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ABSTRACT OF THE DISSERTATION 

Engineering tumor-targeted poly(amidoamine) (PAMAM) dendrimers for improved 

penetration and cellular delivery of short-interfering RNA (siRNA) through solid tumors 

By CAROLYN LEIGH WAITE 

Dissertation Director:  

Charles M. Roth 

Cancer remains the second leading cause of death in the United States, despite 

significant advances in anticancer research.  The standard-of-care for the treatment of 

cancer includes surgery in conjunction with traditional chemotherapy drugs or radiation 

therapy.  However, the inherent cytotoxicity of conventional chemotherapeutics often 

causes adverse side effects in patients.  Nanoscale materials have found utility for drug 

delivery to tumors as they accumulate in the tumor vasculature , reducing the necessary 

drug dose to patients. They have also proven useful to deliver unconventional drugs, 

including short-interfering RNA (siRNA), which is being explored to silence oncogenes.  

However, the current lack of safe, efficient siRNA delivery systems limits its widespread 

clinical use. 

The objective of this dissertation was to study the ability of poly(amidoamine) 

(PAMAM) dendrimers to facilitate the delivery of siRNA to malignant glioma on the 

cellular and tumor tissue levels.  The intracellular delivery aspects of PAMAM-mediated 

siRNA delivery to malignant glioma cells were explored by employing partial surface 

amine acetylation of PAMAM dendrimers to reduce their net positive charge  This work 

demonstrated the importance of endosomal buffering  and the advantages of charge 

reduction on siRNA delivery.   
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The ability of PAMAM dendrimers to mediate tumor-targeted siRNA delivery to 

tumor tissue was also studied.  Dendrimers were modified to display various numbers of 

RGD peptides, and the number of peptides present influenced the distribution of siRNA 

cargo throughout a three-dimensional tumor model of malignant glioma.  A biophysical 

analysis was performed to elucidate the transport mechanisms governing the tumoral 

penetration of these bioconjugates, and cellular binding affinity was found to influence 

significantly the transport of the bioconjugate materials through solid tumors.   

The results from this dissertation provide insights into the mechanisms governing 

siRNA delivery to cancer on both the cellular and tumor tissue levels.  Design guidelines 

for tumor-targeted nanoscale siRNA delivery vectors were derived, and a methodology 

was developed to understand the mechanisms governing the penetration and transport of 

siRNA drugs throughout solid tumors.  This work will help other researchers to design 

more effective drug delivery systems for anticancer applications, and it may impact the 

effect of siRNA and nanoscale materials on human disease.    
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CHAPTER 1 

INTRODUCTION 

1.1. RNA-Interference for the Treatment of Cancer 

 

Cancer is a disease caused by complex cellular genetic mutations resulting in 

malignant tumors.  Despite years of research leading to the development of numerous 

successful anticancer therapies, cancer prevails as the second leading cause of death in 

the United States resulting in an estimated 565,650 disease-related deaths in 2008 
1
.  

There exists an unmet need for the development of novel, effective anticancer therapies 

to combat aggressive, lethal cancers.  Since cancer is caused by alterations in oncogenes 

or tumor-suppressor genes 
2
, successful therapies should utilize knowledge of the genetic 

mutations involved in the development of cancer.  Malignancies arise from several 

genetic mutations that occur in a multistep process resulting in tumors with a grossly 

abnormal, aggressive phenotype 
3
.  These genetic alterations might produce oncogenes 

that confer an enhanced cell growth or survival advantage or they might prevent the 

expression of tumor-suppressor genes that would normally prevent excessive cell growth 

or survival in healthy cells 
2, 3

.  Such genetic mutations produce malignant cells that 

exhibit the aberrant phenotypes described as the ―hallmarks of cancer‖, which include 

self-sufficiency in growth signals, insensitivity to anti-growth signals, tumor invasion and 

metastasis, limitless replicative potential, sustained angiogenesis, and evasion of 

apoptosis 
3
.   

As the identities of genes and proteins involved in malignancy become 

increasingly identified and characterized, one successful strategy has been to develop 

therapeutics targeted against specific oncogenes or their encoded proteins.  These 
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therapies have traditionally been monoclonal antibodies or small molecules that interact 

with oncogenic proteins.   

 More recently, attention has been given to gene therapy techniques for the 

treatment of cancer.  Gene therapy involves the introduction of exogenous genetic 

information into cells that can interfere with their gene expression by either introducing a 

new gene, or by silencing the expression of an existing gene.  Research has led to the 

initiation of several clinical trials using gene therapy strategies, of which 65% are for the 

treatment of cancer in 2008 
4
. One promising strategy for the use of gene therapy for 

cancer treatment is to use either antisense oligonucleotides (AS ODNs) or short 

interfering RNAs (siRNAs) to silence the expression of oncogenes in malignant tumors.   

The use of siRNAs to silence gene expression occurs by a mechanism known as 

RNA interference (RNAi).  RNAi is a naturally occurring mechanism used by eukaryotic 

cells to regulate gene expression
5
.  In RNAi, short double-stranded RNA molecules 

known as siRNAs are incorporated into a protein complex called the RNA-induced 

silencing complex (RISC) that is associated with a target messenger RNA (mRNA).  The 

siRNA sequence binds to the target mRNA in a sequence specific manner resulting in 

target mRNA degradation and subsequent gene silencing (Figure 1.1).  This powerful, 

endogenous mechanism can be exploited by engineering synthetic siRNA sequences and 

delivering them to cells to elicit a desired gene silencing response.   
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Figure 1.1. RNAi mechanism.  siRNA molecules prevent protein translation by 

hybridizing to their target mRNA causing RNA degradation. 

While RNAi is a promising strategy to attain gene silencing, several limitations 

prevent its widespread clinical development for the treatment of cancer including off-

target gene silencing effects by siRNAs, stimulation of immune responses, and the lack 

of safe, effective siRNA delivery systems 
5, 6

.  In particular, significant research is 

ongoing toward the development of nucleic acid delivery systems designed to overcome 

several barriers to cellular delivery of RNA or DNA molecules including successful 

cellular entry and escape of the destructive endosomal/lysosomal pathway
7
 . While 

viruses possess an extraordinary natural ability to deliver nucleic acids to cells, 

undesirable immune responses induced by viruses and their tendency to integrate at 

oncogenic sites within the genome hinder their widespread use in medicine.  As a result, 

the development of non-viral delivery systems for nucleic acids is critical for gene 

therapy to become a reality. 

1.2. Synthetic polymers for the cellular delivery of nucleic acids 

 

A variety of molecules have been widely studied as vectors for nucleic acid (NA) 

delivery including liposomes 
8
, peptides 

9
, and cationic polymers 

10, 11
.  Delivery vectors 

must possess several properties to successfully deliver nucleic acids to cells including a 

cationic charge to promote electrostatic complexation with anionic NAs, an ability to 
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escape acidic endosomes either by disruption of the endosomal membrane or by pH 

buffering, and the presence of chemical functional groups to facilitate the conjugation of 

biological targeting ligands
12

.  Cationic polymers can be windowed with pH sensitivity 

and/or functionalized with bioactive ligands and are thus particularly attractive molecules 

for NA delivery and have met with significant success in the literature for a diverse array 

of applications. 

Cationic polyamines including polyethyleneimine (PEI)
13

, poly-L-lysine, and 

poly(amidoamine) (PAMAM)
14, 15

 have been widely studied for the delivery of NA 

molecules, including siRNA
16

 (Figure 1.2).  The high densities of cationic amine groups 

present on these polymers facilitate the efficient complexation and delivery of Nas into 

cells
7
. When amines with multiple pKa values including some in the pH range of 5 to 7 

are present, they can assist with vector escape from acidic endosomal vesicles within 

cells by the ―Proton Sponge Effect‖
17

.  Further, the primary amino groups can be 

chemically modified to alter and impart favorable properties onto these polymers for 

efficient NA delivery.  For example, amine groups can be neutralized to reduce the 

amine-induced cytotoxicity of the materials by the addition of acetyl caps or other 

modifications
18-20

.  Chains of poly(ethylene glycol) (PEG) can be attached to the polymer 

surface (also known as PEGylation) to reduce their inherent cytotoxicity and to promote 

stability of these materials in the bloodstream
21

.  Further, the addition of biological 

targeting ligands can linked through primary amine groups to facilitate the tumor-targeted 

delivery of drug or NA cargo for anticancer applications
22

.   
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Figure 1.2. Polycations for nucleic acid delivery include (a) poly-L-lysine, (b) branched 

polyethylenimine (PEI), (c) Polyamidoamine (PAMAM) dendrimers. 

 

Another class of materials that has found utility for NA delivery applications is 

represented by PEGylated polymeric micelles.  Differing from the branched polyamines 

like PEI, polymeric micelles are amphiphilic molecules comprising of a hydrophobic 

polymer grafted to a hydrophilic PEG chain to impart their amphiphilic nature.  

Polymeric micelles self-assemble in aqueous solution to form PEG-shielded micelles 

with a hydrophobic corona.  PEGylated micelles have been widely used for a variety of 

drug delivery applications
23

, and the addition of cationic amine groups in the micelle core 

has rendered these constructs useful for NA delivery applications
24

.   

1.3. Tumor-targeted delivery of drugs and nucleic acids 

 

Targeted delivery of therapeutic agents is of particular importance for cancer 

applications since it is important to deliver cytotoxic chemotherapy drugs or nucleic acids 

to malignant tumors and prevent their delivery to healthy cells.  To this end, there are two 

mechanisms of tumor targeting: passive and active.  Passive tumor targeting takes 

advantage of the enhanced permeation and retention (EPR) effect found in malignant 

tumors.
25

  Tumors are known to have abnormal vascular linings with poorly aligned cells 

resulting in excessive vasculature leakage and large, accessible capillaries.  As a result, 

nanosized polymeric macromolecules have been shown to selectively accumulate into 
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tumors by permeating into these pores.  Furthermore, due to poor lymphatic drainage in 

tumors, the polymeric particles are retained within tumors for extended periods of time.   

In addition to taking advantage of the inherent EPR effect found in tumors, 

polymeric particles are also useful for active tumor targeting.  In contrast to passive 

targeting, active targeting employs the use of a chemical targeting ligand such as an 

antibody or peptide to bind to tumor-specific cell surface receptors.  Some commonly 

used targeting ligands for cancer therapeutics include folic acid to target folate receptors 

that are overexpressed on various epithelial cancer cells
26

,  ransferring to facilitate drug 

transport across the blood-brain-barrier
27

, and RGD peptides to facilitate integrin-

mediated uptake of particles
28, 29

.  In fact, a  ransferring targeted, cyclodextrin based 

siRNA delivery system is currently in clinical trials for the treatment of cancer
30

. 

Similarly, integrin-targeting of therapeutic agents holds significant promise as an 

anticancer therapy due to the role of integrin receptors in tumor cell adhesion, growth, 

and angiogenesis.   

1.3.1  Active tumor-targeting by RGD peptides 

 

Integrin proteins are a family of heterodimeric cell-surface receptors with a large, 

extracellular domain containing one α and one β subunit.  Expressed on epithelial cells, 

integrins play an important role in mediating cell adhesion to various extracellular matrix 

(ECM) proteins and also in mediating cell-cell adhesion.  Several integrins are known to 

be grossly over-expressed on the surface of some cancer cells, where they promote 

tumorigenesis by potentiating tumor metastasis by facilitating cell invasion of the ECM 

28,31
 and by promoting tumor angiogenesis

32
.  Specifically, the αvβ3 integrin is particularly 

known for its role in cancer progression and is overexpressed frequently in melanomas, 
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glioblastoma, ovarian, breast, and prostate cancers
28

.  Integrin αvβ3 is a receptor for many 

ECM proteins, including fibronectin, vitronectin, fibrinogen, and thrombospondin that 

contain the tripeptide sequence Arginine-Glycine-Aspartic acid (RGD).  One promising 

anticancer strategy is to interfere with this important integrin-ECM interaction to prevent 

angiogenesis of tumors and to promote cell death.   

Several integrin antagonists have been developed, including small molecules, 

antibodies, and peptides that have shown significant success in vitro and in vivo to 

prevent cancer-related angiogenesis of tumor cells
28

.  In particular, cyclic RGD-

containing peptide sequences are the most widely studied integrin antagonists for cancer.  

Cyclic RGD peptides have a binding affinity to αvβ3 integrins an order of magnitude 

higher than their linear counterparts
33, 34

.  Several studies have reported that cyclic RGD 

peptides induce apoptosis in malignant glioma cell lines and can detach glioma cells from 

their extracellular matrix protein ligands
35-37

.  Further, in vivo studies using murine 

models have demonstrated that administration of RGD peptides increased survival of 

mice compared to those without any treatment
37

.  Such promising preclinical studies led 

to Phase I and II clinical trials using Cilengitide, a cyclic RGD peptide drug, to treat 

patients with aggressive malignant glioma
38-40

.  While efficacy trials are still ongoing, 

preliminary results indicate that Cilengitide is well-tolerated in patients, so it might hold 

significant promise as a treatment for advanced glioblastoma, specifically when used in 

combination with another standard of care such as chemotherapy or radiation therapy.   

1.3.2. Multivalency in tumor-targeted drug delivery 

 

In addition to selecting an appropriate tumor-targeting ligand for a drug delivery 

application, designing a delivery system that can display these ligands in a multivalent 
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array is an effective way to improve its tumor-targeting efficiency due to multivalent 

interactions with tumor cells.  Multivalent binding, or the simultaneous binding of 

multiple ligands from one entity to multiple receptors on another, is an established 

mechanism that accounts for the strong binding interactions observed in many biological 

systems.  Some well-known examples of multivalent binding in biology are the binding 

of oxygen to hemoglobin and the multivalent interactions between viruses and their host 

cells.  Multivalent binding confers an energetically favorable binding advantage over 

monovalent interactions, resulting in a higher net binding affinity for ligands displayed in 

a multivalent array
41

.  Researchers can take advantage of multivalent interactions in the 

design of drug delivery systems by incorporating multiple copies of targeting ligands 

from a molecular structure to promote multivalent binding to target cells.  Multivalency 

has been built into various anticancer drug delivery systems including those targeting the 

folate receptor using multiple copies of folic acid
26, 42

 as well as integrin targeting with 

multiple copies of RGD peptides.  It is important to carefully engineer multivalency into 

drug delivery systems, as the optimal number of ligands presented from a nanoparticle 

scaffold is context-dependent.  Due to potential steric interference between closely-

spaced targeting ligands, it is important to optimize the presentation of multivalent 

ligands to promote favorable multivalent interactions between drug delivery systems and 

target cells.    

Specifically, multivalent display of RGD peptides is known to have favorable 

tumor-targeting properties due to the promotion of integrin clustering
43

, and has been 

widely used in the design of anticancer drug delivery vehicles.  Multimeric RGD peptides 

have demonstrated improved tumor cell binding affinity and uptake compared to their 
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monomeric counterparts
44-47

.  Multiple copies of RGD peptides have also been grafted 

onto nanoscale materials to facilitate the delivery of drugs or imaging agents into 

malignant tumors, imparting enhanced drug delivery to malignant tumor cells
48-51

.  Thus, 

the use of multivalent RGD peptides represents a promising approach to designing 

effective anticancer therapies.   

1.4. Delivery of drugs and genes throughout solid tumor tissue 

 

Upon targeting a therapy to a solid tumor using passive or active tumor targeting 

techniques, it is necessary to facilitate penetration and subsequent tissue distribution of 

the drug to all regions of the malignant tumor.  Limited penetration and poor spatial 

distribution of drugs throughout solid tumors represent significant barriers to their 

anticancer efficacy.  Several conventional small-molecule chemotherapeutics including 

doxorubicin
52, 53

, paclitaxel
54, 55

, and other clinically relevant compounds
56

 are known to 

exhibit poor distribution throughout solid tumors.  These drugs remain localized to 

regions immediately surrounding blood vessels, leaving large regions of the tumor 

untouched by the therapy.  Their poor tumor distribution may significantly impair their 

efficacy, possibly resulting in disease recurrence and the administration of high drug 

doses causing adverse effects in cancer patients.  Improving the distribution of drugs in 

solid tumors is thought to improve their therapeutic index for the treatment of human 

disease
57

. 

With the increasing application of nanoscale materials for cancer drug delivery 

and imaging purposes, the importance of drug tumor penetration becomes more 

pronounced.  As nanoscale materials are orders of magnitude larger than conventional 

chemotherapeutic compounds, their transport and diffusion through tumor tissue is even 
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more limited.  On the other hand, nanomedicines can be engineered with functionalities 

to mediate more effective transport within tumors.  While significant progress has been 

made to understand and improve the tumor transport of small molecule and antibody 

therapeutics
57, 58

, much less work has been done to understand similar phenomena for 

nanoscale materials
59, 60

.  The features of solid tumors that inhibit efficient drug 

penetration and distribution will be introduced here, followed by a summary of 

techniques used to study and improve the tumoral drug distribution of nanoscale 

materials, focusing on those used for the delivery of siRNA to solid tumors.   

1.4.1. Tumor properties hindering nanoscale drug transport 

Compared to healthy tissues, solid tumors have unique structural properties that 

make it particularly difficult for drug compounds to transport and distribute throughout 

malignant tissue.  Several reviews have thoroughly discussed the architectural features of 

solid tumors that hinder drug transport 
57-60

, so only a brief overview of these features 

will be discussed here. 

1.4.1.1.  Abnormal Vasculature 

One critical feature of cancerous cells enabling them to have an abnormal survival 

advantage is their ability to sustain angiogenesis, or to acquire their own blood supply
3
.  

For cells to survive, they should be within 100 µm of a blood vessel, providing them with 

critical oxygen and nutrients.  In the development of healthy tissues, the formation of 

blood vessels is carefully regulated to ensure that there is an ample blood supply for all 

cells.  Malignant tumors, however, are formed abnormally in the midst of healthy tissues, 

and therefore must acquire their own blood supply through dysregulated signaling 

pathways to progress to a large size
3
.  As the acquisition of a blood supply is abnormal in 
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solid tumors, the structure of the tumor vasculature is poorly organized compared to 

healthy tissues (Figure 1.3).  The blood vessels in solid tumors are more heterogeneous in 

distribution, size, and are more permeable than in healthy tissue
58

.   

              

Figure 1.3. Micrographs of normal (A) and tumor (B) vasculature acquired from nude 

mice bearing tumors from human squamous cell carcinoma cells.  This figure was 

reproduced from: Dreher, M.R. et al. Tumor Vascular Permeability, Accumulation, and 

Penetration of Macromolecular Drug Carriers. Journal of the National Cancer Institute 

98, 335-344 (2006) with permission from Oxford University Press
61

. 

 

The abnormal tumor vasculature has conferred an advantage for the delivery of 

nanoscale therapeutics due to the well-known enhanced permeability and retention (EPR) 

effect.  Tumor vasculature is excessively ―leaky‖ compared to healthy vasculature, as a 

result of large pores in the blood vessels.  Nanoscale therapeutics (on the order of 100nm) 

selectively accumulate in the leaky pores of tumors resulting in a size-dependent passive 

tumor-targeting known as the EPR effect
25

.  While the abnormal tumor vasculature is  

advantageous for the selective tumor accumulation of nanoscale therapeutics, the ability 

of these materials to transport across vascular walls (extravasate) and subsequently 

diffuse into the surrounding tumor tissue poses a significant challenge for these emerging 

therapeutics.   
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1.4.1.2   Elevated Interstitial Fluid Pressure (IFP)  

Another significant barrier to drug transport from blood vessels is the elevated 

interstitial fluid pressure (IFP) found in solid tumors.   In healthy tissues, the IFP is 

carefully regulated so that the pressure gradient between the blood vessels and tissue is 

favorable for convective nutrient transport out of blood vessels and into the tissue.  

However, in the case of solid tumors, there is an elevated IFP resulting from abnormal 

blood vessel and extracellular architecture
62

.   This high IFP in the tumor results in an 

unfavorable pressure gradient between the tissue and blood vessels, forcing the nutrients 

or anticancer drugs out of the high pressure tumor core and into the low pressure blood 

vessels.  Several agents including antagonists of VEGF, PDGF, and TGFβ have been 

used to reduce the IFP within tumors, which has improved the convective tumoral 

transport and penetration of nanomedicines
62

.   

1.4.1.3.  Stiff Extracellular Matrix (ECM) 

 Following extravasation from blood vessels, the transport of particles through the 

tumor extracellular space to reach malignant cells poses the next barrier to drug delivery.  

As the abnormal tumor vasculature results in a very low blood supply within tumors, 

there is little opportunity for convective transport of drugs within tumors, forcing drugs to 

be transported primarily by diffusion
63

.   Diffusion through the tumor space is hindered 

by the complex structure of the extracellular matrix (ECM) in solid tumors.  The 

extracellular space in solid tumors is comprised of fibrous macromolecular proteins 

including collagen and glycosaminoglycans (GAGs).  In particular, the collagen content 

in solid tumors is significantly higher than in healthy tissues, resulting in a relatively 

dense and ―stiff‖ tumoral extracellular space
59

.  Small molecule drugs are able to diffuse 
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through this protein matrix due to their small size, however, the large size of nanoscale 

therapeutics impairs their ability to diffuse through this matrix, causing them to localize 

in regions immediately surrounding blood vessels
60

.  Several researchers have 

successfully improved the transport of nanoscale therapeutics through the dense ECM by 

incorporating agents that can degrade or normalize ECM proteins
64-68

 , representing a 

promising approach to improve the efficacy of tumor-targeted therapies.   

1.4.2. In vitro methods to study the tumor distribution of drugs 

 Several experimental and theoretical approaches have been developed to better 

understand the distribution of drugs (both small molecule and macromolecular) 

throughout solid tumors.  These methods have enabled researchers to visualize the 

distribution of drugs throughout tumors both in vitro and in vivo.  Further, the use of 

mathematical models has enabled the quantification of physical transport parameters such 

as diffusion coefficients, providing a quantitative understanding of how drug design 

parameters impact their tumor transport.  The available techniques for studying drug 

distribution in vitro will be introduced here, with a particular emphasis on how these 

methods have been applied to understanding the distribution of nanomedicines in solid 

tumors. 

1.4.2.1     In Vitro three-dimensional (3D) tumor models 

Three-dimensional tumor models have been widely used for studying anticancer 

medicines due to their ease of fabrication from commercially available cancer cell lines, 

and their ability to provide a more realistic model of the in vivo tumor microenvironment 

than cells cultured on conventional two-dimensional plates.  Various types of 3D culture 

models exist to study tumors including multicellular layers, multicellular spheroids, and 
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collagen scaffold-based cultures, all of which have been thoroughly reviewed elsewhere 

69-72
.  While 3D cell culture models have been extensively used to study many aspects of 

solid tumors, they have proven particularly useful in understanding the tumoral transport 

of anticancer nanomedicines
73, 74

.   

Multicellular layers (MCLs) have been used to study the tumor penetration and 

transport of small molecule drugs.  Their simple geometry makes them amenable to use 

in a diffusion chamber apparatus, enabling quantitative determination of drug diffusion 

coefficients across multiple layers of tumor cells.  Specifically, MCL diffusion models 

have been used to study the diffusion kinetics of the small-molecule anticancer drugs 

tirapazamine
75

, vinblastine
76

,  variety of anthracycline analogues including doxorubicin
77

, 

and several other commonly used chemotherapeutic agents including paclitaxel and 

methotrexate
78

.  The diffusion of doxorubicin through MCLs has also been described 

using a mathematical model, which may be a useful tool to predict drug penetration into 

tumors
79

.  The kinetic information obtained for tirapazamine analogues using MCLs was 

found to be predictive of in vivo drug efficacy in a mouse xenograft model
75

.   While 

MCLs have not been used specifically for nanoscale materials, the principle could be 

easily extended to these materials.  An imaging technique using confocal microscopy to 

track nanoparticles through 3D tissue engineered cell culture models has been recently 

described
80

, and may be applicable to studying nanoparticle distribution through MCLs.  

