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Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease occurring in 

the pancreatic islets and accounts for diabetes in children and adolescents. T1DM is 

associated with pathogenic action of self –reactive effector T cells (Teffs) on the β cells. 

However, several recent studies have shown that the disease pathology is also 

attributed to a second T cell subset, known as regulatory T Cells (Tregs), which plays a 

critical role in the development of T1DM. Newer therapeutic approaches try to maintain 

the homeostatic balance between Teff and Treg cells in patients affected with T1DM. Of 

particular interest to our research group is a DC based immunotherapy approach where 

we aim to utilize the tolerogenic potential of DCs as therapeutic agents for autoimmune 

diseases and transplant rejection.    

A number of biological and pharmaceutical agents, including IL-10, thymic 

stromal lymphopoietin (TSLP), and transforming growth factor (TGF-β) have been 

reported to promote DCs with capacity to instigate CD25+ T cell proliferation and 

differentiation from CD25- T cells. Therefore, our lab is interested in investigating the 

induction of tolerogenic DCs via use of several drugs of interest (Aspirin, Curcumin, 
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Epigallocatechin gallate, Menadione, Ergosterol, TGF Beta) which will help in increasing 

the levels of tolerogenic signaling, thereby inducing production of Tregs.  

One way to facilitate the investigation of small molecules and their potential in up 

regulating the tolerogenic DC subset is by synthesizing drug loaded biodegradable 

microparticles and investigating them in a high throughput manner. Screening of 

immune cell response towards these microparticle based vaccines on a microarray 

platform is therefore of interest to our group.  

Microarray technology has emerged as a valuable tool in biological sciences, 

particularly for high-throughput applications. Furthermore, it helps in economical savings 

by using smaller volume of expensive reagents, high throughput analysis of data, 

portability and waste reduction as compared to conventional biological assay that use 

traditional 12/24/96/384 multi-well plates. This further leads to the long envisioned 

reality of personalized medicine where better treatment can be offered to individuals 

based on their responding behavior rather than the name of the disease they are 

suffering from.  
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CHAPTER 1 

INTRODUCTION 

Background 

Type 1 Diabetes Mellitus 

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease that results 

from T cell mediated destruction of insulin producing beta cells in islets of pancreas [1].  

This leads to hypo-insulinemia, and severely altered glucose homeostasis.  Individuals 

become hyperglycemic due to loss in critical amount of β cell mass. β cells normally 

produce insulin, a hormone that helps the body move the glucose (i.e., sugar) contained 

in food into cells throughout the body, which later use it for energy. The residual β cell 

mass is unable to match insulin demands of the body [2]. The common symptoms are 

polyuria (frequent urination), polydipsia (increased thirst), polyphagia (increased 

hunger), and weight loss. It is also known as insulin dependent diabetes and juvenile 

diabetes.   

As per the Juvenile diabetes research foundation (JDRF), each year, more than 

15,000 children and 15,000 adults—approximately 80 people per day—are diagnosed 

with T1DM in the U.S. alone. The prevalence of T1DM in Americans under age 20 rose 

by 23 percent between 2001 and 2009. T1DM accounts for $14.9 billion in healthcare 

costs in the U.S. alone each year. The socioeconomic impact of T1DM, in terms of 

personal, reduced productivity and related health care cost is huge. For instance, 

children faced with a lifetime of glucose monitoring and insulin injections have 

approximately twice the healthcare cost than children without T1DM [3-5]. 

T1DM is associated with pathogenic action of self –reactive effector T cells 

(Teffs) on the β cells but several recent studies have shown that the disease pathology 
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is also attributed to a second T cell subset, known as regulatory T Cells (Tregs), which 

plays a critical role in the development of T1DM [6]. Under normal circumstances the 

Tregs counterbalance the auto-reactive action of Teff, thus maintaining immune 

homeostasis. The important reason for the development of T1DM is the imbalance in 

the activity of Teff and Treg cells.  

In response to antigen presentation and co-stimulation by Antigen presenting 

cells (APC), CD4+ T lymphocytes in the local pancreatic lymph nodes proliferate and 

differentiate into auto-reactive CD4+ effector T cells (Teffs). Within the pancreatic islets, 

these activated Teffs release a host of cytokines including interferon-γ (IFN-γ) and 

interleukin-2 (IL-2), resulting in recruitment of cytotoxic macrophages and CD8+ T 

lymphocytes [7]. Cytotoxic inflammatory cells ultimately infiltrate and destroy the islet 

cells in a process called “insulitis.” Due to significant insulin loss, T1DM patients require 

life-long insulin supply and are at high risk for heart disease, strokes, kidney failure, 

blindness, etc. which decreases the life expectancy and contributes to early mortality for 

these patients.   

Type 1 diabetes is different from T2DM in the way that it can only be treated by 

taking insulin delivered either via multiple syringe injections subcutaneously (under the 

skin) or through an insulin pump. Traditionally, life-long insulin replacement via several 

delivery methods such as sub-cutaneous, nasal and oral etc. have been used to 

manage glucose levels in type 1 diabetes mellitus patients [8-10]. However, 

inconvenience associated with continuous injection of insulin to control blood glucose 

levels, excessive cost of care and physiologic complications like obesity and 

hypoglycemia has led to the need for the development of innovative new therapies for 
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T1DM within the past 3 decades [8, 11]. Some of the newer approaches to maintain the 

homeostatic balance between Teff and Treg cells in patients affected with T1DM include 

generation of immunological tolerance with the help of transplantation of insulin 

producing organ (pancreas) and cells [10, 12]. However there are several associated 

risks such as limited donor availability and long term immuno-suppressive drug 

treatment [10, 13]. 

Currently, there are no means to prevent the events that initiate the destruction of 

β cells in islet of pancreas. Also there is no therapeutic approach to control the 

autoimmune response of Teff cells to restore β cells function once the disease has been 

diagnosed. There is significant amount of residual β cell mass present at the earliest 

stages of T1DM. This residual mass presents a potential therapeutic opportunity to 

reverse T1DM by focusing on blocking Teff activity during early period of TIDM and 

inducing the formation of Treg cells.  

Thus induction of tolerance to β cells in islets of pancreas seems to be an 

attractive strategy to treat T1DM going forward. Of particular interest to our research 

group is a DC based immunotherapy approach. In this personalized medical procedure, 

blood derived monocytes are extracted from patients, manipulated ex vivo to produce 

antigen specific, tolerogenic DCs which are then replaced into the patient’s body to 

prevent autoimmune disease [14]. In accordance with this perspective, there has been 

emergence of therapies that increase the activity of Tregs and restore the balance 

between the Treg and Teff in order to maintain immunological peace. 

Dendritic Cells 

Dendritic cells (DCs) are professional antigen presenting cells which are a subset 

of leukocytes and have mostly been studied as potent stimulators of adaptive immunity 
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[15]. DCs were discovered by Steinman and Cohn in 1973 and ever since their 

discovery they have become increasingly recognized for their role as key regulator of 

innate and adaptive immunity [16]. Their purpose is to acquire, process and present 

antigen to T cells and induce the activation and differentiation of naïve T cells into 

effector and memory cells [15]. DCs significantly contribute to central and T cell 

peripheral tolerance. 

Pattern recognition receptors like Toll like receptors (TLRs) present on DCs helps 

in recognizing pathogen. Once recognized, DCs migrate to T cell areas of lymphoid 

organ to present pathogen-derived antigen to antigen specific T cells [17]. Activated 

DCs up regulate co-stimulatory molecules and produce cytokines that drive T cell 

priming and differentiation. However In the absence of activation, antigen presentation 

by steady state DCs might lead to T cell unresponsiveness and might promote tolerance 

[17].  

In T1DM, pancreatic β cells are the source of auto-antigens that initiate and drive 

disease progression. DCs recognize antigens released after the death of pancreatic β 

cells. These β‑islet cell-derived antigens can be captured by DCs and presented to 

auto-reactive T cells after the migration of DCs to the pancreatic lymph nodes, thereby 

initiating T1DM development. DCs are constitutively sampling and presenting β‑islet 

cell-derived antigens to T cells in the pancreatic lymph nodes, but why they induce 

active immune responses rather than tolerance in response to self-antigens is not yet 

clearly understood [17].  

DCs are exquisitely adept at acquiring, processing and presenting antigens to T 

cells. They also adjust the context (and hence the outcome) of antigen presentation in 



 

19 

response to a plethora of environmental inputs that signal the occurrence of pathogens 

or tissue damage. Such signals generally boost DC maturation, which promotes their 

migration from peripheral tissues into and within secondary lymphoid organs and their 

capacity to induce and regulate effector T cell responses [16]. 

Tolerogenic Dendritic Cells 

The importance of Tregs in controlling the immune response and ensuring 

immunological peace has been investigated thoroughly, though there is much more to 

learn of this critical cell type. Failure of Tregs has resulted in the development of a host 

of autoimmune diseases [18]. By contrast, cellular therapy of adoptive transfer of Tregs 

has shown efficacy in many of these disorders [19]. It is therefore important to 

understand the role of DCs in Treg activation and differentiation for the development of 

therapeutic strategies in several disease settings. The race is now to utilize the 

tolerogenic potential of DCs as therapeutic agents for autoimmune diseases and 

transplant rejection. DCs can prevent, inhibit or modulate T cell-mediated effector 

responses through a variety of mechanisms ranging from the production of pleiotropic 

anti-inflammatory factors that exert broadly attenuating effects, deletion of self-reactive 

T cells mediated by thymic DCs (central tolerance), and T cell anergy induction and 

generation of Treg cells for peripheral tolerance [20, 21].  

Tolerogenic DCs include immature, maturation-resistant or alternatively activated 

DCs that express surface MHC class I and class II molecules, have a low co-stimulatory 

to inhibitory signal ratio and have an impaired ability to synthesize T helper 1 (TH1)-cell-

driving cytokines (such as interleukin-12p70). Various anti-inflammatory and 

immunosuppressive agents potentiate or confer tolerogenicity on DCs (in vitro or in 

vivo).  
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Naïve T cells require three concomitant inputs to differentiate into full-fledged 

effector cells (Teffs): signal 1 is the antigenic stimulus provided by MHC molecules 

displaying a cognate peptide; signal 2 is provided by costimulatory molecules; and 

signal 3 is provided by cytokines produced by DCs or other microenvironmental sources 

[22]. As mentioned above, iDCs are typically tolerogenic [23], so the maturation status 

or rather, the absence of maturation provides a hint for the tolerogenic capacity of DCs. 

Classic immunobiology describes the basis of T cell anergy to be the lack of 

concomitant costimulation or cytokines (signal 2 and 3). 

 

Figure 1-1 Dendritic cell and T cell interaction. (Source: 
https://www.google.com/#q=dendritic+cells+and+T+cells+interaction)  

In addition to anergy, peripheral tolerance is maintained by induction of antigen-

specific “natural” CD4+ CD25+ FoxP3+ suppressor T cells (Tregs) [24, 25]. It has been 

postulated that Tregs are thymic CD4+ T cells with relatively high affinity for ‘self’ 

antigens. Depletion of this subset of T cells has been shown to accelerate and induce 

autoimmunity in various animal models [26-28]. Suppression of effector T cells is 

https://www.google.com/#q=dendritic+cells+and+T+cells+interaction
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accomplished by the ability of Tregs to impair antigen presentation by mature DCs. 

Thus, the crucial step in Treg-mediated immuno-suppression is generation of Tregs 

which is initiated by dendritic cells of definite phenotypes [24].  

In addition to the fact that immature tDCs present little or no signals 2 and 3, they 

can receive tolerance-promoting molecular ‘reminders’ that counteract DC differentiation 

in response to maturation stimuli. These signals can be mimicked in vitro to induce tDCs 

under tissue culture conditions. Thus, we can differentiate between tDCs that arise 

naturally from hematopoietic precursors (natural tDCs or ntDCs) and tDCs that have 

received instructive signals that may cement or modulate their tolerogenic phenotype 

(induced tDCs or itDCs) [16]. 

