52]  

Macrophage 

Phenotype 
Input 

Upregulated 

Cytokines 

Surface 

Markers 
Function 

M1 

IFNγ, LPS-

TLR4 

signaling, 

TNFα 

IL-1, IL-6, 

IL-12, IL-15, 

IL-23, and 

TNFα 

CD16, 

CD32, 

CD86, MHC 

II 

Inflammatory, 

phagocytosis, 

acidification of 

phagosome and release 

of reactive oxygen 

species 

M2a IL-4, IL-13 

TGFβ, IL-10, 

IL-1Ra, 

fibronectin 1, 

IGF1, PDGF 

YM1, YM2, 

CD163, 

CD206 

Immunity against 

parasites, growth 

stimulation, tissue repair 

M2b 

Immune 

Complexes, IL-

1β or LPS 

IL-10, TNFα, 

IL-1β, IL-6 

CD80, 

CD86, MHC 

II, CD163 

Pro- and anti-

inflammatory function, 

B cell class switch, 

recruitment of regulatory 

T cells 

M2c 
IL-10, TGFβ, 

Glucocorticoids 
IL-10, TGFβ 

CD163, 

CD204, 

CD206 

Debris scavenging, pro-

healing, 

immunosuppresion 

 

 Factors that can directly affect macrophage differentiation include the types of 

particulates and pathogens that are phagocytosed, as well as signaling cytokines released 

by initial responders. [15, 17, 27-29, 52] While previous studies have shown that 

stimulating macrophages in vitro with IL-4 and IL-13 results in alternatively activated 
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macrophages [16, 52], one group of researchers showed that the outcome can be 

confounded depending on the presence and timing of a “danger” signal such as LPS. 

When macrophages were pretreated with IL-4 and then stimulated with LPS, there was a 

significant increase in TNFα and IL-12, indicating a skew towards a pro-inflammatory 

response. However, when macrophages were treated with LPS and IL-4 simultaneously, 

there was a sharp decrease in TNFα and IL-12 production.[40, 53] These results highlight 

the sensitivity of macrophages to the multiple stimuli that could be encountered in vivo.  

2.1.2 Role of Fc Receptors 

 The Fc gamma receptor (FcγR) on macrophages recognizes the crystallizable 

fragment of IgG antibody molecules [39]. There are also additional Fc receptors on 

macrophages capable of recognizing other classes of antibodies. Antibodies are produced 

by B cells in response to encounters with presented antigen. B cells will originally 

produce IgM and IgD before antigen presentation which will lead to class switching. As a 

result of this, the B cells will now produce IgG, IgA, or IgE. [8, 9] Fc binding by 

macrophages initiates a number of signaling pathways [54] that lead to actin-myosin 

driven phagocytosis [55, 56]. FcR-mediated phagocytosis of opsonized particles proceeds 

through both biomolecular and biophysical pathways that result in engulfment of the 

opsonized particle within a phagosome. The ligation of Fc receptors has also been shown 

to decrease production of IL-12 and increase the production of IL-10 [57]. Ligation of 

FcRs has also been shown to drive T-cells into a Type 2 Helper T cell (TH2) phenotype 

[58], which leads to clonal expansion of B-cells and affinity maturation of produced 

antibody [59] and clearance of extracellular bacteria and parasites [60]. The Fc portions 

of immune complexes are also known activators for various components of the 

complement system, which then also aid in the recruitment of macrophages [61].  

Another study on the effects of FcRs in relation to Mycobacterium bovis and Leogionella 
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pneumophilia suggested that engaging the FcγR triggers downstream cell signaling that 

results in increased levels of lysosome maturation. [62]  

2.2 Complement System 

 The complement system represents another key, yet sometimes overlooked, 

component of the innate immune response. The complement system comprises a group of 

proteins that can become activated through one of three pathways: the classical, 

alternative, or lectin pathways (Figure 1). [22, 23, 63, 64] Both the classical and lectin 

pathways use C4 and C2 components, but recognize different binding sites. The classical 

pathway is typically activated through binding and formation of C1 proteins on the Fc 

regions of IgM or IgG molecules that have deposited on a cell or material surface. The 

lectin pathway was only recently discovered in 1990 and was found to activate through 

pattern recognition of mannose lectin regions on foreign pathogens.  Finally, the 

alternative pathway becomes activated when the C3 component undergoes hydrolysis and 

cleaves into its active components, which periodically binds and unbinds to surfaces, and 

does not receive an inhibitory signal. Once one of these pathways is triggered, the 

complement proteins are catalytically activated in a cascade-type manner. The result of 

this activated cascade is the deposition of proteins (C5b-9) on the surface of the pathogen 

and the formation of the membrane attack complex, also known as a terminal 

complement complex (TCC), on the surface of the pathogen. The TCC forms a 

transmembrane channel resulting in the lysis of the pathogen. [22, 23]  

 These deposited complement component proteins also interact with other immune 

cells such as macrophages to aid in the clearance of the targeted pathogen. [23, 33, 63, 

64] Recent studies have also shown that complement activation also plays a key role in 

the body’s response to tumors [23, 65, 66] and improves the effectiveness of vaccines by 

acting as an adjuvant [12, 13].  
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Figure 1: Overview of complement system activation pathways. The schematic 

illustrates the three different pathways of complement system activation which 

penultimately results in the formation of the terminal complement complex and 

subsequent cell lysis.  
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2.3 Microparticles for Immunomodulation 

 Biomaterials is an ever expanding field of applying biology and engineering 

design to create novel solutions to tissue regeneration, wound healing, drug delivery, 

imaging, and a wide variety of other biomedical goals. [41, 45] Particle based platforms 

can utilize multiple physical and chemical properties to generate a desired response. [26, 

30, 37, 67, 68] Applications utilizing immunomodulation include both activating the 

immune response, for example in the case of adjuvants, or suppressing the activation of 

immune cells, for example to combat autoimmune disease. [69, 70] Microparticles have 

successfully been coated with antibodies that bind to cell specific receptors, such as anti-

DEC-205 for dendritic cells [71] and anti-CD3 for T-cells [72], in order to increase cell 

activation and particle uptake.  The size of the particle has also been shown to be a key 

factor in a variety of immune processes such as phagocytosis [26, 30, 73, 74] and 

lymphatic uptake [13].  

 Current biomaterials related research has focused on evaluating macrophage 

phenotype in response to biomaterial implantation with the goal of reducing the 

inflammatory state [2, 27, 75]. Previous studies have shown that administering particles, 

specifically poly(D,L-lactic-co-glycolic acid) (PLGA) particles, can enhance maturation 

of dendritic cells. [76] This would suggest that particles can be used to drive a specific 

cell phenotype. One recent study demonstrated plating macrophages onto different 

micropatterned surfaces could alter the macrophage phenotype, indicating that purely 

physical factors such as particle size may affect macrophage differentiation. [77] The 

driving factors affecting macrophage phenotype only highlight the complicated feedback 

system controlling cell signaling and the opportunities for a platform that can induce a 

specific phenotypic response. 

 A study on the effect of liposome surface charge showed that positively and 

negatively charge surfaces activated the classical and alternative pathway, respectively 

while neutral liposomes did not activate any of the complement pathways. [78] Others 
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have shown that different particle materials are capable of activating the complement 

system in various degrees. [13, 79, 80] One group specifically showed that 

polyhdroxylanted nanoparticles were able to successfully activate the complement system 

by binding to the C3b component. However polymethoxylated nanoparticles were not 

successful in complement system activation. The resulting complement system activation 

also increased vaccine efficacy by having an adjuvant effect. [13] The complement 

system also becomes activated by bulk surfaces. In one study, bulk polystyrene was used 

as model biomaterial and the ensuing complement system activation was determined to 

derive from the interaction of proteins that had adsorbed from plasma. [81] 

2.4 Bacillus Calmette Guerin 

Mycobacterium tuberculosis, the agent that causes tuberculosis (TB), is the most 

devastating bacterial pathogen of humans. It is responsible for nearly 1.5 million deaths 

and 8 million new infections each year worldwide. Currently, there is one approved 

vaccine for human use against tuberculosis: the Bacillus Calmette-Guerin (BCG) vaccine, 

an attenuated strain of Mycobacterium bovis. While this vaccine is effective when 

administered to infants, the efficacy of the vaccine is greatly diminished in adulthood. In 

fact, reports on the efficacy of the vaccine vary from 0-80%. [19-21, 49] This wide range 

in efficacy highlights a need for vaccine and/or adjuvant alternatives; several have been 

tried including modified BCG, modified M. tuberculosis, subunit vaccines, naked DNA 

and viral-vectored vaccines, and double stranded RNA capsids. [21] BCG itself is an 

attenuated strain of M. bovis. [49, 82] The body of work studying this issue indicates that 

the lack of immunological response is due to the ability of M. tuberculosis to reduce the 

amount of MHC II presentation on antigen presenting cells, such as macrophages, and 

that adjuvants that non-specifically activate APC’s or promote cross priming of immune 

cells through both MHC I and II presentation may lead to a more effective immune 

response. [21, 83] Additionally, the BCG strain may have lost too much antigenicity due 
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to a high passage history, so some have focused on increasing the presentation of 

antigen.[49] In support of this hypothesis, one study showed that tissue resident 

macrophages and dendritic cells did not interact strongly with BCG after intradermal 

vaccination [82].  Therefore, increasing the interaction between these resident immune 

cells and the vaccine would likely improve vaccine efficacy.  
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CHAPTER 3  FC OPSONIZED MICROPARTICLES AFFECT 

MACROPHAGE PHAGOCYTOSIS AND PHENOTYPE
1
 

3.1 Introduction 

 Uptake of particulate debris, fluid, and foreign substances by macrophages is a 

key aspect of the innate immune system [38, 39]. Macrophages are important generalist, 

first responder cells in the body that serve both recognition and degradative functions.  

Through recognition, engulfment, and processing of either self or non-self substances, 

macrophages remove waste; initiate, coordinate, regulate, and/or participate in immune 

responses; and monitor the body for deviations from homeostasis [84].   

 Biomedical applications that directly utilize phagocytosis stand to be substantially 

improved through greater understanding of the internalization process [85-87]. Particle 

internalization can be initiated through multiple pathways including toll-like receptors, 

scavenger receptors, complement receptors, chemokine or interleukin receptors, and the 

Fc receptor (FcR), which recognizes the crystallizable fragment of IgG antibody 

molecules [39]. Fc binding by macrophages initiates a number of signaling functions [54] 

that lead to actin-myosin driven phagocytosis [55, 56]. FcR-mediated phagocytosis of 

opsonized particles proceeds through both biomolecular and biophysical pathways that 

result in engulfment of the opsonized particle within a phagosome. After lysosome fusion 

to form a phagolysosome, oxidative, proteolytic, acidic, and other degradative processes 

decompose the engulfed substance [38, 39, 56]. The role of macrophages within the total 

immune response is broad, involving recruitment of many different cell types and 

                                                 

 

 

1
 Adapted and Modified from Pacheco, Patricia, David White, and Todd Sulchek. "Effects of microparticle 

size and Fc density on macrophage phagocytosis." PloS one 8.4 (2013): e60989. 
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interaction with cellular and molecular components to resolve the perceived “danger 

signal” [88]. For example, the Fc portions of immune complexes are also known 

activators for various components of the complement system, which then positively 

feeds-back to aid in the recruitment of additional macrophages [61]. Macrophages also 

assist in the progression from innate to adaptive immune responses. The ligation of Fc 

receptors decreases production of IL-12 [57], a cytokine key for the development of Type 

1 helper T cell (Th1) phenotype [58, 89] while also driving T-cells into the Type 2 helper 

T cell (Th2) phenotype [58].  Th2 cell development subsequently leads to clonal 

expansion of B-cells and affinity maturation of produced antibody [59], aiding in the 

clearance of extracellular bacteria, viruses, and parasites [60].   

 Macrophages perform two important tasks through phagocytosis: sequestration 

and degradation of self particles (e.g. dead cells and debris), and elimination of foreign, 

non-self matter. In principle, both tasks proceed through a combination of physical cues, 

such as particle size, shape, and deformability [68], as well as biological cues such as 

recognition of pathogen-associated molecular patterns (PAMPs) or opsonized particles 

[39]. Therefore, it is likely that both physical and biological mechanisms are significant 

to regulating phagocytosis in macrophages. Understanding the biophysical and biological 

cues which trigger macrophage phagocytosis is important to improved utilization of 

phagocytosis in therapeutic microparticle delivery to macrophages.  

 Micro- and nanoparticles are commonly used and studied in the field of 

biomaterials, and specifically the study of phagocytosis, for applications such as drug 

delivery, vaccine delivery and development, and cancer therapies [67, 69, 90, 91]. 

Microparticles have long been used to study phagocytosis [30, 68, 92-94] in part due to 

their chemical and physical uniformity as well as their application in clinical settings. 

Multiple modeling studies on phagocytosis of particles, including computational models 

of 4-100 nm particles [95-97] and 3-11 μm particles [74, 98-100], which include 

consideration of the effects of cell cytoskeleton and ligand density on phagocytosis. 
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Experimental validation of these approaches which combine the effect of particle size and 

receptor density has been more limited. Previous experimental studies of Fc-mediated 

phagocytosis using microparticles [56, 93] did not examine the importance of the density 

of Fc ligands in conjunction with the size of the particle. Increasing the density of Fc on 

opsonized sheep erythrocytes caused macrophages to increase production of IL-10 and 

decrease production of IL-12 [32]. However in this study the effect of size and shape of 

the erythrocyte on phagocytosis was not explicitly examined or decoupled from Fc 

density. Other studies have shown that the shape of the particle can have a strong effect 

on phagocytosis [68]. In another study, the Fc density was varied on a spherical particle 

to understand the effects on cell signaling and commitment of the macrophage to 

phagocytosis. This study utilized 5.6 μm polystyrene particles with two different Fc 

densities and found that a high Fc density led to complete closure of the phagosome 

around the microparticle while a low Fc density resulted in binding of the particle to the 

macrophage but not internalization [93]. Numerous studies on phagocytosis have shown 

that particle size greatly affects the average number of microparticles internalized by the 

macrophage [30, 68, 90], but these did not address the impact of Fc density on 

internalization. Modeling and experimental approaches found that smaller particles are 

uptaken through both passive and active zipper mechanisms [74]. This study also found 

that actin polymerization is important for more regular phagocytic cups as it stabilizes 

receptor-ligand binding and suggests that active phagocytosis enables faster engulfment 

of the particle.  

 To evaluate the hypothesis that both Fc density and particle size significantly 

impact internalization by macrophages and macrophage phenotype, we investigated the 

effects of Fc ligand surface density on phagocytosis for a variety of particle sizes. As 

macrophages may utilize different physical and biochemical mechanisms for clearing 

foreign objects of a wide range of sizes (submicron to greater than 5 μm), we explicitly 

decoupled the effects of the physical signal resulting from particle size and the biological 
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signal resulting from variation in Fc density. By decoupling the biological and physical 

signals, we can better optimize particle-mediated delivery of therapeutic payloads to 

macrophages. 

3.2 Materials and Methods 

3.2.1 Microparticle Opsonization 

 Carboxylated yellow-green fluorescent polystyrene microparticles were purchased 

from Polysciences. To examine the effects of a broad range of sizes on internalization 

efficiency, we used 0.5 μm, 1 μm, 2 μm, 3 μm, and 4.5 μm particles. A schematic 

showing the Fc opsonization process is shown in Figure 1. For phenotype studies, 

nonfluorescent polystyrene microparticles, 0.5 μm and 1 μm, were purchased from Bangs 

Laboratories. The microparticles were incubated in a 1-2 mg/mL bovine serum albumin 

(BSA) (Sigma Aldrich) solution to adsorb a layer of antigen onto the particle surface. The 

concentration of BSA was chosen to be 10 times the saturating concentration for the 

amount of beads, as determined from manufacturer’s specifications using the equation 

below (Equation 1). 