This relatively simple cell culture model coupled with effective imaging and 

mathematical modeling techniques may serve as a useful method to screen potential 

nanoparticle drug candidates for their antitumor efficacy prior to performing in vivo 

studies.   
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Multicellular spheroids are probably the most widely used 3D cell culture model 

for studying the penetration and transport of anticancer nanomedicines.  There are several 

standard methods for generating spheroids including the hanging drop method
81

, 

culturing cells on a non-adhesive substrate to promote the formation of multicellular 

bodies
82

, or culturing cells in spinner flasks to form spheroids
83

.  Some methodological 

improvements have been proposed to improve the growth and formation of spheroids, 

such as incorporating a transient polycation linker during the spheroid formation phase
84

 

which may aid in generating more consistent spheroids for drug screening applications, 

or by using a hydrogel micromold to control their shape and size
85

.  Spheroids have been 

extensively used to study the penetration of nanoscale liposomes
86-89

, gene and siRNA 

delivery vehicles
90-95

, and other nanoparticles for drug delivery and imaging 

applications
66, 96-100

.  Further, their spherical shape has made them particularly amenable 

for developing descriptive mathematical models describing drug transport of 

macromolecular
101-103

 and nanoscale therapeutics
104

.  Spheroids have already proven to 

be a critical tool in studying the penetration of nanoscale materials, and will likely 

continue as a valuable method to screen and understand the tumor transport of 

nanoparticle drugs. 

Gel scaffolds (collagen or Matrigel) have also been used to replicate the 

architecture of solid tumors for drug penetration studies.  One study found that collagen 

gels alone (without the use of any cells) could provide similar resistance to 

macromolecule penetration as observed in solid tumors
105

.  Matrigel has also been used in 

an in vitro setting to represent the tumor ECM in conjunction with Caco-2 cells, and was 

found to be a reasonable model predicting the tumor penetration of small-molecule 
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thioxanthones
106

.  Since gels are simple in vitro models that provide reasonable similarity 

to solid tumors, they might serve as a useful experimental tool for screening nanoscale 

drug compounds. 

1.4.2.2.  Mathematical Modeling Approaches 

 In conjunction with experimental techniques, mathematical modeling approaches 

have been utilized to better understand and predict drug penetration in solid tumors.  

Models describing drug transport on the cell and tissue level, as well as those extending 

transport to the whole-body scale have provided important insights into the properties and 

mechanisms governing drug transport in tumors. 

 Significant models describing antibody penetration into solid tumors has provided 

researchers with important design parameters for anticancer antibody therapeutics.  

Mathematical modeling approaches first identified a ―binding-site barrier‖ to antibody 

transport in solid tumors wherein antibodies displaying a high binding affinity to tumor 

cells actually retard antibody penetration
107

.  In this theory, high-affinity molecules bind 

rapidly to tumor cells, leaving very few unbound molecules free to transport deep within 

solid tumors.  This theory was further proven experimentally when antibodies with a 

lower binding affinity to tumor cells exhibited more homogeneous penetration into 

guinea pig micrometastases
108

 and colon cancer tumor spheroids
103

 than antibodies with 

higher binding affinities.  In addition to affinity, models have been developed describing 

the importance of other parameters such as antibody dosage
102

, antigen turnover rate
101

, 

and plasma clearance rate
109

 on antibody penetration and retention into tumors.  The 

knowledge gained from these models has enabled the prediction of antibody penetration 

based on the complex interplay between antibody molecular weight, size, and affinity
110

.  
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These modeling approaches may serve very useful in predicting the antitumor activity of 

anticancer drugs prior to performing any extensive experiments.  The knowledge gained 

from modeling antibody distribution has been applied to studying the tumor distribution 

of small-molecule drugs
79, 111

 and nanoparticles
104, 112

.  Large-scale pharmacokinetic 

modeling has also been employed to describe the whole-body distribution of 

macromolecular agents
113

.   

1.4.3. Methods to improve the tumor distribution of drug and siRNA 

delivery molecules 

The transport properties governing tumor penetration of antibodies and small 

molecule therapeutics provide important guidelines that can be extended for the design of 

nanoscale therapeutics.  The process of tumor penetration begins with convective 

transport through blood vessels and extravasation through vessel walls followed by 

diffusion through solid tumors.  As blood vessel availability in solid tumors is limited, the 

primary mode of drug transport in tumors is diffusion
109

.   

The properties governing intratumoral transport include rates of free diffusion 

through the tumor interstitium, cell binding affinity, cell internalization and metabolism 

kinetics, and systemic clearance
103, 109

.  Free diffusion within a tumor is inhibited by 

molecular crowding within the tumor interstitial space, by the binding of molecules or 

particles to the cell surface, and by cellular internalization.  However, it is imperative that 

the therapeutic have some affinity to tumor cells to prevent it from diffusing through the 

tumor without accumulating at all.  Thus, it is important to design drugs such that they 

strike a balance between efficient diffusion and cellular affinity, ensuring that the 

therapeutic will transport deep within the tumor, and accumulate in quantities sufficient 



18 

 

 

 

to elicit a therapeutic effect.  The relative contributions of drug diffusion, cellular binding 

and internalization, and tumor clearance are known to govern the tumor penetration 

efficiency of antibody therapeutics
103

.  Scaling analyses have suggested that if the rate of 

diffusion with binding is greater than both the systemic clearance rate and cell 

internalization rates, that there will be efficient antibody tumor transport
103

.  Being 

mindful of these important scaling analyses will aid researchers in rationally designing 

antitumor therapeutics with favorable tumor penetration properties.  

Several studies have investigated how drug architecture influences tumor 

penetration and retention.  In addition to binding affinity, the tumor distribution of 

anticancer therapeutics is influenced by particle size, surface charge, and shape
59, 60

.  As 

one example for antibodies, the accumulation of therapeutic proteins in HER2-

overexpressing breast tumors was studied as a function of antibody size, affinity, and 

shielding by PEGylation
114

.  In this study, the delicate interplay between size and affinity 

were found to be critical for tumor accumulation, and two design regimes were observed 

to elicit the highest tumor accumulation (small proteins with high affinity or large 

proteins with low affinity).  For a class of small molecules (anthraquinones), the net 

molecular charge influenced drug distribution in tumor spheroids, presumably by altering 

their rate of cellular uptake
115

.  These design guidelines that were initially derived for 

small molecules and antibodies have been extended to understanding and improving the 

tumor penetration of nanoscale materials.  

Polycationic polymers have been widely used to deliver genes and antisense molecules to 

solid tumors by forming electrostatic nanoscale complexes with anionic nucleic acid 

molecules
12

.  As it is necessary to maintain a net positive charge on nucleic acid delivery 
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vehicles
7
, these charged complexes have been largely unable to penetrate into solid tumor 

models since they elicit undesirable interactions with charged cells or ECM proteins.  A 

widely used gene delivery polymer, polyethyleneimine (PEI), was found to exhibit poor 

tissue penetration when delivering plasmid DNA to tumor spheroids
90

.  In other cases, 

cationic polymers that successfully facilitated gene transfection in traditional monolayer 

cell culture, were significantly less efficient in delivering genes in a three-dimensional 

tumor model due to poor tissue penetration of the electrostatic complexes
90, 93, 116

.  RGD 

peptides have also been used to improve the tumor penetration of anticancer agents
117, 118

, 

and they may find utility for enabling the delivery of nanoscale therapeutics, including 

nucleic acids, homogeneously throughout solid tumors.   

1.5. Dissertation overview and approach 

The objective of this dissertation was to study the ability of PAMAM dendrimers 

to facilitate the tumor-targeted delivery of siRNA to malignant glioma cells and solid 

tumors.  The intracellular delivery aspects of PAMAM-mediated siRNA delivery to 

malignant glioma tumor cells are explored in Chapter 2, where surface amine acetylation 

was employed to understand better the intracellular siRNA delivery mechanisms of 

PAMAM dendrimers.  Next, RGD peptides were conjugated to PAMAM dendrimers, and 

these conjugates were used to facilitate targeted siRNA delivery of PAMAM/siRNA 

complexes to malignant glioma solid tumors.  The number of RGD peptides displayed 

from a PAMAM scaffold was found to influence the ability of PAMAM to distribute 

siRNA hroughout a three-dimensional cell culture model of malignant glioma, as 

discussed in Chapter 3.  The transport mechanisms involved in the efficient tumoral 

penetration and transport of PAMAM-RGD/siRNA complexes were further studied 
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through a combination of biophysical material characterization and theoretical modeling 

work, which is detailed in Chapter 4.   
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CHAPTER 2 

ACETYLATION OF PAMAM DENDRIMERS FOR CELLULAR DELIVERY 

OF SIRNA 

This chapter is published and has the following citation: 

Waite, C.L., Sparks, S.M., Uhrich, K.E. & Roth, C.M. Acetylation of PAMAM 

dendrimers for cellular delivery of siRNA. BMC Biotechnol 9, 38 (2009). 

 

ABSTRACT 

 

The advancement of gene silencing via RNA interference is limited by the lack of 

effective short interfering RNA (siRNA) delivery vectors.  Rational design of polymeric 

carriers has been complicated by the fact that most chemical modifications affect multiple 

aspects of the delivery process.  In this work, the extent of primary amine acetylation of 

generation 5 poly(amidoamine) (PAMAM) dendrimers was studied as a modification for 

the delivery of siRNA to U87 malignant glioma cells.   

PAMAM dendrimers were reacted with acetic anhydride to attain partial 

acetylation of primary amines.  Acetylated dendrimers were complexed with siRNA, and 

physical properties of the complexes were studied.  The ability of acetylated dendrimers 

to deliver siRNA to U87 glioma cells was evaluated using flow cytometry, and their 

cytotoxicity was studied using the MTS assay.  Dendrimers with up to 60% of primary 

amines acetylated formed ~200 nm complexes with siRNA.  Increasing amine acetylation 

resulted in reduced polymer cytotoxicity to U87 cells, as well as enhanced dissociation of 

dendrimer/siRNA complexes.   

Acetylation of dendrimers reduced the cellular delivery of siRNA which 

correlated with a reduction in the buffering capacity of dendrimers upon amine 
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acetylation.  Primary amine acetylation of PAMAM dendrimers reduced their 

cytotoxicity to U87 cells, and promoted the release of siRNA from dendrimer/siRNA 

complexes.  A modest fraction (approximately 20%) of primary amines of PAMAM can 

be modified while maintaining the siRNA delivery efficiency of unmodified PAMAM, 

but higher degrees of amine neutralization reduced the gene silencing efficiency of 

PAMAM/siRNA delivery vectors. 

2.1. Background 

 

Since its discovery in 1998, RNA interference (RNAi) has rapidly become a 

routine and powerful tool for use in basic research and has also gained momentum in 

development as a therapeutic
5, 6, 119

. While RNAi is an elegant, endogenous and 

conserved mechanism to selectively silence genes, inefficient delivery of exogenous short 

interfering RNA (siRNA) molecules to cells and tissues remains a barrier to its 

therapeutic development.  As a result, the design of effective siRNA delivery systems is 

crucial for the clinical advancement of RNAi. Specifically, delivery vectors must be 

designed to effectively complex with nucleic acid molecules and aid in overcoming 

intracellular barriers such as endosomal escape and cytoplasmic vector dissociation.   

A variety of molecules including polymers, lipids, and peptides have been studied 

for their effectiveness as delivery vectors for DNA and RNA molecules
7
. Successful 

delivery vectors must exhibit a combination of functional attributes.  Polymeric carrier 

molecules should be cationic to complex with nucleic acids, possess a high buffering 

capacity, exhibit low cytotoxicity, and also contain chemically reactive groups that can be 

modified for the addition of targeting moieties or other groups 
7, 10

.   
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Highly branched, dendritic polymers including poly(amidoamine) (PAMAM) 

have recently attracted interest as nucleic acid delivery vectors.  Previous work has 

demonstrated that dendrimers can bind to DNA and RNA molecules and mediate modest 

cellular delivery of these nucleic acids 
14, 15, 120, 121

. Recently, some studies have evaluated 

the use of PAMAM dendrimers for successful delivery of siRNA or antisense molecules. 

Generation 5 dendrimers were found to have poor cellular delivery of siRNA to NIH 3T3 

MDR cells compared to moderately effective delivery of antisense oligonucleotides
122

.  

Another study found that increasing the PAMAM dendrimer generation to seven to 

increase the number of primary amine groups significantly enhanced siRNA delivery 

efficiency, possibly by enhanced amine-induced pH buffering
123

.  However, cytotoxicity 

of highly cationic dendrimers is a marked problem that hinders their widespread use in 

drug and gene delivery 
120, 121

.   

Thus, it is desirable to exploit the potential of PAMAM dendrimers for nucleic 

acid delivery applications while reducing their cytotoxicity.   The cytotoxicity of 

dendrimers can be reduced by conjugating hydrophilic polymers to the periphery of the 

dendrimer 
124-126

 , conversion of a fraction of the cationic amine groups to uncharged 

moieties 
127-129

, or by modifying a neutrally charged dendrimer with a few cationic amino 

acid groups sufficient to facilitate nucleic acid complexation
130

 .  Since a wide variety of 

modifications exist to alter the properties of dendrimers, the development of structure-

activity relationships will accelerate determination of the optimal dendrimer properties 

for a particular application 
131-133

.   

In this study, the effect of primary amine acetylation of the cationic, dendrimeric 

polymer, PAMAM, on siRNA delivery was analyzed.  Previous studies have shown that 
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neutralizing charges on the cationic polymer, polyethylenimine (PEI), by amine 

acetylation enhanced the transfection efficiency of plasmid DNA 
19, 20

.  This marked 

improvement in transfection efficiency correlated with decreased polymer/DNA 

interactions, thus promoting intracellular unpackaging of DNA from the polymer 
20

.  

Additionally, amine acetylation of cationic polymers is attractive since it has been shown 

to reduce cytotoxicity in a variety of different cell lines 
20, 129

.  We studied 

dendrimer/siRNA interactions as well as the ability of acetylated dendrimers to deliver 

siRNA to cells and elicit a gene silencing effect.  Additionally, we evaluated the tradeoff 

between reduced polymer/siRNA interactions and reduced endosomal buffering capacity.  

These design parameters are important in the rational modification of PAMAM 

dendrimers for siRNA delivery.   

2.2 METHODS 

2.2.1 Materials   

A 22 nt anti-GFP siRNA sequence identified previously 
134

 as an effective 

inhibitor of pd1EGFP expression (sense strand: 5’-UUG UGG CCG UUU ACG UCG 

CCG U-3', antisense strand: 3'-UGA ACA CCG GCA AAU GCA GCG G-5') was 

utilized in this study. A scrambled siRNA sequence (targeted against firefly luciferase) 

was used as a negative control (sense strand: 5’-CUU ACG CUG AGU ACU UCG A 

dTdT-3’, antisense strand: 5’- UCG AAG UAC UCA GCG UAA G dTdT-3’).  The 

fluorescently labeled (5’ Cy3 end modified on the sense strand) and unlabeled sequences 

were purchased from Integrated DNA Technologies (Coralville, IA, USA). The control 

siRNA sequence was purchased from Dharmacon (Lafayette, CO).  The lyophilized 

powder was resuspended to a concentration of 20 μM (unlabeled siRNA) or 50 μM (Cy3 
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modified sequence) according to the manufacturer’s protocol before use.  Generation 5 

PAMAM dendrimer was purchased as a 5 wt% solution in methanol from Dendritech 

(Midland, MI).  Branched PEI of average molecular weight 25 kDa (Item 408727), acetic 

anhydride, triethylamine, heparin sodium salt, and deuterium oxide (D2O) were 

purchased from Sigma.  PicoGreen fluorescent dye was obtained from Molecular Probes 

(Eugene, OR, USA).  MTS reagent was purchased from Promega (Madison, WI, USA).  

Unless otherwise stated, all cell culture products were obtained from Invitrogen 

(Carlsbad, CA, USA).   

                     

2.2.2 Acetylation of PAMAM dendrimers 

The molar ratio between acetic anhydride and PAMAM dendrimer was adjusted 

to achieve 20, 40, 60, and 80% of primary amines capped by an acetyl group.  A 1:1 

stoichiometric ratio of primary amines: acetic anhydride was used to achieve the desired 

extent of acetylation.  Partially acetylated dendrimers were prepared using the following 

procedure:  To 15 mL of anhydrous methanol in a magnetically stirred round bottom 

flask, 5 mL of 5 wt% PAMAM (0.214 g) in methanol was added.  Triethylamine (10% 

molar excess to acetic anhydride) was added to the flask and was stirred for 30 minutes.  

The appropriate amount of acetic anhydride was then added dropwise to the reaction 

mixture and the reaction was carried out overnight at room temperature under an argon 

atmosphere.  The methanol was then removed by vacuum, and the polymer residue re-

dissolved in distilled water.  The polymer was then dialyzed against 1 L of phosphate 

buffered saline (PBS) for 8 hours followed by water overnight in a 10,000 kDa cutoff 

Slide-A-Lyzer Dialysis cassette (Pierce Biotechnology, Rockford, IL).  The samples were 

then lyophilized and stored at -20ºC.  Proton nuclear magnetic resonance (
1
H NMR) 
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spectra were taken in D2O using a Varian 400 MHz or 500 MHz spectrophotometer, 

using the solvent as reference signal.  The extent of primary amine acetylation was 

determined using a previously described method
135

. 

2.2.3 PicoGreen assay for siRNA/PAMAM complexation 

The complexes were prepared at various charge ratios by mixing equal volumes 

of PAMAM with siRNA in PBS. Charge ratios (N/P) were calculated as a ratio of the 

number of primary amines in the polymer, determined from 
1
H NMR spectra, to the 

number of anionic phosphate groups in the siRNA. The samples were then vortexed and 

incubated at room temperature for 15 minutes to ensure complex formation.  The 

complexes were prepared at a final siRNA concentration of 0.2 μg of siRNA/100 μL of 

solution.  One hundred microliters of each complex were transferred to a 96-well (black-

walled, clear-bottom, non-adsorbing) plate (Corning, NY, USA).  A total of 100 μL of 

diluted PicoGreen dye (1:200 dilution in Tris-EDTA (TE) buffer) was added to each 

sample.  Fluorescence measurements were made after a 30 minute incubation at room 

temperature using a DTX800 Multimode Detector (Beckman Coulter, CA, USA), at 

exitation and emission wavelengths of 485 and 535 nm, respectively.  All measurements 

were corrected for background fluorescence from a solution containing only buffer and 

PicoGreen dye.   

2.2.4 Dynamic light scattering and zeta potential   

Dynamic light scattering (DLS) and Zeta Potential analyses were performed using 

a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA) with 

reproducibility being verified by collection and comparison of sequential measurements. 

Polymer/siRNA complexes (siRNA concentration = 100 nM, N/P=15) were prepared 
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using purified water (resistivity=18.5 MΩ-cm). DLS measurements were performed at a 

90 ° scattering angle at 37 °C. Z-average sizes of three sequential measurements were 

collected and analyzed.  Zeta potential measurements were collected at 25 °C, and the Z-

average potentials following three sequential measurements were collected and analyzed. 

2.2.5 Heparin competition assay 

Complexes were prepared at a charge ratio of 10 as described above (final siRNA 

concentration of 0.2 μg in a total of 50 μL of solution) and were transferred to a 96-well 

(black-walled, clear-bottom, non-adsorbing) plate.  A total of 100 μL of diluted 

PicoGreen dye was added to each well, followed by the addition of 50 μL of heparin 

solution prepared in TE buffer (pH=8).  The plate was incubated for 60 minutes at 37ºC, 

and fluorescence measurements were then taken using the Multimode Detector plate 

reader.  The percentage of siRNA released was calculated as described previously 
136

.   

2.2.6 Cell culture 

U-87 MG cells (ATCC HTB-14) were maintained in D-MEM medium 

supplemented with 10% fetal bovine serum (FBS), L-glutamine, sodium pyruvate, non-

essential amino acids, and penicillin-streptomycin solution.  A U-87 MG cell line 

containing a stably integrated destabilized EGFP (d1EGFP) transgene was produced by 

transfecting U-87 cells with the 4.9-kb pd1EGFP-N1 plasmid (BD Biosciences Clontech, 

Palo Alto, CA) and maintained under constant selective pressure by G418 (500 μg/mL).  

All cell lines were cultivated in a humidified atmosphere of 5% CO2 at 37ºC. 

2.2.7 MTS cytotoxicity assay  

U-87 cells were plated at a density of 10
3
 cells/well in a 96-well plate 

approximately 18 hours before the assay.  Cells were exposed to 100 μL of dendrimers or 
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dendrimer/siRNA complexes at various concentrations in OptiMEM reduced serum 

medium (Invitrogen, Carlsbad, CA) for 4 hours.  Twenty microliters of MTS reagent 

were added to each sample using a multi-channel pipette, and the plate was returned to 

the cell incubator for 2 hours.  Absorbance measurements were subsequently recoreded at 

490 nm using a Bio-Rad Model 680 microplate reader (Hercules, CA, USA).  The values 

for treated samples were normalized to those for cells receiving a mock treatment of 

OptiMEM medium only (positive control).   

2.2.8 siRNA delivery assay  

U87 or U87-d1EGFP cells were plated at a density of 1.5 x 10
5
 cells/well in 12 

well plates ~18 hours prior to transfection.  Prior to treatment of cells, PAMAM/siRNA 

complexes were prepared as described above in 200 μL of PBS.  PolyFect (Qiagen), a 

commercially available dendrimeric transfection reagent, was used as a positive control.  

Transfections were also performed with a scrambled siRNA sequence not targeted 

against GFP to account for any non-specific GFP silencing effects.  Eight hundred 

microliters of OptiMEM medium was mixed with each sample to obtain a final siRNA 

concentration of 100 nM.  The serum-containing culture medium was aspirated from the 

cells, and each well was treated with 1 mL of the PAMAM/siRNA complexes in 

OptiMEM medium.  After a 4 hour incubation period, the transfection mixture was 

replaced with serum-containing culture medium and maintained under normal growth 

conditions until the cells were assayed for fluorescence by flow cytometry either 24 or 48 

hours after initial treatment.  For cells being analyzed for GFP fluorescence, unlabeled 

siRNA was utilized.  To determine intracellular siRNA levels, non-transformed U87 cells 

were treated with Cy3-labeled siRNA. 
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2.2.9 Flow cytometry 

Cells were washed with PBS, detached with trypsin-EDTA, and collected in 

growth medium before they were pelleted by centrifugation for 3.5 min at 200 g, and 

resuspended in 150 μL PBS.  Samples were maintained on ice before being subjected to 

flow cytometry analysis.  Ten thousand cells were analyzed on a FACSCalibur two-laser, 

four-color flow cytometer (BD Biosciences) for GFP fluorescence (FL-1) or Cy3 

fluorescence (FL-2).  CellQuest software was used to acquire and analyze the results.  

Viable cells were gated according to their typical forward/side scatter characteristics.   

2.2.10 Confocal microscopy 

 

 For confocal imaging, U87-d1EGFP cells were plated into 8-well Lab-Tek 

Chamber Slide chambers (Lab-Tek, Naperville, IL) at a cell density of 25,000 cells/well 

approximately 18 hours prior to transfection.  For imaging purposes, complexes of 

PAMAM were prepared with a Cy5-labeled antisense oligonucleotide targeted against 

GFP
134

 (ODN concentration = 100 nM) to prevent fluorescence interference between U-

87-d1EGFP cells and Cy3-labeled siRNA.  Transfections were performed in the same 

manner as for flow cytometry analysis.  In some samples, 100 μM of chloroquine 

diphosphate, a buffering agent, was added to the transfection mixture.  Imaging was 

performed at 63X magnification with a Leica LCSSB2 confocal microscope 24 hours 

after transfection. 

