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ABSTRACT 

Gene therapy and immunotherapy are powerful techniques in the treatment of 

many life threatening diseases. The major challenge in these therapies is to seek a safe 

and efficient delivery carrier for gene and antigen materials. Carriers are designed to 

protect these molecules from degradation, improve their stability and facilitate the 

delivery of them to the site of action. This research study aims to develop appropriate 

carriers for small interferencing RNA (siRNA), DNA, antigen and ajuvant respectively.  

In the case of siRNA, material encompassing mannose, polyethylene glycol 

(PEG) and polyethylenimine (PEI) was investigated. Two structures were assembled: in 

one construct, mannose was conjugated to PEI directly (Mannose-PEI-PEG) whilst in a 

second construct; the mannose was conjugated to PEI via a PEG spacer (PEI-PEG-

mannose). Confocal microscopy images suggested a faster escape and release of siRNA 

into the perinuclear region when siRNA was complexed with mannose-PEG-PEI. 

Mannosylation and PEGylation generated significant toxicity reduction compared to 

unmodified PEI alone. Real-time polymerase chain reaction (RT-PCR) results showed a 

significant decrease on mRNA knockdown when using modified PEIs. It was found that 

PEI-PEG-mannose was a stronger candidate for siRNA delivery because it displays lower 

toxicity, higher uptake efficiency and higher relative knockdown efficiencies.  

In the case of pDNA delivery, dextran was introduced to reduce the toxicity 

generated by PEI. PEI 2000 was more effective than PEI 800 in condensing DNA and 

inducing transfection when incorporated with dextran. The toxicity of dextran-PEI was 

greatly reduced when compared to unmodified PEI. Dextran-PEI was able to generate 

significantly higher transfection efficiencies than PEI alone in the presence of serum. An 
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improved stability of complexes in serum by dextran-PEI was noticed along with a faster 

release of complexes to the perinuclear region of cells after endocytosis. These 

observations help to account for the higher efficiency of dextran-PEI in gene transfer.  

In our final study on vaccines, we utilized cationic polyamidoamine (PAMAM) 

dendrimer polymers to modify biodegradable particles for enhanced delivery of antigens 

and adjuvants. Vaccines were formulated by loading CpG oligonucleotide (CpG ODN) 

and ovalbumin (OVA) into biodegradable microparticles. In one group, OVA and CpG 

were conjugated together and then loaded into the PLGA microparticles. In other groups, 

CpG was loaded into the particles and OVA bound to the surface and finally particles 

were prepared that were loaded with OVA and surface modified with cationic PAMAM 

dendrimers to electrostatically bind CpG ODN.   The microparticles were able to provide 

sustained release of antigen and adjuvants over 14 day’s course.  The up regulation of 

CD86 and H2Kb indicated strong activation of DC and therefore strong induction of 

CD8+ T-cells. MHC II markers were not as significantly affected. Particles loaded with 

OVA and surface bound CpG ODN ((OVA)-CpG) showed the highest cytotoxic CD8+ T 

cell response, suggesting that formulation is optimal for vaccine applications.These 

observations were further supported by IgG1 and IgG2a antibody levels in mice sera. 
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ABSTRACT 

Gene therapy and immunotherapy are powerful techniques in the treatment of 

many life threatening diseases. The major challenge in these therapies is to seek a safe 

and efficient delivery carrier for gene and antigen materials. Carriers are designed to 

protect these molecules from degradation, improve their stability and facilitate the 

delivery of them to the site of action. This research study aims to develop appropriate 

carriers for small interferencing RNA (siRNA), DNA, antigen and ajuvant respectively.  

In the case of siRNA, material encompassing mannose, polyethylene glycol (PEG) 

and polyethylenimine (PEI) was investigated. Two structures were assembled: in one 

construct, mannose was conjugated to PEI directly (Mannose-PEI-PEG) whilst in a 

second construct; the mannose was conjugated to PEI via a PEG spacer (PEI-PEG-

mannose). Confocal microscopy images suggested a faster escape and release of siRNA 

into the perinuclear region when siRNA was complexed with mannose-PEG-PEI. 

Mannosylation and PEGylation generated significant toxicity reduction compared to 

unmodified PEI alone. Real-time polymerase chain reaction (RT-PCR) results showed a 

significant decrease on mRNA knockdown when using modified PEIs. It was found that 

PEI-PEG-mannose was a stronger candidate for siRNA delivery because it displays lower 

toxicity, higher uptake efficiency and higher relative knockdown efficiencies.  

In the case of pDNA delivery, dextran was introduced to reduce the toxicity 

generated by PEI. PEI 2000 was more effective than PEI 800 in condensing DNA and 

inducing transfection when incorporated with dextran. The toxicity of dextran-PEI was 

greatly reduced when compared to unmodified PEI. Dextran-PEI was able to generate 

significantly higher transfection efficiencies than PEI alone in the presence of serum. An 
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improved stability of complexes in serum by dextran-PEI was noticed along with a faster 

release of complexes to the perinuclear region of cells after endocytosis. These 

observations help to account for the higher efficiency of dextran-PEI in gene transfer.  

In our final study on vaccines, we utilized cationic polyamidoamine (PAMAM) 

dendrimer polymers to modify biodegradable particles for enhanced delivery of antigens 

and adjuvants. Vaccines were formulated by loading CpG oligonucleotide (CpG ODN) 

and ovalbumin (OVA) into biodegradable microparticles. In one group, OVA and CpG 

were conjugated together and then loaded into the PLGA microparticles. In other groups, 

CpG was loaded into the particles and OVA bound to the surface and finally particles 

were prepared that were loaded with OVA and surface modified with cationic PAMAM 

dendrimers to electrostatically bind CpG ODN.   The microparticles were able to provide 

sustained release of antigen and adjuvants over 14 day’s course.  The up regulation of 

CD86 and H2Kb indicated strong activation of DC and therefore strong induction of 

CD8+ T-cells. MHC II markers were not as significantly affected. Particles loaded with 

OVA and surface bound CpG ODN ((OVA)-CpG) showed the highest cytotoxic CD8+ T 

cell response, suggesting that formulation is optimal for vaccine applications.These 

observations were further supported by IgG1 and IgG2a antibody levels in mice sera. 
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CHAPTER 1: BACKGROUND INTRODUCTION 

 

Gene therapy 

Gene therapy is a promising technique in the treatment of life-threatening diseases 

such as cystic fibrosis
1,2

, adenosine deaminase deficiency (ADA deficiency)
3,4

, HIV 

infection
5
 and cancer

6
. Many diseases, especially genetic disorders, are closely associated 

with the absence of specific proteins or enzymes. Hence, the relief of symptoms 

associated with these diseases if a gene encoding the protein or enzyme was successfully 

delivered to the patient. In 1990, a four year old girl with severe combined immune 

deficiency (SCID) caused by ADA deficiency was the first successful case cured by gene 

therapy
7
. In subsequent years, gene therapies have been applied to other targets such as 

metastatic melanoma
8
, myeloid cells

9
, organ transplant rejection

10
 and retinal diseases

11
 

with satisfying results. However, gene therapy is not completely risk free. Four of nine 

patients receiving gene therapy against ADA-SCID  developed leukemia-like 

conditions
12,13

. Besides, the death of a patient in a clinical trial for crosslinked SCID (X-

linked SCID) further reminded the public of the safety concerns associated with gene 

therapy
14

. Improving safety and efficacy of gene therapies is a critical direction for 

researchers because the ultimate goal is to apply new therapies in the clinic.  

The materials used in gene therapy are usually nucleic acids. These nucleic acids, 

whether DNA or RNA, are large in size, susceptible to degradation, and anionic in nature. 

Because of these features, direct delivery of gene materials to pathological sites is 

extremely challenging in practice. Exogenous assistance is indispensible to facilitate 

successful delivery of gene materials and thus the effectiveness of gene therapy. Physical 
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manipulations such as direct injection
15

, gene gun
16

 and electroporation
17

 have been 

reported to ease the gene transfer process. These physical methods increase the 

permeability of cell membrane directly or indirectly to facilitate the transportation of 

DNA into cells.  

Viral vectors used in gene delivery 

In addition to physical methods, both viral and non-viral delivery methods were 

also investigated. Viral vectors aim to take advantage of the natural capability of viruses 

to transport their genetic material into host cells. After million years of evolution, viruses 

have adapted to allow for efficient infection and replication in mammalian cells. 

Adenoviruses are representative viral vectors that were selected for evaluation in clinical 

trials. One primary reason is that adenovirus infections with symptoms such as cold, 

tonsillitis and bronchitis are commonly seen in adults so they have moderately less safety 

concerns than other viruses. 

The human adenoviruses are non-enveloped double stranded DNA viruses. They 

contain a linear genome of 36 kb
18

. The interaction between the virus fiber protein and 

the specific host cell receptor on the surface initiates attachment of the virus to the cell 
19

. 

After binding to the cell surface, adenoviruses are internalized via receptor mediated 

endocytosis into clathrin-coated pits. Escape from the endosome to the cytoplasm before 

enzymatic degradation is essential for subsequent replication. The pH in the lumen of the 

endosome is maintained at 5 by H
+
ATPase

20
. The dramatic pH change from the neutral to 

the acidic region induces conformational changes in the adenovirus capsid and results in 

rupture of the endosomal vesicle membrane
20,21

. 
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Recombinant adenoviruses are replication deficient and simply serve as efficient 

vehicles for exogenous gene transfer
22

. There are several major benefits associated with 

the use of adenovirus based vectors. They are able to infect both replicating and 

differentiated cells, which is clinically important because target cells may not be actively 

dividing. The transfection efficiency is generally very high. Unlike retroviruses, 

adenovirus genomes do not integrate into the host genome and only induce transient 

expression of the foreign gene. However, one drawback is that adenoviruses can cause 

inflammatory responses which eliminate infected cells by effector cells, cytokines and 

chemokines
23

. The production of neutralizing antibodies also interferes with the efficacy 

of the adenovirus vector, especially with patients receiving repeated treatments. Another 

drawback is that hepatic toxicity has been observed following administration of 

adenovirus based vectors
24

. In general, though, adenoviruses are the most intensively 

studied viral vectors and have shown an excellent safety record. Several other viral 

vectors such as adeno-associated viruses
25

, lentiviruses
26

 and retroviruses
27

 are also under  

studies. 

The main concern regarding the use of viral vectors in clinical trials is safety 

issues including the risk of mutation and inflammatory responses
28,29

. Other drawbacks of 

viral vectors such as limited gene carrying capacity and the high cost of manufacturing 

are often noted as well. 

Non-viral vectors used in gene delivery 

Non-viral vectors are less likely to cause the aforementioned problems
30,31

. 

Compared to viral vectors, non-viral vectors are more amenable to manufacturing, not 

limited by cargo size, and raise much less inflammatory or carcinogenic concerns, but 
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often more toxic. Most studies evaluating non-viral carriers focus on cationic polymers 

and lipids
32-35

.  

Cationic lipsomes are made with lipids and gene materials. These lipids consist of 

a cationic head for DNA binding and a hydrophobic chain for membrane fusion to deliver 

genes into cells. Liposomes are double layer spheres in structure, with the lumen inside 

and surface outside loaded with genetic material. By this way, cationic liposomes can 

protect genes from degradation and promote surface adhesion to cells by electrostatic 

interaction. In most cases, helper lipids such as dioleoylphosphatidylethanolamine 

(DOPE) are included in formulations to increase transfection efficiency. DOPE can form 

bilayer liposomes when used with other cationic lipids. However, DOPE adopts non-

bilayer formation at neutral pH, suggesting the possibility of cell membrane 

destabilization upon contact with cationic liposomes, thus allowing for cytoplasmic 

delivery.  

Cationic polymers interact with DNA by electrostatic forces, and condense DNA 

into particulate complexes at appropriate nitrogen/phosphate (N/P) ratios. The complexes 

formed with polymers and DNA should carry a net positive charge, which enable charge 

interactions between complexes and the cell membrane. The positively charged 

complexes can induce endocytosis and transport foreign genes into endosomes/lysosomes. 

Because there is no hydrophobic fragment in the structure of cationic polymer, it is 

unlikely that polyplexes destabilize the endosomal membrane and escape into cytoplasm. 

As exemplified by the case poly-L-lysine, low transfection efficiency was usually 

observed without the assistance of endosomalytic agents such as deactivated adenovirus 

and chloroquine. Other polymers such as polyethyleneimine can act as a proton sponge 
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and induce the swelling and rupture of endosomes by themselves. After dissembly of 

complexes and rupture of endosomes/lysosomes, gene materials are then released into the 

cytoplasm and eventually reach the nuclei. Commonly used cationic polymers in gene 

delivery include but are not restricted to poly-L-lysine, chitosan, polyamidoamine and 

polyethyleneimine. 

Polyethyleneimine (PEI) 

Several cationic polymers have been developed and tested as gene carriers over 

the past decades
35-41

. Among them, PEI is one of the most efficient and well studied 

materials. PEI is a synthetic polymer composed of ethylene imine monomers. The 

chemical structure of PEI can be linear or branched. Linear PEI consists of two amine 

types: primary and secondary, whereas branched PEI contains all three amines including 

tertiary amines. PEI has even been used in waste water treatment during pulp 

manufacture
42

. Since the 1990s, PEI has been used as a gene carrier because of its 

polycationic characteristics
43-47

. PEI is able to condense naked DNA and form polyplexes 

at appropriate N/P ratios. Both linear and branched PEI showed high transfection 

efficiencies in gene delivery studies
48

. It has been observed that linear PEI is more 

efficient than branched PEI in vivo because the reduced complexation allows for more 

efficient dissociation of complexes
49

. Branched PEI, however, showes higher transfection 

efficiencies in vitro because of its stronger condensation properties
50

. 

The superior transfection efficiency of PEI is believed to be at least partially 

explained by the proton sponge effect
51,52

. The proton sponge effect describes the 

phenomena of endosomes/lysosomes and rupture after endocytosis of PEI/DNA 

complexes. The secondary amines in PEI has a pKa of 5.5
53

, they constitute a buffering 
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system along with primary amines and tertiary amines in endosomes. It was observed that 

the uptake of PEI/DNA polyplexes was followed with an influx of counter-ions such as 

chloride that results in swelling of the endosomes
54

. The osmotic pressure difference 

could be the primary reason for endosomal rupture.  

Toxicity of PEI 

Although PEI is highly efficient in transfection, toxicity is one of the major 

drawbacks of using PEI in biomedical applications. The mechanism for toxicity induced 

by PEI is not fully understood yet, but it is believed that the charge interaction between 

PEI and the cell membrane plays an important role in toxicity development at the cellular 

level
55

. Cell apoptosis was induced by PEI-mediated membrane damage as shown by 

time-dependent decrease of  mitochondrial membrane potential
56

. PEI is also able to 

interact with serum proteins and cause aggregation that can eventually lead to capillary 

embolism
49

. 

The toxicity of PEI is dependent upon its concentration, architecture and 

molecular weight
57,58

. In general, lower molecular weight (MW) PEI is less toxic than 

higher MW PEI, and leads to lower transfection efficiencies
59

. Reduced toxicity were 

observed on conjugate where small size PEI units were assembled into a larger and 

degradable structure
60

. A previous study has described the conjugation of PEI 800 into 

14-30 kDa architectures using 1,3-butanediol diacrylate as the linker. The lowest 

cytotoxicity was observed on the conjugate with the fastest ester hydrolysis rate
61

. 

Moreover, the toxicity of PEI can be reduced by chemical modifications such as 

PEGylation. PEGylation involves that attachment of non-ionic units to PEI and also 

decrease the charge density of PEI
62

. 
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Modified PEI used in gene delivery 

PEI is an excellent choice for a basic building block in the design of gene carriers 

because of its high efficiency and abundant amino groups are amenable to 

conjugation
45,46,63-68

. Further improvements in the transfection efficiency generated by 

PEI can often be achieved after conjugation of a cell binding ligand to PEI, thereby 

enabling ligand-receptor mediated endocytosis. Modifications on PEI such as PEGylation 

are also expected to help reduce toxicity, which is another major reason for developing 

modified PEI as gene carriers.  

Transferrin and antiCD3 antibodies were early examples in the construction of 

modified PEI carriers for gene delivery
69

. The intention was to make use of the 

transferrin receptors on K562 cells, and CD3 molecules on T cells. Folate receptors are 

commonly used in targeted delivery, as exemplified by folate-PEI conjugates prepared to 

deliver a reporter gene pCMV-Luc
70

. Galactose receptor was utilized in hepatocytes 

targeting in the case of PEI-galactose conjugate
71,72

. Peptide ligands such as epidermal 

growth factor (EGF) 
73

 and RGD
74

 have also been linked to PEI for receptor mediated 

target delivery. 

In addition to toxicity reduction, PEGylation on PEI can also decrease 

transfection efficiencies
70

. Therefore, conjugation of PEG and ligands in combination are 

desirable to achieve high delivery efficiency and keep low toxicity at the same time
70,71,74

. 

A hydrophilic layer around complexes is formed after PEGylation. This PEG layer is 

reported to reduce interactions between complexes and opsonin proteins in serum by 

steric repulsion, making the complexes stealthy to the reticuloendothelial system (RES). 

