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Inflammation and the foreign body response (FBR) pose a major problem 

to the successful function of essentially “foreign” implanted medical devices 

such as vascular stents, heart valves, hip replacements, knee replacements, etc. 

Conventional implants are permanent and usually made from surgical grade 

stainless steel metal. Despite the efficacy of conventional materials, there is a 

need for non-permanent implant solutions.  Poly(lactic-co-glycolic acid) (PLGA) 

is a bioabsorbable material that is nontoxic and FDA approved for implantation.  

However, bioabsorbable materials such as PLGA can induce a distinct acute 

inflammatory immune response.  To date, a highly successful solution to the 

prevention of the FBR to implanted materials has not been created.  To 

circumvent this crucial problem, this dissertation describes the creation of novel 

a biomaterial by combining the bioabsorbable property of PLGA with the anti-
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inflammatory property of an immunomodulatory protein. This protein allows the 

biomaterial to be recognized as part of the body. 

In this work, droplet based microfluidics was used as a platform to 

generate microspheres and microcapsules using single and double emulsion 

methods, respectively. The immunomodulatory protein is conjugated to the 

surface of the microspheres or encapsulated within microcapsules.  Herein, 

microparticles were assessed to see whether the immunomodulatory protein 

can tolerize the host immune system to the foreign material and reduce/inhibit 

an inflammatory response to PLGA. 
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Chapter 1: The Immune system & 

Immunomodulation of the Foreign 

Body Response 
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This chapter presents a brief introduction to the immune system as a 

whole including a short summary of the responses, major organs, and cells 

involved.  A discussion about the foreign body response with respect to 

implanted medical devices will follow, including a discussion of current 

approaches to reduce the foreign body response.  This will lead to the concept 

of immunomodulation.  The chapter will end with the motivation behind my 

work and the specific aims of the overall project.   
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1.1 The Immune System 

The immune system consists of a variety of organs, tissues, cells, and 

molecules that work together collectively to identify neutralize and/or eliminate 

foreign materials, damaged cells, pathogenic microorganisms, toxins, and 

foreign macromolecules.  The immune system protects a host from foreign or 

pathogenic invasion by its ability to distinguish between “self” and “non-self”.   

There are two types of immune responses, the innate and the acquired immune 

response.  They are dependent upon the foreign agent involved and the barrier 

to infection.  The two branches of the immune system can and do work in 

harmony with each other to clear foreign agents. There are many synonyms for 

the two branches of the immune system.  They include: 

 

1. Adaptive immunity= Specific immunity= Acquired immunity  

2. Innate Immunity= Nonspecific immune response= Natural 

immunity=Native immunity= Nonspecific resistance 

 

1.1.1 Innate & Acquired Immune Response 

Innate immunity is the first line of defense, derived from the inherent 

primitive structure of the body.  There are two types of innate immune responses 

and they include cell-mediated and humoral immunity. The innate response is 

not specific for noninfectious materials or agents, it only reacts to microbes [1].  

The cells involved in innate immunity are already maturated and established 
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before the infection takes place and are designed that way for rapid response 

to foreign pathogens.  The innate immune response does not keep a record on 

the number of attacks from a particular agent and it responds the same way 

when it encounters a foreign agent [2].  In contrast, acquired immunity also 

known as specific immunity, is acquired by experience and it keeps a memory 

of previous pathogenic or foreign invasions.  It is also known as adaptive 

because it has the ability to recognize and adapt to repeated exposure to 

infection.  Having “memory” is important aspect of the adaptive immune 

response because the magnitude of the response can increase with each 

successive exposure to each particular infectious or foreign agent.  The 

adaptive immune response is inducible and anticipatory in the fact that it 

anticipates threats before they occur through combinatorial gene 

rearrangement.  Each one of the hundreds of millions of antibody combining 

sites are specific to a potential threat [3]. There are an estimated 107 to 109 B 

and T lymphocyte clones per person [1].  A summary of the acquired and innate 

immune responses are outlined in Table 1.1. 

Similar to the innate immune system, cell-mediated and humoral immunity 

are also two types of acquired/adaptive immune responses.  Cell-mediated 

immunity is mediated by T lymphocytes which are responsible for seeking and 

destroying reservoirs of infection.  The T lymphocytes under cell-mediated 

immunity kill infected cells and destroy intracellular microbes such as viruses and 

bacteria that reside within phagocytes to avoid detection [1].  Humoral or 
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antibody-mediated immunity is based on the action of antibodies that are 

responsible for tagging microbes for neutralization or elimination.  Antibodies are 

produced by B lymphocytes.  Under the acquired immune response, substances 

that causes the body to produce antibodies are called antigens.   

 

 

 
Innate Immunity Acquired Immunity 

Memory No  Yes 

Cellular 

Components 

Natural Killer Cells, 

Phagocytes: 

Macrophages & 

Neutrophils, 

Lymphocytes: B & T 

Proteins  

(Humoral Immunity) 

Complement Antibodies 

Receptor Diversity/ 

Antigenic 

Specificity 

Limited repertoire.  Wide repertoire.  Somatic 

recombination produces 

receptors with an estimate 

of 107 to 109 combinations. 

Effective Time Approximately 0-12 hours Approximately 1-14 days 

before homeostasis and 

memory maintenance. 

Table 1.1: Summary of the innate and acquired immune responses. 

1.1.2 Cellular Components 

There are a variety of tissues and numerous cells that make up the 

immune system.  Organs that make up the immune system include both primary 

and secondary lymphoid organs.  Primary lymphoid organs include the thymus 

and the bone marrow, spleen and the lymph nodes.  The secondary lymphoid 

organs/tissue are the lymph nodes and the spleen [2].  Leukocytes or white 
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blood cells are the major cells that make up the immune system.  They are 

blood cells that lack hemoglobin and contain a nucleus unlike red blood cells.  

Below is a table that outlines the classes and subclasses of each leukocyte cell 

type (Table 1.2). 

 

Leukocyte (White Blood Cell) Classes 
Granulocytes 

1. Basophils 
2. Eosinophils 
3. Neutrophils 

Monocytes 
1. Dendritic Cells 
2. Macrophage 

Lymphocytes 
1. Natural Killer Cells 
2. B Cells 
3. T Cells 

    i. Helper  
              ii. Cytotoxic  
              iii. Regulatory  
              iv. Suppressor  
              v. Natural killer  

Mast Cells  

Table 1.2: Summary of the Classes of Leukocytes. 

The Granulocyte cell class is part of the innate immune response.  

Granulocytes are distinguished by their content of numerous granules or 

secretory vesicles [4].  Each subgroup of granulocyte cells are responsible for the 

neutralization of specific pathogenic agents.  The most common type of 
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granulocytes are neutrophils which are also known as polymorphonuclear 

leukocytes. These cells are phagocytic and do not reside in a particular tissue 

but have the ability to migrate to sites of infection and tissue damage.  They 

generate antimicrobial substances and use primary granules containing 

hydrolytic enzymes to kill phagocytosed microorganisms [2], [4].  Basophils are 

non-phagocytic cells that help mediate inflammatory reactions.  Depending 

upon the type of stimulation, histamine, serotonin (in some cases), leukotrienes, 

and prostaglandins are secreted from the granules of basophils [2].  Eosinophils 

are responsible for defense against parasitic helminths and protozoa [2].  Both 

eosinophils and basophils are major players in allergic inflammatory responses. 

Monocytes are mononuclear phagocytic leukocytes that also contain 

granules in the cytoplasm.  They are precursors to tissue macrophage and 

dendritic cells.  Once they are recruited to a site of infection they mature and 

differentiate into either one. Monocytes are thereby able to differentiate into 

classically activated/pro-inflammatory (M1) and alternatively activated/anti-

inflammatory (M2) subsets once they differentiate into tissue macrophages [5], 

[6].  Macrophage are given special names based on the various tissues 

throughout the body they are found to inhabit.  They have important roles in 

both the innate and acquired immune responses.  Macrophage secrete 

proinflammatory factors, act as antigen presenting cells to helper T cells, and 

they kill pathogens by phagocytosis [1].  Macrophage phagocytosis of microbes 

is in part activated by IFN-γ (interferon gamma) derived from Natural killer cells 
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[1].  Macrophage regulate fibrogenesis, the recruitment of other inflammatory 

cells and fibroblasts, thereby making macrophage the regulators of fibrosis and 

inflammation [7].  Not only can they recruit fibroblasts, they have antifibrotic 

capacity as well by expressing MMP1 and MMP13 (matrix metalloproteases) to 

resolve fibrotic lesions [7], [8].  Dendritic cells migrate to the lymph nodes where 

they mature naive T lymphocytes by acting as antigen presenting cells [1]. 

B lymphocytes mature in the bone marrow after which they circulate in 

the bloodstream and take up residence in lymphoid tissues.  As stated earlier, 

they are the producers and presenters of antibody molecules.  B lymphocytes 

also have the ability to secrete antibodies after transforming into an antibody 

secreting plasma cell.  T lymphocytes mature in the thymus gland.  After 

maturation they migrate to other lymphoid organs or circulate the blood 

patrolling for infection or foreign invaders.  During their circulation, they can be 

recruited to a particular periphery site by other cells in the immune system when 

a wound occurs or a threat is found.  B and T lymphocytes are the major cells of 

the adaptive immune response.  Both lymphocyte classes have the ability to 

differentiate into memory cells to aid in the fight against secondary responses 

and future subsequent infections from the same pathogen [2].  Natural killer cells 

are also bone marrow derived like T lymphocytes.  Unlike B cells, it is involved in 

the innate immune response.  Natural killer cells are responsible for the 

destruction of microbe infected cells. 
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Mast cells are located in the connective tissue.  They too contain 

granules.  Their function closely resembles that of basophils but they are distinct 

[9].  Just like basophils and eosinophils, mast cells are important in regards to the 

development of hypersensitivity and allergies [2]. 

1.1.3 Inflammation and the Foreign Body Response  

Inflammation is the nonspecific cellular defense reaction of the innate 

immune response in which leukocytes are recruited and activated in response 

to infection or injury.  The main purpose of inflammatory response is to facilitate 

repair and regeneration of injured tissue [10].  In microbial infections, 

inflammation is initiated by chemokines, and cytokines such as IL-1 (interleukin 

one) and TNF (tumor necrosis factor) [1], [2].  Inflammation comes in two forms, 

acute and chronic.  Acute inflammation lasts a short period of time, usually a 

few days, in which the body cleans the wound site and forms a provisional 

matrix [11], [12].  The acute inflammatory response is initiated when damaged 

tissue cells secrete inflammatory chemicals.  Chemotaxins otherwise known as 

chemotactic factors, are chemicals released by injured tissue, mast cells, and 

microbes that attract neutrophils and other leukocytes to the site of injury or 

infection.  Once a neutrophil is signaled, they roll along the endothelium until 

through the use of integrins, they become activated and stop rolling. They then 

change shape and squeeze through the endothelial lining to the site of injury.  
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Chronic inflammation usually causes permanent tissue damage and is 

characterized by the formation of connective tissue and dense infiltration of 

macrophage and lymphocytes [2].  Foreign body reactions is a chronic 

inflammatory response that is characterized by the presence of foreign body 

giant cells formed through the fusion of multiple macrophage cells.  Foreign 

body giant cells form as a result of the persistent presence of a biomedical 

implant or other foreign object that is too large for one macrophage to 

phagocytose.  The foreign body giant cells along with other single macrophage 

tend to reside at the surface of the foreign body/implant for the duration of its 

presence.  In addition, the foreign body giant cells surrounding the foreign body 

continue to secrete superoxides and free radicals in the attempt to eliminate 

the foreign body.  This is obviously detrimental to medical device implants 

whose purpose is to interact with the body/tissues directly.  Ultimately the foreign 

body response can lead to device failure, rejection, and chronic pain due to 

the calcification, necrosis, and hyperplasia [10].    

Once a biomaterial is implanted, biofouling occurs soon thereafter.  

Biofouling is a process where blood proteins including fibrinogen are deposited 

or non-specifically bound to the device surface.  Macrophages come along 

and bind to the protein receptors and release pro-inflammatory cytokines in 

addition to other factors.  Depending on the size of the material, macrophage 

will fuse together to form multinucleated giant cells which includes foreign body 

giant cells, which can persist at the biomaterial-tissue interface as long as the 
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implant remains [12]. Macrophage recruit fibroblasts and activate them to 

become myofibroblasts [7].  Myofibroblasts deposit extracellular matrix (ECM) 

proteins such as fibrinogen and collagen forming a fibrous network called a 

capsule around a foreign body that the macrophage could not destroy [2], 

[13].   