 

S = ( 6 / ρ D) (C)  Equation 1 

 

 Where S is the amount of protein required to saturate the particle surface, ρ is the 

density of the particle, D is the diameter of the particle, and C is the capacity of the 

particle for a specific protein. For BSA, the value of C was set as 3 mg/m
2
 in accordance 

with the manufacturer’s specifications.
 
The concentration of BSA was increased in direct 

proportion to the total microparticle surface area to remove the density of the antigen as 

an experimental variable. To create particles with different densities of exposed Fc 

domains (i.e. different valencies), sheep (Abcam) or rabbit (Life Technologies) 

polyclonal anti-BSA IgG antibody was added in decreasing antibody mass to BSA mass 
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ratios thereby producing a range of exposed Fc densities, or Fc density ratio. We 

identified a 1:1 ratio of added antibody to antigen that represents a condition of maximum 

Fc coverage. Dilutions of 1:2, 1:5, 1:10, and 1:50 ratio of added antibody to antigen were 

tested. For later experiments a molar ratio was followed with 2 moles of antibody to 1 

mole of BSA, or a 2:1 ratio, identified as correlated to a maximum Fc coverage. The 2:1 

molar ratio was found to be within 10% of added antibody of the 1:1 weight ratio. No 

added IgG, or a 0:1 ratio, indicates microparticles coated only with BSA antigen. A table 

of the amount of BSA antigen and opsonizing antibody added to each particle size is 

shown in Supplemental Figure 2. Microparticles were incubated with protein at room 

temperature for at least 2 hours in phosphate buffered saline (PBS) at a pH ~7.2 for all 

protein-binding steps. After each binding step, the microparticles were washed three 

times by centrifugation and PBS exchange. We observed only slight particle clustering in 

the case of 0.5 μm particles and negligible clustering for particles of other sizes. To verify 

the availability of Fc domains and to quantify the amount of Fc presented on each 

microparticle, a 10 μL aliquot from each Fc density condition was incubated with a 

TexasRed fluorescently labeled rabbit anti-sheep IgG secondary antibody or DyLight 650 

labeled donkey anti-rabbit (Abcam). This process was repeated to create duplicate or 

triplicate particle groups.  

3.2.2 Cell Culture 

 RAW 264.7 murine macrophages were used in the internalization assay. These 

cells were a gift from the lab of Niren Murthy and were originally purchased from ATCC 

(Manassas, VA). The cells were cultured in complete media composed of DMEM (Sigma 

Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Atlanta 

Biologicals, Atlanta, GA) and 0.1% penicillin/streptomycin (P/S), and were grown in a 

humidified incubator at 37°C with 5% CO2. For the internalization assay, cells were 

plated in a standard 6-well tissue culture plate at a density of approximately 3x10
5
 cells 
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per well. The cells were incubated in complete media for 24-48 hours until fully adherent. 

Supernatants were aspirated and the plates were washed twice with PBS. After the final 

aspiration, 0.5 mL of fresh DMEM followed by the microparticles, were added to each 

well.  

 L929 murine fibroblast cells were cultured as a source for M-CSF for bone 

marrow derived macrophage differentiation. These cells were purchased from ATCC and 

then grown in DMEM supplemented with 10%FBS and 1% P/S within a humidified 

incubator at 37°C and 5% CO2. The cells were initially plated at 470,000 cells were 

plated per 75cm
2 

tissue culture treated flask. After one week, the cells were replated and 

the conditioned media was collected and passed through a 0.8 μm filter.  The L929 

conditioned media was then aliquoted and stored at -20°C.  

 Bone marrow derived macrophages were generated using previously published 

methods. [101, 102] The femurs and tibias from 5-8 week old female C57Bl/6 mice 

(IACUC A13005) were isolated and cleaned. The ends of each bone were clipped to 

expose the marrow. The basal media of DMEM/F-12 was used to fill a 10 mL syringe 

and was then passed through a 25G needle inserted into the bone marrow. This allowed 

us to flush out the bone marrow into a sterile petri dish. The bone marrow solution was 

then passed through an 18G needle multiple times to break up any clumps. We then 

transferred the solution through a 70 μm cell strainer into a 50 mL conical tube. The cell 

solution was then pelleted through centrifugation at 300G for 10 minutes. Following 

media decantation, the cells were resuspended in red blood cell lysis buffer at 

approximately 2.5 mL per animal. The cell solution was centrifuged at 300G for 5 

minutes and then washed with DMEM/F-12 twice. After the final wash, the 

differentiation media was then added and cell concentration determined using a 

hemocytometer. The differentiation media was composed of DMEM/F-12, 10% FBS, 1% 

penicillin/streptomycin, and then supplemented with 20% L929 conditioned media. The 

collected bone marrow cells were plated in 10 cm non-tissue culture treated plastic petri 
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dishes at a concentration of 500,000 cells/mL in 10 mL. Cells were grown in a 

humidified incubator at 37°C and 5% CO2. On day 3, 5 mL of fresh differentiation media 

was added. On day 7, the dishes were washed with PBS to remove non-adherent cells, 

and fresh differentiation media was added. The cells were then removed by gently 

scraping as cell detachment solutions that were either enzymatic, such as trypsin and 

trypsin-EDTA solutions, or non-enzymatic, such as CellStripper (Corning), were found to 

be ineffectual and detrimental to cell health. The cells from all dishes were then collected 

in 50 mL conical tubes and centrifuged at 300 G for 10 minutes. The media was decanted 

and fresh differentiation media was added again. Cells were counted using a 

hemocytometer and the volume was adjusted to a concentration of 5E6 cells/mL. 

Approximately 1E6 cells were plated per well on a 6-well plate in differentiation media 

and allowed to incubate overnight prior to experiment. Successful macrophage 

differentiation was determined by adding fluorescently labeled antibodies for 

macrophage specific cell surface markers, including PE labeled F4/80 and PerCP-Cy 5.5 

labeled CDllb antibodies. Macrophages were first incubated with anti-CD16/32 to block 

Fc receptors and a PerCP-Cy 5.5 anti-rat IgG2b K was used as an isotype control. This 

staining procedure showed that our differentiation technique yielded an over 80% 

macrophage purity sample.  

3.2.3 Internalization Assay 

 Approximately 20-25 microparticles per cell were added to each well of plated 

macrophage cells for each condition tested. The cells and microparticles were gently 

mixed and then allowed to interact in a humidified incubator at 37°C with 5% CO2 for 

approximately 1 ½ hours. A duplicate set of plated samples were incubated at 4°C to 

determine the rate of microparticle adhesion. After the incubation period, the well 

contents were aspirated and washed with PBS twice to remove particles that did not 

interact with the adherent cells. 1 mL of PBS was added after the final washing was 
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complete. The well was then scraped using a standard cell scraper and the entire contents 

were transferred to a microcentrifuge tube for analysis using flow cytometry. The 

internalization assay is illustrated in Figure S1 and was repeated 4 times for each Fc 

density and size condition.  

3.2.4 Flow Cytometry   

 All samples were analyzed using a flow cytometer (Accuri C6) immediately after 

microparticle-cell incubation, collection, and mixing. To measure the amount of 

TexasRed-labeled secondary antibody per microparticle, the 630 ± 30 nm bandpass filter 

(suitable to detect TexasRed) was used in conjunction with the 533 ± 30 nm bandpass 

filter to detect the yellow-green fluorescence of the microparticle core. As the TexasRed 

emission spectrum overlaps part of the yellow-green fluorescence of the particles, results 

were compensated by subtracting the overlapping signal of the secondary antibody from 

that of the particle using the compensation tool in the CFlowPlus software (BD, Franklin 

Lakes, NJ). Due to high levels of overlapping fluorescence from the particle and 

secondary antibody, non-fluorescent microparticles and a FITC-labeled secondary 

antibody were used to estimate the density of exposed Fc on non-fluorescent particles. 

Flow cytometry was also used to estimate the particle concentration for each condition. 

To determine the number of microparticles phagocytosed for each Fc density condition 

and particle size, the populations were analyzed using forward scatter and microparticle 

core fluorescence. Events were gated on forward scatter to separate the larger cells from 

the smaller microparticles. Three populations were delineated: macrophage cells alone, 

microparticles alone, and microparticles collocated with cells. The number of 

microparticles per cell was then determined by measuring the mean fluorescent intensity 

(MFI) of the dual-signal population and dividing it by the average MFI of one particle 

within the dually-positive population, in accordance with previous methods [103]. 
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ANOVA followed by Tukey-Kramer HSD post analysis was performed to determine 

significance using JMP software (SAS, Cary, NC).  

3.2.5 Microscopy 

 In preparation for fluorescence microscopy and confocal microscopy, cells were 

plated onto sterile coverslips within a 6-well plate before the internalization assay. Each 

well was then washed with PBS 3 times and 0.5 mL of PBS added to each well after the 

final washing. The cells were stained in a 5 μg/mL solution of a lipid specific cell 

membrane stain, FM4-64X (Invitrogen, Carlsbad, CA) for 1 minute. After the incubation 

period, the cells were fixed with a 4% paraformaldehyde solution for 10 minutes and then 

rinsed 3-5 times with PBS. The cells were then treated with 4',6-diamidino-2-

phenylindole (DAPI) to stain nuclear DNA. After a short incubation period, the 

coverslips were then removed from the well and transferred to a standard microscope 

slide. The stained cells were visualized with a Nikon Ti epi-fluorescence microscope and 

Zeiss LSM 510 VIS confocal microscope. Images were processed with the Nikon 

Elements and Zen Lite 2011 software.  

3.2.6 Macrophage Phenotype Conditions and Cytokine Production 

 Approximately 20 microparticles per cell were added to each well of plated bone 

marrow derived macrophage cells for each condition tested. The 0.5 μm and 1 μm 

particles sizes and 2:1, 1:1, 1:5, and 0:1 (BSA only) antibody to antigen molar ratio were 

tested to determine their effect on macrophage cytokine production and predict 

macrophage phenotype. LPS (Sigma), at a final concentration of 1μg/mL, was used as a 

positive control for a M1, classically activated macrophage, and IL-4 (Antigenix), at a 

final concentration of 10ng/mL, was used a control for a M2, alternatively activated 

macrophage.  The bone marrow derived macrophages and microparticles or chemical 

stimulus were gently mixed and then allowed to interact in a humidified incubator at 

37°C with 5% CO2 for approximately 4 hours. To determine if Fc coated particles are 
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capable of shifting the response of classically or alternatively activate macrophages, after 

an initial 4 hour incubation with LPS or IL-4, 0.5 μm and 1 μm particles with a 2:1 

antibody to antigen Fc coating were added for an additional 4 hours. These phenotype 

incubation studies were repeated 3 times with duplicate wells for each condition. After 

the incubation period, the media from each well was collected and centrifuged at 1500 

RPM for 10 minutes. The supernatant was then collected and frozen at -80°C for future 

cytokine secretion analysis. The wells were then washed with PBS twice to remove 

particles that did not interact with the adherent cells. Cell lysis buffer was added after the 

final washing and RNA collected using the RNeasy kit (Qiagen) in accordance with 

manufacturer’s instructions. RNA purity and concentration was determined using a 

NanoDrop by measuring absorbance at 230 nm, 260 nm, and 280 nm. cDNA was then 

synthesized using the iScript Advanced cDNA Synthesis Kit for RT-qPCR (BioRad) to 

produce 500ng of cDNA for each condition. Qualitative real-time polymerase chain 

reaction was carried out using the Fluidigm 96.96 Gene Expression Profiling Chip using 

primers purchased through Fluidigm. The complete list of primers tested is listed in Table 

2 and all primers were tested in triplicate on the chip. The threshold cycle (CT) values 

were provided for each condition and cytokine or receptor as a result of the Fluidigm 

96.96 Gene Expression Chip analysis. All values with a “Pass” rating were used to 

calculate the average CT values for each condition and cytokine or receptor. These values 

were then used to calculate the fold change in mRNA expression for each cytokine or 

receptor and uploaded into the RT
2 

Profiler PCR Array Data Analysis online tool 

(Qiagen) to calculate significance and cluster plots. To confirm that mRNA expression 

level corresponds to secreted protein amount, an ELISA (eBiosciences) was performed, 

according to manufacturer’s instructions, to test for the following cytokines: TNFα, IL-

1α, IL-10, and IL-12.  
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Table 2: Primers used for qRT-PCR Analysis 

Gene Symbol Reference Sequence ID 

GAPDH NM_008084.2 

ActB NM_007393.3 

RPL13a NM_009438.5 

IL-18 NM_008360.1 

IFN α NM_010502.2 

IFN β NM_010510.1 

IL-10 NM_010548.2 

IL-12a NM_001159424.1 

IL-12b NM_008352.2 

TGF β NM_011577.1 

Nos-2 NM_010927.3 

IL-6 NM_031168.1 

IL-1α NM_008361.3 

IL-1β NM_010554.4 

IL-1ra NM_001039701.3 

TNFα NM_013693.2 

FcGr NM_010186.5 

IL-27b NM_009438.5 
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3.3 Results 

3.3.1 Fc Density Increases with Antibody to Antigen Ratio 

 The Fc density was estimated for each surface dilution and particle size using the 

MFI of the secondary antibody signal that was normalized to the maximum saturated 

value. The normalized MFI decreased as the Fc was diluted both for the larger particles 

(4 μm) and smaller particles (1 μm). (Figure 2 and Figure 3: Normalized mean 

fluorescent intensity to surface area and maximum Fc density.) These data indicate that 

Fc density was successfully manipulated for each particle size. Similar trends in Fc 

density were observed by flow cytometry for the fluorescent particles of all sizes used in 

the internalization assays (Figure A 1, A 2).  

 

Figure 2: Normalized mean fluorescence intensity of microparticles labeled with 

fluorescently conjugated secondary antibodies.Decreasing normalized MFI 

corresponds to decreased Fc density for fluorescent particles. Due to possible non-

specific absorption of the secondary antibody and difficulty in fully compensating for the 

high background fluorescence of the microparticle core, nonfluorescent microparticles 

were also opsonized and labeled thereby confirming our initial results. 
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Figure 3: Normalized mean fluorescent intensity to surface area and maximum Fc 

density.  

Confirms that as the Fc density increases, the normalized MFI increases as well. The MFI 

for each Fc condition and particle size was first normalized by the particle surface area 

and then normalized to the value for the highest Fc density of 1:1.   

3.3.2 Effects of Fc Density on Microparticle Adhesion to Cell Surface 

 To determine the influence of Fc density and particle size on microparticle 

adhesion to macrophages, we performed the same internalization assay at 4°C, a 

temperature which inhibits internalization but not attachment [30, 94]. The average 

number of microparticles attached per cell was estimated from flow cytometric analysis 

for each Fc density and particle size condition (Figure 4). ANOVA was conducted to 

examine the independent effect of Fc density and particle size on cell attachment. 

Attachment of the 0.5 μm particles was significantly greater than that for the other four 

sizes. High Fc density also increased attachment of the 1 μm particles, but it did not 

enhance adhesion for the other particle sizes. Therefore, Fc does not play a strong role in 

particle attachment, with the exception of 1 μm particles at high density of Fc. However, 
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the lack of cellular activity at this temperature (active engulfment, receptor recruitment, 

etc.) may alter the adhesive properties at physiological conditions. 