2.2.11 pH titrations   
 

Either PAMAM or PEI (~4.5 mg) was freshly dissolved into 5 mL of purified 

water in a 10 mL beaker and was magnetically stirred.  pH measurements were taken 
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using a NMR tube micro pH probe (IQ Scientific, Carlsbad, CA).  Using 1 N NaOH, 

solutions were adjusted to a pH of approximately 11.5.  The polymer was then titrated by 

adding 5 μL aliquots of 1N HCl until a total of 100 μL of HCl had been added to the 

solution, at which point the pH had reached a constant value of pH ~ 2.    Titrations were 

each performed in duplicate.   

2.2.12 Statistics  

All statistical comparisons among treatment groups were performed using a one 

way ANOVA test with Tukey’s all-pairs post hoc comparison test. 

2.3 RESULTS 

 

2.3.1 Partial acetylation of PAMAM dendrimers   

The primary amines of generation 5 (G5) PAMAM dendrimers were acetylated 

by reaction with prescribed amounts of acetic anhydride as depicted in Figure 2.1.  
1
H 

NMR analysis of acetylated dendrimers was performed using a method similar to one 

described previously
135

.  Briefly, the fraction of primary amine acetylation was 

determined by comparing the intensity of the peak at 1.87 ppm corresponding to –CH3 

protons of the acetyl group to the sum of all –CH2- peaks.  The observed extents of amine 

acetylation were very close to the theoretical maxima indicated by reaction stoichiometry 

(Table 2.1).  The acetylated dendrimers are denoted by their experimentally determined 

acetylation levels as Ac20, Ac40, Ac60, and Ac84.   

 

Figure 2.1. Acetylation of PAMAM dendrimers.  Acetic anhydride reacts with primary 

amines of G5 PAMAM dendrimers to produce acetylated PAMAM. 
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Sample (-CH3/-CH2-) ratio Number of acetyl 

groups added 

Percent of primary 

amine acetylation 

Ac20 0.041 27 21.1 

Ac40 0.075 50 39.1 

Ac60 0.115 76 59.4 

Ac84 0.160 107 83.6 

Table 2.1.  Extent of primary amine acetylation as determined by 
1
H NMR spectroscopy.  

2.3.2 PicoGreen dye exclusion   

The ability of acetylated dendrimers to complex with siRNA as a function of 

polymer/siRNA charge ratio was evaluated.  The amount of unbound siRNA in solutions 

of dendrimer/siRNA was determined by measuring the fluorescence of a commercially 

available dye, PicoGreen, that fluoresces upon binding to double-stranded DNA or RNA.  

The fluorescence intensity decreased when increasing amounts of polymer were added to 

a fixed amount of siRNA, indicating association of siRNA with the polymer (Figure 2.2).  

At N/P=1, differences in siRNA complexation ability could be discerned, with higher 

fractions of siRNA forming complexes with dendrimers possessing the greater primary 

amine levels.  However, by N/P=10, almost complete complexation of siRNA was 

observed for unmodified dendrimer (G5), Ac20, Ac40, and Ac60.  In contrast, the binding 

curve for the Ac84 polymer was shifted markedly to the right, and little siRNA 

complexation was observed at N/P=10.  Since the Ac84 dendrimer was not able to 

complex with siRNA at N/P=10, it was excluded from further studies.   
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Figure 2.2. Effect of amine acetylation on siRNA complexation by PicoGreen dye 

exclusion.  Complexes were prepared in PBS at a final siRNA concentration of 2 μg/mL.  

PicoGreen fluorescence correlates to unbound siRNA present in solution.  Data represent 

mean + SEM (n=3). 

2.3.3 Complex size and zeta potential 

  Having demonstrated that acetylated dendrimers are able to complex with siRNA, 

the characteristics of these complexes were evaluated further by DLS and zeta potential 

measurements.  Particle size analysis by DLS showed the formation of  ~200 nm 

complexes between dendrimers and siRNA, regardless of acetylation extent (Table 2.2).  

Somewhat surprisingly, zeta potential measurements were approximately equal (~40 mV) 

for siRNA complexes with G5, Ac20, and Ac40 dendrimers.  Though we do expect the 

surface charge of these complexes to become less cationic upon primary amine 

acetylation, this trend may not be reflected in zeta potential measurements as surface 

charge has been shown to be non-linearly correlated to zeta potential 
137

.  However, while 

the zeta potential of dendrimer/siRNA complexes at N/P=15 for G5, Ac20, and Ac40 were 

approximately equal (~40 mV), the zeta potential did decrease somewhat for the 

Ac60/siRNA complex (33 mV), indicating a modest change in the surface properties of 

this polyplex due to amine acetylation.  This trend is consistent with the dye exclusion 

results (Figure 2.2).  



33 

 

 

 

Sample 

Particle diameter 

(nm) Zeta Potential (mV) 

G5-siRNA 200.2 + 28.1 40.2 + 1.1 

Ac20-siRNA 226.2 + 7.3 38.9 + 0.9 

Ac40-siRNA 229.3 + 8.4 39.7 + 0.7 

Ac60-siRNA 173.7 + 8.0 33.1 + 0.8 

Table 2.2. Particle diameter and zeta potential of dendrimer/siRNA complexes 

2.3.4 Heparin induced polyplex dissociation 

Previous work has shown that more effective cellular delivery of nucleic acids is 

achieved when polymers are able to easily release or unpackage their cargo nucleic acid 

following cellular entry 
138

.  To evaluate the effect of dendrimer amine acetylation on 

polyplex dissociation, dendrimer/siRNA complexes were challenged by exposure to 

heparin sulfate, an anionic competitive binding agent.  Polyplexes were formed in 

solution at N/P=10 and exposed subsequently to either 20 μg/mL or 40 μg/mL of heparin 

sulfate.  After 60 minutes of incubation, PicoGreen was used to measure the amount of 

siRNA released from dendrimer polyplexes.  As expected, more siRNA was released 

from complexes with increasing heparin concentration (Figure 2.3).  Upon addition of 

heparin, more siRNA was released from 25 kDa polyethylenimine (25K PEI), which was 

included as a well-studied reference, than from G5 dendrimer, indicating that 25K PEI 

allows greater polyplex dissociation than G5 dendrimer.  Consistent with the decrease in 

cationic charge density conferred by primary amine acetylation, the amount of siRNA 

released increased with extent of primary amine acetylation.  At high fractions (40 and 

60%) of amine acetylation, the polyplex dissociation of acetylated dendrimers surpassed 

that of 25K PEI.   
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Figure 2.3. Effect of amine acetylation on polyplex dissociation by heparin competition.  

Complexes (N/P=10) were prepared in PBS at a final siRNA concentration of 2 μg/mL, 

and were exposed to heparin for 60 min at 37ºC.  siRNA release from complexes was 

determined by PicoGreen fluorescence as in Figure 2.  Data represent mean + SEM (n 

=5).  

 

2.3.5 Cytotoxicity of acetylated dendrimers   

Primary amine acetylation of various cationic polymers has been shown to reduce 

their cytotoxicity 
20, 129

.  The cytotoxicity of acetylated dendrimers on a malignant glioma 

cell line, U87, was evaluated by treatment with either dendrimer/siRNA complexes 

(siRNA concentration = 100 nM) or with dendrimers in OptiMEM medium for 4 hours 

(0.005 mM or 0.01 mM ). Subsequently, cells were analyzed for cell viability using the 

MTS assay.  Cells exposed to OptiMEM medium alone were used as positive controls.  

Minimal cytotoxicity was observed from treatment with dendrimer/siRNA complexes at 

typical cell transfection conditions (Figure 2.4A).  However, it is also important to 

evaluate the cytotoxicity of the native polymers without the presence of siRNA.  In this 

case, a dose-dependent cytotoxicity was observed by increasing the dendrimer 

concentrations to higher concentrations than were used for cell transfections (Figure 

2.4B). Additionally, a linear decrease in toxicity was observed upon reducing the number 

of primary amines by acetylation. This trend is consistent with previous work that 
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showed a linear decrease in cytotoxicity of a different cell type upon dendrimer amine 

acetylation 
129

. 

 
 

 

Figure 2.4.  Cytotoxicity of dendrimer/siRNA complexes (A) and of acetylated 

dendrimers (B).  U-87 cells were exposed to dendrimer/siRNA complexes (siRNA 

concentration = 100 nM) or to dendrimers (0.005 or 0.01 mM) for 4 hours in OptiMEM 

medium prior to MTS viability assay.  MTS absorbance measurements were normalized 

to cells receiving a mock treatment of OptiMEM medium only (100%). The unmodified, 

generation 5 dendrimer has 128 primary amines. Data represent mean + SEM (n =2 

experiments, each measured in triplicate). 

 

2.3.6 siRNA induced silencing of GFP in U87-d1EGFP cells   

We tested the effectiveness of these polymers to deliver anti-d1EGFP siRNAs to 

U87 cells stably expressing the d1EGFP transgene.  Cells were treated with 

dendrimer/siRNA complexes for 4 hours at several charge ratios within the range where 

all dendrimers (up to Ac60) are able to complex the siRNA.  After 24 and 48 hours, the 

d1EGFP fluorescence of cells was analyzed using flow cytometry.  The fluorescence of 

polyplex treated cells was normalized to time-matched U87-d1EGFP cells that received a 

mock treatment of serum-free medium (positive control).  SiRNAs delivered by 

unmodified G5 dendrimer produced significant gene silencing, manifest in reductions (up 

to 60% at a charge ratio of 20) of d1EGFP fluorescence after 24 hours (Figure 2.5a).  
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Upon primary amine acetylation of dendrimers, a significant decrease in GFP silencing 

efficiency was observed, particularly for the highest fractions of amine acetylation, 40% 

(p = 0.0002) and 60% (p < 0.0001) compared to unmodified dendrimer. The Ac20 

material, with a modest fraction of amine modification, produced an insignificant change 

in GFP silencing ability as compared to the unmodified dendrimer (p = 0.28).  For the G5 

and Ac20 materials, an improved GFP silencing ability was observed upon increasing the 

N/P ratio of each dendrimer from 10 to 20.  The extent and trends of GFP silencing using 

these polymers were maintained for 48 hours (data not shown). A low level of non-

specific GFP silencing (~20%) was observed by all dendrimer/siRNA complexes 

delivering a scrambled siRNA sequence. 

Having studied the ability of acetylated dendrimers to deliver siRNA to U87-

d1EGFP cells to elicit a gene silencing response, we used fluorescently labeled (Cy3) 

siRNA to determine intracellular levels of siRNA delivered by the dendrimers.  Previous 

work has shown that efficient gene silencing correlates to high intracellular nucleic acid 

levels 
136

.  A significant decrease in the intracellular fluorescence intensity of siRNA was 

observed with increasing fractions of amine acetylation (p < 0.0001 comparing Ac40 to 

G5 and p < 0.0001 comparing Ac60 to G5) (Figure 2.5B).  This trend correlated closely to 

the decreased GFP silencing efficiency upon amine acetylation (Figure 2.5A).   
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Figure 2.5. SiRNA-induced GFP silencing (A) and intracellular Cy3-siRNA levels (B).  

U-87-d1EGFP (A) or non-transformed U-87 cells (B) were treated with PAMAM/siRNA 

complexes at a final siRNA concentration of 100 nM for 4 hours under serum-free 

conditions.  Cells were analyzed using flow cytometry for GFP fluorescence (A) or Cy3 

fluorescence (B) 24 hours after the initial treatment.  PolyFect (A) was used at 5:1 wt. 

ratio of PolyFect:siRNA.  Data represent mean + SEM (n =3) (A) or (n =1 experiment, 

measurements performed in triplicate) (B).     

2.3.7 Confocal imaging  

Confocal imaging was performed to compare the cellular distribution of nucleic 

acids delivered by acetylated dendrimers compared to unmodified dendrimers.  As 

endosomal escape is a well-known barrier to efficient nucleic acid delivery
7, 10

, some 

transfections were performed in the presence of chloroquine diphosphate, a buffering 

agent, to identify if pH buffering is a significant barrier to efficient siRNA delivery by 

acetylated dendrimers.  Confocal imaging indicated that ODNs delivered by PAMAM 

dendrimers were sequestered into vesicles. Red ODN fluorescence appeared as isolated, 

punctate specks when delivered by G5 or Ac60 dendrimers (Figure 2.6 a and b, 

respectively), with somewhat greater cytoplasmic distribution observed for G5 delivery.  

These distributions contrast with that of Lipofectamine2000, a commercially available 

reagent, that evenly delivered ODN throughout the cell (Figure 2.6h).  Further, the 

presence of chloroquine diphosphate during transfection significantly improved the 
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distribution of ODN when delievered by cationic dendrimers G5 (Figure 2.6e), Ac60 

(Figure 2.6f), or 25K PEI (Figure 2.6g) as the ODN appeared to be more evenly 

distributed throughout the cell compared to treatment without chloroquine.   

 
 

Figure 2.6.  Confocal microscopy images of Cy-5 labeled oligonucleotides delivered to 

U-87-d1EGFP cells.  U-87-d1EGFP cells were treated with polymer/Cy5-ODN 

complexes (N/P=15).  Images show U-87-d1EGFP cells in green, and Cy5-ODN in red.  

Images represent cells transfected with: (a) G5 PAMAM; (b) Ac60 PAMAM; (c) 25K 

PEI; (d) OptiMEM medium only; (e) G5 PAMAM + 100μM chloroquine; (f) Ac60 

PAMAM + 100 μm chloroquine; (g) 25K PEI + 100 μM chloroquine; and (h) 

Lipofectamine2000. 

 

2.3.8 Titration of acetylated dendrimers 

As the cellular distribution of ODN delivered by dendrimers was improved by the 

presence of chloroquine in the transfection medium, it is likely that endosomal escape is a 

significant barrier to efficient siRNA delivery for acetylated dendrimers.  Hence, pH 

titrations were performed to compare the buffering capacity of acetylated dendrimers.  

Increasing the fraction of amine acetylation caused titration curves to shift, indicating a 

reduction in buffering capacity (Figure 2.7) upon addition of acid.  This trend is 

consistent with previous work performed with acetylation of PEI 
20

.  Interestingly, the 
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titration curve showed that unmodified G5 PAMAM has a much lower buffering capacity 

than 25 kDa PEI.  While PAMAM and PEI have similar numbers of amines per unit 

mass, approximately half of the PAMAM amines are secondary amines in the form of 

amide bonds that are not titratable.   

 
Figure 2.7.  pH titrations.  Polymers were freshly dissolved in 5 mL of PicoPure water 

prior to titration.  Polymer solutions were first titrated to pH~11.5 using 1M NaOH.  Five 

microliter aliquots of 1M HCl were added to polymer solutions and the pH was recorded.  

 

2.4   DISCUSSION 

One motivation behind amine acetylation of PAMAM dendrimers was to promote 

polymer-siRNA unpackaging in cells.  That is, self-assembled vectors for siRNA delivery 

must associate strongly enough to remain intact during cellular binding and entry, yet 

must dissociate at some point within cells to release their cargo.  Previous studies have 

identified vector unpackaging to be an important barrier to polymeric gene and siRNA 

delivery 
20, 138, 139

.  Specifically, correlations have been observed between the release of 

DNA in competitive displacement assays in vitro and transfection efficiency in cells 
138

.  

Furthermore, others have found that gene transfection was improved by increasing 

fractions of amine acetylation of PEI, and this result was attributed to decreased polymer-
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DNA interactions resulting in enhanced intracellular polyplex dissociation 
20

.  Previous 

work by our group has also reported a positive correlation between intracellular 

oligonucleotide levels (and gene silencing) and enhanced complex dissociation among 

various molecular weights of PEI 
136

.   

To reduce PAMAM/siRNA interactions in this work, we employed partial amine 

acetylation of PAMAM dendrimers.  The heparin competition assay showed that 

unmodified generation 5 PAMAM dendrimer (molecular weight ~ 28 kDa) exhibited less 

dissociation of siRNA than did 25 kDa PEI.  Given that 25K PEI possesses a high charge 

density and exhibits strong association with oligonucleotides 
136

, the even greater 

resistance of G5 PAMAM to heparin dissociation can be interpreted as indicating a poor 

tendency of the dendrimer to dissociate from siRNA.  As hypothesized, greater 

dissociation was observed upon primary amine acetylation of PAMAM, which surpassed 

that of 25 kDa PEI at a high fraction (60%) of primary amine acetylation.  However, 

polyplex size analysis demonstrated that stable particles of high positive zeta potential 

were formed between acetylated dendrimers and siRNA, with a slight reduction in both at 

relatively high fraction (60%) of primary amine acetylation.  This suggests that amine 

acetylation did not destabilize dendrimer/siRNA complexes, but rather facilitated the ease 

of dissociation of siRNA from the polymer complex in the face of an anionic competitor.   

In addition to promoting polyplex dissociation by amine acetylation, we also 

expected to reduce cytotoxicity by partial charge neutralization.  Cytotoxicity often 

correlates with a high charge density, and is a marked problem with highly cationic 

PAMAM dendrimers.  Previous work has shown a reduction in cytotoxicity upon amine 

acetylation of cationic polymers 
129

.  Indeed, we observed a linear decrease in 
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cytotoxicity upon amine acetylation of PAMAM dendrimers.  Thus, “tuning” of cationic 

polymer charge is a useful design principle in modulating both vector unpackaging and 

cytotoxicity.     

Another important barrier to the cellular delivery of nucleic acids is their 

sequestration in acidic endosomes.  Cationic polymers with titratable amines are thought 

to mediate endosomal escape by buffering in the pH range of 5-7, leading to osmotic 

pressure buildup and membrane permeability via the “proton sponge” effect 
17

.  In the 

current study, we found that primary amine acetylation somewhat decreased the pH 

buffering capacity of dendrimers by removing primary amine groups.  This decrease in 

endosomal buffering capacity induced by amine acetylation is likely responsible for the 

decreased siRNA delivery,  as the presence of a buffering agent appeared to improve 

cellular distribution of antisense molecules delivered by acetylated dendrimers. 

 It is important to note that acetylation of PEI was successful for delivery of 

plasmid DNA 
19, 20

 in contrast to the present study in which amine acetylation of 

PAMAM was employed for the delivery of siRNA.  Since siRNAs are much shorter and 

thus less polyvalent than plasmid DNA, it is likely that siRNA will more easily dissociate 

from a cationic polymer than would a large, anionic plasmid DNA, making polyplex 

dissociation a potentially less critical step in the delivery process 
11

.  Further, it has been 

shown that the properties of polyplexes formed by dendrimers and RNA depend 

significantly on the size of the RNA molecule with more stable particles being formed 

with large RNA molecules due to cooperative multivalent interactions
100

. These 

differences between polymers and  their interactions with different types of nucleic acids 

highlight the importance of developing a more comprehensive and quantitative 



42 

 

 

 

understanding of intracellular delivery mechanisms so that data from various delivery 

systems and studies can be interpreted and used to rationally design nucleic acid carriers .

 In summary, cationic dendrimers are promising architectures for use as nucleic 

acid delivery vectors.  Their highly organized, cationic structure with  functionalizable 

amine groups provides them with molecular properties that are favorable for efficient 

nucleic acid delivery.  Neutralizing a fraction of primary amines by acetylation in this 

study did, as expected, promote polyplex unpackaging in vitro.  Additionally, a reduction 

in cytotoxicity was noticed upon acetylation.  However, a reduction in pH buffering was 

also observed, possibly resulting in decreased siRNA delivery to tumor cells.  The 

addition of a buffering agent chloroquine promoted favorable cellular distribution of 

nucleic acids delivered by dendrimers, indicating that endosomal escape is a substantial 

barrier to siRNA delivery by these polymers.  Others efforts to modify PAMAM 

dendrimers for gene or siRNA delivery have also reported success in decreasing 

cytotoxicity but difficulties in achieving active nucleic acid delivery
128

. This observation 

demonstrates both the importance of endosomal buffering to siRNA delivery as well as 

the advantages of charge reduction including reduced cytotoxicity and enhanced vector 

dissociation.  The next generation of dendrimers for siRNA delivery will need to 

integrate charge reduction of dendrimers without compromising their endosomal 

buffering capacity.  
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CHAPTER 3 

PAMAM-RGD CONJUGATES ENHANCE SIRNA DELIVERY THROUGH A 

MULTICELLULAR SPHEROID MODEL OF MALIGNANT GLIOMA 

This chapter is published and has the following citation: 

Waite, C.L. & Roth, C.M. PAMAM-RGD Conjugates Enhance siRNA Delivery Through 

a Multicellular Spheroid Model of Malignant Glioma. Bioconjugate Chemistry 20, 1908-

1916 (2009) 

 ABSTRACT  

Generation 5 poly(amidoamine) (PAMAM) dendrimers were modified by the 

addition of cyclic RGD targeting peptides and were evaluated for their ability to associate 

with siRNA and mediate siRNA delivery to U87 malignant glioma cells.  PAMAM-RGD 

conjugates were able to complex with siRNA to form complexes of approximately 200 

nm in size.  Modest siRNA delivery was observed in U87 cells using either PAMAM or 

PAMAM-RGD conjugates.  PAMAM-RGD conjugates prevented the adhesion of U87 

cells to fibrinogen coated plates, in a manner that depends on the number of RGD ligands 

per dendrimer.  The delivery of siRNA through three-dimensional multicellular spheroids 

of U87 cells was enhanced using PAMAM-RGD conjugates compared to the native 

PAMAM dendrimers, presumably by interfering with integrin-ECM contacts present in a 

three-dimensional tumor model.   
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3.1 INTRODUCTION 

Gene silencing using RNA interference (RNAi) is a powerful platform technology 

being developed clinically for a variety of diseases including cancer, where it is typically 

considered as part of a multi-pronged approach 
5, 140

.  While RNAi holds promise as an 

anticancer therapeutic modality, the ability to efficiently and safely deliver siRNA 

molecules to cells is the main barrier limiting its widespread clinical use 
12

.  The use of 

synthetic, non-viral delivery vectors such as polymers and liposomes has shown promise 

in mediating cellular delivery of siRNA molecules 
141

.  Benefits of synthetic delivery 

vectors include their ability to be manufactured on a large-scale, low immunogenic 

response compared to their viral counterparts, and the ability to chemically tailor their 

structure for a particular application.   

Poly(amidoamine) (PAMAM) dendrimers are a family of highly branched, 

synthetic polymers that have garnered interest as potential delivery vectors for nucleic 

acids, recently including siRNA.  Several studies have demonstrated successful delivery 

of siRNA using PAMAM dendrimers or their derivatives 
18, 122, 123, 127, 142, 143

.  The 

branched architecture of dendrimers makes them particularly attractive for targeted 

delivery applications as they can present targeting ligands in a manner favorable to 

promote multivalent binding to target cellular receptors.  Multivalent ligand presentation 

from PAMAM dendrimers has been demonstrated for various targeted systems including 

folic acid 
42

, mannose and glucose 
144, 145

.   

Integrin proteins are a family of cell-surface receptors, several of which are 

known to be over-expressed on the surface of cancer cells. The αvβ3 integrin is 

particularly known for its role in cancer progression and is overexpressed in melanomas, 
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glioblastoma, ovarian, breast, and prostate cancers 
28

.   The high-affinity interaction 

between RGD peptides and cancer-related integrins has led to the widespread use of 

RGD peptide sequences as ligands for integrin-targeted drug and gene delivery 

applications 
29

.  Several examples of PAMAM dendrimer-RGD conjugates have been 

reported to enhance the delivery of imaging agents to target carcinoma cells 
50, 146

.  

PAMAM-RGD conjugates have also been found to mediate cellular binding and adhesion 

147, 148
.   

As significant promise has been shown for PAMAM-RGD conjugates in drug 

delivery and imaging applications, the goal of this study was to evaluate this bioconjugate 

for use as a siRNA delivery vector.  Specifically, we sought to investigate the effects of 

extent of ligand functionalization (multivalency) on cellular delivery.  To this end, the 

ability of dendrimers to deliver siRNA to malignant glioma cells with varying extents of 

RGD conjugation was evaluated.  Furthermore, we hypothesized that the ligand 

presentation would have a greater impact on delivery in a three-dimensional tumor, 

where the interactions between the delivery vector, extracellular matrix and cells are 

more pronounced.  To evaluate this hypothesis, the ability of PAMAM-RGD conjugates 

to interfere with cell-ECM interactions and to mediate siRNA delivery in a three-

dimensional cell-culture model of malignant glioma was studied.   

