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Vaccination is not only a medical marvel in terms of unparalleled importance in 

safeguarding health but also considered to be one of the most economical and safe 

medical intervention strategies. Radical changes have taken place in vaccine development 

in recent times with modern approaches laying heavy emphasis on safety and rapid turn 

around times for new vaccines. Recombinant subunit protein vaccines and DNA vaccines 

are considered to be the future generation of vaccines. Genetic immunization which 

involves host inoculation of bacterially derived plasmid DNA encoding for proteins 

(antigens) derived from disease causing pathogens has emerged as a safer, cost effective 

alternative to the use of recombinant viruses. Experts believe that genetic immunization 

could be the first application towards the use of nucleic acids as a biopharmaceutical 

drug. Although extensive research in animal models has shown significant promise in 

terms of generating strong and potent balance of humoral and cell mediated immunity, 

the translation to human clinical trials has been disappointing. The use of synthetic 

delivery systems to enhance the potency of nucleic acid based (DNA) vaccines and 
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recombinant purified protein vaccines have opened new directions in safer, yet effective 

modalities of vaccination.  

The overall goal of this project was to engineer synthetic polymer based  delivery 

systems to enhance the potency of protein and DNA vaccines. We have synthesized 

hybrid polymeric PLGA microparticles; surface modified by chemical conjugation of 

polycations such as branched and linear poly (ethyleneimine) PEI and with solvent free 

Atmospheric Plasma Glow discharge (APG) based approaches. Extensive 

characterization demonstrates that our formulations; a) have excellent reproducibility, b) 

are efficiently taken up by phagocytic cells, c) have endo/phagosomal escape facilitating 

properties, d) are non toxic to cells, and e) have improved transfection efficiencies at 

early time points in phagocytic cells in vitro. We have also demonstrated that these 

formulations considerably enhance potency of cancer genetic vaccines without the use of 

known immune potentiators in mice models in vivo. The potential to include known 

soluble adjuvants in our design can have far reaching effects in realizing combinatorial 

vaccine and adjuvant delivery systems for cures in cancer and infectious diseases.  
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 CHAPTER 1  

Introduction: Specific Aims and Overview 

1.1 INTRODUCTION: 

The ultimate goal of a vaccine technology is to stimulate long term immunity 

(disease fighting ability) in a host (humans) towards preventing the progress from a 

simple infection to the onset of disease. In fact, vaccines unlike traditional beliefs of 

being preventive are now being sought for therapeutic applications such as to prevent or 

delay onset of disease following infection or even reversing a full blown disease back to 

normalcy (immunotherapy) in debilitating conditions such as AIDS and cancers. In 

conditions such as in allergies, vaccines are expected to reprogram the immune responses 

by a host to rectify the allergic situation due to a faulty immune response.  

Traditionally, vaccine development has been extremely empirical (trial and error 

based). Killed or inactivated vaccines, live attenuation of virulence of viral vectors by 

multiple passages in varying cell lines have been the traditional forms of vaccines that 

have led to global eradication and control of deadly diseases such as small pox, polio and 

yellow fever (O'Hagan and Rappuoli, 2004; Pulendran and Ahmed, 2006). Although 

proven effective in the aforementioned diseases, live attenuated or recombinant viral 

vectors are not believed to be effective in diseases brought to mankind by modern times 

such as AIDS and cancer (O'Hagan and Rappuoli, 2004). Technical hurdles and safety 

concerns with use of viral vectors have led to research and development of alternate safer 

vaccine technologies such as recombinant purified proteins representative of pathogens, 

termed as subunit vaccines or bacterially derived plasmid DNA encoding for a 
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pathogenic protein (antigen) popularly known as DNA vaccines (Donnelly et al., 2003; 

Donnelly et al., 2005).  

Gene therapy was a term coined towards permanent or long term cures of diseases 

with known genetic defects (Anderson, 2001; Anderson, 2002). It was first envisioned 

that replacement of missing and defective genes by external nucleic acid material could 

impart permanent cures. Viruses would be expected to do the job most effectively, but 

recent deaths of young adults in human clinical trials using recombinant viral vectors 

have led to serious setbacks in realizing gene therapy (Anderson, 2002). In addition, safer 

alternatives emerged more than a decade ago with landmark discovery of protein 

expression that was mediated by a simple injection of plasmid DNA intramuscularly in 

mice (Wolff et al., 1990). Experts in the research field now believe, the first step in the 

success of nucleic acids as a biopharmaceutical drug could come in terms of genetic 

immunization (DNA vaccines) which only needs transient expression of the encoding 

protein unlike long term expression in gene therapy (Liu and Ulmer, 2005). This 

dissertation describes the rational design of injectable DNA and protein vaccine delivery 

systems using synthetic polymers, analytical characterization of the formulation, in vitro 

cell studies for hypothesis testing, and finally in vivo efficacy in a well established cancer 

genetic immunization model in mice.  

Plasmid DNA encoding for a variety of antigens (proteins) have been 

demonstrated in animal models of infectious diseases, cancers and allergies (Donnelly et 

al., 1997; Donnelly et al., 2005; Gurunathan et al., 2000). Naked DNA injections which 

involve the simple injection of plasmid DNA alone has failed to translate in efficacy from 

small animal models to humans (Liu and Ulmer, 2005) (Cui, 2005). These setbacks have 

led to synergistic efforts between vaccinologists, pharmaceutical chemists and 
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bioengineers to come up with rational designs in delivery systems which could enhance 

the potency of this new generation of vaccine for use in humans.  

Recombinant protein or DNA vaccines offer significantly higher level of safety in 

comparison with viral vaccines, offer cost benefits for rapid mass production and ease of 

preparation compared to viral vector based vaccines (O'Hagan and Rappuoli, 2004; 

O'Hagan and Valiante, 2003). DNA vaccines in particular have shown significant 

promise in generation of humoral (antibody) and cell mediated adaptive immune 

responses in small animal models. Unfortunately, DNA vaccines have failed to produce 

similar effects in human clinical trials (Liu and Ulmer, 2005). Mechanistic studies have 

indicated the need for efficient delivery systems to improve potency of DNA vaccines by 

enhancing expression in humans (Denis-Mize et al., 2003) (Dupuis et al., 2000).  

Synthetic polymeric delivery systems offer significant advantages in terms of ease 

of synthesis, incorporation of targeting ligands to enhance targeting, and ability to deliver 

multiple biomolecules in one single delivery vehicle (Langer et al., 1997). There is 

increasing evidence in recent times that a cocktail of factors which include synthetic 

analogs of immunostimulatory molecules are crucial in enhancing the strength of the 

immune response generated towards a recombinant protein antigen. Also, a strategy to 

include a combination of DNA and protein vaccines have demonstrated increased 

efficiency towards improving the quality of the immune response. Hence, hypothetically 

there could be strong advantages in terms of co-localization of vaccine antigens with 

soluble adjuvants as well as designing delivery systems for combinatorial delivery of this 

new generation of vaccines (Kazzaz et al., 2006).  
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1.2 SPECIFIC AIMS: 

1.2.1  Aim 1: To synthesize novel cationic poly (lactide-co-glycolide) PLGA 

microparticle formulations by chemical conjugation of branched and linear poly 

(ethyleneimine) PEI, to the surface of w/o/w based PLGA microparticles and to 

synthesize novel anionic microparticles using dry techniques such as helium plasma 

gas discharge based surface modification of PLGA microparticles.  

We hypothesized that surface functionalization of PLGA formulations could 

impart sufficient cationicity to subsequently adsorb plasmid DNA and oligonucleotides or 

impart sufficient anionicity to subsequently adsorb proteins. This aim is divided into two 

categories: 

Aim 1a: In this aim, we proposed to study the optimal conditions to covalently 

conjugate both branched and linear forms of PEI to the surface of PLGA microparticles. 

Process optimization was achieved in terms of scale up of batch sizes, defining pH and 

buffer conditions, duration of conjugation reaction and finally washing of the excess 

physically adsorbed PEI to achieve reproducible cationic microparticle formulations.  

 The aim also included characterization of the cationic microparticle formulations 

in terms of size distribution, zeta potential (surface charge), morphology using scanning 

electron microscopy (SEM), and finally, ability of these formulations to adsorb and 

release plasmid DNA. The advantages of chemical conjugation of PEI to PLGA as 

opposed to blending techniques tried by other research groups were tested in terms of 

zeta potential analysis of adsorbed vs. conjugated batches as well as in terms of the 

ability to resist acidification (a “proton sponge like effect”), typically hypothesized for 

the high transfection efficacy of PEI.   
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Aim 1b:  Since most preclinical research has shown that a combination of DNA 

and protein vaccine could hold the key to stimulate a stronger balance between humoral 

and cell mediated responses, novel techniques were explored to synthesize anionic 

microparticles useful to subsequently adsorb proteins. In this part of the specific aims, we 

proposed to explore proof of concept studies in application of a atmospheric pressure 

operated helium gas plasma discharge which was used to surface modify PLGA 

microparticles.  Effects of duration of exposure of the particles to plasma, effects of mass 

of the formulation deposited on glass slides used in modification and voltage/current 

conditions affecting plasma stability were optimized for the effective surface charge 

modification. We also explored protein loading conditions and release of the loaded 

protein at early time points.  

 

1.2.2 Aim 2: To evaluate through in vitro studies, the efficacy of exogenous gene 

transfer as well as adjuvant effects of DNA adsorbed formulations in phagocytic cell 

lines. 

We hypothesized that PEI conjugated PLGA microparticles are minimally 

cytotoxic to cells because of absence of physically adsorbed free PEI.  Further more, the 

hypothesis behind the selection of PEI to surface functionalize PLGA was to impart the 

“proton sponge” property of PEI to cationic formulations which is hypothesized to 

facilitate phagosomal escape useful in intracellular delivery. Confocal fluorescence 

microscopy studies were conducted to visualize the cytosolic localization of PEI 

conjugated PLGA formulations compared to unmodified PLGA microparticles in 

phagocytic cells in vitro. We also evaluated the enhanced gene transfer capacity of 

cationic formulations using sensitive RT-PCR techniques for gene expression studies post 

transfection and luminescence based protein expression studies in RAW cells. Finally, 
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adjuvant effect of surface presentation of plasmid DNA was evaluated in terms of the 

ability of DNA adsorbed formulations to stimulate up regulation of co stimulation 

markers in RAW cells. 

 

1.2.3 Aim 3:  In vivo study and evaluation of efficacy of cationic formulations in 

mediating anti tumor effects in B cell lymphoma cancer models. 

The goal of this experiment was to evaluate the ability of branched and linear PEI 

conjugated PLGA microparticle formulation to enhance the potency of plasmid DNA 

cancer vaccine encoding a B cell lymphoma self antigen/chemokine fusion to mediate 

anti tumor effects. The first part of the in vivo study involved testing of immunization of 

mice with a lymphoma idiotype/chemokine fusion construct plasmid DNA vaccine on 

branched and linear PEI conjugated PLGA formulations in a direct comparison with gene 

gun mediated biolistic shooting of gold beads carrying the DNA vaccine. A follow up 

study was initiated to compare the intramuscular route of delivery with the intradermal 

route of delivery of particle mediated DNA vaccination. Finally, soluble adjuvants such 

as synthetic Monophosphoryl lipid (MPL-A), a gram negative bacterial derivative, and 

CpG optimized (immunostimulatory) oligonucleotides were incorporated into PLGA 

formulations by encapsulation and surface adsorption for co-administration with the 

DNA vaccine delivery system in view of further enhancing the efficacy of these 

formulations.  

 

1.3 OVERVIEW: 

The following Chapter 2 discusses the background and significance of the study 

with references to the latest developments in the field cited in literature. Chapter 3 
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illustrates the synthesis of cationic formulations. It describes the characterization of the 

formulations in terms of size, surface charge, morphology and ability to adsorb and 

release DNA. Chapter 4 describes the novel approach of using plasma gas glow 

discharge at atmospheric pressure to modify and render the surface charge of PLGA 

microspheres anionic. A proof of concept study was initiated to adsorb protein on the 

anionic surface of plasma modified PLGA microparticles. Chapter 5 describes cell 

studies illustrating interactions of cationic formulations with phagocytic cells in terms of 

particle uptake, cytotoxicity, ability to express mRNA and protein. Chapter 6 describes 

the in vivo evaluation of formulation efficacy in cancer genetic immunization using B cell 

lymphoma as a model system. Evaluation of adjuvant effects with the existing 

formulations were conducted using flow cytometry analysis of formulation treated cells 

in vitro. Finally, the implications of the study are explained in Chapter 7 with 

conclusions and recommendations for future studies.  
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CHAPTER 2 

Background and Significance 

2.1 OVERVIEW OF VACCINE GENERATIONS: 

Edward Jenner’s landmark experiment of using cowpox virus to vaccinate against 

small pox back in 1796-1798 laid the foundation for immunology and is recognized as 

the first known vaccination process (Bramwell and Perrie, 2005b; Finn, 2003; Rappuoli 

and Covacci, 2003). Design of vaccines since then has evolved through several 

generations mostly empirical in terms of understanding the mechanism of their efficacy, 

yet effective in terms of controlling and eradicating several diseases as listed in Table 

2.1. World Health Organization (WHO) has recognized the process of vaccination as the 

single most cost effective means to prevent infectious diseases (Bonhoeffer et al., 2004; 

Francois et al., 2005; O'Hagan and Valiante, 2003; Scholtz and Duclos, 2000). In fact, 

according to the United States National Institute of Allergy and Infectious Diseases’ 

Vaccine FACTS book, $8.00 per child could be the estimated cost saving in preventing 

German measles or Rubella rather than spending on the treatment post infection. The first 

global success of a vaccine was achieved with the eradication of small pox caused by the 

Variola virus and WHO expects polio to be eradicated soon (Wack and Rappuoli, 2005). 

Despite the success listed with these currently available vaccines, huge challenges lie 

ahead in terms of addressing continued inability to prevent debilitating diseases such as 

AIDS, tuberculosis, malaria and cancers (Wack and Rappuoli, 2005).  

Vaccines are of different kinds and various diseases listed in Table 2.1 have been 

successfully brought under control with different vaccine modalities. An illustration of 

the type of vaccines in use is listed in Table 2.2. Conventional vaccination relied on heat 

or chemically inactivated (killed) vaccines, or weakening of viruses by growing them     
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in vitro in adverse culture conditions to yield live but attenuated vaccines. Live attenuated 

virus such as the one used in yellow fever vaccine (YF17-D) is considered to be the best 

known vaccine available in terms of the quality of immune response, the memory of the 

immune response which lasts for a number of years and immunity stimulated with a 

single dose of vaccination (Pugachev et al., 2005; Pulendran and Ahmed, 2006).  

Despite the success of live attenuated vectors in preventing the aforementioned 

diseases, it’s unlikely that viral vectors either live attenuated or recombinant engineered 

viral vectors would ever be safe for use and treatment of diseases such as HIV mediated 

AIDS or cancers (Baba et al., 1999) (Finn, 2003; O'Hagan and Valiante, 2003). 

Specifically, in these diseases the immune system is compromised and there is a severe 

risk for the attenuated virus to persist for long durations of time and hence return to 

virulence.  As a result, heavy emphasis has been laid on subunit recombinant proteins or 

DNA vaccines which are believed to the next generation of vaccines (Rasmussen et al., 

2002; Wack and Rappuoli, 2005). DNA vaccine in particular is extremely cost effective 

in terms of manufacturing and could be mass produced in view of an urgent need upon 

emergence of a pandemic (Cui, 2005; Donnelly et al., 2005). Yet, DNA vaccine has 

failed to perform in humans post promising results in small animal models including non 

human primates (Cui, 2005; Donnelly et al., 2005; Liu and Ulmer, 2005). 

Vaccine development is going through a radical change in terms of current 

approaches because of improved knowledge in immunology and the synergistic efforts 

between vaccinologists, geneticists, pharmaceutical chemists and bioengineers (Rappuoli 

and Covacci, 2003; Scarselli et al., 2005; Wack and Rappuoli, 2005). An effective 

modern approach towards designing vaccines for the currently incurable and new 

emerging diseases is heavily relying on genome analysis made possible by bioinformatics 

and this technique is popularly known as “Reverse Vaccinology” (Rappuoli and Covacci, 
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2003; Wack and Rappuoli, 2005). This approach has made it possible to narrow down 

vaccine candidates by genome screening for antigenic sequences and hence diseases 

caused by Hepatitis B and C viruses have already benefited. Rapid screening of antigen 

sequences could lead to faster production of recombinant proteins and genetically 

engineered DNA molecules which could then be tested rapidly with existing delivery 

systems or new and emerging methodologies for vaccine delivery (O'Hagan and 

Rappuoli, 2004).  

 

2.1.1 Safety of Vaccines: 

Vaccines are administered to millions of infants annually and the safety 

associated with the components of the vaccine formulation inherently cannot be 

understated (O'Hagan and Rappuoli, 2004).  Recent safety issues with approved and 

recalled vaccines are listed by O’Hagan et al (O'Hagan and Rappuoli, 2004). An 

international voluntary organization has been set up to monitor and record post licensure 

adverse effects and events associated with vaccines to enhance safety (Bonhoeffer et al., 

2004).  These processes and the launch of an Immunization Safety Priority Project (ISPP) 

by the WHO’s Department of Vaccines and Biologicals have established a 

comprehensive system to ensure the safety of all immunizations given in national 

immunization programs (Duclos, 2004). Efforts by the WHO in collaboration with other 

global initiatives towards vaccine safety, have made encouraging progress in maintaining 

confidence in the need for immunization programs and suppressing disease incidence 

(Bonhoeffer et al., 2002; Bonhoeffer et al., 2004; Duclos, 2001; Duclos, 2004; Duclos 

and Hofmann, 2001; Francois et al., 2005; Jodar et al., 2001; Mehta et al., 2000; Scholtz 

and Duclos, 2000).  
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2.2 DNA VACCINES: CURRENT PROGRESS AND CHALLENGES 

Genetic immunization evolved after the finding by Wolff JA et al in 1990 that 

bacterially derived, genetically engineered plasmid DNA, expressed the encoded protein 

of interest directly upon injection in mouse muscle in vivo (Wolff et al., 1990). This 

initial study led to an explosion in terms of the number of studies initiated with this 

finding specifically in vaccine development (Donnelly et al., 1997; Donnelly et al., 2005; 

Fynan et al., 1993; Fynan et al., 1995; Gurunathan et al., 2000; Tang et al., 1992; Ulmer 

et al., 1993). Plasmid DNA encoding proteins, representing pathogenic antigens 

demonstrated ability to induce both humoral and cell mediated responses in pre-clinical 

models of viral, bacterial, parasitic diseases as well in studies with cancer (Gurunathan et 

al., 2000). This led to the coining of the word “DNA Vaccines” which essentially referred 

to use of plasmid DNA for immunization. Figure 2.1 represents the typical composition 

of a plasmid DNA engineered to carry an antigenic protein of interest.  

 

2.2.1 Advantages of DNA vaccines: 

The advantages of DNA vaccines over subunit recombinant protein vaccines were 

hypothesized to be (Donnelly et al., 1997; Gurunathan et al., 2000); A) providing cell 

mediated responses (CTL) in vivo without the use of MHC class I restricted epitopes but 

directly relying on the cell machinery to process expressed proteins for class I restriction. 

This is believed to improve the applicability to genetically diverse populations with 

varying MHC haplotypes and hence serve as a platform for CTL response induction.     

B) Since the antigenic protein is produced directly inside the host mimicking a natural 

viral infection (typically for conditions as in bacterial infections, it might be useful to use 

recombinant protein vaccines), one would predict that the structure or confirmation of 

such a protein would be identical to the wild type protein during an infection with the 
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necessary post translational modifications. As a result it is believed the antibodies 

produced against these proteins would be of highest affinity compared to recombinant 

proteins synthesized using in vitro recombinant expression systems. C) Multiple 

antigenic proteins from various pathogens could be administered simultaneously to 

minimize the number of injections needed for infant immunization programs once 

optimized for its use in humans. D) Inherent safety compared to recombinant viral 

vectors and much more cost effective to mass produce rapidly and finally E) Bacterially 

derived plasmids have intrinsic adjuvant activity compared to subunit vaccines which 

could be further engineered to carry optimized CpG nucleotide sequences to alter the 

immune response for maximal benefits (Krieg, 2002; Krieg, 2003; Pulendran, 2004; 

Pulendran and Ahmed, 2006; Yamamoto et al., 1988). The success with DNA vaccines in 

viral, bacterial and parasitic diseases in a variety of pre-clinical models with emphasis on 

mechanisms of immunity is reviewed in detail by Donnelly et al and Gurunathan et al 

(Donnelly et al., 1997; Gurunathan et al., 2000).  Despite widespread success of DNA 

vaccines in a variety of animal models, the potency of DNA vaccines in human clinical 

trials have been disappointing and has posed newer challenges in translating efficacy of 

this technology into a clinical reality (Cui, 2005; Liu and Ulmer, 2005).  

 

2.2.2 Mechanism of action of naked DNA vaccines: 

A series of studies have focused on the mechanism of how plasmid DNA vaccines 

enhance immune responses in preclinical animal models (Porgador et al., 1998) 

(Donnelly et al., 2000) (Liu et al., 1998) (Dupuis et al., 2000) (Fu et al., 1997).       

Figure 2.2 represents the overview of the hypothesized mechanisms of plasmid uptake 

and protein expression by either somatic cells (e.g. myocytes, keratinocytes) at the site of 

injection or the resident antigen presenting cells (APCs) such as the immature dendritic 
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cells. The proposed mechanisms include; a) direct targeting of dendritic cells 

(Langerhans cells, i.e. skin dendritic cells ) such as in gene gun administration of plasmid 

DNA which involves high speed shooting of gold microbeads coated with plasmid DNA 

into the upper layers of the skin (Barry and Johnston, 1997; Dean et al., 2005; Porgador 

et al., 1998) or b) “cross priming”, most likely in intramuscular injections or any 

parenteral injections where the somatic cells mentioned above primarily express the 

protein encoded by the plasmid DNA and transfers it to the tissue resident APCs for T 

cell stimulation (Corr et al., 1996; Fu et al., 1997; Iwasaki et al., 1997; Ulmer et al., 

1997). Gene gun although using a low dose, potentially maximizes the targeting and 

endogenous expression of the plasmids in Langerhans cells and as a result has shown 

considerable promising in biasing a CD8+ CTL response in genetic immunization (Dean 

et al., 2005). Yet, this CD8+ T cell response seems to be independent of any Th1 

mediated CD4+ T cell help as gene gun is known to bias a Th2 response responsible for 

generation of IgG1 antibodies as compared to IgG2a antibodies mediated by 

intramuscular injections (Donnelly et al., 2005; Yu and Finn, 2006). Most 

aforementioned studies have focused on the knowledge that only the professional antigen 

presenting cells such as the dendritic cells could stimulate adaptive immune responses 

and hence T cell mediated immunity (Banchereau and Steinman, 1998). Endogenous 

processing of antigens could lead to better CD8+ T cell stimulation, yet exogenous 

antigen as in cross priming which is typically the mechanism during intramuscular 

injection process, could still be processed if delivered in the right context with adjuvants 

and delivery systems to facilitate cross presentation of MHC processing pathways (Cui, 

2005). As shown in Figure 2.2, naked plasmid DNA upon injection is not believed to 

possess inherent mechanisms to efficiently target dendritic cells or macrophages. Hence, 

synthetic particulate systems which are believed to traffic plasmid DNA better to the 
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APCs are hypothesized to improve the potency of DNA vaccines in higher animals 

including humans (Bramwell and Perrie, 2005a; O'Hagan and Valiante, 2003).  

 

2.2.3 Current human clinical trials with DNA vaccines: 

Plasmid DNA although lacking in potency in translation from small animal 

models to humans, is still being actively investigated in human clinical trials with novel 

strategies such as gene gun administration as well as “Electroporation” (Liu and Ulmer, 

2005). Electroporation refers to small microsecond, low voltage electric pulses 

administered to the site of injection (E.g., muscle tissue) for a very short duration such as 

20-30 seconds has shown considerable enhancement in uptake of plasmid DNA as well 

as enhanced immune responses generated against the encoded protein (Dupuis et al., 

2000; Otten et al., 2004; Prud'homme, 2005).  Current human clinical trials with DNA 

vaccines are investigating potential for prophylactic DNA vaccination in infectious 

diseases, allergies and immunotherapy of cancer (Roy et al., 2000) (Sheets et al., 2003) 

(Klencke et al., 2002).  Klencke et al demonstrated generation of CTL responses in mice 

with a Human Pappilloma Virus (HPV) mediated cervical cancer model which also 

provided results on the safety of the use of microparticle formulations at elevated doses 

for an encapsulated plasmid DNA formulation (Klencke et al., 2002).  These studies have 

aimed at addressing the potency issue where renewed interest in formulation 

development has been stimulated with the proof of safety and efficacy for use of PLGA 

based microparticle formulation carrying encapsulated plasmid DNA. These studies and a 

few others have studied carefully the generation of any anti DNA autoimmune antibody 

generation in humans as well (Weber et al., 2001) (Liu and Ulmer, 2005). In order to 

maximize the efficacy of viral vectors, DNA vaccines have also been used to prime the 

immune response in combination with Modified Vaccinia Ankara (MVA) viral vector as 
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a boost (Mwau et al., 2004). This strategy is believed to improve the potency by using the 

viral vector only once which otherwise if used both in prime and boost settings would 

generate anti vector antibodies which would negate the efficacy in the booster setting. 

Yet, the use of viral vectors even in the booster setting would generate some anti vector 

antibodies which would prevent this from being used as a platform technology to be 

applied to a spectrum of diseases. Hence, DNA prime with subunit protein boost is now 

believed to be the most promising techniques to enhance the potency and usefulness of 

plasmid DNA vaccines (Cui, 2005). Table 2.3 lists a few of the current ongoing human 

clinical trials with DNA vaccines by itself, in combination with viral or non viral vectors. 

A more comprehensive listing of the human clinical trials has been reviewed by Cui Z 

and Liu et al (Cui, 2005; Liu and Ulmer, 2005). 