A number of biological and pharmaceutical agents, including IL-10 and 

transforming growth factor (TGF-β1), have been reported to promote DCs with capacity 

to instigate CD25+ T cell proliferation and differentiation from CD25- T cells [29, 30]. For 

example, incubation of murine splenic or bone marrow-derived DCs (BMDCs), or of 

human monocyte-derived DCs (huMoDC) or rat BMDC with IL-10 alone or in 

combination with other cytokines confers a certain capacity to induce suppressive 

lymphocytes, including CD4+CD25+, CD8+ etc. [16]. 

Signaling through the IL-10 receptor (IL10R) maintains iDCs in their immature 

state even in the presence of maturation signals [31, 32]. TGFβ, a cytokine produced by 

Tregs and other sources in many tissues, also has profound effects on DCs in vitro. 

Laouar et al have shown that the action of TGFβ allows DCs to attenuate the 

neuropathology associated with EAE [33] 
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The maturation state of these DCs is also important and it has been 

demonstrated that Treg-inducible DCs exhibit either immature or semi-mature profiles. 

Phenotypic characteristics of tolerogenic DCs include: increased expression of surface 

markers programmed death ligand (PDL) 1 and PDL 2, immunoglobulin-like-transcript 

(ILT) 3 and ILT 4; and reduced MHC-II and co-stimulatory molecules (CD80 and CD86). 

Functionally, tolerogenic DCs show increased production of anti-inflammatory cytokines 

(IL-10) and indoleamine 2, 3 – dioxygenase (IDO). 

Tolerogenic DCs, therefore, offer a number of immunosuppressive modalities 

with potential for autoimmune protection. Administration of biological agents like 

cytokines (IL-10, TGF-β), vitamin D3 or pharmacological drugs such as aspirin, 

curcumin, menadione, EGCG, ergosterol and rapamycin may be therapeutically 

beneficial. These factors have been shown to induce DCs, capable of generating 

CD25+, Foxp3+ T cells (Tregs) and further halt or reverse autoimmunity in animal 

models [34]. 

Regulatory T Cells 

In the late 1970s and early 1980s, the studies on neonatally thymectomized mice 

revealed the existence of T cell population which when suppressed caused multi organ 

autoimmunity in the mice [35]. Seminal study by Sakaguchi renewed the concept of the 

inhibitory capability of T cells playing an indispensable role in maintaining self-tolerance. 

It was shown that the mice receiving an adoptive transfer of T cells devoid of 

CD4+CD25+ cells developed multi-organ system autoimmunity [36]. This set of T cells 

is now known as  regulatory T cells (Tregs), responsible to maintain immunological 

peace by keeping a check on auto-reactive T cells, thereby preventing undesirable 

immune responses, such as autoimmune diabetes T1DM [37]. Thus, the knowledge that 
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CD4+ Tregs has an important and central role in maintaining self-tolerance has led to 

prospects that these cells have great potential as a cell based treatment in order to 

restore self-tolerance and to treat autoimmune diseases.  As such, Tregs may be able 

to target T cell responses and perhaps antigen-specific responses without broadly 

immunosuppressive effects. 

Studies have shown that there are two subpopulations of Tregs, “natural” Tregs 

(nTregs) and “induced” Tregs (iTregs), both of which participate in the maintenance of 

peripheral tolerance.  nTregs, such as CD3+CD4+CD25+Foxp3+ cells are developed in 

the thymus and iTregs are differentiated in the periphery under certain conditions [38]. 

In general, it has been considered that weak T-cell receptor (TCR) stimulation [39, 40] 

or TCR stimulation under tolerogenic conditions, such as with immature DCs, promotes 

induction of iTregs [29]. Because of the limited phenotypic characterization, iTregs that 

arise physiologically are often indistinguishable from nTregs. Functionally, iTregs also 

share many characteristics with nTregs [41] and have been shown to inhibit Tns 

proliferation in vitro and in vivo. They can also inhibit the differentiation of other Th cell 

subsets through the production of IL-10 and TGF-β, and can inhibit effector functions 

such as IFNϒ production [42, 43]. β-cell antigen-pulsed immature DCs have also been 

shown to protect pre-diabetic NOD recipients from developing diabetes, probably 

through the in vivo induction of Tregs [12]. These findings confirm that iTregs can 

control the autoimmune response in T1D.  

All Treg cell population has shown to express CD25, the high affinity receptor for 

IL-2α. They are also defined by their preferential expression of forkhead winged helix 

transcription factor Foxp3 [44-46]. Compelling evidence suggest that loss of control of 
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the autoimmune response by FoxP3+ Tregs is a major contributing factor in the 

development in T1DM. Foxp3 absence in mice and humans results in fatal diseases like 

scurfy and IPEX syndrome respectively, highlighting the importance of Tregs in self-

tolerance. Interestingly, the most common endocrinopathy encountered in IPEX is 

T1DM, suggesting that Tregs may be central to the suppression of circulating β cell- 

specific T cells, and such pre-effector T cells may be in relative abundance compared to 

other self-reactive T cells [47-49]. 

Naïve T lymphocytes and T lymphocytes subsets such as Th1, Th2, Th17 and 

Tregs possess a great deal of plasticity in their differentiation, mostly depending on the 

local microenvironment. Studies from several groups have shown that differentiation of 

T cells into CD4+ iTregs is favored by an environment rich in factors like transforming 

growth factor (TGF-β) and cytokine IL-10 [50, 51]. Immune suppressive function of Teff 

cells and expansion of iTregs has been shown to increase by the active secretion of 

TGF-β and anti-inflammatory cytokine IL-10 [52-55]. iTregs suppress Teff activity 

through multiple mechanisms, it is known that Tregs can specifically suppress Teff cells 

via the secretion of the above-mentioned inhibitory cytokines (TGF-β, IL-10) [56-58]. 

 Tregs interplay with Teff cells to achieve balance between the pro-inflammatory 

and anti-inflammatory responses thereby maintaining immune homeostasis. Neither T 

lymphocyte subset is capable of acting in isolation. Tregs and Teff cell subtypes both 

compete for same self-antigen with same T cell receptor (TCR). They both become 

active and proliferate in response to antigen. Although Treg cells possess higher affinity 

for self-antigen and are less reliant on co-stimulation as compared to Teffs, which could 

be the mechanism that causes Treg generation in non-inflammatory sites, thereby 
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promoting self-tolerance [59-62].  Conversely, Teff gets activated and proliferate more 

rapidly in pro-inflammatory states thus promoting Teff/Treg balance towards 

pathogenesis. The outcome of tolerance or pathogenesis is determined by local 

immune microenvironment and agents such as antigen and cytokines, influencing the 

critical balance between Teff and Treg cells. Thus for a therapy to be effective, 

strategies should be designed to enhance Tregs number and function and to suppress β 

cell specific Teff pathogenic activity thereby trying to prevent and reverse T1DM. 

From the above mentioned studies, it can be determined that Tregs exhibit 

decreased functionality with respect to Teff cell suppression in T1DM as observed in 

human and NOD mice studies. Reduced Treg function is a result of imbalance in the 

Treg/Teff response which causes failure to maintain self-tolerance, resulting in pro-

inflammatory over anti-inflammatory response.  

Specific Aims 

This research focuses on the engineering of biomaterial-cell interactions, and 

targeted controlled release of immune modulating factors in order to direct immune cell 

function. It involves synthesis and characterization of drug loaded PLGA microparticles 

of various sizes, calculating their encapsulation efficiency, and analyzing release 

behavior for controlled drug delivery. Further, it involves fabrication of microarray and 

microwell platforms, co-localization and imaging of pro tolerogenic factors loaded 

microparticles onto microarray platforms for investigation of dendritic cell responses in a 

high throughput manner.  



 

26 

Specific Aim 1: Fabrication and Optimization of Drug Loaded Biodegradable 
PLGA Microparticles 

Induction of immune tolerance for the treatment of autoimmune diseases, type 1 

diabetes for instance, is one of the most concerning and talked about issues in modern  

vaccine technology development. Biodegradable, microparticle-based vaccines could 

be used to deliver antigens and other immuno-modulatory agents to a targeted 

phagocytic cell population, dendritic cells (DC) in this case. DCs are the most efficient 

antigen presenting cells (APC) and one of the major regulators of the immune system. 

They actively process and present antigen, thus providing either antigen specific 

tolerance or autoimmunity.  Several drug delivery vehicles have been investigated and 

of these, MPs fabricated using PLGA are most widely used because of its approval from 

U.S. Food and Drug Administration (FDA) for biodegradable surgical sutures and drug 

delivery products.  PLGA MPs of appropriate size are phagocytosed efficiently by DCs 

providing direct delivery of antigens and other immuno-modulatory factors such as 

adjuvants for immune recognition.  Moreover, these vaccine microparticles can be 

engineered by surface modifications to modulate activation, uptake and direct them to 

target a specific subset of antigen presenting cells, dendritic cells. This approach of 

developing drug loaded MPs will help in addressing issues related to manufacturing, 

storage and shipping as encapsulation of vaccine inside biomaterial provides stability 

and improved shelf life.  

Specific Aim 2: Particle Characterization: Evaluation of Encapsulation Efficiency 
and In Vitro Release Profile of Drug Loaded PLGA Microparticles 

It is important to monitor the effects of drugs on the numerous immuno-

modulatory pathways which they can affect. Therefore it is important to determine the 

encapsulation efficiency of drug loaded microparticles. Knowledge of encapsulation 
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efficiency will help in determining the accurate dosing regimen. This can be achieved by 

co-localizing appropriate number of drug loaded microparticle onto microarray platform 

via contact printing technique. It further ensures cost benefits via proper utilization and 

less wastage of expensive drugs. A critical characteristic in drug delivery application is 

the controlled delivery of small molecules and other agents in a reproducible, time-

dependent fashion. The release kinetics is directly controlled by the various processes 

under which PLGA undergoes degradation. This degradation of PLGA copolymer is a 

collection of processes including bulk diffusion, bulk erosion, surface diffusion, and 

surface erosion. Therefore, we focus on targeting intracellular delivery of pro-tolerogenic 

factors to DCs using poly (lactic-co-glycolicacid) (PLGA) degradable microparticles. As 

part of its anti-inflammatory effects, these factors will hinder antigen presentation by 

DCs. It is therefore important to obtain drug release kinetics of various drug loaded into 

PLGA MPs.    

Specific Aim 3: Development of Microarray and Microwell Platforms with Co-
localization of Drug Loaded MPs for Investigation of Dendritic Cell Responses 
in High Throughput  

The ability to perform high throughput screening of biological agents on specific 

cell populations is highly desired in drug discovery efforts. Fabrication of microarrays 

leverages the use of standard contact printing mini-arraying equipment in order to 

achieve localization of particles on isolated islands while providing background non-

adhesive surfaces to prevent off-island cell migration. This can be achieved by 

robotically printing amine-terminated silane islands onto glass substrates and backfilling 

with poly-ethylene glycol (PEG) based non-adhesive background onto a clean glass. 

Microwell devices made of polydimethylsiloxane (PDMS) have increasingly become 

popular as they consume fewer reagents due to their lower requisite sample volumes. 
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One of the major advantages of miniaturized platforms is the ability to perform high 

throughput analysis on small cell population. Furthermore, it also helps in minimizing the 

use of expensive biological reagents which adds to cost effectiveness of this technique. 
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CHAPTER 2 
FABRICATION AND OPTIMIZATION OF DRUG LOADED BIODEGRADABLE PLGA 

MICROPARTICLES 

Background 

Biodegradability and Biocompatibility 

The biodegradability or biocompatibility of a material is an essential property for 

pharmaceutical applications. Biodegradability is defined as a material whose 

components are degraded into harmless components which are either metabolized or 

excreted. Biocompatibility is defined by a material whose components should be 

physiologically tolerable and should not cause an adverse local or systemic response 

after administration. 