3.2 EXPERIMENTAL PROCEDURES 

3.2.1 Materials.   

A 22 nt siRNA sequence previously identified as an effective inhibitor of 

pd1EGFP expression 
134

 (sense strand: 5’-UUG UGG CCG UUU ACG UCG CCG U-3’, 
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antisense strand: 3’-UGA ACA CCG GCA AAU GCA GCG G-5’) and an irrelevant 

siRNA sequence (targeted against firefly luciferase; sense strand: 5’-CUU ACG CUG 

AGU ACU UCG A dTdT-3’, antisense strand: 5’-UCG AAG UAC UCA GCG UAA G 

dTdT-3’) were purchased from Dharmacon (Chicago, IL).  A fluorescently labeled anti-

GFP siRNA sequence (5’ Cy3 end modified on the sense strand) was purchased from 

Integrated DNA Technologies (Coralville, IA, USA).  A 20 nt phosphorothioated 

antisense oligonucleotide targeted against pd1EGFP with a fluorescent label was also 

purchased from Integrated DNA Technologies (5’- Cy5-TTG TGG CCG TTT ACG TCG 

CC -3’). The lyophilized powder was resuspended according to the manufacturer’s 

protocol before use.  Generation 5 PAMAM dendrimers with an ethylenediamine core 

and amine terminal groups were purchased as a 5 wt% solution in methanol from 

Dendritech (Midland, MI).  Unless otherwise stated, all chemicals were purchased from 

Sigma, and all cell culture products were obtained from Invitrogen (Carlsbad, CA).   

3.2.2 Conjugation of PAMAM dendrimers with RGD peptides.   

Approximately 6 mg of dry generation 5 PAMAM dendrimers were obtained after 

the removal of methanol from the storage solution using rotary evaporation.  The polymer 

residue was dissolved in ~2 mL of phosphate buffered saline (PBS) with 1 mM EDTA 

(reaction buffer).  Various molar equivalents (6, 9, 12, or 15) of a Sulfo-LC-SPDP 

crosslinker (Pierce, Rockford, IL) were added to the polymer solution to yield SPDP-

activated PAMAM after a 2 hour reaction at room temperature.  Dialysis with a 10,000 

MWCO Slide-A-Lyzer dialysis cassette (Pierce, Rockford, IL) was performed against 1 

liter of reaction buffer overnight to remove any unreacted SPDP crosslinker.  Following 

dialysis, 1.5 molar equivalents (to SPDP groups added) of cyclic RGDfC peptide 
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(Peptides International, Louisville, KY) were added to the SPDP-activated PAMAM 

dendrimers to yield PAMAM-RGD conjugates after an overnight reaction (Figure 2.1).  

Following conjugation, 10,000 MWCO dialysis was performed against reaction buffer 

followed by water to remove any unreacted RGD peptide.   Purified PAMAM-RGD 

conjugates were lyophilized overnight to obtain a white powder.   

3.2.3 UV spectrophotometry of PAMAM-RGD conjugates.   

A series of PAMAM-RGD conjugates was characterized using UV 

spectrophotometry to determine the number of RGD peptides conjugated to each 

dendrimer.  A disulfide reducing agent, DTT, was used to cleave the disulfide bond 

present in the SPDP crosslinker to release pyridine-2-thione (P2T), which has a UV 

absorbance at 343 nm.  This analysis of pyridine-2-thione release was first performed on 

the intermediate product, PAMAM-SPDP and used to quantify the average number of 

SPDP groups added to each dendrimer.  After removal of excess SPDP by dialysis, 50 L 

of the PAMAM-SPDP solution was added to 450 μL of reaction buffer, and the 

absorbance of the solution at 343 nm was read using a Unicam UV 300 model UV 

spectrophotometer (Thermo Spectronics, Rockford, IL) (this reading indicated 

background absorbance).  To the same sample, 5 μL of DTT (Pierce, Rockford, IL) (15 

mg/mL) was added, and the absorbance at 343 nm was recorded after a 15 minute 

incubation at room temperature.  The increase in UV absorbance observed after the 

addition of DTT corresponded to the addition of LC-SPDP groups to dendrimers.  The 

average molar ratio of SPDP:PAMAM was calculated according to the manufacturer’s 

protocol (Pierce, Rockford, IL).  The same analysis was performed on the final PAMAM-

RGD conjugate to confirm replacement of all SPDP groups with RGD peptides.  After 
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the replacement of P2T groups by RGD peptides, an increase in UV absorbance at 343 

nm was not observed. 

3.2.4 MALDI-TOF Mass Spectrometry.   

PAMAM-RGD conjugates were dissolved in water at a concentration of 1 mg/mL 

prior to MALDI-TOF MS analysis.  A matrix solution of 2'-4'-6'-

Trihydroxyacetophenone monohydrate (THAP) (10 mg/mL THAP in 50%ACN/(50% 

H20 with 0.1% trifluoroacetic acid)) was used.  The matrix solution and PAMAM 

dendrimers were mixed 1:1 by volume, and spotted on a 100-well stainless steel sample 

plate.  MALDI-TOF MS analysis was performed in linear positive mode of a Voyager 

DE Pro instrument (Applied Biosystems) using 25 kV accelerating voltage, 95% grid 

voltage, 0.3% guide wire voltage, and a delay time of 700 ns.  For each spectrum 75 shots 

were taken, and a minimum of 3 spectra were accumulated for each sample.   

3.2.5 PicoGreen assay for PAMAM/siRNA complexation.   

Complexes were prepared at various charge ratios by mixing equal volumes of 

PAMAM with siRNA in PBS. Charge ratios (N/P) were calculated as a ratio of the 

number of primary amines in the polymer to the number of anionic phosphate groups in 

the siRNA. The samples were then vortexed and incubated at room temperature for 15 

minutes to ensure complex formation.  The complexes were prepared at a final siRNA 

concentration of 0.2 μg of siRNA/100 μL of solution and varying polymer concentrations 

to reach the desired charge ratio.  One hundred microliters of each complex were 

transferred to a 96-well (black-walled, clear-bottom, non-adsorbing) plate (Corning, NY, 

USA).  A total of 100 μL of diluted PicoGreen dye (Molecular Probes, Eugene, OR) 

(1:200 dilution in Tris-EDTA (TE) buffer) was added to each sample.  Fluorescence 
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measurements were made after a 30 minute incubation at room temperature using a 

DTX800 Multimode Detector (Beckman Coulter, CA), at exitation and emission 

wavelengths of 485 and 535 nm, respectively.  All measurements were corrected for 

background fluorescence from a solution containing only buffer and PicoGreen dye.  

3.2.6 Dynamic light scattering.   

Dynamic light scattering (DLS) analysis was performed using a Malvern 

Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA) with reproducibility 

being verified by collection and comparison of sequential measurements. Polymer/siRNA 

complexes (siRNA concentration = 100 nM, N/P=15) were prepared using purified water 

(resistivity=18.5 MΩ-cm). DLS measurements were performed at a 90 ° scattering angle 

at 37 °C. Z-average sizes of three sequential measurements were collected and analyzed 

approximately 30 minutes after the polymer/siRNA complexes were formed.    

3.2.7 Cell culture.   

U-87 MG cells (ATCC HTB-14) were maintained in D-MEM medium 

supplemented with 10% fetal bovine serum (FBS), L-glutamine, and penicillin-

streptomycin solution.    A U87 cell line containing a stably integrated destabilized EGFP 

(d1EGFP) transgene (U87-d1EGFP) was generated as described previously 
18

 and was 

maintained under constant selective pressure by G418 (500 ug/mL), and the growth 

medium was supplemented with sodium pyruvate and non-essential amino acids.  All cell 

lines were cultivated in a humidified atmosphere of 5% CO2 at 37ºC. 

3.2.8 Multicellular spheroid formation.   

Multicellular tumor spheroids (MCTS) were formed from the U87 or U87-

d1EGFP malignant glioma cell lines using the hanging drop method as described 



50 

 

 

 

previously 
81

.  Cells from a confluent T-25 flask were detached using trypsin-EDTA and 

resuspended in 5mL of culture medium to a concentration of ~10
6
 cells/mL.  Twenty 

microliter droplets of this concentrated cell suspension were deposited into the lid of a 

petri dish.  The bottom of the petri dish was filled with 2 mL of cell culture medium to 

facilitate moisture transfer.  The lid containing the drops was inverted over the petri dish 

to form hanging drops.  The petri dish was placed in the incubator for a period of 3 days, 

after which visible cell aggregates were formed in the hanging drops.  The cell aggregates 

were harvested from the hanging drop suspension by adding ~2mL of culture medium to 

suspend the aggregates.  The cell aggregates were individually transferred in 100 μL of 

culture medium to wells of a 96-well tissue culture plate that was base-coated with 2% 

agarose.  After 24 hours on agarose, cell aggregates formed MCTS of diameters ranging 

from ~600-800 μm and were subjected to siRNA transfection and confocal imaging 

analysis.   

3.2.9 SiRNA delivery assay.   

U87-d1EGFP cells were plated at a density of 1.5 x 10
5
 cells/well in 12 well 

plates ~18 hours prior to transfection.  Prior to treatment of cells, PAMAM/siRNA 

complexes were prepared as described above in 200 μL of PBS (N/P=15).  PolyFect 

(Qiagen, Valencia, CA), a commercially available dendrimer transfection reagent, was 

used as a positive control.  Eight hundred microliters of OptiMEM medium was mixed 

with each sample to obtain a final siRNA concentration of 100 nM.  The serum-

containing culture medium was aspirated from the cells, and each well was treated with 1 

mL of the PAMAM/siRNA complexes in OptiMEM medium.  After a 4 hour incubation 

period, the transfection mixture was replaced with serum-containing culture medium and 
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maintained under normal growth conditions until the cells were assayed for fluorescence 

by flow cytometry at various time points after initial treatment.  For cells being analyzed 

for GFP fluorescence, unlabeled siRNA was utilized.  To determine intracellular siRNA 

uptake, non-transformed U87 cells were treated with a Cy-3 labeled siRNA.   

To analyze siRNA delivery in multicellular tumor spheroids, a similar 

transfection protocol was performed as with cells on 12-well tissue culture plates.  MCTS 

transfections were performed in 96-well plates that had been base-coated with 2% 

agarose.  Transfections were performed in a total volume of 150 μL in OptiMEM 

medium.  MCTS were exposed to a Cy3-labeled siRNA sequence to enable confocal 

imaging of siRNA localization throughout the spheroids at both 4 and 24 hours post-

transfection.  Spheroids generated from the U87-d1EGFP cell line were treated with a 

Cy5-labeled (red) antisense oligonucleotide (AON) targeted against d1EGFP so that the 

label and transgene fluorescence spectra would not overlap.  U87-d1EGFP spheroids 

were imaged at 24, 48, and 72 hours after the initial treatment to evaluate both GFP 

silencing and localization of the AON with the various dendrimer/ODN formulations 

conjugates. 

3.2.10 Flow cytometry.   

Cells were washed with PBS, detached with trypsin-EDTA, and collected in 

growth medium, before they were pelleted by centrifugation for 3.5 min at 200 g and 

resuspended in 150 μL PBS.  Samples were maintained on ice before being subjected to 

flow cytometry analysis.  Ten thousand cells were analyzed on a FACSCalibur two-laser, 

four-color flow cytometer (BD Biosciences) for GFP fluorescence (FL-1) or Cy3 
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fluorescence (FL-2).CellQuest software was used to acquire and analyze the results.  

Viable cells were gated according to their typical forward/side scatter characteristics. 

3.2.11 Competitive cell adhesion assay.   

High-binding 96-well plates (Nunc Maxi SORP) were coated with fibrinogen 

protein by adding 100 L/well of fibrinogen solution (100 g/mL in PBS) overnight at 

4ºC.  The next day, the plate was blocked with 150 L/well of bovine serum albumin 

(BSA) solution (10 mg/mL in PBS) for 1 hour at 37ºC.  The plate was washed in 

triplicate with cold PBS.  Ten microliters of test compounds (RGD-conjugated polymers) 

at various concentrations  were added to wells of the fibrinogen-coated plate on ice in 

triplicate.  Following the addition of test compounds, 90 μL of U87 cells in culture 

medium (330,000 cells/mL) were added to the plate, and mixed thoroughly with a multi-

channel pipette.  The plate was incubated at 37ºC for 3 hours until the cells attached to 

the plate.  Non-adherent cells were washed from the plate with PBS, and adherent cells 

were fixed by the addition of 100 L of 70% ethanol for 30 minutes at room temperature.  

Following one wash with PBS, 100 L of PicoGreen dye in TE buffer were added to the 

plate for 30 minutes to detect adherent cells.  PicoGreen fluorescence was measured 

using a DTX800 Multimode Detector (Beckman Coulter, CA), at excitation and emission 

wavelengths of 485 and 535 nm, respectively.  PicoGreen fluorescence values of wells 

treated with a RGD-containing competitor was normalized to wells that received no 

competitor (maximum cells adhering).  Data analysis and calculation of IC50 values was 

performed using GraphPad Prism 4 software (GraphPad Software, La Jolla, CA). 
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3.2.12 Confocal microscopy of multicellular spheroids.   

Uptake and distribution of Cy3-labeled siRNA or Cy5-labeled AS ODN in U87 

MCTS or U87–d1EGFP MCTS, respectively, were analyzed using confocal microscopy.  

Imaging was performed at various time points after siRNA transfection of  spheroids 

using an Olympus IX81 model confocal microscope (Olympus, Center Valley, PA).  

Images of MCTS were performed directly on agarose-coated 96-well plates at 10X 

magnification.  Z-stack imaging was performed to take image slices through spheroids at 

20 μm intervals for a total depth of 100 μm.  The following excitation and emission 

wavelengths were used to detect the fluorophores used in this study: GFP fluorescence 

(excitation= 482 nm, emission= 536 nm), Cy3 siRNA (excitation= 543 nm, 

emission=593 nm), and Cy5 AS ODN (excitation= 628 nm, emission= 692 nm).   

3.2.13 Image analysis of multicellular spheroid fluorescence.   

The fluorescence intensities of both the Cy5 and GFP channels of the confocal 

images of the U87-d1EGFP spheroids were quantified using ImageJ software 
149

.   

3.2.14 Statistics.  

All statistical comparisons among treatment groups were performed using a one 

way ANOVA test with Fisher’s all-pairs post hoc comparison test.  To compare among 

IC50 fits in the cell adhesion assay, a Monte Carlo procedure was employed.  The 

standard error of measurement was used to randomly perturb individual experimental 

values around their means.  Fits were then applied to the perturbed data and compared 

across groups.  This procedure was repeated 10,000 times.  If a particular group had a 

lower IC50 in at least 95% of Monte Carlo trials, then the fitted IC50 value was 

considered significant at the p < 0.05 level. 
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3.3 RESULTS 

3.3.1 Reaction and characterization of PAMAM-RGD conjugates.   

Generation 5 PAMAM dendrimers were conjugated with various amounts of a 

cyclic RGD targeting peptide, RGDfC, using a Sulfo-LC-SPDP crosslinker in a scheme 

depicted in Figure 3.1.  The PAMAM-RGD conjugates were characterized using UV 

spectrophotometry at various stages during the crosslinking process.  For this purpose, a 

disulfide reducing agent, DTT, was added to the conjugates to break the disulfide bond 

present in the SPDP crosslinker, enabling the release of pyridine-2-thione, a molecule 

that is UV active at 343 nm.  PAMAM dendrimers were first reacted with various molar 

equivalents (6, 9, 12, or 15) of Sulfo-LC-SPDP to attain SPDP-activated PAMAM.  After 

the addition of DTT, increasing amounts of pyridine-2-thione absorbance were detected 

with increasing SPDP:PAMAM ratios, as expected (Figure 3.2A).  This information was 

used to calculate the average molar ratios of SPDP:PAMAM yielded in this reaction, 

ranging from approximately 2 to 10 SPDP:PAMAM.  Following reaction with cyclic 

RGD peptides, the pyridine-2-thione absorbance decreased back to baseline, indicating 

complete replacement of pyridine-2-thione groups from the crosslinker with RGD 

peptides.  The resulting PAMAM-RGD conjugates are denoted by their experimentally 

determined extents of RGD conjugation (rounded to whole numbers) as G5-2RGD, G5-

3RGD, G5-7RGD, and G5-10RGD.   



55 

 

 

 

 

Figure 3.1.  PAMAM dendrimers are reacted with Sulfo-LC-SPDP to yield SPDP-

activated PAMAM intermediates.  SPDP-activated PAMAM was reacted with cyclic 

RGD peptides to obtain final PAMAM-RGD conjugates. 

 

 

 
 

Figure 3.2.  UV detection of pyridine-2-thione release from SPDP-activated PAMAM 

and PAMAM-RGD conjugates after the addition of DTT (A).  Experimentally 

determined extents of RGD conjugation and sample names(B).   
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PAMAM-RGD conjugates were further characterized using MALDI-TOF mass 

spectrometry to confirm conjugation of RGD peptides to the dendrimers.  Several 

previous studies have successfully utilized MALDI-TOF MS to characterize PAMAM 

bioconjugates by observing an increase in molecular weight of dendrimers upon 

conjugation to other molecules 
150, 151

.  As expected, a shift to the right of MALDI MS 

curves correlated to increased extents of RGD conjugation, indicating an increase in the 

molecular weight of the conjugates (see Appendix).  As MALDI MS has been shown to 

underestimate the actual molecular weight of high-generation dendrimers 
150

, it was not 

used to estimate the molecular weight of PAMAM-RGD conjugates, but as a tool to 

confirm successful crosslinking of RGD to PAMAM dendrimers.  The molecular weight 

of the PAMAM-RGD conjugates was calculated instead from the RGD crosslinking 

extent determined using UV spectrophotometry as described above.   

3.3.2 Characterization of dendrimer/siRNA complexes.   

To facilitate siRNA delivery, cationic polymers such as PAMAM dendrimers 

should form electrostatic complexes with anionic siRNA molecules.  The ability of 

PAMAM-RGD conjugates to complex with siRNA was evaluated using a dye exclusion 

assay.  The amount of unbound siRNA in solutions of PAMAM/siRNA was determined 

by measuring the fluorescence of a commercially available dye, PicoGreen, that 

fluoresces upon binding to double stranded DNA or RNA.  The fluorescence intensity of 

PicoGreen decreased following incubation of increasing amounts of polymer with added 

to a fixed amount of siRNA, indicating association of siRNA with the polymer (Figure 

3.3).  For all dendrimer conjugates tested, most of the PicoGreen fluorescence was 

quenched by N/P=10, indicating that the dendrimers had formed complexes with siRNA.  
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At lower charge ratios, however, it is possible to discern trends in siRNA complexation 

as a function of RGD crosslinking extent, with higher extents of RGD conjugation 

corresponding to somewhat less siRNA complexation.  To ensure the presence of stable 

complexes, N/P = 15 was chosen for subsequent experiments.   

 
 

Figure 3.3.  PAMAM/siRNA complexes were formed in PBS (final siRNA 

concentration= 2 μg/mL) and allowed to incubate for 15 minutes before measurement.  

Relative PicoGreen fluorescence corresponds to unbound siRNA present in solution.  The 

data represent mean + SEM (n > 3). 

 

Having demonstrated the ability of PAMAM-RGD conjugates to complex with 

anionic siRNA, the characteristics of the siRNA/PAMAM complexes formed at N/P = 15 

were evaluated further by dynamic light scattering (DLS) measurements.  Particle size 

analysis by DLS showed the formation of ~200 nm complexes between dendrimers and 

siRNA, regardless of extent of RGD conjugation (Table 3.1).   
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Sample Particle diameter (nm) 

G5 192 + 3 

G5-2RGD 166 + 36 

G5-3RGD 187 + 14 

G5-7RGD 193 + 14 

G5-10RGD 182+5 

 

Table 3.1. Particle diameter of dendrimer/siRNA complexes as determined by dynamic 

light scattering.  The data represent mean + standard deviation (n=3). 

3.3.3 siRNA delivery and GFP silencing in U87 cells.   

The ability of PAMAM-RGD conjugates to deliver siRNA to U87 cells and elicit 

a gene silencing response was evaluated.  A fluorescently labeled siRNA sequence was 

delivered to U87 cells with PAMAM-RGD conjugates to evaluate siRNA uptake into 

cells, which was assayed using flow cytometry.  Separately, but under the same 

conditions, a siRNA sequence targeted against the short half-life green fluorescent 

protein, d1EGFP, was delivered to U87–d1EGFP cells, and relative GFP expression was 

assayed using flow cytometry.  

Significant intracellular siRNA levels were observed 24 hours after exposure of 

U87 cells to PAMAM-RGD/Cy3-siRNA complexes (Figure 3.4A).  If cell binding is a 

limiting step in dendrimer-mediated siRNA delivery, intracellular siRNA levels would be 

expected to increase with increasing extent of RGD conjugation onto PAMAM 

dendrimers, as U87 cells express αvβ3 receptors for which cyclic RGD peptides have high 

binding affinities 
152

.  In this system, a statistically significant increase in siRNA delivery 

was not observed upon conjugation of dendrimers with RGD peptides (p > 0.05).   
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Having observed intracellular siRNA delivery by PAMAM-RGD conjugates, the 

ability of the system to deliver siRNA to elicit a GFP silencing response was evaluated 

by flow cytometry.  Modest silencing (approximately 40%) of the GFP transgene was 

observed in U87-d1EGFP cells using unmodified G5 PAMAM dendrimers compared to 

control cells receiving no siRNA treatment.  The extent of GFP silencing achieved was 

not significantly altered after the conjugation of RGD peptides to PAMAM dendrimers (p 

> 0.05) (Figure 3.4B).  An irrelevant siRNA sequence not targeted against d1EGFP was 

used as a control and resulted in ~20% silencing relative to no siRNA treatment.  As 

these values are rather low and not statistically different from each other (p > 0.05), it 

appears that, even with RGD modification, uptake of G5 PAMAM dendrimers is non-

specific and does not result in intracellular trafficking sufficient for robust gene silencing 

18
.  A commercially available dendrimer-based transfection reagent, PolyFect, was used 

as a positive control in this experiment and elicited ~60% GFP knockdown, which was 

statistically greater than that induced when the irrelevant sequence was delivered with 

PolyFect (Figure 3.4B).   
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Figure 3.4. U87 cells (A) or U87–d1EGFP cells (B) were treated with PAMAM-

RGD/siRNA complexes at a final siRNA concentration of 100 nM for 4 hours under 

serum-free conditions.  Cells were analyzed using flow cytometry for Cy3 fluorescence 

(A) or GFP fluorescence (B) 24 hours after the initial treatment.  A 5:1 wt ratio of 

PolyFect:siRNA was used (B). A scrambled siRNA sequence was delivered with 

PolyFect and G5 PAMAM dendrimer denoted by PF-Scr and G5-Scr, respectively.  Data 

represent mean + SEM. 

3.3.4 Competitive binding cell adhesion assay.   

Having observed that the addition of RGD peptides to PAMAM did not 

significantly alter the ability of PAMAM to deliver siRNA to U87 cells, probably due to 

significant non-specific cellular uptake of PAMAM/siRNA complexes, we sought to 

study whether active integrin targeting was occurring to any extent by the use of a cell 

adhesion assay. Here, the ability of PAMAM-RGD bioconjugates to bind specifically to 

αvβ3 integrin receptors on cells and prevent their adhesion to a fibrinogen-coated plate 

was evaluated.  Polymers functionalized with various numbers of RGD peptides inhibited 

adhesion of U87 cells to fibrinogen protein in a concentration dependent manner (Figure 

3.5A).  In contrast, unmodified G5 PAMAM dendrimer did not prevent the adhesion of 

U87 cells to fibrinogen, demonstrating the specificity of this assay to integrin-RGD 

binding, and the lack of non-specific effects by PAMAM.  This result indicated that in all 

PAMAM-RGD constructs, RGD was presented to the cells in a manner such that it binds 
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to αvβ3 integrin receptor proteins and is sufficient to prevent adhesion of U87 cells to the 

extracellular matrix protein, fibrinogen. 