 

2.3 VIRAL VECTORS VS. SYNTHETIC PARTICULATE DELIVERY SYSTEMS: 

Human gene therapy poses challenges not only in terms of efficacy but also in 

terms of safety (Anderson, 2001). Traditionally gene therapy was believed to be a cure 

for defective or missing genes by the introduction of exogenous genes. Viral vectors have 

been long used to carry exogenous genes as they have a natural evolved mechanism to 

infect mammalian cells. The death of a young individual named Jesse Gelsinger 

undergoing gene therapy for a ornithine transcarboxylase deficiency (OTCD) was the 

first biggest setback to the use of viral carriers for gene therapy such as the recombinant 

adenovirus that was used in this particular case (Anderson, 2001). Furthermore in 2003, 

the United States Food and Drug Administration halted all gene therapy trials temporarily 

with report of a leukemia condition in two children undergoing gene therapy trials in 

France for SCID (severe combined immunodeficiency) syndrome using retroviral 

vectors. Detailed listing of the safety issues associated with viral vectors in vaccine 
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research specifically, the problems and the outcome is listed by O’Hagan at al (O'Hagan 

and Rappuoli, 2004). Clearly with these recent reports, it is evident that there are 

increased concerns over the continued use of viral vectors both in gene therapy and 

vaccine research.  

The current status of gene therapy and the vectors currently in use both viral and 

non viral technologies are listed at http://www.wiley.co.uk/genetherapy/clinical/ 

(accessed March 16th 2006). The WHO has an exhaustive updated list of the various 

vectors used in the current ongoing clinical trials in vaccine research. 

http://www.who.int/vaccine_research/en/ (accessed March 17th 2006). As indicated, post 

these aforementioned setbacks to the clinical trials, viral vectors (>70% of the vectors in 

trials) are still believed to be more efficient in realizing gene therapy compared to the non 

viral technology of using either naked plasmid DNA, or plasmids in combination with 

lipids or polymeric systems. Yet, generally in vaccine research as evident from the 

clinical trials especially in AIDS research, it is heartening to learn that most clinical trials 

are currently with subunit vaccines which is indicative of the slowly changing trends to 

research safer, yet effective new modalities of vaccine research (Bramwell and Perrie, 

2005b; O'Hagan and Valiante, 2003).  

 

2.3.1 Limitations with viral vectors: 

 The primary limitations with viral vectors viral vectors include: a) pre-existing 

immunity in the host against the viral vector itself which would minimize the efficacy or 

an immune response generated or would prevent the use of the vector for multiple 

administration and hence towards development a platform technology,  b) there is a 

limited packaging capability in the virus backbones with adenoviruses allowing only up 

to <7.5Kbp (kilo base pairs) and AdenoAssociated Viruses (AAV) vectors capable of 
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carrying a gene segment of not longer than 4 Kbp, c) the biggest risk for use of 

retroviruses is the integration and random insertion  into host chromosomes which has the 

risk of activating proto-oncogenes leading to cancers and finally, d) the process of 

attenuation and recombinant genetic engineering of viruses is a long process which has 

inherent difficulties with quality control or screening of batches for safety (Pouton and 

Seymour, 2001).  Also, in the advent of a pandemic such as the one that happened during 

the outbreak of SARS (Severe acute respiratory syndrome) in the year 2003 and with the 

large looming threat of a possibility of an Avian influenza spreading to humans crossing 

species barriers, there is a desperate need for alternative new generation of vaccine 

technology that could be mass produced at a short notice (Osterholm, 2005a) (Osterholm, 

2005b).  Non viral gene delivery with lipids and polymers for gene therapy and DNA 

vaccination has inherent advantages over viral vectors predominantly in terms of safety, 

cost benefits and facilitates rapid production. Yet, there is a greater challenge to match 

the efficiency of viral vectors in terms of gene transfer in vivo (Pouton and Seymour, 

2001).  

 

2.3.2 Synthetic particulate delivery systems: 

The trend towards development and use of safer vaccines has fueled exponential 

growth in terms of research with recombinant proteins, peptides and plasmid DNA based 

immunization (O'Hagan and Rappuoli, 2004; O'Hagan and Valiante, 2003). As 

mentioned with the limitations of DNA vaccine in section 2.2 of this chapter, in terms of 

lack of potency for use in higher animals, naked DNA plasmids are degraded rapidly      

in vivo as well as lack inherent ability to target dendritic cells (Stevenson, 2004). In 

protein vaccines, use of synthetic particulate systems has shown considerable advantages 

in ensuring a better CTL response compared to soluble protein vaccines (Bramwell and 
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Perrie, 2005a; Langer et al., 1997; Shen et al., 2006). Micro/nanoparticles on the other 

hand are effectively and passively taken up by phagocytic cells based on foreign 

composition as well as size dimensions 0.5 - 10µm (Jilek et al., 2005; O'Hagan et al., 

2004b) (Thiele et al., 2001) .The mechanism behind the improved potency of protein and 

DNA vaccines with use of synthetic particulate delivery systems is hypothesized to be 

twofold; a) research groups have shown activation of dendritic cells post phagocytosis of 

polymer based particulate systems in the absence of known immune potentiators (Denis-

Mize et al., 2003; O'Hagan et al., 2004b; Sun et al., 2003; Yoshida and Babensee, 2004) 

and b) enhanced trafficking of soluble antigens to the intracellular compartments of 

dendritic cells has potential to improve both MHC class II presentation as well as cross 

presentation with MHC class I pathways (Langer et al., 1997; Mollenkopf et al., 2004; 

Shen et al., 2006; Singh et al., 2006). Hence, with these known studies and the flexibility 

to co-localize soluble immune potentiators to further enhance the potency of DNA 

vaccines has made the research of synthetic polymer based particulate systems a popular 

choice among vaccine formulation groups (Chong et al., 2005; Kazzaz et al., 2006).  

Lipids and polymers have been extensively used in formulations for vaccine 

delivery (Chen and Huang, 2005) (Bramwell and Perrie, 2005a). Both these formulations 

offer significant protection to naked plasmid DNA from nuclease degradation and hence 

ensure that the plasmid DNA is viable in vivo for a long duration of time to prolong the 

effects of transfection and expression (Chen and Huang, 2005) (O'Hagan et al., 2004b). 

Details of the various formulation techniques and the delivery systems that are currently 

being actively researched are reviewed by Bramwell et al (Bramwell and Perrie, 2005a). 

Polymers offer increased flexibility in terms of synthesizing various molecular weights to 

tune the degradation rates and hence in turn control the release of antigens, and possibly 

realize a single dose vaccine with proteins, peptides and DNA macromolecules (Langer 
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et al., 1997). In addition, polymers also offer functional groups for chemical 

modification. Ease of preparation, purification and chemical stability make natural and 

synthetic polymers a popular choice as a delivery system compared to lipids.  

Enhancement of immunogenicity using polymer microparticle systems have been 

successfully observed in both protein and DNA vaccines (O'Hagan et al., 2004b) (Langer 

et al., 1997). One of the significant limitations with the microparticle technology has been 

the damage associated with the encapsulation of sensitive macromolecules like proteins 

and DNA. The shear force during homogenization, the aqueous/organic interphase, heat 

generated during the process and finally the low pH microclimate post degradation is 

considered deleterious to the structural integrity of proteins and DNA molecules as well 

as performance in vitro and in vivo (Fu et al., 2000; Singh et al., 2000). In addition, the 

absolute loading levels achieved with encapsulation strategies have often been poor and 

this might pose a challenge in translating the doses that need to be administered per body 

mass in humans (O'Hagan et al., 2004b). Surface adsorption of plasmid DNA on cationic 

microparticles and adsorption of proteins on anionic microparticles have emerged as 

alternate techniques to address the limitations cited above with encapsulation 

technologies (Singh et al., 2006). Singh et al have reported extensive research by their 

group in both designing protein and DNA vaccine delivery systems using charged 

microparticles (Singh et al., 2006).  The potential of these systems were evaluated in 

mice models (O'Hagan et al., 2004a) (Mollenkopf et al., 2004) and also in non human 

primate models, the results of which have indicated that a co-administration of both DNA 

and protein molecules on the surface of microparticles might hold the key in translating 

results into higher animals and humans (O'Hagan et al., 2004b; Singh et al., 2006). This 

process of dosing which involves priming with a DNA vaccine and boosting with 

proteins as an alternative to boosting with viral vectors has been extensively followed by 
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multiple research groups and is popularly known as the “DNA prime/protein boost 

strategy” (Liu and Ulmer, 2005). Cationic microparticle formulations have also been 

generated using poly (ethyleneimine) PEI, blended with PLGA or Chitosan blended with 

PLGA (Bivas-Benita et al., 2004; Oster et al., 2005; Ravi Kumar et al., 2004). All these 

formulations and these approaches have shown considerable promise in small animal 

models and await trials in non human primate models for proof of efficacy.  Table 2.4 

lists the most recent approaches in either encapsulation techniques or charged delivery 

systems that have shown considerable promise in enhancing the potential of DNA and 

protein vaccines. Rational design with combination of polymers to make hybrid delivery 

vehicles addressing multiple extra and intracellular barriers to gene delivery could have a 

strong impact of the performance of these novel systems. 

 

2.4 ADJUVANTS: IMPLICATIONS OF USE WITH PARTICULATE SYSTEMS 

Traditional vaccines have mainly consisted of live attenuated or killed pathogens 

which retained most of the biological and morphological features which stimulated a 

strong antibody or cell mediated response (Section 2.1). New generation of vaccines 

including proteins, peptides, plasmid DNA or polysaccharide/protein conjugates      

(Table 2.2) although safer, lack immunogenicity compared to the traditional vaccines 

(O'Hagan and Valiante, 2003). Hence, the current consensus in the need for developing 

these safer modalities of vaccines has been strengthened by the emerging knowledge in 

innate immunity studies which have led to use of safer synthetic analogs of Toll like 

receptor (TLR) ligands for adjuvant effects (O'Hagan and Valiante, 2003; Pulendran and 

Ahmed, 2006). “ ADJUVANTS” are natural or synthetic molecules which can stimulate 

the pathogen recognition receptors (PRR’s) which include Toll like receptors and certain 

non toll like receptors (C–type lectin receptors) on the surface of innate immune cells 
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which include the dendritic cells, the macrophages and the B cells (lymphoid origin) 

(Singh and Srivastava, 2003). Figure 2.3, represents the current known family of Toll 

receptors and the adaptive responses associated with it. Table 2.5 indicates an illustrative 

list of current adjuvant systems approved for use in humans or currently in clinical trials. 

Details of the mechanistic action, signaling pathways of how these soluble adjuvants 

trigger immune cascades are reviewed in detail by Akira et al (Akira et al., 2006).  

Significant advances have been made since the discovery of TLR ligands and 

receptors for their subsequent use in modulating immune responses by inclusion in newer 

generations of vaccine modalities (Pulendran, 2004). In addition to the initially described 

TLR’s, non TLR’s such as the C-type lectins (E.g. Dectin-1, DC-Sign, and DEC-205) 

have been described as well (Akira et al., 2006).  Although traditionally adjuvants have 

been defined as these aforementioned TLR and PRR ligands, recently enhanced effects 

have been obtained using synthetic particulate systems in protein and DNA vaccine 

delivery which has led to delivery systems being classified as adjuvants  (O'Hagan and 

Valiante, 2003). Micro/nanoparticulate systems which passively target APCs because of 

size (0.5 – 1.0µm) and foreign composition have been believed to enhance trafficking of 

proteins, peptides and DNA macromolecules to intracellular compartments of APCs 

(Bramwell and Perrie, 2005a; O'Hagan and Valiante, 2003). Delivery of vaccines 

intracellularly enhances the MHC class I presentation of exogenous antigens relevant in 

CD8+ T cell priming for cell mediated immunity (Bramwell and Perrie, 2005a; Shen et 

al., 2006). Recent reports have demonstrated additional effects in enhancing the potency 

of these protein and DNA vaccines by co-administration of these aforementioned TLR 

ligands in animal models (Chong et al., 2005; Kazzaz et al., 2006; Xie et al., 2005). Also, 

recent reports by Pulendran et al have focused on elucidating the inherent mechanisms 

related to TLR activation with traditional vaccines such as the best known yellow fever 
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vaccine. Results have shown that TLR 2,7,8,9 have been actively involved in enhancing 

the potency of this vaccine (Querec et al., 2006). A combination of reverse vaccinology 

(Section 2.1), safer synthetic analogs of TLR ligands such as Monophosphoryl lipid A, a 

derivative of bacterial lipopolysaccaride (Kazzaz et al., 2006), CpG optimized synthetic 

oligonucleotides (Krieg, 2002), imidazoquinolines (Imiquimod, Resiquimod) (Gibson et 

al., 2002) (Ahonen et al., 1999) and finally co localization of these synthetic TLR ligands 

with protein and DNA vaccines using synthetic particulate vaccine delivery systems 

could lead to significant enhancement of the performance of these vaccines in higher 

animal including humans (Pulendran, 2004) (Pulendran and Ahmed, 2006).  

 

2.5 PLGA MICROPARTICLE BASED DNA AND PROTEIN VACCINE DELIVERY: 

Biodegradable and biocompatible synthetic poly (lactide-co-glycolide) PLGA 

polymers have been extensively used as a biomaterial in applications ranging from 

implants, sutures to controlled release of drugs (E.g., Luprolide acetate, [Lupron Depot®], 

Zoladex®, Leutenizing hormone releasing hormone (LHRH) releasing implants) (Langer 

et al., 1997; Shive and Anderson, 1997; Uhrich et al., 1999). PLGA is approved for use in 

humans by the United States Food and Drug Administration (USFDA) and has been 

administered from adults to children for controlled release of drugs (Langer et al., 1997). 

Currently, aluminum salts, Alum (aluminum hydroxide, aluminum phosphate) are the 

only approved adjuvants by the FDA for use in humans (O'Hagan and Valiante, 2003). 

Also, the role of Alum in mediating cell mediated CD8+ T cell response has been 

questionable (O'Hagan and Valiante, 2003) and at least two to three doses of Alum 

adsorbed vaccines are normally required to achieve protective immunity (Gupta et al., 

1998).  PLGA microspheres were sought to replace the aluminum salts by controlled 

release of antigens envisioning single dose vaccines (Langer et al., 1997) (Gupta et al., 
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1998). Controlled release of subunit proteins or peptides was believed to eliminate the 

need for boosters. The same process now could be envisioned for plasmid DNA delivery 

as well (McKeever et al., 2002). In addition, choosing the right molecular weights and 

co-administrating multiple antigens, cytokines, and chemokines, PLGA offers an efficient 

method to inject soluble adjuvants co-localized with antigenic molecules (Kazzaz et al., 

2006). The chemical structure of PLGA and the degradation mechanism is illustrated in 

Figure 2.4.  

As described in Figure 2.4, the degradation mechanism of PLGA by a process of 

bioerosion has been well studied by several research groups (Shive and Anderson, 1997) 

(Birnbaum and Brannon-Peppas, 2003) (Gupta et al., 1998). The first stage of 

degradation is believed to occur via random cleavage of the backbone of the polymer by 

base hydrolysis and then subsequent breakdown to individual acidic components that are 

eliminated from the body via renal excretion or metabolized through natural pathways 

such as the citric acid cycle (Shive and Anderson, 1997). With these additional 

advantages to tune the degradation profiles by choosing varying molecular weights 

PLGA microparticles facilitate continuous release of antigens for a long duration of time 

from weeks to months eliminating the need for boosters (Langer et al., 1997). In addition 

to this effect, recent evidence has pointed out adjuvant effects for PLGA 

micro/nanoparticles in mediating additional effect of passively targeting APCs relevant in 

vaccine delivery (Langer et al., 1997). These adjuvant effects were initially hypothesized 

to carry advantages in terms of delivery proteins or peptides intracellularly relevant for 

MHC class I or class II presentation by APCs, but recent evidence from multiple research 

groups has also pointed out that PLGA microspheres by themselves or in combination 

with other polyesters or polyamines could have significant activation of the APCs which 
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ensures immunogenic responses when delivering antigenic proteins, peptides or DNA 

(Little et al., 2004; Yoshida and Babensee, 2004).   

Recent evidence from multiple studies presenting antigens on the surface of 

modified PLGA microparticles has shown enhanced immune responses in pre-clinical 

animal research and currently in active Phase I investigation for human clinical trials 

(O'Hagan et al., 2004b). This approach has focused on circumventing problems 

associated with traditional encapsulation of proteins or DNA which has led to drawbacks 

discussed in Chapter 3. In addition to addressing these drawbacks with encapsulation 

strategies, surface adsorption of plasmid DNA can have enhanced effects especially for 

the delivery of plasmid DNA vaccines, including a better opportunity to interact with 

TLR-9 receptors present in the phagosomal pathways in APCs  (Section 2.3 described 

above) (O'Hagan et al., 2004b). An added advantage envisioned by presenting antigens 

on the surface of microparticle formulations is the facilitation of encapsulation of 

alternate soluble adjuvants which could range from cytokines, chemokines or other TLR 

ligands. This could ensure a combinatorial delivery system which would have further 

advantages in terms of activating APCs and ensuring a strong and potent response crucial 

for these new generations of vaccines.  

 

2.6 PEI; ROLE IN NON VIRAL GENE DELIVERY 

Synthetic polymers such as polycations in particular have received significant 

attention for gene delivery because of the ease of synthesis and structural modification to 

address extra and intracellular barriers of gene delivery (Brown et al., 2001) (Kircheis et 

al., 2001). Since the initial successful results obtained used the cationic polymer poly 

(ethyleneimine) PEI, several modified designs of PEI has been widely used for non viral 

transfection in vitro and in vivo (Boussif et al., 1995) (Thomas et al., 2005a) (Neu et al., 
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2005) (Lungwitz et al., 2005) (Kircheis et al., 2001). Boussif et al reported the versatility 

of PEI as a gene delivery vector by laying down the hypothesis for the “proton sponge 

effect” and demonstration of the wide spread ability of PEI for transfection both in vitro 

and in vivo (Boussif et al., 1995). This hypothesized advantage of PEI and other 

polyamines with nucleophilic backbones were subsequently established, tested and 

supported by numerous groups (Kircheis et al., 2001) (Akinc et al., 2005)}. The 

prominent feature of PEI is that every third atom in the backbone of PEI is a nitrogen 

atom which could be protonated across varying pH. The typical pKa of the polymer has 

two different maxima at pH 8.0-9.0 and pH 4.5-6.0 as indicated and reviewed by Neu et 

al (Neu et al., 2005). Diagrammatic description of the proton sponge hypothesis has been 

shown in Chapter 5. Despite a lot of evidence supporting this hypothesis, some 

publications have challenged the so called endosomal escape mechanism. (Godbey et al., 

1999c). Hence, more work on exact mechanisms as to how PEI works at a molecular 

level inside the cells would facilitate structural modifications or use of PEI in 

combination with other polymers such as PLGA useful in vaccine delivery or gene 

therapy applications (Kasturi et al., 2005; Oster et al., 2005; Thomas and Klibanov, 2003; 

Thomas et al., 2005b).  

PEI could be synthesized in two available isoforms namely the branched 

dendrimeric structure as well as the linear form (Neu et al., 2005). An overview of the 

synthesis pathways for branched PEI is illustrated in Figure 2.5. Acid catalyzed 

polymerization of aziridine monomer leads to synthesis of various molecular weights of 

branched PEI. The molecular weights are controlled typically by initiating the process in 

aqueous solutions with varying the concentration of the acid used (E.g. HCl, a catalyst) 

and also the process temperature. Details of the synthesis, the characterization of the 

polymers obtained in terms of molecular weights and structure is illustrated in detail by 
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A. Von Harpe et al (von Harpe et al., 2000). Linear PEI is synthesized typically by acid 

catalyzed hydrolysis of poly (2-ethyl-2-oxazoline). The synthesis scheme is shown in 

Figure 2.6 (Brissault et al., 2003). The performance of linear PEI has recently been 

evaluated in terms of the degree of deacylation to free all the secondary amine groups in 

the backbone. Incomplete deacylation could still have some protected secondary amine 

groups that affects the performance and capability of the polymer to effectively transfect 

cells both in vitro and in vivo (Thomas et al., 2005b).  

Clinical translation of PEI has been hindered with the cytotoxicity caused by 

excess polycations that are trapped in the PEI/DNA polyplexes during the process of 

condensation (Boeckle et al., 2004). Although excess charges are crucial (PEI Nitrogen to 

DNA phosphate, N/P ratios) for enhanced transfection, several modifications have been 

attempted to either create neutral complexes, neutral complexes with targeting ligands 

and improving stealth effects by attaching poly (ethyleneglycol) PEG polymers 

(Lungwitz et al., 2005). The factors that finally effect the performance of PEI/DNA 

nanocomplexes in vivo have been attributed to a) the molecular weight of the PEI used 

(Godbey et al., 1999b), b) degree of deacylation (free secondary amine groups) for linear 

PEI (Thomas et al., 2005b), C) N/P charge ratios used (Boussif et al., 1995), d) 

complexation conditions and hence condensate characteristics (branched vs. linear PEI) 

(Itaka et al., 2004) and finally the route of delivery and the targeted tissue (Neu et al., 

2005). Also, particularly for intravenous application of PEI./DNA complexes, several 

modifications of PEI/DNA complexes have been attempted either modifying the PEI 

vector pre-complexation or post complexing with DNA by attaching co polymers, cross 

linkers and cell, tissue targeting ligands (Lungwitz et al., 2005; Neu et al., 2005). 

Advances in PEI based DNA delivery has been extensively reviewed by Neu et al and 
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Lungwitz et al  (Neu et al., 2005) (Lungwitz et al., 2005). The role of PEI in enhancing 

DNA vaccines by combination with PLGA polymers is introduced in Chapter 3.  

 

2.7 CANCER VACCINATION: 

According to a statistical report from the American Cancer Society in 2005, the 

mortality in the last 50 years due to heart diseases, infectious diseases and also 

cerebrovascular diseases has seen a sharp decline but almost none in cancer related 

deaths (http://www.cancer.gov/statistics/, accessed April 7th, 2006).  Hence, it is not 

wrong to conclude that even after efforts spanning 100 years and more, an optimal 

methodology for treatment of cancer has not been established (Finn, 2003; Yu and Finn, 

2006).  

Cancer immunotherapy or cancer vaccines are being sought as alternatives or 

combinatorial therapeutic strategies for use with traditional chemotherapy or radio 

therapy approaches. Limitations with chemo or radiotherapy include costs involved with 

extended treatment requirements, extreme side effects and finally severely afflicted 

quality of life post treatment (Douglas et al., 1987; Finn, 2003). Cancer vaccination or 

immunotherapy is believed to be a more natural approach which would incorporate less 

side effects and increased clearance of “minimal residual disease” occurring post 

treatment with standard traditional chemotherapy approaches. Some of the strategies that 

have been attempted towards cancer immunotherapy have included injections of tumor 

lysates or ex vivo stimulation of dendritic cells (DCs) with these tumor lysates and 

subsequent injections (ex vivo DC vaccines) to stimulate a strong CD8+ T cell response 

in clearing residual tumors (Finn, 2003).  The challenge with tumor lysates has been to 

mediate strong immunogenic responses as the tumor lysates themselves are non 

immunogenic (Finn, 2003). Use of adjuvants along with lysates to improve 
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immunogenicity has developed concerns of long term effects as in generation of 

autoimmunity (Dudley et al., 2002; Finn, 2003; Ludewig et al., 2000). Recent advances 

in genomics and rapid high throughput screening of gene and protein sequences have 

made it possible to identify unique tumor associated antigens (TAAs) that could be 

potentially used as unique representative signals associated with tumors alone to ensure 

safety of these therapeutic approaches (Henderson and Finn, 1996; Renkvist et al., 2001; 

Scanlan et al., 2002).  Some of the examples of such tumor associated antigens include 

the carcinoembryonic antigen (CEA) (Colon cancer), Her2/neu and MUC-1 for breast 

cancer targeting, melanoma antigens such as gp100, MAGE-1, MAGE-3, prostate-

specific antigen (PSA) etc (Finn, 2003; Yu and Finn, 2006).  Again, most of these above 

mentioned antigens are mutated versions of the normal tissue or cell representations and 

developing vaccines without knowledge of the exact known mutation occurring in tumor 

cells could always lead to autoimmunity as opposed to tumor immunity (Dudley et al., 

2002; Yu and Finn, 2006). Parallel designs have also made use of the monoclonal 

antibody technology to make antibodies against aforementioned targets which includes 

antibody-anti-cancer drug conjugates as well antibody conjugated micro/nanoparticulate 

systems to precisely traffic anti cancer drugs to tumors and minimize side effects 

associated with traditional chemotherapy (Douglas et al., 1987; Schrama et al., 2006).  

One of the strong areas of focus in cancer vaccine development is to enhance the 

immunogenicity of tumor associated weak “self antigens” delivered in the form of 

recombinant proteins or encoded by plasmid DNA constructs (Dar and Kwak, 2003) 

(Biragyn and Kwak, 1999; Finn, 2003). Approaches have included the right choice of 

adjuvants co-localized or fused with the cancer associated self antigens, vaccine delivery 

systems such as synthetic polymer based micro/nanoparticulate delivery systems 

explained in earlier sections of this chapter and novel plasmid DNA based fusion 
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constructs of self antigen and chemokines which are dendritic cell targeted strategies 

(Biragyn et al., 1999) (Biragyn and Kwak, 1999) (Luo et al., 2003). Adjuvants used in 

cancer vaccines have included soluble cytokine such Interleukin 2 (IL-2), granulocyte 

macrophage colony-stimulating factors (GM-CSF), TLR ligands such as 

Monophosphoryl lipid-A (MPL-A), CpG optimized synthetic oligonucleotides and small 

molecular immunopotentiators (SMIPs) such as the imiquimods (Ahonen et al., 1999). 

Clinical trials involving TLR ligands for cancer are listed in Table 2.5.   These novel 

targeted approaches not only seem very promising in terms of minimizing the side effects 

of traditional therapeutic approaches, but also shown increased efficacy in generating 

long term responses in resisting relapse as well.  Hence, cancer immunotherapy or cancer 

vaccines are believed to be the next generation treatment and a possible cure for cancers 

(Finn, 2003).  