 

Figure 4: Average number of attached microparticles for each particle size and Fc 

density condition. As particle size increases, so does the degree of attachment. Overall, 

Fc density was not a significant variable for opsonized and BSA-only particles. †- 

Significantly different (SD) from 1:1, ‡- SD from 1:2, with p < 0.05, (N=2) 

3.3.3 Effects of Fc Density on Microparticle Internalization 

 The average number of microparticles internalized per cell was measured with an 

internalization assay at 37 °C (Figure 5a). ANOVA of the average number of 

microparticles internalized per cell showed that both size and Fc density are significant 

variables at physiological temperatures. For smaller and medium-sized particles (0.5 μm, 

1 μm, and 2 μm), the number of microparticles internalized per cell was significantly 

greater for the higher Fc density conditions of 1:1 and 1:2 than the lower Fc density 

conditions of 1:10 and 1:50. There was a significant decrease in the average number of 

microparticles internalized per cell for the 3 μm and 4.5 μm particles. Fc density was not 

a significant factor in the internalization of larger 3 μm and 4.5 μm particles. In addition, 

larger particles (3 μm and 4.5 μm) were generally internalized at lower numbers than 

small and medium-sized particles (0.5 μm, 1 μm, and 2 μm), for a given Fc condition. 
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However it should be noted that the medium-sized 2 μm particles showed an increase in 

internalization of BSA-only coated samples. 
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Figure 5: Average number of microparticles internalized per cell for each particle 

size and Fc density condition. 

(A) Average number of microparticles per cell for each particle size for the various Fc 

density conditions. (†- Significantly different (SD) from 1:1, ‡- SD from 1:2, ♦- SD from 

BSA Only, with p < 0.05). These values were also illustrated through fluorescent 

microscopy by comparing images taken of RAW264.7 macrophages incubated with Fc 

functionalized particles.   (B) Representative images for each size with the maximum Fc 

density ratio of 1:1. (C) Representative images for each size with the minimum Fc 

density ratio of 1:50. Scale bar represents 20 um. (N=4) 



 31 

 

 Representative images of the macrophages and microparticles after incubation are 

shown for the high Fc density ratio of 1:1 and the low Fc density ratio of 1:50 (Figure 5b, 

c). Inspection of these images illustrate the extent to which internalized microparticles are 

not distributed equally among macrophages, but instead tend to be phagocytosed by a 

subset of cells, especially for smaller particles functionalized with a high Fc density.  

While the average number of phagocytosed microparticles per cell was significantly 

reduced for large particle sizes, the total volume of phagocytosed particles per cell 

increased with particle size. The total surface area of the internalized particles was also 

maximal for the 4.5 μm particles (Figure 6).  

 

Figure 6: Average total volume and surface area of internalized microparticles. 

Average calculated volume and surface area of microparticles internalized for the 

maximum Fc condition of 1:1 for each particle size. (N=4) 

3.3.4 Combined Effects of Fc Density and Microparticle Size on Phagocytic 

Activity of Macrophages 

 The previous data show the decoupled effects of particle size and Fc density on 

the number of internalized microparticles. Since the number of macrophages plated was 

constant for each tested condition, we were able to compare the percentage of total 

macrophages that were phagocytic for each treatment using flow cytometry data. We 

considered a macrophage to be phagocytic if it contained at least one microparticle. The 
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percentage of phagocytic macrophages was found to be strongly dependent on both the 

particle size and the particle Fc density (Figure 7a). Interaction with the smaller particles 

(0.5 μm and 1 μm) at a low Fc density resulted in a greater percentage of phagocytic 

macrophages than with high Fc density. In contrast, the larger particles (3 μm and 4.5 

μm) resulted in a slightly greater percentage of phagocytic macrophages for the high Fc 

density condition. For the 2 μm particle treated cells, the average percentage of 

phagocytic macrophages remained relatively constant regardless of Fc density, and was 

consistently higher compared to the other particle sizes.  

 Combining the results of macrophage phagocytic activity with the average 

number of particles internalized shows that for small particles (0.5 and 1 μm) a smaller 

percentage of the macrophages may be phagocytic, but they internalize a relatively large 

number of particles. The shift to a higher fluorescence signal for the high Fc density 

condition, observable for the 0.5 μm, 1 μm, and 2 μm particles, indicates that an 

increased average number of particles were internalized by phagocytic cells. In addition, 

there is an increase in the number of non-phagocytic cells seen in the 0.5 μm and 1 μm 

high Fc density histograms compared to the low Fc density, as indicated by an increased 

count of low fluorescence events. (Figure 7b) There was no observable shift in 

fluorescence dependent on Fc density for the larger particles of 3 μm and 4.5 μm. 

However this was expected as Fc density was a not a significant variable for the larger 

particles in our internalization studies. These data support the hypothesis that while the 

smallest particles (0.5 μm and 1 μm) functionalized with the highest Fc density are 

internalized in greater numbers, a smaller number of macrophages are involved in the 

internalization process.  
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Figure 7: Effects of Fc density and particle size on the macrophage population. 

(A) Percentage of phagocytic cells that each Fc density condition for each particle size 

with a dashed line to illustrate trends. (N=4) (B) Representative histograms of the FITC 

intensity for macrophages incubated with particles functionalized with the maximum Fc 

density of 1:1 and the minimum Fc density of 1:50. These histograms illustrate two 

groups: macrophages that have internalized at least one particle (phagocytic cells) and 

macrophages that did not internalize a particle (non-phagocytic cells).   

 

3.3.5 Fc density and Microparticle Size Affect Macrophage Cytokine Expression 

 The results of the mRNA expression analysis suggest that both Fc density and 

microparticle size do affect expression. The fold change was calculated using two 

reference genes, GAPDH and RPL13a, as the third reference gene, Actβ, failed across the 
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chip. While the levels of GAPDH and RPL13a did change across different conditions, the 

expression did not significantly change when the fold change values were calculated 

using a single reference gene. A cluster plot showing the overall gene expression shows 

how the magnitude of expression shifts across all tested conditions (Figure 8).  This 

shows the greatest changes occurring for the LPS and LPS + 1µm 2:1. The fold change 

graphs for each cytokine or receptor are grouped according to suggested functional 

phenotype: iNos, IL-12α, IL-12β, and Il-27β associated with M1 macrophages; IL-1α, IL-

1β, and IL-6 associated with M1 and M2b macrophages; IL-10, IL-1ra, TNFα, TGFβ, and 

Fcγr associated with M2a and M2c macrophages; and IL-18, IFNα, and IFNβ associated 

in some cases with M1 macrophages. [1, 28, 52] 

 

Figure 8: Cluster plot of magnitude of mRNA expression across all conditions 

 

 The cluster plot for 0.5 µm treated cells shows that the 2:1 and 1:1 functionalized 

particles elicited a similar response (Figure 9). It also suggests an inversion in gene 

expression from the untreated macrophage only group. ANOVA analysis showed the 

macrophages treated with 0.5 μm 1:1 Fc particles significantly different from the 

untreated macrophages, and macrophages treated with BSA only or 1:5 Fc particles. The 
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2;1 Fc condition was also significantly different from the BSA only coated condition. The 

fold change for each gene and condition compared to the untreated macrophage only 

group confirms this observation, but there is considerable variation across each condition. 

The high Fc density conditions of 2:1 and 1:1 resulted in increased expression of iNos, 

IL-12β, IL-1α, IL-1ra, and TNFα. Compared to the low Fc density 1:5 and BSA only 

conditions, the high Fc density treated groups resulted in lower expression levels of 

IFNα, IFNβ, and FcGr. We also see slight variations in IL-27β, IL-1β, IL-10, TGFβ, and 

IL-18. These small changes seem to be independent of Fc condition and an effect of the 

particle alone. 
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Figure 9: Effects of 0.5 μm particles and Fc density on cytokine and receptor mRNA 

expression.  

(A) Cluster plot shows the shift in magnitude of gene expression and (B) Fold change 

graphs show expression levels compared to untreated macrophages. *, from Cells Only, 

†, from BSA Only, ♦, from 1:5, p<0.05, error bars represent standard deviation. 

 

A) 

B) 
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The 1 µm particle cluster plot suggests that the 1:1 had the greatest impact on gene 

expression (Figure 10). ANOVA analysis showed the macrophages treated with 1 μm 1:1 

Fc particles significantly different from the untreated macrophages. The plot also shows 

that the highest Fc density condition of 2:1 resulted in minimal expression of most genes 

with the exception of TNFα. The fold change values show the same variability seen in the 

0.5 µm treated groups.  There are less difference between Fc density treatment and 

expression for a particular gene. The exception appears to be for iNos, IL-12β, and 

TNFα. Increasing the Fc density resulted in decreasing expression of IL-12α, IL-6, IL-10 

and Fcγr compared to macrophages treated with BSA coated particles. Overall, the 

addition of 1 μm particles resulted in the increased expression of IL-1α and IL-1ra 

compared to untreated macrophages.    
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Figure 10: Effects of 1μm particles and Fc density on cytokine and mRNA 

expression levels.  

(A) Cluster plot shows the shift in magnitude of gene expression and (B) Fold change 

graphs show expression levels compared to untreated macrophages. *, from Cells Only, 

†, from BSA Only, ♦, from 1:5, p<0.05, error bars represent standard deviation. 

 

A) 

B) 
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 LPS was given to macrophages as a positive control to represent classically 

activated macrophages. The cluster plot for the LPS pretreated groups shows that adding 

high Fc density coated microparticles can invert the macrophage response, even though 

the LPS is still present (Figure 11). ANOVA analysis showed that the LPS only group 

and the LPS pretreated groups with 0.5 μm and 1 μm 2:1 Fc particles were significantly 

different from the untreated macrophages. The macrophages pretreated LPS and then 0.5 

μm 2:1 Fc particles were also significantly different from macrophages treated with LPS 

alone. Specifically, a decrease in IL-12α, IL-12β, IFNβ, IL-1α, IL-6, IL-10, and TNFα as 

seen compared to the LPS only treated conditions. The addition of 0.5 μm Fc particles 

results in a stronger decrease in expression compared to the addition of the 1 μm Fc 

particles. There was an increase in expression of iNos after the addition of Fc coated 

particles. The expression for IL-27β, IL-18, IFNα, and TGFβ remained relatively 

unchanged across the different LPS and LPS with Fc particles conditions.  
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Figure 11: Effects of the addition of high Fc density particles after LPS treatment on 

cytokine and receptor mRNA expression.  

(A) Cluster plot shows the shift in magnitude of gene expression and (B) Fold change 

graphs show expression levels compared to untreated macrophages. *, from Cells Only, 

†, from LPS Only, p<0.05, error bars represent standard deviation.  

 

A) 

B) 
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 The IL-4 treated macrophages acted as a representation of alternatively activated 

macrophages that are typically anti-inflammatory. The cluster plot for the IL-4 treated 

conditions shows a similar inversion when the high Fc coated particles were added 

(Figure 12). The plot also shows the IL-4 treated and untreated macrophages respond in a 

similar manner with the exception of IL-1α and IL-12α. The addition of 0.5 μm Fc 

particles results in minimal expression across a majority of the genes while adding 1 μm 

Fc particles leads to an increased expression of the previously minimally expressed 

genes. This is reflected in the fold change analysis.  
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Figure 12: Effects of the addition of high Fc density particles after IL-4 treatment 

on cytokine and mRNA expression levels. 

(A) Cluster plot shows the shift in magnitude of gene expression and (B) Fold change 

graphs show expression levels compared to untreated macrophages, error bars represent 

standard deviation. 

 

A) 

B) 
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3.3.6 High Density Fc Particles Result in Significant Increase of TNFα and IL-12 

 To confirm the mRNA gene expression levels also resulted in secreted protein, an 

ELISA was performed on frozen aliquots of the conditioned media from experimental 

conditions. IL-10 and IL-1α were tested, but results were below the detection level of the 

assay. However successful results were obtained for TNFα and IL-12, with the exception 

of LPS treated groups which exceeded the limit of the assay. This was seen even after a 

1:100 dilution compared to the other treated groups. The amount of TNFα produced by 

macrophages treated with 0.5 μm with high Fc densities of 2:1 and 1:1 was significantly 

higher than the untreated macrophages as well as the BSA only coated and low Fc 

density particle condition of 1:5. In the 1 μm treated conditions, only the 1:1 Fc condition 

was significantly higher that the untreated condition.  

 

Figure 13: Amount of TNFα is affected by particle size and Fc density.  

TNFα is significantly increased for (A) high Fc densities coated 0.5 μm particles but (B) 

only for the 1:1 Fc density in 1 μm particle treated cells. (N>5, * denotes significance 

compared to the Cells Only condition with p<0.05) 

 

 For the IL-4 treated macrophages, the addition of high Fc density particles lead to 

a significant increase in TNFα production (Figure 14). The addition of 0.5 μm Fc 

particles to IL-4 treated macrophages resulted in similar levels of TNFα produced in non-

IL-4 treated macrophages. However, the addition of 1 μm particles to IL-4 treated 

macrophages lead to higher levels of TNFα production than seen in non-IL-4 treated 

macrophages.  

A) B) 



 44 

 

                 

Figure 14: Amount of TNFα increases for IL-4 treated macrophages with the 

addition of high Fc density particles.  

Media from IL-4 only treated macrophages was collected after 4 hours while pretreated 

macrophages were treated with IL-4 for 4 hours and then particles were added for an 

additional 4 hours. N>5, * denotes significance compared to the IL-4 only condition with 

p<0.05 

 

 The amount of IL-12 secreted by 0.5 μm high Fc density particle treated 

macrophages was significantly higher than untreated cells (Figure 15A). However, there 

were not significant changes in IL-12 secretion for any of the 1 μm treated macrophages 

(Figure 15B). While there were no significant changes, the IL-12 production did increase 

for high Fc 1 μm treated macrophages. IL-12 production was significantly increased for 

in IL-4 treated macrophages when 0.5 μm and 1 μm high Fc density particles were added 

(Figure 16).  
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Figure 15: Amount of IL-12 is affected by particle size and Fc density. 

IL-12 is significantly increased for (A) high Fc densities coated 0.5 μm particles but (B) 

there was no significant difference in 1 μm particle treated cells. (N>4, * denotes 

significance compared to the Cells Only condition with p<0.05) 

 

 

                    

Figure 16: Amount of IL-12 increases for IL-4 treated macrophages with the 

addition of high Fc density particles. 

Media from IL-4 only treated macrophages was collected after 4 hours while pretreated 

macrophages were treated with IL-4 for 4 hours and then particles were added for an 

additional 4 hours, N>5, * denotes significance compared to the IL-4 only condition with 

p<0.05 

3.4 Discussion 

 One important mechanism for recognizing threats in the body is opsonization—

the coating of invading pathogens with antibodies marks them as a “threat” or a “danger 

signal”.  This process can prevent biological activity of pathogenic molecules through 

steric interference (e.g. interfering with binding to cells or other biological targets), but 

A) B) 
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also tags the pathogen for recognition by macrophages and other antigen-presenting cells 

through the external orientation of the constant region of the antibody molecule known as 

the crystallizable fragment (Fc) [104].  

 In these studies we quantified the phagocytic activity of macrophages as a 

function of Fc density and particle size. We successfully varied the Fc density on 

microparticles for all tested sizes. We then analyzed the effects of Fc density on 

attachment alone by conducting a low temperature study. We found that while particle 

size did play a role in attachment, Fc density did not. The results of our particle 

internalization assays showed a strong dependence between the Fc density and particle 

size on the average number of microparticles adhered to and internalized by the 

macrophage population (Figure 17). While size dependence of particles has been shown 

to affect phagocytosis in previous studies [30, 73, 105], this is the first study to look at 

the combined effects of Fc density and particle size on phagocytosis, which both play an 

important role [95]. Smaller particles (0.5 μm and 1 μm) showed a strong correlation 

between Fc density and the average number of internalized microparticles per cell. 

However for the larger particles (3 μm and 4.5 μm), an increase in Fc density resulted in 

no significant change in the average number of microparticles phagocytosed per cell. For 

the 2 μm BSA-only coated particles, an apparent anomaly from the general trend was 

seen in the average number of internalized particles per cell. The BSA-only particles 

were internalized in significantly higher levels compared to the Fc-functionalized 

particles. Others have shown that BSA-only particles can be internalized by 

macrophages, most likely through scavenger receptors [106, 107]. However, the 2 μm 

particle may represent a special case due to the topography of the macrophage membrane. 

Previous studies have shown that the macrophage membrane ruffles are spatially tuned 

with an average curvature of approximately 2 μm [30], suggesting a mechanism for 

physical selection of particles by size. 
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Figure 17: Summary of the average number of attached and internalized 

microparticles per cell for each particle size and Fc density condition.   