To discern trends in adhesion as a function of RGD conjugation extent, binding 

curves were fit to a competitive binding model to determine a concentration of RGD at 

which each dendrimer inhibited 50% of cells from adhering to the plate (IC50) (Figure 

3.5B). Fitted IC50 values were compared statistically using a Monte Carlo procedure 

described in the Methods.  When a low number of RGD peptides was conjugated to the 

dendrimers (2 or 3), a significantly lower IC50 concentration (or a higher binding avidity) 

was achieved than with free RGD peptide (p<0.05).  However, by increasing the number 

of peptides per dendrimer (7 or 10), a sharp increase in the IC50 value was observed, 

corresponding to a decreased net avidity of these PAMAM-RGD conjugates to the 

integrin protein compared to those conjugates containing just 2 or 3 RGD peptides 

(p<0.05).  Further, a significant difference was observed between the IC50 values of 

dendrimers containing 7 or 10 RGDs (p<0.05).  Using this assay, we found that three 

RGD peptides per dendrimer were optimal for preventing U87 adhesion to fibrinogen 

protein on a flat plate.   
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Figure 3.5.  Competitive binding curves for U87 cells binding to fibrinogen coated plates 

in the presence of RGD-containing antagonists (A).  Results of IC50 values obtained from 

binding curves for each antagonist used (B). Different colored bars represent statistically 

different IC50 values (p<0.05) as determined using a Monte Carlo curve fitting algorithm 

(B).   Data represent mean + SEM (n > 3) (A) or  mean IC50 + standard deviation (B). 

3.3.5 siRNA delivery through multicellular glioma spheroids.   

The strong effect of PAMAM-RGD on U87 cell adhesion suggests that these 

bioconjugates can interfere with integrin-ECM interactions, which would likely influence 

delivery in a three-dimensional tumor.  To investigate this hypothesis, the ability of 

PAMAM-RGD to deliver siRNA through a three-dimensional multicellular tumor 

spheroid (MCTS) model of U87 cells was evaluated.  As carcinoma cells cultured as 3D 

spheroids are known to secrete ECM proteins and feature active integrin-ECM 

interactions 
72

, we expected that PAMAM-RGD conjugates would be able to facilitate 

siRNA delivery through MCTS by interfering with integrin-ECM interactions formed by 

cells in three dimensions.  To this end, cellular aggregates of U87 cells were formed 

using the hanging drop method, and aggregates were then transferred to agarose-coated 

tissue-culture plates to promote the formation of spheroids.  U87 spheroids on agarose 

were treated with PAMAM-RGD/Cy3-siRNA complexes in a similar manner as for cells 
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cultured on standard 12-well tissue culture plates. PAMAM-RGD polymers containing 

either 3 or 10 RGDs were used for this study, as G5-3RGD was found to be optimal in 

the cell adhesion assay and G5-10RGD represents the highest extent of RGD conjugation 

used in this work.  Confocal imaging was performed at four and twenty-four hours after 

transfection to evaluate the delivery and localization of Cy3-siRNA within U87 

spheroids.   

When delivered by G5 PAMAM dendrimers not containing RGD targeting 

ligands, siRNA fluorescence was observed primarily on the periphery of U87 spheroids 

(Figure 3.6).  This result is consistent with previous studies on DNA delivery to MCTS 

using polyethylenimine (PEI), where poor tissue penetration using PEI/DNA complexes 

was observed 
90

.  However, when PAMAM-RGD conjugates were used, siRNA was 

delivered successfully throughout the spheroid volume, suggesting that tissue penetration 

was enhanced by the presence of RGD targeting ligands (Figure 3.6).  Significant siRNA 

delivery to the center of spheroids was observed when using PAMAM-RGD conjugates 

containing either 3 or 10 RGD ligands.   

 
 

Figure 3.6.  Confocal images of U87 spheroids 24 hours after treatment with 

dendrimer/siRNA complexes.  Cy3 siRNA fluorescence is shown in red.  Z-stack images 

were obtained starting at the top of the spheroid in 20 μm intervals for a total of 100 μm 
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into the spheroids.  Images of each treatment were taken from three independent 

experiments with representative images shown here.  The scale bar represents 100 μm.  

Having observed the ability of PAMAM-RGD conjugates to enhance siRNA 

delivery through U87 MCTS, spheroids generated from U87–d1EGFP cells were used to 

study simultaneously the delivery of a fluorescently labeled antisense oligonucleotide 

(AON) and its target GFP silencing.  Consistent with the Cy3-siRNA localization 

observed in U87 spheroids, AON fluorescence was observed primarily on the spheroid 

periphery when delivered by unmodified G5 PAMAM (Figure 3.7).  When delivered by 

PAMAM-RGD conjugates, however, AON fluorescence was observed throughout the 

spheroid volume.  A statistically significant increase in Cy5 AON fluorescence was 

observed in the interior of the spheroids when AON was delivered by dendrimers 

containing RGD peptides compared to the native dendrimers at both 48 (p<0.002) and 72 

hours (p<0.0001) after treatment (Figure 3.7B).  Despite the accumulation of AON within 

the MCTS, quantification of the GFP levels did not reveal significant gene silencing, 

consistent with the two-dimensional cell culture results (Figure 3.4B).    

     
 

Figure 3.7. (A) Confocal images of U87 GFP spheroids treated with dendrimer/Cy5-

ODN complexes.  GFP fluorescence of U87 GFP cells is shown in green, and Cy5 ODN 

fluorescence is shown in red.  All images shown are from a depth of 80 μm into each 

spheroid.  The time points shown indicate the time post-transfection.  The scale bar 

represents 100 μm. (B) Quantified intensities of Cy5 fluorescence.  Data represent mean 
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channel intensities of five cross-sectional slices for each spheroid with three spheroids for 

each condition.  Error bars represent mean + standard deviation. 

3.4 DISCUSSION 

Integrins have proven to be promising targets for macromolecular drug and 

nucleic acid delivery systems for cancer.  Several bioconjugate molecules containing 

RGD motifs have been successfully targeted to integrins to promote enhanced uptake and 

bioactivity in carcinoma cells.  However, few studies have systematically evaluated how 

the number of RGD targeting ligands affects the bioactivity of targeted delivery systems.  

Hence, in this work, we conjugated cationic PAMAM dendrimers with various amounts 

of cyclic RGD targeting peptides to evaluate the ability of these bioconjugates to deliver 

siRNA to U87 glioma cells.   

PAMAM dendrimers functionalized with varying levels of RGD peptides (2-10 

RGDs/PAMAM) were able to deliver siRNA to U87 glioma cells, which express the αvβ3 

integrin receptor, to elicit modest GFP silencing.  However, contrary to our initial 

hypothesis, the attachment of RGD to PAMAM dendrimers did not enhance their ability 

to deliver siRNA to U87 glioma cells.  This is likely due to the fact that non-specific 

uptake of PAMAM dendrimers, mediated by their high cationic charge density, was more 

considerable than integrin-mediated uptake mediated by the presence of RGD ligands.  

This result is consistent with other literature reports that have found poor active tumor 

cell targeting from cationic polymers such as PEI and PAMAM when a short crosslinker 

was used to conjugate a targeting peptide 
122, 153, 154

.  However, in addition to enhancing 

uptake of macromolecules into integrin-expressing cells, RGD targeting strategies can 

serve other purposes, such as interfering with integrin-mediated tumor cell adhesion to 
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ECM proteins 
155

. This in turn may affect delivery of cargo in a tissue as opposed to a 

two-dimensional cell culture. 

The integrin αvβ3 is intimately involved in tumor cell growth, proliferation, and 

angiogenesis.  Thus, the ability to interfere specifically with the activity of this integrin 

could help to slow tumorigenesis in malignant glioma, and indeed a cyclic RGD peptide, 

Cilengitide, is undergoing clinical trials for glioma therapy 
38, 39

.  The PAMAM-RGD 

conjugates developed in this study inhibited the adhesion of U87 cells to the extracellular 

matrix protein, fibrinogen.  A trend in inhibition of adhesion was observed as a function 

of RGD conjugation extent, with a maximum inhibition of cell adhesion observed with 3 

RGD/PAMAM. Thus, a pronounced effect of RGD conjugation was observed in this cell 

adhesion model, contrasting the results obtained for siRNA delivery in which a trend was 

not observed as a function of RGD conjugation.  Hence, the results of this assay support 

the ability of the PAMAM-RGD conjugates to perform active integrin binding. 

MCTS models for cancer are garnering significant attention for anticancer drug 

screening as they mimic the microenvironment of tumors found in vivo more accurately 

than standard two-dimensional culture models 
73, 82

, and they have recently been shown to 

display angiogenic phenotypes akin to those observed in vivo 
156

.  Previous studies using 

spheroid cell culture models to evaluate nucleic acid delivery by synthetic polymers such 

as PEI or lipids have found that gene delivery using these carriers was confined to the 

outer layers of cells in spheroids due to poor penetration through the cell-matrix network 

90
.  However, one study reported that conjugating lactose targeting moieties onto a 

polymeric micelle delivery system enabled deeper penetration of siRNA into a spheroid 
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model of human hepatocarcinoma 
91

.  Further, the presence of ECM proteins was found 

to inhibit the transport of nanoparticles through tumor spheroids 
104

. Since PAMAM-

RGD conjugates were found to interfere with cell adhesion mediated by ECM , we 

hypothesized that using PAMAM-RGD conjugates would facilitate deeper penetration 

into a spheroid model of malignant glioma than unmodified PAMAM dendrimers via 

RGD modulation of cell-ECM interactions present in three-dimensional culture.  As 

expected, PAMAM dendrimers conjugated with either 3 or 10 RGD peptides 

significantly improved the PAMAM-mediated delivery of siRNA to the spheroid interior 

compared to the native G5 dendrimer, suggesting that the addition of RGD peptides was 

able to overcome the poor tissue penetration of PAMAM dendrimers through spheroids.  

Notably, the PAMAM-RGD conjugates, in contrast to the G5 dendrimer, continued to 

penetrate into the MCTS throughout the 72 hour time course of the experiment, 

suggesting a dynamic interaction among bioconjugate, ECM and cell.  However, despite 

the significant increases in tumor penetration, silencing levels of GFP remained 

insignificant.  This outcome highlights the fact that cellular accumulation is not sufficient 

for efficient gene silencing.  The siRNA must also be internalized by the cell and 

trafficked efficiently intracellularly, particularly with regards to endosomal escape.  

Modification of the dendrimers to enhance these steps is necessary for ultimate 

application to tumor oncogene silencing. 

A major goal of this work was to study how the number of RGD peptides on a 

PAMAM dendrimer affects its ability to interfere with important cell-ECM interactions.  

Previous studies have found that controlling RGD ligand presentation from a nanoparticle 

platform can significantly impact the extent of integrin-targeting that is achieved 
48, 157

.   
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Here, three RGDs per dendrimer were found to exhibit the strongest integrin-binding 

response using a competitive binding cell adhesion assay, and a greater number of 

peptides per dendrimer did not provide any additional benefit. However, in contrast to the 

trend observed in the competitive binding cell adhesion assay, dendrimers displaying 10 

RGD peptides yielded significantly greater delivery of oligonucleotides to U87 spheroids 

than did dendrimers containing 3 RGD peptides.  The three-dimensional architecture of 

the spheroids likely confers a greater advantage to dendrimers with a greater RGD 

multivalency, allowing for multiple contacts with ECM molecules within the MCTS.  

The results of this study highlight the importance of screening novel chemical entities 

and drug delivery systems in three dimensions. 

  Taken together, these results suggest that RGD-conjugated dendrimers hold 

promise for siRNA delivery to solid tumors.  Their ability to interfere with integrin-ECM 

interactions can potentially enable penetration into malignant tumors to improve siRNA 

delivery, and they may also interfere directly with tumor angiogenesis and integrin-

mediated growth signaling by malignant cells.  Such multifunctional delivery systems 

that can modify the biological processes of cancer cells and deliver a therapeutic cargo in 

concert represent a new venue for cancer therapy.  Due to the architecture of dendrimers 

with many exterior functional groups, the concept can be extended easily to incorporation 

of conventional drugs and/or imaging agents.  Such developments will amplify the 

impact of siRNA on human disease.   
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CHAPTER 4 

BINDING AND TRANSPORT OF PAMAM-RGD IN A TUMOR SPHEROID 

MODEL: THE EFFECT OF RGD TARGETING LIGAND DENSITY 

This chapter was submitted for publication in Biotechnology and Bioengineering in 

March, 2011. 

ABSTRACT 

The mechanisms governing the efficient tumor spheroid penetration and transport by 

poly(amidoamine) (PAMAM) dendrimers displaying varying numbers of cyclic RGD  

targeting peptides (2, 3, 7, or 10) were evaluated in this work.  The cell-free binding 

affinities and cellular internalization kinetics of PAMAM-RGD conjugates to malignant 

glioma cells were determined experimentally, and the results were incorporated into a 

mathematical model to predict the transport of these materials through a multicellular 

tumor spheroid.  The theoretical analysis demonstrated that greater RGD crosslinking 

may improve transport through tumor spheroids due to their decreased integrin-binding 

affinity.  This study provides evidence that altering the density of tumor-targeting ligands 

from a drug delivery platform is a feasible way to optimize the tumor-penetration 

efficiency of an anticancer agent, and provides insight into the physicochemical 

mechanisms governing the relative effectiveness of these conjugates. 
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4.1    INTRODUCTION 

 

The inability of anticancer drug molecules to penetrate through solid tumors 

presents a significant barrier to their efficacy.  It is important that a drug molecule 

reaches all of the malignant cells in a tumor at a concentration sufficient to elicit a 

therapeutic effect.  The distribution of both small molecule chemotherapy drugs and 

larger antibodies within tumors in vivo is confined to regions adjacent to blood vessels, 

leaving some regions untouched by the therapeutic compounds 
57, 158

. 

Because of their tendency to accumulate in tumor beds due to the enhanced 

permeability and retention effect, the development of nanoscale anticancer therapeutics 

has yielded a wealth of promising results. Yet, it is important to improve the intratumoral 

distribution of these particles, as their relatively large size considerably slows their 

diffusion within tumors.  Several studies have found that nanoscale drug and gene 

delivery systems comprised of polymers
90, 91, 94

, peptides
93

 , or liposomes
87

 
86

 exhibit poor 

diffusion into multicellular tumor spheroids, an in vitro solid tumor model.  The 

penetration of these macromolecules into tumors can be improved, however, by tuning 

their properties such as size and charge
86, 87

, or by the incorporation of certain targeting 

ligands including glucosamine
99

, lactose
91

, or RGD peptides
92, 117

.
 

Several studies have addressed the mechanisms governing the distribution of 

small molecule drugs 
111

 or antibody therapeutics 
102, 103, 108, 158

 in solid tumors, but 

significantly less work has been done to extend this understanding to nanoscale drug 

delivery systems.  Some mechanisms governing nanoparticle transport through solid 

tumors are depicted in Figure 4.1.  Reaction transport modeling has identified several 

important parameters that control the distribution of antibodies into solid tumors 
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including binding affinity, cell internalization kinetics, and rate of free diffusion 
158

.  A 

similar approach has been applied to describe the penetration of nanoparticles into tumor 

spheroids 
104

.   

 

Figure 4.1. Transport mechanisms governing nanoparticle penetration through solid 

tumors.  Nanoparticles are transported through tumors by (A) free diffusion in 

extracellular space, and can be inhibited by (B) cell binding and/or by (C) cell 

internalization.  The structure of nanoparticles can be tuned to alter their interactions with 

cells and the tumor bed, thus optimizing their transport through solid tumors. 

One benefit of utilizing synthetic drug delivery vehicles is the ability to 

chemically tune their structure to control properties such as particle size, charge, and the 

presentation of targeting groups.  As these physical properties of a nanoparticle can alter 

their interactions with tumor tissue by changing their effective diffusion coefficient, 

cellular affinity, or rate of internalization, it is possible to exploit these properties to 

impart favorable penetration and distribution throughout solid tumors.  Our previous 

work showed that conjugating cyclic (RGD) to a poly(amidoamine) (PAMAM) 

dendrimer enhances the penetration and delivery of short-interfering RNA (siRNA) 

through tumors in a manner that depends on the targeting ligand density
92

.  In this work, 

we derive insights into how the density of RGD targeting ligands affects penetration into 
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tumor spheroids via a biophysical approach.  The effects of targeting ligand density on 

integrin binding affinity and cell internalization kinetics were determined experimentally, 

and the experimentally determined parameters were used in a reaction-transport model to 

estimate the distribution of these materials through a solid tumor spheroid model, which 

is compared with experimental data.   

4.2 MATERIALS AND METHODS 

 

4.2.1 Materials. 

 

All reagents, buffers, and sensor chips used in surface plasmon resonance 

experiments were purchased from GE Healthcare (Piscataway, NJ).  Unless otherwise 

stated, all chemicals were purchased from Sigma, and all cell culture products were 

obtained from Invitrogen (Carlsbad, CA).   

4.2.2 Mathematical Model of Tumor Transport.   

 

A mathematical model similar to one previously developed 
104

 to describe the cell 

binding, internalization, and diffusion of nanoparticles in a three-dimensional tumor 

spheroid model was utilized in this work. A key distinction for this work is that 

PAMAM-RGD conjugates were assumed to enter cells additively via two pathways: (1) 

non-specific electrostatic interactions with cells, and (2) by receptor-mediated 

interactions between RGD targeting peptides and cell-surface integrin proteins.  The 

subscripts 1 and 2 indicate these respective pathways.  Entry from both pathways is by 

endocytosis but with distinct rates and numbers of binding sites.   A system of partial 

differential equations (Equations 1-4) was utilized to describe the diffusion of PAMAM-

RGD/siRNA complexes into a tumor spheroid model of malignant glioma: 
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In these equations, t is the time variable, r is the radial coordinate, C(t,r) is the 

concentration of free particles in the spheroid volume, D is the effective diffusion 

coefficient of particles through the spheroid, ε is the average spheroid porosity, Cbj(t,r) is 

the concentration of particles bound to pathway j (where j=1 denotes non-specific sites 

and j= 2 denotes integrins), Csj(t,r) is the concentration of available sites of type j per cell, 

Ci (t,r) is the concentration of internalized particles (summed over both pathways), and 

ka1, kd1, and ki1 are the non-specific  and ka2, kd2, and ki2 are the integrin-specific 

association, dissociation, and internalization rate constants, respectively. 

 The following initial and boundary conditions were applied: 

At t=0 (initial condition),  C(0,r) = Cbj(0,r) = Ci(0,r) = 0 , Cs2=Cintegrins(1-ε) ; 

 

At r=R (spheroid surface), C/Co(t,R)=1; 

 

At r=0 (spheroid center), 0,   
bj sj i

c c cc
t

r r r r

  
    

   
; 

 

The effective diffusion coefficient of particles through the spheroid, D, was 

estimated by comparing the model output to experimental data, an approach that has been 

taken by others to estimate the effective diffusion coefficients of particles through 

biological tissues
159

.  The value was fixed at one sixth of the free diffusivity, with the 

latter calculated using the Stokes-Einstein relationship. The average spheroid porosity, , 
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was estimated from image analysis of the spheroid architecture, and was set to = 0.09 

(See Appendix).  The porosity estimation was used to account for the limited space 

available for free, unbound polymer, C, to exist within spheroids due to their complex 

architecture. The concentration of integrin proteins per cell (Cintegrins) was estimated from 

a study reporting that ~1.1x10
4
 β3 integrin receptors per cell are expressed on the U87 

cell line 
160

.  The number of non-specific binding sites per cell was assumed to be similar 

to one previously reported
104

. 

Equations 1-4 were solved numerically using the pdepe function within the 

MATLAB R2007b software package (The Math Works, Natick, MA).  

4.2.3 Cell Culture and Spheroid Formation.  

 

U-87 MG cells were maintained in D-MEM medium supplemented with 10% 

FBS, L-glutamine, and penicillin-streptomycin.  Cells were cultivated in an 

environmental chamber at 37°C and 5% CO2. Multicellular tumor spheroids were 

generated using the U87 cell line by the hanging drop method as described previously
92

.   

4.2.4 Surface Plasmon Resonance Spectroscopy.   

 

The binding kinetics between PAMAM-RGD conjugates and the purified human 

integrin protein αvβ3 (Millipore, Billerica, MA) were determined using a Biacore 3000 

surface plasmon resonance (SPR) instrument (GE Healthcare Life Sciences, Piscataway, 

NJ).  The running buffer for all SPR experiments was HBS-EP (150 mM NaCl, 3 mM 

EDTA, 10 mM HEPES, 0.005% P20 surfactant, pH 7.4).  Prior to immobilization onto a 

sensor chip, the integrin protein was desalted into Hepes buffered saline (HBS) using 

Amicon Ultra 30K MWCO centrifugal filters (Millipore, Billerica, MA) to remove the 
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Tris-containing salts in the formulation provided by the manufacturer.   Integrin protein 

was immobilized onto a channel of the sensor chip surface (CM4 sensor chip) by amine 

coupling using a similar method as described previously 
50

.  The carboxyl groups on the 

sensor chip surface were activated by injecting 70 μl of a 1:1 v/v mixture of 0.2 M EDC 

and 0.05 M NHS.  Protein coupling was achieved by injection of 70 μl of integrin protein 

(44.9 μg/mL in 10 mM acetate buffer at pH 4) across the activated surface.   

Ethylenediamine at 1 M in water was then injected to deactivate residual NHS-

esters on the sensor chip.  The process yielded ~1.1 ng/mm
2
 (~1100 RU) of integrin 

protein immobilized to the sensor chip surface.  A reference surface was created by 

activating the carboxyl groups of a blank surface with EDC/NHS followed by blocking 

with ethylenediamine.  PAMAM-RGD conjugates were diluted in running buffer at 

concentrations ranging from 20-200 nM.  Carboxymethyl dextran sodium salt, 10 mg/mL 

in 0.015 M NaCl containing 0.02% NaN3, was added at a concentration of 1 mg/mL to 

minimize non-specific binding of cationic dendrimers to the anionic dextran substrate on 

the sensor chip surface.  The dendrimer conjugates were injected at a flowrate of 10 

μL/min for 3 minutes across the integrin-conjugated active surface and the reference 

surface.  Dissociation was monitored for 90 seconds following dendrimer injection. 

Due to differences in size and affinity as compared to the dendrimers, it was 

necessary to acquire binding sensorgrams for the free cyclic RGD peptide (cRGDfC) 

using a protein surface with a higher level of integrin protein immobilization (~5 

ng/mm
2
) on a CM5 sensor chip, which contains a higher density of dextran substrate than 

the CM4 chip.  The cyclic RGD peptide was dissolved in HBS-EP running buffer at 
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concentrations of 0.125 mM and 0.25 mM and was injected over the protein and 

reference surfaces at 10 μL/min for 3 minutes.   

  The final sensorgrams were obtained by subtracting the reference surface signal 

from the protein-conjugated surface signal.  Regeneration of the surfaces was achieved 

by injection of 10 mM glycine-HCl, pH 2.5 at 100 μL/min for 30 seconds after each 

analyte injection.  The data for all analytes were analyzed by simultaneously fitting all 

concentrations of analyte to a 1:1 Langmuir binding model using the BIAevaluation 4.1 

software package.    

4.2.5 Fluorescent Labeling of PAMAM and PAMAM-RGD Conjugates.   

 

Generation 5 PAMAM dendrimers, and the PAMAM-RGD conjugates (G5-

2RGD and G5-10RGD) previously synthesized
92

 were fluorescently labeled with a green 

dye, DyLight488 using the manufacturer’s protocol (Pierce Rockford, IL).  