 

 

.  
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Table 2.1  List of vaccine preventable infectious diseases. 

 

Small Pox 

Diptheria 

Tetanus 

Pertussis 

Mumps 

Measles 

Rubella 

Polio 

Yellow Fever 

Chicken Pox 

Cholera 

Bacterial meningitis 

Hepatitis B 

Hepatitis A 

Pneumococal Pneumonia 

Rabies 

* This list is illustrative rather than exhaustive. Adapted from (O'Hagan and 

Rappuoli, 2004).  
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Table 2.2 List of currently available vaccines for infectious diseases. 

 

Live attenuated vaccines Measles, Mumps, Rubella, Polio 

yellow fever 

Killed or Inactivated vaccines Cholera, Flu, Hepatitis A, Plague, 

Polio, Rabies 

Toxoid vaccines Diptheria, Tetanus 

Subunit vaccines Hepatitis B, Pertussis, Rabies 

Conjugate vaccines Hemophilus influenzae type B, 

Pneumonia 

DNA vaccines and recombinant viral vectors Currently in clinical testing  

* This list is illustrative rather than exhaustive. Adapted from (O'Hagan and 

Rappuoli, 2004) and the NIH Vaccine Facts Book.  
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Table 2.3   Current human clinical trials with DNA vaccines. This list is illustrative 

rather than exhaustive. A comprehensive listing of current ongoing 

clinical trials is review by Liu et al and Cui Z (Cui, 2005),(Liu and 

Ulmer, 2005). 

 

Formulation/Technique Disease Model Development

Phase 

Reference 

HBsAg with gene gun Hepatitis B Phase I  (Roy et al., 2000) 

PLGA microparticles with 

encapsulated plasmid DNA 

HPV mediated 

cervical cancer, 

anal dysplasia 

Phase I, II (Sheets et al., 2003) 

(Klencke et al., 2002) 

(Crum et al., 2004) 

DNA Prime/Vaccinia boost AIDS Phase I  (Mwau et al., 2004) 

DNA primes/recombinant 

protein boost 

Malaria Phase I (Epstein et al., 2004) 

Cationic microparticle 

with HIV gag DNA 

AIDS Phase I (O'Hagan et al., 2004b) 
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Table 2.4  Polymers researched in synthesizing microparticles for DNA vaccine 

delivery. This is an illustrative list of PLGA and related polyesters 

currently actively pursued in DNA vaccine delivery and not an 

exhaustive list of all known formulations.   

 

Microparticles DNA Loading Process Reference 

PLGA/PVA  Encapsulation (McKeever et al., 2002) 

PLGA/poly(β-amino ester) Encapsulation (Little et al., 2004) 

Poly(ortho ester) Encapsulation (Wang et al., 2004) 

Polyanhydrides Encapsulation (Kipper et al., 2006) 

PLGA/CTAB Surface adsorbed (O'Hagan et al., 2004b) 

PLGA/PEI blend Surface adsorbed (Oster et al., 2005) 

PLGA/PEI Conjugated Surface adsorbed (Kasturi et al., 2005) 

PLGA/Chitosan Blend Surface adsorbed (Ravi Kumar et al., 2004) 
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Table 2.5      List of adjuvants currently in use or promising in tests conducted in 

clinical trials or pre-clinical evaluation. 

 

Adjuvant TLR 

Target 

Disease 

Target 

Development 

Phase 

Reference 

MPL-A TLR-4 Cervical 

Cancer 

Phase III http://www.gsk.com 

MPL-A TLR-4 Hepatitis B Phase II, III http://www.gsk.com 

CpG 7909, 

synthetic oligo 

TLR-9 Cancer & 

Infectious 

diseases  

Phase I, II, 

IIII 

http://www.coleypharma.com

Aldara™ 

Cream 

Imiquimod 

TLR 7,8 HPV 

mediated 

genital warts 

Approved  http://www.3m.com 

 

Alum  Non 

specific  

Hepatitis B Approved  (O'Hagan and Valiante, 

2003) 

MF-59 (o/w) 

emulsion 

APC 

targeting 

Influenza  Approved in 

Europe 

(O'Hagan and Valiante, 

2003) 

DNA with 

PLGA 

microparticles 

APC  

targeting 

Cervical 

Cancer 

Phase II (Crum et al., 2004) 

DNA with  

PLGA/CTAB 

microparticles 

APC  

targeting 

AIDS Phase I (O'Hagan et al., 2004b) 
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Figure 2.1  Typical Composition of a bacterially derived plasmid DNA. A viral   

cytomegalovirus (CMV) promoter is most commonly used to drive the 

gene of interest. Selection marker helps in isolation of bacterial colonies 

successfully inoculated during the plasmid amplification step. Shown 

below is the plasmid subsequently used in the cancer genetic vaccine 

described in Chapter 6. Idiotype representing gene was fused with 

chemokine, monocyte chemotactic protein (MCP-3) with a spacer to 

ensure proper folding of fusion protein post expression.  
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Figure 2.2 Overview of plasmid DNA based immunization and mechanism of 

action. Current studies report the role of both direct and indirect 

priming of antigen presenting cells (APCs) towards stimulating T cell 

responses, both through a MHC class I presentation as well as a MHC 

class II presentation pathways. CpG motifs in the backbone of plasmids 

are believed to enhance the potency of DNA vaccines leading to 

activation of the dendritic cells as shown in the figure.  
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 Figure 2.3  Overview of the known Toll like Receptors (TLR’s) and the ligands. 

Currently, 12 TLR’s and other pathogen recognition receptors (PRRs) 

have been identified. TLR 10, 11, 12 are more recently identified but 

not characterized functionally as with TLR 1-9. Synthetic analogs 

available for TLR 3, 4, 7, 8, and 9 are being extensively researched as 

clinical adjuvants for use with new generation of vaccines such as 

protein, peptide and DNA vaccines. The goal of these adjuvants is to 

bias a T cell mediated response towards a CD8+ T cell or a Th1 type of 

helper T cell response. This image is modified and adapted from 

(Pulendran, 2004). 
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Figure 2.4   Chemical structure of poly (lactic acid-co-glycolic acid) and degradation 

mechanism. Biodegradable PLGA is excreted finally as CO2 by natural 

metabolic pathways.  Intermediate products are shown in the figure 

below. Details of biodegradation and biocompatibility of PLGA is 

reviewed by Shive et al (Shive and Anderson, 1997). 
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Figure 2.5 Branched PEI synthesis mechanisms. Acid catalyzed polymerization of 

aziridine can be controlled in aqueous solution by varying the reaction 

temperature and amount of initiator (concentrated acid such as HCl). 

Detailed synthesis and characterization of varying molecular weights of 

branched PEI is described by Harpe AV et al (von Harpe et al., 2000).  
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Figure 2.6  Synthesis scheme of Linear PEI. Acid hydrolysis of poly (2-ethyl-2-

oxazoline) leads to deacylation of the secondary amines in the backbone 

of linear PEI. Full deacylated linear PEI is several fold efficient 

compared to the incomplete deacylated linear PEI polymer in terms of 

in vitro and in vivo transfection efficacies (Brissault et al., 2003) 

(Thomas et al., 2005b).  
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CHAPTER 3 

Cationic Microparticle Synthesis and Characterization 

3.1 INTRODUCTION: 

This chapter describes the synthesis of PLGA microparticles using a water in oil 

in water (w/o/w) based emulsifying technique. The chemistry of conjugation of PEI to the 

surface of pre-synthesized PLGA formulations to make cationic microparticles is 

presented. The advantages of chemical conjugation of PEI vs. physical adsorption are 

discussed. The optimization of the DNA loading on PEI conjugated microparticles in 

terms of the order of mixing of the two solutions and DNA release profiles are 

investigated and discussed.  

Emulsification methods for synthesizing micro/nanoparticles have been routinely 

researched in controlled release applications (Langer et al., 1997) (Bramwell and Perrie, 

2005a; Gupta et al., 1998; Uhrich et al., 1999). Emulsification can be achieved using 

mechanical homogenization or sonication as described in Figure 3.1. Aqueous soluble 

macromolecular biopharmaceutical drugs such as proteins, peptides and plasmid DNA 

have been successfully entrapped in a number of different organic solvent soluble (E.g., 

methylene chloride, ethyl acetate), polymer based microspheres (Langer et al., 1997; 

Uhrich et al., 1999). Alterations of the parameters such as the aqueous to organic phase 

volume, the speed of homogenization, the viscosity of the polymer phase (polymer 

concentration) alterations have yielded varying size distributions of micro/nanoparticle 

formulations (Gupta et al., 1998). The resulting emulsified w/o/w mixture is subjected to 

solvent evaporation or extraction to mediate hardening of the microparticles which are 

then subjected to freeze drying to obtain, off the shelf ready to use microparticle 

formulations. Several alternate approaches have also been reported to entrap the 
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aforementioned biopharmaceutical drugs which include spray drying or phase separation 

(Atuah et al., 2003; Berkland et al., 2002; Berkland et al., 2004; Oster and Kissel, 2005) 

(Gupta et al., 1998).  

The typical drawbacks with standard emulsification techniques have included 

significant damage to the structural integrity of proteins and DNA molecules with the 

process of homogenization or sonication (Singh et al., 2006). The limitations include      

a) the heat generated during the homogenization or sonication process, b) the 

organic/aqueous interface, c) the poor overall loading efficiencies critical when 

translating doses from small animal models to humans, and finally the drop in the pH 

reported within the formulation upon degradation of the polymer typically when using 

PLGA based polymers has been observed to be damaging to encapsulated plasmid DNA 

(Fu et al., 2000; Li and Schwendeman, 2005) (O'Hagan et al., 2004b). To circumvent 

these issues with stability of the encapsulated drugs as well as with the low loading 

efficiencies achieved with these processes, alternate surface charged delivery systems 

have been extensively investigated (Bivas-Benita et al., 2004; Jilek et al., 2004a; Oster et 

al., 2005; Ravi Kumar et al., 2004) (Singh et al., 2006). Using charged surfactants, 

cationic and anionic microparticles have been successfully synthesized for the subsequent 

adsorption of plasmid DNA and proteins for use in vaccine delivery (Kazzaz et al., 2000) 

(Singh et al., 2004b) (Singh et al., 2006). Both for protein and DNA vaccines adsorbed on 

charged microparticles, considerable enhancement in terms of loading efficiencies as well 

as preservation of the structural integrity of the protein and the DNA molecules were 

noted post adsorption as compared to encapsulation (Singh et al., 2000; Singh et al., 

2004a). In addition to improved bioavailability of the adsorbed molecules there are other 

inherent advantages that have been hypothesized to be useful in vaccine delivery 

applications (Chapter 2). 
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Poly (ethyleneimine) PEI is one of the most promising non viral vectors for gene 

delivery researched extensively in pre-clinical models for a variety of gene therapy 

applications (Neu et al., 2005). Synthesis of PEI, isoforms available, condensation ability 

and finally modified forms of PEI used in gene delivery are discussed in Chapter 2 and 

reviewed extensively by Lungwitz et al and Neu et al (Lungwitz et al., 2005; Neu et al., 

2005). With all these aforementioned advantages with PEI in gene delivery, recent 

approaches have included the combination of polycation PEI and biodegradable PLGA to 

synthesize hybrid material based microparticulate delivery vehicles with potential 

advantages in DNA delivery (Bivas-Benita et al., 2004; Oster et al., 2005; Thomas and 

Klibanov, 2003) (Walter and Merkle, 2002). For applications in DNA vaccine delivery, 

PEI is believed to be an ideal choice for combination with biodegradable materials like 

PLGA as PEI not only adsorbs plasmid DNA and enhances transfection in cells,  but also 

recent evidence has pointed that PEI could have potential adjuvant activities in vivo 

(Regnstrom et al., 2003). Synthesis of cationic microparticles for DNA vaccine delivery 

has focused on PLGA/PEI blending approaches during the process of synthesis using 

homogenization or spray drying techniques (Bivas-Benita et al., 2004; Walter and 

Merkle, 2002) (Oster et al., 2005). We believe there might be limitations using blending 

approaches. Free polycations in addition to mediating cytotoxicity in vivo has potential 

problems with renal clearance if high molecular weights of PEI are used as extensively 

pursued by Walter et al (Jilek et al., 2004a; Walter and Merkle, 2002). Besides, the DNA 

loading process revealed leaching of polycations during the process of adsorption itself, 

which indicates premature release of PEI/DNA complexes which could have potential 

disadvantages for applications in vivo (Walter and Merkle, 2002).  Hence, we 

hypothesized that covalent conjugation of lower molecular weight PEI compared to the 

ones used in blending approaches could provide a) neutralization of some of the charges 
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to minimize cytotoxicity, b) ensure after the salt washes that the amounts of PEI are 

retained in minimal amounts and predominantly in the covalently bound form, c) enhance 

endo/phagosomal escape of the cationic formulations intracellularly resulting in 

enhanced exogenous gene transfer (transfection) and finally d) provide enhanced 

adjuvant effects by adsorbing and presenting plasmid DNA on the surface. 

PEI conjugated PLGA microparticles have been synthesized using established 

bioconjugate chemistries. The basic scheme of the activation of carboxylic acid groups 

using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is described in        

Figure 3.2. These formulations were characterized in terms of size, morphology and 

surface charge available for DNA adsorption. Release characteristics of DNA adsorbed 

on linear vs. branched PEI conjugated microparticles were evaluated and appropriate 

formulations were used for continued evaluation in vitro and in vivo.  

 

3.2 MATERIALS AND METHODS: 

3.2.1 Polymers and Reagents: 

PLGA Resomer® RG502H, RG503H was purchased from Boehringer Ingelheim, 

Germany (I.V= 0.16-0.2dl/g, Mw ~11,000Da obtained from the inherent viscosity vs. 

molecular weight correlation sheet). Poly (vinyl alcohol) PVA, Mw ~31,000 (~88% 

hydrolyzed) was purchased from Fluka. Branched PEI, Mw 70,000 Da was purchased 

from Polysciences Inc, PA as a 30% aqueous solution with specific gravity 1.02.  

Branched PEI Mw 25,000Da was purchased from Sigma Aldrich (St. Louis, MO) as a 

water free 100% polymer solution. Linear PEI 25,000Da was purchased from 

Polysciences, PA as an amorphous powder and used as provided without further 

modifications. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) 
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and Sulfo N-hydroxysuccinimide (NHS) was obtained from Pierce Biotechnology Inc 

(Rockford, IL). 2-(N-Morpholino)ethanesulfonic acid (MES) was purchased from Sigma 

Aldrich or Fischer Scientific Rhodamine conjugated Dextran (Mw ~70,000Da), 

Picogreen and DAPI nucleic acid detection/staining reagents were obtained from 

Molecular Probes, Eugene, Or. Plasmids pgWiz Luciferase and pgWiz β-galactosidase 

were purchased from Aldevron LLC., ND. Basic experimental supplies were procured 

from Fischer Scientific Inc (USA).  

 

3.2.2 Double emulsion (w/o/w) microparticle synthesis: 

PLGA microparticles have been synthesized using water in oil in water (w/o/w) 

double emulsion homogenization technique. 0.35 g of acid end-capped PLGA was 

dissolved in 7ml of methylene chloride (EMD Chemicals, NJ) to yield a 5% (w/v) 

polymer solution. 300µl of deionized water was added to this polymer solution and the 

primary emulsion was homogenized at 10,000 rpm for 2 minutes using a Silverson SL2T 

benchtop homogenizer. This primary emulsion was poured into 50ml of 1% PVA 

solution and homogenized for a minute to obtain a w/o/w emulsion followed by solvent 

evaporation with magnetic stirring for 3 hours. Microparticles formed were washed thrice 

with deionized water, lyophilized for >16hours and stored at -20o C until further use. The 

particles were further characterized with respect to size, zeta potential and selected 

batches were analyzed by scanning electron microscopy (SEM) for surface morphology 

and size distribution. Fluorescent microparticles were synthesized using rhodamine 

conjugated dextran dissolved in the internal aqueous phase, 300µl (1mg/ml) in the 

primary emulsion and rest of the steps were unaltered. (Chapter 5).  
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3.2.3 Cationic microparticle synthesis: 

Branched PEI Conjugation to PLGA Microspheres: EDC (1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride) EDC was used to activate the 

carboxyl groups on the surface of pre synthesized (w/o/w) double emulsion PLGA 

microspheres. 20 or 40mgs of PLGA microspheres was suspended in ice cold 0.2M MES 

buffer in 800µl volume in a 1.5ml micro centrifuge tube. About 40 molar excess of EDC 

(40molar of PLGA formulation mass) and ~25 molar excess of Sulfo-NHS was weighed 

and stored on ice.  The EDC and the NHS vials were immediately purged with nitrogen 

and stored at -200C for preserving long term stability of the reagents. 100 µl of ice cold 

MES buffer was added to the sulfo NHS and vortexed until the solution was clear. 0.8ml 

of the PLGA suspension was added to the sulfo NHS containing vial and vortexed.  This 

total volume of 0.9ml of PLGA + NHS containing mixture was added to the vial 

containing 40 molar excess EDC. Note: Adding dissolved EDC to the PLGA +NHS 

mixture was also established in the beginning and both approaches did not show 

considerable differences in the conjugation analyzed by zeta potential analysis. After 

optimization, the addition of the PLGA +NHS mixture to the EDC containing vial was 

established.  The activation with the EDC and NHS mixture was allowed to continue for 

1.5 -2.0 hours on an end to end shaker at room temperature. These activated microspheres 

containing EDC and Sulfo NHS were added dropwise to a PEI solution under magnetic 

stirring. Branched PEI 70kDa or 25kDa was used at ~5 molar excess to the mass of 

PLGA and diluted in 30ml of 0.2M MES buffer pH 6.5. The branched PEI dilution raised 

the pH of the solution which was titrated using stock concentrated HCl and adjusted to 

pH 8.2 for the conjugation step.  The conjugation process was continued for 3-4 hours at 

room temperature under magnetic stirring.  Post conjugation, the microspheres were 

washed 4X with 1M NaCl solution to remove any physically adsorbed PEI and 
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centrifuged at 4,000 rpm in a refrigerated centrifuge with a bucket rotor attached (5810R, 

Eppendorf, Fischer Scientific, USA). Before the last wash with deionized water, all the 

batches were pooled together and passed through a 38 µm nylon mesh to take out any 

large agglomerates. Typically 6-8 batches were pooled together per session of 

conjugation. Pellets after the last wash were frozen in liquid nitrogen and lyophilized 

using a benchtop 4.5 liter freeze dryer (Labconco, Kansas city, MO). For physical 

adsorption process, PLGA microsphere suspensions were added to the PEI solutions 

without any activation with EDC and Sulfo NHS.  

Linear PEI Conjugation to PLGA Microparticles:  Linear PEI conjugation was 

conducted in a similar way as mentioned above for the branched PEI. Linear PEI is not 

soluble in water at room temperature. Linear PEI, ~ 5 molar excess to the respective 

molar mass of PLGA was weighed in a 50ml polypropylene tube. 30ml of 0.2M MES 

buffer pH 6.5 was added to the tube and the warmed to 550 C for 15-30 minutes at room 

temperature. A clear linear PEI solution was obtained which was cooled to room 

temperature before use for conjugation. The rest of the steps are same as described above 

with the branched PEI conjugation.  

 

3.2.4 Zeta potential analysis: 

Zeta potential analysis is a technique employed to check for any surface charge 

changes for colloidal suspension. Zeta potential analysis using an electrophoretic light 

scattering technique or laser doppler anemometry was conducted using ZetaPlus from 

BrookHaven Instruments Corporation, Holstville, NY. Lyophilized samples of 

unmodified PLGA, PEI adsorbed and PEI conjugated microparticles were suspended in 

1mM KCl at 1mg/ml concentration. 10 readings were noted per sample at pre set 

temperature of 250 C. The mean and the standard error were noted for the distribution of 
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charged particles. Results were replotted using Microsoft EXCEL eliminating any 

outliers (2X standard error in the 10 readings noted and the standard error was 

recalculated). BIZR3, a reference material with a known zeta potential (~-53mV) was run 

periodically to check the functioning of the instrument as per the instructions from 

BrookHaven for quality control.  

 

3.2.5 Dynamic light scattering for size distribution analysis: 

Size distribution of the microparticles pre and post conjugation with PEI was 

noted using dynamic light scattering analysis using a Malvern Mastersizer (Malvern, 

MA, USA). All samples were suspended in ultrapure water and added drop wise to a 

stirred cell till a required level of obscuration was obtained. The volume average 

distribution mode was chosen to note the size distributions of the suspensions. D (v, 0.9) 

volume distribution reading indicate that 90% of the population is within a given size 

range. All measurements were obtained for at least 3 independently synthesized batches 

and an average percentile distribution was noted for each sample. Also noted was a 

percentile population within the 10µm range which is useful in vaccine delivery which is 

the ultimate goal for use with these formulations.  

 

3.2.6 Scanning Electron Microscopy for morphology and size distribution analysis: 

Scanning electron microscopy was used as an alternative technique to check the 

size distributions obtained using dynamic light scattering and also to verify any 

macroscopic changes in the morphology of these formulations. Lyophilized 

microparticles were deposited on aluminum stubs obtained from the Electron Microscopy 

facility (Texas Material Institute (TMI), University of Texas at Austin, Austin, Texas). 



 65

Microparticle suspensions were made with 0.2µm filtered purified water. Suspensions 

were allowed to air dry overnight. The dried microparticle deposits on the aluminum 

stubs were sputter coated with 60:40 (gold: palladium) using the sputter coater at the core 

facility (TMI, UT Austin). Microparticles sputter coated with gold:palladium were 

visualized using a Leo 1530 Scanning Electron Microscope (Texas Material Institute 

(TMI), University of Texas at Austin, Austin, Texas).. All images were captured post 

adjustment for astigmatism and at an accelerating voltage of 10kV at 9-10 kX 

magnification.  

 

3.2.7 Fluorescamine quantification of PEI: 

Fluorescamine (4-phenylspiro [furan-2(3H), 1’-phthalan]-3, 3’-dione) is a well 

established reagent that has been used for colorimetric quantification of primary amines 

and has been used to quantify PEI associated with microparticles (Walter and Merkle, 

2002).  Branched PEI conjugated microparticles were dissolved in 0.1N NaOH overnight 

and the PEI content was measured using spectrofluorometric analysis. Fluorescamine 

reacts with primary amines in PEI to form pyrrolinones, a colored product which is 

excited at 390nm and has an emission peak at 475-490nm. PEI amounts (wt/wt) % in 

PLGA microparticles were estimated using standard curves established from stock PEI of 

respective molecular weights. All measurements were performed on a BioTek 

Fluoroplate Reader (Winooski, Vermont) at the Ellington Lab (Department of Chemistry 

and Biochemistry, The University of Texas at Austin, Austin, Texas).  

 



 66

3.2.8 Buffering experiments with PEI conjugated microspheres: 

Buffering experiments to evaluate the contribution of PEI on the surface of the 

cationic microparticle to resist acidification were conducted as reported earlier (Tang and 

Szoka, 1997). 10mg/ml microparticle suspension in 150mM NaCl (unbuffered system) of 

the respective cationic or unmodified microparticles was adjusted to ~pH 9.0. Varying 

volumes of 0.1N HCl or 0.01N HCl were added dropwise and continued till the effective 

pH of the suspension reached less than 4.0. The trend in pH change versus HCl added 

was plotted to assess the buffering ability of the various formulations. Since this is an 

evaluation of the trend in changing slope with pH changes compared to the addition of 

HCl,  these experiments were repeated multiple times to check for reproducibility. Hence, 

no standard error bars are reported with each data point.  

 

3.2.9 Plasmid DNA loading on cationic microparticles: 

pgWizLuciferase or pgWIZBetagalactosidase plasmids were loaded on the 

surface of cationic microparticles with modifications to the technique as described by 

Singh et al (Singh et al., 2000). Plasmid DNA (pDNA) loading was attempted at 1.2% 

w/w by incubating microparticle suspension in PBS, pH adjusted to 6.0 at 4oC for 12 

hours. It was noted that the order of addition or mixing of the plasmid solution and the 

microparticle suspension were crucial in obtaining an injectable formulation. 5mgs of PEI 

conjugated microparticles were resuspended in 1ml of PBS 6.0 and added under mild 

vortexing using a 1cc syringe with a 28 ½ gauge needle ( Becton and Dickinson, CA) to 

1ml of 60-60µg of plasmid DNA also diluted in PBS 6.0. Post addition this mixture was 

vortexed at the maximum speed for 30 seconds and allowed to incubate on an end to end 

shaker overnight at 40C.  These DNA loaded particulate formulations were observed 

using a light microscope to analyze aggregates caused if any. The pDNA adsorbed 
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particles were centrifuged at 8,500 rpm for 20 min on the 5810R centrifuge with a fixed 

head microcentrifuge rotor (Eppendorf, Fischer Scientific, USA). The supernatant was 

collected and analyzed spectrophotometrically (A260nm) for pDNA content using the 

ND-1000 spectrophotometer (Wilmington, DE) at the ICMB Core Facility (The 

University of Texas at Austin, Austin, Texas). pDNA loading on the cationic 

microparticles was calculated by subtracting the content in the supernatant from the 

initial concentration of plasmid added. In addition, pDNA loading was also analyzed by 

dissolving the DNA-adsorbed particles overnight in 0.1N NaOH and evaluating the DNA 

concentration spectrophotometrically. The total pDNA calculated both by direct and 

indirect methods were in close concurrence. Varying pH, concentration and loading time 

durations were evaluated for maximizing pDNA loading and obtaining a stable injectable 

suspension. A pH value between 5.8 and 6.0 was found to be acceptable for consistent 

loading with varying sizes of plasmid constructs including gWIZLuciferase, 

gWIZBetagalactosidase or MCP-3sFv20 fusion construct (Chapter 2, 6).  

