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Abstract 

Gold Nanoparticle Dendrimer Conjugates for Gene Therapy 

by 

Elizabeth Figueroa 

Gene therapy is a promising treatment that has enormous potential for the 

management of numerous diseases of acquired and innate origin. Viral delivery vectors 

are successful in delivering therapeutic DNA, but their efficacy is circumvented by 

immunogenicity and cost. Non-viral vectors face other issues of inflammatory response, 

colloidal stability, and low transfection efficiency. Gold nanoparticles (AuNPs) have 

emerged as attractive nanocarriers for gene delivery. AuNPs are bioinert, easily 

synthesized, and possess rich surface chemistry that facilitates versatile functionalization. 

Therefore, AuNPs provide an excellent platform for gene delivery. Polyamidoamine 

(PAMAM) dendrimers are commercially available cationic, branched polymers in which 

growth branches from a core molecule. Their physiochemical properties make PAMAM 

dendrimers well suited for gene delivery applications. In this thesis, PAMAM dendrimers 

are functionalized on the surface of small AuNPs yielding a unique class of gene delivery 

vectors termed AuPAMAM vectors. We begin by establishing the synthesis and 

characterization of AuPAMAM vectors, showing that AuPAMAM colloidal stability and 

DNA condensation ability are dependent on the PAMAM conjugation reaction rate, and 

that this reaction rate can be altered to enhance transfection efficiency in vitro. Then, we 

further investigate the influence of each chemical component of the bottom-up 

AuPAMAM synthesis process by systematically probing each step of the reaction and 
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analyzing its effect on the overall transfection efficiency and cytotoxicity. Finally, in 

order to clarify the mechanism underlying the differential transfection efficiency seen 

across many cell lines and tissues, the AuPAMAM vectors are tracked intracellularly 

over time in vitro using confocal imaging, cellular TEM and flow cytometry. Together, 

this thesis demonstrates that AuPAMAM conjugates present attractive candidates for 

non-viral gene delivery due to their commercial availability, ease of fabrication and 

scale-up, high yield, high transfection efficiency and low cytotoxicity. Additionally, this 

thesis demonstrates the need to characterize the tissue-specific transfection hurdles 

vectors face in order to improve application-specific non-viral vector design.  



!

!

Acknowledgments 

I would like to thank my advisor, Dr. Rebekah Drezek, for her research insights 

and emotional and professional support. Under your guidance, I have developed many 

skills that will benefit me for the rest of my life. Not many advisors are cool enough to 

send their students to Hawaii twice! I would also like to thank my thesis committee, Dr. 

Junghae Suh, Dr. Michael Wong, and Dr. Aaron Foster, for their research suggestions 

and assistance in working through my dissertation.  

I want to thank my fellow lab mates, past and present: Nastassja Lewinski, Joseph 

Young, Adam Lin, Joao Paolo Mattos, Allen Chen, Paul Haugen, Emily Reiser, Vishu 

Asthana, and Pallavi Bugga. Grad school isn’t all bench work- I will miss those 

afternoons sitting in the post-doc office talking about research and life, and of course 

gossiping. I would like to especially thank my faithful undergraduate turned fellow Rice 

graduate student, Stephen Yan, aka Clean Steve. I would also like to thank Nicolette 

Chamberlain-Simon, who was here in my final year and had enormous patience for my 

ADHD moments.  You two have bright futures ahead of you and I can’t wait to see where 

you go.  

I would finally like to thank the financial support I have received. The Rice 

AGEP program, the Gulf Coast Consortium NIGTP Training Grant, and the Ford 

Foundation Pre-Doctoral Fellowship supported funding for this project.  

 



!

!

Contents 

Abstract!......................................................................................................................!i!

Acknowledgments!.....................................................................................................!iii!

Contents!.....................................................................................................................!iv!

List of Figures!...........................................................................................................!vii!

List of Tables!..............................................................................................................!x!

Introduction to Gene Therapy!...................................................................................!1!
1.1. Gene Delivery Approaches!......................................................................................!4!

1.1.1. Physical Methods!..............................................................................................!4!

1.1.2. Viral Vectors!.....................................................................................................!6!

1.1.3. Non-Viral Vectors!.............................................................................................!7!

1.1.3.1. Cationic Polymers!.......................................................................................!8!
1.1.3.2. Dendrimers!..................................................................................................!9!

1.2. Delivery Challenges!...............................................................................................!11!

1.2.1. Complex Stability!............................................................................................!11!

1.2.2. Cellular Targeting!............................................................................................!13!

1.2.3. Intracellular Challenges!...................................................................................!14!

1.2.3.1. Cellular Uptake!.........................................................................................!15!
1.2.3.2. Endosomal Escape!....................................................................................!16!
1.2.3.3. Trafficking and Nuclear Uptake!................................................................!17!

1.3. Gold Nanoparticles!................................................................................................!18!

1.4. Polyamidoamine Dendrimers!.................................................................................!22!

Optimization of Polyamidoamine Conjugation on Gold Nanoparticles75!................!24!

2.1. Materials!................................................................................................................!25!

2.2. Methods!.................................................................................................................!26!

2.2.1. AuPAMAM Synthesis!.....................................................................................!26!

2.2.2. Transmission Electron Microscopy!.................................................................!28!

2.2.3. Gel Electrophoresis!.........................................................................................!28!

2.2.4. Cell Culture!.....................................................................................................!29!

2.2.5. Cell Transfection Experiments!........................................................................!29!



v!
!!

2.2.6. Reporter Gene Expression!...............................................................................!30!

2.2.7. Alamar Blue Viability Assay!...........................................................................!30!

2.2.8. Statistical Analysis!..........................................................................................!30!

2.3. AuPAMAM Synthesis and Characterization!.........................................................!31!

2.4. Optimization of Colloidal Stability!........................................................................!35!

2.5. Characterization of pH 4.7 constructs.!...................................................................!39!

2.6. Characterization of sMUA constructs.!...................................................................!41!

2.7. Transfection efficiency of both constructs.!............................................................!43!

2.8. Cell viability of both constructs.!............................................................................!46!

2.9. Transfection Index!.................................................................................................!47!

2.10. Conclusions!..........................................................................................................!49!

Systematically Probing the Parameters of a Bottom-Up AuPAMAM Fabrication!.!50!

3.1. Materials!................................................................................................................!51!

3.2. Methods!.................................................................................................................!52!

3.2.1. AuPAMAM Characterization!..........................................................................!52!

3.2.2. Cell Culture!.....................................................................................................!52!

3.2.3. AuPAMAM/pDNA Transfection!....................................................................!53!

3.2.4. Reporter Gene Expression!...............................................................................!53!

3.2.5. Cell Fixation!....................................................................................................!53!

3.2.6. Viability Experiment!.......................................................................................!54!

3.3. AuPAMAM Synthesis Parameters!.........................................................................!54!

3.4. Varying PAMAM Molar Excess!............................................................................!57!

3.5. Varying PAMAM Chemistry!.................................................................................!61!

3.6. Varying SAM Composition!...................................................................................!65!

3.7. Optimization of Synthetic Parameters!....................................................................!69!

3.8. Conclusions!............................................................................................................!71!

Investigation of the Differential Transfection Efficiency Across Breast and Colon 
Cancer Cell Lines!.....................................................................................................!73!

4.1. Materials!................................................................................................................!74!

4.2. Methods!.................................................................................................................!75!

4.2.1. AuPAMAM Synthesis!.....................................................................................!75!



vi!
!

4.2.2. AuPAMAM Characterization!..........................................................................!76!

4.2.3. Cell Culture!.....................................................................................................!76!

4.2.4. AuPAMAM/pDNA Transfection!....................................................................!77!

4.2.5. Fluorescently Labeling pDNA!.........................................................................!77!

4.2.6. pDNA Cellular Uptake Experiment!.................................................................!78!

4.2.7. Chloroquine Experiment!.................................................................................!78!

4.2.8. Confocal Imaging!............................................................................................!78!

4.2.9. Cellular Transmission Electron Microscopy (TEM)!.......................................!79!

4.2.10. Statistical Analysis!........................................................................................!79!