Approximately 1 dye molecule was conjugated per dendrimers, as quantified by 

absorbance at 493 nm. 

4.2.6 Cellular Internalization Kinetic Measurements and Rate Constant 

Determination.   

The dynamics of cellular internalization by PAMAM dendrimers and by 

PAMAM- RGD conjugates were studied in a cellular internalization assay using a 

protocol similar to one described previously
99

.  U87 cells were seeded at a density of 10
5
 

cells/mL (400 μL/well) onto 24-well tissue culture plates and were allowed to adhere 

overnight.  Fluorescently labeled dendrimers (500 nM in culture media) were added to 

the cells and were harvested at various time points (4, 10, 24, or 48 hours). the cells were 
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washed three times with PBS prior to cell lysis with 200 μL of Triton-X in 0.1N NaOH.  

Cell lysates were stored frozen at -20ºC until analysis of lysates from all time points was 

performed simultaneously.  The dendrimer concentrations detected at each time point 

were determined by measuring the DyLight fluorescence of each sample with a DTX800 

Multimode Detector instrument (Beckman Coulter, CA, USA).   The fluorescence values 

were converted to polymer concentrations using a standard curve of fluorescently-labeled 

dendrimers. 

Equations describing a single cell that binds and internalizes nanoparticles were 

utilized in this work to parameterize the rate of cellular internalization of PAMAM-RGD 

conjugates (Equations 5-10)
161, 162

.  Experimental cell internalization data were fit to 

Equation 8 to determine the rates of internalization of PAMAM-RGDs.   
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Where Nbj(t) is the number of bound particles, C0 is the initial concentration of 

particles, Nsj(t) is the number of available binding sites on the cells, Rj0 is the initial 
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number of available binding sites on the cells, and Nij(t) is the number of internalized 

particles for pathway j.   

The magnitude of non-specific cell interactions by PAMAM-RGDs was assumed 

to be equal to that of unmodified PAMAM dendrimers (ka1, kd1, and ki1), and was 

determined by fitting the cell internalization data of unmodified PAMAM to Equation 8 

with 2 = 0.  PAMAM-RGDs were then assigned additional integrin-specific rate 

constants (ka2, kd2, and ki2).  The integrin-specific association and dissociation rate 

constants for PAMAM-RGDs (ka2 and kd2) were determined from surface plasmon 

resonance (SPR) biosensor experiments which measured the binding kinetics between 

PAMAM-RGDs and αvβ3 integrin proteins immobilized on a sensor chip.  The rate of 

cellular internalization (ki2) of PAMAM-RGD conjugates was determined by fitting 

cellular internalization data to Equation 8 using the curve fitting toolbox in the MATLAB 

R2007b software package (The Math Works, Natick, MA).         

4.2.7 Statistics.   

 

Statistical comparisons within the SPR biosensor data and for the cellular 

internalization kinetics were performed using a one-way ANOVA test with Tukey’s all-

pairs post hoc comparison test. 

4.2.8 Model Assumptions and Limitations. 

 

The following assumptions were made when using the theoretical transport model 

employed in this work: 

1. The transport model was employed approximating the shape of the tumor 

spheroids as being strictly spherical.  While the spheroids generated in this work were not 
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perfect spheres, spherical coordinates have been utilized in several previous studies 

describing drug transport in tumor spheroids 
103, 104

, and have provided a reasonable 

shape estimate of the spheroids to describe drug penetration in this model. 

2. The modes of cell association and internalization were characterized as strictly 

integrin-mediated and non-specific; furthermore, they were assumed to be additive and 

independent.  While additional distinctions might also be made (e.g. according to 

internalization pathway as clathrin mediated vs caveolin-mediated), only the given terms 

were used to avoid overfitting.  

3. The mathematical expressions utilized to evaluate the cell internalization and SPR 

kinetic data assumed saturable binding between RGD peptides and integrin receptors 

based on constant total number of receptors 
41

.  The turnover rates of cellular receptors, 

especially adhesion receptors such as integrins, are typically low enough to support this 

assumption. 

4. Constant spheroid porosity was assumed.  While it is well known that tumors and 

tumor spheroids are complex, heterogeneous structures, our measurements did not reveal 

a consistent trend in porosity as a function of radial distance for the spheroids utilized in 

this work (see Appendix).  Hence, we elected to assume a constant, average porosity 

value (= 0.09)  rather than to utilize a complex mathematical function which may 

confound or skew the model predictions.   

4.3    RESULTS 

4.3.1 Binding affinity and kinetic measurements.   

 

The binding interactions between PAMAM-RGD conjugates and αvβ3 human 

integrin proteins were studied using a surface plasmon resonance (SPR) biosensor 
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instrument.  Sensorgrams were generated to compare the monovalent interactions 

between the free cyclic RGD peptide and the human integrin protein to the multivalent 

interactions observed when displaying multiple copies of the RGD peptide from a 

PAMAM dendrimer scaffold.  As expected, PAMAM-RGD conjugates exhibited a 

greater extent of binding and a slower rate of dissociation from the integrin protein 

surface as compared to the monovalent RGD peptide (Figure 4.2).  Similar trends have 

been observed by others studying multivalent presentation of small ligands from 

PAMAM dendrimer scaffolds 
42, 50

.   

 
 

 Figure 4.2.   Representative SPR sensorgrams of binding interactions between 

monovalent cyclic RGD peptide (A) and multivalent PAMAM-RGD conjugates (B) with 

immobilized human integrin protein.  The free RGD peptide was used at concentrations 

of 0.5 mM and 1 mM (A), and the PAMAM-RGD conjugates are shown at a 

concentration of 50 nM.  The sensorgrams acquired for PAMAM-RGD and free RGD 

peptide were done on separate chip surfaces with differing amounts of immobilized 

integrin protein.     

Further, the differences in binding affinities and kinetics between the multivalent 

PAMAM-RGD constructs displaying various numbers of the cRGD peptide (2, 3, 7, or 

10) were compared.  Kinetic association and dissociation rate constants (ka and kd) and 

the ratio of these constants, KD, were determined for each polymer-peptide conjugate by 
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fitting the SPR sensorgram data to a Langmuir binding model (Figure 4.3).  PAMAM-

RGD conjugates displaying a low number of RGD peptides (2 or 3) were found to have a 

significantly higher binding affinity (lower KD value) to the integrin protein than those 

displaying a high number of peptides (7 or 10) (Figure 4.3A).  This trend is reflected in 

the more rapid rate of association (ka) to the integrin protein surface for dendrimers with a 

low number of RGD peptides (2 or 3) than for dendrimers with a high number of peptides 

(7 or 10), which exhibit a slower rate of association to the protein surface (Figure 4.3B).  

Further, the KD measured for PAMAM-RGD conjugates was lower than was measured 

for the free cRGD peptide, indicating a multivalent enhancement in affinity when 

conjugating cRGD onto a dendrimer scaffold (Figure 4.3A).  This is consistent with 

previous reports demonstrating multivalent enhancement in the affinity of small 

molecules when they are displayed from the surface of PAMAM dendrimers
42, 50

.   On 

the other hand, the decreased rate of association for PAMAM with higher numbers of 

RGD functionalized (7 or 10) suggests an interplay between avidity enhancement via 

multivalent binding and steric hindrance. Others have observed decreased association 

rates for multivalent ligands presented on nanoparticles
163

 in SPR studies or decreased 

affinities in other binding assays
48, 164

. 

Unmodified G5 PAMAM dendrimers were used as a control material to evaluate 

non-specific binding interactions between dendrimers and the SPR sensor chip.  

Electrostatic interactions were observed between cationic PAMAM and the anionic 

dextran on the sensor chip surface.  However, we were able to distinguish this non-

specific response from the desired integrin-RGD interaction present with PAMAM-RGD 
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materials.  A discussion of the studies performed to understand the electrostatic binding 

interactions between PAMAM and the sensor ship is provided in the Appendix.   

 

 

 

Figure 4.3.   Dissociation constants (KD) (A) and kinetic rate constants (ka and kd) (B) for 

PAMAM-RGD conjugates as determined from fitting SPR sensorgram data.  Data 

represent average fitted values from 3 independent SPR experiments for 3 concentrations 

of each analyte, and error bars represent SEM.  Statistically similar KD values within the 

PAMAM-RGD conjugates are denoted with asterisks (p<0.05).   

4.3.2 Cellular Internalization Dynamics.   

 

The dynamics of cellular internalization of PAMAM and PAMAM-RGDs were 

evaluated by measuring the concentration of fluorescently labeled polymers internalized 

into U87 cells at various times over a 48 hour period.  The uptake dynamics of 

unmodified PAMAM (G5) were compared to those of dendrimers displaying a low 

number (2) and high number (10) of RGD peptides.  For all dendrimers studied, 

increasing concentration was detected within U87 cells over time, indicating cellular 

internalization of the polymers (Figure 4.4).  Polymers displaying RGD targeting 

peptides (either 2 or 10) had significantly higher concentrations internalized into U87 

cells (p < 0.05) than the unmodified parent polymer, with the polymer displaying 10 
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copies of the RGD peptide having the highest amount internalized after 48 hours (Figure 

4.4).   

 

Figure 4.4.  Polymer concentration detected within U87 cells after constant polymer 

exposure for up to 48 hours, and corresponding model fits for cell internalization.  U87 

cells were treated with 500 nM of fluorescently labeled dendrimers in culture medium, 

and cells were lysed at various time points to detect the concentration of polymers 

associated with the cells.  Asterisks denote that all polymers were significantly different 

from one another by 48 h (p < 0.05).  Data represent mean+SD (n=6). 

  The cellular internalization rates (ki1 and ki2) for each polymer were determined by 

fitting internalization data to Equation 8 (Figure 4.4).  The integrin-mediated rates of 

cellular internalization were about 2.5 (PAMAM-2RGD) to 5-fold (PAMAM-10RGD) 

more rapid than the non-specific rate (Table 4.1).   

 Non-Specific Terms Specific integrin-mediated terms 

 
ka1       

((nm*hr)-1) 
kd1     

(hr-1) 
ki1      

(hr-1) 
ka2          

((nm*hr)-1) 
kd2       

(hr-1) 
ki2              

(hr-1) 

G5 0.184 8.93 0.0126 N/A N/A N/A 

G5-2RGD 0.184 8.93 0.0126 
0.684+0.31 
(SPR) 

4.77+1.42 
(SPR) 0.0297+0.019 

G5-3RGD 0.184 8.93 0.0126 
0.465+0.26 
(SPR) 

4.91+2.27 
(SPR) 0.0297+0.019 

G5-7RGD 0.184 8.93 0.0126 
0.086+0.024 
(SPR) 

5.57+1.04 
(SPR) 0.0608+0.011 

G5-10RGD 0.184 8.93 0.0126 
0.127+0.062 
(SPR) 

9.13+1.11 
(SPR) 0.0608+0.011 

  

Table 4.1.  Kinetic binding and internalization rate constants for PAMAM and PAMAM-

RGD conjugates determined from fitting either SPR sensorgram curves or cell 
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internalization data.  Non-specific terms (ka1, kd1, and ki1) are from fitting the U87 

internalization data for unmodified G5 dendrimer, and integrin-specific ka2 and kd2 terms 

are from SPR experiments (error is SEM).  The integrin-specific internalization terms 

(ki2) are from the U87 cell internalization data of PAMAM-RGDs (error is the 95% 

confidence interval). 

4.3.3 Mathematical Model Results.   

 

The experimentally determined parameters that represent the interactions between 

PAMAM-RGDs and U87 cells (ka, kd, and ki) as well as those representing spheroid 

architecture (ε) were incorporated into a mathematical model of tumor transport and cell 

interaction to estimate the concentration profile of PAMAM-RGD particles throughout a 

3-dimensional tumor spheroid.  Concentration profiles calculated from the transport 

model predict that increasing the number of RGD peptides per PAMAM dendrimer (from 

2 to 10) will result in a more homogeneous concentration profile of polymer particles 

across the cross-section of a spheroid (Figure 4.5).  Polymers containing a low number of 

RGD peptides (2 or 3) show limited penetration throughout the spheroid according to the 

model, with a high concentration of material confined to the peripheral region of the 

spheroid.  By increasing the number of RGD peptides to 7 or 10, a more homogeneous 

profile may be achieved, with a higher concentration of material being delivered to 

regions farther from the spheroid surface. Upon comparing the predicted concentrations 

of bound polymers to internalized ones, it is the differential binding to integrin receptors 

that likely causes the overall differences in polymer diffusion through the spheroid 

(Figure 4.6).  As polymers with a low degree of RGD crosslinking (2RGD and 3RGD) 

exhibit a significantly higher integrin binding affinity than those with a high degree 

(7RGD and 10RGD), a higher concentration of the low crosslinking, high-affinity 

polymers binds to integrin leaving less polymer free to diffuse through the spheroid 
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(Figure 4.6A and B).  As a result, free polymers with high RGD crosslinking are present 

at higher concentrations near the spheroid center (Figure 4.6B), and a higher 

concentration is internalized into tumor cells (Figure 4.6C).  

 

Figure 4.5. Model-predicted concentration profiles of PAMAM-RGD polymers as a 

function of distance from the spheroid center (r/rmax) and time (hours).  Concentration 

profiles were calculated for PAMAM-RGD conjugates displaying 2, 3, 7, and 10 RGD 

peptides, and are reported as unbound concentrations, C, normalized by the initial 

polymer concentration exposed to the spheroids, Cmax, of 100 nM. 
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Figure 4.6.  Model-predicted concentration profiles of PAMAM-RGD polymers as a 

function of time in the spheroid center.  Concentration profiles showing the predicted 

concentrations of integrin-bound polymers (A), free polymers (B), and internalized 

polymers (C) are shown.  

 

Further, in all simulations run, the predicted concentration of material increased in 

all regions of the spheroid as a function of time, as expected.  These theoretical results are 

in good agreement with our previous experimental results that showed a significantly 

higher concentration of siRNA present in tumor spheroids when delivered by a PAMAM 

dendrimer displaying a high number (10) of RGD targeting peptides compared to one 

with a low number (3) of peptides (Figure 4.7). 
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Figure 4.7. Comparison of time-dependent concentration profiles of PAMAM-RGD 

conjugates (A) predicted in the theoretical diffusion model with (B) average overall 

siRNA fluorescence intensity observed experimentally in U87 tumor spheroids 

(experimental data adapted from
92

).  Asterisks in (B) indicate time points at which there 

was a statistically significant difference in fluorescence intensity between the 3RGD and 

10RGD materials (p<0.05).  

4.4   DISCUSSION 

 

The inability of anticancer drugs and drug delivery systems to penetrate and 

distribute throughout solid tumors represents a major barrier to drug delivery.  

Mathematical modeling and scaling analyses have proven to be useful tools in describing 

the distribution of drugs or antibodies throughout solid tumors.  Multicellular tumor 

spheroids (MCTS) have been a particularly useful experimental model for drug 

penetration studies, and their simple geometry lends itself well to use in theoretical 

models.  Several previous studies have developed accurate and descriptive mathematical 

models describing the penetration of antibodies or nanoparticles through tumor spheroids 

102, 104
.  In this work, we employed a similar methodology, and extended it to evaluate the 

effect of targeting ligand density on distribution of PAMAM-RGD conjugates through 

MCTS of malignant glioma cells. 
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As the binding affinity of drugs is known to be an important parameter dictating 

their extent of tumor penetration, the binding affinities of a panel of PAMAM-RGD 

conjugates displaying between 2 and 10 RGD peptides to the immobilized human 

integrin αvβ3 protein were measured using a surface plasmon resonance (SPR) biosensor.  

Interestingly, dendrimers displaying a low number of RGD peptides (2 or 3) were found 

to have a significantly higher binding affinity to the immobilized integrin protein than 

dendrimers displaying a high number of peptides (7 or 10).  This is in contrast to some 

previous studies where using a PAMAM dendrimer scaffold was found to promote 

multivalent interactions between folic acid and the folate receptor resulting in an 

increased binding avidity when numerous copies of folic acid were displayed  
42

.  These 

contrasting trends are likely due to the inherent differences between the ligand-receptor 

systems studied.  The spacing between RGD peptides has proven to be a critically 

important parameter in achieving or hindering multivalent binding to integrin proteins or 

integrin-expressing cells
43, 46, 51, 165

.  In some other studies, an optimal presentation of 

RGD peptides from a multivalent array was observed, where having too high a density of 

RGD peptides decreased the affinity to integrin-expressing cells, presumably due to steric 

hindrance
44, 48

.   

Previously, we developed a competitive binding cell adhesion assay to compare 

the abilities of PAMAM-RGD conjugates to inhibit the adhesion of U87 cells to the ECM 

protein, fibrinogen
92

. The results of this assay showed the same trends observed in the 

SPR experiments in this work, where dendrimers displaying low numbers of RGD 

peptides were more efficient at inhibiting adhesion of U87 cells to fibrinogen protein than 

were dendrimers displaying a high number of RGDs.  This complementary assay 
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provides further support for the trends observed in the SPR experiments in this work.  

Taken together, the results suggest that an optimal presentation is strongly context-

dependent and hence that new ligand-bearing conjugates should be evaluated 

experimentally. 

In addition to binding affinity, rate of cellular internalization is another important 

parameter governing tumor penetration.  Here, cellular internalization rates for 

fluorescently-labeled PAMAM-RGD conjugates were evaluated quantitatively.  The 

addition of RGD peptides to PAMAM dendrimers significantly increased the amount of 

polymer that was internalized into U87 cells over a period of 48 hours, as expected.  

Presumably, this is due to the additional mode of cellular internalization (receptor-

mediated) afforded by the introduction of RGD targeting peptides in addition to the non-

specific electrostatic interactions known to exist between cationic PAMAM dendrimers 

and cells 
166

.  Increasing the extent of RGD crosslinking also increased the rate of cellular 

internalization somewhat, with dendrimers displaying 10 peptides internalizing twice as 

rapidly than those displaying 2 peptides.   

It is notable that the effect of increasing RGD functionalization is different 

between the cell internalization and SPR binding measurements. There are several 

fundamental differences between the experimental conditions which might explain this 

apparent discrepancy.  It is important to note the difference in time scales between the 

binding kinetics and cell internalization experiments; the binding kinetic SPR studies 

were evaluated on the order of ~5 minutes, whereas the cell internalization experiments 

were performed over a period of 48 hours.  It is possible that steric hindrance might 

impede the initial attachment of dendrimers displaying many RGD peptides (which is 
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detected by the SPR instrument) and that a longer period of time (on the order of hours) 

may be required for multivalency to influence binding and cellular accumulation of these 

materials.  Furthermore, SPR measurements utilize integrins rigidly immobilized on a 

sensor chip, which may restrict multivalent cooperativity. Cellular membranes, in 

contrast, are fluid, allowing dynamic clustering of receptors and facilitating multivalent 

interactions. Taken together, the combination of the binding kinetic and cell 

internalization experiments demonstrate that altering RGD ligand density has a 

pronounced impact on integrin binding kinetics, and impacts cell internalization 

dynamics to a lesser extent.   

These experimentally determined binding affinity and cell internalization kinetic 

constants were incorporated into a reaction/transport model to describe polymer 

distribution through a tumor spheroid.  The predicted concentration profiles for 

PAMAM-RGD conjugates showed that dendrimers with a high level of RGD 

modification (7 or 10) had a more homogeneous distribution throughout tumor spheroids 

than did polymers with a low level of RGD modification (2 or 3).  These results are in 

good  agreement with our previous study showing that PAMAM dendrimers with 10 

RGD peptides were able to deliver significantly higher concentrations of siRNA to 

malignant glioma spheroids than were PAMAM dendrimers displaying just 3 RGD 

peptides
92

.  Our previous work also indicated that PAMAM-RGD conjugates can 

interfere with the interactions between tumor cells and ECM proteins
92

.  While not 

directly incorporated into the mathematical model developed here, the ability of 

PAMAM-RGD to break apart cell-ECM contacts may be another important mechanism 

involved in the efficient tumoral transport of these bioconjugates. 
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The present study provides insight into the mechanisms governing the efficient 

tumor penetration by PAMAM-RGD conjugates.  Somewhat surprisingly, this work 

demonstrated that the addition of more than 2-3 RGD peptides to a dendrimer platform 

enhanced penetration through a tumor spheroid in spite of, or possibly due to, decreasing 

the binding affinity to cell-surface integrin proteins.  It has been reported that low affinity 

antibodies have more homogeneous distributions through solid tumors than their high-

affinity counterparts
102

, and this study provides complementary evidence for similar 

behavior with tumor-targeted nanoscale materials.  These results are promising for 

researchers working with synthetic drug delivery systems, demonstrating that a relatively 

minor architectural change such as varying targeting ligand density can significantly 

impact tumor penetration in a predictable manner.  The methodology presented here can 

be applied by researchers working with a diverse set of targeting systems to predict and 

optimize the penetration of anticancer agents through solid tumors.  This sort of 

quantitative approach can guide the rational design of effective anticancer therapies for 

the treatment of human disease. 
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CHAPTER 5 

DISSERTATION CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1  Dissertation Summary 

 

In this work, PAMAM dendrimers were studied for their ability to facilitate the 

delivery of siRNA to malignant glioma on both the cellular and tumor tissue levels.  First, 

the ability of PAMAM dendrimers to facilitate the intracellular delivery of siRNA was 

evaluated.  To understand better the mechanisms governing PAMAM-mediated siRNA 

delivery on the cellular level, surface amine acetylation was employed to reduce the net 

positive charge of dendrimers (Chapter 2).  Charge reduction of PAMAM dendrimers 

was found to decrease their strength of interactions with siRNA which may have 

facilitated improved intracellular siRNA release.  The cytotoxitity of dendrimers was also 

decreased with amine acetylation.  However, the removal of primary amines 

compromised the endosomal buffering capacity of PAMAM dendrimers, resulting in 

decreased siRNA transfection efficiency.  This analysis demonstrated that while it is 

desirable to reduce the density of cationic amines to reduce cytotoxicity, care must be 

taken to maintain the desirable endosomal buffering properties of the amine groups to 

maintain efficient cellular siRNA delivery. 

Having determined that it is necessary to maintain the highly cationic nature of 

PAMAM dendrimers to facilitate intracellular siRNA delivery, dendrimers were modified 

to display multiple copies of tumor-targeting RGD peptides from their surface to 

facilitate more efficient tumoral delivery of siRNA (Chapter 3).  PAMAM-RGD 

conjugates were used to deliver siRNA to a three-dimensional spheroid cell culture model 

of malignant glioma, where the number of peptides displayed from the polymer surface 
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was found to influence the extent of siRNA penetration and delivery into tumor 

spheroids.  In this work, displaying a higher number of RGD peptides (7 or 10) from 

PAMAM dendrimers elicited improved tumor penetration compared to a lower number 

of peptides (2 or 3). We also sought to better-understand the impact of RGD valency on 

the tumoral transport of PAMAM/siRNA complexes using a biophysical approach 

(Chapter 4).  The biophysical interactions between PAMAM-RGD conjugates and 

malignant glioma cells and cell-surface integrin protein receptors were studied 

experimentally to determine kinetic binding and internalization rate constants.  These 

kinetic parameters were incorporated within a mathematical model describing drug 

transport in tumor spheroids.  This analysis revealed the importance of optimizing 

cellular binding affinity to improve particle transport through solid tumors, and provided 

a methodology for predicting the tumor-penetration efficiencies of tumor-targeted, 

nanoscale materials.   

 

5.2   Future Directions 

This dissertation provides insights into the mechanisms governing the efficient 

tumor penetration and delivery of siRNA by RGD-modified PAMAM dendrimers.  The 

effect of targeting ligand density was studied extensively, and was found to have a 

pronounced impact on the transport efficiency of PAMAM-RGD through a tumor 

spheroid model of malignant glioma.  Given this framework, some future directions of 

this work could be to determine a correlation between tumoral distribution of drugs and 

their anticancer efficacy, or to improve the PAMAM-RGD system such that it could be 

useful for in vivo siRNA delivery.  Further, the insights derived in this work regarding the 

impact of targeting ligand density on tumor penetration and transport of nanoscale 
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materials can be applied to improve the tumor penetration abilities of other synthetic 

siRNA delivery systems.    