A longer circulation half life of complexes is expected when using PEGylated PEI in 
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comparison to unmodified PEI. A prolonged circulation half life is usually favorable 

because nonspecific endocytosis by phagocytes is minimized allowing for maximal 

delivery of complexes to target sites. 

RNA interference (RNAi) and small interferencing RNA (siRNA) 

RNA interference (RNAi) is a newly discovered technique that holds great 

potential in gene therapy. RNAi is a natural mechanism found in Caenorhabditis elegans 

where mRNA is destroyed by the complementary sequence double stranded RNA 

(dsRNA)
75

. This discovery affords the possibility of regulating the expression of a 

specific gene at the post-transcriptional level. In contrast to traditional gene therapy 

which introduces exogenous gene materials into the host nuclei, RNAi makes little 

change to the host genome and is more specific to the target gene. Therefore, it 

minimizes the safety risk in gene therapy. 

The process of RNAi includes multiple steps. dsRNA was first subjected to an 

enzyme called dicer
76,77

, which cleaved dsRNA into siRNA sequences that were about 20 

base pairs (bp) in length. SiRNA was further untwisted into two strands by helicase. One 

of them named the guide strand was incorporated into the RNA induced silencing 

complex (RISC), which was bound to the target messenger RNA (mRNA) and then 

initiated degradation of the mRNA
78

. This process led to a significant reduction in the 

expression level of a specific gene and this was achieved as a direct result of mRNA loss. 

Biomedical research studies found that dsRNA could be an agonist to TLR3 and induce 

immune response such as IFN-1 and protein kinase activation
79,80

. Therefore, dsRNA was 

replaced with siRNA, which is the fragment produced by dicer from dsRNA. The use of 
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siRNA provides a convenient tool in regulating particular gene expression with reduced 

adverse side-effects. 

siRNA is generally 21-27 bp in length and double stranded RNA. Delivery of 

siRNA to target cells is required to initiate the RNAi process. In biomedical research, 

siRNA is usually customized and synthesized to target specific genes. Similar to other 

nucleic acids, siRNA is relatively large, hydrophilic and anionic. Direct delivery of 

siRNA unsurprisingly typically results in low gene knockdown efficiencies. Research is 

therefore currently focused on developing appropriate carriers to facilitate siRNA 

delivery. 

Carriers used in siRNA delivery 

An ideal carrier will protect siRNA from enzymatic degradation, induce 

endocytosis and promote gene silencing. Many ideas and techniques used in siRNA 

delivery were adopted from previous experiences in plasmid DNA delivery. Both viral 

and non-viral vectors used in gene delivery have also found their applications in siRNA 

delivery. 

Viral vector such as lentivirus was used to transfer siRNA to induce gene 

silencing in human CD34+ cells
81

, and inhibit influenza virus replication
82

. Following the 

same concept in gene delivery, polymeric carrier RGD-PEG-PEI was developed to 

deliver siRNA inhibiting the expression of vascular endothelial growth factor receptor-2 

(VEGF R2), and thus interfering with cancer angiogenesis
83

. Other cationic polymers 

such as polyamindoamine (PAMAM) G5 was conjugated to TAT peptide and used as an 

siRNA carrier
84

. Liposomes
85

 and poly(lactic-co-glycolic acid) (PLGA)
86

 have also been 

utilized for delivery of siRNA. 
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Polyamidoamine (PAMAM) 

Another type of cationic polymer that is receiving more attention in the gene and 

drug delivery area is the polyamidoamine (PAMAM) dendrimer. The term dendrimer 

refers to a branched structure constructed with repeating units. PAMAM is a 

representative cationic dendrimer used in gene delivery
87,88

. The size of PAMAM is 

marked by layers or generations of repeating units in the structure. Each additional layer 

of graft adds around 10 angstroms to the size and doubles the surface amino groups on 

the PAMAM molecule. For example, PAMAM generation 3 (G3) has a MW of 3,256, is 

10Å in size and has 32 surface amino groups. PAMAM G4 has a MW 6,909, is 45Å and 

has 64 surface amino groups. By chemical reactions, PAMAM can be built up layer by 

layer with increasing generations. Because PAMAM is a sphere-like macromolecule with 

positive charges distributed on the outmost surface, it affords the possibility of binding 

negatively charged DNA and facilitating gene transfer. PAMAM can interact with DNA 

electrostatically and protect DNA from nuclease degradation
89

. Compared to PEI, 

PAMAM can provide both high transfection efficiencies and degradable structures
90-92

. It 

has also been reported that PAMAM is a non-immunogenic and biocompatible material
93

. 

Similar to PEI, PAMAM is toxic but its toxicity is correlated to its size or generation. 

Application of PAMAM in gene and drug delivery 

 Because of the periodic structure of PAMAM, it provides unique capabilities for 

drug and gene delivery. In 2000, a pioneering study explored the use of PAMAM in gene 

transfer
94

. PAMAM was able to generate similar transfection efficiencies as PEI and 

polylysine, but at a lower toxicity. In subsequent years, PAMAM and PAMAM 

conjugates have been extensively studied for gene transfection
95-97

. As mentioned above, 



11 

 

 

PAMAM has also found its application in siRNA delivery
84,98-100

. For some drugs with 

low solubility such as nifedipine, PAMAM is able to increase its solubility
101

. It is 

believed that the cavity in the dendrimer structure provides space and hydrogen bonding 

formation to nifedipine so that an improved solubility is observed. A similar result has 

been found with niclosamide, whose solubility is significantly higher in the presence of 

PAMAM
102

. A proportional increase in the solubility of sulfamethoxazole was produced 

by addition of PAMAM G3
103

.  

PLGA microparticles used in vaccine delivery 

PLGA is a co-polymer composed of lactic acid and glycolic acid monomer units. 

Unlike many other synthetic polymers, PLGA is biodegradable and biocompatible, and 

the degraded fragments are nontoxic. PLGA has been studied intensively for drug 

delivery and tissue engineering applications. PLGA can be fabricated into microparticles 

of defined sizes loaded with drug molecules. Vaccines when formulated as PLGA 

microparticles are proposed to simulate the natural pathogen and stimulate innate 

immune responses of the human body. In addition, PLGA microparticles can protect 

antigens from degradation, enhance the uptake by dendritic cells and provide sustained 

release over time. In addition, co-delivery of antigen and adjuvants such as Cytosine-

phosphodisester-guanine oligodeoxynucleotide (CpG ODN) can trigger significantly 

greater antigen-specific immune response than delivering antigen alone. Therefore, 

logical approach to enhancing vaccine induced immune responses is to load antigen and 

adjuvant into the microparticles. The simulation of intracellular bacteria is supposed to 

initiate Type 1 helper T cells (Th-1) type responses that can lead to the proliferation of 

cytotoxic T cells. CpG ODN is able to trigger Th-1 type responses when delivered with 
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antigen. PLGA microparticles loaded with antigen and CpG are therefore predicted to be 

able to generate stronger Th-1 type immune responses than delivery of either agent alone. 

In our studies, we are also interested in whether sequential release of antigen and CpG 

can be used to optimize the antigen-specific immune response. 

Unmethylated cytosine and guanine oligodeoxynucleotides (CpG ODN) 

Over years, human beings have developed sophisticated immune mechanisms to 

fight against invasion of pathogens. Toll-like receptors (TLRs) are important participants 

in pathogen pattern recognition in the immune system
104

. So far there are ten 

characterized TLRs in human and each of them is adapted to the recognition of specific 

ligands
105

. TLR9 recognizes unmethylated cytosine and guanine oligodeoxynucleotides 

(CpG ODN)
106-108

.  The CpG sequence is present in mammalian cells in methylated form. 

Once CpG ODN is uptaken into endosomes where TLR9 locates
109

, the ligand-receptor 

interaction triggers a complex cytokine cascade, followed by inflammation and 

antimicrobial reactions. The antigen presenting cells (APCs) that take up CpG also affect 

other immune cells and induce phagocytosis by macrophage via specific signaling 

pathways. 

Numerous studies on animals have demonstrated that co-delivery of antigen and 

CpG ODN is able to generate stronger immune responses than antigen alone
110-115

, 

highlighting its potential as a vaccine adjuvant in immunotherapy. For example, fungal 

infections in mice treated with CpG ODN resulted in significantly higher survival rates
116

. 

Antibody titers 4 and 6 weeks after administration were significantly higher in mice 

receiving the HBV vaccine and CpG than vaccine only
117

. Because CpG is a short 

nucleotide sequence, it also faces similar challenges to delivery as siRNA. An area of 
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research that requires further investigation is therefore the development of systems that 

can protect CpG from degradation and facilitate endocytosis of CpG at the same time. 

Objectives 

The overall objective is to develop a safe and efficient carrier system for 

nucleotides and antigens.  

For siRNA delivery, a tri-component polymer material consisting of mannose, 

PEG and PEI will be designed, prepared and tested. Mannose will serve as the ligand and 

mediate cell specific endocytosis. PEG provides steric stabilization and is expected to 

impart stealth properties to the polymer/siRNA complexes and extend their circulation 

half-life, reducing non-specific endocytosis by the RES system. PEI is the cationic 

backbone that allows for electrostatic complexation with siRNA, protects siRNA from 

degradation and promotes gene knockdown. In this study, we will evaluate the impact of 

the location of the mannose ligand on the constructs. In the first construct, we have a 

PEG as a spacer between the PEI and mannose. In the second construct, both PEG and 

mannose are directly linked to PEI. 

For plasmid DNA delivery, dextran will be used to reduce the toxicity of PEI and 

aggregation of PEI/DNA complexes in serum. A conjugate polymer made with PEI and 

dextran will be synthesized. PEI will serve as core cationic structure for DNA binding 

and gene transfer. The dextran-PEI conjugate is expected to provide high transfection 

efficiencies at lower toxicity levels relative to PEI alone, and show improved stability in 

serum-present conditions.  

 For antigen and CpG oligonucleotide delivery, PLGA microparticles loaded with 

chicken ovalbumin (OVA) and CpG ODN 1826 will be fabricated. OVA serves as a 
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model antigen in the study to evaluate antigen-specific immune responses. CpG 1826 is 

used to bind TLR9 receptor and stimulate polarized Th-1 type immune responses. OVA 

and CpG will be loaded into PLGA microparticles by several methods to determine if 

sequential release of antigen and adjuvant from microparticles can be used to optimize 

the immune response. 
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CHAPTER 2: DEVELOPMENT OF PEI-PEG-MANNOSE TRI-COMPONENT 

MATERIAL AS siRNA CARRIER 

 

Introduction 

As a cationic polymer, PEI is able to electrostatically interact with nucleic acids 

and form complexes at appropriate nitrogen to phosphate (N/P) ratios. N/P values 

estimate the relative amounts of cationic polymers and DNA unitsAn N/P value more 

than 1 is generally required to ensure high efficiency of gene transfer by PEI. Compared 

to linear PEI, branched PEI shows even higher efficiency among in vitro tests. In the 

structure of branched PEI, the molar ratio of primary amine, secondary amine and tertiary 

amine is 1:2:1
118

. The pKa of secondary amine in PEI was reported as 5.5
53

, which is 

close to the value of pH 5 in endosomal vesicles
119

. This proximity in pKa values 

maximizes the buffering capacity of PEI when PEI/DNA complexes were endocytosed. 

The influx of chloride was observed after endocytosis of PEI/DNA complexes, which 

initiated swelling and rupture of endosomes at a later stage.  This finding provided 

supporting evidence to the proton sponge hypothesis
54

. 

The application of PEI is usually limited by its toxicity. Numerous studies have 

focused on engineering methods to alleviate this weakness. A common approach is to 

reduce the number of free primary amino groups on PEI and thus decrease the charge 

density. PEG chains are non-ionic and hydrophilic, and have been employed to shield 

excessive positive charges of PEI. PEGylation has also been shown to reduce the toxicity 

of PEI
120

. The other benefit of PEGylating PEI is to reduce non-specific endocytosis by 

reticuloendothelial system (RES), which filters and remove particles from the 
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bloodstream by size screening
121

. If the target organ or tissue is other than RES, 

increasing the circulation half time can significantly increase the efficiency of gene 

delivery
122

. Because of the filtration of the RES, particles not shielded with PEG can be 

removed from the bloodstream within seconds to minutes. A minimum MW of 2 kDa of 

PEG is required to provide appropriate stealth shielding effects on the particles
123

. The 

toxicity of PEG is negligible compared to PEI. 

In this collaborative study with Najung Kim who did biological tests of siRNA, a 

tri-component material was designed and tested. Our long term interest focuses on 

modulation of antigen presenting cells (APC) especially dendritic cells and macrophages. 

A ligand with specificity for these cells was preferred to attempt targeted delivery. A 

common receptor on macrophages is the one for mannose, whose receptor can also be 

found on APC and liver cells
124,125

. For this reason, the goal in this study was to build a 

carrier system consisting of PEI, PEG and mannose and identify the impact of the 

location of mannose on the construct. 

Materials  

PEI 25kDa and α-D-mannopyranosylphenyl isothiocyanate (MPITC) were 

purchased from Sigma-Aldrich (St. Louis, MO, Lot# 047K3786). PEG 2 kDa was 

purchased from Creative PEGworks (Winston Salem, NC). Sulfuric acid, Dimethyl 

sulfoxide (DMSO), glacial acetic acid and ethylenediaminetetraacetic acid (EDTA) were 

purchased from Fisher (Pittsburgh, PA). Bio-Gel P2 was from Bio-Rad (Hercules, CA). 

Maleic anhydride, toluene, glutaraldhyde 50%, and methanol were also purchased from 

Sigma (St. Louis, MO). All siRNAs (DS scrambled negative control, RLuc-S1 DS 
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positive control, Cy-3, NC1 and HPRT) and pDNA (psiCHECK™-2 from Promega, 

Madison, WI) were kindly provided by Integrated DNA Technologies (Coralville, IA). 

Methods 

Synthesis of PEI-PEG 

PEG 500 mg was dissolved in 10 ml toluene and heated to 100˚C. Maleic 

anhydride 33 mg was dissolved in 40 ml toluene and slowly added into the PEG solution. 

The temperature of reaction was increased to 110˚C and refluxed for 12 hrs until all the 

maleic anhydride was consumed. Toluene was removed using rotary evaporation and the 

regenerated product was dissolved in 2.5 ml de-ionized (DI) water, followed with 

purification using a P-2 column. The elution was collected, lyophilized and re-dissolved 

in 10 ml methanol. A volume of 1 ml methanol solution containing modified PEG was 

slowly added to the mixture of 50 μl glutaraldehyde 50% w/v solution and 300 μl 

methanol. The reaction was stopped in 2 hrs and loaded to another P-2 column to remove 

excessive glutaraldehyde. The elution was immediately added to a 2 ml PEI solution 

(containing about 150 mg PEI) for overnight conjugation. Finally PEG-PEI was 

recovered after dialysis for 3 days (MWCO 10,000, Pierce, Rockford, IL) and lyophilized 

(Labconco FreezeZone 4.5, Kansas City, MO). 

Mannosylation on PEI-PEG 

PEGylated PEI (prepared as above) was reacted with MPITC solution 80 μl 

(dissolved in DMSO at 0.125 mg/ml) overnight. The product was recovered similarly 

after dialysis and lyophilization. 
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Synthesis of PEI-PEG-mannose 

PEG 50 mg was dissolved in 2 ml NaHCO3 buffer (8.516 mg/ml, pH 8.4), then 

PEG solution was mixed with MPITC solution 80 μl (same as above) for overnight 

reaction. The resultant mixture was reacted with 50 μl glutaraldehyde (same as above) in 

300 μl methanol. The reaction was stopped after 2 hrs and loaded into a P-2 column to 

remove excessive glutaraldehyde and MPITC. The elution was added to a 2ml PEI 

solution (containing about 150 mg PEI) for overnight conjugation. Similarly, PEI-PEG-

mannose was recovered after dialysis and lyophilization. 

1
HNMR Spectra 

All products were dissolved in 1.0% w/v DCl (Sigma, St. Louis, MO)/D2O 

(Cambridge Isotope, Andover, MA) (deuterium chloride diluted using deuterium oxide) 

at approximately 40 mg/ml and loaded into a Bruker AVANCE 300 MHz NMR 

spectrometer. 

Resorcinol assay 

Resorcinol was dissolved in DI at 6 mg/ml and filtered using a 0.45 μm Millipore 

syringe filter unit. D-(+)-mannose was pre-dried at 100-110˚C overnight before use as a 

standard. Mannose was prepared at concentrations ranging from 9.0854 to 908.54 μg/ml 

using 1.0% HAc as a solvent. All products containing mannose were dissolved in HAc at 

appropriate concentration from 3 to 20 mg/ml. Each test mixture, consisting of 20 μl 

mannose standard (or sample solution), 20 μl resorcinol solution, 50 μl pristane (Acros 

Organic, Geel, Belgium) and 100 μl 75% w/v sulfuric acid, was mixed in a 96-well 

plate’s well, gently vortexed for 30 sec, heated at 93˚C for 30 min and cooled down to 

room temperature for another 30 min. The absorbance was recorded at 480 nm. 
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Cell culture 

Raw264.7 cells (ATCC, Manassas, VA), a murine macrophage cell line that is 

known to express mannose receptors and typically difficult to transfect, was selected for 

in vitro experiments because macrophages are a potential target for this delivery system. 