There has been significant increase in the number of such materials used in 

various biomedical applications over the last decade. The most common use is in 

controlled delivery of various drugs to a desired site which can be broadly classified as 

synthetic biodegradable polymers mainly consisting of hydrophobic materials like PLGA, 

polyanhydrides, and naturally occurring polymers such as complex sugar and 

inorganics. Biodegradable materials could be either natural or synthetic in origin. These 

can further be degraded either enzymatically or non-enzymatically or both in order to 

produce toxicologically safe, biocompatible by products which are finally eliminated via 

normal metabolic pathways. Polymers based on a C-C backbone tend to resist 

degradation, whereas heteroatom-containing polymer backbones allow biodegradability 

[63] . Thus biodegradability can be engineered into polymers by the careful addition of 

chemical linkages such as amide linkages, anhydride, ester etc.   

One of the important requirement for polymer to be used in medical devices and 

targeted drug release applications is to be non-toxic, biocompatible and capable of 
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controlled degradation in response to biological conditions [63]. Biocompatibility is often 

critically influenced by the chemical nature of the degradation products rather than the 

polymer itself. Polymers based on polylactide (PLA), polyglycolide (PGA), and 

polycarprolactone (PCL) have been extensively employed as biomaterials. Degradation 

products of these polymers yield the corresponding hydroxyl acids, making them safe 

for in-vivo use.   

Poly (Lactic-Co-Glycolic) Acid (PLGA) 

PLGA or poly (lactic-co-glycolic) acid is a copolymer which owing to its 

biocompatibility and biodegradability is used in host of Food and Drug Administration 

(FDA) approved therapeutic applications [64, 65]. PLGA microparticles are among the 

favorites in the current biomaterials research as drug delivery systems, mainly for their 

controlled and targeted drug delivery. Polyester PLGA is a copolymer of poly lactic acid 

(PLA) and poly glycolic acid (PGA). PLGA is generally an acronym for poly D,L-lactic-

coglycolic acid where D- and L- lactic acid forms are in equal ratio. Different forms of 

PLGA can be obtained depending on the ratio of lactide to glycolide used for the 

polymerization. It can be dissolved by large range of common solvents like methylene 

chloride, ethyl acetate, tetrahydrofuran, acetone etc. 

 

Figure 2-1. Molecular structure of PLGA molecule. (Source: 
http://polyscitech.com/PLGA/PLGA.php) 

http://polyscitech.com/PLGA/PLGA.php
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PLGA degrades by hydrolysis of its ester linkages in the presence of water. It has 

been observed that the time required for the degradation depends on the monomer ratio 

used in the polymerization. The higher the content of glycolide units, the lower the time 

required for degradation. The reason for success for PLGA as biodegradable polymer is 

it undergoing hydrolysis in the body to produce original monomers lactic acid and 

glycolic acid. These two monomers under normal physiological conditions are by-

products of various metabolic pathways in the body. Since the body effectively deals 

with these two monomers, there is a minimal systemic toxicity associated with PLGA 

application in drug delivery techniques. Additionally the possibility of tailor the polymer 

degradation time by changing the ratio of two monomers also make PLGA common 

choice for biomedical and drug delivery applications [66, 67]. Additionally drug release 

profiles ranging from days to months can be obtained by modifying parameters like 

polymer molecular weight, particles size, preparation conditions etc. The initial burst of 

drug release occurs via diffusion of surface and the controlled release is contributed by 

both polymer erosion and drug diffusion [68, 69]. 

PLGA can be fabricated into nanoparticles and microparticles of multiple 

geometries ranging from 1µm-30µm depending upon the requirements using solvent 

evaporation technique. PLGA polymers are physically strong and highly biocompatible 

and have been extensively studied as delivery vehicles for drugs, proteins and various 

other macromolecules such as DNA, RNA and peptides [65, 70, 71]. These properties 

make PLGA an excellent carrier of vaccines using encapsulated antigen such as 

proteins or peptides along with immuno-modulatory agents such as adjuvants. 

Additionally, PLGA based MPs can be surface modified which can be used to modulate, 
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uptake, activation and targeting a particular subset of antigen presenting cell, the 

dendritic cell [72-74]. Targeted delivery of factors to DCs is of particular interest as DCs 

play a pivotal role in the activation and maintenance of suppressive networks within the 

immune system [75].  

Thus PLGA particulate systems have been identified as a valuable immuno-

therapeutic tool and in past two decades poly lactic-co-glycolic acid (PLGA) has been 

among the most attractive polymeric candidates used to fabricate devices for drug 

delivery and tissue engineering applications. In particular, PLGA has been extensively 

studied for the development of devices for controlled delivery of small molecule drugs, 

proteins and other macromolecules in commercial use and in research.  

Fabrication Techniques 

Poly lactic-co-glycolic acid (PLGA) has proved to be among the most attractive 

polymeric candidates used to fabricate devices for drug delivery and tissue engineering 

applications. In addition to its biocompatibility, drug compatibility, suitable 

biodegradation kinetics , mechanical properties, and most importantly being approved 

by FDA for therapeutic use, PLGA can be easily processed and fabricated in various 

forms and sizes. Particle shape, in addition to size, is becoming increasingly recognized 

as important in the design of drug carriers for in vivo use. It has been shown that high 

aqueous phase viscosity; basic aqueous phase pH and hydrophilic polymer side chains 

and end groups are all conditions that favor the formation of spheroidal particles. There 

are various fabrication techniques to form the PLGA controlled drug delivery devices 

[76].  

There have been several methods described for the fabrication of drug loaded 

PLGA microparticle. Few of these methods are as follows: 



 

33 

Solvent evaporation method:  

Microencapsulation by solvent evaporation technique is widely used in 

pharmaceutical industries. It facilitates a controlled release of a drug, which has many 

clinical benefits such as: drug targeting to specific locations resulting in a higher 

efficiency, reducing of dosing frequency and more convenience and acceptance for 

patients [77, 78]. The obtained drug loaded polymer can degrade and release the 

encapsulated drug slowly with a specific release profile. Water insoluble polymers are 

used as encapsulation matrix using this technique. Biodegradable polymer PLGA 

(poly(lactic-co-glycolic acid)) is frequently used as encapsulation material. 

Microencapsulation using solvent evaporation technique can be used in different ways. 

Hydrophobicity or hydrophilicity of the drug decides the choice of technique to be used 

for efficient drug encapsulation. 

Single emulsion technique: This is the simplest method and other methods are 

derived from this technique. Oil in water emulsification process is an example of single 

emulsion technique. This method is frequently used for hydrophobic (insoluble or poorly 

water soluble) drugs such as steroids. Under this technique single phase solution is first 

prepared by dissolving appropriate amount of polymer in volatile organic solvent for 

instance Dichloromethane (DCM). The drug is later added to the solution to produce 

dispersion in the solution. The solution obtained is later emulsified in large volume of 

water in the presence of an emulsifier such as polyvinyl alcohol (PVA). This is done in 

appropriate temperature with continuous stirring. The organic solvent is then allowed to 

evaporate by transferring the solution to a large quantity of water with surfactant. The 

resulting solid microspheres are then washed and dried (flash-frozen in liquid nitrogen) 

under appropriate conditions to obtain final drug loaded microparticles [79, 80]. 
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Double emulsion technique: The above mentioned technique is not suitable 

when dealing with hydrophilic drugs. This is due to the reason that hydrophilic drug may 

not be soluble in organic solvent and the drug will diffuse into the continuous phase 

during emulsion, leading to the loss of drug. For these reasons water –in-oil-in-water 

emulsion technique is preferred to encapsulate hydrophilic drugs for instance proteins, 

peptides and vaccines. In this method polymer is dissolved in organic solvent like DCM 

or chloroform and appropriate amount of drug dissolved in aqueous phase (DI water) is 

later added to organic phase with continuous stirring to give water in oil emulsion. Later 

this water in oil emulsion is added to PVA aqueous solution and further emulsified. The 

organic solvent is then allowed to evaporate and resulting microparticles are washed 

and dried under appropriate conditions to yield drug loaded microparticles [81, 82]. 

For the same drug, the drug encapsulation efficiency may vary depending on the 

method used [83]. The physical properties of obtained microspheres are strongly 

dependent on the nature of materials and also on the parameters during the 

manufacturing of microspheres [84].  

Phase separation (coacervation) 

This technique is used to prepare drug loaded microparticles by using liquid-

liquid phase separation method. This process gives rise to two liquid phases. One of 

these phases includes polymer containing coacervate phase and other is supernatant 

phase depleted in polymer. Thus there are three main steps involved in this technique; 

phase separation of the coating polymer solution, adsorption of the coacervate around 

the drug particles and finally the quenching of the microparticles. The morphology and 

size of the microparticles depends upon the parameters like quenching time, 

concentration of the polymer, quenching temperature composition of the solvent [85, 
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86]. Finally microparticles are obtained by washing, sieving, filtration, centrifugation and 

freeze drying. 

Spray drying: 

Phase separation methods are not suitable for mass production since it tends to 

produce agglomerated particles and require removal of large quantities of the organic 

phase from the microparticles. Under spray drying technique drug loaded microparticles 

are prepared by spraying solid in oil dispersion or water in oil emulsion in a stream of 

heated air. Solubility of drug in water decides the nature of solvent to be used in the 

process. This technique is rapid, convenient and has few processing parameters, which 

makes it preferable for large scale processing. This technique has shown to 

encapsulate all kinds of drugs, proteins and peptides into microparticles without 

significant loss in their biological activity.   

Experimental Procedure 

Preparation of 1-2 µm Drug Loaded PLGA Microparticles 

A 50:50 (PLA/PGA-M/M %) polymer composition of poly (D, L lactide-co-

glycolide) (Purac Biomaterials, Netherlands) was used to generate microparticles. Poly-

vinyl alcohol (PVA) (MW ~ 15,000 g/mol) was purchased from MP Biomedicals (Santa 

Ana, CA, USA) and was used as an emulsion stabilizer. ddH2O was used as the 

aqueous phase to form the emulsions while methylene chloride (Fisher Scientific, NJ, 

USA) was used as an organic solvent to dissolve PLGA polymer. Microparticles were 

formed using standard oil in water solvent evaporation technique [87].  

Briefly, the PLGA polymer was dissolved in methylene chloride at 5% 

concentration. Known amount of fluorescent dye like rhodamine, a red-fluorescent dye 

(RHOD) (Sigma–Aldrich) and 9-anthracenecarboxylic acid, blue fluorescent dye (ACA) 
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(Sigma–Aldrich) and several drugs like aspirin (Acros-Organics), curcumin (Sigma–

Aldrich), EGCG (Sigma–Aldrich), menadione, ergosterol (Sigma–Aldrich) etc. were 

added to the solution to produce dispersion in the solution. This solution was later 

added to 50 ml of 5% PVA solution in ddH2O and was homogenized using tissue-miser 

homogenizer (Dremel, Wisconsin, USA) at 25,000 rpm for 2 minutes to form the 

emulsion. Then, the emulsion was added to 500 ml of 1% PVA solution. The particles 

thus formed were agitated using a magnetic stirrer (Fisher Scientific, NJ, USA) for 24 h 

to evaporate residual methylene chloride. The remaining solution was centrifuged at 

10,000g for 10 min to collect MPs which were subsequently washed three times with 

ddH2O. The water was aspirated from the centrifuged MPs, which were then flash-

frozen in liquid nitrogen and kept under vacuum overnight. The MPs were stored at - 

20°C until used.  