 

3.2.10 In vitro release of plasmid DNA:  

The DNA loaded microparticles were resuspended in PBS pH 7.2 and incubated 

at 37oC on an end to end shaker. Each independent experiment was done in triplicates for 

each formulation and experiments were repeated at least thrice. Supernatants were 

collected at various times up to 21 days. Picogreen (Molecular Probes/Invitrogen, 

Carlsbad, CA) double stranded DNA reagent based fluorimetric estimation was used to 

quantify the amount of plasmid in the release samples and the cumulative release was 

recorded.  
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3.3 RESULTS: 

3.3.1 Microparticle synthesis: 

Double emulsion homogenization processes are routinely used for encapsulation 

of drugs for controlled release applications (Langer, 2000) (Gupta et al., 1998; Langer et 

al., 1997). Consistent with the established protocols, microparticles were synthesized 

with an average diameter of 2µm and 100% of the distribution within 10µm size range 

useful in vaccine delivery Table 3.1. FITC labeled bovine serum albumin was 

encapsulated inside the microparticle formulation as a proof of principle for retention of 

protein during subsequent conjugation of PEI. No quantification of the amount of protein 

was done but only observed qualitatively using confocal laser scanning microscopy to 

establish the presence of protein inside the microparticle Figure 3.3. Scanning electron 

micrographs of these microparticles showed a smooth surface at a magnification of 10kX 

without any macroscopic pores visible as shown in Figure 3.4. Encapsulation of plasmid 

DNA for comparison with surface adsorbed formulation is described in Chapter 5.  

 

3.3.2 Conjugation of branched and linear PEI to PLGA: 

EDC/Sulfo NHS bioconjugate chemistry is routinely used in numerous tissue 

engineering and drug delivery applications. We have established a novel approach to use 

this chemistry to attach branched and linear PEI to the surface of PLGA microspheres.  

MES buffer pH 5.2 used for the activation process was found to be useful and optimized 

in terms of the volumes needed for activation. Both linear and branched PEI were 

successfully conjugated as estimated from the zeta potential analysis which showed a 

considerably charge reversal from a negative -15mV average for the unmodified PLGA 

controls as compared with +35mV and +44mV averages for the branched and linear PEI 
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conjugated microparticles as indicated in Table 3.1.  This process of conjugation was 

consistent in terms of yielding similar results when scaled up from 20mgs batches to 

40mgs batches.  

Particularly, since we started research with the conjugation hypothesis, there are 

few publications which have attempted to blend PEI or chitosan with PLGA to make 

cationic microparticles (Oster et al., 2005) (Walter and Merkle, 2002) (Ravi Kumar et al., 

2004). Our goal was in particular to evaluate the cationicity that could be imparted with 

minimal amounts of PEI conjugated to the surface of PLGA instead of a wt % PEI blend. 

As demonstrated in Figure 3.5-3.7, the surface morphology of the formulations was not 

altered by the conjugation of PEI or by the adsorption of plasmid DNA on the branched 

and linear PEI conjugated microparticles. High salt washes successfully removed most of 

the physically adsorbed branched and linear PEI from the surface of PLGA microparticle 

where as the conjugated batches had most of the PEI intact estimated from the surface 

charge as shown in Figures 3.8 and 3.9. Hence, we conclude with these experiments that 

surface conjugation approach can introduce minimal amounts of polyamines such as PEI 

on the surface of PLGA for subsequent adsorption of anionic macromolecules like 

plasmid DNA. 

 

3.3.3 Minimal amounts of PEI can impart cationicity to PLGA microparticles: 

As indicated by Table 3.1 and Figure 3.5 PEI conjugation did not affect the 

surface morphology of the cationic microparticles. Colorimetric fluorescamine assay was 

optimized to quantify the amounts of PEI associated with the PLGA microparticles which 

were initially indirectly estimated for the success of conjugation using zeta potential 

analysis.  Preliminary experiments with the conjugation of branched PEI 70kDa and PEI 

25kDa yielded about 5-6µg of branched PEI free amounts that are associated per mg of 
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the formulation. Since primary amines are most reactive towards conjugation with the 

EDC/NHS chemistry we believe a high amount of these amines would not be estimated 

from the amide bonds formed. Equivalent free amounts of primary amines and hence 

equivalent free amounts of PEI that could be evaluated using the fluorescamine assays 

are reported. Subsequent scale up of batches to 40mgs, optimization of washing 

conditions and volumes further improved the removal of excess physically adsorbed PEI 

which was indicated by a further drop in the amounts of PEI estimated by repeated 

fluorescamine assays. 1-2µg of free PEI was estimated to be associated per mg of PLGA 

formulations with the latest experiments conducted for quantification of PEI using 

fluorescamine assays.  

 

3.3.4 PEI imparts buffering ability to cationic microparticles: 

Key advantage with the use of PEI as a non viral gene delivery vehicle is 

attributed to the extensive nitrogen atoms present in the backbone of PEI (Kircheis et al., 

2001). PEI is believed to mediate endosomal escape of PEI/DNA complexes by changing 

the osmotic balance of early endosomes/phagosomes depending on the cell type 

(Lungwitz et al., 2005). Early experiments to test the efficacy of polycations mediating 

endosomal escape was demonstrated using in vitro buffering experiments using non 

buffered solutions by Tang et al (Tang and Szoka, 1997). As indicated in Figures 3.10 

and 3.11, branched PEI 70kDa conjugated cationic PLGA microparticles yielded 

increased buffering ability in comparison with both branched and linear 25kDa PEI 

conjugated microparticles. The data with linear PEI25kDa which demonstrated inability 

to mediate buffering upon acidification is consistent with literature which indicates that 

90% of the nitrogen atoms are protonated at physiological pH where as only 20% of the 

nitrogen atoms of the branched PEI being protonated at physiological pH 7.2 (Tang and 
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Szoka, 1997) (Kircheis et al., 2001; Lungwitz et al., 2005; Neu et al., 2005). Again, the 

failure of 25kDa could be attributed to increased amounts of nitrogen atoms being used 

up in the conjugation chemistry leaving behind fewer nitrogen atoms to mediate buffering 

as compared to a higher 70kDa molecular weight branched PEI. Additional supporting 

data towards our hypothesis of using PEI to mediate buffering ability is demonstrated in 

Chapter 5 with cell studies.  

 

3.3.5 Plasmid DNA is efficiently adsorbed on the surface of cationic microparticles 

Plasmid DNA adsorption on cationic microparticles was achieved using a slightly 

modified technique described by Singh et al (Singh et al., 2000). Unlike CTAB a lipid 

molecule used by Singh et al, PEI is not fully protonated at physiological pH and hence 

the pH of the loading buffer (PBS) was adjusted to pH 6.0 for successful adsorption of 

plasmid DNA. As indicated in the Table 3.1, and consistent with the increased buffering 

demonstrated by branched PEI70kDa conjugated PLGA microparticles, the maximum 

DNA adsorption was achieved using the PEI70kDa conjugated microparticles 

(~7.5µg/mg of formulation) followed by branched PEI25kDa conjugated microparticles 

(6.0µg/mg of formulation) and linear PEI25kDa adsorbed plasmid DNA at about 

~4.8µg/mg of the formulation. Further, plasmid DNA adsorption did not cause 

macroscopic changes to the morphology of the microparticle formulations as indicated in 

Figure 3.6, 3.7.   

 

3.3.6 Release kinetics of DNA adsorbed on cationic microparticles: 

Recent evidence has pointed out marked differences in the ability of branched and 

linear PEI polymers in the soluble state to condense plasmid DNA (Itaka et al., 2004). 
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Consistent with these results we have demonstrated that high molecular weight branched 

PEI70kDa adsorbed higher amounts of plasmid DNA compared to the linear PEI 25kDa 

conjugated cationic microparticles. As also indicated by Itaka et al (Itaka et al., 2004), 

branched PEI/DNA complex stayed longer in the condensed state as observed inside the 

cell indicating a delay in the release of plasmid DNA and hence delayed onset of gene 

expression.  As shown in Figure 3.12, only 20% of the plasmid DNA was released from 

the branched PEI70kDa conjugated cationic microparticles vs. 30% released from the 

branched PEI25kDa conjugated microparticles. 60% of the plasmid was released from the 

linear PEI 25kDa conjugated microparticles which correlated with the observation seen 

by Itaka et al (Itaka et al., 2004).   

 

3.4 DISCUSSION: 

The results in this chapter demonstrate the ability of novel cationic microparticles 

to adsorb plasmid DNA. Although comparison of soluble branched and linear PEI in 

mediating gene delivery has been conducted by several research groups as reviewed 

(Lungwitz et al., 2005) (Neu et al., 2005), to the best of our knowledge there are no 

studies indicating the comparison of branched and linear PEI in its ability to condense or 

adsorb plasmid DNA in vivo post conjugation or tethering to a surface as demonstrated in 

our study.  

PEI is one of the most promising non viral gene delivery vectors currently 

researched (Pouton and Seymour, 2001) (Kircheis et al., 2001) (Neu et al., 2005). The 

hypothesized “proton sponge effect” associated with its ability to mediate enhanced gene 

expression has been tested by many research groups (Akinc et al., 2005) (Godbey et al., 

1999a; Thomas et al., 2005b). We hypothesized that presence of PEI on the surface of 

PLGA microparticles could further enhance the potential of plasmid DNA delivery as 



 73

demonstrated by Singh et al (Singh et al., 2000). CTAB has no specific mechanism to 

enhance the delivery of plasmid DNA in terms of transfecting cells and yet, surface 

presentation of DNA on CTAB coated cationic microparticles has proven extremely 

efficient in terms of the results gathered pre-clinically by Chiron/Novartis Corporation, 

(Vaccine Formulation Group)  (O'Hagan et al., 2004b). We hypothesized that a rational 

approach of introducing a polyamine such as PEI with its known advantages in gene 

delivery would further enhance the delivery of plasmid DNA with a specific 

enhancement of the buffering ability of cationic microparticles. As demonstrated both 

branched and linear PEI were sufficiently cationic post conjugation processes Table 3.1. 

Again, colorimetric estimation using Fluorescamine indicated that the free equivalent  

PEI associated with the cationic PLGA microparticles were in minimal amounts             

(< 5µg/mg of formulation mass) and hence it addresses the issue of cytotoxicity (Chapter 

5) which has been one of the key issues and challenges for translation of PEI to clinical 

use (Chollet et al., 2002).  

Numerous approaches have been used to neutralize the high density of charge on 

the PEI by conjugatin either poly(ethylene glycol) PEG or other ligands prior to  

condensation of DNA (Neu et al., 2005). Our approach to conjugate PEI instead of 

blending could neutralize most of the charges known to be cytotoxic at physiological pH 

that are present on the PEI, yet retaining sufficient cationicity to adsorb plasmid DNA 

post modulation of pH conditions for adsorbing DNA.  Results obtained with acid 

titration experiments also indicated that high molecular weight branched PEI70KDa 

retained a significant amount of buffering ability as demonstrated in Figure 3.10 and 

Figure 3.11 compared to linear PEI and low molecular weight branched 25kDa PEI 

(chart not included, but data observed). In addition, PEI conjugated to PLGA released 

DNA with a profile that could act as a controlled release system with the branched PEI 
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releasing at the slowest rate. This proved particularly useful for enhancing the potency of 

a cancer genetic vaccine as discussed in Chapter 6.  

In conclusion, we believe that PEI conjugated PLGA microparticles offer a non 

toxic cationic microparticle formulation that is a) consistently reproduced with 

conjugation chemistries, b) successfully mediates buffering ability similar to soluble PEI 

although with higher molecular weights of branched PEI, c) successfully adsorbs plasmid 

DNA and oligonucleotides (Chapter 6), and finally d) releases plasmid DNA with 

varying kinetics depending on the molecular weight of PEI conjugated.  
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Table 3.1    Zeta potential, size distribution and the DNA loading levels for various 

PEI modified cationic PLGA microparticle formulations. Zeta potential 

and size distributions were analyzed using electrophoretic mobility/light 

scattering techniques and dynamic light scattering principles. The 

results indicated below are the average of at least 3 independently 

synthesized and analyzed samples with a noted standard deviation.  

 
 
Type of Formulation 

 
Zeta Potential 
in (mV) 
 

 
Percentile Size    
< 10 microns  

 
DNA loading 
(wt/wt) (µg/mg)

 
Unmodified PLGA  microparticles 
 

 
-10.41 +/- 0.191 

 
100%  

 
0.268 +/- 0.079 

 
Branched PEI70kDa Conjugated 
PLGA microparticles 
 

 
37.69 +/-  0.107 

 
85% 

 
7.493 +/- 0.30 

 
Branched PEI25kDa Conjugated 
PLGA microparticles 
 

 
37.74 +/- 0.68 

 
NA 

 
6.04 +/- 0.816 

 
Linear PEI25kDa Conjugated 
PLGA microparticles  
 

 
44.925 +/- 0.262 

 
100% 

 
4.80 +/- 1.19 
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Figure 3.1 Double emulsion, water in oil in oil (w/o/w) technique was used for 

synthesis of PLGA microparticle.  Homogenization or Sonication based 

approaches have been routinely used in synthesizing w/o/w emulsions 

for entrapping protein, peptide and DNA molecules. Varying 

parameters such as the aqueous to organic phase volume, the polymer 

concentration, surfactant concentration and the speed of 

homogenization or the sonication power can influence the size 

distribution as well the encapsulation efficiencies of the macromolecular 

drug.  
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Figure 3.2  EDC/NHS chemistry was used for covalent attachment of PEI to the 

surface of PLGA microspheres.  Acid terminated PLGA polymers were 

used to synthesize the double emulsion microspheres. The carboxylic 

groups present with these acid terminated polymers were activated 

using EDC as shown below. Sulfo NHS, an aqueous soluble analog of N-

hydroxysuccinimide was used to stabilize the intermediate before 

reaction with the amines present in branched and linear PEI as 

described.  
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Figure 3.3   Design of combinatorial protein/DNA delivery system. FITC conjugated 

bovine serum albumin (BSA) was encapsulated in w/o/w double 

emulsion microparticles for qualitative microscopy analysis of the 

retention of fluorescent protein post processing of formulations. 

Subsequently plasmid DNA was adsorbed on the branched PEI 

conjugated microparticles and stained with DNA stain DAPI to 

evaluate loading of protein and DNA molecules in the same 

formulation.  A) Plasmid DNA adsorbed on branched PEI conjugated 

microparticle, stained with DAPI.  B) FITC-BSA encapsulated RG502H 

microparticles with branched PEI conjugated and plasmid DNA 

adsorbed. Plasmid DNA is stained with DAPI, blue colored stain.  
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Figure 3.4 Scanning Electron Micrograph (SEM) of w/o/w double emulsion 

microparticles.  This SEM image represents the unmodified (non PEI 

coated) microparticles. Microparticles were sputter coated with       

60:40, gold: palladium. SEM images were captured at an electon 

accelerating voltage of 10kV and magnification of 9.0 kX. Polydisperse 

microparticle population was observed with reference to the scale bar 

indicated in the figure.  
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Figure 3.5 Scanning Electron Micrograph (SEM) of Branched PEI70kDa 

conjugated double emulsion microparticles without plasmid DNA. 

Microparticles were sputter coated with 60:40, gold: palladium. SEM 

images were captured at an electron accelerating voltage of 10kV and 

magnification of 9.0 kX. No significant morphological changes were 

noted post branched PEI70kDa conjugation in terms of size 

distributions as well as surface smoothness.  
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Figure 3.6 Scanning Electron Micrograph (SEM) plasmid DNA adsorbed, 

branched PEI70kDa conjugated, w/o/w double emulsion microparticles.  

These SEM images are for the unmodified (non PEI coated) 

microparticles. Microparticles were sputter coated with 60:40,         

gold: palladium. No macroscopic change post plasmid DNA adsorption 

on cationic microparticles was observed.  No significant size changes 

were noted using multiple images of DNA adsorbed cationic 

microparticles.  
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Figure 3.7 Scanning Electron Micrograph (SEM) of plasmid DNA adsorbed linear 

25kDa PEI conjugated double emulsion microparticles. Microparticles 

were sputter coated with 60:40, gold:palladium. SEM images were 

captured at an electron accelerating voltage of 10kV and magnification 

of 9.0 kX. No significant morphological changes were noted post linear 

PEI25kDa conjugation and subsequent plasmid DNA adsorption in 

terms of size distributions as well as surface smoothness.  
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Figure 3.8 Zeta potential analysis of branched PEI adsorbed vs. conjugated 

cationic PLGA microparticles. Acid end terminated PLGA polymers 

were used to synthesize w/o/w emulsion based microparticles. 

Carboxylic acid groups from this end terminated PLGA were activated 

using EDC as shown in Figure 3.2 and stabilized using Sulfo-NHS.  

Branched PEI70kDa was conjugated to the surface of activated PLGA 

microparticles to synthesize cationic PEI conjugated PLGA 

microparticles.  P<0.01 for an unpaired two tailed student T test 

conducted between the adsorbed and the conjugated batches.  
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Figure 3.9 Zeta potential analysis of linear PEI adsorbed vs. conjugated cationic 

PLGA microparticles.  Acid end terminated PLGA polymers were used 

to synthesize w/o/w emulsion based microparticles. Carboxylic acid 

groups from this end terminated PLGA were activated using EDC as 

shown in figure 3.2 and stabilized using Sulfo-NHS.  Linear PEI25kDa 

was conjugated to the surface of activated PLGA microparticles to 

synthesize cationic PEI conjugated PLGA microparticles.  P < 0.01 for 

an unpaired two tailed T test conducted between the adsorbed and the 

conjugated batches. 
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Figure 3.10  Acid titration experiments with PEI conjugated cationic microparticles. 

Unmodified and PEI modified microparticle formulations were 

suspended in an unbuffered 150mM NaCl solution. 0.01N HCl was 

added and the pH change was noted for each incremental addition of 

HCl. The trend of change in pH was noted and compared for the 

unmodified and the PEI modified formulations.  
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Figure 3.11  Acid titration experiments with PEI adsorbed and conjugated cationic 

microparticles. PEI70kDa adsorbed and PEI70kDa conjugated 

microparticle formulations were suspended in an unbuffered 150mM 

NaCl solution. 0.1N HCl was added and the pH change was noted for 

each incremental addition of HCl. The trend of change in pH was noted 

and compared for the unmodified and the PEI modified formulations.  
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Figure 3.12 Release profiles of DNA released from PEI conjugated microparticle 

formulations. DNA adsorbed branched and linear PEI microparticle 

formulations were resuspended in PBS buffer and incubated at 370C.  

Samples were periodically centrifuged and supernatants were analyzed 

for DNA content using the picogreen assay. Linear PEI released DNA 

the fastest and the high molecular weight branched PEI70kDa released 

DNA much slower than low molecular weight branched PEI25kDa and 

the linear PEI conjugated cationic PLGA microparticles.  
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CHAPTER 4 

Novel Atmospheric Plasma Glow (APG) Discharge Mediated Surface 

Functionalization of PLGA Microparticles  

4.1 INTRODUCTION: 

This chapter describes a collaborative effort between our research group and 

Professor Laxminarayana Raja’s group from the Department of Aerospace Engineering at 

The University of Texas at Austin. These efforts were tied in with our own efforts to use 

chemical conjugation techniques to surface modify PLGA microparticles. A proof of 

concept study was initiated in an effort to use solvent free (dry techniques) such as 

atmospheric plasma glow discharge technology (APG) to modulate the surface charge of 

PLGA microparticles described in Chapter 3. PLGA microparticles were exposed to a 

helium gas, plasma glow discharge. Zeta potential analysis revealed considerable 

modification of the surface charge of plasma modified microparticles to render the 

microparticles significantly anionic. Effects of time duration and varying mass of PLGA 

formulation per treatment batch were studied and a model protein Lysozyme was loaded 

on the surface of plasma modified microparticles.  

 

4.2 BACKGROUND AND MOTIVATION: 

Materials processing using glow discharge plasma technology has been 

researched extensively particularly in the semiconductor and microelectronics industry 

towards semiconductor chip material (Integrated Circuits, (IC)) processing and 

manufacturing (Economou, 2000; Graves and Kushner, 2003). Traditional plasmas have 

operated at low pressure created by vacuum  making continuous operation difficult and 
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hence made the overall process expensive because of the need for costly vacuum 

equipments (Economou, 2000).  In view of avoiding the costly equipment and also to 

allow processing of large area of materials with low ion energy dynamics (plasma quality 

and the net results on the substrate that is treated), Atmospheric-Pressure Glow (APG) 

discharges have been studied extensively (Kanazawa et al., 1988; Kanazawa et al., 1989; 

Shenton and Stevens, 2001; Shenton et al., 2002).  

Several configurations are available for generation and stabilization of a glow 

discharge at atmospheric pressure and one of the ideal techniques has been to introduce 

dielectric barriers in between the electrode plates and this process is known as the 

dielectric barrier-atmospheric pressure plasma glow discharge (DB-APG) (Massines et 

al., 1998; Massines et al., 2003).  Figures 4.1, 4.2, give an idea of a typical DB-APG 

discharge setup with two parallel electrodes that are held in close proximity with a gap in 

few millimeters and driven by a high voltage of higher than 1kV at audio frequencies of 

10 kHz. The dielectric material in the figures mentioned above is poly (carbonate).  APG 

discharges have been found to be most stable in noble gases such Helium and Argon, but 

molecular working gas such as nitrogen has also be used (Okazaki et al., 1993).  It is also 

believed that the plasma environment could be modulated to be more reactive by other 

additive gases such as ammonia and oxygen (volume %) to extend the applications in 

materials processing (Gherardi and Massines, 2001). Varying parameters have been 

studied in terms of the dielectric barrier layer thickness, dielectric constant, voltage and 

frequency and the gap spacing towards maintaining a stable plasma glow discharge 

(Massines and Gouda, 1998). The similarities of the plasma characteristics in terms of 

glow discharge like chemistries in comparison to low pressure, vacuum mediated plasma 

discharge has been studied using optical emission spectroscopy and modeling studies 

(Shin and Raja, 2003).  
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As discussed in Chapter 2, there is increasing interest towards improving the 

potency of protein and DNA vaccines as alternatives for viral vectors because of safety 

issues (O'Hagan and Rappuoli, 2004). Synthetic polymer based micro/nanoparticulate 

systems are being extensively researched in view of exciting results obtained in pre-

clinical models (Langer et al., 1997). Recent evidence has shown that charged 

microparticle delivery systems which facilitate surface adsorption of proteins and DNA 

are a better alternative to traditional designs with encapsulation of proteins and DNA 

molecules (Singh et al., 2006). Surface adsorption of proteins is advantageous in terms of 

being an efficient process with increased loading, structural stability post surface 

adsorption, and finally in view of the promising results obtained in vivo with pre-clinical 

models (Singh et al., 2006). Surface adsorption of proteins facilitates the option of 

encapsulation of soluble adjuvants inside the formulations to generate combinatorial 

delivery systems which is now the most recent approach adopted by multiple research 

groups (Chong et al., 2005; Kazzaz et al., 2006).  Figure 4.3, indicates a typical design 

for adsorbing proteins on the surface of anionic microparticles with soluble adjuvants 

encapsulated inside. Our hypothesis towards utilizing this novel and upcoming 

technology stems from envisioning continuous processing of suspended particulate 

polymer based systems which otherwise were traditionally chemically modified as 

described in Chapter 3.  This continuous processing would be impossible to achieve using 

traditional low vacuum plasma technology. Although, the long term goal of this new 

direction and the collaborative effort is to seek a continuous high throughput APG based 

processing technology for surface charge modulation of biodegradable polymeric drug 

delivery systems, we present here in this chapter a proof of concept study towards the use 

of DB-APG technology to impart anionic charge to poly (lactide-co-glycolide) PLGA 
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microparticles for protein loading and possible future applications in protein vaccine 

delivery.  

 

4.3 MATERIALS AND METHODS: 

Polymers and reagents: PLGA Resomer® RG502H, RG503H was purchased 

from Boehringer Ingelheim, Germany (I.V= 0.16-0.2dl/g, Mw ~11,000Da obtained from 

the inherent viscosity vs. molecular weight correlation sheet). Poly (vinyl alcohol) PVA, 

Mw ~31,000 (~88% hydrolyzed) was purchased from Fluka. Ovalbumin and Lysozyme 

proteins were purchased from Sigma-Aldrich (St.Louis, MO). Micro BCA kit for protein 

analysis was purchased from Pierce Biotechnology (Rockford, IL). All other lab supplies 

were procured from Fischer Scientific Inc (PA, USA).  

 

4.3.1 Synthesis of double emulsion microparticles: 

Water in oil in water (w/o/w) double emulsion microparticles were synthesized as 

described in Chapter 3. 0.35 g of acid end-capped PLGA was dissolved in 7ml of 

methylene chloride (EMD Chemicals, NJ) to yield a 5% (w/v) polymer solution. 300µl of 

deionized water was added to this polymer solution and the primary emulsion was 

homogenized at 10,000 rpm for 2 minutes using a Silverson SL2T benchtop 

homogenizer. This primary emulsion was poured into 50ml of 1% PVA solution and 

homogenized for a minute to obtain a w/o/w emulsion followed by solvent evaporation 

with magnetic stirring for 3 hours. Microparticles formed were washed thrice with 

deionized water, lyophilized for >16hours and stored at -20o C until further use.  

 



 96

4.3.2 Helium glow plasma discharge based treatment of PLGA microparticles: 

PLGA microparticles synthesized as mentioned above were suspended in 

deionized water at a concentration of 10mg/ml. 0.5ml of this suspension was evenly 

spread over the surface area of microscopic glass slides to deposit 5mgs of microparticle 

formulation on the glass slide. The concentration of the microparticles suspension was 

varied subsequently (diluted 1:2) to deposit 2.5mgs of particles with the same volume.  

The area on the glass slide was found to match the dimensions of the electrode closely 

and hence the spreading of the suspension over the area of the frosted glass slides ensured 

plasma exposure of the entire surface of the glass slide over which the microparticles are 

deposited. The suspensions deposited on glass slides were air dried overnight, stored at 

4oC before plasma exposure and modification.  