4.3. Differential Transfection in SK-BR-3 and CT26 Cell Lines!..................................!80!

4.4. Intracellular pDNA Uptake!....................................................................................!81!

4.5. Enhancement of Endosomal Escape!......................................................................!84!

4.6. Subcellular Trafficking of Vectors with Confocal Imaging!...................................!86!

4.6.1. Confocal Imaging in SK-BR-3 Cells!...............................................................!86!

4.6.2. Confocal Imaging in CT26 Cells!.....................................................................!88!

4.7. Intracellular Tracking of AuPAMAM with Cellular TEM!....................................!92!

4.7.1. SK-BR-3 Cell TEM!.........................................................................................!92!

4.7.2. CT26 Cell TEM!...............................................................................................!95!

4.8. Conclusions!............................................................................................................!97!

Future Directions!....................................................................................................!101!

References!...............................................................................................................!105!

 
 



!

!

List of Figures 

Figure 1.1. Gene therapy trials approved worldwide since 1989.!...................................!2!

Figure 1.2. Clinical indications that have been addressed in gene therapy clinical 
trials worldwide.!........................................................................................................................!3!

Figure 1.3 Structure of a generation 1 EDA core PAMAM dendrimer.!.....................!10!

Figure 1.4. Intracellular gene delivery hurdles.!...............................................................!14!

Figure 1.5. Schematic showing size dependent uptake of AuNPs.!................................!16!

Figure 1.6. Endosomal escape hypotheses.!........................................................................!17!

Figure 2.1 Total organic carbon and total nitrogen analysis of supernatant following 
(A) AuMUA and (B) AuPAMAM wash steps.!..................................................................!27!

Figure 2.2. AuPAMAM Synthesis and Complexation.!...................................................!31!

Figure 2.3 Generation dependent peak shift of AuPAMAM particles.!.......................!33!

Figure 2.4 (A) Colloidal stability of AuPAMAM conjugates at the end of the 
synthesis process and (B) DNA condensation results as measured by gel 
electrophoresis.!........................................................................................................................!34!

Figure 2.5 The lollipop model used to estimate the PAMAM surface coverage.!.......!36!

Figure 2.6 Absorbance spectra of AuPAMAM particles synthesized by the (A) ph 
4.7 method, or the sMUA method at a MUA:MUOH ratio of (B) 1:3, (C) 1:9 or (D) 
1:15.!............................................................................................................................................!39!

Figure 2.7 Colloidal stability of the (A) ph 4.7 based synthesis method or the (B) 
MUOH spaced method at various MUA:MUOH molar ratios.!....................................!40!

Figure 2.8 DNA condensation by different synthesis methods for AuPAMAM at 
pDNA:AuPAMAM molar ratios ranging 1:5 to 1:250.!...................................................!41!

Figure 2.9 Fluorescence microscopy of transfected SK-BR-3 cells.!.............................!44!

Figure 2.10 Mean fluorescence intensity of GFP following transfection.!...................!45!

Figure 2.11 Cellular viability of SK-BR-3 cells following transfection.!......................!46!



viii!
!

Figure 2.12 Transfection Index of the modified synthesis methods.!............................!48!

Figure 3.1 Synthetic parameters to be investigated. (A) AuPAMAM surface density, 
(B) PAMAM core and terimal chemistry, (C) SAM composition.!...............................!51!

Figure 3.2 UV/vis spectroscopy showing peak shifts upon Au-SAM formation.!.......!55!

Figure 3.3 Varying PAMAM Molar Excess. (A) AuPAMAM/pDNA complex sizes 
and polydispersity. (B) Cell viability after complex exposure. (C) Percent 
transfection and mean fluorescence intensity.!..................................................................!59!

Figure 3.4 Varying PAMAM Chemistry. (A) AuPAMAM/pDNA complex sizes and 
polydispersity. (B) Cell viability after complex exposure. (C) Percent transfection 
and mean fluorescence intensity.!.........................................................................................!62!

Figure 3.5 Cell viability, percent transfection and mean fluorescence intensity of the 
PAMAM, PEI and DNA controls.!.......................................................................................!64!

Figure 3.6 Varying SAM Composition. (A) AuPAMAM/pDNA complex sizes and 
polydispersity. (B) Cell viability after complex exposure. (C) Percent transfection 
and mean fluorescence intensity!..........................................................................................!67!

Figure 3.7 Optimization of synthesis parameters. (A) AuPAMAM/pDNA complex 
sizes and polydispersity. (B) Cell viability after complex exposure. (C) Percent 
transfection and mean fluorescence intensity!...................................................................!70!

Figure 4.1 Percent transfection and MFI in (A) SK-BR-3 and (B) CT26 cells!..........!81!

Figure 4.2 Percent uptake and MFI of Cy5-labeled pDNA in (A) SK-BR-3 and (B) 
CT26 cells!..................................................................................................................................!82!

Figure 4.3 Fluorescent images overlaid on transmission images showing GFP 
expression in (A) SK-BR-3 and (B) CT26 cells in the presence or absence of 
chloroquine.!..............................................................................................................................!85!

Figure 4.4 SK-BR-3 AuPAMAM confocal images at (A) 60x and (B) nyquist zoomed 
at various times. Scale bar is (A) 20 um and (B) 10 um.!.................................................!87!

Figure 4.5 SK-BR-3 PEI confocal images at (A) 60x and (B) nyquist zoomed at 
various times. Scale bar is (A) 20 um and (B) 10 um.!.....................................................!87!

Figure 4.6 Cy5-labeled pDNA can be seen in the nucleus of cells and surrounding 
the nucleolus in a rink-like formation. Scale bar is 10 um.!............................................!88!



ix!
!

Figure 4.7 CT26 AuPAMAM Confocal Images at (A) 60x and (B) Nyquist zoomed at 
various times. Scale bar is (A) 20 um and (B) 10 um.!.....................................................!89!

Figure 4.8 CT26 PEI confocal images at (A) 60x and (B) nyquist zoomed at various 
times. Scale bar is (A) 20 um and (B) 10 um.!....................................................................!90!

Figure 4.9 Confocal images of (A) SK-BR-3 and (B) CT26 cells 24-hour post-
exposure to high concentration of AuPAMAM/pDNA. Scale bar is 10 um.!..............!91!

Figure 4.10 Cellular TEM images of SK-BR-3 cells at various time points post-
exposure to AuPAMAM/pDNA complexes. Scale bars are 1 um (3000x), 500 nm 
(6000x), and 200 nm (12000x).!..............................................................................................!93!

Figure 4.11 Cellular TEM images of CT26 cells at various time points post-exposure 
to AuPAMAM/pDNA complexes. Scale bars are 1 um (3000x), 500 nm (6000x), and 
200 nm (12000x).!......................................................................................................................!95!

Figure 4.12 Blebbing of CT26 cells after 4 hour exposure to AuPAMAM/pDNA 
complexes suggesting an autophagic response.!.................................................................!96!

Figure 4.13 Cell TEM images of the CT26 cells at 24-hours post-exposure, with signs 
of complex exocytosis. Scale bar is 1 um, 500 nm, and 200 nm from left to right.!....!97!

 



!

!

List of Tables 

Table 1.1. Clinical applications addresed by protein coding sequences.!.......................!4!

Table 1.2. Principle physical techniques that have been used for gene transfer.!........!5!

Table 2.1 PAMAM Concentrations and volumes used during synthesis.!...................!28!

Table!2.2!Reported!AuPAMAM!diameters.!...................................................................!32!

Table 3.1 AuPAMAM synthetic parameters and nomenclature.!.................................!56!



!

1!
!

Chapter 1 

Introduction to Gene Therapy 

Gene therapy is a relatively young technique in which foreign nucleic acids such 

as DNA plasmids or siRNA are used as a medicinal agent to correct or replace defective 

genes that are responsible for genetic disorders. In 1966, the first report on gene therapy 

entitled “Experimental Genetics and Human Evolution” was published by Lederberg.1 

Twenty four years later, the first human gene therapy trial was conducted in 1989 by 

Anderson.2 Since then, the field has progressed rapidly, with numerous ongoing clinical 

trials conducted worldwide and over one thousand total having been conducted to date 

(Figure 1.1).3 

Gene therapy systems generally consist of a targeted delivery vector that protects 

and delivers nucleic acids. The nucleic acid is frequently a plasmid DNA backbone of 

bacterial origin that contains a gene encoding for a therapeutic protein. There are usually 

additional sequences that control the location, amount, and duration of production of the 

therapeutic protein. These sequences include tissue-specific promoters and transcript 



! 2!

stabilizers4. In order for the gene of interest to be expressed, the delivery vector must 

deliver the DNA to the nucleus so that it can undergo transcription, translation and post-

translational modification, ultimately resulting in production of the desired protein. There 

are countless applications that can be targeted in designing a therapeutic DNA sequence.  