The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand 

Island, NY) supplemented with 10% Fetal Bovine Serum (FBS) (Hyclone, Logan, UT), 

penicillin-streptomycin (100 u penicillin; 100 μg streptomycin/ml, Gibco, Grand Island, 

NY). The cells were maintained at 37˚C in a humidified, 5% CO2 atmosphere. 

Amplification and purification of pDNA 

The psiCHECK™-2 (Promega, Madison, WI) is a 6.3 kb pDNA designed to 

monitor a quantitative measurement of RNAi. It affords two luciferases genes: firefly and 

renilla. Each gene carries a HSV-TK or SV40 promoter respectively. The firefly reporter 

gene has been constructed to serve as an intraplasmid standard so that the renilla 

luciferase signal can be normalized to the firefly luciferase signal. The pDNA was 

transformed in E.coli DH5α (Invitrogen, San Diego, CA) and amplified in LB broth 

media at 37˚C overnight on a plate shaker set at 250 rpm. The pDNA was extracted with 

Wizard Plus Maxipreps DNA Purification System (Promega, Madison, WI) followed by 

removal of bacterial endotoxin contamination with Endotoxin Removal Kit (MiraCLEAN, 

Madison, WI) according to the manufacture’s guide. Purified pDNA was dissolved in 

Tri-EDTA buffer and its purity and concentration were determined by UV absorbance at 

260/280 nm. 
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Preparation of PEI-siRNA polyplexes 

PEI/siRNA polyplexes were formed at pre-determined N/P ratios (nitrogen in 

cationic polymer per phosphate in nucleotides), amounts of siRNA and concentrations of 

polymer solutions. The molar mass of phosphate was used as 325 daltons and nitrogen 

was 43daltonto calculate N/P ratio. siRNA solution was mixed with polymer solution, 

vortexed for 20 seconds and incubated for 30 minutes at room temperature before use. 

Determination of polyplexes size and zeta potential  

siRNA polyplexes solutions were sprayed on silicon wafers using an All-Glass 

Nebulizer (PELCO, Redding, CA). The silicon wafers were stained with 4% osmium 

tetraoxide (OsO4) vapor in the hood overnight and mounted on aluminum stubs using 

liquid colloidal silver adhesives followed by overnight drying at room temperature. 

Specimens were observed using SEM (Hitachi S-4800, SN#9131-01). The size of 

polyplexes was measured using a zetasizer (Malvern Nano ZS, SN#MAL500260). 

Polyplexes were prepared at a concentration of 1 mg/ml, loaded into a sample cuvette and 

the scattered light observed at a 173° angle.  

Gel retardation 

PEI/siRNA polyplexes were loaded into a 2% agarose gel stained with 0.5 μg/ml 

Ethidum bromide (EtBr) and run at 60V in Tris-Acetic acid-EDTA (TAE) buffer for 45 

min. The bands of gel were visualized on a UV transilluminator (Spectroline, Westbury, 

NY, SN#1552703). Photos were taken using a digital camera, cropped and resized using 

ImageJ software (National Health Institute, Bethesda, MD). 
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Intracellular trafficking 

Raw264.7 cells (macrophage) were plated in 8-well chamber slides (Lab-Tek, 

Rochester, NY) coated using 0.01% w/v poly-L-lysines, at a density of 1.2x10
4
 cells/well 

and incubated overnight. Lysosomes were stained when cells were incubated using Opti-

MEM (reduced serum media)-containing 75 nM Lysotracker Green DND-26 (Molecular 

Probes, Carlsbad, CA) for 30 min followed with transfection with PEI/Cy-3 labeled 

siRNA polyplexes in Opti-MEM. At pre-determined time points, cells were washed using 

PBS and fixed using 4% paraformaldehyde and mounted using DAPI (4’,6-diamidino-2-

phenylindole)-containing Vectashield mounting medium for nuclear staining (Vector 

Laboratories, UK). The slides were covered with a coverslip and stored at 4°C in 

darkness before observation under multiphoton/confocoal microscope (Bio-Rad Radience 

2100MP and Zeiss Confocal 710, SN#0186588). 

Dual luciferase assay 

Raw264.7 cells were seeded in a T25 flask (6.8x10
6
 cells) on day 0 and incubated 

overnight. PEI was used to transfect psiCHECK™-2 in Opti-MEM media on day 1 for 4 

hrs, then digested using trypsin and transferred to 24-well plates at (3x10
5
 cells/well). 

The RLuc-S1 DS positive control siRNA (Integrated DNA Technologies, Coralville, IA), 

encoding a complementary sequence for renilla luciferase gene in psiCHECK™-2, was 

transfected using each different polymer in Opti-MEM media on day 2, and cells were 

incubated for 4 hrs followed by overnight incubation in complete media. On day 3, 

luciferase gene expression was analyzed using dual luciferase reporter system (Promega, 

Madison, WI, Lot#0000004492) and Lumat LB 9507 (Berthold Technologies, Bad 

Wildbad, Germany, ID#81957-52) according to manufacture’s userguide. PEI/siRNA and 
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polymer/siRNA polyplexes were prepared as described above at pre-determined N/P 

ratios. DS scrambled negative siRNA, non-targeting sequences in human, mouse or rat 

transcriptome, served as negative control. The renilla luciferase gene expression was 

normalized to firefly luciferase as internal control expression and expressed as relative 

gene expression (100% to DS scambled negative transfected with PEI). The data were 

reported as mean±sd for triplicate samples using Prism software (Graphpad Software Inc, 

San Diego, CA). Every experiment was repeated at least twice. 

Real-time PCR (RT-PCR) 

Cells were seeded on 48-well plate (8x10
4
 cells/well) for endogenous gene 

knowdown on day 0. NC1 (negative control) and HPRT siRNAs were transfected using 

each different polymer in Opti-MEM media on day 1 and incubated for 24 hrs. Total 

RNA was extracted using Promega SV96 total RNA isolation system (Promega, Madison, 

WI) on day 2 followed with cDNA systhesis and real-time PCR. An amount of 150 ng 

total RNA was used for reverse transcription with Supercript II reverse transcriptase 

(Invitrogen, San Diego, CA). cDNA equivalent to 40 ng total RNA was analyzed by real-

time PCR in triplicate Immolase polymerase (Bioline, Randolph, MA) on AB7900HT 

(Applied Biosystems, Carlsbad, CA). The results were reported as mean±sd from 

triplicate RT-PCR reactions of each triplicate samples using Prism software (GraphPad). 

Every experiment was repeated at least twice. 

Cytotoxicity study 

The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) assay was used to determine the cytotoxicity of tri-

component polymer. Following manufacturer’s userguide, Raw264.7 cells were seeded to 
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96-well plates at 5x10
5
 cell/well and incubated overnight. Polymers were dissolved in 

DMEM media and added to cells, 20 μl MTS solution per 100 μl media was added to 

each well for further 1-3 hrs incubation at 37°C and 5% CO2 in a humidified incubator. 

The plate was measured at 490 nm using a UV spectrometer in duplicates. The viability 

of cells was represented as a percentage to untreated cells and calculated based on a 

calibration curve. 

2.4 Results  

1
HNMR characterization of tri-component polymer 

As listed in Figure 2-1, both PEI-PEG-mannose and PEG-PEI-mannose showed 

peaks at δ 7.0 (MPITC phenyl-H), δ 3.5 (PEG-CH), and δ 2.6 (PEI-CH), which indicated 

that all polymers consisted of PEI, PEG and mannose (in MPITC) in the final products. 

The peak at 7 ppm was relatively weak but confirmed the existence of mannose (in 

MPITC). Signals at 3.5 ppm and 2.6 ppm were corresponding to the structure of PEG and 

PEI hydrocarbon chains, respectively. The conjugation ratio was determined based on the 

peak integration of PEG and PEI. Table 2-1 summarized the results of characterization. 

In PEI-PEG, the molar ratio of PEI to PEG was 3.704. In PEI-PEG-mannose, this ratio 

was 1.23. Two PEG-PEI-mannose samples were prepared, and ratios of PEI to PEG were 

3.491 and 0.962. The latter one was selected in the following tests because it provided a 

comparable ratio of PEI/PEG to the PEI-PEG-mannose sample. There was no significant 

difference between the spectra of PEI-PEG-mannose and PEG-PEI-mannose. 

Resorcinol assay in determining mannose content in tri-component polymers 

The resorcinol assay is an established method for determining the content of 

monosaccharides in polymeric structures
126

. The mannose content in our products was 
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determined using this method after slight modifications for better plate reading on a UV 

spectrometer. PEI-PEG-mannose was shown to have 0.12 μmol mannose / mg polymer. 

Two PEG-PEI-mannose samples had 0.81 and 0.19 μmol mannose / mg polymer. 

Similarly as above, the latter one was selected for the following tests because it had 

similar mannose content to PEI-PEG-mannose sample. The summary of characterization 

results were listed in Table 2-1, including PEI/PEG molar ratio derived from peak 

integration and mannose content derived from resorcinol assay. 

Microscopic imagining study of polyplexes formed between polymer and siRNA 

A scanning electron microscopy was used to study the surface morphology and 

shape of the polymer/siRNA polyplexes. The polyplexes without pegylation were 

spherical or semi-spherical in shape with porous but otherwise smooth surfaces (Figure 2-

2 A&C). In contrast, the polyplexes formed with PEGylated material showed coarser 

surfaces (Figure 2-2 B, D&E). Polyplex sizes were in the range of 60 to 170 nm in 

diameter. A further checkup using a zetasizer suggested that some of the larger sizes 

observed by SEM represented clusters of polyplexes formed during the drying process of 

SEM specimen preparation.  

Gel migration of polyplexes 

Gel migration was used to confirm the capability of tri-component polymers to 

condense siRNA into polyplexes. Cationic polymers interact with anionic siRNAs and 

form complexes. As shown in Figure 2-3, the migration of siRNA on agarose gel was 

visualized by EtBr under UV light. The formation of polyplexes will retard siRNA from 

migrating under an electric field. All polymers tested were able to retard the migration of 

siRNA on agarose gel even at a lower N/P ratio 1. Both PEI-PEG-mannose and PEG-
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PEI-mannose showed complete exclusion of EtBr from N/P 1 to 15, suggesting a strong 

complexation capability with siRNAs. 

Endocytosis of tri-component polymers by Raw264.7 cells 

The uptake and translocation of polyplexes formed with tri-component polymers 

and siRNA were visualized using Cy3 florescence labeling. As seen in Figure 2-4, most 

of the polymer/Cy3-siRNA complexes were internalized into Raw264.7 cells at 2 hrs 

post-transfection. PEI/siRNA and PEG-PEI/siRNA complexes were taken up by cells and 

localized in vesicular structures as shown by yellow florescence (the overlapping red and 

green colors representing lysosomes and siRNA). PEG-PEI-mannose/siRNA was also 

found in the lysosomes/endosomes. PEI-PEG-mannose/siRNA showed the most 

uniformed endocytosis distribution among cells. Several images also suggested a strong 

distribution of polyplexes in the perinuclear region of cytoplasm, as observed by the 

separation of red and green colors (nuclei in blue).  

Real-Time PCR 

Endogenous gene knockdown was analyzed using Hypoxanthine-Guanine 

Phosphoribosyl Transferase (HPRT) siRNA transfection. HPRT is a ubiquitously 

expressed enzyme and commonly used as a positive control for endogenous gene 

knockdown experiments. The results of mRNA level were included in Figure 2-5. 

PEI/siRNA polyplexes resulted in a 68.31% gene expression at N/P 10 and PEG-

PEI/siRNA generated a 65.80% remaining expression. Tri-component polymers PEG-

PEI-mannose and PEI-PEG-mannose showed a greater reduction to 62.15% and 61.19%, 

respectively. Mannose-PEI generated a 95.48% gene expression at N/P 10, suggesting a 
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decrease after mannosylation on PEI. Although PEGylation and mannosylation did 

generate enhanced knockdown at the mRNA levels, these differences were not significant. 

Dual luciferase assay: the influence of PEGylation and mannosylation on knockdown 

efficiency of PEI 

A reporter encoding two luciferase’s was used to evaluate the capability of the tri-

component delivery system. Raw264.7 cells were transfected with siRNA only against 

renilla luciferase mRNA, and using the expression of firefly luciferase gene as the 

internal control. Figure 2-5 shows that renilla luciferase gene expression was decreased 

by all polymer vehicles for siRNA. PEI was able to reduce renilla gene expression to 33.6% 

and 18.8% at N/P 3 and 10, respectively. At an N/P ratio of 3, PEG-PEI showed the 

highest knockdown efficiency of 11.3%. This was significantly lower than 48.2% from 

the commercial transfection reagent siLenFect. Increasing N/P ratios of PEG-PEI to 10 

reduced the knockdown efficiency to 41.4%. PEG-PEI-mannose showed 34.2% and 42.0% 

knockdown efficiencies at N/P ratios of 3 and 10, respectively. In contrast, PEI-PEG-

mannose showed higher knockdown efficiencies of 19.9% and 22.9% at N/P ratios of 3 

and 10, respectively. 

Cytotoxicity of tri-component polymers 

The toxicity of polymers in Raw264.7 cells was evaluated using the MTS assay. 

As shown in Figure 2-6, PEI showed the highest toxicity at 0.0078 mg/ml, reducing cell 

viability to 37.5%. PEI-mannose displayed the lowest toxicity with 85.4% cell viability. 

PEI-PEG showed 79.1% cell viability, comparable to PEI-mannose. PEG-PEI-mannose 

showed a slightly higher toxicity of 68.9, and PEI-PEG-mannose was 53.9%, which was 

significantly lower than PEI but higher than PEI-mannose. . 
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Discussion 

Two distinctively different structures of tri-component polymers were designed, 

prepared, characterized and tested for the use as siRNA delivery vehicles. The idea was 

to investigate the influence of different assembled structures on the transfection and 

knockdown efficiency generated by siRNA delivery. PEG, as reported previously
123

, was 

selected for its ability to improve the circulation half-life of polyplexes formed with 

polymers and siRNAs. The model ligand mannose was used to enhance the uptake of 

particles by receptor-mediated endocytosis and increased cell binding. 

The major difference between the two tri-component polymers is the linking 

method amongst the respective components. In PEI-PEG-mannose, PEG was simply used 

as a spacer between PEI and mannose. In mannose-PEI-PEG, both PEG and mannose 

were directly attached to PEI. The spectra of 
1
HNMR verified the existence of PEI, PEG 

and mannose in both tri-component polymers and their peak shifts were consistent with 

those reported in the literature. A relatively weak signal at 7 ppm was observed for 

mannose because of its low abundance compared to other components such as PEI and 

PEG. The resorcinol assay was therefore utilized to confirm and quantify the mannose 

moieties-. 

The density of PEG molecules on the particles surface greatly influences the 

stealth properties. In the case of PEI-PEG, the molar ratio between PEI and PEG was 

3.704 (ratio of monomers), suggesting 3.45 PEG (2 kDa) molecules were attached to 1 

PEI (25 kDa) in average. In the case of PEI-PEG-mannose, the ratio of 1.23 was equal to 

10.16 PEG molecules on a single PEI. PEG-PEI-mannose sample gave an estimate of 

13.3 PEG on a PEI based on its PEI/PEG ratio 0.962. It was reported that about 6 PEG (5 
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kDa) or 1 PEG (20 kDa) were required to give a satisfactory stealth coating coverage on 

the surface of PEI/siRNA polyplexes
62,127

. Therefore, other samples showing 3.45-13.3 

PEG (2 kDa) are expected to afford a similar PEGylation degree in terms of creating the 

right level of steric hindrance and stabilization. The content of mannose in PEI-mannose 

was 0.14 μmol/mg, suggesting 3.4 mannose molecules were attached to 1 PEI (25 kDa) 

on average. PEI-PEG-mannose had 0.12 μmol/mg, which was 3.0 mannose on a single 

PEI. PEG-PEI-mannose gave a value of 0.19 μmol/ml, equivalent to 4.7 mannose units 

on a single PEI. These concentrations of mannose in polymeric structures are expected to 

lead to significantly higher levels of receptor-ligand binding interactions. 

As confirmed using zetasizer measurements, PEI/siRNA polyplexes and PEI-

PEG/siRNA polyplexes had 214.57 and 201.80 nm average diameters respectively. Man-

PEI-PEG formed polyplexes with siRNA with an average size of 169.10 nm. PEI-PEG-

mannose/siRNA polyplexes had an average size of 357.33 nm. In general, particles less 

than 150-200 nm in size were preferred for efficient endocytosis. Larger particles 

observed by SEM were probably clusters or aggregates of small particles. PEGylation of 

PEI resulted in a modest increase in the average particle size. However, the increased size 

still fell in the range necessary for efficient endocytosis. The mechanism of the size 

increase was related to attenuated charge interaction between cationic and anionic 

molecules after peylation. . The use of PEI (25 kDa) was supposed to provide enough 

condensing capability to siRNA after PEGylation. In gel retardation assays, PEGylated 

materials were also shown to adequately condense siRNA when compared to PEI alone. 

In general, N/P ratios of 3 or above were recommended for complete complexation of 

siRNA using various polymers.  
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Raw264.7 cells were used for evaluation of gene knockdown efficiency. This cell 

line is a murine macrophage expressing mannose receptors and difficult to transfect. 