Preparation of 10 µm Rhodamine Dye Loaded PLGA Microparticles  

A 50:50 (PLA/PGA-M/M %) polymer composition of poly (D,L lactide-co-

glycolide) (PLGA)  was used to generate microparticles. Poly-vinyl alcohol (PVA) (MW ~ 

15,000 g/mol) was purchased from MP Biomedicals (Santa Ana, CA, USA) and was 

used as an emulsion stabilizer. ddH2O was used as the aqueous phase to form the 

emulsions while methylene chloride (Fisher Scientific, NJ, USA) was used as an organic 

solvent to dissolve PLGA polymer. Microparticles were formed using standard oil in 

water solvent evaporation technique [87].  

Briefly, the known amount of PLGA polymer was dissolved in methylene chloride 

at 15% concentration with the help of vortex and sonication. After PLGA is completely 

dissolved known amount of fluorescent dye rhodamine, a red-fluorescent dye (RHOD) 

(Sigma–Aldrich) was added to the solution to produce dispersion in the solution. This 
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solution was later added to 50 ml of 5% PVA solution in ddH2O and was homogenized 

using tissue-miser homogenizer (Dremel, Wisconsin, USA) at 18,000 rpm for 2 minutes 

to form the emulsion. Then, the emulsion was added to 500 ml of 1% PVA solution. The 

particles thus formed were agitated using a magnetic stirrer (Fisher Scientific, NJ, USA) 

for 24 h to evaporate residual methylene chloride. The remaining solution was 

centrifuged at 10,000g for 10 min to collect MPs which were subsequently washed three 

times with ddH2O. The water was aspirated from the centrifuged MPs, which were then 

flash-frozen in liquid nitrogen and kept under vacuum overnight. The MPs were stored 

at - 20C until used.  

Preparation of 1-2 µm LPS Microparticles 

LPS is positive control for dendritic cells as they help in stimulating DCs 

differentiation.  A 50:50 (PLA/PGA-M/M %) polymer composition of poly(D,L lactide-co-

glycolide) (PLGA)  was used to generate microparticles. Poly-vinyl alcohol (PVA) (MW ~ 

15,000 g/mol) was purchased from MP Biomedicals (Santa Ana, CA, USA) and was 

used as an emulsion stabilizer. ddH2O was used as the aqueous phase to form the 

emulsions while methylene chloride (Fisher Scientific, NJ, USA) was used as an organic 

solvent to dissolve PLGA polymer. Microparticles were formed using standard water-oil-

water solvent evaporation technique [87].  

Known amount of PLGA polymer was dissolved in methylene chloride at 5% 

concentration with the help of vortex and sonication. After PLGA is completely dissolved 

200 µl of LPS solution was emulsified with 2 ml of 5% PLGA solution using a tissue-

miser homogenizer (Dremel, Wisconsin, USA) at 25,000 rpm for 2 minutes to form a 

primary emulsion. The primary emulsion was added to 10 mL of 5% PVA solution in 

ddH2O and the homogenizing was continued at 25,000 rpm for 2 minutes to form the 
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secondary emulsion. Then, the secondary emulsion was added to 100 ml of 1% PVA 

solution. The particles thus formed were agitated using a magnetic stirrer (Fisher 

Scientific, NJ, USA) for 24 h to evaporate residual methylene chloride. The remaining 

solution was centrifuged at 10,000g for 10 min to collect MPs which were subsequently 

washed three times with ddH2O. The water was aspirated from the centrifuged MPs, 

which were then flash-frozen in liquid nitrogen and kept under vacuum overnight. The 

MPs were stored at - 20°C until used. 

Particle Size Measurements 

Particle size was characterized by dynamic laser diffraction (Beckman Coulter, 

Brea, CA).  A total of 10 mg of particles were re-suspended in 10 mL of de-ionized (DI) 

water via sonication in a sonicating bath for 2 min (Branson 2510, Paragon Electronics, 

FL). The sample solution was run through the instrument and the size was verified 

through measuring the angular variation in intensity of light scattered as a laser beam 

passes through a dispersed particulate sample.  
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Results 

 
 
Figure 2-2. Particle size distribution of 1-2 µm PLGA microparticles. A size distribution 

curve of PLGA microparticles quantified via laser diffraction technique using 
Beckman coulter counter (based on volume estimation). The average size of 
particles is 1.612 μm with standard deviation of 0.579 μm.  
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Figure 2-3. Particle size distribution of 10 µm PLGA microparticles. A size distribution 
curve of PLGA microparticles quantified via laser diffraction technique using 
Beckman coulter counter (based on volume estimation). The average size of 
particles is 10.18 μm with standard deviation of 9.187 μm.   
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CHAPTER 3 
PARTICLE CHARACTERIZATION – EVALUATION OF ENCAPSULATION 

EFFICIENCY AND IN-VITRO RELEASE PROFILE OF DRUG LOADED 
MICROPARTICLES 

Background 

Aspirin 

Acetylsalicyclic acid, commonly known as Aspirin is a salicylate drug. It is used 

for variety of medical purposes such as antipyretics to reduce fever, as analgesic to 

relieve minor pain, as anti-platelet and as an anti-inflammatory medication. It is 

commonly used to control the symptoms of arthritis and rheumatism and is also 

regarded as a life saver in variety of atherosclerotic cardiovascular complications. 

Salicylic acid is the main metabolite of aspirin and is an integral part of human and 

animal metabolism.  

 

Figure 3-1. Molecular structure of aspirin (Source: 
https://www.google.com/#q=aspirin+structure) 

Aspirin is a member of the non-steroidal anti-inflammatory agent (NSAID) class 

of drugs. NSAIDs mediate their effect by inhibition of prostaglandin and thromboxane 

synthesis by the enzyme cylclo-oxygenase (COX).  The two distinct enzymatic sites on 

COX are involved in the conversion of arachidonic acid to prostaglandins and 

thromboxanes, which mediate various events such as vasodilation and inflammatory 

associated events [88].  Aspirin differs from other NSAIDS in the mechanism of action 

https://www.google.com/#q=aspirin+structure
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since it is the only NSAID that does so in an irreversible manner, by acetylation of the 

enzyme [89]. Since aspirin is a well-known drug which inhibits cyclooxygenase activity, 

the correlation between cytokine regulation and cyclooxygenase inhibition by aspirin 

was investigated by Ho et al [90]. 

In peripheral tissues, prostaglandin-E2 (PGE-2) causes stimulatory effect on 

iDCs, causing the DC maturation. In addition PGE-2 also mediates IL-12 production and 

affects other chemokine receptor expression and also causes apoptosis of antigen 

presenting cells (APCs). Since prostanoids such as PGE-2 has been shown to mediate 

DC maturation [91-93], aspirin thus shows it effects in inhibiting human DC maturation 

and stimulatory function [90, 94, 95]. It was determined that while aspirin promotes 

initial DC development and functional activity, it later stalls DC development at an 

immature state [95]. In-vitro effects of aspirin treated murine bone marrow derived DC 

has shown to decrease the surface expression of cell receptors like, MHC-II, CD 40, 

CD80, and CD 86.   

In further paper by Ho et al. [90], the effect of aspirin was determined on LPS-

stimulated DC to express co-stimulation and maturation markers.  The study 

demonstrated that aspirin inhibits the maturation process of human DC encountering 

pathogen LPS. The effects of aspirin response were shown to be rapid with decreased 

LPS induced IL-12 and IL-10 in human DCs after just 3 hours of aspirin exposure [90].  

There has been considerable amount of data presented in past couple of years 

that clearly suggests that aspirin mediates immuno-modulation by several mechanisms. 

Its ability to induce tolerogenic DCs (tDCs) and to mediate T regulatory (Treg) cells 

production has been of particular interest in the field of induction of immunological self-
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tolerance. It has been shown that aspirin can inhibit autoimmune response by actively 

increasing CD4+ CD25+FOXP3+ Treg cells and by mediating tolerogenic DCs response 

which induce hypo-responsiveness in naïve T cells.  

Curcumin 

Curcumin is the principal curcuminoid of the popular South Asian spice turmeric, 

which is a member of the ginger family. Curcumin is a polyphenolic compound isolated 

from the rhizome of the plant Curcuma longa (turmeric) that has traditionally been used 

for pain and wound-healing. Turmeric has a long history of use in Ayurvedic medicine 

for the treatment of inflammatory disorders. The curcuminoids are natural phenols that 

are responsible for the yellow color of turmeric. It has a long history of medical use for 

anti-inflammation in India and Southeast Asia.  Curcumin is safe, non-toxic and 

demonstrates anti-inflammatory [96] anti-oxidant [97, 98], anti-microbial [99-101] and 

anti-proliferative [102] activity.  

 

Figure 3-2. Molecular structure of curcumin (Source: 
https://www.google.com/#q=curcumin+structure) 

Earlier studies have shown that dietary curcumin inhibits blood sugar levels in 

diabetic patients and its animal models [103, 104]. The islet β-cells are susceptible to 

damage caused by oxygen free radicals, and curcumin protects pancreatic β-cells 

against reactive oxygen species (ROS)-mediated damage by enhancing antioxidants 

and reduces hyperglycemia in chemically induced diabetes [105]. Curcumin treatment 

https://www.google.com/#q=curcumin+structure
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also inhibits diabetes associated complications such as renal lesion, wound-healing, 

and cataracts in human patients and animal models [106-109] 

Curcumin is a lipophilic agent that is nearly insoluble in water yet quite stable in 

the acidic pH of the stomach. Furthermore, it has been prized since ancient times for its 

various pharmacological benefits associated with its antioxidant and anti-inflammatory 

properties. Curcumin was also found to suppress several inflammatory cytokines such 

as tumor necrosis factor-alpha (TNF-a), interleukins (IL-1, -1β, -6, and -8) [110], and 

cyclooxygenase- 2 (COX-2). It can generate Tregs and these Tregs are able to function 

in-vivo. 

Recent studies have shown that curcumin helps in suppressing various 

autoimmune disorders like multiple sclerosis, rheumatoid arthritis, psoriasis, and 

inflammatory bowel disease in human or animal models. Although the beneficial effects 

of nutraceuticals are traditionally achieved through dietary consumption at low levels for 

long periods of time, the use of purified active compounds such as curcumin at higher 

doses for therapeutic purposes needs to be carefully monitored.  

Rogers et al. investigated the immunomodulatory effects of curcumin on human 

monocyte-derived (hu-mo-DC) and murine DC. Hu-mo-DC when exposed to curcumin 

show impaired ability to undergo phenotypic and functional maturation following 

exposure to LPS, a potent T lymphocyte receptor (TLR) agonist. They found that 

CurcDC demonstrates minimal CD83 expression, downregulated expression of CD80 

and CD86 and reduction in major histocompatibility complex MHC-II and CD40 

expression compared to matDC. In addition CurcDC also displayed decreased 

Interleukin IL-12 mRNA and protein expression. It was shown that curcumin directs DC 
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differentiation towards a tolerogenic phenotype that results in forkhead winged helix 

protein -3  (FoxP3+) Tregs in vitro and in vivo [111-113] 

In a further study by Cong et al. [114] showed that CurcDC induced 

differentiation of Tregs resembling Tregs in the intestine, including both CD4+ CD25+ 

Foxp3+ Treg and IL 10 producing cells. Such Treg induction required IL -10, TGF β and 

RA (Retinoic Acid - metabolite of dietary component Vitamin A) produced by curcumin 

modulated DC. Thus curcumin educates DC to tolerogenic phenotype, including the 

ability to differentiate naive T cells into intestine protective Tregs. These effects are a 

plausible mechanism for curcumin mediated anti-inflammatory function.  