 

Figure 1.1. Gene therapy trials approved worldwide since 1989. 

In 2000, the first successful gene therapy for Parkinson’s disease was 

accomplished in a primate model using a lentiviral vector.5 The same year, the first gene 

therapy cure in a human for severe combined immunodeficiency (SCID)-X1 disease was 

reported by Fischer’s lab.6 Unfortunately, 3 years later Fischer’s lab reported the 

occurrence of leukemia in 2 patients that had been cured of SCID-X1. The cause was an 



! 3!

insertional mutagenesis event due to the retroviral vector used; the vector inserted the 

therapeutic gene near an oncogene domain, causing the oncogene to be overexpressed.7 

Since these events, virus-mediated gene therapy has progressed with more caution. Still, 

in the past decade much progress has been made with clinical trials having been 

conducted for various indications such as cancer, infectious diseases, and neurological 

diseases (Figure 1.2).3,8  

 

Figure 1.2. Clinical indications that have been addressed in gene therapy clinical 
trials worldwide. 

The majority of clinical trials concern protein-coding cDNAs, that is, genes that 

produce proteins used to modulate cell behavior. In Table 1.1, we can see the spectrum of 

clinical applications addressed by protein coding sequences including tumoral therapy by 

interfering with the cell cycle, cancer therapy by immune cell activation, and Parkinson’s 

or Alzheimer’s therapy by production of neurotrophic factors.8 Non-coding sequences 

include siRNA, shRNA and other oligonucleotide sequences that do not need to be 
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delivered to the nucleus, as they target mRNA and other cytoplasmic elements. In this 

dissertation, we will focus on the delivery of plasmid DNA (pDNA). 

 

Table 1.1. Clinical applications addresed by protein coding sequences. 

1.1. Gene Delivery Approaches 

There exist three main gene therapy delivery approaches: Physical or direct 

injection of DNA, DNA packaging and delivery by viral vectors, and DNA packaging 

and delivery by non-viral vectors9. 

1.1.1. Physical Methods 

Several physical methods have been shown to enhance plasmid transfection 

compared to delivering plasmid alone. These physical methods do so by bringing the 

pDNA into closer proximity to the cell membrane or by causing a transient disruption of 

the cell membrane. In direct injection, ‘naked’ pDNA is introduced into the body by 

some physical means, such as a gene gun. This approach is limited to superficial targets 

due to penetration depth limitations and the presence of systemic serum nucleases that 
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would degrade nucleic acids. However, it has shown high levels of gene expression by 

direct tumoral injection in a murine model10.  

 

Table 1.2. Principle physical techniques that have been used for gene transfer. 

Electroporation is a physical means of delivering pDNA that has resulted in 

substantial increase in efficiency in vivo; 2-3 orders of magnitude higher than injection of 

naked plasmid DNA. This was accomplished by accompanying plasmid transfer with a 

series of electrical pulses at a critical voltage (~200 V/cm in vivo) that makes membranes 

more permeable. It is purported that hydrophilic pores are formed at this critical voltage, 

allowing the plasmid to move through the pores with ease.11 Scherman’s group elaborates 

on this technique and reports that a single high voltage pulse followed by a series of low 

voltage pulses is more effective. They report that the first pulse causes electroporation of 

(Mehier-Humbert et al., ADDR, 2005)
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the membrane, and the following pulses work to electrophorese the DNA into the target 

cells.12  

There exist other physical tools for direct injection such as ultrasound 

transfection13 and hydrodynamic/ballistic injection14, shown in Table 1.2. However, like 

the gene gun and electroporation, they suffer from issues of poor translation to the clinic 

due to invasiveness or poor penetration. 

1.1.2. Viral Vectors 

The second and arguably the most common gene delivery method is viral gene 

delivery. Viral gene delivery is primarily responsible for motivating the field of gene 

therapy. In this approach, naturally evolved viruses are genetically engineered to be non-

replicative and less toxic through the removal of viral proteins and nucleic acids. These 

modified viruses are referred to as recombinant viruses. Many recombinant viruses have 

been used as gene vectors with promising transfection efficiency, including retrovirus, 

adenovirus, herpes simplex virus, lentivirus and adeno-associated virus. Unfortunately, 

viral gene delivery is associated with high financial costs and immunogenicity, and 

sensitivity to nucleic acid size parameters. Inflammation poses a significant barrier, as 

inflammatory responses can reduce biological activity of the therapeutic protein, 

eliminate transfected cells and prevent repeated dosing15. Finally, there still exists the 

possibility that a non-pathogenic, non-replicative recombinant virus will revert to a wild 

type virus, or co-purify with a replication-competent virus16. Each viral vector boasts 

different advantages and disadvantages.  
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Looking at the different viral vectors that have been developed and translated to 

clinical trials, it is clear that no one vector can be considered optimal, as they each pose 

unique advantages and disadvantages that should be balanced based on the medical 

application. Furthermore, due to the intrinsic issues of safety, complexity and lack of 

understanding, it unclear whether the future of gene therapy will rely on these engineered 

viruses. Nevertheless, there is much to learn from viruses and their mechanism of action 

that can be translated to the design of non-viral vectors. With this in mind we will move 

into characterizing well-known non-viral vectors.  

1.1.3. Non-Viral Vectors 

The third gene therapy approach, non-viral delivery, has gained significant 

momentum in recent years. The majority of non-viral vectors are cationic, allowing them 

to interact with and condense the negatively charged phosphate backbone of nucleic 

acids. Cationic polymers and liposomes are the main classes of non-viral vectors, and 

they boast benefits such as low immunogenicity, low cost of scale-up, and ease of 

modifications. The largest hindrance that stands in the way of non-viral vectors being 

translated into the clinic is their relatively low transfection efficiency compared to viral 

vectors, and in some cases cytotoxicity with systemic administration. For example, in 

order to achieve comparable transgene expression levels to recombinant viruses, non-

viral vectors must deliver 2-3 orders of magnitude more DNA.17 In addition, it is 

important to note that non-viral vectors do not integrate the gene of interest into the host 

genome, so they persist in the target cells as a function of their biochemical half-life. This 

can vary from hours, in cells like hepatocytes, to months in muscle cells.4  
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Thus, it is unlikely that one vector will be appropriate for all disease applications. 

Instead, it is more reasonable that several classes of vectors will be optimized for various 

delivery targets. This is especially true when one considers the broad spectrum of 

therapeutic approaches enabled by protein coding and non-coding nucleic acids. For 

example, one mechanism may use siRNA mediated gene silencing to inhibit viral 

replication, while another may use a gene that modifies T-cell receptors in order to 

refocus the immune response.8 In these examples, there are vast differences in the size of 

cargo being delivered (siRNA is usually <100 base pairs while DNA plasmids can be 

several thousand base pairs) and the final target (cytoplasm vs. nucleus), resulting in 

inherently different delivery strategies. For the purpose of this dissertation, we will focus 

on pDNA delivery to the nucleus.  

1.1.3.1. Cationic Polymers 

Cationic polymers are commonly utilized for delivery applications, as they do not 

exhibit many of the issues such as colloidal stability and solubility that one encounters 

with lipoplexes. Cationic polymers interact with plasmids through electrostatic 

interactions. The size and charge of the polyplex is determined by the ratio of amines in 

the polymer to phosphates on the plasmid. This ratio is referred to as the N:P ratio.15 

While the rate-limiting step for lipoplexes is usually cellular uptake, for polyplexes it is 

nuclear import.17 High molecular weight polymers are generally more stable and form 

smaller polyplexes, but lower molecular weight polymers have been shown to enhance 

transfection, perhaps because they can dissociate from the plasmid more easily, allowing 

the plasmid to traffic to the nucleus and be imported. 
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Polyethylenimine (PEI) is one of the most common and widely studied cationic 

polymers and is used as the gold standard in in vitro gene delivery experiments due to its 

impressive transfection efficiency in numerous cell lines.9 PEI is available in a range of 

lengths and can be linear or branched, with branched PEI (bPEI) exhibiting superior 

transfection efficiency. The impressive transfection efficiency seen with PEI is attributed 

partially to the purported ‘proton sponge effect’ that enables PEI/DNA complexes to 

escape endosomes and deliver DNA to the nucleus of cells. The proton sponge theory 

states that cationic molecules with ionizable amines can buffer the pH of the endosome, 

resulting in an influx of counter ions to the extent that osmotic swelling and eventual 

endosomal lysis occurs.18 Unfortunately, due to their highly cationic nature and non-

biodegradability, toxicity has limited PEI polymers to in vitro experimentation.9 

1.1.3.2. Dendrimers 

Dendrimers are a common and commercially available class of cationic, 

symmetrical, branched polymers (Figure 1.3). The spherical structure of dendrimers is a 

result of monomer branching out of a core molecule, commonly ethylenediamine (EDA). 