The fibrous encapsulation is usually called a granuloma [10].  Granulomas 

are part of chronic inflammation and are formed when the dense infiltration of 

macrophage are unable to isolate the infecting pathogen [2].  Granulomas can 

also form in response to foreign implanted materials.  Many compounds cannot 

permeate the fibrous capsule [14].  To circumvent the foreign body response, 

one must create biomimicry materials that are not seen as foreign, but mimic 

the natural “self”.  Approaches to achieve this are outlined in subsequent 

sections within this chapter. 
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1.2 Immunomodulation 

Therapeutic interventions that take part in any modification of the 

immune response can be encompassed under the term immunomodulation.  

Immunomodulation is synonymous with immunotherapy and immune-based 

therapy.  In the cases of immunodeficiency, immune system augmentation is 

needed, whereas in the case of an overactive immune response, a reduction or 

immunosuppression may be necessary.   

1.2.1 Immunomodulation Directed at Decreasing the Immune 

Response  

Allergy and autoimmunity are cases where one would want to suppress or 

reduce a harmful immune response.  Autoimmune diseases include Lupus, 

Rheumatoid Arthritis, Type-1 diabetes, Psoriasis, allergic granulomatosis, Celiac, 

and Crohn’s disease among numerous others.  Desensitization is an 

immunomodulatory procedure used to treat allergic diseases by gradually 

administering increasing amounts of the allergen.  Allergy shots are a form of 

desensitization.  The technique works but does not cure the patient of the 

allergy, it only saturates IgE receptors.  Other forms of allergy such as asthma 

and allergic rhinitis have not proven to be effected by desensitization [15].  The 

go to treatment for autoimmune diseases are strong immunosuppressants called 

corticosteroids which are derivatives of glucocorticoid hormones [15]. 

Corticosteroids inhibit inflammatory cell activation and promote resolution of 
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inflammation [16]. Other approaches to reduce a heightened immune response 

includes agents that block TNF-α, interfere with T-cell activation and/or 

proliferation, and agents that interfere with antigen processing and presentation 

to T cells.  

Specific approaches to reduce the foreign body response include 

glucocorticoids and modifying biomaterial surfaces by adding non-interactive 

(anti-fouling) coatings [16], [17].  However as in the case of glucocorticoids, their 

long-term systemic use causes undesired side effects [17].  In the case of anti-

fouling surfaces, inflammation still occurred even without the attachment of 

biofouling proteins and cells [18]–[21]. 

There has been a recent interest in reducing the foreign body response 

through the use of immunomodulatory proteins.  Proteins such as CD200 (cluster 

of differentiation 200), previously known as OX2, are part of the innate immune 

system and have been shown to deliver inhibitory signals, induce immune 

tolerance, and prevent chronic inflammation [22], [23].  CD200 can be found on 

a diverse variety of cells including B and T cells, neurons, cells of the 

reproductive organs, and endothelial cells (Table 1.3) [22].  However, the 

inhibitory immune receptor, CD200R, is restricted to cells of the myeloid and 

lymphoid lineages such as dendritic, macrophage cells, and B cells [22], [24], 

[25].  CD200-CD200R disruption can lead to autoimmune diseases.  
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Table 1.3: Cellular distribution of CD200 and its receptor, CD200R. 

Cellular distribution of CD200 and its receptor, CD200R. Monoclonal antibodies 

determined the cell type distribution of CD200 protein and CD200 receptors.  

The ND indicates that presence or lack thereof has not been determined, + 

indicates most cells were labeled, -indicates an absence of labeling, +/- 

indicates weak or variable presence between rats, humans, and mice [22]. 

 

CD200 has been found to reduce macrophage secretion of pro-

inflammatory factors and reduce macrophage infiltration in vivo if it is 

immobilized on a traditional biomaterial [21].  Figure 1.1 illustrates macrophage 

activation in the presence of a traditional biomaterial.  However through the use 

of CD200 bound to the surface of the biomaterial, macrophage activation is 

reduced or inhibited. 
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Figure 1.1: Macrophage activation in the presence of a traditional biomaterial 

verses an immunomodulatory biomaterial.  

CD200 modified surface inhibits macrophage activation [21]. 

Figure 1.2 includes the results from the murine macrophage in vitro study 

by Kim et al.  CD200 modified polystyrene surfaces alters the macrophage 

morphology and significantly reduces the secretion of pro-inflammatory 

cytokine factors, tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) after 

macrophage stimulation with LPS (lipopolysaccharide) and INFγ (interferon 

gamma).  LPS is one of the major activators of macrophage.  It is part of gram 

negative bacterial cell wall and is released from dying bacterium.  INFγ is a 

macrophage activating cytokine secreted by T lymphocytes.  Pro-inflammatory 

factors TNF-α and IL-6 secreted by activated macrophage are responsible for 

recruiting other cell types to the site of infection or injury.  Kim et al. also 
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demonstrated that macrophage grown on the surface of CD200 coated 

surfaces takes on a rounded morphology compared to cells grown on 

traditional biomaterial, polystyrene [21].  This lends validation to other studies 

that look at the importance of morphology and cell function.  Rounded 

morphology would imply inactivated macrophage whereas elongated cells are 

in the activated form.  In addition to showing a reduction of pro-inflammatory 

factor secretion, Kim et al. studied how the orientation of CD200 affected its 

efficacy [21].  They found that CD200 must be presented in a specific orientation 

for maximal results. 
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Figure 1.2: Macrophage response to CD200 conjugated to polystyrene. 

(A) Macrophage morphology as a result of CD200 conjugated and non-

conjugated surfaces.  (B) Secretion levels of TNF-α and IL-6 after macrophage 

activation with INFγ and LPS.  [21] 
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1.3 Aims and Objectives  

The objectives of this work are to create and study a novel 

immunomodulatory biomaterial.  This material would address the need for 

immunomodulatory techniques to decrease the host immune response, 

specifically in the case of the foreign body response to implanted biomaterials.  

The specific hypothesis is that immunomodulatory CD200 will inhibit or reduce 

the activation and subsequent release of pro-inflammatory factors against a 

bioabsorbable polymer PLGA (Poly(lactic-co-glycolic acid)).   

 

The specific aims are: 

 

I. To apply droplet based microfluidics on polymeric microsphere and 

microcapsule production, employing the advantages of monodispersity, 

real-time tunability, and stability of microfluidic systems. 

II. To determine limitations, parameters, and material formulations for precise 

and efficient microparticle production with controlled size that proves to 

be superior to the current bulk methods. 

III. To characterize the droplets and subsequent particles for use in 

immunomodulatory applications. 

IV. Attach CD200 to monodisperse PLGA microspheres generated using a 

single emulsion (SE) method and examine whether the CD200 protein 
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inhibits or reduces the secretion of pro-inflammatory factors by 

macrophage in vitro.  

V. Encapsulate CD200 within PLGA microcapsules using a double emulsion 

(DE) method and study its release kinetics in vitro.     
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Chapter 2: Immunomodulatory PLGA 

Microparticles 
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 This chapter introduces the concept of immunomodulatory 

microparticles.  As discussed in 1.3 Aims and Objectives, the objective of this 

project is to create and study novel immunomodulatory therapeutic strategies.  

Immunomodulatory microparticles are used in this study to address the need for 

immunomodulatory techniques to decrease the foreign body response to 

implanted biomaterials.  My Project aims to combine the bioabsorbable 

material, PLGA, with CD200 in the form of microparticles to observe its effect on 

macrophage secretion of pro-inflammatory factors.   This chapter discusses the 

properties of the PLGA biomaterial along with methods of PLGA particle 

creation and its uses.   
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2.1 PLGA Polymer Physical Properties 

  The copolymer, Poly(lactic-co-glycolic acid) (PLGA), is an  thermoplastic 

aliphatic polyester composed of poly glycolic acid (PGA) and poly lactic acid 

(PLA).  PLA and PGA are linked together by ester bonds.  PLGA is biocompatible 

and bioabsorbable (biodegradable).  PLGA degrades via hydrolytic scission of 

ester linkages between the PLA and PGA monomers.  It is generally accepted 

that PLGA is a bulk (heterogeneous) eroding not surface (homogeneous) 

eroding polymer [26]–[28].  It has also been shown that PLGA has autocatalytic 

ability where the center of PLGA slabs or microspheres degrades faster than the 

rest of the material due to an accumulation of trapped acidic monomers [28]–

[30]. 

The half-life can be tuned by changing the end caps on the polymer.  

Ester terminated PLGA provides a longer half-life than the standard carboxylic 

acid termination.  However, functionalization of a protein, peptide, drug, etc. 

directly to PLGA requires carboxylic termination.  In addition to end capping, 

PLGA degradation can be tuned by the molar ratio (formulation ratio) of PLA to 

PGA.  A longer half-life can be achieved through the increase of PLA in the 

formulation.  Increasing the composition of PLA to PGA increases the half-life of 

the polymer due to the lactiderich polymer being more hydrophobic than the 

glycoliderich polymer [31]. It takes longer for the hydrolytic scission of ester 

bonds in a more lactiderich PLGA formulation.  Although increasing formulations 

with crystalline forms of PLA or PGA provide longer half-lives, a 50:50 ratio of PLA 
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to PGA formulation provides the fastest degradation rate.  An increase in the 

Glycolic ratio in PLGA increases the degradation rate by lowering the 

crystallinity of the copolymer [30].  It has also been shown that a decrease in 

lactide content decreases the glass transition temperature [32].  The physio-

chemical properties of PLGA are what make it unique and desirable in the 

numerous applications mentioned in the next section. 
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2.2 Droplet Based Microfluidics for PLGA Microparticle Generation 

2.2.1 Uses and Applications  

PLGA is FDA approved for numerous applications due to its 

biodegradable, bioabsorbable, and biocompatible properties.  The numerous 

applications PLGA has been used in includes intravenous drug and vaccine 

delivery, pulmonary delivery systems, scaffolds for bone and tissue regeneration, 

suture material, and grafts.  Below, Table 2.1 outlines a few examples of the 

multipurpose applications using PLGA. 

 

Intravenous Drug/Vaccine Delivery Vehicle [33]–[37] 

Pulmonary Delivery Vehicle [38], [39] 

Anti-inflammatory Delivery or Device Material [40]–[42] 

Scaffolding [43]–[48] 

Grafting [49], [50] 

Table 2.1: Applications using PLGA. 
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For this study, microparticles are generated from the PLGA material.   

 

 

Microparticles are useful for the following reasons: 

 

 

1) Microparticles can be utilized for drug delivery within the body. 

2) Particles are easy to manipulate, providing minimal wounding because 

they can be injected verses implanted. 

3) Particles provide more surface area to volume ratio.  

4) Particles can be fused/sintered together to form bigger structures such as 

scaffolds [44], [51]. 

5) Particle size can be controlled for macrophage phagocytosis, wherein a 

certain size can be created to encourage or to prevent phagocytosis. 

Macrophage are sensitive to particles of a certain size [52]–[57]. Knowing 

macrophage responses to particles of a certain size can help in 

experimental design and subsequent data analysis.   

2.2.2 Conventional and Microfluidic Generation  

2.2.2.1 Conventionally Generated Microparticles  

Fabrication techniques for PLGA micro and nanoparticles include: 
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Coacervation  

(Phase Separation) 

 

Coacervation is a liquid-liquid separation 

technique where the polymer is in an oil 

phase and a drug, for example, is either in 

the water phase or oil phase depending 

on its properties.  An organic medium is 

added to the liquid-liquid phases to 

extract the polymer-solvent (soft 

coacervate).   

Spray Drying 

 

Spray drying is a process whereby an 

emulsion of water-in-oil or solid-in-oil is 

sprayed out of a nozzle in a stream of 

heated air.  The parameters of the solvent 

used, temperature, and jet orientation 

determines the size and morphology of the 

particles. 

CriticalMixTM 

 

CriticalMixTM is a one step process to 

encapsulate 100% of active 

pharmaceutical ingredients (drugs, 

proteins, peptides, etc.) inside 

microparticles.  It uses supercritical carbon 

dioxide to liquefy PLGA at ambient 

temperatures.  The liquefied PLGA is mixed 

with a drug for example and then released 

through a nozzle whereby the super critical 

carbon dioxide evaporates and the 

polymer solidifies due to the decrease in 

pressure upon its release. 