In this work, siRNAs were fluorescently labeled to study their distribution 

through tumor spheroids.  Given that we developed a panel of PAMAM-RGD conjugates 

that distribute siRNA throughout tumor spheroids with varying degrees of efficiency, it is 

important to quantify the extent to which better tumoral distribution correlates to 

enhanced siRNA-induced oncogene silencing.  Thus, an important next step to this work 

would be to use the PAMAM-RGD conjugates to deliver a siRNA sequence targeted 

against an oncogene to evaluate the extent of oncogene silencing achieved with the 

delivery system.  It would be interesting to use a more advanced imaging platform to 

study and quantify the extents of siRNA cell association, uptake, and corresponding gene 

silencing within the spheroids to understand how siRNA distribution correlates to gene 

silencing in three-dimensional tumors.   

  Further, as siRNA would likely be used clinically in conjunction with a 

chemotherapy drug, a co-treatment regimen using PAMAM-RGD conjugates to facilitate 

siRNA delivery along with a chemotherapy compound could be developed to improve the 

antitumor activity of this delivery system.  We have performed some preliminary 

experiments (data not shown in this dissertation) demonstrating an additive effect 

between anti-STAT3 siRNA with the chemotherapy drug carmustine against malignant 

glioma cells.  Thus, a logical extension of this work would be to optimize this 

therapeutically-relevant treatment regimen for the treatment of glioma using PAMAM-

RGD conjugates to determine if this treatment regimen is able to retard the growth of 

glioma cells in a three-dimensional tumor model.     
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Another step in this work would be to study the tumoral distribution of siRNA in 

an in vivo solid tumor model, and to modify the PAMAM-based delivery system to 

impart favorable drug delivery to tumors in vivo.  While the in vitro tumor spheroid 

model is a fairly reasonable cell culture representation of a solid tumor that captures some 

of the key features present in tumors, it is impossible to capture the complete tumor 

microenvironment without using an in vivo model.  The PAMAM-RGD system studied in 

this dissertation provided reasonable siRNA delivery in a tumor spheroid model; 

however, it is unlikely that this system would be able to protect its siRNA cargo from 

degradation in the bloodstream in vivo.  Most likely, the siRNA drug would not even 

reach the target tumor in vivo due to degradation of the complexes in the bloodstream.  

Hence, in order to use PAMAM-RGD for in vivo studies, it would be necessary to modify 

the PAMAM dendrimer scaffold.Incorporating PEG into the delivery system would 

likely improve the ability of PAMAM to protect siRNA in the presence of blood serum 

nucleases, and could improve its biodistribution to the solid tumor.  Others have observed 

that PEGylation of PAMAM dendrimers can improve their ability to protect siRNA in the 

presence of blood serum in vitro,
167, 168

 and PEGylated PAMAM dendrimers have been 

successfully used in vivo for gene delivery purposes.
169, 170

   However, the incorporation 

of PEG may significantly impact the presentation of RGD targeting ligands from the 

dendrimer scaffold, so care would need to be taken to develop a system that incorporates 

the serum-protection of PEG while maintaining the RGD-integrin binding affinity that we 

found to be important for homogeneous tumor distribution.   

It is important to note that the primary objective of this dissertation was not to 

develop a novel siRNA delivery system, but rather to understand the influence of 
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multivalent targeting ligand display on siRNA delivery to solid tumors.  PAMAM 

dendrimers were used as a model siRNA delivery system due to their favorable branched 

architecture which is amenable to multivalent display of targeting ligands. While one 

future direction of this work could be to improve the PAMAM-RGD system for 

successful in vivo siRNA delivery, greater impact may be achieved if the design insights 

and guidelines derived in this work were applied to other, more promising siRNA 

delivery systems.  Multivalent RGD targeting may be incorporated into polymeric 

micelle or liposomal systems that have already proven successful for in vivo drug and 

gene delivery applications, but which are limited by poor tumor penetration.  Further, the 

concept of optimizing ligand density to influence the tumoral distribution of nanoscale 

materials may be applied to other ligand-receptor pairs including folate or epidermal 

growth factor receptor (EGFR) targeting to determine whether altering the presentation of 

these well-studied targeting ligands may improve their distribution throughout solid 

tumors.  It may also be worthwhile to investigate the use of low-affinity targeting ligands 

to impart favorable tumor distribution properties of drug delivery systems.    

5.3 Overall Dissertation Conclusions and Contributions 

The work done in this dissertation studied the influence of PAMAM dendrimer 

architecture on its ability to mediate siRNA delivery to malignant glioma.  On the cellular 

level, we found it important to maintain the majority of cationic amine groups on 

PAMAM to facilitate efficient endosomal escape and siRNA transfection efficiency.  On 

the tumor tissue level, we found that altering the density of RGD ligands from PAMAM 

dendrimers is a facile, efficient means of controlling the efficiency of penetration and 

siRNA delivery to solid tumors.  Specifically, the addition of more RGD peptides (7 or 
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10) from PAMAM dendrimers improved the penetration of the conjugates through a solid 

tumor model compared to dendrimers displaying a low number (2 or 3) of RGD peptides.  

By analyzing the transport of PAMAM-RGDs through tumor spheroids, we determined 

that the binding affinity of PAMAM-RGDs to integrin receptors primarily controls their 

penetration through spheroids.  Dendrimer-RGD conjugates with a lower integrin binding 

affinity were found to diffuse more efficiently through malignant glioma spheroids.   

Through this dissertation, we developed an experimental and theoretical 

framework for analyzing the penetration of nanoscale drug delivery vehicles through 

solid tumors, and developed design guidelines for tumor-targeted materials that may be 

useful to other researchers in this field.  While there is significant evidence that the poor 

tumoral penetration of anticancer therpauetics may inhibit their efficacy in vivo, very few 

studies have attempted to overcome the poor tumor penetration of nanoscale materials.  

In this dissertation, the ability of tumor-targeted nanoscale delivery systems to penetrate 

into solid tumors was studied, and the impact of RGD targeting ligand density was 

quantified, where lower affinity nanoparticles were found to elicit favorable tumor 

distribution in vitro.  To our knowledge, this is one of the first studies evaluting the 

impact of ligand density on tumor penetration of nanoscale materials.  Through this work, 

a methodology has been presented to screen nanoscale materials for tumor penetration 

capabilities, and insights into how to rationally design tumor targeting systems have been 

derived.  These insights can be applied to other targeted delivery systems, and may help 

other researchers to more efficiently design tumor-targeted drug delivery systems, or to 

improve the tumor penetration capabilities of existing systems.  This work highlights the 

importance of tumor penetration on efficient drug delivery to solid tumors, and provides a 
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quantitative framework that may improve the efficacy of nanoscale anticancer 

therapeutics. 
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APPENDIX 

Appendix 1 

 

Chapter 3: PAMAM-RGD Conjugates Enhance siRNA Delivery Through a Multicellular 

Spheroid Model of Malignant Glioma 

 

The following are the MALDI TOF mass spectra obtained for the PAMAM-RGD 

conjugates formulated in this work: 

 

G5 PAMAM 

 
 

 

 

G5-2RGD 
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G5-3RGD 

 
 

 

 

 

G5-7RGD 
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G5-10RGD 
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Appendix 2 

Chapter 4:  Binding and Transport of PAMAM-RGD in a Tumor Spheroid model: The 

Effect of RGD Targeting Ligand Density 

 

Supplementary Data 

 

1. Spheroid Architecture Analysis.   
 

Methods.  The porosity of spheroids formed from U87 cells was estimated from the 

analysis of high-magnification confocal images acquired of the spheroids.  Spheroids 

were transferred from agarose-coated plates to the surface of a LabTek coverglass 

chamber immediately prior to imaging.  A Leica LCSSB2 confocal microscope was used 

to acquire images of the spheroid structure at 63X magnification.  Z-stack imaging was 

performed to capture images at 5 μm intervals for approximately 100 μm of depth into 

the spheroids.  Confocal images were analyzed to estimate spheroid porosity using 

ImageJ software
149

.  A pixel intensity threshold was selected that represented areas 

containing cells and was applied to each image.  The fraction of surface area for each 

image that was not contained within the high-intensity threshold was considered void 

space.  Average porosity throughout the spheroid volume was determined by averaging 

the void fraction determined from each image of the z-stack analysis. 

Results.  Images for each spheroid were acquired at different z-planes throughout the 

spheroid volume and were analyzed to estimate the fraction of surface area that 

represented void space for each spheroid (Figure S1).  As the porosity profile of 

spheroids formed using the hanging drop method was found to be very heterogeneous 

and no consistent variation could be determined as a function of the z-distance 

throughout each spheroid, an average porosity estimate (
1

0.09
N

j

j

 


  ) was taken 
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from the image analysis of four separate spheroids and used to represent the average 

spheroid architecture in the mathematical transport model.   

 

 
 

Figure S1.  Representative images acquired from U87 spheroids (left column), and after 

applying thresholding to estimate spheroid porosity (right column).  A pixel threshold 

was applied to each image where black regions represented voids and white regions 

represented cells.  The surface area of each image with pixels contained within the 

threshold representing voids (black) was calculated, and an average void fraction, ε, was 

determined for each spheroid by averaging the void fraction calculated for each z-stack 

image. 

 

2. Non-Specific Binding between PAMAM dendrimers and the SPR sensor chip 

 

Unmodified G5 PAMAM dendrimers were injected as controls across the SPR 

sensorgram chip.  A significant binding response was observed between cationic 

PAMAM and the anionic dextran on the SPR sensor chip (Figure S2).  To confirm that 

this interaction was electrostatic in nature, injections were performed with PAMAM 

dendrimers containing 60 or 80% of surface amine neutralization by acetylation (Ac60 or 

Ac80, respectively).  Acetylation of 60% of the amines resulted in a moderate decrease in 



113 

 

 

 

binding, while acetylation of 80% of the amines abolished binding (Figure S2). From 

these data, we infer that the nature of this interaction was electrostatic.   

 

Figure S2.  SPR sensorgrams showing  injections of G5 PAMAM, and PAMAM with 60 

or 80% of amine acetylation (Ac60 or Ac80) across a CM5 sensorgram chip.  Dendrimers 

were injected at a concentration of 1 µM. 

 

As it was not practical to acetylate 80% of the primary amines on the PAMAM-

RGD conjugates used in this work (the amine groups are necessary to facilitate the 

cellular delivery of siRNA
18

), other steps were necessary to reduce the electrostatic 

binding between PAMAM and the SPR sensor chip.  A sensor chip (CM4) was utilized 

that contains a lower concentration of the anionic dextran substrate, and soluble 

carboxymethyl dextran was added at a concentration of 1 mg/mL to minimize non-

specific binding of cationic dendrimers to the anionic dextran substrate on the sensor chip 

surface.  Nonetheless, some non-specific binding was still observed.  However, it was 

possible to distinguish between the non-specific electrostatic interactions between G5 

PAMAM and the sensor chip from the desired integrin-RGD interactions present when 
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injecting the PAMAM-RGD conjugates (Figure S3).  The square shape of the sensorgram 

produced by the G5 PAMAM dendrimers suggests bulk non-specific binding, whereas 

the PAMAM-RGD conjugates produced sensorgrams with an association and 

dissociation shape typical of ligand-receptor binding.  The differences in the shape and 

magnitude of these sensorgrams indicated that the non-specific electrostatic interactions 

elicited by cationic PAMAM dendrimers were reduced when using PAMAM-RGD 

conjugates, presumably because the strength of the integrin-RGD interaction was 

stronger than that of the electrostatic binding interactions.  In addition, the RGD ligands 

may produce a steric barrier to increase the distance between the charged amines of 

PAMAM and the dextran substrate, thereby reducing the electrostatic interaction.  Thus, 

we utilized this experimental procedure to generate the sensorgrams used to assess the 

binding kinetics and affinity between PAMAM-RGD and integrin proteins. 
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Figure S3.  SPR sensorgrams of dendrimers injected over a CM4 sensor chip with 1 

mg/mL of a soluble dextran non-specific binding reducing reagent.  Unmodified 

PAMAM dendrimers (G5) elicited significant electrostatic binding with the sensor chips 

which was reduced when using PAMAM-RGD conjugates where the desired integrin-

RGD interaction was captured by the sensorgrams.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 

 

 

 

Appendix 3 
 

The following appendix shows work completed in conjunction with the work 

described in this dissertation.  It has been accepted for publication in Macromolecular 

Bioscience in 2011.  (Note: The portions of this work completed by Carolyn L. Waite are 

italicized in the methods section) 

Efficient Intracellular siRNA Delivery by Ethyleneimine-Modified Amphiphilic 

Macromolecules 
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Summary 

New materials that can bind and deliver oligonucleotides such as short interfering 

RNA (siRNA) without toxicity are greatly needed to fulfill the promise of therapeutic 

gene silencing. Amphiphilic macromolecules (AMs) that self-assemble to form nanoscale 

micelles were functionalized with linear ethyleneimines to create cationic AMs capable 

of complexing with siRNA. Structurally, the parent AM is formed of a mucic acid 

backbone whose tetra-hydroxy groups are alkylated with 12-carbon aliphatic chains to 

form the hydrophobic component of the macromolecule. This alkylated mucic acid is 

then mono-functionalized with poly(ethylene glycol) (PEG) to add hydrophilicity. The 

result is an AM with a free carboxylic acid within the hydrophobic domain of the unimer. 

In this work, linear ethyleneimines were conjugated to the free carboxylic acid to produce 
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an AM with one primary amine (1N) or one primary amine and four secondary amines 

(5N). Further, an AM with amine substitution both to the free carboxylic acid and 

between the PEG and the alkylated mucic acid was synthesized to produce a polymer 

with one primary amine and eight secondary amines (9N), four located on each side of 

the AM hydrophobic domain. All amine-functionalized AMs formed nanoscale micelles 

but only the 5N and 9N AMs had cationic zeta potentials, which increased with 

increasing number of amines. All AMs exhibited less inherent cytotoxicity than linear 

polyethyleneimine (L-PEI) at concentrations of 10 µM and above. By increasing the 

length of the cationic ethyleneimine chain and the total number of amines, successful 

siRNA complexation and cellular siRNA delivery was achieved in a malignant glioma 

cell line. In addition, siRNA-induced silencing of firefly luciferase was observed using 

complexes of siRNA with the 9N AM and comparable to L-PEI, yet showed better cell 

viability at higher concentrations (above 10
 
M). This work highlights the promise of 

cationic AMs as safe and efficient synthetic vectors for siRNA delivery. Specifically, a 

novel polymer (9N) was identified for efficient siRNA delivery to cancer cells and will 

be further evaluated. 

 

Introduction 

The use of short interfering RNA (siRNA) molecules for gene silencing has 

enormous clinical potential for treating human disease, particularly for anticancer 

applications
5, 140

. Recent advances in siRNA delivery technology have led to the initiation 

of several human clinical trials using therapeutic siRNA
4
. However, further development 

of safe, efficient siRNA delivery systems is required to advance siRNA therapeutics for 

routine clinical use and address diverse disease states. The delivery of siRNA and other 
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nucleic acid molecules to malignant cells has been attempted, for example, with varying 

degrees of success with numerous non-viral molecules including proteins, peptides, and 

synthetic polymers
171

. 

Self-assembled polymeric micelles have shown particular promise as drug and 

gene delivery vehicles due to their unique properties including steric stability, size 

suitable for passive tumor targeting, low cytotoxicity, high water solubility, and high 

drug encapsulation efficiency.
172,173, 174

 Polymeric micelle systems are currently being 

investigated as drug delivery vehicles in several Phase I and II clinical trials in the United 

States
175-177

, and are being evaluated in Phase III and IV studies internationally
178, 179

.  

More recently, several polymeric micelle systems have been evaluated for siRNA 

delivery
175, 176, 180, 181

,or for the co-delivery of siRNA and hydrophobic anticancer 

drugs
182, 183

. However, further development is needed for a delivery system that possesses 

increased complex stability, lowered toxicity, biodegradability, as well as the versatility 

for treating multiple disease states and ease of modification (e.g., targeting moieties) to 

increase specificity.  Specifically, for polymeric micelles, improvements on existing 

systems are necessary to improve their drug loading capacity, stability in the blood 

stream, and ability to penetrate the cell membrane to make these systems viable for 

widespread clinical use
184

. 

Nanoscale amphiphilic macromolecules (AMs) are novel, polymeric micelles 

developed by Uhrich and colleagues for treatment of cardiovascular disease and drug 

delivery
185-195

. The unimers are composed of a branched hydrophobic component formed 

by the tetra-alkylation of mucic acid, a biocompatible sugar, which is further derivatized 

with linear, hydrophilic poly(ethylene glycol) (PEG) – all of which are linked via 
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biodegradable bonds. In aqueous media, the unimers self-assemble to form nano-sized 

micelles at concentrations as low at 100 nM,
194

 making them at least as stable as other 

polymeric micellar systems with CMC values on the order of 10
-6 

M
196

. Further, the 

polymers are biocompatible and capable of effectively delivering hydrophobic drugs 

intracellularly
188, 189, 191-193

. 

AMs are attractive for multiple applications due to their facile tunability, with 

multiple means of synthetic modification on both the hydrophilic and hydrophobic 

portions of the unimer. In this work, the hydrophobic functionality was exploited to 

create non-viral vectors for siRNA delivery. Specifically, linear, cationic ethyleneimine 

groups were conjugated to the unimer’s hydrophobic backbone to facilitate electrostatic 

encapsulation and subsequent delivery of siRNA to malignant glioma cells. 

Ethyleneimines were chosen due to their similarity to the highly efficient non-viral 

vector, polyethyleneimine (PEI). However, PEI suffers from high cytotoxicity limiting its 

use for systemic in vivo applications where high polymer concentrations are required
184, 

197
.  The minimum number of amine groups necessary to efficiently deliver siRNA and 

elicit a gene-silencing response in malignant glioma cells, while maintaining the 

favorable structural properties and low cytotoxicity of the AM materials, was identified 

in this work.  This proof-of-concept study outlines the rational design approach to siRNA 

delivery systems and identifies a promising new siRNA delivery system. 

Experimental Part 

Synthetic Materials 

Unless otherwise stated, solvents and reagents were purchased from Fisher Scientific 

(Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.  Poly(ethylene 

glycol) 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by 
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azeotropic distillation from toluene before use. N-hydroxysuccinimide(NHS)-

functionalized PEG, Methoxy-PEG-succinimidyl carboxymethyl (MW 5 kDa) (mPEG-

SCM). was purchased from Laysan Bio, Inc (Arab, AL) and used as received. 1
188, 189, 193, 

194
, 2

188
, and 3

189, 193
were prepared as previously published (See Scheme 1). 

Polymer Characterization Methods 

Proton nuclear magnetic resonance (
1
H-NMR) spectra of the products were 

obtained using a Varian 400 MHz or 500 MHz spectrophotometer. Samples were 

dissolved in chloroform-d, with a few drops of dimethyl sulfoxide-d6 if necessary, with 

tetramethylsilane as an internal reference.  Molecular weights (Mw) and polydispersity 

indices (PDI) were determined using gel permeation chromatography (GPC) with respect 

to PEG (Sigma-Aldrich) on a Waters Stryagel® HR 3 THF column (7.8 x 300 mm).  The 

Waters LC system (Milford, MA) was equipped with a 2414 refractive index detector, a 

1515 isocratic HPLC pump, and 717plus autosampler.  An IBM ThinkCentre computer 

with Waters Breeze Version 3.30 software installed was used for collection and 

processing of data. Samples were prepared at a concentration of 10 mg/mL in 

tetrahydrofuran, filtered using 0.45 μm pore size nylon or polytetrafluoroethylene syringe 

filters (Fisher Scientific) and placed in sample vials to be injected into the system. 

Melting points were determined by differential scanning calorimetry (DSC) on a TA DSC 

Q200. TA Universal Analysis 2000 software was used for data collection on a Dell 

Dimension 3000 computer. Samples (3-5 mg) were heated under dry nitrogen gas. Data 

were collected at heating and cooling rates of 10 °C /min with a two-cycle minimum.  
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Polymer Synthesis 

1N Ethylenediamine (50 µL, 0.75 mmol) was dissolved in HPLC-grade CH2Cl2 (3 

mL) and triethylamine (0.15 mL, 1.1 mmol). In a separate vessel, 2 (0.51 g, 0.085 mmol) 

was dissolved in HPLC-grade CH2Cl2 (9 mL) and subsequently added to the solution of 

ethylenediamine dropwise via syringe pump at a rate of 1.0 mL/hr. The reaction was 

stirred overnight (~ 18 hrs). The reaction solution was then diluted with CH2Cl2 and 

subsequently washed with 0.1 N HCl/brine (1x) and brine (2x). The combined aqueous 

portions were extracted with CH2Cl2 and the combined organics dried over MgSO4, and 

concentrated to a yellow oil. The desired product was precipitated from the oil dissolved 

in CH2Cl2 (5 mL) by addition of 10-fold diethyl ether and cooling over dry ice for 1 hr. 

The solid was then collected by centrifugation at 3000 rpm for 5 min and the supernatant 

removed by decanting. The resulting white solid was dried under ambient atmosphere (12 

hrs) and under high vacuum (12 hrs). Yield: 0.41 g, 80 %. 
1
H-NMR (CDCl3): δ 5.67 (m, 

2H, CH), 5.14 (m, 2H, CH), 4.24 (m, 3H, CH2), 3.60 (m, ~0.45 kH, CH2O), 3.37 (s, 3H, 

OCH3), 2.37 (m, 8H, CH2), 2.29 (m, 4H, CH2), 1.81 (b, 4H, CH2), 1.60 (m, 8H, CH2), 

1.26 (m, 64H, CH2), 0.87 (t, 12H, CH3). Tm = 58 °C GPC: Mw: 6.3 kDa; PDI: 1.1. 

5N Pentaethylenehexamine (0.15 mL, 0.64 mmol) was dissolved in HPLC-grade 

CH2Cl2 (10 mL) and triethylamine (0.33 mL, 2.4 mmol). In a separate vessel, 2 (0.48 g, 

0.079 mmol) was dissolved in HPLC-grade CH2Cl2 (10 mL) and subsequently added to 

the solution of ethylenediamine dropwise via syringe pump at a rate of 1.0 mL/hr. The 

reaction was stirred overnight (~ 17 hrs). The bright yellow reaction solution was diluted 

with CH2Cl2 and subsequently washed with 0.1 N HCl/brine (1x) and brine (2x). The 

combined aqueous portions were extracted with CH2Cl2 and the combined organics dried 
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over MgSO4, and concentrated to a cloudy yellow oil. The desired product was 

precipitated from the oil dissolved in CH2Cl2 (5 mL) by addition of 10-fold diethyl ether 

and cooling over dry ice for 1 hr. The solid was then collected by centrifugation at 3000 

rpm for 5 min and the supernatant removed by decanting. The resulting white solid was 

dried under ambient atmosphere (12 hrs) and under high vacuum (12 hrs). Yield: 0.42 g, 

86 %. 
1
H-NMR (DMSO): δ 5.50 (m, 2H, CH), 5.11 (m, 2H, CH), 3.41 (m, ~0.45 kH, 

CH2O), 3.24 (s, 3H, OCH3), 2.89 (m, 13 H, CH2), 2.80 (bs, 2H, CH2), 2.76 (bs, 7H, CH2), 

2.64 (bs, 6H, CH2), 1.49 (m, 8H, CH2), 1.24 (m, 64H, CH2), 0.84 (t, 12H, CH3).   Tm = 59 

°C. GPC: Mw: 6.4 kDa; PDI: 1.1. 