The degree of branching is reported as the ‘generation’ of the dendrimer, with each 

generation becoming larger in diameter and more cationic than its predecessor. The 

concentric shells of branching around the core molecule create interior void spaces in the 

dendrimers. This three-dimensional structure imparts several attractive properties, such as 

the ability to functionalize targeting or therapeutic molecules within the dendrimer or on 

the peripheral ends. Furthermore, due to their nanoscale diameter and branched structure, 

dendrimers have relatively long circulation times in the body and can carry large 

payloads.19  
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Figure 1.3 Structure of a generation 1 EDA core PAMAM dendrimer. 

Polyamidoamine (PAMAM) dendrimers are among the most commonly studied 

class of dendrimers due to their commercial availability and high transfection efficiency 

in vitro at generations 6 and above.20 At physiological pH, the primary and tertiary 

amines on PAMAM dendrimers are partially protonated, making them efficient buffers 

and contributing to the proton sponge effect in endosomes. While PAMAM dendrimers 

are attractive delivery vehicles, the cationic nature of high generation PAMAM has 

resulted in cytotoxic effects such as destabilizing erythrocyte membranes. Interestingly, 

activated dendrimers have been reported to improve transfection ability and decrease 

cytotoxicity.20,21 While intact dendrimers have 2 polymer arms at each branching point, 

activated dendrimers have either one or two arms terminated at this branching point, 

resulting in a heterogeneous, non-symmetric dendrimer. The improved transfection is 

thought to be due to increased flexibility of the polymer, allowing it to complex DNA 

better.  
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In this dissertation, we have chosen to incorporate PAMAM dendrimers into our 

final vector design due to their inherent gene delivery properties. Next, we will transition 

into a discussion on the numerous hurdles faced by vectors, from systemic circulation to 

intracellular barriers.  

1.2. Delivery Challenges 

Currently, the most efficient route for drug delivery and other targeted 

therapeutics is through the circulation, blood-borne active compounds reach tissue targets 

and less accessible sites in short time frames via vascular transport.22 For example, with 

systemic delivery, treatment of non-superficial diseases such as metastatic cancer 

becomes feasible. However, this route of administration presents numerous obstacles 

both systemically and intracellularly.  

1.2.1. Complex Stability 

A common issue encountered with the use of polyplexes in vivo is toxicity and 

aggregation. This is due in part to the fact that at therapeutic DNA doses, these vectors 

tend to require high concentrations. Aggregation and toxicity increase with increasing 

vector concentration due to interaction and binding with blood proteins and cells.22 This 

aggregation behavior has been shown to result in high accumulation of cationic 

polyplexes in the lungs, liver and spleen.13 The toxicity has also been shown to be 

associated with embolization of the aggregates in the lung, and interaction of the cationic 

complexes with negatively charged erythrocyte membranes in the lung.23 In addition, 

systemic targeting is a challenge, as the vector/DNA complexes must persist in the 
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circulation without degradation or uptake by various cellular defense mechanisms such as 

the reticuloendothelial system (RES)13. Cationic particles tend to be opsonized by plasma 

proteins, priming the particles for rapid clearance by phagocytes in the liver, spleen, 

lungs and bone marrow.24 Opsonization has also been known to stimulate the complement 

system, thus initiating an inflammatory response against the cationic particles.9  

These factors suggest that ‘stealth’ vectors must be small and neutral in order to 

avoid detection by macrophages.25,26 Stealth modification can be accomplished with the 

use of a hydrophilic and flexible polymer like polyethylene glycol (PEG), which can 

increase circulation time27 and prevents opsonization and capture by macrophages.25 

However, PEGylation can make cellular internalization and endosomal escape more 

difficult.28–30 

Serum proteins, especially albumin, lipoproteins, and macroglobulin, can also 

interact with vector/pDNA complexes resulting in the formation of a protein corona. 

Protein corona formation alters the size and charge properties of nanomaterials. The 

protein corona on most nanomaterials is usually thick, composed of multiple layers of 

adsorption.31 These types of changes can destabilize complexes, in some cases resulting 

in the premature release of nucleic acid. Furthermore, they are not well characterized and 

can vary in density, arrangement and affinity. Chan and Walkey published a review in 

which they made observations about the nature of protein interaction.32 For instance, the 

density of albumin on AuNPs increased significantly as size decreased below 30 nm. This 

suggests that increased surface curvature is associated with increased protein adsorption. 

In contrast, 200nm liposomes had less complement activation than 400 nm and 800 nm 
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liposomes, potentially due to the fact that the bulky C3 convertase could not form on the 

relatively highly curved surface.32  

1.2.2. Cellular Targeting 

In order to actively target a cell type and avoid non-specific interactions, a target-

specific ligand is often added to gene delivery systems. This results in receptor-mediated 

endocytosis via interactions between the cell surface receptors and vector ligands. These 

targeting ligands vary; they may be small molecules like folate33, peptides like RGD34, or 

proteins like transferrin.35 Upon arriving in the targeted region, the complexes must 

extravagate through the extracellular matrix (ECM) to reach and bind the target cells. In 

the case of cancer gene therapy, this presents a special hurdle. The tumor 

microenvironment is known to have limited diffusion, and the composition of the ECM 

can vary widely. However, the leaky tumor vasculature and the enhanced permeability 

and retention (EPR) effect may help to circumvent some of the diffusion issues. This 

advantage is only imparted to complexes that can extravasate through the gaps, those that 

are less than 200 nm.36 Similarly, the liver, spleen, and bone marrow are known to have 

irregular endothelia fenestration, allowing extravasation of molecules ranging up to 0.1-1 

micron.13 

Upon cellular uptake, there is a new system of hurdle to complexes. First, the 

vector/pDNA complexes must accomplish endosomal escape, followed by trafficking 

through the cytoplasm and release of the DNA from the complex in order to allow the 

DNA nuclear entry. The process of cytoplasm trafficking and DNA release are not well-
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understood, introducing unknown variables. These barriers will be further discussed in 

the following section.  

1.2.3. Intracellular Challenges 

Having discussed the barriers encountered by vectors from intravenous injection, 

next we investigate the process of intracellular trafficking. While vectors have evolved to 

enter cells and insert their genome into the cell nucleus, non-viral vectors must be 

engineered to accomplish these feats. This creates the need for a multi-functional vector, 

one that can enter the cell, escape endosomes, traffic the cytoplasm and release DNA to 

the nucleus. As always, this must be accomplished in a biocompatible manner. A 

summary of the intracellular hurdles to be discussed is shown in Figure 1.4.  

 

Figure 1.4. Intracellular gene delivery hurdles. 
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1.2.3.1. Cellular Uptake 

Cellular interactions are important for biomolecule delivery and function, as 

internalization can follow multiple routes. Vesicle fusion with the plasma membrane is 

attractive, as it bypasses the acidic endolysosomal route. More often, though, complexes 

are internalized by endocytosis. Endocytosis can be further categorized: clathrin receptor 

mediated endocytosis, caveolae mediated endocytosis, phagocytosis and 

macropinocytosis.37,38 These routes are determined by size and surface properties of the 

complexes, as well as cell type to be transfected. For example, DOTAP/DNA lipolexes 

were found to be taken up by clathrin-mediated endocytosis, while PEI/DNA polyplexes 

were found to be taken up by both caveolae and clathrin-mediated endocytosis.39 

Macropinocytosis has been shown to mediate the uptake of larger complexes such as 

bacteria40, and phagocytosis of both lipoplexes and polyplexes has been reported.41,42 The 

addition of targeting moieties has also been shown to affect the mechanism of uptake.43  

In studies by Chan et al., cellular endocytosis and retention of AuNPs was found 

to be size and shape dependent. Maximum cellular uptake tended to occur with a 50nm 

particle diameter.44 This optimal size is determined by cell surface receptor density; larger 

particles are more hindered due to the membrane bending and deformation that must 

occur to come into contact with the larger surface curvature of the AuNPs. Smaller 

particles were limited because a cluster of small AuNPs has to aggregate on the cell 

surface before surface bending would occur.45 (Figure 1.5) Thus, considerations of size, 

charge, cell type and targeting functionalization must be taken into account in the design 

of a non-viral vector.  
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Figure 1.5. Schematic showing size dependent uptake of AuNPs. 