(A) The attachment of particles to macrophages does not have a strong dependence on 

microparticles size and Fc density. (B) The internalization of particles by macrophages is 

highly dependent on microparticle size and Fc density with an overall trend of the 

average number of internalized particles decreasing as microparticle size increases and Fc 

density decreases. 

 

 The fluorescent microscopy images of the internalization of small particles (0.5 

μm and 1 μm) (Figure 5b, c) showed a great disparity in the phagocytic activity of 

individual macrophages, which we confirmed through further flow cytometry analysis 

(Figure 7).  High density of Fc resulted in an increase in phagocytosed particles, but also 

an increase in cells that do not phagocytose any particles (Figure 7b, 0.5 μm and 1 μm). 

Since our macrophage line is assumed to be relatively homogenous, the enhanced activity 

seen only when small particles were added, could be due to a positive feedback 

mechanism that causes cells that initially internalize particles to then more actively search 

for new particles.   

 One important goal of our study is to develop a set of design parameters by which 

we can better deliver particles to macrophages for specific biomedical applications. It 

may be useful to target the microparticles to a subset of macrophages by defining a set of 

physical and biochemical signals through a combination of particle size, avidity, and/or 
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other (as yet untested) receptor ligands for “designer drug” therapies. We found the 

percentage of phagocytic cells is dependent on both particle size and Fc density. The 

maximum number of particles per cell were internalized for the smaller 0.5 μm and 1 μm 

particles functionalized with high Fc densities, despite only approximately 65% of the 

cells classified as phagocytic. The mid-sized particles of 2 μm are phagocytosed by the 

highest percentage of macrophages (90%), regardless of Fc density. The larger 3 μm and 

4.5 μm particles, while only phagocytosed by a smaller portion of the macrophage 

sample, nonetheless accounted for the greatest amount of total volume of microparticles 

phagocytosed.  

 Our attachment data shows that the initial interaction and attachment of the 

microparticle with the macrophage was most strongly affected by particle size. However, 

phagocytic activity and particle internalization was found to be dependent on both 

particle size and Fc density. The kinetics of internalization may also influence the 

phagocytic activity of macrophages. A previous study investigated the internalization 

rates of particles from 3-9 μm and found no significant difference in the phagocytic rate 

for the sizes tested, even when particles were functionalized with Fc. However, 

internalization rates of smaller particles and the effect of Fc density were not evaluated 

[30]. 

 A possible explanation for a significant dependence on size in the initial and 

ongoing processes of phagocytosis has been posited to result from the dynamics of cell 

signaling components recruited in the process. A theoretical model suggests that larger 

particles will require the cell membrane receptors to diffuse over larger distances 

resulting in the cell membrane taking longer to envelop the particle. Particle size can also 

lead stalling of the phagocytosis process and lead to the low phagocytosis rates we found 

for the 3 μm and 4.5 μm particles [99]. Smaller particles require the recruitment of fewer 

signaling components before their engulfment, providing for less time to be affected by 

inhibitory signals such as wortmannin, LY294002, or dominant-negative SHIP-1 [108, 
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109]. Furthermore, it has been suggested that there is a specific size threshold of 0.5-1 

μm whereby the macrophage phagocytosis transitions from a coated vesicle-mediated 

uptake into an actin-mediated uptake. While actin is crucial for the formation of the 

phagocytic cup, these reports suggest a size threshold of 2 μm before inhibitors that 

prevent Fc receptor signaling to the actin cytoskeleton are generated [56, 108, 109]. The 

action of size-dependent inhibitory signals would also account for why there exists a 

consistently low average number of microparticles per cell for the 3 μm and 4.5 μm 

particles regardless of Fc density.  It will be important to more fully understand these 

inhibitors if we hope to take advantage of the increased volume of delivery associated 

with internalization of larger particles. For example, nanoparticles are frequently touted 

as superior delivery method due to their greater surface area per unit volume compared to 

microparticles [37]. However, the volume of particles decreases with the third power of 

diameter, which is a detriment for delivering significant amounts of encapsulated drugs 

or imaging agents into the cell interior via nanoparticles.  

 Not only are these results relevant to the direct delivery of microparticles to 

macrophages, but they are also important to understanding the downstream effects of the 

internalization of these particles. This approach to immunoengineering will have a broad 

impact on drug delivery to macrophages as well as altering macrophage phenotype for a 

desired application. The recognition of immune threats can occur through physical cues 

or the many different biological receptors on the cell surface.  A major distinction 

between the different receptor pathways is the immune-activation state they induce in the 

macrophage. Receptors that bind to “self” products intended for waste removal will not 

trigger immune activation; those cells will simply increase in size (if necessary) and then 

engulf and degrade the recognized substance in a non-inflammatory process.  However, 

receptors that recognize substances that are potentially dangerous to the body (e.g. 

through PAMP-receptors or Fc receptors) will trigger activation of the macrophage, 

leading to secretion of immune mediators and enhanced intracellular degradative capacity 
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to deal with the active insult represented by the engulfed threat.  Opsonization of 

microparticles tends to favor activation of cells as it is a natural mechanism of targeting 

foreign substances for recognition and response, but will tend to not lead to full cellular 

activation in the absence of secondary “danger signals” [32, 56]. In the future we plan to 

examine how the size and Fc density of particles also affect cytokine production during 

and after phagocytosis, indicating changes in macrophage phenotype. As we investigate 

the activation of the immune system with Fc-functionalized particles, the inclusion of 

bioactive substances such as small-molecule drugs, antibiotics, cytokines or chemokines, 

or vaccine targets, either on or contained in the microparticles, could lead to a broad-

based immune delivery system that is tunable to experimental or clinical needs: one that 

could be either inflammatory or not; affect a broad or more targeted population of 

macrophage cells; or deliver small amounts of highly active substances, or larger 

amounts of less active materials. 

 The gene expression and secreted protein results from this study show that both 

particle size and Fc density coating have a strong impact on macrophage response. While 

the goal was to pinpoint exact shifts in macrophage phenotype as a result of particle size 

and Fc density coating, this was not easily apparent. This is not surprising as 

characterizing and classifying macrophage phenotype is a complicated and subjective 

field. As a whole, the gene expression levels for 0.5 μm particles coated with high levels 

of Fc showed an increase in M1 associated markers. This profile was not seen as clearly 

in the 1 μm particles. However, these expression levels were much lower than those in 

the LPS only group.  In fact, Fc particles were able to inhibit pro-inflammatory 

expressions levels in macrophages there first exposed to LPS. This then suggest a bias 

towards a M2b phenotype, which is often associated with immune-complexes. The M2b 

phenotype is often listed as having both pro- and anti-inflammatory effects. Our results 

suggest the 0.5 μm particles lead to a pro-inflammatory M2b phenotype while the 1 μm 

lead to an anti-inflammatory M2b phenotype when given alone.  
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 Previous studies have shown delivering particles coated in high levels of Fc 

resulted in a decrease of IL-12 and IL-10 [32] and macrophages treated with immune 

complexes are known to display a similar shift [1, 57]. This was not seen in our results as 

we saw an increase in IL-12 production with the exception of LPS treated groups. When 

high Fc density particles were added after LPS treatment, decreased levels of gene 

expression were seen for IL-12α and IL-12β. However decreased expression was also 

observed for IL-10. Further studies are needed to fully characterize the effects on secreted 

protein, such as ELISA analysis on conditioned media and evaluation at a longer time 

point of 24 hours. The lack of a longer time point may also explain the lack of correlation 

with previously published results as there may not have been enough time for 

macrophages to secrete protein in response to the stimulus of the particles. Previously 

published works have also used particles or erythrocytes that are greater than 2 μm in 

size. As we saw the 0.5 μm particles functionalized with high a Fc density coating 

elicited the strongest IL-12 secretions, this would suggest that the size of the particle 

plays a vital role in response. High levels of IL-12 were not seen in the 0.5 μm particles 

with low levels of Fc coating or the BSA only coated particles. This suggests a 

combination of high Fc coating and small particle size can reverse the suppression of IL-

12 production previously seen in immune-complex studies. The amount of TNFα 

secreted by the addition of 0.5 μm particles with high Fc density coatings, suggests a 

strong pro-inflammatory response. As in the case of IL-12, this was dependent on both 

particle size and Fc density. However further studies incorporating larger particles and 

longer time points will be needed to confirm these results. These experiments should also 

be repeated in bone marrow macrophages derived from mice deficient in FcRγ chain or 

wild type macrophages that first have their FcR blocked to show that these effects are 

dependent on FcRγ ligation.  

 If validated, these results would have a broad impact on the fields of biomaterials 

and immunomodulation with applications in cancer biology, pathogen-associated 
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infections, and vaccine development. This is due to these particles showing a slight shift 

to a pro-inflammatory response. However this pro-inflammatory state was never as 

severe as seen in the LPS treated groups, and in fact reduced the inflammatory state for 

those LPS treated groups. Fc coated particles could for example then be used to switch 

tumor associated macrophages into a more inflammatory state that could reverse the 

immunosuppressive environment around the tumor. [14, 48] The same can be said for 

intracellular bacterium, such as Mycobacterium tuberculosis, Leishmania major, and 

Listeria monocytogenes.[110] These smaller, high Fc coated particles could be used in 

conjunction with current drug regiments to not only delivery the drug, but to also activate 

the macrophage to fully degrade the bacterium and prevent it from continually spreading 

within the host.  
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CHAPTER 4  Fc OPSONIZED PARTICLES FOR CONTROLLED 

COMPLEMENT ACTIVATION
2
 

4.1 Introduction 

 The body’s immune response is comprised of a vital system of cells and 

macromolecules that help to regulate homeostasis as well as respond to, kill, and clear 

invading pathogens or waste products [5, 8, 9, 29]. Components of the immune system 

have also been shown to play a role in a variety of disease processes such as cancer, [7] 

atherosclerosis, [46, 47] and numerous other autoimmune and immune deficiency 

diseases [4, 63, 64]. In total, chronic immune-related disease affects ~5% of the United 

States population each year, [111] highlighting the importance of developing a novel 

method for modulating the body’s immune response in a directed and “tunable” manner. 

The humoral immune response represents the body’s use of specific proteins, including 

immunoglobulins and complement components, to opsonize and/or inactivate invading 

pathogens while also initiating cytotoxic processes and recruiting immune cells through 

chemotaxis [3, 5, 112]. The complement system [13, 80, 113, 114] comprises a group of 

proteins that become enzymatically activated through one of three pathways: the 

classical, alternative, and lectin pathways [22, 23, 63, 64]. The classical pathway is 

activated by the binding of C1 monomers to closely apposed Fc regions of a single IgM 

or multiple IgG molecules, and formation of the C1 complex [115-117].  

                                                 

 

 

2
 Adapted and Modified from Pacheco, Patricia M., et al. "Tunable complement activation by particles with 

variable size and Fc density." Nano LIFE 3.02 (2013). 
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 If one of these pathways is initiated by an invading pathogen, the complement 

proteins are activated in a cascading manner, resulting in the deposition of complement 

proteins on the surface of the pathogen and the formation of a membrane attack complex, 

also known as a terminal complement complex (TCC). The TCC forms a nanoscale 

transmembrane channel leading to loss of integrity of the bilayer membrane and osmotic 

lysis of the pathogen [22, 23]. Diffusion of the proteolytic fragments of these deposited 

complement components also interact with other immune cells, such as neutrophils and 

macrophages, to amplify the phagocytosis signal(s) and aid in the clearance of the 

targeted pathogen [23, 33, 63, 64]. While the complement system represents only a 

portion of the humoral response, any knockdown of complement component receptors 

severely impairs the overall humoral immune response [118].  In addition, the 

complement system is also involved in the transition to and effectiveness of the adaptive 

immune response, as successful complement activation has been shown to act as an 

adjuvant to improve vaccine effectiveness [12, 13]. 

 The interaction of micro- and nanoparticles with humoral immune constituents 

provides an opportunity to modulate the magnitude and location of the innate immune 

response. Particle induced immunomodulation can be accomplished through physical 

signals, such as particle size and shape; chemical signals, such as material composition; 

and biological signals, such as opsonization; resulting in an opportunity for rational 

design and control of an immune response suited for specific applications (i.e. a 

“tunable” immune response) [30, 67, 119-122]. Particles have previously been used in 

immune related applications as delivery platforms for vaccine development and in the 

study of phagocytosis [13, 24, 30, 119, 123]. In our phagocytosis studies, particles were 

coated in immunoglobulin gamma (IgG) antibody so that the crystallizable fragment (Fc) 

of the antibody is orientated outwards. This Fc portion of the antibody is then able to 

interact with Fc-receptors on the surface of immune cells to trigger receptor-mediated 

phagocytosis. Consistent with previous work, these studies demonstrate that the size of 
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the particle and the density of Fc can affect the efficiency of phagocytosis and cytokine 

production by macrophages [30, 31, 124].  However, in contrast to previous work, these 

studies established a minimum Fc coverage and a maximum size threshold for biological 

and physical stimulation of the complement cascade. 

 While the destruction of pathogens through lysis that results from the insertion of 

the membrane attack complex is typically seen as the traditional role of the complement 

system, recent studies have shown that it also plays a key role in the body’s response to 

tumors [23, 65, 66] and the effectiveness of vaccines [12, 13]. This only further 

highlights the need for a tunable design platform for location-specific complement 

system modulation. Despite the large role of Fc functionalized particles in the study and 

manipulation of macrophages, only a few studies have investigated Fc functionalized 

particles to understand their role in activating the complement system [13, 80, 113, 114]. 

Previous studies have found that particle size can affect complement system activation, 

possibly due to the physical effect of the curvature of small particles on complement 

constituent assembly [125-127]. The C1 complex assembles in direct contact with 

apposed Fc molecules, and is only stabilized and retained when the C1q head is bound 

multivalently to Fc molecules [128, 129]. Therefore, the density of Fc molecules on a 

particle, as well as their orientation, may also affect complement activation. While 

efficient activation of complement is an important defense against pathogens, 

uncontrolled activation may lead to “self” tissue damage [130]. Rationally designed 

modulation of the complement response will allow development of a wide range of 

therapeutic agents for many different immunopathologies. 

 We hypothesize that micro- and nanoparticles functionalized with IgG molecules 

orientated with the Fc regions outwards are capable of stimulating the complement 

system in a manner that depends upon the particle size and density of the opsonizing IgG 

antibody. Therefore by controlling these variables, we can modulate the complement 

system in a tunable manner. The design of micro- and nanoparticles for nanoscale control 
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of Fc stimulants may be useful as a clinical therapeutic agent to augment and modulate 

the immune response through the complement system.  

4.2 Materials and Methods 

4.2.1 Microparticle Opsonization 

 Carboxylated polystyrene particles of 0.5 μm, 1 μm, 2 μm, and 4 μm diameters 

were purchased from Polysciences (Warrington, PA) and Bangs Laboratories (Fishers, 

IN). An illustration representing the particle functionalization process is shown in Figure 

18. The particles were first incubated in a 2 mg/mL bovine serum albumin (BSA) (Sigma 

Aldrich, St. Louis, MO) solution to adsorb a saturating layer of BSA onto the surface of 

the particles. The amount of BSA added was increased with the total amount of particle 

surface area to keep the BSA coating on the particles uniform, in accordance with 

manufacturer’s recommendations. To confirm that the amount of BSA added was in fact 

saturating, we used fluorescently labeled BSA in increasing and decreasing 

concentrations. The fluorescence was then measured using a flow cytometer. This BSA 

coating serves to orient the Fc portion of the bound anti-BSA IgG molecules to the 

exterior. To vary the amount of exposed Fc domains on the particles, sheep polyclonal 

anti-BSA IgG antibody (Abcam, Cambridge, MA) was then added in various molar 

ratios. We began with a minimum molar ratio of 1:50 representing a single IgG molecule 

to every 50 BSA molecules that were originally added, creating a dilute surface density 

of Fc molecules on the particles. The ratio was then increased to a maximum of 2:1. To 

ensure a high density Fc coverage on the 4 μm particles, we also created two additional 

sets of particles coated with molar ratios of 5:1 and 10:1. For each functionalization step, 

we allowed the particles to incubate with the proteins for at least 2 hours at room 

temperature in phosphate buffered saline (PBS) at a pH ~7.2 (Invitrogen, Carlsbad, CA). 