Solvent Extraction Method The solvent extraction method is a 

technique where PLGA, dissolved in a 

solvent (such as DMSO), is extracted out of 

solution by another solvent (water). The 

affinity/solubility of DMSO for water is high 

and rapid, leaving PLGA to precipitate out 

of solution.  

Solvent Evaporation Method The solvent evaporation technique can be 

carried out in two ways.  There is the single 

emulsion technique which creates oil-in-

water droplets (embryonic/precursor 

microcapsules), or the double emulsion 

technique which creates water-in-oil-in-

water droplets (embryonic/precursor 

microcapsules). 

Table 2.2: Fabrication techniques for PLGA micro and nanoparticles. 
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The techniques described in Table 2.2 above can be applied using a bulk 

method or microfluidic method.  The PLGA particles presented herein, are 

produced by means of the solvent evaporation technique.  Under the solvent 

evaporation technique, one can apply the single emulsion process to generate 

solid microspheres or the double emulsion process to generate hollow 

microcapsules. 

 

 

Figure 2.1: Conventional microparticle production via bulk production. 

Inset shows heterogeneous microsphere population resulting from bulk method 

production. 

 

Microspheres are conventionally produced by means of a bulk 

fabrication method.  This method is simplistic and involves pouring an oil-like 

PLGA-containing organic solvent into an aqueous phase (such as water or PBS) 

Solvent 
+ PLGA 

PVA 
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as it is being stirred (Figure 2.1). Stirring helps with the evaporation of the volatile 

organic solvent from the droplets (embryonic microparticles).  There are 

disadvantages to producing PLGA microparticles using this bulk evaporation 

approach.  The first disadvantage is that the resulting microparticles are 

heterogeneous in size.  This heterogeneity results in particles having different 

rates of degradation and release of its contents.  If one requires particles with 

the same size, filters must be utilized, which can result in half of the bulk being 

unusable.  This disadvantage hinders a definitive assessment of drug delivery or 

definitive results in vitro where particles interact with macrophage which are 

sensitive to size. Microfluidics offers advantages over the conventional bulk 

fabrication method for microparticle synthesis.  The advantages of microfluidics 

include: 

 

 

 The high-throughput and continuous synthesis of a product/droplet. 

 The option to connect devices in parallel to scale up production. 

 Real-time control over droplet production and droplet size. 

 Reproducible product/droplet synthesis. 

 Generation of a uniform (monodisperse) product. 

 

Microfluidic methods for PLGA particle generation include the solvent 

evaporation method and the solvent extraction method.  The microfluidic 

solvent extraction method produces particles on the nanoscale, whereas the 
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microfluidic solvent evaporation method produces particles on the micron 

scale.  Briefly, the solvent extraction method creates nanoparticles by the 

precipitation of PLGA out of a water-soluble solvent such as DMSO with water.  

The solvent extraction microfluidic system involves the fusion of DMSO+PLGA 

droplets with droplets of water.  The solvent evaporation microfluidic method 

creates microparticles when the embryonic microparticle droplets are allowed 

to condense into particles after having the volatile organic solvent evaporate 

while in aqueous solution. Within the solvent evaporation method, microspheres 

and microcapsules can be generated.  Microspheres can be generated using a 

simple single emulsion technique, while microcapsules can be generated using 

a double emulsion technique.  The Single emulsion is best suited for the 

impregnation of water-insoluble drugs such as steroids, whereas the double 

emulsion technique is best for peptide, vaccine, and protein drugs 

encapsulation [58]. 

Microfluidic microcapsules can be quite difficult to generate.  Many 

parameters are involved in the successful transition from double emulsion to 

microcapsule.  This is in part due to the limited reagents that can produce 

microcapsules for medical applications (in vivo or in vitro).  Microfluidic devices 

used to generate microparticles include capillary and PDMS devices. 
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2.2.2.2 Microfluidically Generated Microspheres 

In 2009, Xu et al. used PDMS microfluidic device to generate microspheres 

impregnated with an amphiphilic drug, bupivacaine [59].  At first the group tried 

a T-junction design which would not shear PLGA into discrete droplets due to the 

favorable wettability of PLGA in dichloromethane solvent with the walls of the 

channel.   They used a flow focusing device and were able to produce 

microspheres with a polydispersity index of 3.9%. Kong et al. developed two 

separate types of microparticles using a single emulsion system [60].  They 

studied the effect of thermodynamic and kinetic conditions on the control of 

particle structure and functionality.  They used glass capillary microfluidic 

devices with 10% PVA as the continuous phase and PLGA + surfactant (Dow 

Corning 749) in dichloromethane as the dispersed phase.  PLGA and Dow 

Corning 749 separate into two immiscible phases (polymer rich or surfactant rich 

phases) at certain ratios thus forming two distinct microparticles.  The surfactant 

forms a circular membrane becoming a microcapsule and the PLGA condenses 

into a microsphere [60].  In 2011 Watanabe et al. published a method to make 

polylactic acid (PLA) microspheres using a Y-junction design [61].  They used 

ethyl acetate (EA) as their oil phase to dissolve a PEGylated form of PLA.  PEG 

(polyethylene glycol) acted as a surfactant preventing embryonic microspheres 

(droplets) from coalescing.  The group was able to achieve microspheres with 

diameters between six and fifty microns by altering the flow rates or the PLA 

concentration. 
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2.2.2.3 Microfluidically Generated Microcapsules 

The Daeyeon Lee group focused on the manipulation of the double 

emulsion to produce microcapsules with desired features.  They produced 

microspheres utilizing glass capillary tubes as their microfluidic device.  They 

were able to generate thin shelled PLGA microcapsules.  They published two 

papers in 2012 concerning the stability and the release properties of the 

microcapsules [62], [63].  The stability and size of the double emulsion template 

precursor form into the microcapsule form can be controlled by a process 

called osmotic annealing.  Osmotic annealing is dependent upon the ratios of 

the inner and outer phase solute concentrations.  Osmotic annealing allowed 

for the generation of a wide range of microsphere sizes with a single microfluidic 

device[62].  Microparticles ranging from 80-300um were all generated form 

250um diameter double emulsion templates.  Typically there is a threshold in 

microfluidic devices [62].  The threshold can be overcome by altering the design 

and changing other parameters. 

The second paper published by the Lee group reported to control the 

release properties of near-infrared microcapsules by controlling their 

morphology.  They added gold nanorods to the shell of the microcapsules 

which were used to trigger the release of materials encapsulated within the 

microcapsule core.  They also reported on ways to stabilize (completely engulf) 

the inner phase of the double emulsion.  Microparticles produced in this study 
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were around 100um or more [63].  Sung-Wook Choi et al. produced 

microcapsules using a capillary microfluidic device that combined both glass 

capillaries and PVC tubing [64].  Stable double emulsion precursors were 

generated by balancing the internal and external solutions with the same 

concentration of Polyvinyl alcohol (PVA).  In this case, PVA was used as the 

osmotic agent to balance the pressure gradient and as a surfactant to prevent 

aggregation of droplets.  The organic solvent, Dichloromethane (DCM), was 

removed by heating the double emulsions to 35°C.  The resulting microcapsules 

produced with this microfluidic device are greater than 300um in diameter [64].  

In 2013 Watanabe et al. published a method to generate microcapsules using 

the same Y-junction design they published on in 2011 [65].  In the 2013 

publication microcapsules were generated using an O/W emulsion.  Typically, 

microcapsules are generated using W/O/W emulsions.  Watanabe et al. was 

able to achieve this by mixing a PEGylated form of PLA with PFOB 

(perfluorooctyl bromide).  The theory is that PFOB coalesces in the center of the 

droplet (embryonic microcapsule).  Using a higher-molecular-weight PLA 

generated microcapsules with dimpled surface. 

 

There are numerous disadvantages of the work done by the groups 

discussed above:   
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 The size of the capillary microfluidic device presents limitations to the size 

of particles that are able to be produced. Resulting microparticles are 

relatively large (100-250+ microns in diameter) [66]. 

 The thin shelled PLGA microcapsules are flimsy so one would speculate 

that they could not withstand an extended drug release trial. 

 The solutions used are not conducive to bioactives [67].  For example 

dichloromethane (DCM) has been shown to denature some proteins.   

 The organic solvent utilized by most groups is toxic.  According to 

PubChem, dichloromethane is a carcinogen and it is poisonous.  The LD50 

for a rat is 1.6g per kg. Not to mention, other common chemicals used to 

make microparticles such as chloroform and toluene are toxic as well. 

 

 

Experiments described in this work are designed to remediate some of 

these disadvantages.  A relatively nontoxic organic solvent is used to dissolve 

PLGA, called dimethyl carbonate (DMC).  According to PubChem, DMC is 

flammable and the LD50 for a rat is 13.0g per kg.  The solutions used in this study 

are conducive to proteins, the diameters and particle shell thickness can be 

tuned.  
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Chapter 3: Experimental Designs for 

Immunomodulatory Microparticles 
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Chapter three presents the experimental designs for immunomodulatory 

microparticle creation.  The experimental design/setup and methods are 

discussed for the generation of CD200 conjugated PLGA microspheres and 

CD200 encapsulated PLGA microcapsules.  Microfluidic device design (with 

explanation of the design features), photolithography, device fabrication & 

assembly, experimental setup, materials & tools, droplet (embryonic 

microparticle) production, and protein conjugation methods are explained 

herein.  The methods for two additional studies (microsphere temperature 

stability and swelling) are also discussed.    
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3.1 Experimental Design 

For microspheres generated using the single emulsion method: 

 Syringes containing 1wt% PVA or 0.01-10% PLGA dissolved in DMC are 

connected to a microfluidic device. The microfluidic devices used in this study 

contain a flow focusing geometry design.  This design allows for the continuous 

water phase to surround the dispersed oil phase.  In order for the dispersed 

phase to be sheared into discrete droplets, the continuous phase channel must 

be selectively treated to render it hydrophilic, while the dispersed phase remains 

hydrophobic.  The syringe flow rates are individually controlled by syringe pumps 

with flows ranging from 0.5 to 15 microliters per minute (µl/min).   The microfluidic 

device is mounted to an inverted microscope and monitored in real time with a 

FASTCAM and a Phantom camera. 

PVA continuous phase is flowed into the channel first before the dispersed 

PLGA-DMC phase. This is important because if the PLGA-DMC is allowed to 

contact the walls of the PDMS, it will instantly wet the surface and render the 

device useless due to the favorable wettability between PDMS and PLGA-DMC.  

The organic solvent that PLGA is dissolved in has been found to dissolve plastic 

syringes, therefore it is necessary to house it in a gastight glass syringe.  This also 

reduces evaporation of the organic solvent over time.  The choice of tubing is 

important as well, as the organic solvent dissolved tygon tubing as well.  Glass 

syringes with Teflon tubing were utilized for all experiments.   
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For microcapsules generated using the double emulsion method: 

Syringes containing 1-5 wt% PVA, 1X PBS or 1XPBS+protein, and 1-10 wt% 

PLGA dissolved in DMC (either 50:50 or 85:15 PLGA formulation) are connected 

to a microfluidic device. The microfluidic devices used in this study contain two 

flow focusing geometry regions.  This design allows for the internal phase (PBS or 

PBS + protein) to be sheared into discrete droplets by the oil phase (DMC+PLGA) 

and subsequently sheared into discrete double emulsion droplets at the second 

flow focusing junction by the external/continuous phase of PVA.  Again, in order 

for the oil phase to be sheared into discrete double emulsion droplets, the 

external/continuous phase channel must be selectively treated to render it 

hydrophilic, while the dispersed phase remains hydrophobic.  The syringe flow 

rates are individually controlled by syringe pumps using the µl/min setting.  The 

microfluidic device is mounted to an inverted microscope and monitored in real 

time with a FASTCAM and a Phantom camera. 

3.1.1 Collection 

Particles can be collected in two ways, the first being simple collection 

with a pipette tip and dispersing it into a vial of PBS or deionized water.  The 

second method is to connect the device outlet with Teflon tubing to a mixing 

reservoir where the emulsions are stirred to help the solvent evaporation process 



 

38 

 

and the subsequent formation of particles.  The particles are collected from the 

reservoir and placed into a vial of PBS or deionized water.   