1.2.3.2. Endosomal Escape 

For complexes that successfully enter cells via endocytosis, endosomal escape 

represents the next barrier to gene therapy. Endosomal escape is not fully understood, but 

there are two hypotheses that have been suggested: the proton-sponge effect and 

membrane destabilization (Figure 1.6). 

The proton sponge hypothesis states that cationic polymers with ionizable amines 

can buffer the pH of the endosome. This buffering results in increased ATPase enzyme 

activity, causing an accumulation of protons and counter ions and ultimately osomotic 

swelling and rupture.18 The proton sponge theory has been suggested for PAMAM and 

PEI.  

Membrane destabilization is the idea that the physical disruption of the endosomal 

membrane occurs due to interaction with cationic complexes like PAMAM and PLL.46 In 

the case of cationic lipoplexes, a more specific flip-flop mechanism has been proposed. 

In this case, the cationic lipids of the lipoplex displace anionic lipids in the endosomal 
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membrane. This has been shown to be facilitated further by the use of non-cationic helper 

lipids such as DOPE.47,48  

 

Figure 1.6. Endosomal escape hypotheses. 

1.2.3.3. Trafficking and Nuclear Uptake 

Upon endosomal escape, the nucleic acid must be trafficked through the 

cytoplasm to reach the nucleus’ transcriptional machinery. Plasmid DNA has low 

diffusivity in the cytoplasm49; thus, it is an easy target for nucleases and must be 

protected by delivery vectors. Unfortunately, the mechanism by which DNA travels 

through the cytoplasm and dissociates from its vector is not well understood. There are, 

however, numerous approaches that can be taken to interface DNA with cellular 
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processes. For example, modifying non-viral vectors with functional groups could allow 

them to mimic the viral approach of using dynein-based active translocation along 

microtubules15.  

Once the DNA has been shuttled through the cytoplasm to close proximity of the 

nucleus, nuclear uptake must occur. DNA must enter the nucleus through its large protein 

structures known as nuclear pore complexes (NPCs) that allow the passage of molecules 

up to 9nm in size. For larger macromolecules, the transfer is energy-dependent and 

requires shuttle molecules.50 This energy-dependent process may be facilitated by peptide 

sequences such as nuclear localization sequences (NLSs) that facilitate trafficking toward 

the NPCs.  

One mechanism that allows cationic complexes to bypass energy-dependent 

nuclear uptake is the transfer of genes during mitosis, when the nuclear membrane is 

compromised by division.51 This property makes tumors attractive targets, as they have 

increased division compared to non-cancerous tissues. However, for non-dividing cells 

such as neuroglia, non-viral vectors must overcome the nuclear membrane barrier. If a 

non-viral vector shows the capacity to transfect non-dividing cells, it would result in a 

significantly larger range of cell types that could be targeted for therapeutic benefit since 

most of the cells in the human body are non-replicating.8   

1.3. Gold Nanoparticles 

Gold Nanoparticles (AuNPs) have great potential for medical and biological 

applications due to their unique optical and chemical properties and size tunability. The 
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small size of AuNPs allows for localized surface plasmon resonance upon excitation by 

light, and the scattering properties are commonly utilized for imaging and diagnostic 

applications. In addition to these properties, AuNPs are bioinert, making them attractive 

materials for therapeutic applications. Another major component of AuNP success in 

clinical applications is the ease of surface modification. The surfaces of AuNPs can be 

functionalized with many molecules including proteins, organic chemicals, 

oligonucleotides and antibodies via the strong and stable Au-S dative bond. 

AuNPs have been highlighted as attractive scaffolds for drug and gene delivery 

applications as a result of these physiochemical properties. Targeted delivery of 

therapeutic agents through protein modification on the surface of AuNPs is a prevalent 

technique used in numerous clinical applications. Loo et al. were among the first to 

conjugate gold nanoshells with anti-HER2 antibodies in order to improve tumor 

accumulation and specificity before photothermal therapy. AuNPs are especially good 

carriers for drugs due to their large surface area to volume ratio. For example, AuNPs 

conjugated with polypropylenimine (PPI) dendrons were used as carriers for delivering 

small molecule drugs due to the cavities present in PPI dendrons. This approach was 

shown to decrease the cytotoxicity of PPI dendrons.52  

AuNPs have become a common platform in the design of non-viral vectors. 

Thiolated DNA molecules can self assemble onto AuNPs for gene regulation or 

detection. Davis et al. conducted the first siRNA AuNP clinical trial to silence the RRM2 

gene, which is unregulated in melanoma.53 AuNPs have also been applied to deliver 

plasmids in vitro. The potential release mechanisms of AuNP/pDNA complexes include 

pH (protonation of tertiary amines) and glutathione (ligand place exchange). AuNPs 
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provide protection for DNA from degradation, easy targeting functionalization, and large 

surface to volume ratio for increased ligand loading. AuNPs also provide several 

advantages over conventional gene vectors such as biocompatibility and robust surface 

chemistry that enables flexible modification with numerous functionalities.  

Recent advancements in gene delivery focus on polymer protected AuNPs. The 

advantage of using polymers as AuNP coatings include enhanced particle stability, 

enhanced solubility and amphiphilicity, and tunable surface-density.54 Rotello et al. 

recently reported a AuNP design where they functionalized the gold surface with lysine 

dendrons in a classic example of biomimicry. The AuNP core size was chosen to be 

similar to nucleosome core proteins (~6 nm) and the surface functionality was chosen to 

mimic the large proportion of basic residues on the nucleosomes (lysine and arginine) 

that bind and condense the phosphate backbone of DNA. They found that lysine dendron-

functionalized AuNPs exhibit efficient reporter gene expression, 28 times that of 

polylysine alone.55  

Mohwald et al. published a study on the synthesis of polypeptide-gold 

nanoconjugates where AuNPs were synthesized in the presence of polypeptides that acted 

as reducing and capping agents for the formation of polypeptide-gold conjugates. This 

vector was shown to transfect fibroblast cells in a gradual and prolonged manner, with 

transfection becoming observable after a week. However, the viability of these 

complexes was comparable to that of PEI, which is known to be cytotoxic to cells. This 

could potentially be due to the micron-range size of the gold/DNA complexes.56  
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Recently, the use of AuNPs and dendrimers, a class of spherical branched 

polymers, has increased. Dendrimers and gold have been used in various applications 

such as catalysis, sensing, and imaging.57–59 For example, thin Au film PAMAM 

conjugates have shown promise for sensing applications.60 Aside from sensing 

applications, it is particularly advantageous to utilize the gene delivery properties of 

dendrimers and the physiochemical properties of AuNPs for delivery applications.  

A recent study by Shit et al. reported the use of AuNPs and PAMAM for gene 

delivery. The AuNPs were synthesized within PAMAM dendrimers, resulting in 

dendrimer-entrapped nanoparticles (DENPs). Generation 4 and higher dendrimers can 

lose their original 3-dimenisional spherical morphology upon interaction with solid 

surfaces and interfaces, so a portion of the binding sites become obscured and potentially 

weakens their ability to condense DNA.61 The authors hypothesized that in aqueous 

solution, dendrimer molecules were soft and flexible, whereas an inorganic NP within a 

dendrimer core would stabilize the dendrimer structure, exposing more of the 

dendrimer’s terminal amines by preserving the 3D spherical shape.61,62 Vinogradova’s 

group expanded on DENPs to create multilayer microshells with dual gene and drug 

delivery potential using the microspheres and PAMAM dendrimers.63 These examples 

illustrate the numerous ways PAMAM dendrimers can be incorporated into one platform. 

In another approach, gold nanorods (AuNRs) were modified with thiolated generation 5 

PAMAM dendrimers by Xu et al. in an effort to replace the toxic 

cetyltrimethylammonium bromide (CTAB) surfactant with a non-toxic and hydrophilic 

ligand.64 They showed that the modified AuNRs could deliver small hairpin RNA 

(shRNA), which were used to silence gene expression in vitro. The mechanism of shRNA 
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release to trigger gene silencing and monitor the complexes was laser stimulated with 

near infrared light irradiation (NIR) matching the AuNR absorbance band.52 Rotello et al. 

used triethylenetetramine (TETA) dendrons to coat 2 nm AuNPs for siRNA delivery. In 

this study, the generation 2 TETA-AuNP resulted in 50% gene silencing of a β-galactose 

reporter gene while exhibiting minimal cytotoxicity. This is a great example of 

combining the gene delivery properties of dendrimers with the biocompatibility of 

AuNPs to yield synergistic therapy.65   

With the appropriate AuNP surface modifications, highly efficient and 

biocompatible gene delivery vectors may be developed. Furthermore, dendrimers possess 

attractive symmetry, size scale, functional groups and internal cavities that can alter 

charge, functionality, stability and reactivity of nanoparticles.64 In the following section, 

we will further investigate the potential of PAMAM dendrimers and evaluate their 

feasibility in a AuNP-based system. 