After the incubation period, the particles were washed 3 times through centrifugation and 

PBS exchange. We also reserved a set of particles that were coated in only BSA. To 
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demonstrate that Fc density was varied successfully, we examined a sample of each 

particle condition through incubation with a fluorescently labeled rabbit anti-sheep IgG 

secondary antibody (Abcam, Cambridge, MA). The particles were then analyzed using a 

flow cytometer. The flow cytometer recorded the fluorescent intensity per particle and 

50,000 events were recorded for each condition, the mean fluorescent intensity represents 

the arithmetic mean for those events. The measured fluorescent intensity corresponds to 

Fc density on the particles.  

 

Figure 18: Microparticle functionalization process. 

 (A) Antigen is adsorbed onto the particle surface at a saturating density and then (B) IgG 

is added in increasing molar ratios and (C) to create particles with variable Fc density. 

 

4.2.2 Flow Cytometry 

 Measurement of Fc density on all particle samples was analyzed using a flow 

cytometer (BD Accuri C6, Franklin Lakes, NJ) after incubation with the fluorescently 

labeled secondary antibody. Fluorescence was measured with a 630 ± 30 nm bandpass 
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filter capable of detecting the fluorescent marker. The resulting mean fluorescent 

intensity (MFI) of the particle sample for each Fc density condition was calculated using 

the CFlowPlus software (BD, Franklin Lakes, NJ) and FlowJo (Tree Star, Inc., Ashland, 

OR). We also recorded the number of microparticles per mL to establish the particle 

concentration of each sample.  

4.2.3 Serum Collection 

 Whole blood was first collected from 2 healthy, consenting human donors with 

approval from the GIT IRB #H10011. Approximately 10 mL of whole blood was 

collected from each donor and was allowed to clot at 4°C. The samples were then 

centrifuged at 2,000 G for 10 minutes. The resulting serum from each sample was 

decanted and transferred to a sterile centrifuge tube. Centrifugation was repeated to 

remove any residual red blood cells, which resulted in approximately 5 mL of serum 

collected from each donor. For complement mediated cytotoxicity studies normal human 

serum was purchased (Quidel). This same normal human serum, as well C1 deficient, C4 

deficient and Factor B deficient serum purchased from Quidel were also used to 

characterize the complement pathways activated by our Fc particles.  

4.2.4 Complement Activation Assay 

 The MicroVue CH50 Enzyme Immunoassay (EIA) (Quidel) was used to evaluate 

the magnitude of complement activation as a result of the addition of Fc functionalized 

particles to human serum (Figure 19). This kit is used clinically to determine complement 

system deficiencies by measuring the amount of generated terminal complement 

complexes [131, 132]. Included in the kit is heat aggregated gamma globulin (HAGG) 

activator, which we use as a positive control. The kit was used according to the 

manufacturer’s instructions. Approximately 10-30 million particles were added to serum 

samples from both donors for each Fc density and particle size condition. The CH50 EIA 

measures the amount of TCC generated through the use of TCC specific antibodies. The 
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amount of antibody binding is directly correlated to the amount of fully formed TCC that 

results in 50% hemolytic lysis in accordance with the kit standards and quality control. 

Results are shown in CH50 unit equivalents per milliliter (CH50 U Eq/mL).  

 

 

Figure 19: Overview of CH50 EIA 

Microparticles, standards and controls are added to wells containing human serum. 

During incubation, C1 complex components present in the serum begin to bind to Fc 

regions and the resulting complex triggers the complement system cascade; this results in 

the generation of the terminal complement complexes (TCC). 

 

4.2.5 Monte Carlo Simulation of Complement Activation 

 To better examine the effect of Fc density on complement activation by Fc-coated 

particles, we modeled the surface assembly of the C1 complex via multiple immobilized 

Fc molecules, a critical step of complement activation. A Monte Carlo simulation [133] 

of antibodies randomly distributed on a gridded antigen-coated surface was modeled in 

MATLAB (MathWorks, Natick, MA). An N  N grid was created to represent a portion 

of the surface area of the particles. Each element of the grid represents a region of a 

single densely packed Fc molecule, formed by attachment of IgG antibody to surface-

immobilized antigens. We estimate each element to therefore correspond to a 18 nm  18 

nm square of the particle surface. A random number generator determined whether each 

element was occupied by a Fc molecule by assigning a value of “0” or “1” to each 

element on the grid. The probability of occupation was varied to simulate an increase in 

the amount of Fc on the surface. A total of 100 simulated surfaces were created to 

represent a range of Fc occupancy. Since the C1 complex binds multivalently to several 
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Fc molecules, we search for dense Fc regions by using a window of elements with a size 

equivalent to the fully-assembled C1 complex. We choose a window size of 3  3 

elements. The window was raster scanned over the entire grid to evaluate the number of 

regions which contain a threshold number Fc molecules or greater. We used a threshold 

value of 4 Fc molecules in the results. Since these regions will more potently initiate the 

assembly and stabilization of the C1 complex [130] and trigger enzymatic activation of 

subsequent complement signaling molecules, a complement activation metric was 

developed to quantify the number of dense Fc regions. The metric uses an algorithm to 

first identify regions that are Fc-dense, then counts the total number of those regions 

within the N  N grid. A variety of threshold numbers of Fc molecules were used to 

identify regions of sufficient density to contribute towards the complement activation 

metric. The algorithm prohibited double counting of high-density Fc regions by removing 

previously identified elements that contributed to the complement activation metric. After 

all elements in the grid were evaluated, we calculated the total complement activation by 

summing the number of Fc-dense regions. The simulation for each antibody occupancy 

percentage was repeated ten times and the results were averaged. A grid size of 15  15 

elements or greater all produced results that converged to a consistent complement 

activation metric when normalized to the fully occupied value.  

4.2.6 Complement Deposition Analysis 

 The amount of complement components deposited on the surface of high Fc 

density condition of 2:1 and BSA only coated particles, was determined in a similar 

manner as previously done by others [134]. Microparticles and serum, both normal 

human serum and C4 deficient serum, were incubated in the same concentrations used for 

the CH50 EIA. After the 1 hour incubation period, the particles and serum were collected 

and centrifuged at 1500 G for 10 minutes. The supernatant was decanted and replaced by 

a 5% sterile filtered milk solution. Particles were resuspended and allowed to incubate at 
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room temperature for 30 minutes to prevent any future non-specific binding. After the 

incubation period, the particles were centrifuged at 1500 G for 10 minutes and the milk 

solution decanted. The microparticles for each condition were split into 4 microcentrifuge 

tubes. Mouse anti-human antibodies for C1q, C3b, C4b, and Sc5b9 were added to each 

respective tube at a 1:25 dilution in accordance with manufacturer’s instructions. The 

particles and primary antibody were incubated at room temperature for 30 minutes. After 

incubation the particles were centrifuged as before and replaced with a AlexaFluor 488 

labeled donkey anti-mouse secondary antibody at a 1:2000 dilution in accordance with 

manufacturer’s instructions. The particles and secondary antibody were incuabated for 30 

minutes at room temperature protected from light. After the incubation period the 

particles were centrifuged again and replaced with a 1% PFA solution. Particles 

incubated in no serum and only incubated with the secondary antibody served as controls 

for non-specific binding of the primary and secondary antibody respectively. 

4.2.7 Complement Mediated Cytotoxicity Assay 

 A DH5α strain of Escherichia coli was used to evaluate if complement system 

activation from our particles could be applied towards directed complement mediated 

cytotoxicity. The strain was a gift of the lab of Dr. Craig Forest, by way of the lab of Dr. 

Brian Hammer. E. coli was plated on LB agar plates overnight. The following day 

individual colonies were collected and inoculated in 15 mL conical tubes containing LB 

broth. All bacteria were grown in a humidified incubator at 37ºC. The concentration of 

bacteria was calculated by taking the absorbance measurement at OD600 with a value of 

0.1 corresponding to 1E8 CFU/mL. Approximately 5E5 CFU were added per well of a 

96-well plate for all experiment conditions. For wells treated with particles, 

approximately 5E6 particles were add per well. Conditions with serum were treated with 

14 μL of human serum.  HAGG was added at 86 μL per as previously done. Isopropyl 

alcohol was added at a total concentration of 10% as a positive control for E. coli death.  
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The total volume of each well was adjusted to 125 uL with LB broth. The E. coli was 

allowed to incubate with each condition for 4 hours at 37ºC. After the incubation period, 

the contents of each well were stained with the Live/Dead BacLight Bacterial Viability 

kit (LifeTechnologies) in accordance with manufacturer’s instructions. The contents were 

then analyzed using flow cytometry.  

4.2.8 Statistical Analysis 

 Statistical analysis was conducted by using analysis of variance to determine 

significance of variables. Tukey- Kramer honestly significant difference (HSD) was used 

for post-hoc analysis to determine significance between each group.  

 

4.3 Results 

4.3.1 Increased Molar Ratio of Antibody Results in Increased Density of Fc 

 We evaluated the average Fc density per particle by measuring the mean 

fluorescent intensity (MFI) with flow cytometry (Figure 20 and Figure 21).  

Fluorescently tagged secondary antibody was used to quantify the relative Fc density per 

particle. For the particle sizes of 0.5 μm, 1 μm, 2 μm, and 4 μm, we measured the MFI for 

each of the Fc conditions, defined as the molar ratio of Fc to BSA antigen, for the values 

of: 2:1, 1:1, 1:5, 1:10, and 1:50. We also evaluated the highly-saturated molar ratios of 

5:1 and 10:1 for the 4 μm particle. As the Fc density was increased, the measured MFI of 

the particles also increased. We also evaluated the MFI of BSA-only particles and saw 

minimal fluorescence at each particle size.  
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Figure 20: MFI for each Fc density condition across the different particle sizes used 

for this study.  

 

 

Figure 21: Normalized MFI to particle surface area and the maximum Fc condition 

of 2:1.  

Confirms that as the Fc density increases, the normalized MFI increases as well. The MFI 

for each Fc condition and particle size was first normalized by the particle surface area 

and then normalize to the value for the Fc density of 2:1.   
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4.3.2 Effects of Particle Size on Complement Activation 

 The effect of particle size on complement system activation was determined by 

evaluating the amount of CH50 equivalents produced as a result of particles coated at the 

2:1 Fc density condition (Figure 22). The complement system was successfully activated 

using Fc-functionalized particles of size 0.5 μm, 1 μm, 2 μm, and 4 μm. For all but the 4 

μm particle sizes, CH50 equivalents were generated at comparable levels to the HAGG 

activator. We found that equivalent numbers of 4 μm particles generated significantly 

decreased levels of complement activation than the smaller sized particles (p<0.01).  

 

Figure 22: Effect of particle size on complement system activation.  

*, significantly different from HAGG control (p<0.01); N=4. 

4.3.3 Complement System Activation Depends on Fc Density 

 To better understand our results concerning the effects of particle size (Figure 22), 

the various sized particles were used to evaluate the effects of Fc density on complement 

system activation. We tested three Fc density conditions, corresponding to a molar ratio 

of Fc:BSA of 2:1, 1:1, and 1:5 for all particle sizes, as well as particles coated in BSA-

only. In addition, to ensure maximal Fc coverage of the 4 μm particles, 5:1 and 10:1 

ratios were also tested. HAGG activator was our positive control. Our results showed a 

remarkable dependence of complement activation on Fc density for all particle sizes 
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(Figure 23 and Figure 24).  For the 0.5 μm, 1 μm, and 2 μm particle sizes, the 2:1 

condition, representing a high Fc density, successfully activated the complement system 

and produced levels of CH50 equivalent to or surpassing the positive HAGG control. In 

all cases, the 1:1 condition shows a level of complement activation significantly above 

background (p<0.05), but below the 2:1 complement activation levels. The 1:5 and BSA-

only particles did not activate the complement system efficiently, as the amount of CH50 

equivalents generated was significantly lower than the positive control (p<0.005) as well 

as the high Fc density conditions of 1:1 (p<0.05) and 2:1 (p<0.001). Therefore, Fc 

density is a significant dependent variable in complement system activation. 

 

 

Figure 23: Effect of Fc density and particle size on complement system activation.  

*, significantly different (SD) from HAGG (p<0.005); ♦, SD from 2:1 Condition 

(p<0.001); ◊, SD from 1:1 Condition (p<0.05); N=8 replicates (N=16 replicates for 

HAGG) 
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 We observed that for the 4 μm particles, the 2:1 Fc condition did not fully activate 

the complement system to the level seen in other functionalized particles or in the 

positive control. To test whether this lack of efficient complement system activation was 

due to insufficient antibody binding to the particle surface, we also evaluated the effect of 

higher amounts of added IgG [5:1 and 10:1 ratios (Figure 24)]. Despite the increased 

amount of Fc used to functionalize the particles, we did not observe increased levels of 

CH50 equivalent activation. This result indicates that 4 μm particles activate complement 

at lower levels than other particle sizes not because a lack of saturating Fc, but for a 

reason related to particle size. 

 

Figure 24: Fc density on larger particles does not affect complement system 

activation.  

*, significantly different from HAGG (p<0.001); N=8 replicates (N=16 replicates for 

HAGG) 

4.3.4 High Fc Density Particles Activate the Classical and Alternative Complement 

Pathways 

 To determine through which complement pathway activation was proceeding, we 

tested two different complement deficient sera. C1 deficient serum allowed us to evaluate 

alternative pathway activation and Factor B deficient allowed us to evaluate classical 

pathway activation. Our results show that the HAGG activator resulted in comparable 



 67 

amounts of complement activation in the Factor B deficient serum as was seen in normal 

human serum. However HAGG activation levels were greatly diminished in the C1 

deficient serum, indicating the importance of the classical pathway. A similar pattern was 

observed in the 0.5 µm and 1 µm high Fc density particles, however, in the C1 deficient 

serum, the high Fc density particles are capable of activating significantly greater levels 

of complement compared to the HAGG control, indicating a partial utilization of the 

alternative pathway (Figure 25). This is not strictly an effect of the material properties of 

the particles, as there was only minimal expression of complement in the BSA only 

coated particles in the Factor B and C1 deficient serum (Figure 26).   

 

Figure 25: Complement system activation in normal, Factor B deficient, and C1 

deficient human serum.  

*, p<0.05 
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Figure 26: High Fc density microparticles successfully activate complement system 

in Factor B and C1 deficient serum.  

 

4.3.5 Complement Deposition on Particle Surfaces 

 We have shown that high Fc density coated particles are capable of activating the 

complement system. To further understand Fc particle-mediated activation of 

complement, we measured the deposition of activated complement components on the 

particle surface. Using flow cytometry analysis, we first set our positive gate based on the 

“no serum” treated conditions as a control for non-specific binding. We then calculated 

the average percentage of events that were positive for each complement component 

(Figure 27). We found that 40-50% of the particles were positive for C3b, a component 

that is needed for activation in all pathways. This was the most common complement 

component found on the particles. SC5b9, an analog to TCC, was the next most common 

component found on the particles with approximately 30% of the particles averaging as 

positive. There were minimal levels of C1q and C4b components found on the particles.   
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Figure 27: Complement deposition on high Fc coated particles.  

 

 As it was expected for C1q to be highly present on the particles due to the 

classical complement system activation, the complement deposition protocol was 

repeated with C4 deficient serum. This would prevent any deposited C1q from being 

further catalyzed and possibly removed from the particle surface. We found that the 

percentage of particles positive for C1q approximately tripled when incubated in C4 

deficient serum (Figure 28). 