3.1.2 Imaging 

Images were captured on a Phantom or high-speed FASTCAM camera 

mounted to a Nikon inverted microscope. Captured images of particles was 

analyzed in the ImageJ (NIH) image analysis program to measure microparticle 

size.  The same images were used to calculate the polydispersity index of the 

particles was measured by taking the standard deviation of the analyzed data, 

dividing it by the average diameter of the particles, and multiplying by 100%. 

3.2 Device Design & Fabrication 

3.2.1 Device Designs  

Device designs were done using either Cobalt or AutoCAD drawing 

programs.  The design features were filled either black or white depending on 

the type of photoresist that would be utilized to create the design. For example, 

when using a negative photoresist, channel features on the mask are filled in 

white, while the wafer background is black.  This results in channel features rising 

above the silicon wafer surface.  However, the reverse is true if one desires 

channel features to be etched into the silicon wafer, while using a negative 

photoresist.  Channel features would be filled black, while the wafer remained 
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white.  Adobe illustrator was used to fill in the wafer and channel features.  The 

device design is turned into a photomask by a company which specializes in 

high resolution printing capable of achieving a minimum of 10um features.   

Device designs are printed on transparency paper at 20,000 dpi.  

The basis for the flow focusing geometry utilized in these studies was in 

part developed by previous lab members, Yung-Chieh Tan et al. [68].  Flow 

focusing geometry works by having a continuous phase come in from two sides 

to pinch a single stream of dispersed phase solution into droplets at the highest 

fluid shear point which is the point of Vmax (Figure 3.1).  The direction of flow goes 

against the arrow-looking feature of the flow focusing design.  

 

 

 

 

 
 

Figure 3.1: Model of flow focusing junction and location of droplet formation. 

Red color indicates areas of the highest fluid velocity (Vmax) [68]. 
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In the case of double emulsion generation, it is necessary to have two 

separate flow focusing junctions.  Compound flow focusing junction designs, 

where both primary and secondary junctions are combined into one junction, 

and T-junction designs do not work with some organic solvents.  Double emulsion 

generation of PLGA microparticles must be done with separate flow focusing 

junctions.  This is due to the favorable wettability between DMC and PDMS.  

Single emulsion microfluidic devices were designed with two inlets for the 

insertion of the syringe tubing containing the continuous phase (water phase) 

and the dispersed phase (oil phase).  

Single emulsion devices were designed with and without large Hexagonal 

view chamber reservoirs.  These reservoirs were designed as an integrated part 

of the device outlet to allow for monitoring of droplet production and to take 

pictures (Figure 3.2).  Filters were designed next to the inlets to trap any debris 

that came from the solutions or punching inlet holes during device fabrication 

(Figure 3.3).  Winding channels were designed to increase resistance and aid in 

backflow.  In the first generations of single emulsion generator devices, air 

bubbles would get trapped in the corners of the flow focusing region (arrow 

region).  Later generations of the single and double emulsion designs contained 

rounded flow focusing regions to allow trapped air bubbles to gently pass into 

the main channel and subsequently out of the device (Figure 3.3).    
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Figure 3.2: Mask designs of third generation single emulsion devices. 

Device design without (Left) or with a view chamber reservoir (Right).  The 

triangle designates the continuous (external) phase inlet. 

Single emulsion device designs were designed with different flow focus 

orifice widths (Figure 3.4).  For single emulsion generation, widths of 20 and 30um 

worked well.  Characterization of these devices and others are described in the 

results and discussion section.  
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Figure 3.3: Magnified mask design features of third generation single emulsion 

device. 

Magnification of the dispersed phase inlet location with hexagonal filter traps 

(Green box). Magnified section of the flow focusing region where droplets are 

formed (Red box).  

Winding Channels Winding Channels 

Inlet 

Filter 

Rounded Flow Focus 
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Figure 3.4: Magnified flow focusing region with double arrow demonstrating 

diameter of opening. 

Single emulsion microfluidic devices were designed with 20 and 30um flow 

focus openings. 

 

3.2.2 First and Second Generation DE Devices 

The first generation double emulsion devices were designed to generate 

liposome vesicles (Figure 3.5 A).  The device was designed such that the oil 

phase, which contained the oil oleic acid, was a thin layer surrounding the 

internal water phase.  This feature was achieved with narrow 25um oil phase 

channels.  The original design also contained a narrow flow focusing orifice 

width.  Both of these features proved to be problematic for PLGA droplet 

production. The “oil phase” contains an organic solvent that is oil-like, and not 
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completely immiscible with water.  Also, once it made contact with PDMS 

channel walls, it caused irreversible wetting. Therefore, corrections were made 

to accommodate the organic solvent in PLGA droplet production.  

 

 

 

Figure 3.5: First (A) and second (B) generation double emulsion devices. 

 

3.2.3 Fifth Generation DE Devices 

 

A B 
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Figure 3.6: 5th generation double emulsion devices. 

4X magnification of the two flow focusing device regions.  The blue arrow 

indicates the direction of flow within the device. Four of the five fifth 

generation device designs to achieve stable PLGA double emulsions (A-D).  

Designs are referred to in text as labeled A-D.  

A 

C 
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3.2.4 Photolithography 

Microfluidic devices utilized in experiments are fabricated by the 

poly(dimethyl) siloxane (PDMS) replica molding process using standard soft 

lithography techniques [69].  In detail, a silicon wafer is spin coated with a 

desired height of SU8-2050 photoresist (MicroChem).  The wafer is then soft 

baked at 65˚C and 95˚C for a set time according to MicroChem feature height 

requirements.  For this work, 60µm and 100 µm height formulas were used.  The 

20,000 dpi photomask containing channel features for devices is placed on top 

of the wafer and exposed to UV light.  The wafer undergoes a post exposure 

bake at 65˚C and 95˚C for a set time before it is submerged in SU-8 photo 

developer.  The wafer is rinsed with isopropyl alcohol, dried and baked a final 

time for 15 minutes at 200 ˚C.  Cross-linked SU-8 photoresist remains on the wafer 

forming a positive mold for subsequent PDMS silicone polymer casting.  The 

entire photolithography process takes place in a class 1000 cleanroom facility 

where dust measuring 0.5 µm or more is limited to1000 particles per cubic foot of 

air.  Four device designs were created, of which flow focusing orifices consisted 

of a 20um or 30um opening. 

 

3.2.5 Device Fabrication 

Once the photolithography process is complete the wafer is spin coated 

with 1% (v/v) Teflon (Teflon AF, DuPont, in Fluorinert FC-43, 3M).  Teflon coating 
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enables a non-stick surface for PDMS replica molding.  Uncured PDMS (Sylgard 

184, Dow Corning) is mixed in a 9:1 (w/w) ratio of pre-polymer base, part A, to 

curing agent, part B.  The PDMS mixture is then poured over the Teflon coated 

silicon wafer and placed under vacuum to degas for 20 minutes.   The wafer is 

then placed into a 65˚C oven for at least three hours for PDMS curing.   

3.2.6 Device Assembly 

After curing, the PDMS is cut into individual devices and inlet/outlet holes 

are bored with 0.7-1.0mm biopsy punch (Integra Miltex).  The surface of PDMS 

and a standard glass slide (Corning) are plasma treated by placing them inside 

of an air plasma chamber (Harrick Scientific) and treated for one to two minutes 

at 300 mTorr.   PDMS devices are bonded to glass slides immediately after 

plasma treatment and subsequently placed in a 120˚C oven for five minutes to 

ensure irreversible bonding.  Below is an image of a double emulsion device 

design connected to a mixing reservoir (Figure 3.7).  The mixing reservoir sits on a 

stir plate which makes the stir bar rotate and mix incoming emulsion droplets to 

help equilibrate emulsions in solution. 
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Figure 3.7: Device assembly setup. 

PDMS mixing reservoir and double emulsion device bonded to glass slides.  

Solutions containing water or oil phases are connected to the device via 

tubing inlet holes.  The solutions, housed in syringes, are controlled by syringe 

pumps.   

3.2.7 Selective Hydrophilic Treatment 

Microfluidic channels are selectively treated to make them hydrophilic.  It 

is important to selectively treat channels to increase flow shearing efficiency 

during droplet production.  PDMS devices must be PVA treated within several 

hours after plasma treatment and bonding because the PDMS is hydrophilic 

after plasma surface treatment and will revert back to its natural hydrophobic 

state within a day of plasma treatment.  The treatment process is done by 

dispensing approximately 10ul amount of a 1 wt. % polyvinyl alcohol (PVA, 

average 30’000-70’000 MW, 87%-90% hydrolyzed, Sigma Aldrich) solution into the 

Direction of Flow 
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channel inlet of choice.  The solution is pulled through the channel by applying 

a vacuum to the device outlet.  The device continues to dry under vacuum 

suction for two minutes or more after the PVA solution is cleared from the 

channel.   

 

3.3 Materials and Formulation Screening Study 

3.3.1 Materials and Tools  

Poly(D,L lactic-co-glycolic acid) (PLGA, 38’000-54’000, 50:50 lactic acid: 

glycolic acid, acid terminated; SIGMA); Polyvinyl alcohol (PVA, average 30’000-

70’000 MW, 87%-90% hydrolyzed, Sigma Aldrich); High-speed FASTCAM camera 

(PCI-10K, Photron LTd.); high-speed Phantom monochrome camera (V310, 

Vision Research); Inverted microscope (Nikon); Plastic 1ml Luer Norm-Ject 

syringes (Henke Sass Wolf);  Glass 250µl-1ml Hamilton gastight instrument syringes 

(Hamilton ); Pico Plus Syringe pumps (Harvard Apparatus); Polypropylene Tygon 

tubing (Cole-Palmer); Teflon (PTFE) tubing (wall thickness 0.012, AWG 20, ICO 

Rally); PDMS (poly(dimethyl) siloxane, Sylgard 184, Dow Corning), Teflon AF 

(DuPont); Fluorinert FC-43 (3M); Biopsy punches (Integra Miltex); Air plasma 

chamber (Harrick Scientific); MES hydrate (pH 2.5-4.0, 0.5M in H2O, SIGMA); BSA 

(Cromatopur Bovine Serum Albumin, protease free, Immunoassay grade, 

Millipore); Fluorescent BSA (Alexa Fluor488 labeled, Invitrogen); Dimethyl 
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Carbonate (DMC, anhydrous 99%, SIGMA), PBS (Phosphate Buffered Saline, 

without Calcium or Magnesium, Lonza). 

 

3.3.2 Formulation Screening Study 

Table 3.1 and Table 3.2 below outline the screening study performed to 

find the most effective solution formulations for both the single emulsion and 

double emulsion methods.  All formulations used 50:50 PLA to PGA PLGA formula 

unless noted otherwise.  Various formulations were used to overcome wetting in 

the PDMS devices.  Wetting of DMC to the PDMS device channel wall surface 

was major concern and happened most of the time during experiments.  After 

wetting occurred, a new device had to be used.  Deionized water was the 

solvent in all PVA solutions.  The 10% Pluronic used was the Poloxamer F68. 
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Single Emulsion Generation 

# Continuous Phase Dispersed Phase 

Formulation 1 1wt% PVA 1wt% PLGA in DMC 

Formulation 2 1wt% PVA 5wt% PLGA in DMC   

Formulation 3 1wt% PVA 2wt% PLGA in DMC 

Formulation 4 1wt% PVA 10wt% PLGA in DMC  

Formulation 5 2wt% PVA 1wt% PLGA in DMC 

Formulation 6 2wt% PVA 10wt% PLGA in DMC  

Formulation 7 5wt% PVA 10wt% PLGA in DMC 

Table 3.1: Solution formulations for single emulsion generation. 
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Double Emulsion Generation 

# External Phase Oil Phase Internal Phase 

Formulation 1 1wt% PVA  1wt% PLGA in DMC 1wt% PVA +Dye 

Formulation 2 1wt% PVA 1wt% PLGA in DMC Deionized water 

Formulation 3 2.5wt% PVA 1wt% PLGA in DMC 1:3 Deionized water: glycerol 

Formulation 4 1wt% PVA 1wt% PLGA in DMC 1X PBS 

Formulation 5 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 1:1 1wt%PVA:1X PBS 

Formulation 6 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 1X PBS 

Formulation 7 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 10X PBS 

Formulation 8 1X PBS 1wt% PLGA in DMC 1X PBS 

Formulation 9 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 1:1 1X PBS:10% Pluronic  

Formulation 10 1wt% PVA 1wt% PLGA in DMC 1:1 1X PBS:10% Pluronic 

Formulation 11 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 5% BSA in PBS 

Formulation 12 2.5wt% PVA 2wt% PLGA 85:15 in DMC 0.3% BSA-488 in PBS 

Formulation 13 0.9wt%PVA  2wt% PLGA 85:15 in DMC 5% BSA in PBS 

Formulation 14 1wt% PVA 5wt% PLGA in DMC   1X PBS 

Formulation 15 2wt% PVA 10wt% PLGA in DMC  1X PBS 

Table 3.2: Solution formulations for double emulsion generation. 
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3.4 Fabrication of Microparticles Using Microfluidic Devices 

3.4.1 Solvent Polymerization Methods 

Previously, our lab has reported on a technique to microfluidically 

generate PLGA nano and microspheres using a non-toxic organic solvent called 

DMC, dimethyl carbonate that does not swell PDMS [70].  Therein they describe 

two conventional approaches to generate the nano and microspheres.  The first 

technique is solvent extraction where one droplet containing DMSO (Dimethyl 

sulfoxide) + PLGA and one droplet containing water fuse together.  The fusion 

event causes the PLGA to precipitate out as DMSO diffuses into the water 

droplet.  Within their particular microfluidic device this process created PLGA 

nanoparticles.  These nanoparticles ranged from averages of 70 to 482nm in 

diameter. 