Confocal microscopy imaging demonstrated the co-localization of polyplexes and 

endosomes/lysosomes. siRNA is seen as red color due to Cy3 labeling and 

endosomes/lysosomes were stained with LysoTracker Green. Separation of red and green 

colors in photos was due to the translocation of siRNA from the endosomes/lysosomes 

into cytoplasm. Polyplexes were uptaken by cells and localized in the cytoplasm 30 min 

after transfection. In 2 hrs, polymer labeled with Oregon Green 488 and siRNA labeled 

with Cy3 were in discrete locations in the cytoplasm, suggesting polyplexes were 

released from endosomes/lysosomes and had dissociated in cytoplasm. The proton 

sponge effect generated in the presence of PEI is supposed to allow for cargo release 

from endosomes and lysosomes. The buffering capacity of PEI in combination with the 

influx of counter-ions causes swelling and rupture of vesicles. Fluorescent labeling 

provided an excellent tool to investigate the distribution of polymer and siRNA in cells. 

Perinuclear localization of siRNA is required for successful gene silencing by interaction 

with RISC to induce RNAi. The tri-component polymers were able to protect siRNA 

during transfection and transport siRNA into the cytoplasm. The inclusion of mannose 

did not improve uptake. One possible reason could be the PEG chain in the structure 

which was reducing the affinity between polyplexes and cells. In addition, an optimal 

balance between PEGylation and mannosylation could  further improve uptake efficiency. 

However, a major strength of this work is that the inclusion of mannose and PEG 

did not generate a lower knockdown efficiency compared to unmodified PEI. Numerous 

studies have talked about the advantages of PEGylation and ligand introduction for in 
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vivo applications of polymeric delivery vehicles. Another important benefit gained from 

PEGylation was toxicity reduction. Compared to mannosylation, PEGylation showed a 

much more significant toxicity lowering effect. PEGylation is also expected to reduce 

toxicity caused by aggregation of polyplexes and the resultant capillary embolism that is 

observed in the systematic administration of unmodified PEI. PEI-mannose did not 

increase transfection efficiency or greater gene knockdown compared to unmodified PEI. 

These results were corroborated by intracellular trafficking study results. 

The impact of PEG and mannose ligands on binding affinity and gene knockdown 

efficiency in macrophages has not been well characterized. In our studies, PEI-PEG-

mannose showed higher knockdown efficiency as well as higher toxicity on Raw 264.7 

cells. The uptake of PEI-PEG-mannose/siRNA polyplexes was more stable than 

polyplexes prepared using PEG-PEI-mannose. The difference in gene knockdown 

efficiency is attributed to the structure modification on polymers. In PEI-PEG-mannose, 

mannose was placed on the tip of PEG chain in and more accessible to receptor relative 

to PEG-PEI-mannose. In PEG-PEI-mannose, the ligand-receptor interaction could be 

hindered by PEG molecules. Generally, the introduction of PEG into the structure is 

expected to reduce the affinity between particles and cells to some degree. The results 

from the intracellular trafficking study support the hypothesis that PEGylation delayed 

uptake/endocytosis of the polyplexes. PEI-PEG had higher knockdown efficiency over 

PEI-PEG-mannose or PEG-PEI-mannose and this was likely linked to the reduced 

toxicity observed from this polymer relative to other groups at N/P 3. 

The knockdown efficiency of the tri-component polymers developed in this study 

was significantly lower than RNAiMax at targeted mRNA knockdown. Moreover, 
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TransIT-TKO can routinely generate 80-90% knockdown, which is also significantly 

more efficient than the modified PEIs. Quantitative gene expression data such as qPCR 

results were normalized to the expression levels of housekeeping genes used as a control.  

It relied on the assumption that the expression level of housekeeping genes was constant 

in cells or tissues. The HPRT housekeeping gene was used in our study as a target for 

endogenous knockdown. 

When compared to another commercial transfection reagent siLentFect, our PEI-

PEG-mannose polymers showed significantly higher luciferase knockdown efficiency 

(data not shown). In addition, both mannose and PEG have been reported to reduce 

toxicity and increase circulation half-life in previous studies.   
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Figure 2-1: 
1
HNMR spectra   
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Figure 2-1 continued 

D

 
E 

 

________________________________________________________________________

Note: A. unmodified PEI δ2.6 (C-H). B. Mannosylated PEI δ2.6 (C-H) and mannose at 

δ7.0 (MPITC phenyl-H). C. Pegylated PEI δ2.6 (PEI C-H) and PEG at δ3.5 (PEG C-H). 

D. Mannose-PEI-PEG δ3.5 (PEG C-H), δ2.6 (PEI C-H) and δ7.0 (MPITC phenyl-H). E. 

PEI-PEG-mannose also showed each component at the same peaks as mannose-PEI-PEG 
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Table 2-1: summary of PEI/PEG molar ratios and mannose content in conjugate 

polymer 

Conjugate polymer 
Polymer/PEG 

molar ratio 

Mannose content 

(μmol/mg) 

PEI-mannose N/A 0.13671 

PEI-PEG 3.704 N/A 

Mannose-PEI-PEG (#1) 0.962 0.18679 

Mannose-PEI-PEG (#2) 3.491 0.81315 

PEI-PEG-mannose 1.23 0.12122 

Note: the molar ratio was calculated based on the integration of 
1
H NMR peaks.  

The content of mannose in μmol mannose per mg polymer was determined using 

resorcinol assay.   
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Figure 2-2: Scanning Electron Microscopy   

A       B 

  
C 

 
D       E 

  
________________________________________________________________________

Note: A, PEI/siRNA polyplexes, B, PEI-mannose/siRNA polyplexes, C, PEI-PEG/siRNA 

polyplexes, D, Mannose-PEI-PEG/siRNA polyplexes, E, PEI-PEG-mannose/siRNA 

polyplexes. All the polyplexes were prepared with 1μM siRNA at N/P ratio 5   

 

 



36 

 

 

Figure 2-3: Gel retardation assay     
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Figure 2-3 continued 

E 

        

________________________________________________________________________

Note: A, PEI/siRNA polyplexes, B, PEI-mannose/siRNA polyplexes, C, PEI-PEG/siRNA 

polyplexes, D, Mannose-PEI-PEG/siRNA polyplexes, E, PEI-PEG-mannose/siRNA 

polyplexes. All the polyplexes were prepared with 1μM siRNA from N/P ratio 1 to 15 
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Figure 2-4: Intracellular trafficking     
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Figure 2-4 continued  
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Figure 2-4 continued 

________________________________________________________________________

Note: Raw264.7 cells were stained with Lysotracker Green (green), incubated with 

polyplexes formed using Cy-3 labeled siRNA (red), and then mounted with DAPI 

containing mounting solution after fixation.  Co-localization of polyplexes and lysosomes 

are shown as a yellow signal. A, PEI/siRNA polyplexes, B, PEI-mannose/siRNA 

polyplexes, C, PEI-PEG/siRNA polyplexes, D, Mannose-PEI-PEG/siRNA polyplexes, E, 

PEI-PEG-mannose/siRNA polyplexes. 
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Figure 2-5: Knockdown of luciferase expression and HPRT mRNA expression     
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Figure 2-5 continued 

________________________________________________________________________

Note: A, Relative expression of HPRT mRNA levels normalized to that of NC1 mRNA.  

From the left, no treatment, Naked siRNA, RNAiMax/siHPRT, PEI/siHPRT, PEI-

mannose/siHPRT, PEI-PEG/siHPRT, mannose-PEI-PEG/siHPRT, PEI-PEG-

mannose/siHPRT.  B, Relative gene expression of Renilla luciferase is presented with 

firefly luciferase used an internal control.  From the left, PEI/DS neg. scrambled siRNA 

served as negative control, siLentFect/sihRluc served as positive control, PEI/sihRluc, 

PEI-mannose/sihRluc, PEI-PEG/sihRluc, mannose-PEI-PEG/sihRluc, and PEI-PEG-

mannose/sihRluc with N/P ratios at 3 and 10 
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Figure 2-6: Cytotoxicity   
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________________________________________________________________________

Note: A. Cytotoxicity of various polyplexes tested at the working concentration at 0.0078 

mg/ml.  From the left; no treatment, PEI, PEI-mannose, PEI-PEG, mannose-PEI-PEG 

and PEI-PEG-mannose groups.  The relative cell viability was calculated by normalizing 

to the no-treatment group.  B. Cytotoxicity of various polyplexes tested at various 

concentrations.   
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CHAPTER 3: DEVELOPMENT OF DEXTRAN-PEI CONJUGATE POLYMER 

FOR GENE DELIVERY 

 

Introduction 

Previously research on the development of PEI based materials for siRNA 

delivery has shown that PEI and PEI based materials are cytotoxic to cells. Incorporating 

degradability into PEI can be used to improve its toxicity profile. Small PEI units, when 

assembled into large but degradable structures using hydrolysable bonds, generated 

significantly reduced toxicity when compared to PEI 25k. 

Biodegradability is a feature of natural polysaccharides such as dextran. The 

major linkage in dextran is either α-1,3 or α-1,6 glycosidic bond between the glucose 

monomers
128

. Dextran can be slowly depolymerized by enzymes present in various 

organs such as the liver, spleen and kidney
128,129

. Dextran with a MW of more than 50k is 

removed from the blood stream at a very slow rate, whereas 14-18k dextran has a plasma 

half-life of about 15 min
130,131

. The excretion of dextran is highly dependent on its size. 

Rat models suggest renal clearance is a major route of clearance for dextran < 10-

20k
132,133

. A maximum 46.4k dextran fragment has also been observed in urine from 

human studies
134

. In vitro and in vivo experiments have shown that chemical modification 

can reduce the de-polymerization rate of dextran by enzymes
135,136

. Cationic dextran 

derivatives such as DEAE-dextran and dextran-spermine have been tested as gene 

carriers in previous studies
137-142

. Gene delivery studies with conjugates containing 

dextran and PEI (MW 600 and 800) have also been reported in the past
140,143

. However, 

previous PEI dextran conjugates show reduced toxicity as well as reduced transgene 
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efficiencies. One interesting case involved increasing the MW of PEI to 25k in the 

conjugate, where small dextran molecules were grafted to PEI 25k and tested for gene 

transfer purpose
144,145

. At lower graft ratios, PEI was able to maintain its transfection 

efficiency. However, higher grafting degrees reduced its transfection efficiency, possibly 

due to weakening of its binding capacity with DNA. 

In previous research studies, it has also been demonstrated that PEIs of lower MW 

failed to complex plasmid DNA and form compact and stable polyplexes. PEI 25 kDa is 

the most commonly used candidate in gene transfection studies. However, the PEIs 

branched structure and huge size restricts the excretion of PEI 25k from the renal route. 

Accumulation of PEI in the body from frequent treatments is undesirable. In addition, the 

polycationic characteristics of PEI are responsible for the aggregation and capillary 

embolism sometimes observed following intravenous injections. PEGylation can be used 

to reduce the charge density of PEI. A PEI based material combining toxicity-lowering 

and aggregation-reducing function is a preferred option for gene delivery applications. 

We proposed that dextran-PEI conjugates can improve the stability of polyplexes in 

the presence of serum and generate high transfection efficiencies with reduced toxicity. 

We evaluate the impact of MW of dextran and PEI on transfection. In many previous 

studies, the condensing capability of PEI 800 was far less than PEI of higher MW
59

. It 

was proposed in this study that PEI 2000 be used in the conjugations. Dextrans of 

MW>70-90k were also utilized. 

Materials 

Dextran with an average MW 15k and 100-200k was obtained from USB (Cleveland, 

OH, USA, Lot#80995). Sodium cyanoborohydride, PEI 800 and 2000 were purchased 
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from Sigma-Aldrich (St Louis, MO, USA). Sodium periodate and PBS (phosphate buffer 

solution) tablet were supplied by Fluka (St Louis, MO, USA). Glycerin and glacial acetic 

acid (A.C.S. grade) were obtained from Fisher (Pittsburgh, PA, USA). PD-10 columns 

were purchased from Amersham (Piscataway, NJ, USA). MicroBCA Assay Kit and 

snake skin dialysis tubing with MWCO 10,000 were purchased from Pierce (Rockford, 

IL, USA). Agarose was purchased from Bio-Rad (Hercules, CA, USA). DMEM 

(Dulbecco’s Modified Eagle's medium), trypsin and penicillin-streptomycin were 

obtained from Gibco (Carlsbad, CA, USA). FBS (Fetal Bovine Serum) was supplied by 

Atlanta Biologicals (Lawrenceville, GA, USA). MTS (CellTiter 96
®
 AQueous Non-

Radioactive Cell Proliferation Assay Kit) was purchased from Promega (Madison, WI, 

USA). All other reagents were used as received at analytical grade. VR1255 plasmid was 

amplified and purified using a QIAGEN Giga plasmid purification kit (Valencia, CA, 

USA) according to manufacturer’s protocol. 

Methods 

Synthesis of dextran-PEI 

A modified method based on a previous study was followed to prepare the dextran-

PEI conjugate polymer. Dextran (178 mg, 1 mM) was dissolved in 2 ml HAc/NaAc 

buffer (0.1 N, pH 5.0) and equilibrated in ice/water bath. Sodium periodate (10/21 mg, 

0.046/0.098 mM) was dissolved in 400 µl HAc/NaAc buffer and added to the dextran 

solution for 30-mins oxidation. The reaction was stopped by the addition of (100 µl, 1.35 

mM) glycerin. An Amersham PD-10 column (Mr 5000) (GE Healthcare, 

Buckinghamshire, UK, Lot#385703) was used to separate oxidized dextran. PEI 165 or 

330 mg was dissolved in 5 ml HAc/NaAc buffer, and the oxidized dextran was added to 
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the PEI solution slowly. After overnight conjugation, NaCNBH3 (58 mg, 0.92 mM) was 

dissolved in 1 ml HAc/NaAc buffer and added to the reaction solution for a second 

overnight reduction. Dextran-PEI was recovered after dialysis using Pierce tubing 

(MWCO 10,000) and lyophilization respectively. 

Characterization of dextran-PEI 

Dextran-PEI samples were dissolved in D2O at 5 mg/ml, and 
1
HNMR spectra were 

recorded with a Fourier transform nuclear magnetic resonance spectrometer (Bruker 

AVANCE 300MHZ) 

Preparation of dextran-PEI/pDNA complexes 

Plasmid (VR1255) encoding firefly luciferase was used to quantify the expression 

level of foreign genes in the host cells. All polymer/pDNA complexes were freshly 

prepared before use. Equal volumes of polymer solution and plasmid solution were 

mixed together with gentle vortexing, and incubated for 30 min at room temperature. 

Agarose gel retardation assay on dextran-PEI/pDNA interaction 

Agarose gel (0.8%) dyed with ethidium bromide (0.5 µg/ml) was used to investigate 

the particle condensation between dextran-PEI and plasmid DNA. Particle samples (1 µg 

pDNA/100 µl complexes) and corresponding amounts of polymers were prepared at N/P 

5, 10 and 15. Particles (10 µl) from each sample with appropriate amounts of 10x gel-

loading buffer were loaded and electrophoresed on gel in TAE buffer at 80 mV for 45 

min. The DNA in the gel was visualized using a UV transilluminator (Spectroline TE-

312S, Westbury, NY) and photographed.  
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Size and zeta potential measurement of the complexes 

The size and zeta potential of polymer/pDNA complexes were measured using a 

Zetasizer (Malvern Nano ZS, SN#MAL500260). Particles samples (4 µg plasmid/800 µl 

complexes) at various N/P ratios were prepared with appropriate amounts of dextran-PEI 

and PEI controls. 

Turbidity measurements to represent stability of complexes in serum 

Complexes (50 µl) containing 5 µg pDNA and an appropriate amount of polymer 

were transferred to 96-well plates. 50 µl DMEM supplemented with 10% Fetal Bovine 

Serum (FBS) or de-ionized water was added to make up the volume to 100 µl. Changes 

in turbidity are represented by OD values measured with a UV/visible spectrophotometer 

(SpectraMAX Plus384, Molecular Device, Sunnyvale, CA) at 600 nm. 

Cytotoxicity assay determined using the MTS assay 

The MTS assay was used in HEK293 cells to evaluate the cytotoxicity of dextran-

PEI polymers. HEK293 cells were grown in DMEM supplemented with 10% FBS, 

glutamate and Penicillin-Streptomycin (penstrep) at 37°C, 5% CO2 and 95% relative 

humidity. The MTS assay was performed according to a protocol from Promega. 

HEK293 cells (10
4
 cells/well) in 50 µl DMEM culture medium were seeded in 96-well 

plates 24h prior to using the MTS assay. Polymer stock solutions were also prepared in 

DMEM at 5-10 mg/ml and sterile filtered. Serial dilutions of the polymers were prepared 

using DMEM. Sample solutions (50 µl) were transferred to each well followed by 4h 

incubation. MTS solution (20 µl) was added to each well for 2h incubation. The 

absorbance readings representing viability were recorded at 490 nm using a 
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spectrophotometer (SpectraMAX Plus384, Molecular Device, Sunnyvale, CA). The 

relative cell viability was calculated using untreated cells as control.  