 

Figure 28: Increased C1q deposition in high Fc coated particles treated with C4 

deficient serum. 
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4.3.6 Monte Carlo Simulation of Complement Activation 

 To estimate the appropriate window size for determining a threshold Fc density, 

we compared the size of closely packed antibody-antigen complex, represented by each 

element in the grid, to the C1 complex size. While individual BSA molecules occupy a 

linear distance of 7 nm [135], electron microscopy analysis of BSA-antibody complexes 

determined an average root mean square end-to-end distance of 18 nm [136, 137]. We 

acknowledge that these measures are only to illustrate an estimate for the dimension of 

the grid, as antibody antigen binding regions are flexible [138]. The linear dimension of 

the binding region of the C1 complex is determined by the reach of two flexible C1q 

arms of 18.5 nm length each and a fibril-like stalk of width 4.5 nm [115]. The total 

diameter is approximately 41 nm, though the specific geometry may vary due to the 

orientation of the globular c-terminal regions [139]. Microscopic analysis of antibody 

complexes and assembled C1q structures on opsonized lipid vesicles show C1 complex 

size ranging between 50 nm to 100 nm [140, 141]. Comparing the element size of 18 nm 

to the size of a C1 complex, which ranges from 41 nm to over 50 nm, we determine that a 

window of 3  3 elements most closely approximates the spatial reach of the C1 complex.   

 To determine the threshold number of Fc molecules necessary to assemble a C1 

complex, we note that the affinity for the assembled C1 complex to Fc molecules 

increases dramatically in the case of multimers of Fc molecules [129]. Clq monomers 

show only weak binding, in the range of micromolar affinity, to the Fc regions of isolated 

IgG. However multiple, closely-spaced Fc molecules, such as those in immune 

complexes to repetitive molecular motifs, increase the binding of multivalent Clq a 

thousand-fold and enhance affinity to the few nanomolar [115, 128, 129, 142]. In our 

model of complement activation, we varied the number of Fc molecules within the 3  3 

window in order to contribute to the complement activation metric.  

 Based upon our experimental data, the activation of the complement system by 

Fc-functionalized micro and nanoparticles did not increase in a manner proportional to Fc 
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density, but instead showed a minimum threshold of density. To develop a model of 

complement activation by micro/nanoparticles, we performed a Monte Carlo simulation 

of the complement system activation process that captures the need for a local high 

density of Fc molecules to initiate C1 complex formation and the subsequent classical 

complement cascade products. This model assumed an array of antibody binding sites 

and included a probability of antibody binding at any given site, as shown in a schematic 

in Figure 29A. A grid of elements was generated, in which each element corresponds to a 

site of possible antigen-antibody complex formation and therefore presentation of Fc. A 

random number generator determined the binding of the antibody to the antigen. An 

example of a result of the antibody binding and Fc display over a grid is shown in Fig. 

Figure 29B. In this example, the grid contains 15  15 elements and the probability of 

each element containing a Fc molecule is 20%, which is represented as a “1” in each grid 

element. A 20% occupancy percentage nominally corresponds to the condition of 1:5 

molar ratio of antibody to BSA. The probability of antibody bound at each element 

corresponds to the amount of surface area covered by antibodies for a sufficiently large 

grid. In this example we identified by red boxes dense Fc clusters as 4 or more molecules 

inside the 3 X 3 window, and therefore likely sites of complement activation through C1 

complex formation. An activation metric was calculated for the grid at each occupancy 

percentage and plotted in Figure 29C.  The results of the activation metric revealed a very 

low activation value for an occupancy of 0-20%, with a dramatic increase for higher 

occupancy values, consistent with requirement of C1 multivalency. As we expected, a 

high probability of antibody binding corresponded to a saturated complement activation 

value. Other threshold values of Fc within the window of elements were also tested. 

Values of 3 or greater most accurately fit the experimental data. 
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Figure 29: Monte Carlo simulation of complement system of activation. 

(A) A schematic of packed antigens (spheres) and partial surface coverage of antibodies 

(Y’s) displaying Fc binding sites. A C1 complex assembles on regions of high Fc density, 

identified by dark filled spheres, contributing to complement activation. (B) Monte Carlo 

grid of 15 x 15 elements, where the probability of antibody binding at each element is 

20% and displayed as a “1” in each grid element. An algorithm has identified 4 regions of 

dense Fc clusters outlined in red, which contribute to the complement system activation 

metric. (C) A complement activation metric calculates the number of regions of high Fc 

density. Very low activation is seen below 20% occupancy with a dramatic increase at 

high occupancy values.  

 

4.3.7 Complement Mediated Cytotoxicity 

 Bactericidal activity is a primary function of complement in vivo, therefore we 

studied the effect of our Fc coated particles towards complement mediated cell 

cytotoxicity. Flow cytometry was used to analyze the percentage of dead E. coli for each 

condition in accordance with manufacturer’s recommendations. As preliminary 

experiments showed that the fluorescence used to stain live cells also absorbed onto the 

surface the particles, we used yellow-green fluorescent carboxylated particles. The 

fluorescence from these particles is so strong, that a side scatter gate in conjunction with 

the green fluorescence filter was used to gate out the particles. We were then able to gate 

around the live and dead stained E. coli. Our results show that complement components 

present within the normal human serum result in approximately 30% E. coli death and 

percentage of dead bacterium was reduced in heat inactivated serum. This result indicates 

that serum is inherently bactericidal through complement pathways. [143] The HAGG 

positive control used in complement system activation assays resulted in less E. coli 
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death than the serum only control. As expected, the addition of IPA resulted in very high 

levels of E. coli death. (Figure 30)  

 

Figure 30: Percentage of E. coli death as a result of control conditions.  

With heat inactivated serum (HIS), normal human serum (S), heat aggragated gamma 

globulin (HAGG), isopropyl alcohol (IPA). *, significantly different from all conditions, 

p<0.05; †, significantly different from E. coli only and E. coli + HAGG, p<0.05 using 

ANOVA and Tukey HSD (N=5) 

 

 The addition high Fc density particles alone resulted in low levels of E. coli death, 

suggesting that the particles alone are not cytotoxic. Adding normal human serum to E. 

coli and Fc particle treated conditions lead to increased amounts bacterium death. There 

were no significant increases in E. coli death with the addition of the Fc coated particles.  

 

* 

 

† 



 74 

 

Figure 31: Percentage of E. coli death as a result of high Fc coated particles. 

With normal human serum (S), (N=5) 

4.4 Discussion 

 The immune system is a vital and intricate system necessary for the clearance and 

defense against invading pathogens, as well as to maintain systemic homeostasis [5, 8, 9, 

29]. Therefore, the ability to initiate, direct, and/or modulate the immune system could 

prove to be an important means to treat and prevent multiple immune-related disorders 

[4, 7, 46, 47, 63, 64, 111]. The complement system has been shown to play a role not 

only in immune-specific diseases [63, 64], but in vaccine efficacy [13] and inhibition of 

tumor growth [65, 66]. By using micro- and nanoparticles, we have adapted a well-

established method previously used to study other immune components [13, 24, 26, 30, 

94] to the activation and modulation of the complement system.  

 We successfully varied the density of Fc presentation on the particles by varying 

the molar ratio of IgG added to particles coated with BSA. Our results showed that Fc 

density has a significant impact on the magnitude of complement activation. While 

several studies have shown that multiple IgG molecules are needed to efficiently activate 

the classical complement pathway, none have examined the effect of Fc density when 

displayed on micro- and nanoparticles. Our results from the complement component 
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deficient sera and complement deposition study further characterize the complement 

system activation resulting from high Fc density coated particles. 

 It is surprising that an Fc density of 1:5 did not successfully activate the 

complement system for any of the particle sizes. A 1:5 antibody:antigen ratio nominally 

represents 20% surface coverage, although the measured coverage varies from 15% to 

35% as determined from flow cytometry (Figure 20). For uniformly distributed antibody 

of 20% surface coverage, a Monte Carlo simulation calculated average spacing between 

Fc molecules as approximately 2.1 element spaces, corresponding to a separation of 38 

nm if we assume an antibody-antigen complex size of 18 nm. However, due to stochastic 

variation in the antibody binding, each particle will on average contain a significant 

amount of surface area that locally displays a sufficiently high density of Fc to activate 

complement. Our model has determined that the proportion of the particle surface with a 

high local density of Fc increases nonlinearly with the surface coverage, as seen in Fig. 

7C. This result suggests a possible explanation for the observed nonlinearity of 

complement activation with Fc density. We hypothesize therefore that an essential trigger 

for complement activation by Fc-coated particles is the assembly of the C1 complex on 

the surface of the particles via binding to multiple, closely apposed Fc molecules. Our 

model is meant to only illustrate the importance of Fc density in nonlinearly activating 

complement, as it neither accounts for possible confounding effects such as antibody 

aggregation on the particle surface, Fc orientation due to particle surface curvature, nor 

other factors that may trigger or inhibit complement activation. 

 While high Fc density conditions activated the complement system for all the 

tested particle sizes, the size of the particle played a significant role in determining the 

magnitude of the activation. For the 0.5 μm and 1 μm particles, there is no complement 

response for low density of Fc, but immune stimulation increases dramatically to a 

plateau at higher Fc density values. The 2 μm particle supports a more tunable platform 

for complement activation. For the 2 μm particles, only the highest Fc density condition 
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of 2:1 activated the complement system at comparable levels to the HAGG activator. The 

next highest Fc density condition of 1:1 activated the complement system in significantly 

lower levels than the HAGG activator (p<0.005), but it was still higher than the 1:5 and 

BSA-only condition (p<0.05). This apparent switch from a binary-like response in 

smaller particles to a tunable response in mid-range sized particles further highlights the 

importance of particle size to complement system response. Larger 4 μm particles 

showed an even less efficient complement activation response. Even at the highest 

antibody levels tested (10:1), complement activation plateaued at less than half of the 

positive HAGG control.  

 This result is all the more surprising considering the number of particles was held 

constant for each of the experimental conditions during the activation study. Remarkably, 

when we consider the amount of complement system activation by Fc-functionalized 

particles per unit surface area, the dependence on particle size is even more clearly 

demonstrated. It might be expected that complement system activation would be 

proportional to the surface area of beads and the absolute degree of Fc presentation. 

Instead, we found that the complement activation per unit area was over 4 orders of 

magnitude larger for the 0.5 μm beads compared to the 4 μm beads. In addition, a power 

law function describes the relationship between complement activation per unit area of 

each particle and particle size, with an exponential dependence of −2.5 (Figure 8). This 

effect results from the combination of lower maximum complement activation for larger 

particles, as well as an increased surface area of the larger beads. Previous work has 

shown that an increase in polymer surface area results in an increase in complement 

system activation [80, 126]. Our work thus suggests that functionalization of particles 

with IgG can reverse the effects of decreased total surface area.  
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Figure 32: Maximum measured complement activation per μm
2
 of particles versus 

particle size. 

 

 This study represents the first time that polymeric particles artificially coated in 

Fc were used to activate the complement system. While previous studies had suggested 

that crosslinking of multiple Fc molecules was the only requirement for initial activation 

by the classical pathway, our results suggest that the presence of multiple Fc regions is 

not sufficient to fully activate complement. In our studies, we observed that the 

complement system response decreases with increasing particle size, for a given Fc 

density condition. The sensitive dependence of the complement response on Fc density 

indicates the importance of nanoscale effects in efficiently modulating the response and 

that particle size can be an independent means to adjust the level of complement response 

once a threshold of Fc density is attained. While we cannot rule out a possible 

confounding effect in which particles prepared with similar treatments produce unequal 

Fc densities, the effect of particle size on complement activation may also be due to 

inherent biological properties of the complement system.  

 The topographic curvature of IgM-functionalized particles and peptidoglycan 

layers has been shown to influence the strength of complement activation, potentially 

through changes of the orientation of the Fc molecules. This same group found that 

complement system activation was maximized for 250 nm particles with decreased 

activation for both larger and smaller particle sizes. However, as they used IgM 
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antibodies to dextran already present in human serum samples and did not 

prefunctionalize their particles, these results could not be used to determine the impact of 

particle size on complement and the preference of IgM binding to particles of different 

size. As IgM are sufficient to activate complement, this method also does not allow the 

tuning of complement activation, either through variation in Fc density or through 

particle size, especially in the micron scale. [126] We cannot currently say whether the 

observed effect is due to the influence of surface curvature, the decrease of diffusive 

motion leading to increased depletion of reactants, or to some other effect.  However, 

regardless of the reason, the observed inefficiency of complement activation with 4 μm 

beads could lead to the development of complement-modulation therapeutic agents, while 

nanoscale particles are likely more suited to more fully activating complement.  

 The results of our complement mediated cytoxicity assays are a proof of concept 

for future studies for directing complement system activation. Future experiments are 

needed to determine if there is a saturation level for particle mediated complement 

system activation and if this will correlate with cell death. These results could then be 

applied to biomedical needs in which controlled cell death is required such as for drug-

resistant infections and cancer. However, these efforts will need to be balanced against 

the possible effect of increased inflammation as cleaved complement components act as 

powerful chemokines.  

 Better understanding the variables involved in successful complement system 

activation will improve our ability to take advantage of nanotechnology in basic or 

applied immunology. Due to the powerful nature of successful complement system 

activation, as well as the multiple naturally-occurring safeguards in place to prevent an 

autoimmune response, the observed dependence on particle size and Fc density affirms 

our hypothesis of the importance of nanoscale effects on complement control. As the 

complement system response is essential for clearance of pathogens and vaccine efficacy, 

the ability to modify and/or fine-tune the magnitude of complement system activation 
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with nanotechnology holds significant promise in these broad reaching fields. However, 

further study is needed to adequately delineate and fully understand the effects of particle 

size and Fc density, as well as to further identify the specific range of Fc presentation 

needed to successfully activate the complement cascade. 
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CHAPTER 5  INTERACTIONS OF Fc OPSONIZED 

MICROPARTICLES AND BCG WITH MACROPHAGES  

5.1 Introduction 

 Bacillus Calmette-Guerin (BCG) is the sole FDA approved vaccine for the 

prevention of active tuberculosis due to Mycobacterium tuberculosis infection. The BCG 

vaccine was considered very effective upon its release in 1920s, but overtime various 

studies have shown a wide range in efficacy from 0-80%. While there seems to be a 

considerable protective effect on young infants and studies in mice, this protection can 

wane dramatically in cases of adult pulmonary infection. The high rates of initial 

infection, as well as the increasing number of multi-drug resistant tuberculosis infections, 

highlight the need for an improved tuberculosis vaccine. [19, 21, 49] There are many 

suggested reasons behind this wide range in efficacy.  One is the loss of immunogenic or 

virulent factors of the vaccine, which is a live strain of Mycobacterium bovis, as it was 

passaged over time. Another includes the exhaustion of the local immune response due to 

the lack of clearance of the vaccine due to T cell depletion over time. This would suggest 

that increased uptake of the vaccine after initial delivery and increasing the local immune 

response may increase vaccine efficacy. Others have shown that the vaccine does not 

interact with local macrophages upon injection. [82] 

 There are currently a multitude of different approaches to solve these 

shortcomings of the vaccine such as developing a variety of subunit vaccines, addition of 

adjuvants, or using a particle based delivery platform. [144-148] With the goal of 

targeting intracellular pathogens, which typically evade the lysosome, to the macrophage 

lysosome to ensure full degradation, one group primed macrophages with Fc coated 

particles. The Fc particles crosslinked the Fc receptors on the macrophage surface and 

triggered downstream internal cell signaling that led to the recruitment of LAMP1. This 
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causes the lysosome to mature and results in pathogen degradation. [62] However, the 

need to deliver the particles an hour before the vaccine would be difficult to implement 

clinically. Therefore, we set out to show that delivering Fc particles and BCG together, 

would lead to increased internalization of BCG and targeting of BCG to the mature 

lysosome. We chose two particle sizes, 0.5 µm and 1 µm, based on our successful results 

from previously published studies that showed increased levels of phagocytosis and 

complement system activation for these sizes. [149, 150] While this would have a 

significant application in vaccine efficacy, there are also applications for treatment of 

tuberculosis and other intracellular pathogens that evade lysosome maturation.  