1.4. Polyamidoamine Dendrimers 

Szoka and Baker initially reported the use of PAMAM dendrimers as gene 

delivery vectors in 1993 and 1996, respectively. They showed that PAMAM/DNA 

complexes formed readily, and transfected DNA into various cell lines including HeLa, 

HepG2, K562 and Jukart.61 However, the use of PAMAM dendrimers in gene delivery 

was hindered due to inherent cytotoxicity. For example, high generation PAMAM (G7+) 

raised concerns in murine experiments where hemolysis and coagulopathy were 

observed.22 Thus, significant effort has been devoted to modifying and enhancing the 
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efficiency and specificity of PAMAM vectors while simultaneously decreasing their 

toxicity.  

Various approaches have been used to address PAMAM transfection efficiency 

and cytotoxicity including partial PEGylation, acetylation, alkylation and peptide-

conjugation.66–74 These efforts have been met with relative success, increasing 

transfection or decreasing cytotoxicity, but rarely both. For example, PEGylation or 

acetylation was shown to essentially eliminate cytotoxicity at the cost of decreased 

transfection efficiency.66 However, Lui et al. showed that 8% PEGylated generation 5 and 

6 PAMAM dendrimers exhibited satisfactory gene expression in vitro and in vivo, with 

significantly decreased cytotoxicity and hemolysis.67 Similarly, Tomas et al. showed that 

peptide conjugated generation 5 PAMAM dendrimers exhibit low cytotoxicity and 

transfect cells more efficiently than non-modified generation 5 PAMAM and activated 

generation 5 PAMAM. 73 

Given the advantages presented with PAMAM dendrimers and the remarkable 

robustness of AuNPs in gene delivery applications, we hypothesize that it would be 

advantageous to combine PAMAM dendrimers and AuNPs in one platform to produce 

superior gene delivery efficiency. This dissertation will focus on developing a AuNP-

PAMAM hybrid particle that can improve transfection and biocompatibility. 
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Chapter 2 

Optimization of Polyamidoamine 
Conjugation on Gold Nanoparticles75 

Groups have begun to exploit the properties of both nanoparticles and dendrimers 

for applications in gene delivery. For example, Chen et al. combined polypropylenimine 

(PPI) dendrimers with AuNPs using simple electrostatic attraction to form efficient 

transfection vectors.76 An additional benefit of this approach is that combining 

nanoparticles with dendrimers has the potential to alleviate issues of dendrimer 

cytotoxicity.77–80 However, electrostatic binding of dendrimers and AuNPs may not be 

strong enough to withstand changes in pH, temperature and ionic strength in the 

biological environment and may decompose prior to reaching the cells of interest and 

delivering the DNA cargo.81 Therefore, we designed a facile bottom-up covalent 

conjugation method to generate PAMAM conjugated gold nanoparticles (AuPAMAM).  

In short, lower generation PAMAM dendrimers (<6) were conjugated to 5 nm AuNPs via 

a self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid (MUA) using 
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crosslinking agents 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) and N-hydroxy sulfosuccinimide (sulfo-NHS) in 2-(N-morpholino)ethanesulfonic 

acid (MES) buffer. EDC, a carbodiimide, catalyzes the formation of amide bonds 

between the MUA carboxyl and PAMAM amine groups, while sulfo-NHS stabilizes the 

coupling reaction via formation of amine reactive esters on the carboxylate. EDC and 

sulfo-NHS coupling to bind amine-containing molecules onto carboxylated gold 

nanoparticles has been used in several occasions.82–85  

Although preparation of AuPAMAM particles is not chemically tedious and can 

be fabricated and washed in less than 6 hours, the use of EDC and sulfo-NHS in the 

coupling of PAMAM to carboxylic-terminated AuNPs presents new challenges to form 

effective and stable vectors. In this chapter, the reaction rate of the EDC/sulfo-NHS 

conjugation and the PAMAM/MUA-AuNP amine to carboxyl ratio were altered to 

elucidate their effect on AuPAMAM colloidal stability and transfection efficacy. Finally, 

the AuPAMAM particles synthesized by two different schemes were evaluated in a 

human breast adenocarcinoma (SK-BR-3) cell line for their potential as gene therapy 

vectors.  

2.1. Materials  

All chemicals were purchased from Sigma Aldrich (St. Lewis, MO) or Fisher 

Scientific (Waltham, MA) unless otherwise stated. 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Thermo Scientific 
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(Waltham, MA). 5 nm citrate stabilized colloidal gold nanoparticles (AuNPs) were 

purchased from Ted Pella (Redding, CA). alamarBlue was purchased from Invitrogen 

(Carlsbad, CA). Plasmid DNA with cytomegalovirus (CMV) promoter and enhanced 

green fluorescent protein (eGFP) as the reporter gene (pCMV-eGFP, 4.7 kb) were 

obtained from Clark Needham at Rice University.86 SK-BR-3 cells, cell culture medium 

and phosphate buffered saline (PBS) were purchased from ATCC (Manassas, VA). 

2.2. Methods 

2.2.1. AuPAMAM Synthesis 

11-mercaptoundecanoic acid (MUA) was added to 5 nm gold nanoparticles 

(AuNPs) (5 x 1013 particles/ml) to a final concentration of 83.33 μM in 12 ml. After 24 

hours, the solution was raised to 0.1 M NaCl, 100 mM sodium phosphate, and 0.1% v/v 

Tween 20 and incubated for another 24 hrs. Next, excessive MUA was removed by using 

a centrifuge filter (10,000 molecular weight cutoff) at 2,500 g for 20 minutes and washed 

3x with PBS. Total organic carbon (TOC) analysis of the supernatant was conducted to 

verify that 3 centrifuge washes was sufficient to remove the unbound MUA from the 

MUA-AuNPs (Figure 2.1). After the final centrifugation, the MUA-AuNPs were 

resuspended in pH 6 MES buffer. EDC and sulfo-NHS linkers were added to a final 

concentration of 0.44 mM and 0.59 mM for 15 minutes. Then, the particles were added to 

4 ml of ethylenediamine core PAMAM dendrimers (generation 0-5) in PBS. Ten-fold 

molar excess of the maximal dendrimer binding concentration was used for the 

conjugation process.  (Table 2.1). After 1 hour, 2 ml of 50 mM hydroxylamine (pH 7) in 



! 27!
!

PBS was added to the solution for another hour to backfill any unbound sulfo-NHS 

esters. Last, the solution was washed 3x using a centrifuge filter (50,000 MWCO) with 

sterile DNase free deionized water (Figure 2.1). 

 

Figure 2.1 Total organic carbon and total nitrogen analysis of supernatant following 
(A) AuMUA and (B) AuPAMAM wash steps.  

The AuPAMAM was resuspended in DI water and stored at 4°C until further use. To 

estimate the amount of dendrimer needed for the conjugation, a surface packing model 

was used. The following alterations were made for the pH 4.7 AuPAMAM synthesis 

protocol: the MUA-AuNPs were resuspended in pH 4.5-4.7 MES buffer, the PAMAM 

conjugation time was extended to 2hrs, and the hydroxylamine backfilling duration was 

extended to 24hrs.   

The following alterations were made for the sMUA AuPAMAM synthesis 

protocol: various ratios of MUA and MUOH were added during the MUA-AuNP self-

assembling process, and the sMUA-AuNPs were resuspended in pH 6 MES buffer.  
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Table 2.1 PAMAM Concentrations and volumes used during synthesis. 

2.2.2. Transmission Electron Microscopy 

For characterization of the AuPAMAM/DNA complexes, samples were dispersed in 

ultrapure water and deposited onto a 300-mesh carbon copper grid. After the excess water 

had evaporated at room temperature, 1 drop of 3% uranyl acetate was added and filter 

paper was used to wick away excess moisture. The copper grid was air dried overnight 

and observed by TEM (JEOL 2100 Field Emission Gun Transmission Electron 

Microscope) at 120 kV accelerating voltage. 