EGCG 

Epigallocatechin gallate (EGCG), also known as epigallocatechin-3-gallate, is the 

ester of epigallocatechin and gallic acid, and is a type of catechin. It is the most 

abundant catechin in tea accounting for more than 40% of polyphenols in green tea 

[115], and is a potent antioxidant that may have therapeutic applications in the 

treatment of many disorders, including anti-proliferative and cancer chemopreventive 

activities [116, 117]. EGCG also induced apoptosis of human monocytes, another 

possible mechanism of its anti-inflammatory and immunosuppressive effects [118]. 

 

Figure 3-3. Molecular structure of EGCG (Source: 
https://www.google.com/#q=EGCG+structure) 

https://www.google.com/#q=EGCG+structure
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It is found in green tea, but not in black tea; during black tea production, the 

catechins are converted to theaflavins and thearubigins. One of the proposed health 

benefits of consuming green tea is its protective effect on autoimmune diseases. T cells, 

particularly CD4(+) T helper (Th) cells, play a key role in mediating many aspects of 

autoimmune diseases. Upon antigenic stimulation, naive CD4(+) T cells proliferate and 

differentiate into different effector subsets [119]. Th1 and Th17 cells are the pro-

inflammatory subsets of Th cells responsible for inducing autoimmunity whereas 

regulatory T cells (Treg) have an antagonistic effect. Green tea and its active ingredient, 

epigallocatechin-3-gallate (EGCG), have been shown to improve symptoms and reduce 

the pathology in some animal models of autoimmune diseases.  

It has been observed that EGCG inhibited CD4(+) T cell expansion in response 

to either polyclonal or antigen specific stimulation. EGCG impedes Th1 and Th17 

differentiation and prevents IL-6-induced inhibition on Treg development.  

In a study conducted by Yoneyama et al. effect of EGCG on human monocyte-

derived DCs (MODCs) and, consequently, on the T-cell–mediated immune response 

was investigated. The group studied the induction of apoptosis, and the detailed 

phenotypic and functional changes of MODCs, generated by culture of peripheral blood 

monocytes in the presence of GM-CSF, induced by EGCG. They found that the EGCG 

induced apoptosis and affected the phenotype of the developing DCs. Exposure of 

monocytes to EGCG together with GM-CSF and IL-4 inhibited their differentiation to 

DCs and, in addition, induced apoptosis of DC-precursors and immature DCs. The 

expression of CD83, CD80, CD11c and MHC class II, which are surface markers and 

co-stimulatory molecules essential for antigen presentation by DCs were down-
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regulated by EGCG. Moreover, EGCG blocked the terminal maturation process of 

already differentiated DCs. 

Several studies have identified IL-10 as the major cytokine that can prevent both 

differentiation of DCs from monocytes and their maturation by blocking release of IL-12 

[120]. IL-10 also inhibits expression of co-stimulatory molecules and consequently 

causes inhibition of TH1 responses [121]. On LPS stimulation, human MODCs cultured 

with EGCG produced high amounts of IL-10, dose-dependently of EGCG. Therefore IL-

10 production by MODCs may be a possible mechanism of the inhibitory effect of 

EGCG on DC maturation. 

Effects of EGCG on human MODCs include inhibition of their differentiation, 

terminal maturation and antigen presenting function. EGCG dose-dependently induced 

apoptosis of DC precursors. Thus EGCG is a potential immunosuppressive agent by 

inducing apoptosis of human MODCs and exerting strong inhibitory effects on the 

differentiation of and the antigen presentation by DCs, effects possibly mediated by 

increased production of IL-10. Therefore, EGCG treatment seems to be an effective 

alternative to generate tolerogenic DCs, which may be useful in the treatment of allergic 

and autoimmune disorders as well as allograft rejection. 

Vitamin D3 

The role of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in T1DM has been recently 

widely recognized as an immunomodulatory agent on pancreatic and immune cells. 

1,25(OH)2D3-deficient mice were at higher risk of developing DM, even more 

aggressively when deficiency is present early in life [122]. Early administration of 

1,25(OH)2D3 performs dual action on the pancreatic beta cells and on immune cells by 

protecting against or reducing the severity of pancreatic insulitis [123]. 
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Figure 3-4: Molecular structure of 1,25-dihydroxyvitamin D3 
(Source:https://www.google.com/#q=1%2C25dihydroxyvitamin+D3+(1%2C25
(OH)2D3)) 

1,25(OH)2D3 has shown to decrease the expression of proinflammatory cytokine 

Il-6 which makes β cells less chemoattractive and less prone to inflammation. IL-6 also 

acts as a direct stimulator of Th17 cells. This further leads to decreased T cell 

proliferation and differentiation, increased Tregs production and arrest of autoimmune 

process [124]. Additionally 1,25(OH)2D3 decreases MHC class I expression which 

causes reduced vulnerability of islet 𝛽-cells to cytotoxic T lymphocytes [125].  

In addition to its above mentioned activity at pancreatic islets, 1,25(OH)2D3 also 

inhibits differentiation and maturation of DCs and promotes their apoptosis, thereby 

preventing their transformation into APCs which is the first step in the initiation of 

autoimmune response [126]. 

1,25(OH)2D3 immunomodulatory effects have shown significant protection 

against pancreatic insulitis in animal studies [123-125]. In humans, retrospective 

analysis and observational studies demonstrated high prevalence of 25-OH D 

deficiency in patients with T1DM [127] and suggested a contributory role in the 

pathogenesis of T1DM. 

https://www.google.com/#q=1%2C25dihydroxyvitamin+D3+(1%2C25(OH)2D3)
https://www.google.com/#q=1%2C25dihydroxyvitamin+D3+(1%2C25(OH)2D3)
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Ergosterol 

Ergosterol is the major component of the fungal cell membrane. It is a white 

crystalline organic solid of the molecular formula C28H44O belonging to the steroid 

family. It acts as a bioregulator of membrane fluidity, asymmetry, and integrity [128]. It is 

the predominant sterol component in the plasma membrane of fungi (e.g, 

Saccharomyces and other yeasts and Claviceps purpurea) and is named for ergot, a 

common name for the members of the fungal genus Claviceps from which it was first 

isolated. It serves the same function that cholesterol serves in animal cells in the 

structure and functions. Ergosterol does not occur in plant or animal cells.  

 

Figure 3-5: Molecular structure of ergosterol (Source: 
https://www.google.com/#q=Ergosterol+structure) 

Ergosterol is a biological precursor (a provitamin) to vitamin D2. Ergosterol is 

converted by ultraviolet irradiation into ergocalciferol, or vitamin D2, a nutritional factor 

that promotes proper bone development in humans and other mammals. For this 

reason, when yeast (brewer’s yeast) and fungi (mushrooms), are exposed to UV light, 

significant amounts of vitamin D are produced. Because ergosterol is present in cell 

membranes of fungi, yet absent in those of animals, it is a useful target for antifungal 

drugs [129]. Immunomodulatory functions of ergosterol can be observed by its role in 

suppressing T cell proliferation. Some studies have shown ergosterol may have 

antitumor properties [130, 131] 

https://www.google.com/#q=Ergosterol+structure
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Menadione 

Menadione is a synthetic chemical compound sometimes used as a nutritional 

supplement because of its vitamin K activity. Primary known function of vitamin K is to 

maintain healthy blood clotting and prevent excessive bleeding and hemorrhage, it also 

plays important role in normal bone calcification for carbohydrate storage in the body. It 

is an analog of 1, 4-naphthoquinone with a methyl group in the 2-position [132].  

 

Figure 3-6: Molecular structure of menadione. (Source: 
https://www.google.com/#q=menadione+structure) 

Menadione is a fat-soluble vitamin precursor that is converted into menaquinone 

in the liver. Vitamin K1 and K2 are the naturally occurring types of vitamin K. The 

former, which is also known as phylloquinone, is synthesized by plants and can be 

found in such foods as spinach, broccoli, lettuce, and soybeans. The latter, sometimes 

alternatively referred to as menaquinone, is primarily produced by bacteria in the 

anterior part of the gut and the intestines. Vitamin K3, on the other hand, is one of the 

many manmade versions of vitamin K. Also called menadione, this yellowish, synthetic 

crystalline substance is converted into the active form of the K2 vitamin inside of the 

animal body. Immunomodulatory functions of menadione can be observed by its role in 

suppressing T cell proliferation. It has been found to inhibit the production of 

proinflammatory cytokines like TNF-α, IL-6 and IL-4 [133], thereby attenuating the T cell 

https://www.google.com/#q=menadione+structure
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mediated activity by inhibiting the proliferative response of T cells and increasing the 

number of FoxP3+ Tregs cells.  

Compounds of Future Interest 

TGF beta 

Transforming growth factor beta (TGF-β) is a pleiotropic cytokine which is 

secreted by immune and other non-hematopoietic cells. It controls cellular 

differentiation, proliferation, and several other critical functions like cellular maturation, 

embryonal development, wound healing, immune regulation etc. in most cells. It helps 

by keeping a check on immune system by acting as a potent immune suppressor 

through the inhibition of proliferation, differentiation, and activation and effector function 

of immune cells thus maintaining immune homeostasis.   

The TGF-β family is part of a superfamily of proteins known as the transforming 

growth factor beta superfamily which consists of more than 40 members. There are 

three TGF-β members (TGF-β1, TGF-β2, and TGF-β3) present in mammals; they are 

expressed in different tissues but have similar functions [134].  

It has been studied that to differentiate into an effector T cell, the naïve T cells 

require three signals; TCR stimulation, co-stimulation and cytokines. Th1 cells are 

induced by IL-12 and Th2 cells are induced by IL-4. TGF-β is known to inhibit the 

expression of surface receptors of pro-inflammatory cytokines like IL-12 and IL-4 

thereby inhibiting the differentiation of T cells [135, 136].  

Furthermore, studies have shown TGF-β to be essential in the generation, 

homeostasis, and function of iTregs in the periphery. In fact Treg cell number has been 

shown to significantly decreased in the absence of TGF-β (TGF-β -/-) [55]. It has been 

demonstrated in mice [53] and later in humans [137, 138] that TGF-β induces FOXP3 
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expression in TCR-stimulated T cells. This helps in maintain immune peace in two 

ways; the generated cells are not only unresponsive to TCR stimulation, but can also 

produce TGF-β and IL-10. Both TGF-β and IL-10 are potent suppressors of proliferation 

and cytokine production in vitro. 

Additionally, TGF-β signaling in CD4+ T cells is a must requirement for the 

induction of Foxp3 expression. It has been shown that CD4+ T cells which are deficient 

in TGF-β signaling cannot be converted to Foxp3+ Treg cells either in vivo or in vitro 

[139, 140]. Moreover, the systemic increase in TGF-β has shown to substantially 

increase Foxp3+ Treg cell count in mice [141, 142]. Therefore, therapies that increase 

TGF-β may be beneficial in altering Treg/Teff cell interplay and mitigating β cell 

destruction. A transient pulse of TGF-β in the islets during the priming phase of diabetes 

is sufficient to inhibit disease onset by promoting the expansion of intra-islet 

CD4+CD25+FOXP3+ T cell pool [143]. Furthermore, TGF-β  have been identified to 

promote tolerogenic DCs and induces the differentiation of DC with low expression of 

MHC-II, low level of CD1d, and co-stimulatory molecules including CD80, CD83, and 

CD86. These results in DCs with an immature phenotype and are known to have 

tolerogenic properties. 

TGF-β is a potent cytokine that is essential for active suppression of the immune 

system. It acts on CD4, CD8 T cells etc. Its deficiency can lead to severe autoimmune 

dysregulation and the development of autoimmune diseases. Thus TGF-β is an 

essential regulator of autoimmune diseases. It has shown to delay the onset and reduce 

the severity of autoimmune diseases [144, 145]. 
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AhR compounds 

Aryl hydrocarbon receptor (AhR) also known as dioxin receptor, is a ligand-

activated transcription factor that serves as a receptor for various environmental toxins. 