Using scotch tape, glass slides were immobilized in the plasma chamber designed 

and illustrated in Figures 4.1 and 4.2.  The glass slides were immobilized and centered to 

have the maximum plasma exposure. Parameters varied for the process included varying 

time duration of plasma exposure, varying mass of microparticles deposited on glass 

slides, monitoring the voltage-current waveforms (indicative of the quality or intensity of 

plasma generated). These parameters were changed to ensure that the plasma generated 

was stable and maximum and complete exposure of the particles deposited was achieved.  

All batches that were modified were scraped off the glass slide using a cell scraper and 

resuspended in 1mM KCl. These batches were subsequently analyzed for surface changes 

using the Zeta Plus analyzer (BrookHaven Instruments Corporation, Holstville, NY). 

Zeta potential characterized, plasma modified PLGA microparticle formulations were 

lyophilized and the zeta potential analysis was repeated to monitor any changes in surface 

charge due to the freeze drying (lyophilization) process.  
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4.3.3 Zeta potential analysis of plasma discharge exposed microparticle formulation: 

Zeta potential analysis is a common technique employed to check for any surface 

charge changes for colloidal suspensions. Zeta potential analysis using an electrophoretic 

light scattering technique was conducted using ZetaPlus from BrookHaven Instruments 

Corporation, Holstville, NY. Lyophilized samples of unmodified PLGA, plasma 

modified PLGA microparticle formulations were suspended in 1mM KCl at 1mg/ml 

concentration. 10 readings were noted per sample at pre set temperature of 250 C. The 

mean and the standard error were noted for the distribution of charged particles. Results 

were replotted using Microsoft EXCEL eliminating any outliers (2x standard error in the 

10 readings) and the standard error recalculated.  

 

4.3.4 Protein loading and quantitation on plasma modified PLGA microparticles: 

Lyophilized plasma modified PLGA microparticles were used for adsorption of 

lysozyme protein. Lysozyme has been used as a model protein for adsorption 

experiments as reported by Singh et al (Singh et al., 2006).  Lysozyme protein was loaded 

at 1% wt/wt ratio to the mass of the PLGA formulation used. Unmodified PLGA 

microparticles were used as controls for the loading experiment. 50µg of lysozyme 

protein from the stock lysozyme solution in pH 7.0 Hepes buffer (5mg/ml) was added to 

5mgs of unmodified and plasma modified PLGA microparticle suspension in pH 7.0 

Hepes buffer under mild vortexing. The total volume for the protein adsorption process 

was 1ml in a 1.5ml microcentrifuge tube. The protein/microparticle mixture was rotated 

on an end to end shaker (Barnstead International, Dubuque, IA) for 12 hours overnight at 

40C. Post protein adsorption, the microparticles were centrifuged at 4,000 rpm using a 

5810R refrigerated Eppendorf centrifuge (Eppendorf, Fischer Scientific, USA) for 20 

minutes. The supernatants were collected and analyzed for protein content using the BCA 



 98

assay for protein estimation as per the instructions from Pierce Biotechnology (Rockford, 

IL).  The standard curves were plotted at increasing concentrations with lysozyme 

protein. The supernatant samples from the protein loaded microparticles were used at a 

1:1 dilution with the working reagent prepared from the BCA kit and the absorbance was 

read at 570nm.  

 

4.3.5 In vitro release of protein from anionic microparticles: 

Protein loaded plasma modified microparticles were resuspended in 1X Phosphate 

buffered saline (PBS) and rotated on an end to end shaker at 370C. Microparticle 

suspensions were centrifuged at 3 hr and 24 hrs at 8,000 rpm in a 5810R refrigerated 

centrifuge and the supernatants withdrawn and replaced with fresh buffer. The 

supernatants were analyzed for protein content using the BCA assay discussed above. 

The cumulative release of protein from the microparticles was calculated. 

 

4.3.6 SEM of protein loaded microparticles: 

Scanning electron microscopy (SEM) was used as an alternative technique to 

check the size distributions obtained using dynamic light scattering and also to verify any 

macroscopic changes in the morphology of these formulations. Protein loaded 

microparticles were deposited on aluminum stubs obtained from the electron microscopy 

facility (Texas Material Institute (TMI), University of Texas at Austin, Austin, Texas). 

Microparticles were suspended in 0.2µm filtered purified water and deposited on the 

aluminum stubs. Suspensions were allowed to air dry overnight. The dried microparticle 

deposits on the aluminum stubs were sputter coated with 60:40 (gold: palladium) using 

the sputter coater at the core facility (TMI, UT Austin). Microparticles sputter coated 
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with gold:palladium were visualized using a Leo 1530 Scanning Electron Microscope 

(Texas Material Institute (TMI), University of Texas at Austin, Austin, Texas).  

 

4.4 RESULTS: 

4.4.1 Plasma exposed microparticles display increased anionic surface charge: 

The main objective of this proof of concept study has been to test the effect of 

atmospheric pressure plasma glow discharge plasma facilitated by Helium gas on double 

emulsion synthesized PLGA microparticles. Double emulsion PLGA microparticles were 

exposed to DB-APG discharge and the zeta potential was analyzed to check for post 

plasma discharge treatment based modification of surface charge. As shown in Figure 

4.4, significant negative charges were imparted to PLGA microparticle formulations post 

plasma discharge treatment.  

Zeta potential analysis was conducted as explained in Chapter 3 and helium 

plasma exposed PLGA microparticles were found to be increasingly negative depending 

on the mass of microparticles deposited. 5mgs of microparticles deposited on the glass 

slides yielded small areas of clustered and other areas of multilayered particles. 

Decreasing the deposition mass to 2.5mgs decreased the number of areas with multilayers 

and most areas appeared as spots of monolayer of microparticles.  The results of the zeta 

potential of unmodified and plasma modified microparticles are compiled as shown in 

Table 4.1. 

  

4.4.2 Increasing time of exposure to plasma gas discharge increases negativity:  

An effect of the plasma treatment on microparticle zeta potential is indicated in 

Figure 4.4 (6 min treatment), and the effects of increased exposure times (0- 6mins) of 
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plasma gas discharge is indicated in Figure 4.5. As shown in the figure, within a couple 

of minutes of exposure of the microparticles to the plasma gas discharge, increasing 

negative surface charges were noted with zeta potential analysis. All results reported with 

absolute surface charge changes with both masses of formulation (2.5 and 5mgs) 

deposited on glass slides are for 6 min exposure of formulation to plasma discharge 

unless otherwise indicated.  

 

4.4.3 Plasma modified microparticles retain negativity post lyophilization: 

An important part of formulation synthesis is to create off the shelf, ready to use 

formulation or delivery systems. An important part of the goal of our project using the 

plasma discharge technique to modify PLGA microparticle was to observe if freeze 

drying would alter the modified surface. As shown in Figure 4.6, the zeta potential of the 

freeze dried plasma modified microparticles were not significantly reversed and these 

formulations retained anionicity sufficiently enough to adsorb proteins as explained in the 

following section.  

 

4.4.4 Model protein lysozyme is adsorbed on anionic plasma modified 

microparticles in comparison with unmodified PLGA microparticles: 

Lysozyme protein is positively charged below its isoelectric point at pH 10.7 

(Chesko et al., 2005) and hence was used as a model protein to demonstrate the proof of 

principle that plasma modified PLGA microparticles would adsorb proteins better 

compared to the unmodified PLGA microparticles. As shown in Table 4.1, plasma 

modified microparticles adsorbed protein greater than twice as efficiently as the 

unmodified PLGA microparticles.  Modifications of both 2.5 and 5mgs of microparticles 
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although yielded different absolute values of negativity, retained the increased advantage 

post plasma modification in adsorbing proteins with greater than twice the levels as 

compared to the unmodified batches. Experiments were repeated at least 4 independent 

times and the values of negativity post plasma modification were found to be statistically 

significant compared to unmodified PLGA microparticles (P < 0.05).  

 

4.4.5 Model protein lysozyme is released at early time points: 

As compiled in Table 4.1, protein lysozyme is only released at early time points 

very similar to a burst release mechanism most typically seen with encapsulated designs 

for proteins with formulations. No increased or sustained release was noted beyond 1 day 

and samples were retrieved upto a week for analysis. We believe that extremely tight 

electrostatics could prevent further protein release in vitro but the situation in vivo could 

be more dynamic with competing anions facilitating release of proteins from the surface. 

Also, the degradation of the RG502H PLGA polymer based microparticles as 

demonstrated by other research groups is as early as 8 days which could ensure that 

proteins could come off eventually post degradation (Thiele et al., 2003). 

 

4.4.6 Scanning electron micrographs of plasma modified microparticles do not 

indicate surface changes to the formulations:  

Unmodified PLGA microparticles, the plasma modified PLGA microparticles and 

finally the protein loaded PLGA microparticles were observed using SEM for any 

significant evidence of macroscopic surface changes. As shown in Figures 4.7-4.9, no 

visible macroscopic change was observed with plasma exposure (6 minutes) as well as 

protein adsorption on the surface of anionic microparticles.  
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4.5 DISCUSSION: 

PLGA microparticle delivery systems have been extensively used in 

encapsulation of protein molecules useful in protein vaccine delivery (Gupta et al., 1998; 

Langer et al., 1997). Traditionally, proteins have been encapsulated inside these 

biodegradable polymeric microparticles to realize continuously releasing single dose 

vaccines.  The idea with this approach has been to avoid multiple injections and hence 

boosters (Gupta et al., 1998).  The drawbacks with double emulsion based encapsulation 

technique has been the inability to prevent loss of structural integrity of the protein due to 

harsh conditions of homogenization, organic/aqueous interface, and low pH microclimate 

inside the delivery system post degradation (Gupta et al., 1998; Li and Schwendeman, 

2005).  Recent advances in protein delivery systems for vaccine delivery have focused on 

charged surface modulated anionic microparticles which facilitate the adsorption of 

proteins below their isoelectric points with electrostatics and hydrophobic interactions 

(Singh et al., 2004b; Singh et al., 2006). Protein adsorption on the surface could lead to 

multiple advantages which include a) less damaging method of loading proteins onto 

biodegradable microspheres, b) increased levels of loadings per wt % which helps 

translate doses to higher animals and humans, C) surface presentation of proteins can 

help activate B cells by cross linking their receptors by presenting multiple patterns of the 

proteins on the surface,  and d) finally facilitates encapsulation of other soluble adjuvants 

and TLR ligands which can yield hybrid combinatorial delivery systems for enhancing 

the potency of protein vaccines (Kazzaz et al., 2006; Langer et al., 1997; Singh et al., 

2006). A diagrammatic illustration of the combinatorial delivery system is indicated in 

Figure 4.3.  A proof of concept of dual delivery of protein and DNA is shown in   

Chapter 3, where protein was encapsulated and plasmid DNA was adsorbed post PEI 

functionalization of the protein encapsulated microparticles.  
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Current trends in enhancing the potency of protein and DNA vaccines have laid 

heavy emphasis on combinatorial delivery systems that can deliver multiple molecules in 

one single injectable formulation. Especially, there is a lot of clinical interest in avoiding 

the use of viral vectors in a DNA prime/subunit protein boost strategy that is slowly 

replacing the viral boost mechanism for safety reasons (Liu and Ulmer, 2005). Our 

strategy has focused on extension of DB-APG discharge technology to modulate the 

surface charge of biodegradable PLGA microparticle formulation to adsorb proteins on 

the surface for enhancing the potency of protein vaccine delivery.  

As shown in the Figures 4.1 and 4.2, a custom designed plasma chamber has 

been successfully used in collaborative efforts with the Aerospace engineering program 

on campus at The University of Texas at Austin. As a proof of concept study towards 

utilizing the plasma technology to modulate and impart anionic charges to the surface of 

PLGA microparticles, experiments were conducted at small scale of batches with 2.5mgs 

and 5mgs of PLGA microparticle formulations deposited on microscope glass slides.  

Depending on the mass of the microparticles deposited, varying surface modifications 

were noticed which were quantified using the zeta potential analysis. Substantial anionic 

charges were deposited by helium plasma discharge on the surface of PLGA 

microparticles for a relatively small plasma glow discharge exposure time frame of 6 

minutes.  The hypothesis for a preferential deposition of anionic charges on the surface of 

these microparticles deposited on glass slides is supported by earlier studies by Raja et al, 

(Raja and Linne, 2002). Helium ions which are heavier compared to the electrons 

generated by the plasma process would be preferably normal in incidence when it strikes 

the particle covered surface, where as the lighter electrons are hypothesized to be more 

widely distributed and are incident on the particles with wide scattering which possibly 

could deposit even and excess negative charges and hence the strong anionic zeta 
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potential as observed. These anionic charges were useful in enhancing the protein 

adsorption of a model protein such as lysozyme compared to unmodified PLGA 

microparticles as reported in Table 4.1.  Different proteins have varying isoelectric points 

and we hypothesize that by varying buffer and pH conditions we might be able to load 

varying proteins representative of actual diseases causing viruses or bacteria as already 

demonstrated by Chesko et al (Chesko et al., 2005).  

 One of the key issues in stable formulation development is the long term 

presence of surface excepients associated with the microparticles. As shown in       

Figure 4.5, freeze drying of microparticles did not alter the zeta potential significantly 

and hence the modulation of surface charge could be believed to be irreversible and 

associates for a longer term with the microparticles. A more detailed evaluation of the 

surface of these formulations using surface characterization techniques such as XPS and 

FTIR based analysis might reveal more about the actual chemical properties of the 

surface post plasma treatment. Yet, modification post helium gas ionization which yields 

helium ions and electrons might prove extremely challenging to detect using these 

aforementioned techniques. Scanning electron micrograph images of plasma modified as 

well as protein loaded formulations haven’t revealed significant macroscopic 

morphological changes post processing as shown in Figures 4.7- 4.9.  Yet, BCA assays 

have confirmed the presence of the proteins on the microparticles post loading as well as 

in the release studies. These SEM images might suggest that proteins deposited on the 

surface of the microspheres were not aggregated and well within their individual 

hydrodynamic sizes (most proteins are well within a couple of tens of nanometers) 

leading to failure in detecting visible macroscopic protein structures on the surface of 

these spheres using SEM imaging.  The data with release studies have been consistent 

with literature published with lysozyme adsorption on anionic microparticles as only a 
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small portion ~25-30% is released at early time points in a day but nothing significant 

being released post these time points. Again, cell studies have demonstrated that the 

RG502H PLGA polymers used in these studies could be significantly degraded post 

uptake in cells in as less as 8 days (Thiele et al., 2003). Hence, subsequent cell studies 

with antigen presentation assays need to be conducted to gather more information on the 

efficacy of these novel designs in mediating efficient protein delivery in antigen 

presenting cells (APCs) in vitro as well as in vivo.  

In conclusion, we have demonstrated a novel technique of using atmospheric 

glow discharge (APG) plasma technology to modulate the surface charge of PLGA 

microspheres to facilitate protein adsorption on the surface. Model protein lysozyme was 

adsorbed on plasma modified anionic microparticle surface with twice the efficiency of 

that of unmodified PLGA microparticles. Since no additional chemical excepients were 

used towards the surface modification, if proven beneficial, the translation of this novel 

formulation to clinic could be much faster compared to other formulations as PLGA is 

already approved for use in humans. Also, engineering a high throughput process and 

realizing a flow through system, continuous processing of suspended particulate systems 

could be envisioned with this novel technique and which might have advantages in large 

scale production of protein vaccine delivery systems.   
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Table 4.1 Table indicates zeta potential, protein loading and release of protein 24 

hours post loading from plasma modified PLGA microparticles. Protein 

loading was attempted at 1% wt/wt (protein/PLGA). Protein release 

was analyzed at 24 hours post incubation in physiological conditions of 

PBS buffer at 370C.  All results are a reported mean of N = 4 

independent experiments done in triplicate each.  

 

Formulation Zeta Potential  Protein loading 

% loading of  

1% wt/wt 

 

Protein release 

%, 24 hours  

post loading     

Unmodified PLGA -13.03 +/- 1.69 43% +/- 13.24 N.D 

2.5mgs of PLGA 

Plasma modified  

-42.02 +/- 2.32 90.5 +/- 10.25 20.67 +/- 9.71 

5mgs of PLGA 

Plasma modified 

-32.89 +/- 5.45 79.25 +/- 16.82 26.5 +/- 0.071 
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Figure 4.1 Description of the plasma chamber set up to operate at atmospheric 

pressure and room temperature. Helium was used as the inert gas 

which would generate the glow discharge at high voltages of 1.5KV.  

Plasma quality can be assessed using electrical characterization of the 

voltage-current waveforms generated while striking the high voltage.  
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Figure 4.2  Photograph of the atmospheric plasma glow discharge in Helium gas. 

The plasma region is identified by a faint bluish or purple glow. This 

photograph was kindly provided by Jichul Shin (graduate student),   

Dr. Laxminarayana Raja research group, (Department of Aerospace 

Engineering, The University of Texas at Austin). 
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Figure 4.3 Design of combinatorial delivery systems for protein vaccine delivery. 

Soluble adjuvant (TLR ligands) encapsulated in microparticles could be 

surface modified using solvent free, atmospheric glow discharge (APG) 

plasma to make anionic microparticles for subsequent protein 

adsorption to make a single injectable formulation of adjuvants and 

proteins.  
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Figure 4.4 Zeta potential of plasma modified PLGA microparticles. 2.5mgs and 

5mgs of double emulsion PLGA microparticles were air dried on 

frosted glass slides and subsequently treated with helium plasma gas 

discharge. The zeta potentials indicated below are an average of 11 

individual modifications batches for both 2.5 and 5mgs of microparticle 

deposition with the standard error bars. The unmodified PLGA 

microparticle controls are average of n =7.  Two sided T tests with 

unequal variances gave a P value of <0.001 for differences between the 

unmodified and the plasma modified surface charge analysis.  
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Figure 4.5 Exposure of PLGA microparticles to helium gas based glow plasma 

discharge can increase the surface modification with increased time 

duration of exposure. Shown below is a representative trend of change 

of zeta potentials with increased time exposure. Statistically relevant 

data is shown in the previous figure with fixed exposure time point of 6 

minutes.  
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Figure 4.6 Freeze drying effects on zeta potential of plasma modified 

microparticles. Figure shown below is a representative illustration of 

zeta potential change with 5mgs and 2.5mgs of PLGA microparticles 

modified with exposure to plasma gas discharge subject to freeze 

drying. Control PLGA was directly used after freeze drying and so 

there are no two bars representing zeta potentials for the control batch.  
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Figure 4.7 Scanning Electron Micrograph of unmodified PLGA microparticles. 

SEM image shows that microparticles with smooth surfaces with a 

polydisperse size distribution. The size analysis cross checked by 

dynamic light scattering technique is reported in Table 3.1 (Chapter 3).  
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Figure 4.8 SEM images of plasma modified PLGA microparticles indicate a 

smooth surface comparable to the unmodified PLGA microparticles 

demonstrated in Figure 4.7.  
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Figure 4.9 Scanning electron micrograph (SEM) images of protein loaded plasma 

modified PLGA microparticles do not show macroscopic structural 

changes on the surface of the microparticles. The images are 

comparable in features to the unmodified and the plasma modified 

microparticles reported in figure 4.7 and figure 4.8.  
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CHAPTER 5 

In vitro Cell Studies and Evaluation of Transfection Efficacy of Cationic 

Microparticles 

5.1 INTRODUCTION: 

This chapter describes the interaction of PEI conjugated microparticles with 

RAW264.7, a murine macrophage cell line. Evaluation of cytotoxicity of cationic PLGA 

microparticles is presented. The hypothesis of possible advantage of using PEI to surface 

functionalize PLGA is evaluated using intracellular tracking of fluorescently tagged 

cationic microparticles in RAW264.7, murine monocyte/macrophage cells. Confocal 

laser scanning microscopy indicated supporting evidence to the buffering experiments 

conducted in Chapter 3 that branched PEI70kDa conjugated PLGA microparticles might 

have useful endosomal escape properties and hence translocate to the cytoplasm 

compared to unmodified PLGA microparticles. Also, presented in this chapter is the 

efficacy of PEI conjugated microparticles in mediating exogenous gene transfer by 

sensitive RT-PCR experiments and protein expression studies conducted by transfecting 

cells with plasmid DNA encoding for the Luciferase gene. 

Microparticles with encapsulated protein, DNA, or surface modified  

micro/nanoparticles carrying adsorbed DNA or adsorbed proteins have been extensively 

researched in recent times for studies with efficacy in cell transfection, antigen 

presentation, intracellular cytoplasmic localization or degradation processes post uptake 

in vitro (Bivas-Benita et al., 2004; Bramwell and Perrie, 2005a; Denis-Mize et al., 2000; 

Fu et al., 2000; Jilek et al., 2004a; Kasturi et al., 2005; Manuel et al., 2001; Panyam et al., 

2002; Ravi Kumar et al., 2004; Singh et al., 2004a; Singh et al., 2004b; Sun et al., 2003; 
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Thiele et al., 2001; Thomas and Klibanov, 2003; Walter and Merkle, 2002). Multiple 

studies have focused not only on antigen presentation mediated by the DNA or protein 

carrying formulations in antigen presenting cells (APCs), but also have focused on 

imaging studies to understand the relative location of the formulation post cell uptake 

with respect to the endo/phagosomal compartments located within the cell (Bivas-Benita 

et al., 2004; Shen et al., 2006; Thiele et al., 2001; Walter and Merkle, 2002). 

Interestingly, unmodified PLGA microparticles with no known mechanisms of 

endosomal escape have shown rapid escape into the cytoplasm post uptake by phagocytic 

cells (Panyam et al., 2002). Recent observations with antigen presentation assays, has 

pointed out the efficacy of cytosolic translocation of  proteins encapsulated in PLGA 

microparticles that have been presented in a MHC class I restriction pattern (Shen et al., 

2006). This is indicative of protein delivery to the cytoplasm for class I processing and 

presentation. In addition to these strategies novel hybrid microparticles have been 

reported which carry acid degradable linker in the polymer backbone such as that in 

poly(ortho-esters) and poly(β-aminoesters) (Little et al., 2004; Wang et al., 2004). The 

goal of these novel formulations has been to maximize the cytosolic delivery for either 

protein or DNA vaccines by rapid pH change mediated degradation and breakdown of the 

microparticle formulation, followed by osmotic imbalance due to breakdown products 

and subsequent escape of biopharmaceutical drugs. Also, to mediate MHC class I 

presentation with either protein or with DNA vaccines, it is extremely crucial that the 

protein exogenously delivered like in protein vaccines or is endogenously expressed 

when administered as a DNA vaccine, localizes in the cytoplasm for class I processing by 

the proteasome and loading of the MHC class I molecules. Details of the relevance of 

mechanistic studies both in vitro as well as in vivo are discussed extensively in Chapter 2.  
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Poly (ethyleneimine) PEI, is a polycationic polymer which was first researched 

for its efficacy in gene delivery with a hypothesis that it would mediate endosomal escape 

as discussed above (Boussif et al., 1995). Since the first publication proving the enhanced 

performance of PEI as a gene delivery polymeric vector, multiple studies have focused on 

elucidating the role of PEI in mediating endosomal escape. Figure 5.1 represents the 

hypothesis behind the working of PEI efficiently as a transfection enhancing polymer. As 

illustrated in Chapter 3, PEI has extensive nitrogen atoms in the backbone which help in 

absorbing the protons pumped by the cell into the endo/lysosomal vesicles. The initial 

efforts to acidify the endosomes are countered by polymers such as PEI by absorbing the 

protons using the nucleophilic nitrogens in the backbone. This creates a continued effort 

from the cell to sustain the effort of pumping protons and finally due to passive diffusion 

of chloride ions, there is increased influx of ionic species which leads to an osmotic 

imbalance inside the vesicle. This leads to rapid water movement from the cytoplasm 

followed by leakage or complete rupture of the endosome releasing the contents into the 

cytoplasm. This ensures that the vector carrying the DNA reaches the cytoplasm thus 

addressing the intracellular barrier for gene delivery. This process as been more popularly 

known as the “proton sponge effect” of polymers such as PEI and other polymers 

carrying a nucleophilic reservoir in its backbones crucial in mediating endosomal escape 

of the polymers carrying genetic material (Akinc et al., 2005; Brown et al., 2001; Godbey 

et al., 1999a). Recent evidence has also pointed out that general osmotic imbalance that is 

created by rapid breakdown of acid cleavable polymers work independently of the ion 

mediated imbalance which could still lead to endosomal escape for the protein or DNA 

carrying nanogels (Goh et al., 2004; Standley et al., 2004). Hence, there is a lot of interest 

in formulation development recently to address the intracellular barriers of endosomal 

degradation and mediation of endosomal escape.  
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We have adopted an approach similar to that demonstrated by Denise Mize et al 

(Denis-Mize et al., 2000) to evaluate the intracellular location of our PEI modified 

cationic formulations in phagocytic cells. RAW264.7 murine macrophage cells have been 

extensively used as a substitute to primary bone marrow derived dendritic cells because 

of ease of culture and similarities in interactions with either TLR ligands as well as with 

formulation studies (Krieg, 2002). As mentioned in the introduction above, the 

hypothesis of our design has focused on the inclusion of PEI with PLGA to mediate a 

proton sponge like effect. Also, to ensure that the hybrid formulation is non toxic because 

of excess PEI, a covalent conjugation of PEI approach was used as compared to blending 

free PEI. With excessive washing of the physically adsorbed PEI, our goal was to 

minimize the PEI content associated yet maintain a proton sponge like effect. 

 The goal of our experiments with in vitro studies has been to demonstrate the 

efficacy of our formulations to a) localize intracellularly and mediate endosomal escape 

post phagocytosis, b) mediate early gene expression by detection of mRNA post 

transfection using sensitive gene expression studies as with RT-PCR techniques, and 

finally c) protein expression post transfection.  