In vitro transfection (luciferase assay) 

Luciferase gene transfection in serum-free culture media (4 h incubation) 

The transfection efficiencies of dextran-PEI were quantified in HEK293 cells by the 

expression level of firefly luciferase. HEK293 cells were seeded in a 24-well plate at 

10
5
/well and incubated at 37°C under 5% CO2 for 24h prior to transfection in 1 ml 

DMEM medium supplemented with 10% FBS. Dextran-PEI complexes were prepared as 

described before. A volume of 500 µl DMEM (serum-free) was used to replace culture 

media immediately before transfection. Freshly-made 100 µl complex-containing 

suspensions at various N/P ratios containing 1 µg pDNA were added to each well. The 

transfection media was removed and replaced by 1000 µl DMEM with 10% FBS after 4h. 

Cells were further incubated for 44h. The luciferase expression level of harvested cells 

was determined with the Promega luciferase assay kit using a luminometer (Berthold 

Lumat LB 9507). Cells transfected with naked pDNA, PEI 800, PEI 2000 and PEI 25k 

were used as controls. 

Luciferase gene transfection in serum-containing culture media (4 h incubation) 

The method used for transfection experiments was the same as serum-free (4h 

incubation), with the exception that the transfection media was replaced with 500 µl 

DMEM with 10% FBS. 
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Luciferase gene transfection in serum-containing culture media (48 h incubation) 

The method used for transfection experiments was similar to serum-present (4h 

incubation), except that transfection media was 1000 µl DMEM with 10% FBS instead, 

and transfection media was not removed in 4h but left as incubation media for 48h. 

Intracellular trafficking of complexes prepared with Alexa-labeled dextran-PEI 

Alexa 568 succinimidyl ester was used to label PEI and dextran-PEI. The labeling 

protocol followed Invitrogen instructions. Amersham PD-10 columns were used to 

separate untreated dye from PEI or dextran-PEI. Alexa 568 labeled PEI or DP3 was 

finally recovered by lyophilization. HEK293 cells were plated in 0.01% w/v poly-L-

lysine coated 4 well chamber slides (Lab-Tak) at 5 x 10
4
 cells/well and incubated 

overnight. The cells were incubated with 75 nM LysoTracker Green DND-26 (Invitrogen) 

containing DMEM for 1h prior to transfection to stain lysosomes and endosomes. Then 

cells were transfected with complexes made with Alexa 568 labeled DP3 and PEI 

2000/25k carrying 0.5 µg pDNA (N/P=10) in fresh DMEM. At 2h post-transfection, the 

cells were washed with PBS and fixed with 4% paraformaldehyde, mounted with 

Vectashield Mounting Medium with DAPI for nucleus staining (Vector Laboratories, 

UK). The slides were covered with coverslips followed by 4°C storage in the dark before 

visualization under a multiphoton/confocal microscope (Bio-Rad Radience 2100MP) 

with 60x oil immersion lens. 

Statistical analysis 

All results were presented as mean ± standard deviation. One way ANOVA analysis 

with Tukey’s post-test was used to determine the difference between groups. Level of 
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significance was accepted at p<0.05. Statistical analyses were performed using Prism 

software (Graphpad Software Inc, San Diego, CA) 

Results 

Synthesis and characterization of dextran-PEI 

Oxidation followed with conjugation is a convenient method to prepare dextran-

oligoamine fusion structures. The imine bond formed between oxidized dextran and PEI 

can be further reduced to amine. After this, the linkage becomes irreversible in aqueous 

solutions. Figure 3-1 shows characteristic peaks of dextrose (dextran’s monomer) and 

PEI in the 
1
HNMR spectra of the conjugate polymer. The nitrogen normalized MW (N-

MW) of dextran-PEI was calculated based upon the peak area at 4.9 ppm for dextrose and 

2.6 ppm for PEI, by the following equation: 

        
             

           
 

Table 3-1 summarized the N-MW and corresponding PEI content in the various 

dextran-PEI samples. In the 
1
HNMR spectra, two conjugates of dextran 15 kDa and PEI 

800 failed to show significant peaks at 2.6 ppm (figure not shown), indicating the lack of 

conjugation between dextran and PEI. The combination of dextran 15 kDa and PEI 2000 

showed 16.195% and 27.497% PEI contents in the final products, corresponding to the 

consumption of 10 and 21 mg sodium periodate in the reaction, respectively. When 

dextran 100-200 kDa was used in the conjugation, both PEI 800 and 2000 can react with 

it effectively. These conjugates were named from DP1 to DP4. DP1 and DP2 were based 

on PEI 800, showing PEI contents as 6.5% and 13.0%. DP3 and DP4 were made with 

PEI 2000, and showing a higher PEI amounts as 20.0% and 36.7%. 
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Cytotoxicity assay by MTS 

The MTS assay is a modified MTT assay which produces soluble formazan with λmax 

at 490 nm in living cells only. HEK293 cells are exposed to polymer solutions at various 

concentrations for 4h, followed by 2h incubation with MTS solution. PEI 800, 2000 and 

25k are used as controls. As seen in Figure 3-2, the general order of cytotoxicity is PEI 

800 < PEI 2000 < PEI 25k in the concentration ranges tested. All dextran-PEI samples 

show a significantly reduced cytotoxicity when compared to PEI 25k. DP1 and DP2 show 

lower toxicity, even when compared to PEI 800. DP3 displays similar cytotoxicity 

profiles to PEI 2000. DP4 is slightly more toxic than PEI 2000, but significantly less 

toxic than PEI 25k. The working concentration of PEI in gene delivery is commonly 

between 0.01 and 0.1 mg/ml, depending on the dose of pDNA and N/P ratios. During this 

concentration range, our dextran-PEIs showed significantly less damage to HEK293 cells. 

Agarose gel retardation assay, size and zeta potential measurement on pDNA-dextran-

PEI complexes 

Effective condensation of pDNA by dextran-PEI into particles is critical for its 

successful application in gene therapy. Condensation protects pDNA from enzymatic 

degradation and facilitates uptake of particles by cells. Using agarose gel assays, dextran-

PEI samples and PEI controls (800, 2000 and 25k) were evaluated for their ability to 

form complexes at various N/P ratios. Figure 3-3 shows that PEI 800-based DP1 and DP2 

exhibits poor complexation with pDNA at N/P 5, which improves as the N/P ratio 

increases above 10. DP3 and DP4, which are made from PEI 2000, fully retard migration 

of pDNA at all N/P ratios, suggesting more compact complexes are formed when 

compared to PEI-800 based conjugates. Complexes based on PEI 25k and 2000 display 
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limited migration of pDNA. In contrast, PEI 800 results in poor pDNA condensation. 

Comparing DP3/4 to PEI 25k, no significant differences in terms of complexation are 

found.  

An appropriate size and net positive charge on the surface of the particles is also 

crucial for endocytosis of complexes. Consistent with the gel retardation assay results, all 

dextran-PEI conjugates are able to form complexes with pDNA with net positive surface 

charges, as shown in Figure 3-3 & 3-4. PEI 800 is not as potent as other PEIs in the 

formation of complexes. At N/P 5, PEI 800 forms the largest particles in comparison to 

all other groups. PEI 800-based dextran-PEIs (DP1/2) also give relatively large particles 

more than 200 nm in size, but these particles were significantly smaller than PEI 800. PEI 

2000 generates a reduced particle size which is less than 210 nm, comparing to particles 

prepared with PEI 800. DP3 and DP4, made with PEI 2000, also generate smaller 

particles which are around 200 nm in comparison to DP1/2. Decreased particle sizes are 

observed as the N/P ratios increases. At N/P 15, particles formed with DP4 are as small 

as 83 nm and similar to the 89 nm particles created by PEI 25k. The surface charge of the 

particles is reversely correlated to increasing particle size. As seen in Figure 3-5, 

increasing N/P ratios result in higher zeta potentials. Complexes with PEI 25k show the 

highest zeta potential of around 30 mV at N/P 10 and 15. Dextran-PEI/pDNA exhibits 

lower values of 15-24 mV when compared to PEI 25k. Most of the dextran-PEIs surface 

charges are approximately 15-20 mV, which are at the same level of PEI 800 and 2000. 

Turbidity measurements to represent stability of complexes in serum 

Turbidity is a commonly used method to detect aggregates or particles in fluid. The 

turbidity index of a particulate sample will be reflected by the reduction of the incident 
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beam intensity. This reduction is represented by optical density (OD) or absorbance value 

change on a UV-Vis spectrometer (SpectraMAX Plus384). The increase in turbidity is 

due to the increased average particle size when aggregation occurs. In Figure 3-6, 

particles formed with PEI 25k shows significantly higher turbidity than DP4 at N/P 5 

(one-way ANOVA, p<0.001). Furthermore, as the N/P ratio increases, the turbidity of 

PEI 25k complexes also rises. In contrast, DP4’s turbidity decreases when the N/P ratio 

increases. N/P values reflect the amount of cationic polymers in the complexes if pDNA 

amount is constant. The greater turbidity difference at N/P 15 than N/P 5 between PEI 

and DP4 groups  suggests that the presence of dextran in polymer/pDNA complexes 

incurs less aggregation in the presence of serum, whereas PEI alone is more susceptible.  

In vitro transfection (luciferase assay) 

As mentioned earlier, one of the major obstacles to PEI based gene delivery is 

aggregation in the presence of serum and subsequent lung embolism. The transfection 

efficiencies of dextran-PEI and PEI materials are investigated under three conditions: 

Serum-free (4h incubation), serum-containing (4h incubation), and serum-containing 

(48h incubation). 

Luciferase gene transfection in serum-free culture media (4 h incubation) 

As shown in Figure 3-7, PEI 800 generates the lowest transfection efficiency, 

whereas PEI 25k generates the highest. Naked DNA exhibits similar transfection 

efficiency levels to those achieved using PEI 800 (one-way ANOVA, p=0.4567). 

Increasing the N/P ratio improves the luciferase expression level. When examining 

dextran-PEIs, all DPs show lower transfection efficiencies than PEI 25k. At N/P 15, DP4 

shows lower transfection efficiency than PEI 25k, but this difference is not significant 
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(one-way ANOVA, p=0.6060). All DPs display similar transfection profiles regardless of 

the type of PEI used in the DP construct. These results are consistent with a number of 

previous studies
143,146

. 

Luciferase gene transfection in serum-containing culture media (4 h incubation) 

As suggested by results from the turbidity experiments, dextran-PEI is able to reduce 

particle aggregation caused by serum in culture media. Normal DMEM (with 10% FBS) 

is used to replace the DMEM w/o serum in the previous study and the transfection study 

is repeated. A similar pattern is found for all PEI samples (Figure 3-8). PEI 800 is not 

more efficient than naked pDNA (one-way ANOVA, p=0.4144) in terms of transfection 

efficiency at N/P 5. PEI 25k shows the highest transfection efficiency at N/P 15. Higher 

N/P ratios lead to higher efficiencies. In contrast to experiments carried out in serum free-

media, dextran-PEI conjugates, show improved efficiencies of transfection relative to PEI 

when the experiment is carried out in serum containing media. The overall expression 

level of luciferase generated by dextran-PEIs follows the order DP1<DP2<DP3<DP4, 

and is correlated with decreasing N-MW values. DP4 exhibits high transfection 

efficiency with no significant difference to PEI 25k (one-way ANOVA, p=0.1273/0.9972, 

N/P 10/15).  

Luciferase gene transfection in serum-containing culture media (48 h incubation) 

As shown by the cytotoxicity data, dextran-PEI is significantly less toxic than PEI 

25k. When the incubation (transfection) time length is extended to 48h, PEI 800 

generates the lowest transfection efficiency among all the controls (Figure 3-9) and is at 

the same level as naked DNA (one-way ANOVA, p=0.3330). Since PEI 2000 is 

significantly less toxic than PEI 25k, we hypothesize that the lower toxicity offsets lower 
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transfection efficiencies to generate similar total luciferase expression levels. The 

expression of luciferase from PEI 2000 is close to that of PEI 25k, but the latter causes 

more death of cells at the 48h time-point. DP1 and DP2 still result in poor transfection 

efficiencies, probably due to the relatively large particles formed. However, DP3 and 

DP4 exhibit significantly higher transfection efficiencies to PEI 25k at N/P 10/15 (one-

way ANOVA, p<0.0001; p=0.0315). When compared to the results from complexes 

incubated for 4h incubation in serum-containing media, we presume that 4h was not long 

enough to show the influence of the toxicity on transfection efficiencies between DP3/4 

and PEI 25k. When the incubation length was increased to 48h, dextran-PEI clearly 

demonstrated lower toxicity, in conjunction with an improved efficiency on transfection. 

Similar results were observed on transfection study with COS7 cells (data not shown). 

Intracellular trafficking of complexes prepared with Alexa-labeled dextran-PEI 

The intracellular fate of DP-pDNA complexes was visualized by confocal 

microscopy. Lysosomes and endosomes were stained with LysoTracker Green. The 

nucleus was stained with DAPI. Alexa 568 was used to label DP3 or PEI. As shown by 

photos in Figure 3-10, 3-11 and 3-12, complexes were well internalized at 2h post-

transfection. The co-localization of PEI 25k and DP3 with lysosomes were represented as 

yellow color in the picture. DP3/pDNA complexes showed some level of dissociation 

with lysosomes. The color dissociation may suggest a faster escape of DNA cargo from 

lysosomes into cytoplasm, which could be a reason for the high efficiency of dextran-PEI 

in the transfection study.  
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Discussion 

Periodate is a commonly used reagent in oxidizing polysaccharide and allowing 

further conjugation with amine-containing molecules such as proteins and peptides. The 

method has been widely used in making functionalized macromolecules. In this research 

study, dextran was oxidized and linked with PEI via glucose monomers. The bonds 

between C2, C3 and C4 in glucopyranose are cleaved by periodate and aldehyde groups 

are created. These aldehyde groups are highly reactive to amines and form imine bonds 

between carbon and nitrogen atoms. Irreversible linkage is generated if a reducing agent 

such as sodium cyannoborohydride is added to convert imines to C-N bonds. 

As shown in 
1
HNMR spectrum, the peak at 4.9-5.0 ppm represents the proton 

signal of C1 (glucopyranose monomer). The remaining peaks from 3.4 to 4.1 ppm are 

corresponding to other protons of C2 to C6. The peak at 2.6 ppm, after comparison to the 

spectra of PEI (not shown), is the signal of CH2 monomers in PEI. Therefore, the 

spectrum of DP4 (Figure 3-1) confirmed the existence of both dextran and PEI in the 

conjugate structure. By comparing the integration of the peak area of C1-H 

(glucopyranose) and CH2-H (PEI), it is feasible to calculate the molar ratio between 

dextran monomers and PEI monomers and thus calculate the amount of PEI conjugated 

to dextran. A lower N-MW value represents a higher amount of PEI in the dextran-PEI 

samples. Using the data in table 3-1, the extent of PEI conjugation was correlated to the 

amount of sodium periodate added. Higher doses of sodium periodate resulted in a higher 

conjugation degree and lower N-MW. The MW of dextran used in the reaction also 

affected the results. Dextran 15k was not as efficient as dextran 100-200k for conjugation 

in the reaction, especially with PEI 800. While examining the reaction efficiency 
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differences between PEI 800 and 2000, it was noticed that PEI 800 had lower substitution 

degrees in the conjugates, which can be explained by the difference in degree of 

polymerization of PEI. Among all the conjugates prepared, Dextran(100-200k)-PEI(2000) 

(DP4) showed the highest conjugation degree. 

Our hypothesis proposes that dextran would incorporate degradability into the 

conjugate polymer. The introduction of degradability into the PEI structure has been 

previously demonstrated to reduce PEI toxicity. In addition, previous studies have also 

shown that grafting dextran to PEI can also reduce the toxicity of PEI significantly. 

Therefore, the reduction in toxicity for dextran-PEI is reasonably attributed to the 

inclusion of the dextran. Increasing conjugation degrees is correlated to the increasing 

cytotoxicity, which may be explained by higher charge densities and more intensive 

charge interactions between the polymer and the cell membrane. It was believed that this 

charge interaction was related to the development of toxicity at a cellular level. 

The sizes of polyplexes formed with dextran-PEIs ranged from 80 to 200 nm. As 

mentioned in the previous PEI-PEG-mannose study, particles less than 150-200 nm in 

size showed higher endocytosis efficiency than particles of bigger size. The inclusion of 

dextran in polyplexes produced a size increase compared to PEIs. Similar to the 

explaination of toxicity, attenuation on charge density could be the reason for the size 

increase. Compared to PEI, the N-Mw values of dextran-PEI are greater, indicating a 

larger average molecular size corresponding to each amino group. Our results showed 

that PEI 800 was incapable of condensing pDNA into particles. However, after 

conjugation to dextran, PEI 800 showed improved condensing capability. In combination 
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with other studies assembling small PEIs into large constructs, it was believed that a 

certain minimum MW was indispensible in condensation and complexation with pDNA. 