2.2.3. Gel Electrophoresis  

AuPAMAM/DNA complexes were freshly prepared in water by mixing equal volumes of 

GFP plasmid (4 nM) and AuPAMAM in DI water at molar ratios (MR) of 1:5, 1:15, 1:30, 

1:50, 1:100, and 1:250. Following incubation for 20 minutes at room temperature, the 

complexes were loaded into wells in a 1% agarose gel. Gel electrophoresis was carried 

Genera&on( Stock(Conc.((mM)( Volume(used((μl)(
0" 386.85" 3"
1" 139.86" 3"
2" 61.43" 4"
3" 28.95" 6"
4" 7.03" 14.6"
5" 1.73" 42"
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out in 1x TBE buffer at 80 V. The gels were visualized with a Bio-Rad UV 

transilluminator. 

2.2.4. Cell Culture 

SK-BR-3 cells were cultured in a humidified incubator (5% CO2, 37 °C). The cells were 

suspended in McCoy’s 5A medium and supplemented with 10% Fetal Bovine Serum 

(FBS) and 1% Penicillin-Streptomycin, with the exception of transfection experiments 

where cells were grown in complete media without antibiotics. 

2.2.5. Cell Transfection Experiments 

For transfection assays, 75,000 cells/well were added to 24 well plates and grown 

overnight.  Complexes were first prepared at room temperature as follows: 50 μl 

solutions of AuPAMAM at various concentrations and GFP plasmid (0.8 ug) were 

prepared in DI water separately. Water was used as the solvent in order to prevent charge 

screening effects prior to complex formation. The vectors and plasmids were mixed and 

incubated for 20 minutes. The resulting complexes were added directly into wells. Six 

hours later, wells were rinsed with PBS and complete media was added and 48 hours later 

the medium was changed. At 48 hours, GFP expression of all conditions was visualized 

using a Zeiss Axio Observer inverted microscope. Transfection efficacy was measured 

using flow cytometry (BD FACSCanto II).   
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2.2.6. Reporter Gene Expression 

GFP activity was observed visually using Zeiss Axio Observer inverted fluorescence 

microscope. Flow cytometry of fixed cells was used to quantify the amount of expressed 

protein on a BD Canto FACS machine at the end of the transfection experiment.  

2.2.7. alamarBlue Viability Assay 

All cytotoxicity experiments were conducted in clear bottom black 96 well plates. For 

toxicity assays, 15,000 cells/well were added to 96 well plates and grown overnight. 

Complexes were first prepared at room temperature as follows: 10 μl solutions of 

AuPAMAM at various concentrations and plasmid (0.16 μg) were prepared in water 

separately. The vectors and plasmids were mixed and incubated for 20 minutes. The 

resulting complexes were added directly into wells. Six hours later, wells were rinsed 

with PBS and complete media was added, and 48 hours later the medium was changed. 

At 48 hours, cells were treated with 20μl of alamarBlue and after 2 hours, fluorescence 

was measured on a Fluorolog-3 micromax plate reader (emission at 585 nm, excitation at 

570 nm).  

2.2.8. Statistical Analysis 

All data are expressed as mean +/- standard error of the mean. Statistical differences were 

evaluated using ANOVA and Tukey’s HSD and considered significant at p < 0.05. All 

figures shown were obtained from three independent experiments. Any images shown are 

representative of the entire experiment. 
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2.3. AuPAMAM Synthesis and Characterization 

 

Figure 2.2. AuPAMAM Synthesis and Complexation.  
(A) AuPAMAM synthesis schematic. (B) TEM of AuPAMAM complexed with 

pDNA (1:30 MR). Scale bar = 20 nm. (C) AuPAMAM/pDNA complexation. 

The AuPAMAM synthesis process (Figure 2.2) was modified from the original 

EDC/sulfo-NHS coupling protocol described by Grabarek and Gergely (1990).87 Briefly, 

MUA was self-assembled onto 5 nm citrate stabilized AuNPs. EDC and sulfo-NHS were 

then added to the particles in MES buffer at pH 6.88 After 15 minutes, PAMAM 

dendrimers (G0-G5) were added to the solution and incubated for one hour. Then, the 

reaction was quenched by the addition of hydroxylamine for one hour. The particles were 

collected via several centrifuge steps and washed with sterile water. The estimated 

diameters of the synthesized AuPAMAM vectors are listed in Table!2.2. Dynamic Light 

Scattering (DLS) analysis of the uncomplexed AuPAMAM particles was unsuccessful 

A 

B C 

EDC 
Sulfo-NHS 

Au 
COOH 

SH 

MUA 
COOH 

COOH 

COOH 

COOH 

COOH 
COOH 

COOH 

HOOC 

HOOC 

HOOC 

HOOC 

HOOC 
NH2OH 

NH2 

Au Au 

Plasmid 

   AuPAMAM 



! 32!
!

due to the lower size limit of detection, so the reported AuPAMAM diameters were 

calculated based on Ted Pella and Dendritech published data.93  

! Diameter!
Citrate!stabilized!AuNP! 5!nm!

AuMUA!NP! 8!nm!
Generation!0!AuPAMAM! 11!nm!
Generation!1!AuPAMAM! 12.4!nm!
Generation!2!AuPAMAM! 13.8!nm!
Generation!3!AuPAMAM! 15.2!nm!
Generation!4!AuPAMAM! 17!nm!
Generation!5!AuPAMAM! 18.8!nm!

Table!2.2!Reported!AuPAMAM!diameters. 

Measuring the absorbance spectra and observing the plasmon peak position 

confirmed successful conjugation of PAMAM onto MUA-AuNPs. As the refractive 

index of the immediate environment surrounding the AuNP changes, the peak absorbance 

of the complexes red shifts towards longer wavelengths. When MUA was conjugated to 

the surface of the AuNP, a SAM was formed on the surface and a 3 nm peak shift from 

517 to 520 nm was observed (Figure 2.3). Following conjugation of PAMAM to the 

surface of the MUA-AuNPs, another peak shift towards longer wavelengths was 

observed. AuPAMAM generation 0 (AuG0) to AuG5 shifted an average of 16.5 nm 

compared to MUA-AuNPs (Figure 2.3). The observed peak shift and broadening can be 

attributed to the change in the local and chemical interface dampening,89 and verified that 

the pH 6 MES buffer based EDC/sulfo-NHS coupling method successfully formed 

AuPAMAM conjugates on the surface of the AuNP. 
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Figure 2.3 Generation dependent peak shift of AuPAMAM particles. 

Although the conjugation process was the same for all PAMAM generations, 

agglomeration of AuPAMAM occurred with AuG0 to AuG3 (Figure 2.4). This 

phenomenon was likely influenced by the generation-dependent flexibility of the 

PAMAM dendrimer.90,91 PAMAM dendrimers of generation 3 and below are flexible and 

possess an extended conformation in contrast to higher generations, which are rigid and 

possess a spherical structure due to steric hindrance. However, the flexibility of low 

generation dendrimers is not sufficient to explain the dramatic differences in 

agglomeration seen in AuG3 and AuG4. Another factor is the EDC/sulfo-NHS 

conjugation process. When the terminal amine of a dendrimer couples with a MUA 

molecule on the AuNP, its neighboring amines can compete with unbound dendrimers for 

binding to adjacent carboxyl groups. If the dendrimer is flexible (G0-G3), these amines 
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possess a proximity advantage to bind to the carboxyls, which not only lowers the 

number of dendrimers bound per AuNP, but can also decrease the total charge of the 

AuPAMAM complexes by reducing the number of primary amines. The decrease in 

primary amines and overall charge of the AuPAMAM thus causes the complexes to 

agglomerate. Conversely, since G4 and G5 PAMAM are stiffer, a bound PAMAM 

dendrimer is less likely to bind multiple carboxyls, and therefore the complexes maintain 

their positive charge and do not agglomerate.   