The second approach is solvent evaporation, which is the technique I use 

in my experiments.  Within the solvent evaporation approach, the solvent DMC is 

used in place of DMSO.  Other groups have reported particle production using 

organic solvents such as dichloromethane (also known as methylene chloride), 

dichloromethane with methanol, toluene and chloroform [6], [33], [59], [60], 

[62]–[64], [71], [72].  DMC is allowed to evaporate from Droplets containing 

DMC+PLGA, leaving PLGA to condense into a sphere.  The microfluidic solvent 

evaporation technique creates micrometer sized particles. 
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3.4.2 Microparticle Generation 

3.4.2.1 Microspheres 

Microspheres were prepared using a standard oil-in-water (O/W) single 

emulsion solvent evaporation process (Figure 3.8).  PLGA is dissolved in non-toxic 

organic solvent, dimethyl carbonate (DMC).  The PLGA-DMC solution dispersed 

phase is emulsified in a 1 wt% polyvinyl alcohol (PVA) continuous phase solution. 

A 0.01-10 wt% PLGA 50:50 formulation was utilized in particle formation.  Particles 

are formed after the DMC solvent is evaporated from the emulsion while in 

aqueous solution. Particles are collected, centrifuged, and washed several 

times before further conjugation and cell culture work.  To simplify flow rate 

ratios, the rate of flow for the continuous phase ranged from 3 to 15 µm/min, 

while the dispersed phase was kept at 1 µm/min.   
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Figure 3.8: Microfluidic generation of single emulsions (embryonic 

microspheres). 

Droplets of DMC+PLGA form at the point of Vmax. 

 

3.4.2.2 Microcapsules 

Microcapsules were generated using a microfluidic device which includes 

two flow focusing junctions.  The first junction generates water-in-oil (W/O) 

emulsions and the second junction creates water-in-oil-in-water (W/O/W) 

emulsions (Figure 3.9). Protein-containing PBS is emulsified in PLGA-containing 

dimethyl carbonate (DMC) to form a w/o emulsion. These w/o emulsions are 

further emulsified in a 1 wt% polyvinyl alcohol (PVA) solution at the second 

junction to create w/o/w double emulsions. A 1-2.5 wt% PLGA 50:50 lactic acid: 
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glycolic acid formulation or 1-2 wt% PLGA 85:15 formulation was utilized in 

particle formation.  The device outlet is connected to a mixing reservoir (Figure 

3.7) where the emulsions are stirred to help the solvent evaporation process and 

the subsequent formation of particles.   Particles are formed after the non-toxic 

solvent, DMC, is evaporated from the emulsion while in aqueous solution. PBS 

solution is deposited into the mixing reservoir prior to double emulsion dispersion 

to balance the osmotic pressure between the encapsulated BSA-PBS solution 

and the external solution.  Particles are collected, centrifuged, and washed 

several times before further testing. 

 

 

 

Figure 3.9: Microfluidic generation of double emulsions (embryonic 

microcapsules). 

Inset shows magnified view of newly formed double emulsion droplets. 
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3.5 Temperature Stability Study  

 PBS solution containing various sized, 10 wt%, 50:50 formulation 

microspheres were split into microcentrifuge aliquots and placed into various 

temperatures (37°C, 25°C, 9°C, and -20°C) to initially test for optimal conditions 

in which PLGA could be stored short term.  This study eventually developed into 

an extended stability/degradation study of PLGA. At different time intervals 

ranging from 0 to 50 days, 5 - 10uL of suspended microspheres from the different 

temperature conditions were removed, placed on a glass slide, and imaged 

with the Phantom camera. -20°C sample microcentrifuge tubes were removed 

first and imaged last to allow the sample to thaw.  Once the 5 - 10uL sample was 

removed from each microcentrifuge tube, the tubes were returned to their 

respective temperatures.  Fresh PBS was not placed into the tube after each 

sample was taken.  After imaging, microspheres were measured with ImageJ 

software to determine their diameters. 
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3.6 Swelling Study 

 Microcentrifuge tubes containing PBS suspension of 10 wt% 50:50 

formulation microspheres were placed in the incubator at 37°C.  At different 

time intervals between 0 to 50 days, 5 - 10uL of suspended microspheres were 

removed, placed on a glass slide, and imaged with the Phantom camera.  

Once the 5 - 10uL sample was removed from each microcentrifuge tube, the 

tubes were returned to 37°C.  Fresh PBS was not placed into the tube after each 

sample was taken.  After imaging, microspheres were measured with ImageJ 

software to determine their diameters.   
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3.7 Microparticle Surface Functionalization 

3.7.1 CD200 Preparation 

The research publication entitled, “Modification of Biomaterials with a Self-

Protein inhibits the Macrophage Response” by Yoon Kyung Kim et al., describes 

the method for recombinant CD200 preparation.  Recombinant CD200 is 

produced by transfecting Chinese hamster ovary cells with plasmids containing 

a CD200 DNA sequence.  After protein synthesis and purification methods were 

performed, the protein product was further enzymatically biotinylated at a 

specific site to ensure proper orientation of CD200 when it is immobilized or 

bound to a substrate.  Orientation is critical for the maximum inhibitory effect 

[21]. 

3.7.2 Microparticle Surface Functionalization 

To prepare BSA or CD200-coated PLGA particles, a combination of 

EDC/NHS amine reaction chemistry and Biotin/Streptavidin binding chemistry 

was used.  The conjugation process was carried out after microspheres were 

generated microfluidically.  50:50, acid terminated PLGA microsphere particles 

were placed into a Countess™ slide (Invitrogen) and counted using The 

Countess™ Automated Cell Counter.  Microspheres were also counted using a 

hemocytometer or by hand using a volume of 1uL.  This number was used to 

calculate the amount of reagents needed.  Counted microspheres were 
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centrifuged down at 10,000 rpm for two minutes into a pellet.  The solution they 

were contained in was aspirated away and the particles were re-suspended in 

MES (2-(N-morpholino)ethanesulfonic acid) buffer.   

MES buffer is used to help with the pH of the biochemical reaction.  5mg 

of NHS and 5mg of EDC were dissolved in 1ml PBS.  MES buffer containing 

microspheres were added to the EDC-NHS-PBS solution and allowed to incubate 

for 30 minutes on a shaker plate at room temperature.  Particles were 

centrifuged down a second time at 10,000 rpm for two minutes, aspirated and 

re-suspended with 0.5mg/ml of streptavidin.  The particle and streptavidin 

mixture was allowed to incubate at room temperature on a shaker plate for one 

hour.  Particles were centrifuged down for a third time using the same 10,000 

rpm spin speed for two minutes.  The supernatant was aspirated and the 

microspheres were re-suspended in PBS to wash away any unbound 

streptavidin.  This took place at room temperature on a shaker plate for ten 

minutes.  The centrifugation and washing step was repeated two additional 

times.   

The microspheres were stored in PBS buffer after streptavidin conjugation 

step if the particles were not needed immediately.  To confirm streptavidin 

conjugation to the microsphere particle surface, fluorescent biotin was 

incubated with the microspheres for an hour on a shaker plate at room 

temperature.  The sample was washed three times before the fluorescence 

signal was measured. 
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3.8 Macrophage Response in vitro 

3.8.1 Macrophage Cell Culture  

Bone marrow derived macrophage (BMDM) were taken from the femurs 

of 6-12 week old female mice.  The femurs were flushed to collect bone marrow 

cells.  Red blood cells were removed and the sample was suspended in 1% 

penicillin/streptomyocin, 10% heat-inactivated FBS, and 1% media containing 

macrophage colony stimulating factor (M-CSF).  M-CSF is used to differentiate 

the sample to macrophage cells.  These cells were cultured for 7-9 days.  After 

which adherent cells were harvested with dissociation buffer and seeded onto 

96-well polystyrene tissue culture plates.  

 

3.8.2 Macrophage Response in vivo to PLGA Microspheres  

 For incubation with CD200-coated microspheres, 1105 macrophages 

were seeded onto a 96-well polystyrene tissue culture plate.  After two hours, 1 x 

105 microspheres were seeded with the macrophage cells.  The time in between 

the cell and microparticle seeding was necessary to allow the cells to attach to 

the bottom of the 96-well plate.  Cells were seeded with three groups: 

 

1. A control of plain, unconjugated PLGA microspheres. 

2. Streptavidin conjugated PLGA microspheres. 

3. CD200 conjugated PLGA microspheres. 
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An additional two hours was allowed between microsphere seeding and 

subsequent addition of stimulating factors.  BMDM cells were stimulated for 18 

hours with 0.5 ng/mL of E. coli LPS +/- recombinant murine IFN-γ.  Macrophage 

secretion of pro-inflammatory cytokines were analyzed by taking cell culture 

supernatants.  An enzyme-linked immunoabsorbent assay (ELISA) was utilized to 

measure pro-inflammatory cytokines, IL-6 and TNF-.   
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Chapter 4: Results and Discussion 
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Chapter four presents experimental results of the overall project including 

the effects of microfluidic device device, microsphere & microcapsule 

characterization, macrophage studies, microsphere temperature stability 

experiments, and swelling experiments.  At the end of this chapter, a discussion 

of the major challenges in the experimental design are presented.  Solutions are 

presented to these challenges in the form of a troubleshooting table.  
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4.1 Device Design and Fabrication 

 The double and single emulsion microfluidic devices were first created 

with a height of 40 microns.  The next generation of single emulsion and double 

emulsion devices were increased to a height of 60 microns.  The final designs for 

the double emulsion devices were increased to a height of >100 microns.  The 

increased height helped prevent the wetting of DMC on the microfluidic device 

channel walls.  Other design feature details are described in section 3.2. 

The original hexagonal view chamber reservoir designs were too large.  

PVA only coated the sides of the chamber when the water/continuous phase 

channels were treated with PVA.  This caused air bubbles to form and become 

trapped after the introduction of continuous phase PVA. PVA treatment 

efficacy fluctuated during early stages of microsphere testing.  This would cause 

irregular droplets to form, wetting, or trap air bubbles.  This was remedied with 

the use of fresh PVA weekly to biweekly.  
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4.2 Formulation Screening 

For the single emulsion droplet generation method, formulation 1 was 

mainly used.  1 wt% PVA could be used successfully with 0.01-10 wt% PLGA 

concentrations.  A significant difference between 0.9 wt% and 2 wt% PVA was 

not observed during use with 0.01-10 wt% PLGA-DMC.  Double emulsion 

generation proved to be quite tricky in that I had to find suitable solutions that 

could be used together in the microfluidic system that would not harm proteins 

or cells in subsequent experiments.  In addition, the diameter of the 

microcapsules and shell thickness had to be taken into consideration.  For my 

applications, a thick shell was needed for prolonged drug release studies. Most 

of the microfluidically generated microcapsules reported in literature were not 

generated with this in mind.  Other groups reported on successful generation 

and or manipulation of the double emulsion droplet with very large diameter 

and/or thin shelled microcapsules [62]–[64].  