Another hypothesis is that the conjugate of dextran and PEI would reduce 

aggregation of particles in the presence of serum. It is important to note here that 

aggregation could result in embolism in the lung which is a major obstacle to the in vivo 

application of PEI. Turbidity was originally a method for monitoring the purity of water, 

where a high turbidity value suggests “muddy” appearance. In this study, turbidity value 

was used as indirect measurement of aggregation and/or average size. In the case of pure 

solution, because there are no insoluble particles in the liquid, it should exhibit a similar 

turbidity index to pure water. Therefore, PEI and DP4 colloidal particles showed 

comparable OD values to DI water. DMEM (supplemented with 10% FBS) exhibited an 

increased OD, suggesting insoluble particles in the media. Particles subjected to DMEM 

showed even higher OD values than media itself, suggesting an increase in average size 

of particles. An assessment of the trend of turbidity values at different N/P ratios showed 

that a higher concentration of DP4 was able to stabilize particles in the presence of serum. 

In a previous study, the dextran-graft on PEI 25k was thought to attenuate the interaction 

between serum components and particles, and thus reduce the particles size change. 

Several dextran PEI conjugate polymers have been developed but have led to few 

successes. In an earlier screening of polysaccharide-oligoamine conjugates as a gene 

carrier, Dextran (20-500 kDa)-PEI 600 was ruled out because of poor transfection 

efficiencies
140

. In another two studies, grafting of dextran (1500 and 10,000) to PEI (25k) 

reduces its buffering capacity, cytotoxicity and transfection efficiency, and it was 

concluded that dextran grafting prevented particles from passing the cell membrane
144,145

. 
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Two newer studies bypassed oxidation and utilized spacer linking between dextran (15-

25k and 60-90k) and PEI (800)
143,146

.  In these studies, Dextran PEI conjugate polymers 

also showed lower toxicity and transfection efficiencies when compared to PEI 25k at the 

same N/P ratios. While examining the compositions of conjugates, it must be noted that 

the MW of PEI used was relatively low (600, 800). In our study, the structure of the 

conjugate polymer is different to previous conjugates because dextran is used as a core 

rather than a grafting material, and higher MW materials were used to achieve better 

complexation with pDNA
59

. HEK293 cells were selected to evaluate transfection 

efficiency. This cell line derives from human kidney epithelial cells and is a commonly 

used cell line for evaluating non-viral gene transfer vectors. Our transfection results 

showed that in serum-free conditions, dextran-PEI polymers were not more competent 

than PEI 25k, which is consistent with previous  findings on dextran PEI conjugates
143,146

. 

After changing to serum-containing conditions, improvements on transfection efficiency 

were observed with the use of our conjugate polymers. The cytotoxicity profiles 

suggested that conjugate polymers generated significantly less damage to HEK293 cells 

in working concentrations. It was presumed that the reduced cytotoxicity help increase 

the overall transfection efficiency. Meanwhile, improved stability of particles by dextran-

PEI in the presence of serum could allow for higher endocytosis efficiencies compared to 

PEI 25k. Confocal microscopic imaging showed the co-localization of particles and 

endosomes/lysosomes 2 hrs after transfection. The dissociation of red and green colors 

could be explained by the rapid escape of particles by dextran-PEI conjugates into the 

cytoplasm. Because the conjugate was built with dextran and PEI, it would be reasonable 

to infer that the buffering capacity of PEI remained in dextran-PEI conjugates and 
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produced a similar proton sponge effect to PEI alone. At the same N/P ratio, the total 

amine amount in PEI 25k is equal to DP3 so that dextran could possibly increase the 

viscosity of liquids in endosomes, increase the osmotic pressure difference and thus 

facilitate the rupture of endosomes. 
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Table 3-1: Characterization of dextran-PEIs  

sample 

Dextran 

MW 

(kDa) 

PEI 

MW (Da) 

PEI 

wt % N-MW Ref code 

D15P800-l 15 800 N/A N/A  

D15P800-h 15 800 N/A N/A  

D15P2000-l 15 2000 16.195 266  

D15P2000-h 15 2000 27.497 156  

D150P800-l 100-200 800 6.5469 648 DP1 

D150P800-h 100-200 800 13.026 328 DP2 

D150P2000-l 100-200 2000 20.079 214 DP3 

D150P2000-h 100-200 2000 36.699 117 DP4 

Note: -l: low oxidation/substitution degree, 11 mg sodium periodate added; -h: high 

oxidation/substitution degree, 21 mg sodium periodate added; N/A: not available 
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Figure 3-1: 
1
HNMR spectra of DP4  

 

________________________________________________________________________

Note: δ5.0-4.9 (C1-H, Dextran(Dextrose)), δ4.8 (H, H2O), δ4.1-3.4 (C2-C6-H, 

Dextran(Dextrose)), δ2.8-2.5 (PEI-H), Bruker AVANCE 300MHz, DP4’s spectra shown 

only 
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Figure 3-2: Cytotoxicity profiles of Dextran-PEI  

 
________________________________________________________________________

Note: 4h incubation with polymer solution and 2h incubation with MTS solution. 

HEK293 cell treated with dextran-PEIs and controls in the concentration range: DP1: 

0.00615-3.15 mg/ml; DP2: 0.00625-3.20 mg/ml; DP3: 0.00654-3.35 mg/ml; DP4: 

0.00674-3.45 mg/ml; P800: 0.01372-7.03 mg/ml; P2000: 0.01592-8.15 mg/ml; P25k: 

0.01104-5.65 mg/ml Cells were treated with polymers for 4h. Mean±SD, n=4 
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Figure 3-3: Gel retardation assay 

A 

 
B 

 
________________________________________________________________________ 

Note: agarose gel electrophoresis of DPs-DNA complexes at N/P ratio 5, 10 and 15. (nd: 

naked pDNA) 
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Figure 3-4: Particle size  
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________________________________________________________________________ 

Note: sizes of complexes formed by dextran-PEIs and controls at various N/P ratios. 

Mean+SD, n=3   
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Figure 3-5: Zeta potential  
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________________________________________________________________________

Note: zeta potential of complexes formed by dextran-PEIs and controls at various N/P 

ratios. Mean+SD, n=3 
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Figure 3-6: Turbidity  
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________________________________________________________________________

Note: turbidity of dextran-PEI/pDNA complexes in DMEM (with 10% FBS). Mean+SD, 

n=6 
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Figure 3-7. Gene transfection efficiency (4h w/o serum)  

w/o serum, 4h
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________________________________________________________________________

Note: efficiency of Dextran-PEIs and controls at various N/P ratios in HEK293 cells. 4h 

transfection (w/o serum) and 44h incubation. Mean+SD, n=4 
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Figure 3-8: Gene transfection efficiency (4h w/ serum)   

w/ serum, 4h
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________________________________________________________________________

Note: efficiency of dextran-PEIs and controls at various N/P ratios in HEK293 cells. 4h 

transfection (w/ serum) and 44h incubation. Mean+SD, n=4 
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Figure 3-9: Gene transfection efficiency (48h w/ serum)   

w/ serum, 48h
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________________________________________________________________________

Note: efficiency of dextran-PEIs and controls at various N/P ratios in HEK293 cells. 48h 

transfection (w/ serum). Mean+SD, n=4 
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Figure 3-10. Confocal microscope image of PEI2000-DNA complexes localization at 

N/P 10, 2h post-transfection (w/ serum)  

  

  
________________________________________________________________________

Note: nucleus stained with DAPI (blue); Lysosome stained with LysoTracker (green); 

Polymer stained with Alexa 568 (red) 
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Figure 3-11: Confocal microscope image of PEI25k-DNA complexes localization at 

N/P 10, 2h post-transfection (w/ serum)  

  

  
________________________________________________________________________

Note: nucleus stained with DAPI (blue); Lysosome stained with LysoTracker (green); 

Polymer stained with Alexa 568 (red) 
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Figure 3-12: Confocal microscope image of DP3-DNA complexes localization at N/P 

10, 2h post-transfection (w/ serum)  

  

  
________________________________________________________________________

Note: nucleus stained with DAPI (blue); Lysosome stained with LysoTracker (green); 

Polymer stained with Alexa 568 (red) 
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CHAPTER 4: DEVELOPMENT OF OVA/CpG CO-LOADED PLGA 

MICROPARTICULATE VACCINE 

 

Introduction 

 PLGA is a biodegradable and biocompatible polymer which has shown great 

potential in drug delivery. Due to its hydrophobicity, PLGA can be fabricated into 

microparticles loaded with peptides, proteins and nucleic acids. The PLGA microparticles 

can protect loaded macromolecules from degradation and improve their stability. 

Vaccines in the form of PLGA microparticles show enhanced immune responses because 

PLGA microparticles can be fabricated with similar sizes as natural pathogens. PLGA 

microparticles can also provide sustained release of antigen so that vaccinations can be 

simplified as a single bolus dose. 

 Various fabrication techniques in producing PLGA microparticles have been 

developed in the past decades. One of the most successful methods is the water-in-oil-in-

water w/o/w double emulsion technique. By controlling various parameters during 

fabrication, PLGA microparticles can be tailored to the desired size, shape and loading. 

PLGA is commercially available in different MW (inherent viscosity) and compositions 

of lactic acid and glycolic acid, which allows for the preparation of particles with a wide 

range of release profiles. Some PLGAs are also supplied with free carboxylic terminals, 

thereby enabling further chemical modification for customized needs. Our lab has 

developed PEI/PAMAM coated PLGA microparticles for delivery of genetic 

material
147,148

. Using NHS/EDC reagents, PEI/PAMAM was covalently coated on the 

surface of PLGA microparticles (PLGA carries carboxylic acid terminals). After coating, 
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PLGA microparticles showed a surface charge reversion from -40 mV to 40 mV
147,148

. 

The net positive charge on the particle surface allows for electrostatic interaction between 

pDNA and microparticles allowing for potential applications for gene delivery. The 

PEI/PAMAM coated microparticles also exhibited a moderate buffering capacity in 

titration tests, which might be able to introduce the proton sponge effect and improve 

transfection efficiency. Given that both pDNA and CpG ODN have similar net negative 

backbones, the coated microparticles could be used to deliver CpG ODN in the 

development of vaccine formulations. 

 Our lab has also demonstrated that OVA-CpG conjugate molecules are able to 

induce stronger immune responses than OVA alone
115

. This finding was consistent with 

the result that OVA and CpG co-loaded microparticles generated higher IgG2a/IgG1 than 

OVA loaded microparticles alone
114

. Another interesting finding was that mixture of 

OVA loaded particles and CpG loaded particles generated lower immune response than 

co-loaded particles. Therefore, it was proposed that particulate formulation loaded with 

OVA-CpG conjugate would able to induce strong antigen-specific immune response in 

mice. In addition, we demonstrated that the antigen-specific immune response could be 

improved by careful control over the sequential delivery of CpG to TLR9
149

. The TLR9 

receptor is mainly distributed in the endoplasmatic reticulum of B cells and plasmacytoid 

dendritic cells in human
109,150,151

. In mice, TLR9 is found in B cells, monocytes and all 

DC sublets
151

. Translocation of CpG to endosomes/lysosomes allows for co-localization 

and recognition of DNA by TLR9
150

. After the endocytosis or phagocytosis of pathogen, 

the stimulation of TLR9 occurs when DNA is in the endosomal or lysosomal vesicles and 
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binds to TLR9. Therefore, the release profile of OVA and CpG loaded microparticles 

could influence the final outcomes of immune boost.  

In our studies, OVA and CpG ODN were loaded to PLGA microparticles by 

several different methods. We propose that different loading methods may allow for 

different release profiles of antigen and adjuvant, the manipulation on sequential release 

of OVA and CpG, and optimization on the immune response generated by biodegradable 

microparticles.   

Materials 

PLGA (75:25) with carboxylic ends (inherent viscosity 0.15 dl/g in chloroform) 

was purchased from Absorbable Polymers (Pelham, AL).Poly vinyl alcohol (PVA, 87-89% 

hydrolyzed, MW 30-70 kDa, Lot 039K0147) and PAMAM G3 was purchased from 

Sigma-Aldrich (St. Louis, MO). CpG was bought from Trilink Biotechnologies (La Jolla, 

CA). Chicken ovalbumin (OVA) grade VI was purchased from Sigma-Aldrich (St Loius, 

MO). MicroBCA assay kit was purchased from Promega (Madison, WI). Precast 

polyacrylamide (PAGE) gel was purchased from Bio-Rad (Hercules, CA). OligoGreen 

assay kit was bought from Invitrogen (Carlsbad, CA). Dichloromethane (DCM), DMSO 

and other chemicals were purchased from Fisher Scientific (Pittsburgh, PA). 

Methods 

Synthesis of OVA-CpG conjugate molecule 

PBS-EDTA buffer solution was prepared by dissolving appropriate amounts of 

EDTA in PBS at 5 mM, and the pH of buffer was adjusted to 7.05. Chicken ovalbumin 

116.3 mg was dissolved in 2 PBS-EDTA 3 ml. Sulfo-MBS 26.1 mg was dissolved in 

DMSO as stock solution and added to OVA solution. The reaction was stopped after 2.5 
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hrs and mixture was loaded into a P6 column. A total volume of 6 ml elution was 

collected.  

CpG-ODN (15 μmol) was dissolved in 3 ml PBS. Dithiothreitol (DTT) 24.5 mg 

was added to the CpG solution. The reaction was stopped after 2 hrs and the mixture was 

loaded into another P6 column (Bio-Rad). Similarly, a total volume of 6 ml elution was 

collected.  

The elutions of OVA and CpG were mixed. In 3 hrs, cystine 60.1 mg was 

dissolved in 1 ml PBS-EDTA and added to the mixture to stop reaction. Dialysis tubing 

with MWCO 10,000 was used to purify OVA-CpG conjugate in sterile water. The OVA-

CpG was recovered by lyophilization after 3 days dialysis. 

Characterization of OVA-CpG conjugate molecule 

MicroBCA assay 

OVA solution at 2 mg/ml was used as a protein standard and prepared into serial 

dilutions at x0.5 factor. OVA-CpG was dissolved at 1.1 mg/ml. A volume of 100 μl 

MicroBCA solution and equal volume of test samples (or dilutions) were mixed and 

heated for 1 hr before being subjected to a UV-Visible spectrometer set at 562 nm. All 

dilutions were made with PBS. The amount of OVA in the OVA-CpG conjugate was 

calculated based on the standard curve. 

SDS-PAGE electrophoresis 

A pre-cast 4-20% polyacrylamide gel was used to analyze OVA-CpG conjugate 

molecule. OVA, CpG and OVA-CpG were loaded to gel and run at 100V for 65 min 

before visualized by Coomassie Brilliant Blue (CBB) staining. Photo of the gel was taken 

using a Fujifilm F20 digital camera. 
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The gel was also run in a buffer without SDS under the same conditions as above. 

Further staining with EtBr was applied to visualize CpG in the conjugate molecule under 

UV light. Photo of the gel was taken using a Fujifilm F20 digital camera. 

Fabrication of PLGA microparticles loaded with OVA, CpG, OVA+CpG, OVA-CpG, 

(OVA)-CpG and (CpG)-OVA (brackets represent encapsulated particles)  

OVA (OVA-loaded PLGA microparticles) 

PLGA (100 mg) was dissolved in 1 ml DCM. OVA (5 mg) was dissolved in 100 

μl 1.0% w/v PVA solution. OVA solution (100 μl) was transferred into 1 ml PLGA DCM 

solution and sonicated for 30 sec to produce the first emulsion. The first emulsion was 

further dropped into a beaker containing 50 ml 1.0% w/v PVA solution under 

homogenization at 13.5k rpm for 30 sec. The resultant emulsion was kept stirring in the 

hood for 5-6 hrs to get rid of DCM. OVA loaded PLGA microparticles were collected 

using centrifugation at 5k rpm for 5 min. PLGA microparticles were washed three times 

before final lyophilization. 

CpG (CpG-loaded PLGA microparticles) 

PLGA 100 mg was dissolved in 1 ml DCM. CpG stock solution (approximately 

26 mg/ml) containing 2.5 mg CpG 1826 was diluted using 1.0% w/v PVA solution to 

make 100 μl solution. CpG solution 100 μl was transferred into 1 ml PLGA DCM 

solution and sonicated for 30 sec to produce the first emulsion. The first emulsion was 

further dropped into a beaker containing 50 ml 1.0% w/v PVA solution under 

homogenization at 13.5k rpm for 30 sec. The resultant emulsion was kept stirring in the 

hood for 5-6 hrs to get rid of DCM. CpG loaded PLGA microparticles were collected 
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using centrifugation at 5k rpm for 5 min. PLGA microparticles were washed three times 

before final lyophilization. 

OVA+CpG (OVA and CpG co-loaded PLGA microparticles) 

PLGA (100 mg) was dissolved in 1 ml DCM. OVA 5 mg was dissolved in 100 μl 

CpG solution containing 2.5 mg CpG 1826 (stock solution diluted using 1.0% w/v PVA 

solution to make 100 μl). OVA+CpG solution (100 μl) was transferred into 1 ml PLGA 

DCM solution and sonicated for 30 sec to produce the first emulsion. The first emulsion 

was further dropped into a beaker containing 50 ml 1.0% w/v PVA solution under 

homogenization at 13.5k rpm for 30 sec. The resultant emulsion was kept stirring in the 

hood for 5-6 hrs to get rid of DCM. OVA+CpG co-loaded PLGA microparticles were 

collected using centrifugation at 5k rpm for 5 min. PLGA microparticles were washed 

three times before final lyophilization. 