5.2 Materials and Methods 

5.2.1 Cell Culture 

 Mycobacterium bovis, Bacillus Calmette-Guerin (BCG) Pasteur strain, was 

originally purchased from ATCC. Cultures were initially plated on 7H10 agar plates. 

These agar plates were composed of Middlebrook 7H10 agar with a 10% oleic acid, 

albumin, dextrose, and beef catalase (OADC) supplement. After approximately 4 weeks, 

colonies were collected and inoculated into Middlebrook 7H9 broth supplemented with 

sodium pyruvate and a 10% albumin, dextrose, and beef catalase (ADC).  More 

information on the specific reagent formulations can be found in Appendix A.2.1. 

Cultures were grown for an additional 4 weeks before use in phagocytosis experiments. 

All cultures were grown in a humidified incubator at 37ºC.  

 Prior to use in experiments, a sample of the liquid culture was centrifuged for 10 

minutes at 3000 G. The broth was then decanted and replaced with PBS. The mixture was 

then briefly vortexed and then sonicated. After sonication, the mixture was then passed 

through a 22 gauge syringe, in order to ensure single cell suspension.  The concentration 

of liquid cultures was determined in accordance with previously published methods. A 

spectrophotometer was used to measure the OD580 with an absorbance reading of 0.1 
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corresponding to 6.7E7 colony forming units (CFU) per mL. RAW 264.7 murine 

macrophages were cultured as outlined in Section 3.2.2. BCG was stained with TxRd on 

a shaker table for 45 minutes. The TxRd BCG was then washed twice through 

centrifugation and PBS to remove any unbound stain. 

5.2.2 Microparticle Opsonization 

 Both yellow-green fluorescent and non-fluorescent polystyrene microparticles 

were used and were opsonized as outlined in Sections 3.2.1 and 4.2.1.  

5.2.3 Phagocytosis 

 Phagocytosis assays were conducted using a similar protocol as outlined in 

Section 3.2.3. Approximately 500,000 RAW 264.7 macrophages were plated per well in 

a 6-well plate in complete, serum supplemented DMEM media and allowed to incubate 

overnight. Autoclaved coverslips were added to each well prior to cell plating if 

microscopy was to be done.  Prior to phagocytosis experiments, the wells were washed 

with phosphate buffered saline solution and then refilled with 0.5 mL of DMEM alone. 

For the BCG alone and BCG with microparticles conditions, approximately 10 CFUs of 

BCG per macrophage were added per well. For microparticle only conditions, 

approximately 20 particles were added per macrophage while only 10 particles per 

macrophage were added for BCG with microparticles conditions. The following 

microparticle sizes were tested using both a high Fc density ratio of 2:1 (antibody to 

antigen) and BSA only conditions: 0.5 µm, 1 µm, and 4 µm. The phagocytosis incubation 

ranged from 2 hours, for microscopy analysis, and 4 hours, for flow cytometry analysis, 

at 37ºC in a humidified incubator with 5% CO2.  Following the incubation period, the 

content of each well was decanted. The well was then washed with PBS twice to remove 

any unattached microparticles or bacteria. 
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5.2.4 Microscopy 

 To characterize the effects of test conditions on lysosome maturation, we used 

two different fluorescent schemes. We first attempted a commercially available 

fluorescent stain called Lysosenor (Life Technologies). Lysosensor has been used in 

previous studies to stain only the lysosome and the fluorescence of the stain increases as 

the lysosome becomes more acidic. This stain was added immediately after the cells were 

washed as this is a live cell stain. Multiple concentrations were tested to determine the 

optimal amount for image analysis. The wells were then imaged directly using a Nikon 

Epi-Fluorescence inverted microscope.  

 Our second method involved immunofluorescence using a primary antibody for 

the lysosome maturation marker LAMP-1 followed by an AlexaFluor488 conjugated 

secondary antibody (Abcam). DAPI was used to stain the nucleus as outlined in Section 

3.2.5. To fix the cells, a 4% paraformaldehyde (PFA) solution was added to each well for 

10 minutes. The wells were then washed twice with PBS. A permeabilazation solution, 

comprised of 0.1% TritonX and PBS, was added for 30 minutes at room temperature. The 

solution was then decanted and a 5% BSA blocking solution was then added for another 

30 minutes at room temperature. After washing the wells twice, the primary antibody 

solution was added and allowed to incubate overnight at 4°C. The wells were then 

washed 3 times, before adding the secondary antibody solution. After 30 minutes at room 

temperature and protected from light, the wells were washed 3 times and then the DAPI 

solution was added for 5 minutes. The coverslips were then transferred to glass slides 

treated with an anti-fade solution, outlined in Section 3.2.5, and sealed with nail polish. 

The slides were then imaged using a Zeiss 710 Confocal microscope.  

5.2.5 Flow Cytometry 

 Following the phagocytosis incubation period and washing steps, 0.5 mL of PBS 

was added to each well. The cells were then detached from the plate surface by scraping 
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and transferred to a microcentrifuge tube.  Flow cytometry was then conducted as 

outlined in Section 3.2.4.  

5.2.6 Nitric Oxide Assay 

 To determine the amount nitric oxide produced by the macrophages as a result of 

the microparticles and/or BCG, we used a commercially available Griess assay 

(Promega). For this, we tested the decanted media from the phagocytosis experiments at 

4 hours or 24 hours. The assay was performed in accordance with manufacturer’s 

instructions and the resulting absorbance was measured at 535 nm using pathlength 

correction.  

5.3 Results 

5.3.1 Microparticles Lead to Increased Levels of BCG Phagocytosis 

 Flow cytometry was used calculate the percentage of macrophages positive for 

BCG as well as the relative amount of BCG associated with each macrophage. The 

macrophage population was initially gated from non-internalized BCG and/or particles 

and other cellular debris. This macrophage population was then plotted along the forward 

scatter and the TxRd fluorescent channel. The untreated macrophages, or cells only, 

condition was used to gate cells that were negative for BCG by setting a threshold on the 

TxRd fluorescent channel. Examples of the gating used are shown below (Figure 33). 

The mean fluorescent intensity of the TxRd labeled BCG was also recorded of the entire 

macrophage population and for the BCG positive gated population.  
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Figure 33: Example of flow cytometry gating scheme used to determine BCG 

positive macrophages.  

 

 Our flow cytometry results show an increase in the percentage of macrophages 

that were positive for BCG when microparticles were added during incubation and this 

was further confirmed using fluorescence microscopy (Figure 34). The median 

percentage of macrophages associated with BCG, when BCG was delivered alone, was 

approximately 15%. When high density Fc coated particles were added, for both 0.5 µm 

and 1 µm, that number more than double to 42% and 43%, respectively. However, BSA 

only coated particles also resulted in similar levels of BCG positive macrophages. There 

was no significant difference in the percentage of BCG positive cells between the Fc 

coated particles and BSA only coated particle treated conditions. While these particle 

treated conditions did result in an increase of overall percentage of macrophages positive 

for BCG, there was large variation between replicates. Therefore there was no significant 

difference between particle and BCG treated macrophages and only BCG treated 

macrophages.  
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Figure 34: Microparticles added with BCG lead to increased levels of BCG 

internalization.  

Fluorescent microscopy shows (A) the amount of BCG associated with macrophages 

when delivered alone compared to (B) when delivered with 1 µm 2:1 high Fc density 

coated particles. (C) Shows that adding microparticles, Fc coated or BSA only, leads to 

increases in the percentage of macrophages positive for BCG. (N>6)  

 

 We then measured the mean TxRd fluorescent intensity for the BCG positive 

macrophages to determine if fewer macrophages were internalizing greater levels of BCG 

(Figure 35). There was no significant difference in mean fluorescent intensity across any 

of the particle and BCG treated macrophages or the BCG only treated macrophages. To 

determine if there were small amounts of BCG below our gating threshold we also 

calculated the mean fluorescent intensity of the entire macrophage population (Figure 

A) B) 

C) 
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36). We found that the median value of the MFI for the BCG only group was slightly 

lower than the particle and BCG treated groups.  None of these results were significantly 

different from each other.  

  

 

Figure 35: Mean TxRd fluorescent intensity of BCG positive macrophages.  

 

 

Figure 36: Mean TxRd fluorescent intensity of entire macrophage population. 
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 As we saw that Fc coating on the particles did not impact the amount of BCG 

internalized, we repeated our experiments with a larger 4 µm particle that was coated 

only in BSA. We have previously shown that macrophages do phagocytose 3 µm and 4.5 

µm in great numbers. Therefore this allowed us to evaluate if the increase in BCG 

positive cells was a result of smaller, more easily phagocytosable particles or an 

additional foreign presence. Our results show that the 4 µm BSA only coated particles 

with BCG and the 0.5 µm 2:1 high Fc density coated particles with BCG treated 

macrophages had similar levels of BCG positive macrophages (Figure 37). Repeating our 

analysis on the mean TxRd fluorescent intensity showed no significant changes across the 

different treatment groups (Figure 38).  

 

Figure 37: Percentage of BCG positive macrophages when treated with 4 µm BSA 

coated particles and BCG.  
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Figure 38: Mean fluorescent intensity of 4 µm BSA coated and BCG treated 

macrophages.  

MFI of (A) BCG positive macrophages and (B) all treated macrophages.  

 We also determined whether macrophages needed to be primed with Fc coated 

particles before adding BCG. The macrophages were pretreated with either BCG or 0.5 

µm 2:1 Fc coated particles for one hour, before the 0.5 µm 2:1 Fc coated particles or 

BCG, respectively, were added to the wells. The total amount of time the BCG was 

allowed to incubate with the macrophages was kept constant at 4 hours. BCG only and 

0.5 µm 2:1 Fc coated particles with BCG were used as comparisons. We found there was 

no significant difference between the percentage of BCG positive macrophages for any of 

the tested populations (Figure 39).  

 

Figure 39: Percentage of BCG positive cells when macrophages are pretreated with 

BCG or Fc coated particles.  

It should be noted that these results are preliminary with N=2 

A) B) 
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5.3.2 Fc Microparticles with BCG Result in Increased Nitric Oxide Production 

 Nitric oxide production was measured after 4 hours and 24 hours. After 4 hours, 

there was a slight increase in nitric oxide production in macrophages treated with BCG 

compared to the macrophage only group. Adding 1 µm 2:1 Fc coated particles led to a 

greater increase in nitric oxide and this increase was maintained in the presence of BCG 

(Figure 40A).  For the 24 hour treated groups, an LPS treated group was added as a 

positive control while a 1 µm BSA coated particle was added as a negative control. After 

24 hours, the differences between the particle and BCG treated groups were minimal 

(Figure 40B). There were significantly low levels of nitric oxide in the untreated 

macrophage only group. The concentration of nitric oxide was slightly lower in the BCG 

only and 1 µm BSA with BCG treated macrophages, but they were not significantly 

different.  
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Figure 40: Nitric oxide production macrophages treated by BCG and 1 µm Fc 

coated particles.  

Concentration of nitric oxide after (A) 4 hours (N=3) and (B) 24 hours (N=4). *, 

significantly different from MΦ only, p<0.05, using ANOVA with Tukey HSD.  

5.3.3 No Correlation with the Addition of Fc Microparticles with BCG and 

Lysosome Maturation  

 Confocal microscopy was used to image the distribution of the LAMP-1 through 

BCG and BCG with particle treated cells (Figure 41). These images show that LAMP-1 

is more distributed in treated macrophages compared to untreated macrophage controls. 

However, there was a not a strong correlation between LAMP-1 colocalization with BCG 

in macrophages treated with BCG alone or with BCG and 1 µm or 0.5 µm 2:1 Fc coated 

particles. There was also no correlation between LAMP-1 intensity for any of the treated 

macrophage groups.  

A) 

B) 

* 

 * 

* 

* 
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Figure 41: Representative confocal images of BCG and lysosome staining.  

This shows BCG stained in red and LAMP-1 stained in green with blue representing the 

nucleus of (A) macrophages treated with 0.5 µm 2:1 Fc coated particles with BCG and 

(B) BCG only. 

5.3.4 Microparticles and BCG Are Less Likely to be Phagocytosed Together 

 As there was no correlation with lysosome maturation, we then analyzed our 

images to determine the amount of treated macrophages that were positive for both 

particles and BCG. Clusters of particles as well as BCG could be detected using 

brightfield microscopy. BCG could also be detected with the 534 nm laser. LAMP-1 

expression was imaged using a 488 nm laser. We found that the majority of macrophages 

positive for particles, were not positive for BCG (Figure 42). The percentage of 

macrophages that were positive for particles, BCG, or both was quantified by counting 

the cells from confocal microscopy images. Images from macrophages that were treated 

with 1 µm 2:1 Fc particles and BCG at the same time or were treated with 0.5 µm 2:1 Fc 

particles for one hour and then BCG was added. The results show that the percentage of 

macrophages positive for BCG stayed constant at approximately 30%.  When 

Lamp1 BCG       Nucleus  

A) 

B) 
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macrophages were primed with Fc particles first, the percentage of macrophages positive 

for both BCG and beads increased from 10% to 20%. The amount of LAMP-1 expressed 

did not seem to vary, whether the cell phagocytosed BCG and/or particles or did not. 

Macrophages that phagocytosed large number of particles appeared to form a large 

vacuole around the particles that was lined with LAMP-1 expression. 

 

Figure 42: Confocal microscopy shows macrophages are not likely to be positive for 

both particles and BCG.  

(A) Overlap of brightfield, green fluorescence, and red fluorescence filters (B) Overlap of 

green fluorescence and blue fluorescence (C) Overlap of brightfield and red fluorescence 

with white arrows pointing to clusters of internalized particles. Shows macrophages that 

phagocytosis large numbers of particles do not phagocytosis large amounts of BCG. 
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Exceptions are noted by the two cells circled in black. Arrows point at cells with large 

numbers of particles (D) Red fluorescent filter showing amount of BCG phagocytosed 

 

 
Figure 43: Percentage of macrophages positive for beads, BCG, or both.  

A) Macrophages were treated with 1 µm 2:1 Fc beads and BCG or B) macrophages were 

treated with 0.5 µm 2:1 Fc beads first for one hour before BCG was added.  

5.4 Discussion 

 While these results were not expected and seem to reject the hypothesis, we have 

made observations that pose a multitude of additional questions for future studies. It was 

thought that the addition of Fc coated microparticles to BCG would result in increased 

phagocytosis and lysosome maturation as shown in previous studies [62]. However, our 

results suggest that it is the addition of the just the microparticle alone, whether 

functionalized with Fc or coated in BSA only, that leads to greater levels of phagocytosis. 

That this result was seen in 0.5 µm, 1 µm, and 4 µm particles, suggest microparticle size 

was not a significant variable. While the Fc coating, or lack thereof, did not significantly 

affect the percentage of macrophages positive for BCG, this does not mean biochemical 

signals were not a factor.  We have previously shown that the addition of microparticles, 

both Fc and BSA coated, affects cytokine expression and secretion (Sections 4.3.5 and 

3.3.6). Therefore we can assume the complicated feedback loop of cytokine signaling 

between macrophages that have phagocytosed particles and/or BCG plays a significant 

role in BCG phagocytosis. One method to test for this in future experiments would be to 

A) B) 
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use conditioned media from macrophages treated with Fc coated particles. We can also 

repeat gene expression analysis on Fc coated particle and/or BCG treated macrophages.  

 Our results also showed that there was no change in mean fluorescent intensity of 

BCG positive macrophages. This suggests that the macrophages internalizing BCG in the 

presence of particles are doing so at the same level of BCG only treated macrophages. 