More recently it was found that AhR ligation can also regulate T-cell differentiation, 

specifically through activation of Foxp3+ regulatory T cells (Tregs) and downregulation 

of the proinflammatory Th17 cells. The importance of the AhR in immunological 

processes can be illustrated by expression of this receptor on a majority of immune cell 

types. In addition, AhR signaling pathways have been reported to influence a number of 

genes responsible for mediating inflammation and other immune responses [146]. The 

AhR gene has been found in various cell types present in mammals, amphibians, 

reptiles, and birds [147] and the fact that the AhR gene has been so highly conserved 

provides evidence of the fundamental importance of AhR in biological systems. Studies 

revealed AhR to be a key regulator in the metabolism of foreign chemicals, commonly 

referred to as xenobiotics.  

Number of AhR ligands, both synthetic and natural, has been discovered and 

these ligands, typically components of environmental pollutants, include the 

halogenated aromatic hydrocarbons such as polychlorinated dibenzo-p-dioxins, 

dibenzofurans, and biphenyls as well as polycyclic aromatic hydrocarbons such as 

benzo(a)pyrene, anthracene, and 3-methylcholanthrene. 2, 3, 7, 8 Tetrachlorodibenzo-

pdioxin (TCDD), a halogenated aromatic hydrocarbon, is one of the most immunotoxic 

and immunosuppressive AhR ligands[148]. In addition to these synthetic AhR ligands, 

number of natural ligands has also been discovered. Most of natural AhR ligands are 

introduced into biological systems by oral consumption of foods and herbal medicines, 

as in the cases of flavonoids, stilbenes, carotenoids, and indoles [148].  
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The functions of AhR in T cells depend on the specific ligand bound to the 

receptor. For instance, binding of TCDD to AhR suppresses experimental autoimmune 

encephalomyelitis (EAE) by promoting the development of Foxp3+ Treg cells, whereas 

6-formylindolo[3,2-b] carbazole enhances EAE by inducing the differentiation of IL-17-

producing T cells [149]. In macrophages and dendritic cells (DCs), AhR is anti-

inflammatory. In response to LPS, Ahr-deficient macrophages show increased 

production of pro-inflammatory cytokines, such as IL-6 and TNF-α, and AhR-deficient 

DCs produce less of the anti-inflammatory cytokine IL-10 [149].  

In fact, due to their diverse properties and inconsequential side effects, 

resveratrol (class of stilbenes) [150], Indole compounds, such as indole-3-carbinol (I3C) 

and its chief metabolite 3,3`- diindolylmethane (DIM) and other dietary products such as 

carotenoids and curcumin have been found to interact with the AhR are currently being 

used in clinical trials to treat diabetes.  

PDE inhibitors 

Various cellular pathways and inflammatory responses are mediated by cyclic 

adenosine monophosphate (cAMP), an essential intracellular second messenger made 

up of phosphodiester bonds. The role of cAMP in cell signaling and homeostasis was 

established, and regulation of this pathway by PDE inhibitors arose as a field of 

considerable interest [151]. 

Phophodiesterases inhibitors (PDEis) act by inhibiting the catabolism of cyclic 

nucleotides, cAMP and cGMP, which are ubiquitously expressed in cells of the immune 

system. Phosphodiesterases degrade the cyclic nucleotides, cGMP and cAMP to 

inactive 5′-GMP and 5′-AMP, respectively. Their critical role in intracellular signalling 

has designated cAMP and cGMP as potential new therapeutic targets. PDEis act by 
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prolonging the action of cyclic nucleotides inside the cells. There are 11 PDEs 

discovered till date. PDEis can be non-specific like theophylline or specific like rolipram 

for PDE4 and sildenafil, tadalafil or vardenafil for PDE5.  

PDE inhibition results in the accumulation of the intracellular second messenger 

cAMP, downstream activation of protein kinase A (PKA), and subsequent 

phosphorylation of the transcription factor cAMP-response element binding protein 

(CREB). Activation of this pathway modulates gene transcription of numerous cytokines, 

and results in suppression of TNFα production and eventual inhibition of their 

proinflammatory and destructive properties [152].   

 Drug Release Behavior 

It has been shown in both in vivo and in vitro experiments for various types of 

drug loaded PLGA microparticles that PLGA copolymer undergoes degradation by 

hydrolysis or biodegradation through cleavage of its backbone ester linkages into 

oligomers and later monomers [153, 154]. This degradation of PLGA copolymer is 

collection of processes like bulk diffusion, bulk erosion, surface diffusion and surface 

erosion. The rate of degradation for PLGA copolymers is dependent on the polymer 

composition, molecular weight of the polymer and the degree of crystallinity of the 

polymer.  

Effect of polymer composition- The molar ratio of the lactic and glycolic acids 

in the polymer chain is the most important factor to determine the rate of degradation. It 

has been shown that weight loss of polymer is accelerated with increase in glycolic acid 

percentage [155, 156]. For instance PLGA 50:50 (PLA/PGA) shows faster degradation 

than PLGA 65:35. This effect is due to preferential degradation of glycolic acid due to 

higher hydrophillicity.  
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Effect of Molecular weight- Polymers with higher molecular weight have longer 

chains which in turn require more time to degrade compared to smaller polymer chains. 

Thus polymers with high molecular weight exhibits lower degradation rates [157]. 

Effect of size and shape of polymer matrix – The ratio of surface area to 

volume is another important factor determining the degradation of polymer. Polymers 

with higher surface area ratio results in higher degradation of polymer matrix. 

Effect of Crystallinity – Properties such as crystallinity and glass transition 

temperature are affected by copolymer composition and have indirect effect on 

degradation rate of polymer. 

The release of drug from degrading PLGA polymer has been shown to exhibit 

patterns like Initial burst and slow progressive release [68, 153, 154]. Initial burst 

happens when drug in contact with the medium, on the surface of the polymer is 

released as a function of solubility and penetration of water into polymer matrix. 

Progressive release happens when water inside the matrix hydrolyzes the polymer 

creating a passage for drug to be released by the process of diffusion and erosion till 

entire polymer dissolves.  

Experimental Procedure 

Characterization of Microparticles 

Efficiency of drug encapsulation 

A known weight of MPs loaded with drug was dissolved in DMSO. The efficiency 

of encapsulated drug in the MPs was then quantified by measuring the absorbance at 

specific wavelength by spectrophotometer (Nanodrop Technologies Inc., DE, USA) and 

comparing absorbance to a standard curve made from known concentration of drug in 

DMSO. The standard curve was made by dissolving known weight of drug in DMSO 
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and serially diluting 1:1 with DMSO 12 times (n=3). Blank PLGA particles were then 

added to each dilution to account for PLGA absorbance. Absorbance was measured 

using a Nano Drop (ND-1000) spectrophotometer at specific wavelength.  

Degradation of microparticles 

A known weight of MPs loaded with drug was dissolved in PBS with 2 % Tween-

20 (v/v) and incubated at 37°C with rocking for 30 days (n=3). Samples were taken at 

day 0, 1, 2, 4, 7, 21, and 28 by centrifuging at 10,000 rpm for 10 min to separate the 

drug loaded microparticles from solution of PBS with 2 % Tween-20 (v/v). PBS solution 

with 2 % Tween-20 (v/v) containing the released drug was then carefully pipetted out 

and saved. Equal amount of PBS with 2 % Tween-20 (v/v) was then replaced and kept 

in the incubator at 37°C. The concentration of released drug was then quantified by 

measuring the absorbance at specific wavelength by spectrophotometer (Nanodrop 

Technologies Inc., DE, USA) and comparing absorbance to a standard curve made 

from known concentration of drug in PBS with 2 % Tween-20 (v/v). The standard curve 

was made by dissolving known weight of drug in PBS with 2% Tween-20 (v/v) and 

serially diluting 1:1 with PBS with 2% Tween-20 (v/v) 12 times (n=3). Blank PLGA 

particles were then added to each dilution to account for PLGA absorbance if any. 

Absorbance was measured using a Nano Drop (ND-1000) spectrophotometer at 

specific wavelength.    
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Results 

 
 

Figure 3-7. Curcumin encapsulation standard curve. The standard curve was made by 
dissolving 10 mg of curcumin in 1 ml of DMSO and serially diluting 1:1 with 
DMSO 12 times (n=3). 5 mg of blank particles were then added to each 
dilution. Absorbance was measured using a Nano Drop (ND-1000) 
spectrophotometer at 435 nm. Linear fit slopes were obtained with 
parameters shown. 

 

 
Figure 3-8. Curcumin release standard curve. The standard curve was made by 

dissolving 10 mg of curcumin in 1 ml of PBS with 2% Tween-20 (v/v) and 
serially diluting 1:1 with PBS with 2% Tween-20 (v/v) 12 times (n=3). 5 mg of 
blank particles were then added to each dilution. Absorbance was measured 
using a Nano Drop (ND-1000) spectrophotometer at 435 nm. Linear fit slopes 
were obtained with parameters shown. 

y = 0.016x + 0.0197
R² = 0.9986

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0.0 20.0 40.0 60.0 80.0 100.0

A
b

s
o

rb
a

n
c

e
 @

 4
3

5
 N

M

Concentration (µg /ml)

Curcumin encapsulation standard curve

y = 0.0047x + 0.0198
R² = 0.9972

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.0 50.0 100.0 150.0 200.0

A
b

s
o

rb
a

n
c

e
 @

 4
3

5
 N

M

Concentration  (µg /ml)

Curcumin release standard curve



 

59 

 

 
Figure 3-9. In vitro release profile of curcumin. 5 mg of curcumin particles were 

dissolved in 1 ml of PBS with 2 % Tween-20 (v/v) and incubated at 37°C with 
rocking for 30 days.  

 
Table 3-1. Mass factor, encapsulation efficiency and 4 weeks release of PLGA 

microparticles loaded with curcumin. 

RESULTS Average Value 

Mass factor   (µg Curcumin/mg PLGA) 83 +/- 0.001 

Encapsulation efficiency 49.81 +/- 0.75 

4 weeks total release percentage 91.67 +/- 3.02 
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Figure 3-10. Aspirin encapsulation standard curve. The standard curve was made by 

dissolving 10 mg of aspirin in 1 ml of PBS with 2% Tween-20 (v/v) and serially 
diluting 1:1  with DMSO 12 times (n=3). 5 mg of blank particles were then 
added to each dilution. Absorbance was measured using a Nano Drop (ND-
1000) spectrophotometer at 275 nm. Linear fit slopes were obtained with 
parameters shown. 

 

 
Figure 3-11. Aspirin release standard curve. The standard curve was made by 

dissolving 10 mg of aspirin in 1 ml of PBS with 2% Tween-20 (v/v) and serially 
diluting 1:1 with PBS with 2% Tween-20 (v/v) 12 times (n=3). 5 mg of blank 
particles were then added to each dilution. Absorbance was measured using 
a Nano Drop (ND-1000) spectrophotometer at 275 nm. Linear fit slopes were 
obtained with parameters shown. 
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Figure 3-12. In vitro release profile of aspirin. 5 mg of aspirin particles were dissolved in 

1 ml of PBS with 2 % Tween-20 (v/v) and incubated at 37°C with rocking for 
30 days.  

 

Table 3-2. Mass factor, encapsulation efficiency and 4 weeks release of PLGA 
microparticles loaded with aspirin. 

RESULTS Average Value 

Mass factor   (µg Aspirin/mg PLGA) 22.050 +/- 0.001 
Encapsulation efficiency 13.23 +/- 1.20 

4 weeks total release percentage 96.13 +/- 2.76 
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Figure 3-13.  EGCG encapsulation standard curve. The standard curve was made by 

dissolving 10 mg of vitamin E in 1 ml of DMSO and serially diluting 1:1 with 
DMSO 12 times (n=3). 5 mg of blank particles were then added to each 
dilution. Absorbance was measured using a Nano Drop (ND-1000) 
spectrophotometer at 278 nm. Linear fit slopes were obtained with 
parameters shown. 