OVA-CpG (OVA-CpG conjugate loaded PLGA microparticles) 

PLGA (100 mg) was dissolved in 1 ml DCM. OVA-CpG (5 mg) was dissolved in 

100 μl 1.0% w/v PVA solution. OVA-CpG solution (100 μl) was transferred into 1 ml 

PLGA DCM solution and sonicated for 30 sec to produce the first emulsion. The first 

emulsion was further dropped into a beaker containing 50 ml 1.0% w/v PVA solution 

under homogenization at 13.5k rpm for 30 sec. The resultant emulsion was kept stirring 

in the hood for 5-6 hrs to get rid of the DCM. OVA-CpG loaded PLGA microparticles 

were collected using centrifugation at 5k rpm for 5 min. PLGA microparticles were 

washed three times before final lyophilization. 
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PLGA microparticles coating with PAMAM 

PLGA microparticles (50 mg) were suspended in 3 ml MES buffer. Sulfo-NHS 18 

mg and EDC 16 mg were dissolved in 500 μl MES buffer respectively. Both sulfo-NHS 

and EDC were added into the PLGA suspension under magnetic stirring. The suspension 

was spun at 5k rpm for 5 min in 1.25 hrs. The microparticles collected were re-suspended 

using 3 ml PBS buffer. PAMAM 40 mg was dissolved using 2 ml PBS under magnetic 

stirring. PLGA suspension in PBS was dropped into PAMAM solution slowly. The 

coating reaction was stopped in 5 hrs by centrifugation at 5k rpm for 5 min. Coated 

microparticles were washed using 0.1M NaCl twice and DI water three times before 

lyophilization. 

(OVA)-CpG (OVA-loaded PLGA microparticles surface adsorbed with CpG) 

The coated PLGA-OVA microparticles were suspended in 1 ml DI water. CpG 

2.5 mg was added to suspension for 6 hrs incubation at 4°C. Micropaticles were spinned 

at 13.5k rpm for 1 min to remove supernatant and washed once using 500 μl DI water. 

Finally PLGA-(OVA)-CpG microparticles were regenerated after lyophilization. 

(CpG)-OVA (CpG-loaded PLGA microparticles surface adsorbed with OVA) 

Similarly, the coated PLGA-CpG microparticles were suspended in 1 ml DI water. 

OVA (5 mg) was added to the suspension for 6 hrs incubation at 4°C. Microparticles 

were spun at 13.5k rpm for 1 min to remove supernatant and washed once using 500 μl 

DI water. Finally PLGA-(CpG)-OVA microparticles were regenerated after 

lyophilization. 
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Determination of particles size determination, zeta potential and surface morphology 

PLGA microparticles were suspended in DI water at 0.5 mg/ml. Approximately 

150 μl suspension was transferred to a silicon wafer and dried under the hood overnight. 

The wafer was mounted on aluminum stubs using liquid colloidal silver adhesives 

followed with 6 hrs drying at room temperature. Specimens were observed using SEM 

(Hitachi S-4800). Size of PLGA microparticles was determined using a zetasizer 

(Malvern Nano ZS, SN#MAL500260) by observing the scattered light at 173° angle.  

Determination of OVA/CpG Loading 

The amount of OVA loaded in the PLGA microparticles was determined using the 

MicroBCA assay. PLGA microparticles (5-10 mg) were treated with 0.3M NaOH 

solution overnight to break the microparticles and release their cargo. The hydrolysis was 

neutralized using 1M HCl 300 μl and supernatant was collected after spinning at 13.5k 

rpm for 30 sec. The supernatant 50-100 μl was subjected to MicroBCA assay using OVA 

solution of known concentration as standard. The amount of OVA loaded was calculated 

by multiplying the concentration of OVA in the test sample to adjusted volume. 

The amount of CpG loaded into PLGA microparticles was determined using the 

OligoGreen kit. Similarly, PLGA microparticles (5-10 mg) were treated with 0.3M 

NaOH solution overnight to break microparticles and release cargo. The hydrolysis was 

neutralized using 1M HCl (300 μl) and supernatant was collected after spinning at 13.5k 

rpm for 30 sec. The supernatant (100 μl) was mixed with OligoGreen dilution (100 μl) 

using CpG solution of known concentration as standard. The amount of CpG loaded was 

calculated by multiplying the concentration of CpG in the test sample to the adjusted 

volume. 
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In vitro release profile at physiological pH and temperature (37°C) 

PLGA microparticles (30-50 mg) were suspended in 2 ml PBS solution and 

placed on a shaking bath for 14 days period. 500 μl samples were centrifuged at 13.5k 

rpm for 30 sec at pre-determined time points and 200 μl supernatant was collected. 

Samples were analyzed using the MicroBCA and OligoGreen assays to determine the 

concentration of OVA and CpG. The amounts of OVA and CpG released were calculated 

based on the concentration and volume of samples. 

Animal Care and Handling 

Female C57Bl/6 mice of 8 to 10 weeks old were used for immunization. Before 

beginning any animal experiments, animal training and education courses were carried 

out through the University of Iowa’s Animal Care and Use committee 

(http://research.uiowa.edu/animal/).  Instruction including proper handling and restraint 

of mice, which minimizes stress on the animal and prevent aggression or defensive 

responses to handling.  For all cases involving anesthesia, a ketamine/xylazine mixture 

was injected i.p. to deliver 87.5 mg/kg ketamine and 2.5 mg/kg xylazine in a 100 μl 

injection.  This provides full anesthesia within a few minutes and last for approximately 

20-30 minutes, with animals returning to full consciousness and mobility within 2 hours.  

At the end of the studies, or to harvest organs, mice were euthanized using CO2 and death 

confirmed by cervical dislocation.  Throughout the course of all experiments, mice were 

monitored daily by the University of Iowa Animal Care.  Great care was taken to 

optimize formulations prior to injection to minimize the number of animals necessary for 

each experiment while retaining significance.   
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Immunization studies 

Mice were administered vaccines subcutaneously (s.c.) on the flank on day 

1(week 0) and day 14 (week 2). The PLGA microparticle formulations administered were 

the following: empty microparticles; PLGA-OVA; PLGA-CpG; PLGA-(OVA+CpG); 

PLGA-(OVA-CpG); PLGA-(OVA)-CpG; PLGA-(CpG)-OVA. The amount of OVA 

administered was normalized to 50 μg. 

Antigen-specific antibody response and Th-1 response quantification by Enzyme-

linked immunosorbent assay (ELISA) 

 Serum was collected by sub-mandibular bleeding from mice at pre-determined 

time points after immunization injection. Microtiter plates were coated using 5 μg/ml 

OVA antigen and incubated overnight at 4°C. Wells on plates were saturated using 5% 

milk and serum serial dilutions were added. Plates were washed before adding heavy 

chain-specific goat anti-mouse IgG, IgG1 or IgG2a and the colometric substrate P-

nitrophenylphosphate. Serum from naïve mice to which a known concentration of 

monoclonal anti-OVA (4A9) antibody was added served as the standard and positive 

control. The negative control was pre-treatment (naïve) mouse serum. Plates were 

recorded using a microplate reader and curves established for each sample. The 

concentration of anti-OVA IgG2a was determined by comparing standard curves and test 

samples. 

Tetramer staining for enumeration of antigen-specific CD8+ cells 

 MHC tetramers are complexes of 4 MHC molecules, which are associated with a 

specific peptide and bound to a fluorochrome. Class I tetramers bind to a distinct set of T 

cell receptors (TCRs) on a subset of CD8+ cells and thus helps in an accurate 
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enumeration of cytotoxic T cells (CD8+) that are essential for lysis of tumor cells. At the 

end of day 28 of the immunization cycle, the mice vaccinated are sacrificed and spleen 

harvested for tetramer staining to enumerate a CD8+ response.     

DC proliferation study 

Bone marrow derived DCs were obtained from a 12 week old naïve C57BL/6 

mouse. They were cultured in RPMI (+10% FCS) Plus GM-CSF. Detailed method was 

described in the literature
152

.  

On day 8 of culture, floating DCs were harvested and seeded into 6 well trays at 

7.5 x 10
5
/well and allowed to incubate for 1 hour in 3 ml media (+GM-CSF). Then 

particles were added so that all wells (except untreated and control CpG wells) 

experienced 2 μg/ml of CpG. This resulted in each well receiving 1 mg of particles 

except for the PLGA (OVA)-CpG well which received approx 2.4 mg. Untreated control 

and positive control wells were included (The positive control included the addition of 

soluble CpG at 2 μg/ml) 

Immunofluorescence on DCs  

After 48 hours (37°C, 5% CO2) adherent and floating DCs were harvested and 

stained for CD86, MHC class II and H2Kb independently using PE-labeled antibodies. A 

PE-labeled Rat Antibody with no specificity was used as a negative control. In brief DCs 

were allowed to incubate on ice with specific antibodies at a final concentration of 5 

μg/ml for 45 minutes unbound antibody was washed away and cells were fixed and later 

acquired and analyzed using a FACScan flow cytometer and FlowJo software 

respectively.  
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Results 

Synthesis and characterization of OVA-CpG conjugate molecule 

 The method for synthesizing the OVA-CpG conjugate molecule was a modified 

method based on a previous study conducted in our lab
115

. OVA and CpG were linked 

together by the reaction between maleimide and thiol groups. The concentration of OVA 

was normalized using BSA standard. By calculating the amount of OVA in OVA-CpG, it 

was estimated that on average every 3.5 CpG molecules were conjugated to a single 

OVA molecule. Considering the MW of OVA is about 44 kDa, the influence of CpG on 

the MW of OVA-CpG conjugate was not significant. Therefore, it was reasonable to 

predict that band migration of OVA and OVA-CpG conjugate on SDS-PAGE gels were 

comparable to each other. As shown in Figure 4-1 and 4-2, the CBB/EtBr staining and 

following visualization demonstrated that the existence of both OVA and CpG in the 

same molecule. These results leads to the conclusion that OVA and CpG were linked 

together successfully in this study. 

Fabrication of PLGA microparticles loaded with OVA, CpG, OVA+CpG, OVA-CpG, 

(OVA)-CpG and (CpG)-OVA 

 The fabrication of PLGA microparticles was carried out using the water in oil in 

water (w/o/w) double emulsion technique. PVA was selected to serve as a surfactant in 

the preparation. All the microparticle formulations were analyzed using a Malvern 

zetasizer to determine size and zeta potential values. Table 4-1 shows a summary of 

particle size and zeta potential data. The size of microparticles prepared using the double 

emulsion method was around 4 μm. Microparticles had a net zeta potential of -20 mV or 

lower because the PLGA material used in the fabrication had carboxylic acid end groups. 
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The free carboxylic acid terminals generate a negative charge on the surface of 

microparticles. The sizes of (OVA)-CpG and (CpG)-OVA were greater than (OVA) and 

(CpG) (the parent microparticles) and this corresponded to a slight size increase after 

PAMAM coating. 

OVA/CpG Loading, size and zeta potential determination 

The amounts of OVA and CpG loaded into PLGA microparticles were analyzed 

using MicroBCA and OligoGreen assays respectively. Protocols were adopted from the 

manufacturer’s instruction. The summary of results from these assays is listed in Table 4-

1.  

The size and zeta potential of polymer/pDNA complexes was measured using a 

Zetasizer (Malvern Nano ZS, SN#MAL500260). Microparticles were prepared into 

suspension at 0.5 mg/ml and loaded into sample cuvettes. The SEM micrographs in 

Figure 4-3 show spherical PLGA microparticles were fabricated. The PLGA 

microparticles had a uniform size distribution. No obvious surface defects were found in 

any of the microparticle formulations. 

In vitro release profile 

 In vitro release profiles are shown in Figure 4-4. Overall the microparticles 

showed sustained release of OVA and CpG over 14 days period. (CpG)-OVA displayed 

faster release of OVA relative to all other groups because OVA was physically adsorbed 

on the microparticles surface. At day 7, 82% of OVA was released from (CpG)-OVA. 

(OVA)-CpG also showed a fast release of OVA after day 3, reaching 69% by day 7. 

(OVA-CpG) exhibited fast release on day 1, followed by a sustained release over the 

following 13 days. (OVA) and (OVA+CpG) microparticles showed less burst release 
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compared to other formulations, but at day 5 followed with steady release of OVA over 

the rest of the next 9 days. A similar pattern was seen for CpG release as well. All 

formulations containing CpG showed a rapid release of CpG on day 1 except for co-

loaded (OVA+CpG). (OVA+CpG) did not undergo a rapid release until day 4. (OVA)-

CpG and (CpG)-OVA exhibited the fastest release of CpG and OVA. (CpG) and (OVA-

CpG) microparticles showed a sustained release of CpG after the initial burst. At day 14, 

all formulations released at least 46% OVA/CpG into the media. 

Immunization studies 

 We evaluated the effect of microparticles on primary DCs. The DCs were 

generated from mice marrow and incubated with microparticles for 24 or 48 hrs and 

assessed for CD86, H2Kb and MHC II markers by flow cytometry. Figure 4-5 

summarized expression of markers after incubation co-loaded PLGA microparticles. 

CD86 is marker for activation and maturation of DCs. Empty microparticles, did not 

induce DC activation and maturation. All formulations induced up regulation of CD86. 

Among them, OVA+CpG, OVA-CpG and (OVA)-CpG showed higher expressions of 

CD86 than OVA loaded microparticles. The level of CD86 after activation was 

significantly higher than the positive control of a soluble form of CpG ODN. (CpG)-

OVA did not induce significant CD86 marker up-regulation probably due to the rapid 

release of OVA after administration and before endocytosis by DCs. (OVA)-CpG 

generated the highest expression of CD86. OVA+CpG, (OVA)-CpG and (CpG)-OVA 

up-regulated H2Kb markers more than any of the other microparticles, but less than the 

positive control of soluble CpG. These results suggest that a strong stimulus for clonal 

expansion and differentiation of T cells into cytotoxic CD8+ T cells could be generated 
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by microparticles co-loaded with OVA and CpG. Additional experiments that evaluated 

MHC II expression showed that particles did not generate significant differences to 

control groups. Co-delivery of CpG and OVA generated stronger antigen-specific 

immune responses than delivery of OVA alone. 

Figure 4-6 confirm that (OVA)-CpG microparticles can induce strong DC 

activation. Microparticles induced a significantly higher percentage of CD86 markers on 

DCs than soluble CpG, suggesting a more robust activation and maturation.  Both soluble 

form CpG and (OVA)-CpG microparticles induced CTL proliferation but the soluble 

CpG also generated strong stimulus for CD4+ T cells.  

The IgG response shown in Figure 4-7 was quantitatively measured by ELISA 

using serum collected from mice two and four weeks after vaccination. OVA+CpG and 

(OVA)-CpG microparticles showed the strongest overall antigen-specific antibody 

responses. Significant increases were observed for anti-OVA IgG1 levels relative to all 

other microparticle formulations. The IgG2a levels were significantly higher in mice 

administered with (OVA)-CpG than any other group. Interestingly, OVA-CpG conjugate 

loaded microparticles did not show a high level of IgG1 and IgG2a. Mice boosted with 

empty microparticles did not generate OVA-specific IgG1 or IgG2a responses. Similar 

results were found in mice treated with CpG loaded microparticles in the absence of 

OVA. Mice injected with OVA loaded microparticles generated a weak response, 

compared to (OVA+CpG) and (OVA)-CpG.  

These results are consistent with our hypothesis that co-delivery of TLR9 ligand 

CpG ODN and OVA antigen help increase Th-1 type immune responses. The IgG1 and 

IgG2a levels also showed a progressive increase over time, from 2 weeks to 4 weeks after 
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vaccination. These results suggest that microparticles are able to induce and maintain a 

high Th-1 type immune response over time.  

 Figure 4-8 shows that mice had a significant increase in antigen-specific CD8+ T-

cells if vaccinated with OVA-CpG, (OVA)-CpG and (CpG)-OVA microparticles. OVA 

or CpG only loaded microparticles did not generate a high percentage of OVA specific 

cytotoxic CD8+ cells, suggesting a small population of killer cells against OVA. 

OVA+CpG generated a slightly higher percentage but not significant. OVA-CpG was the 

most potent formulation in generating OVA-specific CD8+ cells. Both (OVA)-CpG and 

(CpG)-OVA also generated robust antigen-specific immune responses albeit lower than 

OVA-CpG microparticles. 

Discussion 

 Our goal was to deliver both antigen and adjuvant to the same APCs to generate a 

stronger antigen-specific immune response. Several aspects were considered in the 

development of this particulate based vaccination system. Particulate delivery can 

provide sustained release of antigen and adjuvant, eliminating the need for repeated 

administrations. It has also been demonstrated that particulate delivery of CpG can 

significantly improve its potency as an adjuvant in inoculation
111

. OVA and CpG co-

loaded microparticles also generate enhanced Th-1 type immune response relative to 

delivery of either component alone
114

. 

First OVA and CpG were linked via a maleimide-thioether bridge. The CpG used 

in this study was in a dimer form connected via a disulfide bond.A reducing agent, DTT, 

was added to convert dimer into CpG ODN with reactive thiol terminals. At the same 

time OVA was reacted with sulfo-MBS to create a maleimide group, which provided an 
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insertion site for thiol under ambient conditions. The conjugate molecule was prepared by 

mixing CpG thiol and OVA maleimide together and the conjugate CpG-OVA molecule 

was then purified. 