Overall more BCG is thus internalized by the macrophages in the particle treated 

conditions. This increase in the amount of BCG internalized would correspond to 

increased clearance of the vaccine and interaction of BCG with macrophages as an 

antigen presenting cell. If the macrophages do fully process the BCG for antigen 

presentation then the bacterium is also destroyed. This would also show that our particles 

may be used as an antibiotic to enhance macrophage destruction of tuberculosis and resist 

residency of the bacteria intracellularly. Our particles could then be used as a supplement 

to current treatments and use patient’s own immune system to clear the infection.  

 To prevent unnecessary repeated experiments on multiple variables, there is a 

need for better understanding of how these particle based immune complexes interact 

with macrophages in the presence of BCG. Previous studies have shown that mice 

deficient in the Fcγ chains increased the susceptibleness of the animal to infection and 

increased an immunosuppressive response [151]. The previous work with Fc coated 

particles and BCG with the resulting increase in lysosome maturation had two different 

conditions that my work. One, they used 2 µm particles, and two, they first primed the 

macrophages with the Fc coated particles before adding BCG. [62] Our results show no 

difference between groups that were first primed with Fc coated particles or BCG. If the 

increase in lysosome maturation was in part due to the particle size, this would suggest 

the macrophage may be more receptive to particles that are approximately on the same 

size scale as BCG. The 4 µm that we tested may fall just beyond the upper boundary for 

size mediated enhanced BCG uptake. Therefore we can repeat our experiment using 2 

µm particles or rod shaped particles in order to better mimic BCG. We can also compare 
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these results to BCG opsonized with IgG and Fc coated particles that are first bound to 

BCG.  

 We also attempted to answer how the addition of Fc coated particles might 

reverse many of the immunosuppressive characteristics of tuberculosis [152] and its 

analogous form in BCG. Induction of nitric oxide has been shown to lead to increased 

BCG death [153] which is why we wanted to quantify the amount our particles induced. 

We found that initially there was approximately a 30% increase as a result of our 

particles, but this difference diminished overtime. Further evaluation will be needed to 

determine if a small increase in nitric oxide production after initial treatment is enough 

for full vaccine clearance. However these results may be promising in vivo as the initial 

nitric oxide production may affect the response of macrophages recruited to the site of 

tuberculosis infection and prevent the infection from spreading within these newly arrive 

hosts. This also goes back to activating macrophages so they are better capable of fully 

processing the bacterium, whether it is the vaccine grade or an actual infection. Previous 

studies have shown the addition of LPS to macrophages before adding BCG lead to 

increased clearance of the bacterium. [154] While this supports the argument that priming 

macrophages into a pro-inflammatory state will result in better clearance of the 

bacterium, this is not an ideal candidate for vaccine implementation. The strong response 

LPS provides will likely lead to cytotoxic effects and a severe reaction in patients. If our 

Fc coated particles prove to provide an attenuated inflammatory response, either through 

macrophage or complement system activation, the may still prove to be a viable option.  
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CHAPTER 6  CONCLUSIONS AND FUTURE DIRECTIONS 

 The field of immunology has always been a broad and impactful. The more recent 

field of immunoengineering allows us to not only modify the immune response, but to 

purposefully engineer a response for a desired application. The humoral immune 

response is not only a front line defender against invading pathogens, but also strongly 

impacts the adaptive immune response. The Fc region is a powerful immunomodulator 

within the humoral response and using this fragment in various surface densities allows 

us to attempt to control the immune response. Microparticles are an ideal platform as a 

number of variables can be controlled and tested. Certain properties, such as the material 

of the particle, can then be changed in the future depending on the application while 

keeping other variables, such as size and coating, the same. This work has shown that 

microparticles coated with various Fc densities can have a strong impact on macrophage 

and complement system response.  

6.1 Fc Density and Microparticle Size Effect Macrohpage Phagocytosis and 

Phenotype 

 Our results in CHAPTER 3 show that both Fc density and microparticle size have 

a strong affect on macrophage response. Smaller microparticles (0.5 μm and 1 μm) 

coated in high densities of Fc led to the greatest number of particles internalized per cell. 

The larger particles (3 μm and 4.5 μm) resulted in significantly lower levels of 

internalized particles, but the greatest amount of volume of internalized particle per cell. 

These results suggest particle size and Fc density can be varied for different goals of drug 

delivery applications. If the goal of the delivery is to deliver the greatest number of 

particles or provide a stronger initial input to macrophages, then smaller particles would 

be ideal. However if the goal is to deliver the greatest amount of payload, then larger 

particles are preferred. There are limitations to this study, as the Fc pathway was never 
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blocked or inhibited to ensure that phagocytosis was FcR mediated. Future studies should 

be done to confirm FcR mediated phagocytosis, as well as a better understanding of the 

kinetics of internalization. Time-lapse microscopy can be used to determine how particles 

are internalized and if certain macrophages become more activated than others.  

 The results from the gene expression and cytokine secretion analysis shows that 

the size and Fc density of the particle affects macrophage response. This was true even 

when the particle sizes were what we previously considered small at 0.5 µm and 1 µm. 

The most powerful results were seen in the macrophages that were first treated with IL-4 

and LPS as the response was inverted when Fc coated particles were added. This reverse 

of macrophage response was seen even though the original stimulus of IL-4 and LPS was 

not removed from the media. The reverse in response for both alternative and classically 

activated macrophages suggest that Fc coated particles induce a phenotype that lies 

between these two states. Further work is needed to confirm this through expanded 

cytokine secretion analysis and expanding the incubation period. The increased levels of 

TNFα and IL-12 with the addition of high Fc density particles suggests a more pro-

inflammatory response. While TNFα production has been associated with increased FcR 

crosslinking, previous work has shown that levels of IL-12 production typically 

decreases. This could be an effect of particle size and most studies used larger particles or 

immune complexes alone. However, the amount of IL-12 produced may still be lower 

than IL-10 which would be in accordance with previous work. Repeating ELISA analysis 

with a proper dilution would provide further context. For future biomaterials applications, 

it would be important to understand if the gene expression and cytokine secretion levels 

are a result of the act of internalization or FcR crosslinking or combination of the two. 

This could be decoupled by coating a substrate with Fc ligands so the macrophages could 

bind but not phagocytose the complex. These results would be important for in vivo 

testing as a particle or substrate based platform, such as a hydrogel, could be delivered. 
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These results could then be applied to in vivo models where a shift in macrophage is 

desired such as chronic inflammation or sepsis.  

6.2 Fc Coated Microparticles Successfully Activate the Complement System 

 Chapter 4 showed the complement system could be activated by Fc coated 

particles and the level of activation could be controlled by changing the particle size and 

Fc density. This represents the first instance to our knowledge in which complement 

system activation has been achieved through Fc coated particles. While the majority of 

the resulting complement activation was through the classical pathway, a significant 

portion was also through the alternative pathway. This suggests the high Fc coated 

particles will be able to activate the complement system in vivo even in cases where a 

person is deficient in C1. However, there were significant lower levels of complement 

activation for larger particles. While curvature has been suggested to play a role in 

complement activation for unopsonized materials, it is not well understood why the larger 

particles failed to activate complement. Further studies are needed to understand why this 

occurred. One possibility would be that the 4 µm particles provide more surface area for 

initial complement components to deposit. The disperse spread of the initial components 

may prevent the cascade from completing. This could be tested by diluting the amount of 

4 µm particles so that the total surface area of is equivalent to that of the 0.5 µm and 1 

µm used previously. It also important to understand the minimal amount of particles 

needed for complement system activation to prevent toxic autoimmune effects.  

 However, our proof of principle for inducing cytotoxic effect on E. coli showed 

only a modest increase in bacterial death compared to the inherent bactericidal properties 

of serum. While our complement deposition results showed that some of the activated 

complement components deposited on the cell surface, a portion likely remained in 

solution. As our EIA kit did not separate the particles from serum when determining the 

amount TCC formed, we cannot confirm the exact proportion deposited on particles 
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versus solution. By repeating the complement EIA on serum that has particles removed 

first, we could determine the amount of TCC free to deposit on potential in vivo surfaces. 

In the case of E. coli cytotoxicity, complement activation was not sufficient to result in 

bacterial death in significantly greater amounts than serum only conditions. The 10:1 

bead to bacterium was used as a proof of principle and is unlikely to be feasible clinically 

with the current particle sizes used. However the beads would show greater promise in 

the case of serum-resistant bacteria or in the case of complement deficient patients. 

[143]Further study is needed to determine if particle concentration, as well as decreased 

particle size, affects complement system activation and complement mediated 

cytotoxicity. In addition, we hypothesize that a Janus particle capable of directly binding 

a bacterium while activating the complement may lead to enhanced and selective 

cytotoxicity. Beyond cytotoxicity, complement system activation can be used to harness 

the powerful chemotactic effects of cleaved complement components C3a and C5a. 

Transwell migration assays can be performed to determine if Fc particle mediated 

complement activation leads to increased recruitment of various immune cells. We can 

also begin applying our Fc coated particles to known vaccine in vivo models to determine 

if an adjuvant effect is present.     

6.3 Microparticles Affect BCG and Macrophage Response 

 In Chapter 5 we attempted to show that Fc coated particles would lead to increase 

phagocytic activity of macrophages as well as increased lysosome maturation. However, 

the addition of a microparticles, no matter their protein coating, led to increased levels of 

phagocytosis. It is unlikely that it is the size of the particle, as there was also no 

difference when larger 4 µm particles were added. This suggests the addition of particles 

alone triggers macrophages to become more phagocytic of BCG.  However as previous 

research has shown particles treated with 2 µm particles resulted in increased 

phagocytosis of BCG as well as increased lysosome mature, a repeated study with 2 µm 
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may be warranted. Previous work by others and work demonstrated in Chapter 2 showed 

that shows 2 µm particles may be ideal for triggering phagocytosis, particularly due to 

topographical characteristics of macrophages.   

 The amount of nitric oxide produced and LAMP-1 expression was also not 

significantly different between BCG and Fc particle treated conditions. While this was 

discouraging, a critical observation was made relating to colocalization of BCG and Fc 

coated microparticles. Macrophages that internalize high numbers of Fc coated 

microparticles did not internalized BCG and vice versa. This should be further examined 

and confirmed using flow cytometry. In this case, it should be noted that microparticles 

that are previously labeled with fluorescence will overpower any signal from TxRd 

labeled BCG. The use of conditioned media from macrophages treated with Fc coated 

particles can be used to determine if the increased phagocytosis of BCG is due to 

cytokine signaling. Microfluidic technology can then be used to carry out qRT-PCR on 

invidual macrophages. This could show the differences in macrophage response between 

macrophage that internalize BCG versus Fc coated particles. To ensure these responses 

are mediated through Fc pathways, macrophages deficient in FcR should be used as a 

negative control.  

 Repeated phagocytosis experiments will be carried out that label earlier 

components of the lysosome maturation pathway, such as β-actin, Rab5, Rab7, and PI3P. 

This would show when the lysosome maturation process stalls during internalization of 

BCG and how the delivery of Fc coated particles affects each maturation step. Another 

method for determining lysosome maturation is by determining the amount of BCG 

degraded within the lysosome. Treated macrophages will be lysed with the lysate plated 

on agar plates to determine the viable CFUs. This would have broad implications on 

vaccine development as well a method for clearance of infection.  
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6.4 Perspective 

 This thesis showed the humoral immune response can be tuned using 

microparticles of various size and Fc coating density (Table 3). The phagocytosis results 

not only provide a greater understanding of how the combined effect of Fc density and 

particle size have on particle internalization, but we have also generated a particle 

internalization “toolbox” through which future researchers can tune particle variables to 

achieve desired applications. Quantifying macrophage phenotype is a complicated field, 

but the completed gene expression results provide a guide that will allow researchers to 

focus on genes that significantly modulate. This also suggests that macrophage plasticity 

can be altered upon delivery of a particle based system. The ability to alter macrophage 

response after initial priming will benefit a variety of pathologies including 

atherosclerosis, sepsis, allergy, and wound healing. Controlled complement system 

activation is significant to the immunology field, as this is the first time complement 

activation occurred through Fc coated particles. The complement system cannot be 

overlooked within the biomaterials field as complement system activation may be 

affecting the host response in a manner that is unexpected, such as increased cell death. 

These results also show the complement system can be activated through multiple 

pathways by Fc coated particles which is important to consider for patients who may be 

deficient in a single pathway components. The results from incubation of Fc coated 

particles and BCG with macrophages show that direct interaction of particles with 

macrophages is not needed for uptake in BCG. This highlights the importance of 

paracrine signaling that can be harnessed for altering macrophage response.  
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Table 3: Summary of effects of Fc density and particle size on macrophage and 

complement system response.  

 

 

 

 

 

  Macrophages represent a powerful but complicated system which can be altered 

via particles after initial activation. Controlled complement system activation can be 

achieved and exploited in a variety of applications including vaccine development and 

chemotaxis. The results from this work can be applied to the greater fields of biomaterials 

and immunoengineering in hopes of better understanding important physical and 

biochemical design variables for the desired response. 

 

 

Immune 

Component 

Fc 

Density 

Particle 

Size 
Effect 

Macrophage ↑ ↓ 
↑ Phagocytosis 

↑ TNFα and IL-12 

Macrophage - ↑ ↓ Phagocytosis 

Complement 

System 
↑ ↓ 

↑ Complement 

Activation 
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APPENDIX 

A.1. Supplemental Information for Microparticle Internalization 

A.1.1. Protein Levels Used for Particle Coating 

 

Figure A 1: Amounts of antigen and IgG added for each particle size and ratio 

condition.  
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A.1.2. Verification of Fc Coating on Particles 

 

Figure A 2: Normalized mean fluorescence intensity of yellow-green fluorescent 

microparticles labeled with TexasRed fluorescently conjugated secondary 

antibodies.  

Decreasing normalized MFI corresponds to decreased Fc density for fluorescent particles, 

however there is evidence of possible non-specific absorption of the secondary antibody 

and difficulty in fully compensating for the high background fluorescence of the 

microparticle core. 
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A.1.3. Examples of Flow Cytometry Gating 
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Figure A 3: Examples of Gating Methodology 
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A.1.4.  Additional Quantification of Internalized Particles 

 

Figure A 4: Surface area of particles internalized per cell for different 

functionalizations.  

The total surface area of internalized particles by macrophages for different particle 

sizes and Fc densities. BSA-only particles are shown for comparison. 
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Figure A 5: Volume of particles internalized per cell for different functionalizations. 

The total volume of internalized particles by macrophages for different particle 

sizes and Fc densities. BSA-only particles are shown for comparison. 

A.2. Supplemental Information for Mycobaterium bovis Interactions 

A.2.1. Mycobacterium bovis culture 

 To create the Middlebrook 7H10 agar plates, 19 g of Middlebrook 7H10 agar was 

added to a flask containing 900 mL of deionized water and 5 mL of glycerol. This 

mixture was then stirred over a hotplate until the agar dissolved. The flask and contents 

were autoclaved and then cooled to approximately 55ºC. The OADC supplement was 

composed of 0.05 g of oleic acid, 5 g of bovine albumin, 2 g dextrose, and 0.004 g of 

beef catalase. This supplement was then added to 100 mL of deionized water and 0.85 g 

of sodium chloride. After the supplement fully dissolved, the solution was sterile filtered 

before adding it to the agar mixture. The supplement agar was then poured into 100 cm 

sterile petri dishes.  

 To create the Middlebrook 7H9 broth, 4.7 g of Middlebrook 7H10 agar and 4.4 g 

of sodium pyruvate was added to a flask containing 900 mL of deionized water and 2 mL 
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of glycerol. This mixture was then stirred over a hotplate until the broth dissolved. The 

flask and contents were autoclaved and then cooled to approximately 55ºC. The ADC 

supplement was composed of 5 g of bovine albumin, 2 g dextrose, and 3 mg of beef 

catalase. This supplement was then added to 100 mL of deionized water. After the 

supplement fully dissolved, the solution was sterile filtered before adding it to the broth 

mixture.  
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