 
Figure 3-14. EGCG release standard curve. The standard curve was made by 

dissolving 10 mg of vitamin E in 1 ml of PBS with 2% Tween-20 (v/v) and 
serially diluting 1:1 with PBS with 2% Tween-20 (v/v) 12 times (n=3). 5 mg of 
blank particles were then added to each dilution. Absorbance was measured 
using a Nano Drop (ND-1000) spectrophotometer at 278 nm. Linear fit slopes 
were obtained with parameters shown. 
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Figure 3-15. In vitro release profile of EGCG. 5 mg of EGCG particles were dissolved in 

1ml of PBS with 2 % Tween-20 (v/v) and incubated at 37°C with rocking for 
30 days.  

 

Table 3-3. Mass factor, encapsulation efficiency and 4 weeks release of PLGA 
microparticles loaded with EGCG. 

RESULTS Average Value 

Mass factor   (µg EGCG/mg PLGA) 3.700 +/- 0.0002 
Encapsulation efficiency 19.23 +/- 1.10 

4 weeks total release percentage 98.62 +/- 3.67 
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Figure 3-16. Menadione encapsulation standard curve. The standard curve was made 

by dissolving 10 mg of menadione in 1 ml of DMSO and serially diluting 1:1 
with DMSO 12 times (n=3). 5 mg of blank particles were then added to each 
dilution. Absorbance was measured using a Nano Drop (ND-1000) 
spectrophotometer at 334 nm. Linear fit slopes were obtained with 
parameters shown. 

 

 
Figure 3-17. Menadione release standard curve. The standard curve was made by 

dissolving 10 mg of menadione in 1 ml of PBS with 2 % Tween-20 (v/v) and 
serially diluting 1:1 with PBS with 2 % Tween-20 (v/v) 12 times (n=3). 5 mg of 
blank particles were then added to each dilution. Absorbance was measured 
using a Nano Drop (ND-1000) spectrophotometer at 334 nm. Linear fit slopes 
were obtained with parameters shown. 
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Figure 3-18. In vitro release profile of menadione. 5 mg of menadione particles were 
dissolved in 1 ml of PBS with 2 % Tween-20 (v/v) and incubated at 37°C with 
rocking for 30 days.  

 

Table 3-4. Mass factor, encapsulation efficiency and 4 weeks release of PLGA 
microparticles loaded with menadione. 

RESULTS Average Value 

Mass factor   (µg Menadione/mg PLGA) 36 +/- 0.0001 
Encapsulation efficiency 21.41 +/- 0.12 

4 weeks total release percentage 41.67 +/- 2.58 
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Figure 3-19. Ergosterol encapsulation standard curve. The standard curve was made by 

dissolving 10 mg of ergosterol in 1 ml of DMSO and serially diluting 1:1 with 
DMSO 12 times (n=3). 5 mg of blank particles were then added to each 
dilution. Absorbance was measured using a Nano Drop (ND-1000) 
spectrophotometer at 284 nm. Linear fit slopes were obtained with 
parameters shown. 

 

 
Figure 3-20. Ergosterol release standard curve. The standard curve was made by 

dissolving 10 mg of ergosterol in 1 ml of PBS with 2 % Tween-20 (v/v) and 
serially diluting 1:1 with PBS with 2 % Tween-20 (v/v) 12 times (n=3). 5 mg of 
blank particles were then added to each dilution. Absorbance was measured 
using a Nano Drop (ND-1000) spectrophotometer at 284 nm. Linear fit slopes 
were obtained with parameters shown. 
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Figure 3-21. In vitro release profile of ergosterol. 5 mg of ergosterol particles were 
dissolved in 1 ml of PBS with 2 % Tween-20 (v/v) and incubated at 37°C with 
rocking for 30 days.  

 

Table 3-5. Mass factor, encapsulation efficiency and 4 weeks release of PLGA 
microparticles loaded with ergosterol. 

RESULTS Average Value 

Mass factor   (µg Ergosterol/mg PLGA) 89 +/- 0.007 
Encapsulation efficiency 53.73 +/- 4.24 

4 weeks total mass release 89.5µg   
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Table 3-6. Mass factor, encapsulation efficiency and 4 weeks release of PLGA 

microparticles loaded with immuno-modulatory agents. 

Immuno-

modulatory Agent 
Mass Factor +/- SD 

(µg/mg PLGA) 

Encapsulation 

Efficiency +/- SD 

(%) 

4 weeks release 

percentage +/- SD 

(%) 

Curcumin 83 +/- 0.001 49.81 +/- 0.75 91.67 +/- 3.02 

Aspirin 22.05 +/- 0.001 13.23 +/- 1.20 96.13 +/- 2.76 

Vitamin E 3.70 +/- 0.0002 19.23 +/- 1.10 98.62 +/- 3.67 

Menadione 36 +/- 0.0001 21.41 +/- 0.12 41.67 +/- 2.58 

Ergosterol 89 +/- 0.007 53.73 +/- 4.24 89 µg* 

 * Total mass release  
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CHAPTER 4 
DEVELOPMENT OF MICROARRAY AND MICROWELL PLATFORMS WITH CO-
LOCALIZATION OF DRUG LOADED MPs FOR INVESTIGATION OF DENDRITIC 

CELL RESPONSES IN HIGH THROUGHPUT 

Background 

Microarrays 

Traditionally, biological assays require the use of conventional 12/24/96/384 well 

plates which require high volumes of expensive biological reagents and cells. This multi-

well plate format suffers from other limitations such as wastage while washing out 

chemicals, high throughput screening of data. An alternative to this approach lies in 

more promising microarray technology. Microarray technology has emerged as a 

valuable tool in biological sciences, particularly for high-throughput applications. 

Microarrays are multiplex lab-on-a-chip devices which are 2D arrays on a solid 

substrate, commonly glass slide or silicon that assays large amount of biological 

material using high throughput analysis [158]. Ability to design parallel experiments 

helps in generating large amount of data in a short amount of time.  

Several types of microarrays exist including DNA, proteins and cellular 

microarrays. Early microarrays consisted of DNA microarrays, which were 

oligonucleotides immobilized on the solid support. The cellular components of interest 

are then extracted, labeled, and hybridized to their immobilized complimentary capture 

probes where they are measured and quantified. Following these developments protein 

microarrays came into existence, which are similar in design with an exception of 

oligonucleotides being replaced with cell lyses solutions or biological samples such as 

serum. Also of note, the capture molecule which is attached to the substrate can vary. 

The most commonly used molecule is a monoclonal antibody; however other proteins, 
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aptamers and enzymes can be used. For detection, proteins are typically attached with 

a fluorophore that can be quantified with standard fluorescence detection techniques.  

Following the evolution of protein microarray technology, the desire to investigate 

living cells rather than simply cell lysates has resulted in the development of cellular 

microarrays. Early cellular microarrays would arrange capture probes and detector 

probes in such a way so that the single cell would be isolated on the array. The detector 

probes, which are molecules that bind soluble factors secreted by cells, allow functional 

analysis of the bound cells to be performed. This technology allowed for the ability to 

molecularly delineate the characteristics of individual cells from heterogeneous 

population helping to identify the cellular behavior in healthy and disease states. More 

recently, microarray technology has expanded to include patterning of biodegradable 

polymers embedded with small molecules. This approach employed robotically printing 

PLGA impregnated with drugs of interest in an arrayed fashion.   

Non Fouling Surfaces 

Fouling is the accumulation of undesirable or unwanted material on solid 

surfaces to the detriment of function. The fouling material can consist of either living 

organisms (bio-fouling) or a non-living substance (inorganic or organic). It is usually 

distinguished from other surface-growth phenomena in that it occurs on a surface of a 

component, system or plant performing a defined and useful function, and that the 

fouling process impedes or interferes with this function.   

Generally, materials placed in a biological environment will experience the 

adsorption of proteins and cells on their surface. It has been observed that typically 

surfaces that bind proteins will generally bind cells. In order to deal with such 

processes, surface modification strategies have been investigated to reduce the 
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adsorption of proteins and thus to biomaterials [159]. The most studied way among all is 

the use of polyethylene glycol (PEG) (H-(O-CH2-CH2)n-OH). Surfaces coated with the 

polymer poly (ethylene glycol) have been shown to exhibit a particularly low degree of 

protein adsorption, achieving a more than hundred-fold lower reduction in the amount of 

adsorbed protein.  

Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS) falls under the category of polymeric organo-

silicon compounds that are commonly referred to as silicones.  It is made of silicon, 

carbon, hydrogen and oxygen. PDMS is the most widely used silicon-based organic 

polymer, is used in wide range of biomedical applications. In the last decade laboratory 

applications have moved from using of glass and silicon structures towards polymers 

because of their ease of manufacturing, moderate cost and increased portability. 

Microwell devices made of PDMS have increasingly become popular as they consume 

fewer reagents and can work with lower sample volumes. 

PDMS belongs to group of siloxanes. It consists of an inorganic slioxane group 

and side group of methyl. The chemical formula for PDMS is CH3 

[Si(CH3)2O]nSi(CH3)3, where n is the number of repeating monomer [SiO(CH3)2] 

units. PDMS consists of a flexible (Si–O) backbone and a repeating (Si(CH3)2O) unit. 

The number of the repeating (Si(CH3)2O) units generally defines the molecular weight, 

and consequently many of the viscoelastic properties of the material.  

 

Figure 4-1. Molecular structure of a poly (dimethylsiloxane). Combines both organic and 
inorganic groups. (Source:https://www.google.com/#q=PDMS+structure) 

https://www.google.com/#q=PDMS+structure
http://en.wikipedia.org/wiki/File:PmdsStructure.png
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From a biomedical point of view, PDMS is non-toxic, inert, highly hydrophobic, 

non-fluorescent, non-flammable and optically clear translucent polymer that does not 

bio-accumulate. It’s an elastomer which has good thermal stability, low surface tension 

and good transparency [160]. It has wide range of applications from medical devices 

and implants through catheters to soft contact lenses, mold release agents, 

waterproofing etc. In the last few years its use has become popular for fabricating or 

replicating structure using soft lithography technique. This application has made it 

popular in the development of DNA microarrays, PCR, capillary electrophoresis, micro-

wells etc. [161, 162]. 

For laboratory applications, researchers prefer to use PDMS Sylgard® 184 (Dow 

Corning Corporation) which can be fabricated using two-part heat curable kit. In most 

cases, the pre-polymer is crosslinked with the curing agent in 10:1 ratio (weight/weight). 

Although by changing the specific ratios of pre-polymer and curing agent PDMS of 

different properties can be obtained. The elasticity of PDMS is directly related to the 

amount of crosslinking. More crosslinking leads to less elasticity.  

As a result of its several favorable properties, there has been increasing use of 

PDMS for lab on chip (LOC) devices. Aggressive research in this field is likely to result 

in many more uses of PDMS in analytical application. 

Microwells 

The use of miniaturized platforms has successfully increased our capabilities to 

understand the fundamental biological mechanisms which were previously masked by 

traditional laboratory systems. Many complex microbiological and immunological 

phenomenon such as cell migration, cell proliferation and differentiation, drug release, 
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cell to cell communication etc. can now be studied and understood in a 

microenvironment resembling the in-vivo condition. Techniques such as micro-

electrochemical systems (MEMS) and sensors are commercially available which aid in 

understanding such complex biological mechanisms but the cost associated with such 

commercial techniques and difficulties in designing and manufacturing these 

micoplatforms in laboratories make these technological advancements unattainable for 

many such applications.  