SDS-PAGE and native PAGE gels were used to analyze the conjugate molecule. 

Because EtBr was used to visualize OVA-CpG, SDS was excluded from the 

electrophoresis buffer. SDS is s surfactant and greatly increases the solubility of EtBr in 

buffer. Therefore, CpG would not bind to OVA-CpG in the SDS-PAGE gel after rinsing.  

Using the double emulsion solvent evaporation technique, PLGA can be 

fabricated into microparticles that are on average 3-4 μm in size, leaving carboxylic 

groups on the particles surface for further modification. The surface charge of PLGA 

particles was -20 to -30 mV before coating with PAMAM G3. Coating treatment reversed 

the surface charge to +20 to +30 mV. The net positive charge allows for the adsorption of 

OVA or CpG which has a net negative charged. A near neutral surface charge was 

observed after adsorption, and size change of particles was not significant. Both PLGA 

particles and PAMAM coated particles showed smooth and spherical appearance under 

SEM microscope. The additional steps carried out after loading of particles such as 

PAMAM surface modification moderately reduced the overall loading levels of CpG or 

OVA respectively. The possible reason could be the burst release loaded agents in the 

particles whilst they were stored in buffers used for chemical modification. The OVA or 

CpG that diffused into buffers was lost during each round of treatment. 

Release profiles showed that both OVA and CpG were successfully loaded to 

PLGA microparticles, and sustained release was observed over a 14 days period. The 

release of CpG was more rapid than OVA, possibly due to the smaller MW of CpG 
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relative to OVA. Another finding was the fast release of surface adsorbed materials 

during the first 7 days period. The electrostatic interaction was relatively weak so that the 

dissociation of OVA or CpG from the particles surface was easier than the diffusion from 

the PLGA matrix.  

 It was reported that two doses of vaccine can generate significantly higher 

antigen-specific immune responses than one inoculation but further vaccinations had no 

additional benefit. Therefore, in this study, mice were boosted twice on day 1 and day 14. 

Analysis of in vitro DC activation revealed that co-delivery of OVA and CpG by 

microparticles was able to induce maturation of DCs. Probably due to the loss of CpG in 

loading OVA to the particles surface, PLGA-(CpG)-OVA did not induce strong 

maturation of DC. The microparticulate formulations of OVA+CpG, OVA-CpG and 

(OVA)-CpG all generated strong DC activation. ELISA results showed that (OVA)-CpG 

microparticles generated the highest anti-OVA specific IgG1 and IgG2a levels relative to 

all other formulations. The OVA+CpG microparticles also showed high IgG2a levels, but 

the IgG1 levels were not significantly higher than others. The IgG2a/IgG1 ratio of 

OVA+CpG particles was the highest, suggesting a polarized Th-1 type antigenspecific 

response. However, the OVA-CpG conjugate loaded particles did not generate as strong 

IgG1/IgG2a levels as other co-loaded particles. One explanation for this might include 

the lower dose of CpG in the conjugate molecule, or conformational changes during 

conjugation. A significant improvement of IgG1 and IgG2a levels over time suggest that 

a boost dose of microparticles is critical for a maximal antigen-specific immune response, 

which is consistent with other studies. The tetramer staining results also showed (OVA)-

CpG particles were more efficient in generating anti-OVA specific CD8+ T cells. 
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OVA+CpG co-loaded particles were not significantly more efficient than OVA loaded 

particles. (CpG)-OVA particles were efficient at generating antigen-specific immune 

responses, although this was not significantly higher than other formulations. 

 In summary, our results demonstrated that co-loaded microparticles of OVA and 

CpG can deliver both antigen and adjuvant to the same DCs, and induce strong Th-1 

polarized antigen-specific immune responses. The sequential release of OVA and CpG 

from microparticles can also be used to optimize the magnitude and type of immune 

response generated. Amongst all the particles loaded with OVA and CpG, (OVA)-CpG 

was the most efficient in inducing DCs maturation, generating high IgG level, and 

generating OVA-specific CD8+ T lymphocytes.  
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Table 4-1: summary of size, zeta potential and OVA/CpG loading of microparticles  

 

size nm zeta potential mV OVA μg/mg CpG μg/mg 

OVA 3640.3±620.3 -26.7±1.1 33.8±3.7 

 CpG 4573.6±570.5 -21.2±0.4 

 

17.9±1.1 

OVA+CpG 5870.3±522.1 -22.2±0.3 20.6±3.3 9.83±0.31 

OVA-CpG 3899.3±590.9 -26.8±1.7 23.4±2.3 6.48±0.49 

(OVA)-CpG 4478.0±148.9 1.86±0.25 18.1±0.9 2.71±0.26 

(CpG)-OVA 4595.0±451.8 -2.4±0.6 1.46±0.13 6.39±0.2 

Note: data shown as Mean±SD, n=3; (OVA)-CpG and (CpG)-OVA group, n=2 
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Figure 4-1: SDS-PAGE gel electrophoresis stained with CBB 

 
________________________________________________________________________

Note: from left to right: ladder, OVA, OVA-CpG conjugate and CpG 
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Figure 4-2: PAGE gel electrophoresis stained with EtBr  

 
________________________________________________________________________

Note: from left to right: ladder, OVA, OVA-CpG conjugate and CpG. 
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Figure 4-3: Scanning Electron Microscopy  
A 

 

B 

  

C 
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Figure 4-3 continued 

D 

  

E 

  

F 

 

________________________________________________________________________

Note: A, PLGA-OVA; B, PLGA-CpG; C PLGA-OVA+CpG; D, PLGA OVA-CpG; E, 

PLGA-(OVA)-CpG; F, PLGA-(CpG)-OVA 
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Figure 4-4: in vitro release profile of microparticles  
A 

 
B 

 
________________________________________________________________________

Note: A, release of OVA; B, release of CpG. Mean±SD, n=3 
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Figure 4-5: MHC Class I (H2Kb) MHC class II and CD86 expression  

 
________________________________________________________________________

Note: low ssc = DCs that possibly have Not taken up particles based on side scatter 

values; low and high ssc includes all DCs 
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Figure 4-6: cell flow cytometry  

 
________________________________________________________________________

Note: Dotted line = DCs (+ neg cont antibody)  

Dashed line  = Untreated DCS (+ anti-Marker antigen (indicated)) 

Thick Grey line = DCs treated with soluble CpG (+ anti-Marker antigen (indicated)) 

Thick Black line = DCs treated with PLGA (Ova)-CpG (+ anti-Marker antigen 

(indicated)) 
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Figure 4-7: anti-OVA specific IgG level by ELISA  
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Figure 4-8: anti-OVA specific CD8+ T cells percentage  
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Note: detection by K
b
-OVA257 tetramer staining and statistical analysis of the frequency 

of OVA-specific CD8+ splenocytes.  Analysis was performed 14 days after immunization 

of C57BL/6 mice.  Data represents values measured in individual mice/group with the 

line showing the mean for the group. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

 Our research studies focused on the development of carrier systems for gene and 

vaccine delivery. Cationic polymers were used to condense siRNA and plasmid DNA. 

Mannose, PEG and PEI were used to build a carrier for siRNA. Mannose served as a cell 

binding ligand that could induce endocytosis. The use of mannose was expected to result 

in efficient delivery to DC whose surface presents mannose receptors. The PEG 

component was selected to provide stealth properties to the complexes formed with 

polymer and siRNA. The inclusion of PEG helps reduce toxicity of PEI and extends the 

circulation half life of complexes. An additional advantage of PEGylation is decreased 

non-specific phagocytosis and increased delivery efficiency. A delivery system composed 

of these elements has much greater potential for in vivo applications. As part of our 

studies, we aimed to identify the influence of the location of the mannose ligand on the 

PEGylated PEI constructs on gene silencing and toxicity. For this reason, PEGylated 

mannosylated PEI was assembled in two different structures. In the first, PEG was used 

as a spacer between mannose and PEI. In the second, mannose and PEG were attached 

directly to the PEI. Both constructs were synthesized and tested as an siRNA carrier. 

1
HNMR and resorcinol assays were conducted to characterize the structure of the 

polymer and to determine the content of each component. All of the modified PEIs were 

able to complex and condense siRNA into particles at N/P ratios of 1 and above as 

determined by gel electrophoresis assays. Only the complexes formed with mannose-PEI 

conjugates showed some migration at N/P 1, but even these were fully retarded at N/P 

what limitation do u see to ratios of 3 and above. The size of complexes formed with 

polymer and siRNA was small enough for efficient uptake by RAW cells, resulting in 
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efficient delivery of siRNA. The lowest efficiency was observed with mannose-PEI.  

Mannose-PEG-PEI showed significantly faster delivery of siRNA than mannose-PEI-

PEG, with abundant distribution inside the broadest range of cells. Confocal microscopy 

studies suggested that siRNA delivered using mannose-PEG-PEI allowed for fast escape 

of siRNA from lysosomes. In these studies, siRNA was distributed in the perinuclear area 

which allows for siRNA to be readily incorporated in RISC and thereby initiate the RNAi 

process. The incorporation of siRNA into RISC is known to be a critical step in gene 

silencing. After validating the various polymers ability to deliver siRNA, gene 

knockdown was conducted to compare the efficiency of the various carriers. RT-PCR 

analysis showed that mannosylated pegylated PEI resulted in slightly better but 

comparable mRNA knockdown efficiencies when compared to PEI. The difference was 

not significant between mannose-PEG-PEI and mannose-PEI-PEG. Mannosylation did 

moderately decrease the gene knockdown efficiency and this was found to be broadly 

correlated with with decreased cell uptake. Characterization of protein levels was 

determined using the dual luciferase reporter assay. Mannose-PEG-PEI was the most 

effective material in generating gene knockdown amongst all the modified PEIs tested. 

At an N/P ratio of 3, PEG-PEI showed better knockdown than mannose-PEG-PEI. PEI 

showed the highest knockdown at an N/P ratio of 10, which was slightly stronger than 

mannose-PEG-PEI. However, at an N/P ratio of 3, mannose-PEG-PEI was more efficient 

at gene knockdown than PEI. When also taking into consideration the toxicity reduction 

achieved after PEGylation, we expect mannose-PEG-PEI to have more advantages when 

used in vivo. Both mannosylation and PEGylation reduced the toxicity of PEI. Mannose-

PEG-PEI showed stronger cellular uptake and greater gene knockdown than mannose-
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PEI-PEG. PEG-PEI also showed decreased toxicity relative to PEI alone which is an 

observation that is consistent with findings in the literature. Toxicity was also correlated 

to polymer concentration with increasing concentrations increasing toxicity. In summary, 

we found that both mannose-PEG-PEI and PEG-PEI were promising candidates for 

siRNA delivery. Further optimization on the degrees of mannosylation and PEGylation 

could enhance toxicity and gene knockdown further. As reported in previous studies, too 

high an abundance of ligands conjugated to polymers can reduce binding to cell surface 

receptors and this could account for the lowered gene knockdown efficiency of mannose-

PEI. Optimized degrees of PEGylation could generate an appropriate balance between 

steric stabilization, strong endocytosis and optimal gene knockdown. In addition, other 

targeting moieties can be used to replace mannose to further increase the knockdown 

efficiency and target other cell types. Galactose, transferrin, RGD and TAT peptides are 

commonly used targeting units in gene delivery and could readily replace mannose in this 

construct using similar chemistries.  

 In the next project, dextran-PEI conjugate polymers were developed as a carrier 

for plasmid DNA that had lower toxicity and improved stability in serum relative to PEI 

alone. As pointed out earlier, toxicity is a major concern in the application of PEI.  

Several approaches have been tried to decrease the toxicity of PEI. In addition, PEI-

pDNA complexes tend to aggregate in the presence of serum. For these nanoparticles to 

be applicable to in vivo applications, they must be stable in the presence of serum. 

Aggregation of nanoparticles can cause capillary embolism and decrease the efficiency of 

transfections. Dextran was selected and used to modify PEI so as to impart properties that 

include stability in serum and reduced toxicity. The overall structure was developed to be 
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hydrolysable because of the dextran component. Dextran was oxidized to generate 

aldehyde groups which are highly reactive with PEI. The success of conjugation was 

confirmed using 
1
HNMR and the content of PEI in the conjugates quantified.  Conjugate 

polymers made with PEI 2000 were able to complex and condense plasmid DNA 

efficiently. However, polymers prepared using the lower Mw PEI 800 were less effective 

at plasmid DNA complexation. Gel electrophoresis assays showed that DP1 and DP2 

were able to fully retard migration of complexes prepared at N/P ratios of 10 and 15, but 

not at N/P ratios of 5. In contrast, DP3 and DP4 which were made with PEI 2000 showed 

full retardation at all N/P ratios, suggesting a compact DNA condensing into particles. 

These findings were consistent with the sizes of complexes determined using zetasizer 

measurements. DP1 and DP2 produced larger complexes with plasmid DNA at N/P ratios 

of 5. DP3 and DP4 generated compact complexes suitable for cellular uptake. All the 

conjugates synthesized were able to provide a net positive charge in complexes. Toxicity 

studies using the MTS assay showed that dextran modification significantly reduced 

relative to unmodified PEI 25k. Dextran-PEI was tested as a gene carrier in transfection 

studies with HEK293 cells. DP3 and DP4 generated slightly lower efficiencies than PEI 

in serum free culture media. When the media was replaced with media containing serum, 

DP3 and DP4 showed improved transfection efficiencies that were comparable to PEI 

25k. The efficiencies of DP3 and DP4 were further increased and significantly higher 

than PEI’s when incubated in serum containing media for an extended time period of 48 

hrs. Similar results were found in COS7 cells transfected with dextran-PEI. The improved 

efficiency was thought to be related to the improved stability of complexes in serum, as 

demonstrated by turbidity study results. Intracellular trafficking studies showed that DP3 
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complexes separated from lysosomes suggesting that the gene cargo had been released 

into the cytoplasm and provided a strong explanation as to the reasons why dextran-PEI 

conjugates were generating strong transfection efficiencies. The results generated in this 

study suggest that dextran-PEI conjugates have strong potential for gene delivery. 

 Our lab has previously shown that PLGA microparticle have strong potential in 

gene and vaccine delivery applications. In particular, our lab has previously identified 

that co-delivery of CpG ODN and antigens generates stronger antigen-specific immune 

responses than delivery of either component alone or both components delivered in 

solution. We believed that the sequence of OVA and CpG release could be used to 

optimize this response even further. In this study, we evaluated several different types of 

PLGA microparticles. PAMAM coated PLGA microparticles loaded with OVA and CpG 

were fabricated using the w/o/w double emulsion technique. OVA and CpG was 

conjugated together using sulfo-MBS and thiol linkage. The conjugate was analyzed 

using MicroBCA and SDS-PAGE electrophoresis assays. The ratio of CpG conjugated to 

OVA was determined to be approximately 3.5 to 1. As the Mw of OVA was much larger 

than CpG, the conjugate of CpG was not affecting the size of OVA significantly. This 

result was consistence with SDS-PAGE gel results which showed a similar migration of 

OVA and OVA-CpG bands with relatively close Mw values. In another electrophoresis 

assay without SDS, the gel was stained using EtBr and visualized under UV. The band of 

OVA-CpG indicated the existence of CpG in the OVA-CpG conjugate. Neither OVA nor 

CpG alone was visible on the gel, because OVA was not intercalated with EtBr and CpG 

was too small and not retained in the gel. Using a zetasizer, the size and zeta potential 

values of PLGA microparticles were measured. The size of microparticles was in range 
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that could be efficiently internalized by dendritic cells, and the net negative zeta potential 

was attributed to the carboxylic end groups on the PLGA.. SEM micrographs confirmed 

the size of the microparticles. The release studies of CpG and OVA from PLGA 

microparticles were conducted at room temperature and physiological pHAll 

formulations showed a sustained release of OVA/CpG over a time course of 14 days. A 

typical initial burst release of CpG was observed for the first day in all microparticle 

formualtions except for OVA+CpG co-loaded formulation. Physical adsorption of 

OVA/CpG was released quickly within 7 days. Typically, at least 50% release of 

OVA/CpG was released by 14 days, which is appropriate and necessary for vaccine 

applications. Mice were injected subcutaneously with the various microparticle vaccine 

formulations. The upregulation of the CD86 marker suggests that microparticles could 

induce a strong activation and maturation of DC. The upregulation of H2Kb by 

OVA+CpG, (OVA)-CpG and (CpG)-OVA suggests that these formulations could induce 

a strong cytotoxic CD8+ T cell response. In contrast, MHC II marker levels that typically 

correlate to CD4+ T cell responses were not significant. The antigen-specific IgG1 and 

IgG2a antibody responses indicated that OVA+CpG and (OVA)-CpG microparticles 

generated the strongest antigen-specifc immune response amongst all the groups tested  

Tetramer staining showed that OVA-CpG, (OVA)-CpG and (CpG)-OVA microparticles 

generated the highest antigen-specific cytotoxic CD8+ T cell responses. Based on these 

results, it was concluded that sequential release of OVA and CpG can be used to enhance 

the antigen-specific immune response and that this should be taken into consideration in 

the future design and development of particle based vaccines. 
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