Formulations using 1:1 1X PBS to 10% Pluronic; 1X and 10XPBS; and 1:1 1 

wt% PVA to 1X PBS as the external solution in the double emulsion generation 

resulted in significant wetting of the PLGA-DMC and therefore did not generate 

double emulsions.  Formulations using 1:1 1X PBS:10% Pluronic; Deionized water; 

1:1 1 wt% PVA to1X PBS; 1:3 Deionized water to glycerol; and the 1 wt% PVA as 

the internal solutions do not produce stable double emulsions when working with 

the 50:50 PLA to PGA PLGA formulation.  Table 4.1 shows the formulations that 
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resulted in DE formation.  Formulations utilizing 1X PBS or BSA in 1X PBS create 

double emulsions.   

Once the double emulsions are created, they must be osmotically 

balanced to avoid dewetting of the internal droplet where the water phase 

separates from the oil phase leading to partial engulfing of the inner water 

phase.  When this occurs, the particles appear to resemble snowmen (See 

section 4.9 Challenges in Experimental Design).  This occurs while the oil phase is 

evaporating.  Balancing the DE can be done by transferring them into a solution 

of 1X PBS immediately after production.  The PBS solution allows for osmotic 

pressures to balance and the double emulsion to stabilize because PBS is also 

used as the internal solution.   

At times the BSA internal solutions start to wet at the primary flow focusing 

junction.  This can result when the solution flows for more than 30 min or there is a 

temperature change.  The effect is greater in the BSA compared to the PBS 

solution because BSA can act as a surfactant, coating the channel boundaries.  

It is also important to note that fresh preparations of PVA, PBS, and BSA solutions 

are necessary to promote successful double emulsion generation. 
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Double Emulsion Generation 

# External Phase Oil Phase Internal Phase 

Formulation 1 1wt% PVA  1wt% PLGA in DMC 1wt% PVA +Dye 

Formulation 2 1wt% PVA 1wt% PLGA in DMC Deionized water 

Formulation 3 2.5wt% PVA 1wt% PLGA in DMC 1:3 Deionized water: glycerol 

Formulation 4 1wt% PVA 1wt% PLGA in DMC 1X PBS 

Formulation 5 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 1:1 1wt%PVA:1X PBS 

Formulation 6 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 1X PBS 

Formulation 7 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 10X PBS 

Formulation 8 1X PBS 1wt% PLGA in DMC 1X PBS 

Formulation 9 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 1:1 1X PBS:10% Pluronic  

Formulation 10 1wt% PVA 1wt% PLGA in DMC 1:1 1X PBS:10% Pluronic 

Formulation 11 1:1 1wt%PVA:1X PBS 1wt% PLGA in DMC 5% BSA in PBS 

Formulation 12 2.5wt% PVA 2wt% PLGA 85:15 in DMC 0.3% BSA-488 in PBS 

Formulation 13 0.9wt%PVA  2wt% PLGA 85:15 in DMC 5% BSA in PBS 

Formulation 14 1wt% PVA 5wt% PLGA in DMC   1X PBS 

Formulation 15 2wt% PVA 10wt% PLGA in DMC  1X PBS 

Table 4.1: Successful double emulsion formulations outlined in red boxes.  
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4.3 Fabrication of PLGA Microparticles using Microfluidic Devices 

4.3.1 Single Emulsions 

Single emulsions were successfully created using the single emulsion 

microfluidic method.  Monodisperse microspheres with sizes ranging from 5 to 29 

um were prepared using a standard oil-in-water (O/W) single emulsion solvent 

evaporation process.   Device design for single emulsions (embryonic 

microspheres) includes one flow focusing junction which creates oil in water 

(O/W) emulsions.  DMC containing PLGA (0.01-10wt% concentration of 50:50 

formulation) was used as the dispersed phase, while 1wt% PVA was used as the 

continuous phase to generate single emulsions (embryonic microspheres), 

Figure 4.1. 

 

 

Figure 4.1: Embryonic microsphere generation using single emulsion microfluidic 

device. 
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For simple microsphere analysis and characterization testing, microspheres 

were generally collected using a pipette tip every 10 minutes.  They were 

deposited into a microcentrifuge tube containing 1mL of PBS or deionized 

water.  The relatively large volume of PBS or water was needed to produce 

microspheres that did not contain an air bubble or liquid cap.  Figure 4.2 is a 

depiction of pipette collection and depositing technique.  The microspheres are 

deposited dropwise into the microcentrifuge tube and allowed to settle to the 

bottom of the tube. This was effective in making clean microspheres.  

The method of using a pipette tip was later changed when large amounts 

of microspheres were desired.  Teflon tubing was connected to the device 

outlet and inserted into a 15mL Falcon tube filled with PBS or deionized water.  

The system was allowed to run for up to seven hours with monitoring every 15-30 

minutes.  To accomplish this, a 5 or 10mL syringe was used to house the 1wt% 

PVA.  Generally 1mL of PLGA+DMC was sufficient for this amount of time. 
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Figure 4.2:  Microsphere collection technique. 

Microspheres were collected and deposited into microcentrifuge tubes 

containing 1mL of PBS or deionized water.  Microspheres were allowed to  

settle to the bottom of the tube generating clean microspheres (B) verses 

microparticles collected using a 100-200uL volume of PBS or water (A). 

 

4.3.2 Double Emulsions 

Device design for double emulsions (embryonic microcapsules) includes 

two flow focusing junctions, the first junction generates water-in-oil (W/O) 

emulsions and the second junction creates water-in-oil-in-water (W/O/W) 

emulsions. BSA-containing PBS is emulsified in PLGA-containing dimethyl 

carbonate (DMC) to form a w/o emulsion. These w/o emulsions are further 

A 

B 
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emulsified in a 1 wt% polyvinyl alcohol (PVA) solution at the second junction to 

create w/o/w double emulsions (Figure 4.3). A 1-10 wt% PLGA 50:50 formulation 

or 1-2 wt% PLGA 85:15 formulation was utilized in particle formation.  Double 

emulsions containing a single internal water phase droplet was achieved in 

addition to double emulsions containing multiple internal water phase droplets 

(multi emulsion, ME) by altering solution flow rates (Figure 4.4). 

The device outlet is connected to a mixing reservoir where the emulsions 

are stirred to help the solvent evaporation process and the subsequent 

formation of particles.   Particles are formed after the non-toxic solvent, DMC, is 

evaporated from the emulsion while in aqueous solution. PBS solution is 

deposited into the mixing reservoir prior to double emulsion dispersion to 

balance the osmotic pressure between the encapsulated BSA-PBS solution and 

the external solution.  Particles are collected, centrifuged, and washed several 

times before further testing.   

An important note for the development of microcapsules is that upon 

creation of the double emulsion, droplets must immediately be transferred to a 

solution of PBS.  This is necessary to balance the osmotic pressures.  The osmotic 

pressure is not completely balanced after the transfer.  Internal droplet of PBS 

contains protein.  Most of the embryonic thick shelled microcapsules become 

unstable and form large microspheres.  Generally the system tends to produce 

thin shelled microcapsules, as water comes into the internal droplet of the 

double emulsion.  This may in part be due to the presence of PVA in the external 
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solution in addition to PBS.  Double emulsions and osmotic balance is discussed 

in 4.9 Challenges in Experimental Design. 
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Figure 4.3: Embryonic microcapsule creation using a first generation double 

emulsion microfluidic device design. 

 

 

 

 

Figure 4.4: Generation of multi emulsions using a double emulsion microfluidic 

device. 

Inset shows another example of multi emulsion droplets (embryonic 

microcapsules) with diameters of 241.5um in a reservoir view chamber. 
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The stability of the double emulsion system can be very difficult to control 

due to slight fluctuations in the flow.  Figure 4.5 depicts the same device during 

a single experiment where double emulsion generation fluctuates creating a 

heterogeneous double emulsion and subsequent microcapsule population.  

Images were taken within approximately ten minutes of each other.  DMC has 

wetted the corner of the device’s flow focusing junction.  This has caused the 

double emulsions to be produced using a drip regime.     

 

 

 

 
 

 

 
 

Figure 4.5: Fluctuations in the stability of double emulsion production. 

Double emulsions were produced on a second generation double emulsion 

device.  (Top) stable production within a drip regime. (Bottom) unstable 

production within a drip regime, producing heterogeneous double emulsions. 
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To overcome some of these issues, fifth generation devices were 

designed.  Figure 4.6 is an image of a fifth generation double emulsion device, 

type B.  The double emulsions in this figure are being generated with 10 wt% 

50:50 formulation PLGA, 2 wt% PVA, and flow rates:  

 

 External phase: 10 uL/min 

 Oil phase: 3 uL/min 

 Internal phase: 0.9uL/min 

 

 

 

Figure 4.6: Fifth generation device type B generating double emulsions 

(embryonic microcapsules). 

 

These formulations and flow rates generated thin shelled microcapsules. To 

date, our microfluidic system has been optimized to create thick shell or thin 
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shell microcapsules using the non-toxic DMC solvent.  The double emulsion 

system generates droplets that are much larger than that of the single emulsion 

system.  The double emulsion devices used (design generations 1-5) generally 

produced microcapsules that were 80um and larger.  
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4.4 Characterization of Microparticles 

4.4.1 Microsphere Characterization 

The 20um and 30um flow focus opening device designs were utilized to 

generate particles for the macrophage, characterization, swelling, and stability 

experiments.  Figure 4.7 shows the morphology and monodispersity of 

generated particles with 29um diameter at 4X (top) and 40X (bottom) 

magnification on an inverted microscope.  These particles were generated with 

a 4:1 uL/min flow rate and 10 wt% PLGA. 
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Figure 4.7: Magnification of 29um microspheres demonstrating the 

monodispersity and morphology. 

4X magnification (top) and 40X magnification (bottom). 
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4.4.1.1 Effect of Flow Rate on Particles 

Figure 4.8 shows the sizes of particles that can be generated through 

different flow rates and percent weight concentrations.  Flow rates of 3, 4, 6, 9, 

and 15:1 continuous to dispersed phase generate 1wt% PLGA particles with an 

average diameter of 14.4, 13.4, 12.4, 12, and 11µm respectively.   

 

 

 

Figure 4.8: Flow rate verses particle size (diameter in micrometers) using a 20um 

flow focusing device opening. 

 

 

 

For this particular flow focusing geometry design, continuous phase flow 

rates below 3 µl/min do not generate consistent sized droplets and subsequent 

particles due to PLGA-DMC wetting the PDMS.  Flow rates higher than 15:1 
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µl/min do not create any sizable decrease in droplet diameter and subsequent 

particle size as expected.  Therefore, the flow rate threshold for the microfluidic 

design utilized in this study is 3:1-15:1.  The flow rates generated reproducible 

results of particle generation with n≥3 with standard deviation less than 0.5.  

Figure 4.9 shows examples of the effect that flow rate manipulation has on 

droplet formation.   

 

 

 

Figure 4.9: Flow rate manipulation. 

Examples of changes in droplet diameters with changing flow rates.  

 

4.4.1.2 Effect of Flow Focusing Diameter 

20 and 30um flow focusing devices were compared to evaluate their 

effect on droplet and subsequent microsphere production.  Results are shown in 

Figure 4.10.  As expected, the larger flow focusing opening produced slightly 

1: 0.5 ul/min 
130um droplet 

3:1 ul/min 
68um droplet 

3: 0.5 ul/min 
57um droplet 
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larger droplets.  This was expected, however there are limits to the width of the 

flow focusing opening.  If the opening is too big, droplets will not form and if it is 

too small, wetting occurs.  For my experiments, 20-30um flow focusing opening 

widths work well.   

 

 

Figure 4.10: Particle diameters resulting from 20 and 30um flow focus diameter 

devices. 

Particles were generated with 1 wt% PLGA. 

 

 

4.4.1.3 Effect of PLGA Concentration on Particles 

Microparticle diameters can be controlled by adjusting the flow rate ratios 

and by utilizing various percent weight concentrations of PLGA.  There is a 

9

12

15

18

21

2 4 6 8 1 0

P
ar

ti
cl

e
 D

ia
m

e
te

r 
(u

m
)

Qc/Qd (ul/min)

PARTICLES RESULTING FROM FLOW FOCUS 
DIAMETER 

30um Focus 20um Focus



 

83 

 

threshold when relying on the flow rates alone.  Therefore adjusting the PLGA 

percent weight concentration within that threshold can produce particles with 

a desired size without going outside of the flow rate threshold.  For example, with 

a flow rate of 4:1 continuous to dispersed phase produces 29um 10wt% PLGA 

particles, whereas a 4:1 rate generates a 13um 1wt% PLGA particle. 