We introduce a simple PDMS based microwell platform fabricated with the help 

of soft lithography technique. The advances in high throughput microwell platforms 

greatly facilitated drug discovery and cell culture research [163]. The microwell plate 

designed is useful for all types of cell culture studies including high resolution 

microscopy and automated imaging. This microwell platform is easy to fabricate and 

can be used for routine laboratory settings. The microwell array can be directly put into 

an incubator to allow the maintenance of desired cell growth with optimum temperature, 

humidity, air pressure, oxygen and CO2 concentration. These platforms can be useful 

for researchers for rare cell populations and expensive reagents. 

The silicon mold for developing microwell platform was fabricated with the help of 

electron-beam lithography technique. The major advantage of this technique is the 

ability to draw custom patterns with high resolution of up to 10 nm. The technique is 

used to get desired custom shapes by scanning a focused beam of electrons on a 

surface covered with electron sensitive film known as “resist”. Once the beam hits the 

surface it causes selective removal of either exposed or non-exposed regions of resist 

by changing its solubility and immersing it in a solvent.   
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Miniaturization Technique 

Scaling down to miniaturization has become a popular trend in today’s analytical 

research and there are several reasons behind why this is necessary and beneficial 

when it comes to understanding how single cell line or even individual cell respond to 

drug targeting and cellular behavior. First, the size compatibility between molecules of 

interest and micron sized tools has given a way to micro and nano-technologies to 

move into the field of life sciences. Second, given the scenario to run several different 

tests on a limited sample would require a miniaturized technique where low sample 

volume could turn out to be sufficient in carrying out analysis. Third, it helps in 

experiment parallelization where several different experiments can be run side by side 

in a limited space and results can be compared. Furthermore, the technique helps in 

economical savings by using smaller volume of expensive reagents, high throughput 

analysis of data, portability and waste reduction [164]. The conventional tools such as 

12/24/96/384 well plates are relatively big than the molecules under study and also 

require larger volumes of expensive reagents.  

Attempts have been made worldwide for developing a strategy to study single 

cell line behavior. Miniaturized techniques are very often design to study the behavior of 

single cell line or individual cells. The information received from such analysis can aid in 

understanding the role of particular cell in processing complex inputs and the molecular 

machinery of the cell. For instance, outcome of the culture of million cells in response to 

a drug is an average response for all the cells in the culture. It has been shown that 

such responses could be misleading [165]. This problem on the other hand can be 

resolved with the help of scientific field “cells on chip” which studies single cell analysis 

and provides information about drug response, proliferation, cell division etc. This 
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further leads to one of the long envisioned and now approaching reality of personalized 

medicine or personalized healthcare where better treatment can be offered to 

individuals based on their responding behavior rather than the name of the disease they 

are suffering from. 

More recently, microwells technique has emerged as a common method to 

isolate cells by mechanically separating them by physical boundaries instead of 

separating them by creating chemical barrier on a chip via PEG-based pluronic F-127 

adsorbed onto CH3 alkanethiol monolayer to provide non-adhesive background against 

silane layer. Microwell devices can be designed in several different ways depending on 

the necessity. This can be achieved by changing parameters like size, shape, number 

of wells or even elastic properties of the polymer. Considering the applications such as 

imaging, it is important to have a transparent material with good optical properties. One 

such material which is now commonly used is the biologically inert PDMS [179]. 

Today, commercially available arrays are available which provide application 

specific, miniaturized assays. Miniaturization techniques are an expanding field of 

research and have great potential in a field of single cell line analysis. Microwell and 

microarrays have successfully been able to acquire data for statistically significant 

results.  

Experimental Procedure 

Particle Array Fabrication 

Glass coverslips (22x22 mm2, Fisher scientific) were cleaned in an oxygen 

plasma etcher (Terra Universal, CA, USA) for 6 min. An array of (3-Aminopropyl) 

trimethoxysilane (NH2-terminated silane) (Sigma–Aldrich) as obtained from the 

manufacturer was diluted in DI water. The silane solution was printed on clean 
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coverslips using a Calligrapher Miniarrayer (BioRad) contact printer, with 360µm 

diameter solid metal pin. The printed coverslips were then coated with 200 Å of titanium 

(Ti-99.995% pure) followed by 200 Å of gold (Au-99.999% pure) (Williams Advanced 

Materials, IL, USA). Gold coated coverslips were then sonicated in 70% ethanol in DI 

water for 15 min to remove gold coating from over the printed islands exposing NH2-

terminated silane arrayed spots, while leaving the gold coating intact around the islands 

for further processing. The coverslip was then washed with DI water without letting it 

dry, to ensure the lifted gold was removed. The coverslips were dried by blowing 

nitrogen gas on the coverslip. The coverslips were then incubated with 0.01 M, methyl-

terminated alkanethiol (CH3(CH2)11SH, Sigma– Aldrich) for 1 h followed by washing 

with 200 proof ethyl alcohol (Fisher Scientific). Substrates were then incubated in 10% 

pluronic F-127 (BASF Corporation, USA) in DI water, for 4 h to render the surface 

around the islands cell-resistant. The coverslip was washed with DI water and re-

suspended MPs of PLGA were over-printed on the exposed islands. Microparticles were 

printed using a pin of 360 µm diameter. The MPs on the islands were allowed to dry 

completely by incubating them at room temperature under vacuum for 30 min. The 

coverslip was then rinsed with DI water. Micrographs were obtained using MosaiX 

module of Axiovision software (CarlZeiss). The fluorescently-labeled MPs were counted 

using the ‘Automatic Object Measurement Program’, Axiovision software.  

To design a printed array of a dilution of number of single fluorescent dye 

encapsulated MPs, we re-suspended the desired MPs in 1 mL of DI water via 

combination of vortex mixing and sonication. The MP concentration was verified by 

taking micrographs of fluorescent-MPs on a hemocytometer and utilizing Automatic 
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object Measurement Program, Axiovision software. A serial 1:1 dilution of MPs in DI 

water was generated, with a starting concentration of 680 X 10^6/mL.  

 
 
Figure 4-2. Microparticle/dendritic cell (MP/DC) array fabrication. (A) Surface-

engineering MP array: (1) Amine (NH2–) terminated silane is printed on O2 
plasma cleaned glass in an array. (2) Titanium and gold are deposited on 
glass coverslip having NH2-terminated silane spots. (3) The coverslip is 
sonicated to remove gold deposited on the NH2- terminated silane spots. (4) 
Methyl (CH3–) terminated alkanethiol is assembled on gold. (5) Pluronic F-
127 is adsorbed preferentially on the hydrophobic CH3-terminated 
alkanethiol. (B) Cross-section of a single spot in a MP-array illustrating 
physisorbed MPs on NH2-terminated spots with a polyethylene glycol-based 
non-adhesive background surface chemistry (not to scale). (C) Dendritic cells 
are seeded on MP arrays, selectively adherent to NH2-terminated spots 
providing co-localized DCs/MPs arrays. Large numbers of DC targeting MP 
formulations can be tested in parallel for modulation of DC function [166] 



 

78 

These suspensions were added into separate wells in a 384-well plate which was used 

as the source plate to over-spot MPs onto the arrayed NH2-terminated substrate. 

Fluorescence micrographs of the entire array were obtained and the number of MPs on 

each island counted using Axiovision software.  

Preparation of PDMS Microwells 

PDMS was fabricated using Sylgard® 184 silicone elastomer (Dow Corning 

Corporation). A known amount of elastomer was mixed with a curing agent (10:1) and 

mixed vigorously. After mixing, the entrapped air was removed by desiccation. After 

desiccation, the mixture was poured over a silicon mold. The diameter and the height of 

the well on the mold were 400 µm and 200 µm respectively. The center to center 

distance between two wells on mold was 600 µm.  

A.       

 

B.  

 
Figure 4-3. Geometric representation of the silicon mold. A) Top view of the mold. B) 

Side view of the mold.  

In order to prevent PDMS from sticking to the silicon mold, salinization of the 

mold was performed by exposing the mold to the vapor of trichloro(1H, 1H, 2H, 2H – 

perfluoro-octyl)silane (Sigma–Aldrich) in a vacuum chamber for 0.5 h. The thickness 

600 µm 

400 µm 

400 µm 

200 µm 
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was controlled using supporters and spacers of appropriate dimensions. After the 

PDMS was poured over the mold, it was put in an oven at 75°C for 24 hours to cure. 

Following, the cured polymer was peeled away from the mold and cut into desired 

shape.      

  

Figure 4-4. Microarray and microwell platforms. A) Titanium and gold deposited 
microarray with amine terminated islands B) PDMS based microwell platform. 

Cell Seeding 

Fadu cells were maintained in dulbecco's modified eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (Thermo Scientific, Waltham, MA), 1% 

penicillin G and 1% streptomycin (Thermo Scientific). The cells were cultured at 37ºC in 

a humidified incubator containing 5% CO2.Following microarray fabrication, 100,000 

Fadu cells were seeded over each array in 3 ml serum-free media and allowed to 

incubate on a rocking plate at room temperature until cell attachment to the MPs 

occurred, with minimal attachment to background, typically 10-15 min. Microarrays were 

gently washed in PBS, placed in a 35 mm petri dish with complete media, and placed in 

an incubator for 24-72 h. 
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Staining and Image Analysis 

Rhodamine-loaded microarrays was fixed in 4% paraformaldehyde, and placed 

in PBS with Hoechst dye 34580 (Invitrogen, USA) for 30 min. Array was then mounted 

with DAPI mounting dye and imaged using an Axiovert 200M microscope (Carl Zeiss, 

Oberkochen, Germany).  

Results 

 
Figure 4-5. Quantitation of 10µm microparticle printing on microarray-chip. Rhodamine 

encapsulated microparticles were printed over silane-treated glass coverslips. 
Surface adsorbed microparticles were quantified by fluorescence image 
analysis. 
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Figure 4-6. Linear fit slope for 10µm microparticles printed on microarray-chip. Average 

delivered microparticles values with standard deviations were plotted as a 
function of source plate concentration. Linear fit slopes were obtained with 
parameters shown.  

 
 

Figure 4-7. Quantitation of 1-2µm microparticle printing on microarray-chip. Rhodamine 
encapsulated microparticles were printed over silane-treated glass coverslips. 
Surface adsorbed microparticles were quantified by fluorescence image 
analysis. 
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Figure 4-8. Linear fit slope for 1-2µm microparticles printed on microarray-chip. Average 

delivered microparticles values with standard deviations were plotted as a 
function of source plate concentration. Linear fit slopes were obtained with 
parameters shown.  

 

 
Figure 4-9. Quantitation of 10µm microparticle printing on microarray-well. Rhodamine 

encapsulated microparticles were printed over silane-treated glass coverslips. 
Surface adsorbed microparticles were quantified by fluorescence image 
analysis. 
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Figure 4-10. Linear fit slope for 10µm microparticles printed on microarray-well. Average 
delivered microparticles values with standard deviations were plotted as a 
function of source plate concentration. Linear fit slopes were obtained with 
parameters shown.  

 

 
 

Figure 4-11. Quantitation of 1-2µm microparticle printing on microarray-well. Rhodamine 
encapsulated microparticles were printed over silane-treated glass coverslips. 
Surface adsorbed microparticles were quantified by fluorescence image 
analysis 
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Figure 4-12. Linear fit slope for 1-2µm microparticles printed on microarray-well. 
Average delivered microparticles values with standard deviations were plotted 
as a function of source plate concentration. Linear fit slopes were obtained 
with parameters shown.  

 
 

 
 
 
 
 
Figure 4-13. Fluorescence images of serial 1:2 dilutions of rhodamine dye-Loaded 

PLGA MPs printed on a microarray. Dilution 1- (10mg/ml) – 710*10^6 
particles/ml. 
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Figure 4-14. Fluorescence micrograph of co-localized Fadu cells and microparticles. 
Fadu cells were seeded onto array of printed rhodamine encapsulated MPs. 
Fluorescence micrograph overlay of nuclei staining in blue, and MPs shown in 
red.  
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