 

5.2 MATERIALS AND METHODS: 

5.2.1 Polymers and Reagents: 

PLGA polymers were purchased from Boehringer Ingelheim (Chapter 3). PEI 

polymers were purchased from Polysciences and Aldrich (Chapter 3). Rhodamine 

conjugated dextran was purchased form molecular probes. Trizol® total RNA isolation 

reagent was purchased from Invitrogen, Carlsbad, CA. gWizBeta Galactosidase and 

gWizLuciferase encoding plasmids were obtained from Aldevron LLC (Fargo, ND). All 



 123

plasmids were tested for endotoxin levels to be <100EU/mg per the quality control 

specifications provided by the company.  For the RT-PCR experiments, primers specific 

for the Betagalactosidase coding exon sequence were obtained using the proprietary 

Primer Express® software from Applied Biosystems (Foster City, CA), installed at the 

ICMB core facility (University of Texas at Austin, Austin, Texas). Primer for the 

housekeeping gene β-actin was obtained from Invitrogen, (Carlsbad, CA) generating the 

sequence using the custom primer design software from Invitrogen. One step RT-PCR 

kit, AccessQuickTM RT-PCR system was purchased from Promega, (Madison, WI).  In 

vitro Toxicology assay kit based on (3-[4, 5–dimethylthiazol-2-yl]]-2, 5 diphenyl 

tetrazolium bromide) MTT was purchased from Sigma-Aldrich, St.Louis, MO. Rat anti 

mouse lysosomal associated membrane protein; (anti LAMP-1) antibody was purchased 

from BD biosciences, San Diego, CA.  

 

Cell Lines and Cell Culture Products: TIB-71 RAW264.7 murine macrophage 

cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA). 

ATTC modified DMEM were used to maintain these cells. All other reagents for cell 

culture were purchased from Invitrogen (Carlsbad, CA). 

 

5.2.2 Synthesis of fluorescent cationic microparticles: 

Rhodamine conjugated dextran encapsulated w/o/w; double emulsion 

microparticles were synthesized as explained in Chapter 3. Briefly, 300µl of (1mg/ml) 

stock dextran-rhodamine solution was added to the internal aqueous phase of the primary 

emulsion. 0.35g of RG502H PLGA (Chapter 3) was dissolved in 7ml of 

dicholoromethane and the primary emulsion was generated by mixing the 300µl of 

dextran rhodamine solution (1mg/ml) in the organic phase and homogenization at   
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10,000 rpm for 2 minutes on the Silverson SL2T benchtop homogenizer. The primary 

emulsion was poured into 50ml of 1% PVA solution and emulsified for one minute. The 

w/o/w emulsion was poured into a larger volume, 100ml of 1% PVA on a magnetic 

stirrer and let stir for 3-4 hours for the organic solvent evaporation. Aluminum sheet was 

used to wrap around the beaker to ensure that the solvent evaporation was conducted 

without exposure to light. Fluorescent microparticles obtained were washed 3 times in the 

dark, lyophilized and stored until further use. The microparticles were checked for 

fluorescence under an inverted Olympus fluorescence microscope with 40x objective.  

For direct comparison of plasmid encapsulated microparticles with surface 

adsorption on cationic microparticles, gWiz.-Luciferase plasmid was encapsulated in 

PLGA microparticles as described earlier (Hsu et al., 1999). Briefly, 1.2mgs of 

gWizLuciferase stock plasmid in ultrapure water was diluted in 300 µl of Tris.EDTA 

buffer pH 8.0. and used as the primary emulsion in w/o/w microparticle synthesis as 

described in Chapter 3 and above. DNA loading levels were estimated using a 

chloroform/aqueous separation method as described earlier (Barman et al., 2000). Briefly, 

5mgs of PLGA microspheres with encapsulated plasmid DNA was weighed out in a 

1.5ml microcentrifuge tube. 500µl of Tris-EDTA buffer pH 8.0 was used to suspend the 

microspheres. 500µl of chloroform was added to the aqueous phase and the mixture was 

rotated on an end to end shaker for 90minutes to ensure solubilization of the PLGA 

microspheres. The process was initiated to separate the plasmid DNA into the aqueous 

phase. The mixture was centrifuged at a high speed of 14,000rpm to ensure the 

aqueous/organic phase separation and 100-200µl of the aqueous phase was very carefully 

withdrawn without disturbing the interphase. The aqueous phase then was used to 

evaluate the DNA concentration using the ND-1000 spectrophotometer. The plasmid 
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gWIZLuciferase loading was estimated to be ~3µg/mg of the PLGA microparticle 

formulation.  

Branched PEI70kDa and 25kDa were conjugated to the surface of rhodamine-

dextran encapsulated microparticle as described in Chapter 3. Zeta potential evaluation 

was conducted to test for cationic charge density and success of conjugation as described 

in Chapter 3.  

 

5.2.3 Intracellular trafficking of PEI conjugated cationic microparticles: 

We described in chapter 3 the preliminary evaluation of the buffering ability of 

PEI conjugated PLGA microparticles. Fluorescent rhodamine-dextran encapsulated 

cationic microparticles were evaluated for uptake and phagosomal trafficking by 

RAW264.7 cells in vitro. RAW murine macrophage cell line was used as a model 

phagocytic cell line. 0.5 x 106 cells were seeded overnight in 6 well plates on fibronectin 

(Sigma-Aldrich, St Louis, MO) coated glass coverslips places inside the wells. 

Fibronectin coated glass coverslips were used to promote cell adhesion. Dextran 

rhodamine labeled unmodified PLGA or PEI conjugated fluorescent microparticles were 

added to the cells after observing attachment and proliferation overnight. Fluorescent 

microparticles were added at 50µg/ml concentration and incubated for 4-6 hours at 370C. 

Cells were fixed with 4% paraformaldehyde for 30 min and permeated using 0.2% Triton 

X-100 (Avacado Chemicals, Wardhill, MA). Fixed and permeabilized cells were blocked 

with 1% BSA and a rat anti mouse CD107a (LAMP-1) antibody was incubated for 1 hour 

for primary antibody staining. After 3-4 washes, biotinylated goat anti rat IgG2a was to 

the fixed and permeabilized cells, washed three times and incubated with streptavidin 

FITC. Finally, DAPI nuclear stain (Molecular Probes, Eugene, Or) was used to stain the 

nucleus. The stained cells were mounted on frosted glass slides using VectashieldTM 
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(Vector Labs, Burlingame, CA) mounting medium and sealed with transparent nail polish 

before imaging. Slides were imaged using a LEICA Confocal Laser Scanning 

Microscope with 40x oil immersion objective (Institute of Cellular and Molecular 

Biology, ICMB, The University of Texas at Austin, Austin, Texas).  

 

5.2.4 Cytotoxicity evaluation of microparticles in RAW264.7 cells using MTT  

assay: 

(3-[4, 5 –dimethylthiazol-2-yl]]-2, 5 diphenyl tetrazolium bromide) MTT based 

assay was used to evaluate the cytotoxicity of cationic microparticles synthesized as 

described in Chapter 3. 20,000 RAW264.7 murine macrophage cells were seeded in 

tissue culture treated 96 well plates and culture overnight till about 60% confluency. 

Microparticle formulations were added at increasing doses of 0.25, 0.5 and 1.0 mg/ml of 

microparticle suspensions. The concentrations of polymeric particles were chosen on an 

estimated theoretical plasmid DNA loading of 10 µg/mg of formulation (actual loading 

was about 7 µg/mg, Chapter 3).  The equivalent DNA dose with the theoretical loading 

would be 500, 1000 and 2000ng/well which is more than recommended for transfection 

by standard protocols using soluble polymers and lipids. Transfection using the cationic 

microparticles synthesized was achieved at much lower concentrations of DNA 

equivalent doses than the theoretical loading mentioned above (Results section for gene 

and protein expression).  Transfection at increasing doses were conducted and described 

in the sections below. Serum containing full culture medium was used to suspend the 

microparticles and the formulations were incubated for at least 24 hours. All samples 

were seeded in triplicates including untreated controls.  Soluble PEI molecules were used 

at increasing N/P ratios needed to transfect cells at the above mentioned DNA doses 

starting from 9:1 N/P ratio. Cells were rinsed with 1x PBS (Invitrogen, Carlsbad, CA)     
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three times and the formulations were incubated with the MTT reagent reconstituted in 

Hanks balanced salt solution also purchased from Invitrogen.  MTT substrate reagent was 

added at 1/10th of the culture volume (20µl) and made up to 100µl for incubation for 3-4 

hours. MTT solubilizing solution (10% Triton X-100, 0.1N HCl in isopropanol) was 

added as per the instructions from the experiment protocol. The resulting soluble 

formazan crystal absorbance was read using a absorbance plate reader with a filter 

wavelength of 570nm. Using untreated cell MTT signal as 100% viability, the absorbance 

for the rest of the formulation treated cells were converted to viability percentages and 

the results were plotted using Microsoft EXCEL software.  

 

5.2.5 RT-PCR Analysis of Transfection in RAW cells:  

RAW murine macrophage cells were seeded at 500,000 cells per well overnight 

and grown to ~75% confluency.  gWiz BetaGalactosidase plasmid at a dose of 3µg was 

used either in the form of naked DNA, adsorbed on branched PEI70kDa, 25kDa PEI 

conjugated microparticles and used for the transfection process. Transfection was carried 

out in the presence of serum. Formulations were incubated with the cells for 24 hours. 

Following 24 hours incubation with the formulations, the culture medium was withdrawn 

and the excess microparticle formulations were washed away using 1X PBS.  Trizol™ 

(Invitrogen, Carlsbad, CA) was used to isolate total RNA from the cells and the lysates 

were stored at -800C until further use.  Total RNA was isolated using a chloroform phase 

separation followed by ethanol precipitation and reconstituted in DEPC treated RNAse, 

DNAase free water (Invitrogen, CA). AccessQuickTM RT-PCR system from Promega 

Inc, was used as a single step RT-PCR process for amplification of the Betagalactosidase 

mRNA.  RT-PCR was conducted according to manufacturer’s instructions. Since the one 

step RT-PCR kit provided the option of adding the reverse transcriptase component 
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separately, negative control amplification was conducted without the use of RT. The rest 

of the PCR amplification runs were performed at the Institute of Cellular and Molecular 

Biology (ICMB, Core facility, University of Texas at Austin). Finally, the amplified PCR 

products were evaluated using agarose gel electrophoresis.  

 

5.2.6 In vitro transfection of RAW cells for Luciferase protein expression studies: 

gWiz Luciferase (Aldevron LLC, Fargo, ND) was adsorbed on PEI conjugated 

PLGA microparticles as described in Chapter 3. For comparisons with encapsulated 

formulations, luciferase plasmid DNA encapsulated microparticles were compared with 

the plasmid DNA adsorbed on the branched PEI70kDa adsorbed PLGA microparticles. 

50,000 cells were seeded in 96 well plates 24 hours before addition of the formulations. 

The wells were evaluated for 75% confluency. Untreated cells were used as negative 

controls. Encapsulated plasmid DNA and surface adsorbed plasmid DNA were added to 

the cells at increasing doses or 100, 300 and 900 ng per well. All formulations were 

added in triplicates. The formulations were added in the presence of serum and incubated 

with the cells for 48 hours. Post 48 hours of seeding, the wells were washed several times 

with 1x PBS buffer and the cells were lysed using the Glo-Lysis Buffer from Promega 

Inc (Madison, WI). Luminescence experiments were conducted using 50µl of the lysates 

added to an equal volume of luceferin substrate (Bright Glo Luciferase Assay System, 

Promega, Madison, WI) and the luminescence was read using a Dynex Plate reading 

luminometer. Total protein content was estimated using the BCA assay from Pierce 

Biotechnology Inc, (Rockford, IL). The luciferase content or signal from each well was 

normalized to the total protein content obtained for the respective wells using the BCA 

assay. The results were reported at the total amount of luciferase/mg of protein present in 

the well.  
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5.3 RESULTS: 

5.3.1 Dextran Rhodamine and Plasmid DNA were efficiently encapsulated in      

biodegradable PLGA microparticles: 

To track the localization of the biodegradable microparticles directly inside cells, 

dextran-rhodamine conjugates were encapsulated in PLGA microparticles and 

subsequently surface modified using branched PEI70kDa polymer. The fluorescent 

microparticles were also evaluated for surface charge and confirmed that the 

encapsulation of dextran molecule did not interfere with the chemistry and attachment of 

PEI to the surface. Fluorescent microparticles were evaluated using a fluorescene 

microscope. Also, to directly compare surface adsorbed approaches for plasmid loading 

with the most promising encapsulated strategy for plasmid DNA delivery, protocols were 

followed as described (Hsu et al., 1999) and plasmid DNA was encapsulated at a loading 

level of 3µg/mg of the PLGA formulation.  

 

5.3.2 Confocal microcopy evaluation of intracellular trafficking of fluorescent  

microparticles in vitro: 

The fixed cells with the stains for the lysosomes and the nucleus were evaluated 

using a confocal laser scanning microscope for locating fluorescent microparticles and 

their respective location with respect to localization with the lysosomes. As shown in 

Figure 5.2, unmodified PLGA microparticles were seen to have a closer association with 

the lysosomal stains (FITC-green) as compared to the PEI70kDa conjugated PLGA 

microparticles (Rhodamine red stain with the dextran encapsulation) which seem to be 

independent of the lysosomal stains. Independent studies have shown similar results at 
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early time points and our studies were conducted at 4-6 hours post incubation with the 

microspheres. Branched PEI25kDa were also imaged but no clear evidence with any non 

localization of microparticles with the lysosomal stains was observed and hence no 

additional advantage for these cationic microparticles was concluded. 

 

5.3.3 MTT assay based microparticle cytotoxicity evaluation: 

MTT based cell viability assay has been one of the most common techniques for 

evaluation of cell viability in interaction with biomaterials and microsphere formulations 

(Wang et al., 2004). MTT works on the principle of correlating cell mitrochondrial 

activity with cell viability which is tested by addition of MTT substrate which is used by 

living cells, and metabolized using mitochondrial enzymes. RG502H PLGA based 

microparticles and RG503H PLGA based microparticulate formulations were conjugated 

with branched and linear PEI and these cationic microparticles were tested for their 

cytotoxic effects in vitro. As shown in Figure 5.3, the first experiment was conducted to 

compare the cytotoxicity of varying molecular weights of branched PEI 70kDa and        

25 kDa when conjugated to the surface of RG502H PLGA.  Formulation concentrations 

were chosen on a theoretical loading level of 10µg/mg of the formulation mass which 

was evaluated at 0.25, 0.5 and 1.0mg/ml concentrations (200µl total culture volume). The 

DNA loading levels which were slightly lower than the theoretical loading levels (7-

8µg/mg of formulation) still come very close in terms of dosage needed for cell studies 

and correlates with the theoretical levels. As observed both in Figure 5.3 and Figure 5.4, 

both branched and linear PEI formulations were conjugated on RG502H PLGA polymers 

were > 85% viable compared to 20-40% viability seen with soluble free PEI.  
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5.3.4 Branched PEI conjugated cationic microparticle mediates gene expression in    

RAW264.7 cells:  

Transfection using microparticle formulations have been observed to be not as 

efficient compared to the standard lipid or cationic polymer based soluble complex 

coacervates at early time points in vitro (24-72 hours) (Denis-Mize et al., 2000; Jilek et 

al., 2004b).  RT-PCR techniques have been chosen as sensitive assays to evaluate gene 

expression post transfection in vitro. As shown in Figure 5.5, branched PEI70kDa and 

PEI25kDa polymers successfully transfected RAW264.7 cells as indicated by the 

BetaGalactosidase or Lac Z gene amplicon that was amplified using primers specific for 

the Lac Z gene.  Naked plasmid DNA failed to transfect cells and this could be attributed 

to the transfection conditions which were done in the presence of serum which might 

have degraded the naked plasmid DNA. Negative controls were used in this experiment 

which included PCR experiments without the reverse transcriptase enzyme that was not 

added to the isolated RNA during the RT-PCR procedure. This confirmed that the 

amplifications were originally from the mRNA and not from the plasmid DNA which 

could lead to false positive results.  

 

5.3.5 Branched PEI conjugated cationic microparticles mediate Luciferase protein  

expression in vitro: 

Gene expression studies and evaluation for transfection ability of the cationic 

formulations were followed using luciferase protein expression post transfection with 

luciferase plasmids using cationic PEI modified PLGA formulations. As indicated in 

Figure 5.6, PEI70kDa modified PLGA formulations mediated transfection at low doses 

(300ng of plasmids) post 48 hours transfection where as gWizBetagalactosidase encoding 
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plasmids encapsulated in PLGA microparticles failed to transfect at similar doses. 

However at higher doses of about 900ng of plasmids used in transfection, both 

encapsulated as well as the cationic microparticle formulations mediated transfection of 

these RAW264.7 cells although cationic microparticle formulations still retained a 

superior transfection ability compared to the encapsulated design. Hence, cationic 

microparticle formulations have an inherent advantage over encapsulated designs to 

mediate transfection at early time points in antigen presenting cells.  

 

5.4 DISCUSSION: 

The results in this chapter demonstrate the ability of novel cationic PEI 

conjugated PLGA formulations to mediate transfection of phagocytic cells in vitro. We 

believe with our results in vitro that branched PEI conjugated PLGA microparticles have 

inherent advantages in terms of mediating early endosomal escape as demonstrated by the 

fluorescent microscopy images. Also, evidence on cytotoxicity of our novel design of 

cationic formulations was gathered in terms of cell viability testing in vitro. Studies with 

both gene and protein expression post transfection has shown considerable promise and 

advantages using cationic formulations as compared to the encapsulated designs of 

formulations. This not only indicates that a larger dose of plasmid DNA could be 

delivered at early time points to mediate transfection and the release kinetics as 

demonstrated in Chapter 3 suggest that there is a sustained release component in the 

release profiles that matches that of an encapsulated design conventionally used in 

plasmid or protein delivery.  

PEI has been routinely investigated for its inherent advantages to mediate 

efficient endosomal escape at early time points post cell uptake (Boussif et al., 

1995{Godbey, 1999 #119; Kircheis et al., 2001). Except for a few studies that have 
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challenged the hypothetical advantage and the process of proton sponge effect, numerous 

studies have focused on elucidating the mechanism of endosomal escape mediated by 

different isoforms of PEI (Akinc et al., 2005; Godbey et al., 1999c; Itaka et al., 2004). 

There has also been considerable evidence that the branched isoforms of PEI are more 

effective in condensing plasmid DNA in comparison with the linear PEI. Our results in 

this chapter support this aforementioned earlier observation (Itaka et al., 2004).  Most of 

the in vitro studies performed here were prior to the in vivo studies as well as the success 

with the linear PEI conjugation (Chapter 3) and hence the focus was on elucidating the 

effects of branched PEI conjugated cationic microparticles and comparison between the 

branched PEI25kDa and the PEI70kDa conjugated formulations. As indicated in the 

fluorescence images Figure 5.2, the high molecular weight PEI70kDa conjugated PLGA 

formulations were more effective in mediating a possible endosomal escape as compared 

to unmodified PLGA formulations. This conclusion was drawn from multiple images that 

were screened for co-localization of stains used either with the cationic microparticle 

formulations. Dextran rhodamine red was associated with the microparticle formulations 

and the FITC green stain was associated with the streptavidin-FITC stain used with the 

anti LAMP-1 (lysosomal associated membrane protein). More of the unmodified PLGA 

microparticles carrying the rhodamine stain seemed to be circled with the green stain as 

concluded as the lyososomal vesicle associated ring like structure which was inferred 

from the confocal slice as observed from a stack of images.  This suggests that more of 

the unmodified PLGA microparticles are effectively localized with the endo/lysosomal 

vesicles compared to the cationic PEI modified PLGA microparticles. A more detailed 

analysis of the disassociation of the plasmid DNA from these cationic microparticle 

formulations could be tried with future studies and that could elucidate further 

mechanisms of plasmid DNA release and nuclear localization if any. Also, recent 
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evidence has pointed out effective cross presentation of proteins entrapped in unmodified 

PLGA microparticle encapsulating protein. Future antigen presentation studies need to be 

initiated with our model system to further focus on advantages of the presence of PEI to 

enhance such effects (Shen et al., 2006).  

The biggest challenge for use of PEI in clinic has been to address the issue of 

cytotoxicity associated with the use of PEI in vivo (Chollet et al., 2002).  Most of the 

cytotoxicity associated with the cationic polymers has been attributed with the 

interactions with the negatively charged cell membranes. As demonstrated by groups 

blending PEI with PLGA, increased cytotoxicity has been observed with inclusion of PEI 

at higher wt % blends with suspected leaching out of PEI from the PLGA matrix (Bivas-

Benita et al., 2004; Oster et al., 2005). In fact, this phenomenon of premature release of 

PEI has also been observed by another group where early evidence of PEI release was 

found upon washing of the microparticles (Walter and Merkle, 2002). Comparing these 

studies, our hypothesis was to conjugate PEI as opposed to blending with PLGA to 

ensure that there was minimal PEI associated with the surface of PLGA just enough to 

mediate cationicity to the formulation and ensure effective plasmid DNA adsorption. 

Covalent conjugation could also minimize the leaching of the hydrophilic PEI and hence 

minimize the cytotoxicity. With subsequent testing conducted using MTT assay as 

demonstrated in Figure 5.3 and Figure 5.4, we have investigated the cytotoxicity of PEI 

conjugated PLGA microparticles in phagocytic cells at increasing doses. RG502H low 

molecular weight PLGA polymer when used to synthesize microparticles which was 

subsequently functionalized with PEI, demonstrated no cytotoxicity at increasing doses 

of the formulations compared to soluble PEI. RG503H PLGA based microparticle 

formulations demonstrated about 15-20% loss in cell viability which could be attributed 

to lesser carboxylic acid groups associated with the PLGA polymer which might have 
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some charge neutralization activity on the PEI and hence reduced cytotoxicity. Hence, a 

covalent conjugation of PEI seems to have inherent advantages over the blending 

approaches in minimizing cytotoxicity to cells at increasing doses. Also, as evaluated the 

minimal amounts of PEI associated with the cationic formulations were sufficient to 

adsorb plasmid DNA at increased amounts compared to loading levels achieved earlier 

with encapsulation approaches.  

  As demonstrated by Denise Mize et al, sensitive RT-PCR techniques were used 

to evaluate the gene expression post plasmid transfection in RAW264.7 cells. As 

indicated in Figure 5.5, both molecular weights of branched PEI25kDa and 70kDa were 

successful in mediating gene transfer at early time points of 24 hours post transfection. 

Also, it was an interesting observation with the 25kDa branched PEI mediating 

transfection as it had not demonstrated buffering ability with the acid titration 

experiments demonstrated in Chapter 3. This is again consistent with recent observations 

that unmodified PLGA microparticles were able to successfully mediate MHC class I 

presentation of proteins delivered when encapsulated within PLGA (Shen et al., 2006). 

This leads us to believe that the mechanisms involving enhanced antigen presentation 

might not be entirely based on ability to mediate endosomal escape. Yet, additional 

experiments with fluorescent tracking of DNA release from these formulations might 

give further evidence to processes involved in cytoplasmic delivery of plasmid DNA 

adsorbed on cationic microparticle formulation. As demonstrated with the gel 

electrophoresis analysis of PCR amplification of the amplicon relevant for transfection, 

microparticle mediated formulations mediated transfection of phagocytic cells at early 

time points in vitro. This could have significant relevance for in vivo transduction of 

antigen presenting cells post uptake of microparticle formulations. Also, further evidence 

with in vivo  studies in similar directions have demonstrated that the signal associated 
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with the gene expression studies was found to be active with formulations treated animal 

models for longer durations of time as compared with naked DNA injections (Dupuis et 

al., 2000). Luciferase protein expression studies were conducted to complete the in vitro 

studies and quantify protein expression. Since protein expression is the final steps in 

transfection post mRNA expression as evaluated using the RT-PCR experiments, we 

compared the efficacy of the cationic microparticles to mediate luciferase protein 

expression in RAW264.7 cells in comparison with plasmid encapsulated formulations. As 

clearly demonstrated in Figure 5.6, the luciferase protein expression mediated with the 

cationic microparticle formulation was considerably higher than the encapsulated design 

which further strengthens the idea of surface presentation of plasmid DNA to improve 

bioavailability at early time points post cell uptake. Hence, we believe cationic 

microparticle formulations could have significant advantages to mediate transfection of 

phagocytic cells relevant in genetic immunization.  
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Figure 5.1 Illustration of the hypothesized “proton sponge effect” with PEI 

mediated gene delivery. Proton pumping by cells post 

endo/phagocytosis leads to low pH in the endosomes which is countered 

by nitrogen atoms in the PEI backbone. As a result the increasing 

proton concentration leads to passive chloride influx which in turn is 

followed by water movement to maintain osmotic balance, which swells 

up the vesicle and hence rupture of the swollen endosomal vesicle. 

These events lead to cytoplasmic delivery of the PEI/DNA complexes 

enhancing gene delivery. 
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Figure 5.2   Confocal laser scanning microscopy image of unmodified and PEI70kDa 

modified fluorescent (dextran-rhodamine encapsulated) cationic PLGA 

microparticle fixed and stained with antibody for the lysosomal 

associated membrane protein (LAMP-1) with FITC-green. The nucleus 

is stained with DAPI blue. Images A and C, represent, Differential 

Interference Contrast (DIC) and fluorescent images of unmodified 

PLGA microparticles in RAW cells.  B and D, represent PEI70kDa 

conjugated PLGA microparticles in RAW cells. (Kasturi et al., 2005).   