Varying the flow rate and concentration of PLGA from 0.01wt%, 0.1wt%, 

1wt%, to10wt% produced particles with average diameters of 5, 6.3, 11.5, and 

29.0 µm respectively (5 and 29 µm data not shown), see Figure 4.11 Top. 

Concentration verses size experiments were all done at the same flow rate of 9:1 

continuous to dispersed phase with 0.1wt% to10wt%.  Other flow rates were 

examined with 20 and 30 flow focusing opening devices.  The data is combined 

in Figure 4.11 Bottom.  Particles of desired size can be generated in greater 

number in a shorter amount of time by manipulating the concentration and 

using a high flow rate.   

When dealing with concentrations outside of 1 wt% PLGA, one cannot 

compare the size of droplet produced to predict the diameter of the particles 

without an evaluation of each concentration used.  Figure 4.12 demonstrates 

this by showing similar sized droplets made at the same flow rates produce 

particles of different diameters due to the concentration of PLGA. 
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Figure 4.11: Particle size based on PLGA concentration. 

Particle sizes generated on a 20um opening flow focusing device using 9:1 

uL/min flow rates (top).  Combined microsphere diameter data with various 

flow rates and concentrations (bottom). 
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Figure 4.12:  Images of PLGA concentration effect on droplets and particle size. 

Droplets are of the same diameter, however evaporation of DMC produces 

the true size of microspheres.  Particle images taken at 40X magnification. 

9:1 uL/min 30um Focus 10 wt% 

PLGA 

9:1 uL/min 30um Focus 0.5 wt% 

PLGA 
 

 
 

 

 

 

 

 
 

~30um ~13um 
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4.4.1.4 Particle Monodispersity 

Figure 4.13 demonstrates the monodispersity of particle populations that 

can be generated. For example, in a small aliquot sample of particles 

generated using a 6:1 uL/min flow rate 94% monodispersity was obtained.  The 

polydispersity index of particles generated with the 6:1 flow rate was 2.3%.  The 

polydispersity index was calculated by this equation:  

σ = δ /DA x 100% 

Where δ is the standard deviation and DA is the average particle diameter. 

 

 

Figure 4.13: Example of monodispersity with the 6:1 flow rate. 

94% of the microsphere population had diameters of 12um, while 6% were 

13um in diameter. 
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4.4.1.5 Solvent Evaporation from Droplets 

PLGA particles form one minute after DMC has evaporated from the 

droplet.  Evaporation time can be decreased by using a higher concentration 

of PLGA. There is an average reduction rate of 21% of droplet diameter to 

corresponding particle diameter, with a standard deviation of 0.01 with n=12 

data points (Figure 4.14).  Solvent evaporation occurs within one minute for 

1wt% PLGA and within 30 seconds for 10wt% PLGA (Figure 4.15). 
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Figure 4.14: Droplet to particle diameter reduction (DMC Evaporation). 

 DMC evaporation from droplets generated with a 15:1 uL/min (top) or 3:1 

uL/min flow rate (bottom).  1wt% PLGA produced particles 21% smaller than 

droplet diameters (SD=0.01, n=12).   
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Figure 4.15: Evolution of solvent evaporation from droplets (embryonic 

microspheres) to particles. 

1 wt% PLGA Embryonic microspheres form into particles after 60 seconds.  (A) 

Single emulsions (embryonic microspheres) at 0 seconds. (B) DMC evaporating 

from embryonic microspheres at 30 seconds. (C) Microspheres after 60 

seconds. 

 

4.4.2 Microcapsule Characterization 

Microcapsules have been generated with microfluidic double emulsion 

devices.   To date, our microfluidic system has created single or multi-cavity 

particles, thin shell particles and thick shelled particles using the non-toxic DMC 

solvent.  The stability of the device and new methods of double emulsion 

transfer are needed to generate a homogeneous population of the 
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Microspheres 
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microcapsules described in the previous sentence. Figure 4.16 is an image of a 

thick and thin shelled microcapsule.  To monitor and characterize the release 

profiles of the particles, we have encapsulated fluorescent BSA (see section 

4.5.2).  In the near future, we aim to determine the release profiles of the 

particles with encapsulated BSA protein. Once polymer degradation, BSA 

binding, and release profiles are characterized, CD200 will be substituted in 

place of BSA.   

 
 

 

Figure 4.16: Microfluidically produced microcapsules. 

(A) Thick shelled microcapsule, (B) Thin shelled microcapsule. 
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4.5 Microparticle Protein Attachment and Encapsulation 

4.5.1 Protein attachment to Microspheres 

BSA or CD200 Protein was successfully conjugated to microfluidically 

generated microspheres using NHS/EDC amine reaction chemistry.  EDC/NHS 

amine chemistry was utilized to conjugate streptavidin to the exposed 

carboxylic ends of the PLGA microsphere surface.  EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride) is a carbodiimide crosslinker 

that allows for carboxyl groups to couple with primary amines with the addition 

of NHS (N-hydroxysuccinimide).  We leveraged the strong biotin-streptavidin 

binding affinity to conjugate either BSA or CD200 to the PLGA microparticles.  

Figure 4.17 is a schematic of the amine chemistry (carbodiimide crosslinker 

chemistry) used in the conjugation of CD200 to PLGA. 
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Figure 4.17:  Schematic illustrating the PLGA microsphere conjugation steps. 

PLGA carboxyl groups become activated and bind to primary amines in the 

streptavidin protein using carbodiimide crosslinker chemistry (A). Biotinylated 

CD200 binds to streptavidin bound PLGA microspheres (B). 

A 

B 
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4.5.2 Protein encapsulation into Microcapsules 

To optimize the double emulsion system, and monitor protein release 

profiles, microcapsules were made to encapsulate PBS encapsulated 

fluorescent BSA (Figure 4.18).  BSA was used as a model protein before the costly 

and time consuming recombinant CD200 could be used.  Figure 4.19 A is an 

image of embryonic microspheres flowing through the microfluidic device to the 

outlet.  Both double emulsion droplets containing one or two internal droplets 

produced thin shelled microcapsules.  The single internal droplet was large 

relative to the overall diameter of the double emulsion droplet causing the 

PLGA to develop into a thin shell. The same goes for the double emulsion with 

two internal droplets.  The two internal droplets fused together into one internal 

droplet.  The diameter of the fused internal droplet was large compared to the 

overall double emulsion droplet diameter.  Figure 4.19 B & C shows the flimsiness 

of the thin shelled microcapsules.  Although two of the microcapsules are 

dented, they are able to retain the fluorescent BSA.  However, with strong forces 

such as centrifugation, the microcapsules start to leak. 
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Figure 4.18: Inverted microscope bright field and FITC filtered images of PLGA 

particles encapsulating fluorescent BSA. 

Images of a solid microsphere (A), thick shell microcapsule (B), and a large thin 

shell microcapsule(C).  Microspheres (B) and (C) encapsulate fluorescent BSA.  

Scale bar is 16um. 
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Figure 4.19: Thin shelled microcapsules encapsulating fluorescent BSA. 

Embryonic microspheres flowing to the device outlet (A).  Bright field 

illuminated image of resulting thin shelled microcapsules (B).  FITC filtered 

image of the microcapsules in (B) showing encapsulated fluorescent BSA. 
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4.6 Macrophage Response to Microspheres  

Murine macrophage cells were seeded with three groups of 

microspheres: 

 

1. Plain, unconjugated PLGA microspheres:  The plain unconjugated 

microspheres were used as a control group. 

2. Streptavidin conjugated PLGA microspheres:  This group was necessary to 

test and measure macrophage pro-inflammatory secretion in reaction to 

the presence of streptavidin.  

3. CD200 conjugated PLGA microspheres:  This group was necessary to test 

and measure macrophage pro-inflammatory secretion in reaction to the 

presence of CD200.  

 

Preliminary results have shown that CD200 conjugated to the PLGA 

particle surface has been shown to reduce the distinct inflammatory immune 

response to PLGA microparticles.  However, the experiments need to be 

repeated.  Figure 4.20 is a graph of an ELISA measuring TNFα secretion (pg/mL) 

by macrophage cells.  The graph is comparing bulk method derived CD200 

microparticles (PLGA-CD200) with microfluidically generated microparticles 

(PLGA(Crys)-CD200).  Microfluidically generated microspheres are denoted as 

(Crys). M0 and M1 are macrophage subgroup stimulations.  M0 being non-
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stimulated and M1 being the pro-inflammatory (classically activated) 

macrophage subgroup.  The streptavidin intermediate conjugation step was 

investigated to compare its effect on macrophage.  There was not a significant 

difference between the bulk derived microspheres and the microfluidically 

derived microspheres.  It should be note that the control group, unconjugated 

PLGA (PLGA), was from bulk derived microspheres.  There was not enough 

sample of the microfluidically derived microspheres to use as a control.  This is 

due to the substantial loss of microspheres during the conjugation and 

numerous washing steps.  

 As an additional note, microspheres were also generated to study 

macrophage phagocytosis in the presence of CD200 bound to a surface.  The 

murine cells were approximately 10um in diameter and were seeded on a 

polystyrene plate with CD200 conjugated to its surface.  Most of the cells 

assumed a circular shape on the plate.  6um particles were not readily 

phagocytosed due to the narrow micrometer difference in size compared to 

macrophage.  Therefore, 5um microspheres were generated using a 0.01 wt% 

for a combined nine hours (data not shown).  However, the microspheres never 

settled to the bottom of the Falcon tube housing them.  This was due to the 

microparticles being less dense than water or PBS.  One could attribute this to 

the low weight percent concentration of PLGA.  Microspheres less than 6um 

would have to be produced by means other than with lowering the weight 

percent of PLGA below 0.1 wt%.   
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Figure 4.20: Macrophage secretion of TNFα (pg/mL) in response to microspheres. 

Microspheres were generated using a bulk method (PLGA, PLGA-Strep, PLGA-

CD200) or microfluidic method (PLGA(Crys)-Strep and PLGA(Crys)-CD200 ).   
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4.7 Temperature Stability Study 

Figure 4.21 is a graph of 10 wt% 50:50 formulation PLGA microspheres 

placed into various temperatures (37°C, 25°C, 9°C, and -20°C) to initially test for 

optimal conditions in which PLGA could be stored short term.  Results 

demonstrate that microspheres can be stored at room temperature or at 9°C in 

the short term.  The study was turned into an extended stability/degradation 

study of PLGA, results of which are also shown in Figure 4.21. For both studies, 5 - 

10uL of suspended microspheres from the different temperature conditions were 

removed, placed on a glass slide, and imaged with the Phantom camera.   

Figure 4.22 shows microsphere morphology after being stored at -20°C.  

The 1 wt% PLGA could not withstand -20°C, while a 10 wt% PLGA could.  Fusion 

of the 10 wt% PLGA microspheres was observed after being stored at -20°C for 

20 days.  This can also explain the slight increase in diameter observed during 

the extended 50 day study of microspheres at -20°C, see Figure 4.21.  

Microsphere fusion did not occur with particles stored at other temperatures.   
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Figure 4.21:  Extended temperature stability monitoring of 10 wt% PLGA microspheres.
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Figure 4.22: Effect of -20ºC on microsphere morphology. 

Original morphology of 1 wt% PLGA (A), and morphology after 10 days (B). 

Original morphology of 10 wt% PLGA microspheres (C), and 10 wt% PLGA 

microspheres after 20 days at -20°C (D). 
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4.8 Swelling Study 

PLGA microsphere “swelling” is not mentioned in most publications 

concerning its use with drug release or as a device.  To examine this, 

microspheres of different sizes were studied at 37ºC for a period of time to 

observe the onset of swelling, its duration, and when/if it stopped at some point 

in time.  Microspheres were observed to increase in diameter after a period of 

time (7-10 days) at 37ºC.  During a 48 hour investigation, there was not a 

substantial change in microsphere diameter (data not shown).  This was 

important to note for macrophage studies, which are done at 37ºC and take 

place during a period of 36 hours.  Figure 4.23 is a graph of microsphere swelling 

over time.  Microspheres were generated with different flow rates and PLGA 

concentrations.  Both the 9:0.7 uL/min and the 9:1 uL/min flow rates were used 

with 10 wt% PLGA, whereas a 1 wt% PLGA was utilized with the 5:1.5 uL/min flow 

rate.   Figure 4.24 shows images of microspheres at 37ºC taken over the course 

of 50 days (microspheres generated with 10 wt% PLGA and 9:1 uL/min flow rate). 
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Figure 4.23: Microsphere swelling over time. 