4 Product 3 (5.10 g, 5.43 mmol) and NHS (5.38 g, 46.8 mmol) were dissolved in 

anhydrous CH2Cl2 (100 mL) and anhydrous DMF (18 mL) under argon. Once a clear 

solution was obtained, N,N’-dicyclohexylcarbodiimide (17 mL, 17 mmol) was added and 

the reaction stirred at room temp under argon for 24 hours. The resulting solution with 

white suspension was stored at -4 °C overnight. The dicyclohexyl urea (DCU) byproduct 

was then removed by vacuum filtration and the filtrate washed with 0.1 N HCl and 50:50 

brine/H2O, dried over MgSO4, and concentrated. The resulting white solid was then 

dissolved in a small amount of CH2Cl2 (5-10 mL) and stored at -4 °C for 2-3 hours. The 

resulting white suspension was filtered to remove residual DCU. The filtrate was then 

concentrated to dryness and the white solid dried under high vacuum overnight. Yield = 

4.5 g, 73 %. 
1
H-NMR (CDCl3): δ = 5.96 (s, 2H, CH), 5.57 (s, 1H, CH), 2.81 (s, 8H, CH2), 

2.49 (m, 6H, CH2), 2.37 (m, 2H, CH2), 1.64 (m, 8H, CH2), 1.27 (m, 64H, CH2), 0.89 (t, 

12H, CH3).  
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9N Pentaethylenehexamine (0.05 mL, 0.2 mmol) was dissolved in CH2Cl2 (3 mL) and 

triethylamine (0.15 mL, 1.1 mmol). In a separate vessel, 4 (0.10 g, 0.090 mmol) was 

dissolved in HPLC-grade CH2Cl2 (3 mL) and subsequently added to the solution of 

ethylenediamine dropwise via syringe pump at a rate of 1.0 mL/hr. The reaction was 

stirred at room temperature a total of 8 hrs. mPEG-SCM  (0.45 g, 0.090 mmol) dissolved 

in CH2Cl2 (7 mL) was then added to the yellow reaction solution dropwise via syringe 

pump at a rate of 1.0 mL/hr. The reaction was stirred at room temperature overnight (~ 17 

hrs). The solvent was then removed from the reaction solution by rotary evaporation. The 

oil/solid was then redispersed in CH2Cl2 and filtered to remove the solid NHS-byproduct. 

The filtrate was concentrated to an oil and product precipitated from the oil dissolved in 

CH2Cl2 (5 mL) by addition of 10-fold diethyl ether. The solid was then collected by 

centrifugation at 3000 rpm for 5 min and the supernatant removed by decanting. The 

resulting white solid was washed with diethyl ether (1x) and dried under ambient 

atmosphere (12 hrs) and under high vacuum (12 hrs). Yield: 0.45 g, 87 %. 
1
H-NMR 

(CDCl3): δ 7.26 (s, 4H, CH), 3.69 (m, ~0.44 kH, CH2O), 3.38 (s, 3H, OCH3), 3.05 (bm, 

15H, CH2), 2.55 (bm, 16H, CH2), 2.07 (bm, 40H, CH2), 1.65 (bs, 7H, CH2), 1.48 (t, 5H, 

CH2), 1.26 (m, 37H, CH2), 0.88 (t, 12H, CH3).  Tm = 59 °C. GPC: Mw: 5.5 kDa; PDI = 

1.1. 

Size and Zeta Potential of AMs and AM/siRNA complexes 

Dynamic light scattering (DLS) and zeta potential analyses were performed using 

a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). DLS 

measurements were performed at a 90° scattering angle at 25°C. Size distributions by 

volume of measurements were collected in triplicate, averaged and reported. Zeta 
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potential measurements were collected in triplicate, averaged and the Z-average charges 

reported. For all measurements, error bars represent peak widths of the average value. 

 

 

Sample Preparation 

AMs alone. Polymer solutions at a concentration of 1.0 mg/mL were prepared 

using picopure water and filtered with a 0.45 µM Nylon syringe filter (Fischer Scientific, 

Pittsburgh, PA). 

AM/siRNA complexes. Complexes were prepared in picopure water at 

various nitrogen/phosphate (N/P) ratios.  For size and zeta potential measurements, 2mL 

of solutions containing AM/siRNA complexes were prepared at polymer concentrations 

sufficient for detection by the zetasizer instrument (1 mg/mL for 1 and 1N, and 2 mg/mL 

for 5N and 9N). Solutions were briefly vortexed and incubated for at least 60 min at 

room temperature to allow for complex formation prior to size and zeta potential 

analysis.  

Gel Electrophoresis Polymer/siRNA (Dharmacon, Lafayette, CO) complexes 

were first prepared at the desired nitrogen to phosphorous (N/P) ratios by mixing 

solutions of polymers (stocks maintained in DI water) and siRNA in PBS (final siRNA 

concentration of 12.5 μg/mL). Since polymer 1 does not contain primary amines, the 

mass of polymer 1 added for the gel electrophoresis experiments was equivalent to the 

mass of polymer 1N added at the N/P ratios indicated in Figure 2.  Solutions were briefly 

vortexed, and incubated for 60 min at room temperature to allow for complex formation. 

Polymer/siRNA complexes were loaded into 1% agarose gels run in an electrophoresis 
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chamber at 70 V for 40 minutes. Following electrophoresis, gels were stained with SYBR 

Green II RNA gel stain (Invitrogen, Carlsbad, CA) for 30 minutes prior to imaging on a 

Bio-Rad Molecular Imager FX (Bio-Rad Laboratories, Hercules, CA) to visualize 

unbound siRNA. The fluorescence intensities of bands were quantified using Quantity 

One Quantitation software (Bio-Rad Laboratories, Hercules, CA).   

 

Cell Culture All cell culture products were obtained from Invitrogen (Carlsbad, 

CA).    U87 MG cells (ATCC HTB-14) were maintained in DMEM medium supplemented 

with 10% fetal bovine serum (FBS), L-glutamine, and penicillin-streptomycin. A U87 cell 

line containing a stably integrated destabilized EGFP (d1EGFP) transgene (U87-GFP) 

was generated as described previously
18

, and was maintained under constant selective 

pressure by G418 (500 μg/mL), and the growth medium was supplemented with sodium 

pyruvate and nonessential amino acids. U87-Luc, a human glioblastoma cell line with 

constitutive expression of firefly luciferase, was generously provided by Dr. Xu-Li Wang 

(Department of Pharmaceutics and Pharmaceutical Chemistry, University of Utah). U87-

Luc cells were maintained in minimal essential medium supplemented with 10% FBS, 

penicillin-streptomycin, and maintained under selective pressure by G418. 

Cytotoxicity Assay U87 glioma cells were seeded into 96 well plates (Corning, 

Corning, NY) at 10,000 cells per well in DMEM supplemented with 10% FBS and 1 % 

penicillin-streptomycin and incubated overnight at 37 ºC, with 5 % CO2. The media was 

removed by aspiration and replaced with 200 μL aminated-AM or PEI dissolved in media 

at desired concentrations (n=4 per condition). Untreated control wells received media 

only.  After 72 hours, cells were harvested by trypsinization (75 μL trypsin-EDTA 
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followed with 75 μL complete media to neutralize trypsin) and 50 μL of staining solution 

(48:1:1 media:DMSO:Guava ViaCount Flex reagent (Guava Technologies, Hayward, 

CA) was added to each well. Cells were counted using a Guava EasyCyte Plus (Guava 

Technologies, Haywood CA) instrument with an original volume of 0.2 mL and a dilution 

factor of one. 

siRNA Delivery Assay U87-Luc cells were plated at a density of 5000 

cells/well in 96-well plates approximately 20 hours prior to transfection. Immediately 

prior to transfection, polymer/siRNA complexes were prepared in 20 μL of PBS (N/P=50 

for the AMs, and N/P=15 for linear PEI). Linear polyethyleneimine (Polysciences, Inc., 

Warrington, PA) commonly used polymeric transfection reagent, was used as a positive 

control. An irrelevant siRNA sequence not targeted against firefly luciferase was 

delivered as a negative control.  The polyplexes were brought to a total volume of 100 μL 

in OptiMEM medium to obtain a final siRNA concentration of 100 nM. The serum-

containing culture medium was aspirated from the cells, and each well treated with 100 

μL of the polyplexes in OptiMEM medium. Each treatment was performed in triplicate. 

After a 4 hr incubation period, the transfection mixture was replaced with serum-

containing growth medium and maintained under normal growth conditions until the 

cells were assayed for firefly luciferase expression 24 hours after the initial treatment.   

 For fluorescence imaging, a similar transfection protocol was performed on U87-

GFP cells seeded onto an 8-well LabTek coverglass chamber (Nalge Nunc, Naperville, 

IL) at a density of 5000 cells/well. U87-GFP cells were treated with a Cy5-labeled siRNA 

to facilitate imaging of cellular localization of siRNA. 
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Fluorescence Microscopy Uptake of a fluorescently labeled siRNA 

(Dharmacon, Lafayette, CO) sequence into U87-GFP cells was evaluated using 

fluorescence microscopy. Imaging was performed 24 hours after siRNA transfection 

using an Olympus IX81 model fluorescent microscope (Olympus, Center Valley, PA). 

Imaging was performed at 20X magnification. The following excitation and emission 

wavelengths were used:  GFP (excitation=482 nm, emission=536 nm) and Cy5 siRNA 

(excitation=628 nm, emission= 692 nm).   

Luciferase Detection Assay Cells were prepared for firefly luciferase detection 

using the Luciferase Assay System (Promega, Madison, WI) according to the 

manufacturer’s protocol. Firefly luciferase was quantified using The Reporter microplate 

luminometer (Turner Biosystems, Sunnyvale, CA). Following luciferase quantification, 

cell lysates were assayed for total protein content using the BCA Protein Assay kit 

(Pierce, Rockford, IL) according to the manufacturer’s protocol.   

Statistics Statistical comparisons for zeta potential measurements, luciferase 

silencing and polymer cytotoxicity were performed using a one-way ANOVA test with a 

Fisher’s all-pairs post hoc comparison test.  

Results and Discussion 

The goal of this study was to create novel synthetic vectors that exploit the 

structural properties of PEI beneficial for siRNA delivery while reducing the inherent 

cytotoxicity associated with PEI. AMs were modified with two different lengths of 

ethyleneimine chains to yield three novel polymer systems: ethylenediamine to yield 1N, 

or pentaethylenehexamine to yield 5N and 9N polymers. The polymers were synthesized 
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as shown in Scheme 1 from the amine-specific N-hydroxysuccinimide (NHS)-activated 

polymer 1, which has been the focus of a previous publication
189

. 

The parent compound, 3, served as the basic building block for the polymer 

modifications.  Specifically, the carboxylic acid on the mucic acid backbone was 

activated with N-hydroxysuccinimide to functionalize the polymers with linear 

ethyleneimines, systematically increasing the total number of amines in the final 

polymers from one, 1N, up to nine, 9N. For 1N and 5N, an excess of the diamines 

coupled with their slow addition to the polymer solution via syringe pump were utilized 

to control for the disubstitution of polymer to both primary amines. For 9N, a 2:1 molar 

ratio of compound 4 to pentaethylene hexamine coupled with the slow addition of 4 to 

the diamine via syringe pump were used to limit the formation of undesired oligomers. 

Subsequently, a 1:1 molar ratio of the NHS-PEG with respect to 4 coupled with its slow 

addition to the diaminated 4 via syringe pump were utilized to limit the coupling of PEG 

to both sides of the 4. For all aminated polymers, Isolation of cationic AMs with amines 

conjugated to, rather than associated with, the polymer was insured by precipitation from 

diethyl ether; this process precipitates the AM products but not the ethyleneimine starting 

materials. Amine conjugation was further verified by 
1
H NMR spectroscopy. In addition 

to monitoring 
1
H NMR spectra for the disappearance of protons associated with the NHS 

activating group (~ 2.8 ppm), new peaks assigned to the ethyleneamine protons were 

observed resonating at 1.3 and 1.8 ppm for 1N and from 2.5-3.0 ppm for 5N and 9N. For 

all cationic AMs, the integrations of the 
1
H NMR are consistent with mono PEG 

substitution to produce the desired, cationic AMs. The molecular weights of the cationic 

AMs were determined by GPC relative to PEG standards. As shown in Table 1, 1N and 
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5N have similar molecular weights while the molecular weight of 9N is approximately 1 

kDa less. This difference can be attributed to the use of different PEG starting materials 

from different vendors that may have varying peak molecular weights. In addition, due to 

the incorporation of amines between the hydrophobic and hydrophilic component in the 

structure of 9N, the polymer may associate more with the column than the other cationic 

polymers, thereby making the molecular weight appear lower than it actually is.  For all 

cationic AMs, the absence of a high molecular weight peak in the GPC corresponding to 

~ 10 kDa suggests there was little-to-no PEG di-substitution in any of the resulting 

polymers.  

The toxicity of the aminated-AMs compared to linear PEI 25 kDa (L-PEI) was 

assessed in U87 glioma cells. A dose response curve was generated for all samples by 

counting viable cells remaining after a 72-hour exposure to the polymers (Figure 1).  A 

significant decrease in cytotoxicity (p<0.05) was observed for all AMs compared to L-

PEI at the highest concentrations tested (10
-5

 and 10
-4

 M).  Interestingly, when comparing 

the AMs, the 9N material exhibited the lowest cytotoxicity compared to the AMs 

containing fewer amine groups. One explanation for this observation is that the surface 

charge density of the 9N micelles is lower as their hydrodynamic diameter (shown in 

Figure 2c) has increased by a factor of approximately five and, therefore, their area is 

increased by a factor of about 25 compared to the 1N and 5N micelles. 

The ability of cationic AMs to complex anionic siRNA was evaluated using gel 

electrophoresis.  Complexes were formed at a range of N/P ratios and run on an 

electrophoresis gel to separate un-complexed siRNA from the AM/siRNA complexes.  

The decrease in fluorescence intensity of the band corresponding to un-complexed 
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siRNA verifies the siRNA complexation efficiency of the cationic AMs.  Polymers 

containing zero or one cationic amine group (i.e., 1 and 1N) displayed no complexation 

of siRNA at charge ratios tested up to nitrogen/phosphorus (N/P) 80 (Figure 2b).   By 

increasing the number of amine groups to five (5N), a modest extent of siRNA 

complexation (approximately 20%) was observed at N/P ratios of 60 and higher.  

Significantly improved siRNA complexation efficiency was observed by using the AM 

containing nine amine groups, 9N, where most of the siRNA was encapsulated by 

N/P=50.  The ability of AMs to complex siRNA was compared to L-PEI, where nearly 

complete siRNA complexation was observed by gel electrophoresis at N/P>15.  Hence, 

for subsequent physical and biological characterization studies, AM/siRNA complexes 

were formed at N/P>50.   

All cationic AMs formed micelles in the nanoscale size range as determined by 

dynamic light scattering (Figure 2c). 1N and 5N formed micelles of approximately the 

same size as polymer, 1, while micelles formed from 9N were much larger (~125 nm), 

presumably due to charge repulsion of the highly cationic ethyleneimine units. Once 

complexed with siRNA (Figure 2c, N/P=50 and 100), all cationic AMs maintained the 

nanoscale size of the AMs alone.  Self-assembled polymeric micelles are known to have 

stable sizes that are dictated primarily by the architecture of the amphiphilic polymer 

segments
172

.  Especially at high N/P ratios, the size of polymer micelles often remains 

unchanged in the presence of nucleic acids as the presence of relatively small amounts of 

siRNA does not change the properties of the stable polymer micelles
172, 180

.  Maintaining 

sizes of less than ~100 nm is desirable for improved circulation time, passive tumor 
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targeting by the enhanced permeation and retention (EPR) effect, and optimal cellular 

uptake
198, 199

. 

Successful conjugation of the amines was shown by the disappearance of N-

hydroxysuccinimide in the 
1
H NMR as well as the increase in the zeta potential from 

negative (for polymer 1), to less negative (polymer 1N), and positive (polymers 5N and 

9N), as shown in Figure 2d (micelles only). The zeta potential increased with increasing 

ethyleneimine length, further indicating the successful incorporation of amine groups. 

When siRNA was complexed with the cationic AMs at N/P ratios of 50 and 100, the zeta 

potentials for the aminated polymers 5N and 9N significantly changed compared to the 

native polymer in the absence of siRNA (p<0.05). Specifically, at N/P 50, the zeta 

potentials for complexes of siRNA and 5N decreased from 12.7 mV of the 5N alone to 

5.3 mV when complexed with siRNA. Likewise, the zeta potential of 9N decreased from 

33.1 mV alone to 7.89 mV when complexed with siRNA. The zeta potentials for both 

AMs increased at N/P 100 – back to that for the vehicle alone for 5N but only to 22.2 mV 

for 9N. This data suggests that 9N complexed most efficiently with siRNA at the N/P 

ratios evaluated in this study, as the decrease in zeta potential is a result of charge 

neutralization when the negatively charged siRNA complexes with the cationic AMs.  

These results are in agreement with the gel electrophoresis data. Based on the physical 

characterization of AM/siRNA complexes by gel electrophoresis, dynamic light 

scattering, and zeta potential, 9N was expected to be the most effective siRNA delivery 

vehicle.      

The ability of AMs to facilitate cellular delivery of siRNA and elicit silencing of 

the reporter gene, firefly luciferase, in U87 cells was evaluated.  Polyplexes of AMs and 
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anti-luciferase siRNA were formed (siRNA concentration: 100 nM, N/P=50, AM 

concentration: ~10
-5

 M) and delivered to U87-Luc cells which were subsequently assayed 

for luciferase expression.  To visually evaluate the cellular uptake of siRNA, a 

fluorescently labeled siRNA sequence was delivered separately to U87-GFP cells which 

were then imaged using fluorescent microscopy.         

 Successful cellular association of siRNA delivered by 5N and 9N was observed 

using fluorescent microscopy and was qualitatively comparable to siRNA delivered by L-

PEI (Figure 3A).  Significant luciferase silencing (p <0.05) was observed using the AMs 

containing five or nine amines (5N and 9N), but not observed using the AMs containing 

just one amine group (1N) (Figure 3B).  A similar luciferase silencing response was 

observed between the 9N and L-PEI, a widely-studied polymeric system for nucleic acid 

delivery (Figure 3B).  Delivering a scrambled siRNA sequence did not elicit luciferase 

silencing, demonstrating that the AMs alone do not induce off-target silencing effects.   

To study the dynamics and dose-dependence of luciferase silencing by 9N, the 

most promising aminated-AM, siRNA transfection experiments were performed at 

various time points, polymer concentrations (Figure 3C) and siRNA concentrations 

(Figure 3D).  The minimum N/P ratio required for a maximum luciferase silencing 

response was N/P=25 (siRNA concentration: 100 nM, AM concentration: 1.2x10
-5

 M), 

(Figure 3C), and the minimum siRNA concentration required for optimal silencing 

response was 50 nM (Figure 3D).   

Studying the dose response and dynamics of siRNA delivery by AMs provides 

insights into the mechanisms governing siRNA delivery by these novel molecules.  Our 

results suggest that using polymer 9N at N/P>25 is not biologically beneficial as similar 
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extents of gene silencing were observed using 9N at N/P=25 and N/P=50.  It is desirable 

to identify the lowest possible polymer concentration that can achieve optimal siRNA 

delivery, as having excessively high polymer concentrations can elicit undesirable 

cytotoxicity and may result in insolubility of polymers in aqueous media.   Further, we 

observed that using siRNA concentrations of 50 nM was sufficient to achieve maximal 

luciferase gene silencing with 9N.  Presumably, having siRNA in excess of the minimum 

effective concentrations is unnecessary as the number of target mRNAs present in the cell 

is limited, and can be sufficiently targeted by siRNA present at 50 nM.  

We also observed trends in siRNA silencing as a function of time, where 

maximum siRNA silencing was observed at 48 hours, and decreased after 72 hours.  This 

trend in gene silencing dynamics is consistent with previous work evaluating the gene 

silencing dynamics of antisense oligonucleotides delivered by branched PEIs where the 

silencing of green fluorescent protein (GFP) became less pronounced after 24 hours
136

.  

This decrease in gene silencing activity after 48 hours can likely be attributed to 

intracellular degradation of siRNA molecules by nucleases over time.      

 Interestingly, the trends observed in the quantitative luciferase silencing assay 

differed somewhat from the qualitative observations of cellular association of a 

fluorescently labeled siRNA sequence into U87GFP cells.  It appeared that 9N delivered 

more siRNA to the cells than L-PEI in the fluorescent images, however, this trend was 

not observed in the luciferase silencing assay where both 9N and L-PEI elicited similar 

extents of luciferase silencing. This observation suggests that while 9N may be capable of 

delivering siRNA to cells, other intracellular barriers such as siRNA unpackaging or 
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endosomal escape may be affecting gene silencing activity by 9N. This phenomenon will 

be investigated further in subsequent work. 

Conclusions  

Amphiphilic macromolecules that self-assemble to form nanoscale micellar 

assemblies were functionalized with linear ethyleneimines to render them positively 

charged for improved siRNA complexation. By increasing the number of secondary 

amines from one up to nine (i.e., from 1N to 9N, respectively), increased zeta potential 

and stable complexation with siRNA was achieved. All cationic AMs were less cytotoxic 

to U87 cells than L-PEI at polymer concentrations of 10 µM or greater. The cationic AM 

with nine total amines, 9N, successfully delivered siRNA molecules to U87 cells and 

elicited silencing of the reporter gene, firefly luciferase. This work highlights the promise 

of AMs for siRNA delivery and specifically identified a novel AM molecule, 9N, that 

displays low cytotoxicity compared to L-PEI, stable complexes with siRNA while 

maintaining a nanoscale size, and efficiently delivers siRNA delivery to malignant 

glioma cells. 
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Figures 

Scheme 1 

 

Synthesis of cationic-AMs; (top) synthesis of 1N and 5N from NHS-activation of 1 to 

yield 2 
[21]

, (bottom) synthesis of 9N via di-activation of 3 with NHS to yield 4. 

 

Table 1 

Cationic AM MW (kDa) PDI Tm (° C) 

1N 6.3 1.1 58 

5N 6.4 1.1 59 

9N 5.5 1.1 59 

Molecular weights, poydispercity indices (PDI), and melting temperature (Tm) 

ethyleneimine-modified AMs. 
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Figure 1 

 

Cytotoxicity of cationic-AMs and L-PEI to U87 glioma cells after 72 hours of exposure.  

Data represent mean + standard deviation (n=4).  Astericks represent concentrations at 

which cationic-AMs elicited a significantly lower cytotoxicity than L-PEI (p < 0.05). 
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Figure 2 

 

Characterization of AM/siRNA complexes by gel electrophoresis (A and B), dynamic 

light scattering (C), and zeta potential (D).  Relative SybrGreen fluorescence corresponds 

to unbound siRNA detected in an electrophoresis band normalized by a band of free 

siRNA (B).  Images of gel electrophoresis bands are shown with the N/P ratio for each 

band denoted above the band, where the mass of polymer 1 added was equivalent to 1N 

at the indicated N/P ratios (A).  Gel electrophoresis siRNA complexation studies were 

performed at least three times for each polymer, and one representative gel image and 

band quantification is shown here.  The zeta potential measurements of each polymer 
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were compared to each other at varying N/P ratios, and astericks in D indicate polymers 

whose zeta potentials differed as a function of N/P ratio (p<0.05).  

 

Figure 3 

 

Fluorescent microscope images of siRNA distribution (red) in U87-d1EGFP cells (green) 

when delivered by the indicated polymers (A) and luciferase silencing in U87-Luc cells 

24 hours post-transfection (B).  L-PEI was used at N/P=15.   The samples 5NScr and 

9NScr indicate treatments with a scrambled siRNA sequence.  Time-course and dose 

titrations were performed of 9N /siRNA complexes to U87-Luc cells (C and D).  Data 

represent mean + standard deviation (n=3).  Asterisks indicate treatments that elicited 
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statistically significant luciferase silencing compared to the untreated control, C (B) or 

treatments that elicited statistically different luciferase silencing compared to the other 

treatment groups in the experiment (C and D) (p<0.05). 
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