 

 



 139

Figure 5.3 Evaluation of cytotoxicity using a MTT assay as described in section 

5.3.3. Branched PEI25kDa and 70kDa conjugated cationic PLGA 

microparticles are non toxic at increasing doses compared to soluble 

branched PEI.  Figure adapted from Journal of Biomaterials where the 

data is published as a part of the first publication (Kasturi et al., 2005).  
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Figure 5.4 Cytotoxicity Evaluation of PEI conjugated cationic microparticles with 

varying molecular weights of PLGA polymer used to make double 

emulsion microparticles. RG502H (Mw ~ 11,000 Da) and RG503H   

(Mw ~29,000 Da) were used to make w/o/w double emulsion 

microparticles.  Linear PEI25kDa and branched PEI25kDa conjugated 

microparticles were evaluated for cytotoxic effects in RAW264.7 cells at 

increasing doses.  
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Figure 5.5 RT-PCR evaluation of gene expression post gWiz-BetaGalactosidase 

transfection mediated by branched PEI25kDa and 70kDa conjugated 

cationic PLGA microparticle formulations. No RT-controls were used 

as negative control for testing any false positive results with plasmid 

DNA amplification with PCR of the total RNA isolated from transfected 

RAW cells post plasmid transfection after 24 hours. This figure has 

been published in the Journal of Biomaterials (Kasturi et al., 2005).  
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Figure 5.6 Luciferase transfection, and luminescence analysis for protein 

expression by RAW264.7 cells. PEI70kDa conjugated cationic PLGA 

microparticles with plasmid gWiz-Luciferase (Aldevron LLC, Fargo, 

ND) were used to transfect RAW cells in 96 well plates for 48 hours in 

the presence of serum. gWiz-Luciferase encapsulated PLGA 

microparticles were used as a comparative formulation for transfection 

efficacy.  Luminescence analysis was conducted post transfection using 

a plate reading luminometer. This figure has been published in the 

Journal of Biomaterials (Kasturi et al., 2005).  
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CHAPTER 6 

Cationic Microparticles Enhance Potency of a Cancer Genetic Vaccine 

in B cell Lymphoma in a Mice Model 

6.1 INTRODUCTION: 

As discussed in Chapter 2, the challenge with safe, yet effective development of a 

cancer vaccine has been associated with definition of tumor associated antigens (TAAs) 

(Finn, 2003). A good example of a very unique TAA is the Idiotype signal associated 

with B cell or T cell malignancies with lymphomas (Biragyn and Kwak, 1999; Dar and 

Kwak, 2003).  Specifically for therapeutic cancer vaccines as in B cell lymphomas, the 

tumor antigens such as the immunoglobulin (Ig) associated hypervariable regions known 

as “Idiotypes” are identified only after the cancer is detected unlike viral mediated 

cancers such as in Human Pappilloma virus (HPV) mediated cervical cancers or Hepatitis 

B virus (HBV) mediated liver cancers (Biragyn and Kwak, 1999; Finn, 2003). In viral 

associated cancers the development of a prophylactic vaccine for mass immunization 

could be envisioned as in other infectious disease eradication programs as the viral 

epitopes are well defined (Yu and Finn, 2006). In addition to the advantages as discussed 

earlier in  Chapter 2 with DNA vaccines, the rapid turn around times for developing a 

patient specific antigenic construct has been defined, designed and tested extensively by 

Biragyn and Kwak et al (Biragyn and Kwak, 1999; Biragyn et al., 1999; Dar and Kwak, 

2003).   

DNA vaccines could have significant advantages in terms of addressing the 

immunogenicity of self antigens (Yu and Finn, 2006). Potential advantages of DNA 

vaccines as in the case of B cell lymphoma include rapid synthesis and amplification of 
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patient specific plasmid DNA constructs using genetic engineering techniques which are 

quicker and less expensive than purification of recombinant proteins as reviewed in 

vaccination strategies for B cell lyphoma (Biragyn and Kwak, 1999). In addition to 

patient specific screening and isolation of the B cell specific Idiotype recombinant 

protein, conjugation to an immunogenic carrier protein is extremely crucial to make this 

Idiotype self antigen, recombinant protein immunogenic and hence makes this process 

tedious and time consuming (Biragyn and Kwak, 1999; Dar and Kwak, 2003). As 

described by Biragyn et al, known repertoire of human or mouse immunoglobulin 

constant and variable genes has helped design primers useful in cloning the Idiotype 

sequence and fusing it in frame with multiple different chemokines or pro-inflammatory 

cytokines (Biragyn and Kwak, 1999). This fusion plasmid DNA construct when 

expressed were tested to mediate strong anti tumor effects in different murine models of 

B cell lymphoma (Biragyn et al., 1999). Also, plasmid DNA mediated expression of this 

Idiotype-chemokine fusion construct in vivo gave superior protection compared to the 

earlier established Ig-KLH recombinant protein construct as well (Biragyn et al., 1999). 

The role of both CD4+ and CD8+ T cells were well defined by T cell depletion studies 

where the anti tumor effects and long term survival was abrogated in these mice upon 

tumor challenge in the absence of either CD4+ or CD8+ T cells (Biragyn et al., 1999). 

Recent studies have also established more detailed mechanisms behind the efficacy of 

these DNA vaccine constructs and the role of MHC class II processing to activate CD4+ 

cells and it’s possible role in mediating strong helper responses to the CD8+ cytolytic T 

cell generation (Biragyn et al., 2004). It is noted now that the effects from chemokine 

fusion are mostly due to chemokine targeting to the chemokine receptors demonstrated 

effectively by in vitro studies as well as in vivo studies (Ruffini et al., 2004). In addition 

studies recently have demonstrated alternate viral chemokines that have been used 
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instead of native autologous chemokines in view of concerns with anti chemokine 

autoimmunity (Ruffini et al., 2004).  Key thing to also note is that the targeting of the 

expressed protein is to immature dendritic cells and the responses generated are without 

any additional immunopotentiators except chemokine receptor targeting and uptake of 

expressed chemokine/Self antigen fusion proteins (Biragyn et al., 2001). The additional 

use of adjuvants might further enhance the responses several fold based on the promise 

already shown by these constructs.  

Gene gun mediated delivery of this chemokine-tumor antigen (Idiotype) fusion 

plasmid DNA construct has been the most established route of delivery so far. Although 

showing promise in clinical trials in a variety of disease models, the wide spread use of 

gene gun delivery technology has not been entirely established (Mitragotri, 2005). On the 

other injectable formulations such as microparticle based vaccine delivery seems have 

other inherent advantages compared to gene gun mediated gene delivery in terms of 

mechanism (Th1 profile vs. Th2 adaptive immunity profile), FDA approval for a variety 

of needle based injection approach and finally the ease with which multiple soluble 

factors that could be incorporated into one single injectable formulation for further 

enhancing the potency of novel plasmid based DNA vaccine constructs.  

This chapter describes the evaluation of the PEI conjugated microparticles in a 

well established B cell lymphoma cancer model in mice. In vivo studies are presented for 

comparison of branched and linear PEI conjugated PLGA microparticles in mediating 

enhanced efficacy of plasmid DNA vaccine encoding a self antigen from the B cell tumor 

immunoglobulin idiotype fused with a chemokine, monocyte chemotactic protein    

(MCP-3). Branched PEI70kDa performed better than the linear PEI25kDa cationic 

microparticles when evaluated with an intradermal injection and was investigated further 

in terms of efficacy with varying routes of delivery to compare the intradermal vs. the 
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intramuscular route of delivery of the plasmid DNA vaccine. Additional studies were 

initiated with introducing additional soluble adjuvants co administered with the plasmid 

vaccines. The synthesis of these new formulations and the preliminary data with the 

formulation characterization is presented. The in vivo studies being underway, would be 

presented in subsequent publications to follow up this dissertation compilation. 

 

6.2 MATERIALS AND METHODS: 

6.2.1 Polymers and Reagents: 

Acid end terminated (uncapped end groups) poly (lactide-co-glycolide) (PLGA 

50:50, Resomer® RG502H) with inherent viscosity (i.v) 0.16-0.2 (Mw ~11,000 Da), and 

RG503H, (i.v) 0.32-0.44, (Mw ~ 29,000 Da) was purchased from Boehringer Ingelheim 

(Virginia, USA). Branched Polyethyleneimine Mw ~70,000 Da was purchased from 

Polysciences as a 30% aqueous solution and used as received. Linear PEI 25,000 Da was 

purchased from Polysciences as a dry powder. Branched PEI 25,000 Da was purchased 

from Aldrich, Milwaukee, USA. Poly (vinyl alcohol) Mw ~31,000 (88% hydrolyzed) was 

purchased from Fluka (Sigma-Aldrich, St Louis, MO, USA). MES was purchased from 

Acros Organics (Fischer Scientific, USA).  Plasmid DNA, MCP3-sFv20 encoding the B 

cell idiotype antigen fused with the monocyte chemotactic protein (MCP)-3 (Biragyn, 

1999 #76) was amplified by Aldevron LLC for In vivo studies (endotoxin concentrations 

< 100EU/mg). Plasmids were ordered in TE buffer pH 8.0 for long term storage, ethanol 

precipitated and resuspended in RNase and DNAse free water for subsequent loading on 

microparticles. All other marker plasmids were obtained from Aldevron. FlTC-labeled 

antibodies (CD80, I-A, F4/80) were purchased from E-biosciences, CA, USA 

Monophosphoryl Lipid A (MPL-A) was purchased from Avanti Polar Lipids (Alabaster, 
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AL). CpG oligonucleotides # 1826 previously determines and optimized for 

immunostimulatory activity in mice models was custom synthesized by Oligos Etc. 

(Wilsonville, OR). The CpG optimized oligo included the sequence, 

TCCATGACGTTCCTGACGTT. The purity of the synthesized oligonucleotides was 

confirmed to be >90% using HPLC by Oligos Etc.  

 

Cell Lines and Cell Culture Products: TIB-71, RAW264.7 murine 

monocyte/macrophage cell line was obtained from American Type Culture Collection 

(ATCC, Manassas, VA). ATTC modified DMEM were used to maintain these cells. All 

other reagents for cell culture were purchased from Invitrogen (Carlsbad, CA). 

 

Mice: Female Balb/C mice were obtained from NCI, Bethesda, Maryland. Mice 

were housed at the M.D.Anderson cancer research center animal housing facility. Mice 

were ~8-10 weeks old during the first immunization. All experiments were approved by 

the Institutional animal care and use committee at the M. D. Anderson Cancer Center.  

Animal care was provided in accordance to the procedure outlined in the Animal Care 

and Use Handbook (The University of Texas, M.D. Anderson Cancer Center). 

 

6.2.2 MPL-A encapsulated microparticle synthesis: 

Double emulsion PLGA microparticles were synthesized as described in    

Chapter 3. Cationic microparticles were synthesized using the EDC/Sulfo NHS chemistry 

as described in Chapter 3.  Six to eight individual batches of 40mgs were synthesized at a 

given time and all the individual batches were pooled together post washing with excess 

1M salt solution, followed by one wash with deionized water and centrifuged at 

4,000rpm. The washed particles were also filtered using a 38µm nylon mesh to filter out 
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any aggregations observed during the process of washing post conjugation with 

EDC/Sulfo NHS. The cationic microparticles were lyophilized for >18 hours and 

evaluated for surface charge using the ZetaPlus from BrookHaven Instruments (BIH, 

Holtsville, NY). As observed in Chapter 3, Table 3.1,  conjugation of branched and 

linear PEI was reproduced consistently and a representative calculation of N =3 batches 

with the average zeta potential was listed in chapter 3.  

Encapsulation of Monophosphoryl lipid A (MPL-A): Custom sized vial of 2mgs 

of MPL-A was obtained from Avanti Polar Lipids (Alabaster, AL). 1ml of chloroform 

was used to solubilize the MPL-A. 500mgs of PLGA was dissolved in 9ml of 

dichloromethane and mixed with the 1ml of the MPL-A in chloroform. The final polymer 

stock solution containing the soluble adjuvant was 5% w/v. 300µl of water was added to 

the 10ml of the polymer stock solution and the primary emulsion was generated using the 

Silverson SL2T homogenizer by mixing for 2 minutes. The primary emulsion generated 

was poured into 50ml of 1% PVA and homogenized for 1 minute to generate the second 

emulsion. The w/o/w emulsion with the soluble adjuvant in the polymer phase was 

solvent evaporated in 100ml of 1% PVA for 3 hours, washed with deionized water 3 

times and lyophilized using the Labconco 4.5 liter freezone lyophilizer (Labconco, 

Kansas City, MO). Control PLGA microparticles were synthesized very similarly without 

the adjuvant MPL-A in the initial 5% w/v polymer stock solution. The protocol was 

adopted from (Kazzaz et al., 2006) and further analysis was kept pending post animal 

experiments. The dosage was assumed on a theoretical loading of 100% encapsulation as 

observed by Kazzaz et al for the lipophilic MPL-A used in the polymer phase. 

Subsequent HPLC analysis of the exact loading efficiencies would be published in the 

publication to follow after this dissertation.  
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6.2.3 Plasmid DNA and CpG adsorption on cationic PLGA microparticles: 

pCDNA3.1-MCP-3-sFv20, is a plasmid DNA encoding for a chemokine 

monocyte chemotactic protein fusion protein with the A20 lymphoma Idiotype single 

fragment IgG. Plasmid DNA for the In vivo animal studies were loaded on PEI 

conjugated cationic microparticles as explained in Chapter 3. Briefly, cationic 

microparticles were suspended in 1X sterile PBS buffer pH adjusted to 6.0.              

MCP-3/sFv20 encoding vaccine plasmid or CpG oligo stock were analyzed using the 

ND-1000 Spectrophotometer (ICMB Core Facility, The University of Texas at Austin, 

Austin, Texas).  The plasmid DNA and the CpG stock were diluted in 1ml of PBS pH 6.0 

buffer under sterile conditions so as to use 60µg/ml of each of the nucleic acid molecules 

at 1.2 wt% loading on 5mgs of cationic microparticles suspension in PBS. Using a 28 1/2 

G syringe/needle (Becton and Dickinson, SanDiego, CA) 1ml of the cationic 

microparticle suspension was carefully added drop by drop to the nucleic acid solution 

under mild vortexing. The final concentration of the plasmid was 30µg/ml in the final 

mixture and the microparticle/plasmid or CpG oligo mixture was allowed to adsorb and 

equilibrate overnight at 40C on an end to end shaker.  The CpG and the plasmid loaded 

microparticles were centrifuged at 8,500 rpm for 20 minutes using a fixed head rotor in a 

refrigerated 5817 Eppendorf benchtop centrifuge (Fischer Scientific, USA).                 

The supernatants were analyzed using the ND-1000 spectrophotometer. The control 

absorbance of the Oligos were initialized at 33µg per 1 (O.D) as per the company 

specifications (Oligos Etc. Wilsonville, OR).   

 

6.2.4 In vivo immunization and A20 B cell lymphoma tumor challenge: 

Comparison of branched and linear PEI conjugated PLGA microparticle 

formulation: 10 Balb/C mice per group were immunized thrice in 2 week intervals as 
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described by Biragyn et al.(Biragyn et al., 1999) PBS and/or irrelevant plasmid DNA 

injected animals were used as negative controls. Branched PEI70kDa or linear PEI25kDa 

conjugated cationic PLGA microparticles with adsorbed MCP3-sFv20 pDNA vaccine 

were injected intradermally at equivalent dose of 25µg pDNA. Gene gun immunization 

was carried out as a positive control as described earlier (Biragyn et al., 1999) with 

approximately 2 µg pDNA equivalent dose. Mice were challenged intraperitoneally two 

weeks after the last immunization with 5 x 105 cells (2.5 times the minimum lethal dose). 

Mice survival was followed up to 80 days. Non parametric log rank test was used to 

establish significance between the formulation groups and the negative control with 

respect to the survival rates over the time of observation. P value of <0.05 between the 

negative control groups and the formulation groups were considered significant.  

 

Comparison of route of delivery (intramuscular vs. intradermal):  10 Balb/C mice 

per group were immunized using pDNA loaded on to branched PEI-functionalized 

microparticles using either intramuscular or intradermal injections.  Intradermal delivery 

was performed as described above.  For intramuscular injections, a total amount of 25µg 

of plasmid equivalent (analyzed from pDNA loading experiments) was injected in the 

quadriceps with 50 µl volume in each hind leg (100µl total dose volume). Tumor 

challenge was carried out as described before and mice survival was again followed upto 

80 days. Statistical analysis was conducted as explained in section 2.11.1. Statistical 

analysis included mice with 10-20 per group, as the numbers of mice in the new study 

were combined with the formulations repeated to increase the sample number.  
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6.2.5 In vivo studies with soluble adjuvants localized with plasmid vaccine: 

MPL-A encapsulated in PLGA microparticles and CpG oligos adsorbed on 

cationic PEI70kDa conjugated microparticles were used as adjuvants for continued 

evaluation of efficacy of plasmid vaccines in the  A20 B cell lymphoma mice model.  

The groups included the naked plasmid DNA injection with encapsulated MPL-A and 

surface adsorbed CpG in comparison with microparticle adsorbed plasmid DNA co 

injected with MPL-A encapsulated PLGA microparticles and CpG adsorbed cationic 

microparticles. 10 mice per group were used and intramuscular injections were conducted 

using a 28 1/2 gauge needle. The total volume per mouse was 100µl and 50 µl per 

quadriceps muscles were injected under anesthesia administered using isofurane. The 

100µl of the total volume either contained the vaccine plasmid alone or the additional 

soluble adjuvant to be co administered.  Negative control groups included the CpG 

adsorbed cationic microparticles alone and the MPL-A encapsulated PLGA 

microparticles alone without vaccine plasmids.  

 

6.2.6 Flow cytometry analysis of adjuvant effects in RAW264.7 cells in vitro: 

In vitro studies were initiated using the plasmid adsorbed cationic microparticle 

formulations for evaluation of adjuvant effects. RAW264.7 murine macrophage cells 

were used as a model phagocytic system and an alternative to primary dendritic cells. 

RAW cells were seeded in 6 well plates at ~700-800,000 cells/well at least 18 hours 

before treatment with microparticle formulations. The plates were checked for at least   

50% confluency before adding the formulations for incubation. Plasmid DNA was 

adsorbed on branched PEI and linear PEI conjugated microparticles as described above. 

After evaluation using the ND-1000 spectrophotometer the loading levels of the plasmids 

were found to be between 7 and 5 µg/mg of the respective formulations of branched and 
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linear PEI conjugated cationic microparticles.  RAW cells were treated with 100 µg/ml of 

each of the respective formulations which included unmodified PLGA microparticles as a 

control and the plasmid loaded branched and linear PEI conjugated microparticles. 

Untreated cells were used as controls. 100ng/ml of Lipopolysaccaride (LPS) was used a 

positive control for the experiments. The cells with the formulations and the controls 

were incubated for 48 hours post treatment and subsequently used for staining with 

antibodies for the cell surface markers to be evaluated using flow cytometry.  Cells 

treated with the respective formulations were imaged using phase contrast microscopy at 

40X magnification for observations of visible morphological changes post formulation 

treatment.  

Flow cytometry analysis of up regulation of cell surface markers for evaluation of 

adjuvant effects in RAW cells: 

Cells treated with formulations and the controls were washed twice with 1X PBS 

post culture media withdrawal. Cells were scraped and the cells from each formulation 

group/plate (N=3 plates) were pooled together and used for counting the number of 

viable cells using the trypan blue staining exclusion of dead cells. 1XPBS with 1% Fetal 

bovine serum (FBS) was used as the staining buffer for the antibody staining. Cell 

concentration was normalized before use from multiple groups with variable cell 

numbers post treatment with the formulations. Anti CD16/32 (Pharmingen, BD 

Biosciences, San Diego, CA) was used to block Fc receptors on the phagocytic cells 

which could yield non specific adsorption of the antibodies used in staining.  Staining 

with Fc block was done for 10 minutes on ice. The cells were placed on ice for the entire 

duration of staining upto the point of fluorescence analysis by flow cytometry. FITC 

conjugated antibodies for CD11C, CD80, F4/80, MHC class II (I-A) markers were used 

at a concentration of 0.5µg/1 x 106 cells for the staining. Cells stained with the cell 
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surface markers were washed twice with the staining buffer (1X PBS/1% FBS). The cells 

post washing were transferred and diluted in 0.5ml of staining buffer in Falcon tubes 

recommended for use with the FACS caliber flow cytometry instrument. (ICMB Core 

facility, The University of Texas at Austin, Austin, Texas).  Control cells were used for 

the gating and the gain settings with the FACS caliber and FL-1 channel for FITC 

staining was used to obtain the readings. Propidium stain was used before the data 

recordings with the cells for excluding dead cells from the runs. FL-2 channel was used 

to exclude dead cells from the populations and the gate was set for data analysis. 50,000 

total events were gathered per formulation treated cell population and gating was used 

based on the above mentioned settings. Percentage shift in the mean fluorescence 

distributions were recorded and plotted for analysis.  

 

6.3 RESULTS:  

6.3.1 Microparticle synthesis and nucleic acid loading on cationic microparticles: 

Double emulsion microparticles were synthesized as described in chapter 3 and 

characterized for size distribution, zeta potential and subsequent ability to adsorb plasmid 

DNA. CpG oligonucleotides were used for the latest round of animal experiments 

currently under investigation. As indicated in Table 3.1 Chapter 3, the loading levels for 

the CpG optimized oligos were comparable and an average loading of 7-8 µg / mg (N > 

20) of the cationic formulations were achieved consistently for three rounds of injections 

with the adjuvant evaluation experiments. MPL-A encapsulated PLGA microparticles 

were used as described earlier by Kazzaz et al (Kazzaz et al., 2006). No further 

characterization was initiated before the animal experiments and the theoretical loading 

of 100% for the MPL-A was used to calculate an equivalent dose as mentioned earlier 
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(Kazzaz et al., 2006). Further evaluation is currently ongoing and the data obtained would 

be presented in subsequent publications to follow the dissertation.  

 

6.3.2 Evaluation of prophylactic anti tumor effects in- vivo:  

Tumor challenge and enhanced survival of formulation treated mice: 

In vivo experiments were conducted to compare the performance of linear vs. 

branched PEI conjugated cationic microparticles in inducing prophylactic anti-tumor 

effects on pre-immunized Balb/c mice against A20 B cell lymphoma tumor challenge. 

Branched PEI70kDa conjugated PLGA particles were chosen based on the in vitro results 

as demonstrated in Chapter 5 and the significant buffering ability it had demonstrated 

over the low molecular weight branched PEI (PEI25kDa) batches. Gene gun mediated 

immunization was used as a positive control as it has been an established route of 

delivery of these chemokine fused plasmids reported so far (Biragyn et al., 1999). 

Intradermal injections of branched and linear PEI conjugated microparticles were 

performed three times at 2 week intervals (prime followed by two booster injections). 

Survival rates of mice were followed post tumor challenge for more than 2 months 

~80days or following the death of all the control mice whichever comes later). Statistical 

analysis using the non parametric estimation (log rank test) of the survival data revealed a 

clear advantage of branched PEI70kDa-PLGA microparticles over linear PEI25kDa-

PLGA particles Figure 6.1.  However, gene gun mediated administration of pDNA 

showed potentially better protection against tumor challenge for intradermal route of 

immunization.  

Intramuscular administration of pDNA vaccines are known to provide improved 

Th1 type response compared to gene gun mediated delivery (Dean et al., 2005; Donnelly 

et al., 2000; Liu et al., 1998). In order to evaluate whether intramuscular administration 
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could provide significantly enhanced protective anti-tumor immunity, branched PEI 

conjugated microparticles were administered using both intradermal and intramuscular 

injections. Survival analysis clearly indicated an improved long term survival rate of 

mice immunized intramuscularly with branched PEI-PLGA microparticles Figure 6.2. 

The protective response was similar to that obtained through gene gun immunization. 

Log rank tests yielded a statistically significant enhanced survival rates for both 

intramuscular injections of pDNA loaded PEI-PLGA microparticles and with gene gun 

mediated routes of immunization (p < 0.01) compared to the saline or irrelevant plasmid 

injected controls.  Current studies with the MPL-A and CpG adsorbed microparticle 

formulations co administered with the vaccine formulations are mid way through the 

animal studies and the results obtained using these studies would be subsequently 

published in publications to follow the dissertation.  

 

6.3.3 Upregulation of cell surface markers in phagocytic cells in vitro: 

RAW 264.7 cells have been used extensively for the analysis of 

activation/maturation of antigen presenting cells in vitro (Saxena et al., 2003) (Krieg, 

2002). As early as 48 hours post addition and incubation of microparticles, clear 

morphological changes were seen in the cultured cells compared to the untreated controls 

as shown in Figure 6.3 and Figure 6.4, similar to that reported by Saxena et al (Saxena 

et al., 2003). Incubation of RAW cells with pDNA loaded PEI-functionalized 

microparticle formulations for 48 hours revealed significant up regulation of the co-

stimulation marker CD80 and antigen processing marker MHC class II (I-A) as shown in 

Figure 6.5. This up regulation was lower than LPS and soluble CpG stimulated cells 

(data not included), but consistently higher than control PLGA microparticles. F4/80, a 

macrophage marker was also used to stain the cells to confirm the macrophage phenotype 



 161

of the cells used. No change was seen in the F4/80 marker for the formulation treated 

batches but modest up regulation was seen on treatment with LPS only. 

 

6.4  DISCUSSION:  

The results in this chapter demonstrate the efficacy of using PEI conjugated 

cationic PLGA microparticle formulation to enhance the potency of cancer genetic 

vaccines. Earlier reports have established gene gun mediated biolistic shooting of gold 

microbeads with adsorbed DNA to be extremely efficient at low doses (Biragyn et al., 

1999). Our goal with these in vivo studies was to demonstrate proof of concept of 

enhancement of potency of the self antigen/idtiotype-chemokine fusion construct using 

an alternative parenteral or injectable formulation to match or better the performance of 

currently promising strategies with gene gun mediated immunization. The following 

section discusses our findings, relevance in comparison with observations with other 

research groups.  

Several strategies have been reported to enhance the potency of pDNA vaccines 

in preclinical animal modes and humans, including electroporation, co-administration of 

transgene enhancing polymers, use of synthetic micro/nanoparticles systems, biolistic 

administration of DNA using gene gun or co-administration of recombinant cytokines, 

chemokines or other soluble adjuvants (Kabanov et al., 2005) (Dean et al., 2005; 

Donnelly et al., 2005; Kazzaz et al., 2006; O'Hagan and Valiante, 2003). Although naked 

pDNA administration has shown strong immune responses in mouse models, success in 

primate models and humans has been limited (Chapter 2) (Liu and Ulmer, 2005).  It has 

been shown that intramuscular naked DNA injections could lead to highly efficient 

transfection of muscle cells leading to an immune response against the transgene (Wolff 

and Budker, 2005). However, no clear evidence has been found towards effective 
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transfection of APCs using naked pDNA alone (Dupuis et al., 2000). Additional 

strategies to improve the transfection of APCs are required in order to further improve the 

immunogenicity and clinical applicability of pDNA vaccines (Denis-Mize et al., 2003) 

(Liu and Ulmer, 2005; O'Hagan and Valiante, 2003). 