Different sized microspheres were generated using various flow rates and PLGA 

percentages. 
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Figure 4.24: Evolution of microsphere swelling at 37°C during 50 days. 
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PLGA is not considered a Hygroscopic (water attracting) material.  

Therefore, a literature review was done to explain this phenomenon.  Briefly, 

PLGA microsphere degradation is marked by molecular weight loss followed by 

a gain and eventual loss in mass.  It is also marked by a reduction in glass 

transition temperature, Tg.  The polymer loss in molecular weight occurs 

immediately and is measured by the amount of PLA and PGA monomers in 

solution (these studies were carried out on freeze-dried microspheres that were 

submerged in PBS buffer).  Figure 4.25 is a schematic illustrating the degradation 

of PLGA over time and is a great representation of the literature I have 

reviewed.  The trends in the schematic is generally observed by other groups, 

however unlike what is drawn in Figure 4.25, there should be a steady increase in 

mass before it drops.  The increase in mass is attributed to the uptake of 

water/PBS into the microsphere. 

A loss in molecular weight of microspheres also leads to a decrease in Tg 

[26]. Passerini et al. demonstrated that glycolide rich microspheres retain more 

water after a typical freeze-drying process used to store microspheres [32].  This 

retention of water or its uptake also decreased the glass transition temperature 

[31], [32], [73], [74]. 
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Figure 4.25: Illustration of D,L-lactide-co-glycolide degradation in vitro. 

[33]. 

 

Although PLGA is not considered hygroscopic, it does absorb a penetrant 

such as water according to “case-II diffusion”.  Case-II diffusion model is 

described by C.-Y. Hui et al. as being driven by osmotic pressure which relaxes 

to zero once the penetrant surface volume fraction reaches equilibrium.  The 

model states that the rate-controlling factor is the viscosity of the polymer, in this 

case PLGA.  As the polymer increasingly absorbs the penetrant, its viscosity 

decreases.  The decrease in viscosity allows for an increase in the diffusivity of 

the penetrant.  The changes that the polymer is undergoing is due to 

plasticization [75].   
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4.9 Challenges in Experimental Design 

 Generating microfluidic microparticles has proved to be a challenging 

task.  Numerous challenges were encountered and here I present the solutions 

to such challenges along with an explanation of my particular experimental 

setup: 
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Microfluidic Microparticle Generation 

Troubleshooting 
 

 

 

Issue: Microfluidic Pressure Source 

& Solution Housing 

The first challenge was to figure out 

the necessary pressure sources to 

use for the control the fluid flow. 

Pneumatic Pressure regulator 

systems cannot be used with DMC 

because of its physical properties.  

DMC is highly volatile (has a high 

vapor pressure) and evaporates 

from the pressurized air used to 

generate flow in pressure regulator 

systems.  The pneumatic Pressure 

regulator system could not be used 

in combination with a syringe 

pump either.  The flows could not 

be matched as one relies on 

pneumatic pressure and the other 

physically controls fluid flow rate.   

 

Issue: The housing for my solutions  

Initially DMC was housed in a 

Plastic 1ml Luer Norm-Ject syringes 

connected to polypropylene Tygon 

tubing.  Tygon tubing is a low 

molecular weight thermoplastic.  

DMC melted the plastic which 

caused it to clog the microfluidic 

device with melted plastic debris.   

 

Solution: The solution to the 

pressure source in the microfluidic 

setup was to house all the solutions 

in syringes, and to control them 

with two or three syringe pumps.  

The solution to the housing problem 

was to use Hamilton gas-tight glass 

syringes and solvent resistant Teflon 

tubing. 
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Issue: Air Bubbles & Clogging 

DMC is a volatile organic solvent 

that evaporates quickly in air.  The 

presence of an air bubble can 

cause the DMC to evaporate 

locally resulting in PLGA clogging 

the system.  Air bubbles can also 

get trapped within corners of 

microfluidic devices due to their 

design.  When this occurs the 

DMC+PLGA solution can form a 

particulate in the corner, which 

continues to release air into the 

system.  This is in part due to the 

permeability of PDMS to air.  

 

Solution:  My solution to the corner 

trapping of air bubbles was to 

create a flow focusing junction with 

rounded edges (arrow-like feature 

of the flow focus area).  This 

allowed for air bubbles in the 

system to gently roll out of the 

channels to the device outlet.  



 

110 

 

 

 

  

Issue: Wetting 

Wetting is another major issue that 

is detrimental to microfluidic 

microparticle production.  This 

occurs for a number of reasons.  

The first reason is that the selective 

hydrophilic treatment with PVA did 

not sufficiently coat the channel 

walls.  Unsuccessful PVA treatment 

results in unsuccessful droplet 

generation at the point of Vmax 

(flow focusing junction) discussed in 

the “Device Design & Fabrication” 

section.  The purpose of the PVA 

treatment is to help with the 

shearing of the two fluid phases 

coming in contact at the flow 

focusing junction.  It is vital to 

droplet generation in this case.   

 

DMC itself is a major contributor to 

the wetting issue.  If DMC is allowed 

to contact PDMS, it will render the 

surface hydrophobic.  Once DMC 

contacts the PDMS walls, the 

continuous/external PVA phase 

cannot shear DMC properly.  DMC 

will either form a stream and flow 

along the channel wall where it 

made contact or form a dripping 

regime which can result in a slightly 

heterogeneous particle population. 

 

Solution:  I developed two solutions 

to the favorable wettability 

between DMC and PDMS.  The first 

solution involved manipulating the 

flow of the solution phases.  I would 

flow PVA solution first to fill the 

channels and while it is flowing I 

would turn on DMC+PLGA solution 

on high, wait and watch it begin to 

enter the device from the Teflon 
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tubing, and once it entered the 

device, turn the syringe pump off, 

reset it to a lower flow rate, and 

turn it back on again.  This allowed 

the DMC to slowly flow into the 

junction and be sheared by the 

faster flowing PVA solution.  This 

also prevented DMC from 

contacting the opposite PDMS wall.  

The second and more evolved 

solution to the wetting issue was to 

increase the internal height of the 

device channels, increase 

external/continuous channel width, 

and change the flow focus cradle 

area located before the flow 

focusing orifice narrows. 

 

 

 

 

 

 

 

 

 

 

 

 

Issue: Double Emulsion Stability 

Double emulsions cannot be 

generated using random 

formulations of W/O/W solutions.  

The image to the left are 

microparticles that have resulted 

from dewetted double emulsions.  

The formulation used in that 

particular image included 

deionized water as the internal 

water phase, and an external 

phase of PVA. Another issue that 

had to be resolved included the 

internal droplet coming out of the 

oil phase as it entered the second 

flow focusing junction.  This resulted 

from the diameter of internal 

droplets being too large relative to 

the total droplet diameter or the 

fusion of internal droplets within the 

oil drop. 

 

Solution:  The double emulsions 

must be osmotically balanced in 

order for the internal water droplet 
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to remain engulfed inside the oil 

phase.  The internal solution must 

be balanced to the external 

solution. A perfectly balanced 

solution was not utilized in 

experiments previously described in 

the methods section.  A close 

balance was partially achieved 

through the use of PBS as the 

internal solution.  The other 

contributing factor to the close 

osmotic balance was to transfer 

the double emulsions to a 

microcentrifuge tube containing 

PBS.    

 

A possible solution to the large 

internal droplet issue is to decrease 

the orifice width where the internal 

solution channel meets the oil 

phase channel at the primary flow 

focusing region (As seen in the fifth 

generation device design).  This is 

pointed out by the red arrow at the 

first flow focusing junction to the 

left.  The image to the left shows a 

stable microcapsule, both with a 

thick shell and a thin shell. 
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Chapter 5: Outlook and Future 

Directions 
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5.1 Summary of Work 

In this work, the conjugation of an immunomodulatory protein to a 

bioabsorbable biomaterial was examined to determine if it has an inhibitory 

effect on the immune response, namely inflammation.   The foreign body 

response is a chronic inflammatory response resulting from the presence of a 

foreign material or pathogen that is too large to be phagocytosed.  The foreign 

body response is detrimental to medical implants which require direct contact 

with tissues or cells due to the formation of a granuloma and corrosive cell 

secretions.  To circumvent this problem, we leveraged the bioabsorbable 

properties of an FDA approved biomaterial, PLGA, with the anti-inflammatory 

effects of an immunomodulatory protein, CD200.  In the body, CD200 is an 

endogenous protein, intrinsic to the recognition of “self” and to the regulation of 

inflammation. 

The platform of microfluidics was used herein to produce microparticles.  

Microfluidics allows for the precise control of microparticle production.  CD200 

or BSA was conjugated to the surface of the microspheres or encapsulated 

within microcapsules.  These microparticles were examined to determine if 

CD200 was able to mitigate the host immune response in vitro.  We have found 

through preliminary study that CD200 decreases the secretion of pro-

inflammatory factors, tumor necrosis factor a (TNFα) and interleukin six (IL-6) by 

murine macrophage.  In addition to the CD200 studies, intrinsic properties of 
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PLGA was examined to elucidate the phenomenon of swelling in the non-

hygroscopic categorized polymer, PLGA. 

 

This dissertation investigated: 

 

 The design and fabrication of microfluidic devices for the 

production of microspheres and microcapsules.  These 

microparticles were used in the study of the immune response to 

the biomaterial, PLGA, with an immunomodulatory protein, CD200. 

 The characterization of microfluidic system parameters by 

examining the flow rates, device designs, solution formulations, 

polymer concentration, and methods of particle collection. 

 The characterization of microparticles by examining achievable 

sizes, population monodispersity, and microcapsule shell thickness. 

 The long term stability/degradation of microspheres at various 

temperatures. 

 The swelling of PLGA microspheres. 

 The conjugation of BSA or CD200 protein to the surface of PLGA 

microspheres and the encapsulation of BSA or CD200 protein within 

PLGA microcapsules. 

 The in vitro immune response to CD200 conjugated PLGA 

microspheres. 
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5.2 Future Directions 

This work has far reaching implications and applications.  Bioabsorbable 

sutures are already commercially available and in use in hospitals around the 

world.  By combining CD200 protein coating to the suture surface, for example, 

one could reduce acute inflammation and formation of dense fibrotic tissue 

around the wound.  Essentially, CD200 bound to sutures could reduce the 

formation of scar tissue.  In addition, other biomedical implant material can be 

coated with CD200 to help disguise it from the host immune response.   

Nonpermanent intravenous stents are emerging on the medical scene.  

PLGA is one of the materials used as a bioabsorbable stent material.  Stents 

coated with CD200 could possibly reduce acute inflammatory response to stent 

insertion and it could potentially mitigate any effect of a localized acidic 

environment created by PLGA as it degrades.  Finally, microparticles containing 

CD200 could be injected to reduce macrophage activation and inflammation 

in autoimmune diseases such as rheumatoid arthritis.  

 

Future project directions include: 

 Altering device designs of the double emulsions to achieve stable 

production.  The goal would be to achieve 90% successful 

microcapsule population.  Designs could also be altered further to 

achieve thick shelled microcapsules without the need to change to an 
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external PBS extracting medium.  Designs could also be developed to 

scale up of production of microparticles. 

 Extended release of the microfluidic microcapsules needs to be 

examined using the mock protein for CD200, BSA.  Once polymer 

degradation and BSA release profiles are characterized, CD200 will be 

substituted in place of BSA.  Particles will be created with different 

dosages of CD200, cultured with macrophage, and extensively 

observed for biological response. This includes observing CD200-PLGA 

particle influence on cell activation and secretion of pro-inflammatory 

factors. 

 Expand upon the swelling and degradation study.  Microfluidics 

provides control over the size of the microparticles formed.  This would 

lend insight into more accurate drug release studies and mathematical 

models describing microparticle degradation in terms of drug release.  

 Developing nanoparticles using a microfluidic system to test 

phagocytosis of PLGA by macrophage cells. 
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