Recent studies using cationic microparticles with adsorbed pDNA have 

demonstrated expression of the transgene in APCs in the draining lymph nodes (Denis-

Mize et al., 2003; Dupuis et al., 2000; He et al., 2005). A key observation has been that 

the activation/maturation state of APCs taking up the particle-delivered antigens is 

crucial in mediating tolerance vs. an immunogenic response (Bramwell and Perrie, 

2005a; Pulendran, 2004). Specifically, for tumor associated self antigens, which are 

weakly immunogenic, it might be necessary to co-stimulate APCs processing the gene-

encoded antigen (Finn, 2003). We hypothesized that covalently functionalizing the 

surface of biodegradable PLGA microparticles with a transfection enhancing polycation, 

PEI, would provide a cationic microparticle system that would a) efficiently adsorb 

pDNA for surface presentation b) demonstrate increased DNA loading capacity 

compared to encapsulated designs, c) facilitate endosomal escape and d ) mediate 

efficient immune response against weakly immunogenic antigens.   

Chapter 3 and 5 has discussions pertaining to characterization of linear and 

branched PEI conjugated PLGA microparticles. In particular the linear PEI-PLGA 

particles had higher cationic charge than the branched PEI conjugated microparticles.  

However, as indicated in (Chapter 3) Table 3.1, they exhibited less efficiency in pDNA 

loading compared to the branched PEI-PLGA particles. This is consistent with earlier 

reports that linear PEI is 90% protonated at physiological pH (Lungwitz et al., 2005) yet, 

less effective in condensing pDNA compared to branched PEI (Itaka et al., 2004).  Since 

linear PEI only has secondary amines compared to primary, secondary and tertiary 
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amines in branch PEI (1:2:1, primary :secondary: tertiary amines) it is conceivable that 

the charge density is much lower resulting in less effective condensation. The in vitro 

release rates of surface adsorbed pDNA as indicated in (Chapter 3) also suggest that the 

DNA adsorption by the 70kDa branched PEI-PLGA microparticles was much stronger 

compared to the low molecular weight branched PEI and the linear PEI conjugated 

particles. We chose to investigate the linear PEI (fastest releasing) versus the 70kda 

branched PEI (slowest release) functionalized microparticles for tumor challenge studies. 

This was in view with limitations of the number of mice that needed to be immunized at 

one given session. Future studies including the one with the adjuvant as included the low 

molecular weight branched PEI25kDa conjugated PLGA formulation and would be 

subsequently evaluated and compared to the earlier performed studies for enhance 

efficacy.  

Several recent designs have postulated that pDNA vaccines delivered using pH 

sensitive polymer systems generate stronger response partly due to their faster 

intracellular release kinetics, in time scales relevant to life span of most APCs (Little et 

al., 2004; Wang et al., 2004). However, as demonstrated by our in vivo results comparing 

branched PEI or linear PEI conjugated particles, lower in vitro release rates did not 

correlate with tumor protection efficacy in vivo. These results contradict the preconceived 

hypothesis of delivering the antigen of interest in time scales relevant to the life spans of 

the antigen presenting cells (Little et al., 2004). Thus, there appears to be a different 

mechanism through which the branched PEI particles mediate a stronger protective 

immune response.  It is possible that a longer antigen expression (through slow release of 

the pDNA) is more relevant for a weakly immunogenic self-antigen, such as the idiotype 

antigen described here. However, persistence of formulations in the secondary lymphoid 

organs and a possible transfer from any dying APCs to the resident APCs could not be 
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ruled out. Future mechanistic studies, involving gene expression analysis at the site of 

injection and the draining lymph nodes, are necessary to further evaluate how these 

particles mediate a stronger immune response. 

Clinical application of PEI as a non viral gene delivery vehicle has been severely 

impeded by its inherent cytotoxicity in vivo (Chollet et al., 2002) (Lungwitz et al., 2005). 

As shown in (Chapter 5) PEI-PLGA particles at relevant doses did not show significant 

cytotoxicity in-vitro. Several strategies have been reported to minimize this cytoxicity 

including using low molecular weight PEI cross linked to form larger molecular weight 

polymer which ensures degradation and elimination of the low molecular weight 

components, conjugation of low molecular weight PEI to gold nanoparticles to retain 

transfection properties or conjugating PEG to shield some of the positive charges (Kim et 

al., 2005; Neu et al., 2005; Thomas and Klibanov, 2003). Most designs, combining PEI 

and PLGA (Bivas-Benita et al., 2004; Oster et al., 2005) have focused on blending 

approaches where varying amounts of PEI were blended with PLGA during particle 

synthesis. We hypothesized that covalent conjugation would provide a more reproducible 

formulation and ensure that PEI does not leach out following administration.  This could 

also provide consistent scale up and eliminate PEI-related systemic and local cytotoxicity 

due to (a) minimal quantity of polymer on the particle surface (b) absence of free PEI 

and (c) reduction in the number of PEI charged groups due to covalent conjugation to 

the particle surface.   

One advantage of delivering DNA vaccines through surface-modified 

microparticles could be the direct interaction of the CpG sequences in pDNA with the 

TLR-9 receptors in the phagocytic pathways of antigen processing cells (APC) (Krieg, 

2002). This would manifest in efficient activation/maturation of APCs upon incubation 

with pDNA-loaded PEI-PLGA microparticles. To test this hypothesis, we conducted 
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experiments with RAW murine macrophage cells in vitro. RAW cells have been used as 

a substitute to dendritic cells in evaluating adjuvant effects because of the ease and 

convenience of culture in comparison with isolating primary DC’s (Krieg, 2002; 

Luzardo-Alvarez et al., 2005). As early as 48 hours post addition and incubation of 

microparticles, clear morphological changes were seen in the cultured cells compared to 

the untreated controls as shown in Figure 6.3 and Figure 6.4, similar to that reported by 

Saxena et al (Saxena et al., 2003). Branched PEI70kDa which demonstrated the best in 

vivo protection result, clearly performed better than the linear PEI25kDa conjugated 

cationic formulation in up regulating MHC Class II and CD80 as shown in Figure 6.5, 

indicating APC maturation and activation. F4/80, a macrophage marker was only up 

regulated upon exposure to LPS but remained unaltered for all other formulations 

including soluble CpG (1826) (data not included, but observed) , suggesting a TLR-9 

independent mechanism of regulation. This indicates a role of varying TLR ligands like 

TLR-4 and TLR-9 binding molecules mediate differentiation of monocytes into 

macrophages.  

Gene gun mediated biolistic administration of gold microbeads has been reported 

to be the most efficient delivery system for this self antigen/chemokine fusion pDNA 

construct (Biragyn et al., 1999). In fact, CD8+ T cell depletion studies had clearly 

demonstrated the need for a cell mediated immunity for long term, enhanced anti tumor 

effects in the A20 tumor challenge model.  Microparticle mediated injectable systems are 

known to passively target phagocytic cells and thus supports a direct priming mechanism 

hypothesis (Denis-Mize et al., 2003; Donnelly et al., 2000). In addition, long term release 

of pDNA from either encapsulated or surface adsorbed formulations could strengthen the 

immune responses generated. Intradermal injections for the first round of experiments 

were selected for a direct comparison of delivery to the skin using different mechanisms 
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(injection vs. biolistic). Clearly gene gun, using a significantly lower pDNA dose 

(optimized in previous In vivo studies (Biragyn et al., 1999)) showed considerable 

advantages over the intradermal injection.  Statistically significant anti tumor effects were 

also seen with the branched PEI70kDa conjugated microparticles.  We further compared 

an intramuscular route of delivery to the intradermal route because of reported 

advantages of improved Th1 response (Denis-Mize et al., 2003; He et al., 2005). The 

results demonstrate significant enhancement of long term anti tumor effect compared to 

intradermal administration. The survival rate was comparable to gene gun mediated 

delivery, albeit at a higher pDNA dose.  Future studies, comparing various dose ranges, 

could provide better insight on the efficacy of parenteral versus biolistic administration in 

this animal model.  

Although gene gun mediated immunizations has shown tremendous promise in 

larger animals and humans to effectively prime both humoral and cytotoxic responses, 

their safety, reproducibility and cost feasibility for widespread application remains to be 

developed (Dean et al., 2005; Mitragotri, 2005). Further, processes for large scale 

manufacturing of particle mediated epidermal delivery (PMED) of DNA vaccines are yet 

to be validated and issues with long term stability, specific procedures and specialized 

technologies remains to be addressed (Mitragotri, 2005), especially for mass 

immunization and for applications in developing countries. Another critical point is that 

the surface-functionalized microparticles can potentially deliver multiple therapeutic 

agents within a single carrier, pDNA and ODNs on the surface along with proteins, 

peptides, chemokines or cytokines carried inside the same particle. We have 

demonstrated feasibility of this dual delivery before as shown in Chapter 3 and published 

in the Journal of Biomaterials (Kasturi et al., 2005). Our current efforts with the            

co-administration of the MPL-A and the CpG adsorbed cationic microparticle 



 167

formulations could further enhance the efficacy of our formulations as already observed 

with the first two rounds of animal experiments. These animal results with the MPL-A 

and CpG co administration are currently ongoing and we hope to publish the results at a 

later date.  

In conclusion, we have shown that branched PEI conjugated PLGA particles are 

highly reproducible, show enhanced buffering, are non cytotoxic, demonstrate enhanced 

adjuvant effects in phagocytic cells and provide significant protective anti-tumor effect in 

an animal model of B cell lymphoma. Such surface-functionalized cationic particle 

formulations could provide an efficient platform for improving the potency of DNA 

vaccines, especially for weakly immunogenic self-antigens. 
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Figure 6.1 Comparison of intradermal injection of branched and linear PEI 

conjugated cationic PLGA microparticle formulation in mediating 

prophylactic anti tumor effects upon tumor challenge with an A20 B 

cell lymphoma tumor cell line. Gene gun mediated delivery of DNA 

vaccine was used as a positive control. Branched PEI70kDa conjugated 

PLGA microparticles mediated statistically significant (P value < 0.01, 

log rank non parametric statistical analysis) long term survival in 

tumor challenged mice yet, proved to be less effective compared with 

the gene gun mode of administration.  
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Figure 6.2 Comparison of intradermal and intramuscular injections with cationic 

microparticle adsorbed MCP-3-sFv20 DNA vaccine. Intamuscular 

injections significantly enhanced the long term survival and anti tumor 

effects in mice models (P < 0.01). The results were as good as or better 

than the gene gun treated group of mice. These results hold significant 

promise for inclusion of additional adjuvant molecules to further 

enhance the potential of injectable formulations for DNA vaccine 

delivery.  
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Figure 6.3 Phase contrast microscopy images of untreated RAW264.7 murine 

macrophage cells under normal culture conditions. RAW 264.7 

macrophage cells were rounded in shape and the morphology was 

altered upon treatment with formulations or soluble adjuvants as 

shown in figure 6.4. The image was capture on a Leica optical 

microscope with a total magnification of 60X.  
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Figure 6.4 Phase contrast images of formulation treated RAW264.7 murine 

macrophage cell lines. A) Lipopolysaccaride (LPS) treated RAW cells 

had a complete change in morphology compared to the untreated RAW 

cells as shown in Figure 6.3. They developed dendritic like structure 

common in dendritic cells. B) Unmodified PLGA microparticles 

microparticles were effectively taken up but did not change the 

morphology of the cells C) Linear PEI25kDa conjugated cationic PLGA 

microparticles with adsorbed plasmid DNA did not alter the 

morphology compared to LPS D) Branched PEI70kDa conjugated 

cationic PLGA microparticles carrying plasmid DNA did not change 

the morphology as compared to LPS.  
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Figure 6.5 Flow cytometry analysis of upregulation of phagocytic cell surface 

activation markers with formulation treated cells. RAW cells were most 

stimulated by the LPS positive controls as observed by a shift in the 

fluorescence intensity distribution followed by plasmid DNA/branched 

PEI70kDa/PLGA treated cells. Unmodified PLGA microparticles with 

the plasmid DNA adsorbed on linear PEI conjugated PLGA 

microparticles did not stimulate the RAW cells as compared to the 

branched PEI modified PLGA microparticles carrying adsorbed 

plasmid DNA.  
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CHAPTER 7 

Conclusions and Future Directions 

7.1 SUMMARY: 

We have demonstrated a novel, yet simple approach to address key issues in 

designing hybrid polymer combinations in synthesizing cationic microparticles useful in 

enhancing the potency of DNA vaccines. The novel cationic microparticles synthesized 

have shown enhanced plasmid DNA loading and gene transfection ability in phagocytic 

cells such as RAW macrophages and also enhanced the potency of DNA vaccines in a 

cancer model in mice. We have also established proof-of-concept study for a novel 

application with atmospheric pressure glow (APG) plasma discharge mediated 

modulation of surface charge of PLGA microparticles. Collectively, the new design with 

conjugation of polyamines to the surface of biodegradable PLGA microparticles and the 

synthesis of anionic microparticles for surface adsorption of proteins demonstrates 

excellent promise in injectable approaches towards enhancing the potential of DNA and 

protein vaccines.  

7.1.1 Conclusions on cationic microparticle synthesis and recommendations for  

future designs and directions: 

The results with the synthesis of novel cationic microparticle formulations as 

reported in Chapter 3 demonstrate that the process of conjugation is fairly simple and 

reproducible. Scale up of the initial size of the batches from 20mgs of PLGA for the 

conjugation process did not affect the efficiency of conjugation when 40-50mgs of PLGA 

were used during the process. Proportional increase in the molar ratios of EDC/sulfo 

NHS used in the conjugation process yielded similar conjugation of PEI and cationic 
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charge useful in adsorbing plasmid DNA. Combination of PLGA with PEI has been 

attempted by other groups since we started this project in 2002 (Oster et al., 2005) 

(Bivas-Benita et al., 2004) (Walter and Merkle, 2002). Although promising in cell studies 

and animal experiments, some of the inherent problems reported by these groups have 

been the premature release of PEI/DNA complexes and also cytoxicity at increasing wt% 

blends (Oster et al., 2005; Walter and Merkle, 2002). Our hypothesis has been to use 

minimal amounts of PEI just needed to saturate the surface of the PLGA matrix using 

both isoforms available; namely branched and linear PEI. Again, as reported with our 

results in Chapter 3, both linear and branched PEI conjugated microparticles led to 

effective charge reversal on the surface of PLGA microparticles. We have successfully 

washed away all the physically adsorbed PEI demonstrated with the statistically 

significant differences with the adsorbed vs. conjugated batches of PEI modified PLGA 

microparticle formulations. Also, an additional hypothesis for our choice of polycation 

was the “proton sponge effect” of PEI which has led to increased transfection efficiencies 

(Boussif et al., 1995) (Godbey et al., 1999b) (Kircheis et al., 2001) (Lungwitz et al., 

2005) (Neu et al., 2005). As demonstrated with the acid titration experiments, the PEI 

conjugated PLGA microparticles demonstrated buffering ability as compared to the 

physically adsorbed PEI batches which also gave conclusive evidence that the high salt 

washes successfully removed the unconjugated PEI on the surface. Different sized 

plasmids were effectively adsorbed using a modified plasmid loading technique without 

causing agglomeration as shown with Scanning Electron Micrograph (SEM) images in 

Chapter 3. The challenge with polyelectrolyte coating of charged particles in suspension 

has been the inability to avoid neutrality and hence prevent aggregation of colloidal or 

microparticle agglomeration. Using a controlled addition technique, and optimizing 

conditions with the minimal amounts of plasmid DNA needed to prevent aggregation, 
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injectable formulations were obtained which were successfully used in animal 

experiments in vivo.   

Future designs with cationic microparticles could include screening of varying 

molecular weights of PEI and a variety of polyamines such as chitosan useful in 

alternative routes of delivery. Especially with emphasis on mucosal route of delivery for 

vaccines with infectious diseases such as AIDS, intranasal delivery with chitosan 

modified cationic microparticle formulation could prove to be extremely beneficial. 

There is also increased evidence that combinatorial delivery of soluble molecules such as 

cytokines, chemokines or TLR ligands such as MPL-A, CpG optimized oligos could 

further enhance the potential of microparticle based delivery systems for protein and 

DNA vaccines (Chong et al., 2005) (Kazzaz et al., 2006).  Hence, co-encapsulation of the 

aforementioned molecules and surface presentation of plasmid DNA could significantly 

enhance the potential displayed by PEI conjugated cationic PLGA microparticle 

formulations in enhancing the potential of DNA vaccines in cancer and infectious 

diseases.  

 

7.1.2 Conclusions with anionic microparticle synthesis and future directions: 

Chapter 4 describes the use of dry techniques towards the surface modification of 

PLGA microparticles. PLGA microparticles synthesized using a w/o/w double emulsion 

technique most typically uses poly (vinyl alcohol) PVA as a surfactant to stabilize the 

formulations (Hsu et al., 1999) (Langer et al., 1997) (Gupta et al., 1998). The surface 

charge of such double emulsion microparticles are in the range of -10 to -15mV. With the 

potential drawbacks involved in strategies for protein encapsulation, charged delivery 

systems have been actively investigated by the Chiron/Novartis Vaccine formulation 

group (Chesko et al., 2005; Kazzaz et al., 2000; Singh et al., 2004a; Singh et al., 2004b). 
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The surface charge has been modified using additional surfactant excipients such as 

Sodium Dodecyl Sulfate (SDS) or Diocto-sulfosuccinate (DSS) to yield anionic 

microparticles with zeta potential in the range of -30 to -55mV useful for protein 

adsorption. Our hypothesis towards the selection of dry techniques such as plasma 

discharge was based heavily on the absence of additional excipients which can ease the 

translation of these formulations if effective to the clinic. PLGA is a FDA approved 

biodegradable and biocompatible polymer which has been extensively used in degradable 

sutures and controlled release formulations (Langer et al., 1997) (Gupta et al., 1998) 

(Langer, 2000). Avoiding using additional excipients yet modulating the surface 

properties of this clinically relevant polymer could have substantial benefits in quicker 

approval of formulations from the regulatory agencies for trials or use in humans if 

proven beneficial. Although engineering of a high throughput system is still in the design 

stages, the goal of our project as a first step towards realizing this idea was to establish a 

proof of concept in terms of the working of this idea and use of atmospheric glow plasma 

(APG) discharge of Helium gas to make anionic PLGA microparticles.  

As demonstrated with the results reported in Chapter 4, anionic PLGA 

microparticles were consistently synthesized by exposure of the double emulsion PLGA 

microparticles to helium gas based glow discharge for 6 minutes. Varying masses of 

PLGA microparticles were deposited by air drying on a glass slide and mono and 

multilayers of microparticles were seen on the area of deposition. Depending on 

maximum exposure which is possible with a clean monolayer of formulation, increased 

surface charge modification was noticed. Also reported is a time based affect on the 

surface charge of PLGA microparticles upon treatment with plasma gas discharge which 

cumulatively increases with increased time exposure and plateau’s off at about > 6 

minutes. Model protein such as Lysozyme has been successfully adsorbed on the surface 
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of plasma modified anionic microparticle formulation. This suggests that by altering the 

pH of the buffer system below the isoelectric point of the protein, electrostatic and 

hydrophobic interactions lead to effective adsorption of proteins on the surface of surface 

modulated PLGA microparticles (Singh et al., 2004a; Singh et al., 2004b; Singh et al., 

2006). In addition with the recent results in non human primates with a combination of 

protein and DNA vaccines used in combination with the DNA prime/protein boost 

strategies, there is renewed interest in researching novel micro/nanoparticle systems to 

enhance the potency of these new generations of vaccines (Otten et al., 2005).  

Current efforts with this project is to design and engineer systems where by we 

can nebulize or aerosolize the PLGA microparticle formulation into the plasma chamber, 

try and realize this approach as a high through put, flow through system for continuous 

modification of large batches of microparticles. Also, mixing of other gases such as 

ammonia if proven to maintain the plasma discharge stable could help modulate the 

charges from anionic to cationic surface modification of microparticle and essentially 

prove to be a useful dry technique to provide custom made surface charge modulation of 

biodegradable microparticles.  

 

7.1.3 Recommendations for future designs with cell studies: 

In Chapter 5 we have reported cell studies and evaluation of cationic 

microparticles in mediating efficient cell transfection.  Several studies have been initiated 

to understand the mechanisms of endosomal escape of formulations trafficked through 

the process of endocytosis or phagocytosis (Itaka et al., 2004) (Denis-Mize et al., 2000) 

(Panyam et al., 2002). To continue confirming the promising buffering ability of PEI 

conjugated cationic PLGA microparticles demonstrated in Chapter 3 by acid titration 

experiments, fluorescence imaging of rhodamine encapsulated microparticles were 
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initiated to visualize intracellular location of cationic microparticle formulations. 

Preliminary evidence gathered with PEI70kDa conjugated microparticles; clearly suggest 

that there is an increased advantage of using surface modified microparticle as compared 

to unmodified PLGA microparticles which were preferably localized in the 

endo/lysosomal compartments. This indicates that PEI conjugated cationic PLGA 

formulations have increased advantages of addressing intracellular barriers of gene 

delivery. As reported in Chapter 3, with colorimetric fluorescamine assay, minimal 

amount of <5ug of PEI was associated with surface modified PLGA microparticles. 

These minimal amounts of PEI rendered the cationic microparticles non toxic at 

increasing doses as shown by cytotoxicity evaluation in Chapter 5. Hence, we can 

conclude that there are inherent advantages in washing away loosely adhered PEI 

polymer with the surface of the PLGA microparticle formulations.  In addition, it was 

also demonstrated that these cationic formulations were effective in mediating gene 

transfer in phagocytic cells in vitro.  

 Future experiments with cell studies could include fluorescent tagging of the PEI 

and plasmid DNA individually not only track the location of the microparticle but also try 

and visualize the disassociation of plasmid DNA from the surface of cationic 

microparticles.  MTT based cell assays only indicate the live/dead cell count and viability 

but fails to classify and categorize necrotic cells vs. apoptotic cells. Using flow cytometry 

as an effective tool towards classifying live, necrotic and apoptic population, 

formulations could be effectively screened for detailed formulation-cell interactions vital 

in vaccine delivery systems. Also, since sensitive techniques such as luciferase 

expression has been optimized for cell studies in vitro, mechanistic in vivo studies could 

be initiated to analyze the uptake of microparticles by the relevant cells and isolate tissues 

for analysis of expression post injection at varying time points.  
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7.1.4 Future designs with animal models for prophylactic and therapeutic efficacy of 

microparticle based formulation approaches in cancer genetic vaccination: 

The challenge with cancer vaccines has been to render a self antigen 

immunogenic (Biragyn et al., 1999; Finn, 2003). Unlike antigens associated with viral 

and bacterial pathogens, cancer could be caused by natural genetic mutations which lead 

to hard to find tumor associated antigenic signals (Finn, 2003). Another challenge 

associated with targeting the self antigen tumor associated antigens is to make sure that 

autoimmunity is not invoked while activating the innate immune cells (Finn, 2003). A 

good way to localize the response is to make sure that a unique signal such as the tumor 

associated antigen is loaded into the same antigen presenting cell along with the 

activating adjuvant to ensure that an immune response is generated as opposed to a 

tolerant response. Synthetic microparticle formulations offer a unique option to design 

combinatorial delivery systems which can deliver multiple soluble adjuvants and antigens 

such as peptides, proteins, plasmid DNA localized with cytokines, chemokines or TLR 

ligands (Chong et al., 2005; Kazzaz et al., 2006; Pulendran and Ahmed, 2006).  

We have demonstrated the efficacy of injectable microparticle formulations which 

can enhance the potency of a weak self antigen such as the Idiotype signal associated 

with a B cell lymphoma encoded by a plasmid DNA. Earlier studies have shown the role 

of both CD4+ helper T cells and CD8+ cytolytic T cells in mediating enhanced survival 

in a tumor challenge experiment (Biragyn et al., 1999). Yet the limitation with our study 

has been the lack of a well defined peptide epitope that could be effectively used for 

quantitation of the immune responses in terms of an ELISPOT interferon gamma 

evaluation or T cell proliferation assays.  Also, the goal of cancer vaccines in cancers that 

are not viral mediated would be mainly eradicate the “minimal residual disease” 

associated post conventional chemotherapy, radiotherapy or surgical removal of tumors. 
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Using adjuvant based delivery systems and protein and DNA vaccines, the goal is to 

prevent the relapse and hence our experiments have tried to determine the anti tumor 

effects in a prophylactic setting rather than a tumor eradicating therapeutic setting.  

Future studies involving additional combinatorial molecules could include 

multiple TLR ligands that are encapsulated and released with the antigen. Also, described 

in the Figure 7.1 is our ultimate goal towards designing a combinatorial systems 

including in situ cross linking biodegradable hydrogels (Roy et al., 2003) which would    

a) efficiently localize immature dendritic cell attracting cells using chemokines such as 

MIP3-α or MCP-3, (Zhao et al., 2005) b) mediate efficient uptake of the protein or 

plasmid DNA loaded microparticulate formulations and c) facilitate the co localization of 

TLR ligands carrying microparticles which could mediate efficient activation of the 

antigen presenting cells. Further modifications to the synthesis process such using a solid 

in oil in oil, s/o/o technique could retain the encapsulated protein, soluble adjuvant during 

the process of PEI or plasma modification and hence have a single delivery system 

carrying both the antigen and the adjuvant (Leach et al., 2005).  Hence, we conclude with 

our observations and with our future vision, that combinatorial delivery systems 

including synthetic polymers and synthetic analogs of TLR ligands delivered 

simultaneously could mediate effective progress in the development of safer vaccines for 

infectious diseases and cancers.  
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Figure 7.1 Future designs for combinatorial delivery system. A combinatorial 

delivery system for the future could include a depot within a depot 

system. In situ cross linking biodegradable hydrogels could localize 

microparticle formulations with dendritic cell attracting chemokines. 

Degradable gels would localize formulations and DC’s over a period of 

time to maximize the uptake.  Formulations in turn carrying protein, 

DNA and soluble adjuvants would ensure maturation and activation of 

DC’s. 
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