 

Figure 2.4 (A) Colloidal stability of AuPAMAM conjugates at the end of the 
synthesis process and (B) DNA condensation results as measured by gel 

electrophoresis. 
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Changes in charge and stability can alter the ability of AuPAMAM constructs to 

condense DNA, a critical criteria for effective plasmid delivery. To evaluate the 

capability of the AuPAMAM particles to condense DNA, a green fluorescent protein 

(GFP) plasmid was used.  Transmission electron microscopy (TEM) was used to 

visualize the AuPAMAM/DNA complexes and the stained plasmid formed a complex 

with numerous AuPAMAM particles (Figure 2.2). Dynamic light scattering (DLS) 

analysis was not successful due to the complicated nature of these complexes. The GFP 

plasmids were complexed with the AuPAMAM constructs at varying molar ratios (1:5-

1:250 DNA:AuPAMAM) and the ability of the AuPAMAM particles to condense DNA 

was evaluated by gel electrophoresis (Figure 2.4). AuG0 and AuG1 particles were not 

able to successfully retain the plasmid in the well chamber even at high nanoparticle 

concentrations. However, they did bind to DNA loosely, evidenced by visible faint red 

particle smears as the AuPAMAM complexes were dragged through the gel (data not 

shown). AuG3 constructs exhibited smearing of the plasmid band at 1:100 molar ratio 

(MR) while 1:250 resulted in complete retention of the complexes in the well. In 

comparison, AuG4 and AuG5 were able to condense DNA at much lower ratios (1:15 

and 1:5, respectively). These results indicate that the AuPAMAM particle stability and 

DNA condensation ability improved with higher generations. 

2.4. Optimization of Colloidal Stability 

To further evaluate the aforementioned agglomeration issues, two variables were 

examined: the reaction rate of the PAMAM conjugation and the carboxyl to amine ratio. 
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As mentioned previously, the rapid conjugation of amines to carboxyls may favor the 

binding of proximal amines from already bound dendrimers. Therefore in the first 

approach, the conjugation rate was decreased so that free dendrimers would have more 

time to diffuse toward the activated carboxyls and compete with bound dendrimers. 

Activation of carboxyls occurs during a 15 min incubation of EDC and sulfo NHS with 

the MUA-AuNPs. During this incubation, carboxyl groups are converted to sulfo-NHS 

ester groups. This process is preferred at lower pH because the NHS groups are more 

stable at lower pH.87 At higher pH, the NHS ester groups are more reactive but also more 

likely to be hydrolyzed by water. Thus, to slow the reaction rate, pH 4.5-4.7 MES buffer 

replaced pH 6 MES buffer in the conjugation process.87 The conjugation time was 

increased to reflect the decreased reaction rate. 

 

Figure 2.5 The lollipop model used to estimate the PAMAM surface coverage. 
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Another approach was pursued to investigate the agglomeration of lower 

generation AuPAMAM particles. In this second approach, the number of carboxyls on 

the AuNP was decreased, subsequently increasing the amine to carboxyl ratio and 

reducing the probability of the same dendrimer binding to multiple carboxyl groups. The 

foot space of a thiol molecule is approximately 0.35 nm2; therefore, a maximum of 224 

carboxyls are estimated to be present on the AuNP surface without taking steric 

hindrance into account.92 To approximate the amine to carboxyl ratio, we developed a 

model to estimate the maximum coverage of PAMAM on MUA-AuNPs (Figure 2.5). In 

this model, the cross sectional area of a PAMAM dendrimer is projected onto the surface 

area of the MUA-AuNPs and the number of bound PAMAM dendrimers is determined 

by two-dimensional hexagonal packing of circles. The radius (R) of the binding area for 

PAMAM was dependent on the AuNP diameter (5 nm) and the height of MUA, which 

was estimated to be 1.5nm.93 Therefore, the total PAMAM binding surface area was 

calculated to be 201 nm2. Assuming the dendrimers are spheres, the effective area for 

maximal hexagonal packaging was approximately 91% of the overall binding area.94 The 

ratio of the effective binding area and the cross- sectional area of the dendrimers results 

in a maximum number of dendrimers per MUA-AuNP, which ranged from 22 to 146 

depending on the generation (Table 1). The amine to carboxyl ratio was greater than 1 for 

all generations, suggesting that all MUA can be occupied by amines from the PAMAM 

dendrimers, neglecting steric effects. The amine to carboxyl ratio increased with the 

PAMAM generation, as did the stability of the AuPAMAM constructs. Therefore, to 

increase amine to carboxyl ratios, 11-mercaptoundecanol (MUOH) molecules were used 

to space out the MUA on the AuNP surface. The spacing of the carboxyl groups created a 
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more favorable environment for free dendrimers to bind and decreased the probability of 

multiple binding events by one dendrimer. Various MUA to MUOH molar ratios were 

used to test the effects of spacing. For the spaced MUA (sMUA) constructs, pH 6 MES 

buffer and the original conjugation scheme were used in order to isolate the effects of this 

method. It is worth noting that the limitation of using the MUOH spacer is that it 

decreases the amount of secondary amines from hydroxylamine, which are also involved 

in DNA binding and condensation.95 
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2.5. Characterization of pH 4.7 constructs. 

 

Figure 2.6 Absorbance spectra of AuPAMAM particles synthesized by the (A) ph 
4.7 method, or the sMUA method at a MUA:MUOH ratio of (B) 1:3, (C) 1:9 or (D) 

1:15. 
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successful conjugation of PAMAM (Figure 2.6). Most importantly, the stability of the pH 

4.7 particles improved for lower generations compared to the original pH 6 method 

(Figure 2.7). As shown in Figure 2.7, the pH 4.7 AuG3 particles were comparable to the 
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pH 6 AuG4 and AuG5 particles (Figure 2.4) in terms of colloidal stability. The higher 

generation pH 4.7 AuPAMAM particles (AuG4 and AuG5) did not exhibit differences 

compared to the pH 6 method. These results support the theory that slowing the reaction 

rate of the conjugation helps improve particle stability. 

 

Figure 2.7 Colloidal stability of the (A) ph 4.7 based synthesis method or the (B) 
MUOH spaced method at various MUA:MUOH molar ratios. 
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condensability of the AuG4 and AuG5 constructs, which paralleled the colloidal stability 

results.  

 

Figure 2.8 DNA condensation by different synthesis methods for AuPAMAM at 
pDNA:AuPAMAM molar ratios ranging 1:5 to 1:250. 
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(Table 1). The conjugation yield of 1:19 sMUA AuPAMAM was significantly less 

compared to the yield of lower MUA:MUOH ratios. Thus, ratios of 1:3, 1:9 and 1:15 

were chosen for further optimization experiments. The absorbance peak of 1:3, 1:9, and 

1:15 sMUA AuPAMAM constructs shifted an average of 14.8, 5.2, and 5.7 nm 

respectively (Figure 2.3), suggesting successful conjugation of the PAMAM onto the 

sMUA AuNPs. The improved stability of the sMUA AuPAMAM supported the theory 

that the amine to carboxyl ratio influenced colloidal stability for the lower generation 

dendrimers.  

Similar to the pH 4.7 AuPAMAM constructs, the sMUA AuPAMAM constructs 

condensed DNA more efficiently than the original pH 6 AuPAMAM constructs. Again, 

while there was not significant DNA band retention for the lower generations (AuG0 and 

AuG1), the DNA bands appeared more faint as the DNA:AuPAMAM MR increased 

(data not shown). However, the gel electrophoresis results for sMUA AuG3 showed 

visible improvement compared to the pH 6 AuG3, particularly at a 1:9 MUA:MUOH MR 

(Figure 2.8). Analogous to the visual stability results, sMUA AuG4 and AuG5 performed 

similarly to pH 4.7 and pH 6 AuG4 and AuG5.  

These results revealed a correlation between particle stability and DNA 

condensation. The decreased DNA condensation ability observed by the less stable 

constructs may be due to decreased electrostatic interaction between AuPAMAM 

particles and DNA as a result of AuPAMAM agglomeration. Furthermore, the less 

cationic AuPAMAM agglomerates may result in the formation of larger 

DNA/AuPAMAM complexes that are not readily endocytosed. AuG3 constructs showed 
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the largest variability in particle stability and DNA condensation, as expected based on 

the structural differences between G3 and G4 PAMAM. Therefore, the improvements 

from slowing the reaction rate and decreasing the amine to carboxyl ratio supported our 

hypothesis that the flexibility of PAMAM was a major factor in the stability and 

effectiveness of AuPAMAM constructs as gene delivery vectors.  

2.7. Transfection efficiency of both constructs. 

Following characterization of DNA condensation by the pH 4.7 and sMUA 

AuPAMAM constructs, the transfection efficacy was examined by conducting in vitro 

transfection studies using a green fluorescent protein (GFP) plasmid and human breast 

adenocarcinoma cells (SkBr3). The vectors were tested at various DNA to AuPAMAM 

MR ranging from 1:5 to 1:50, and transfection efficiency was investigated by 

fluorescence microscopy and flow cytometry via GFP expression after 48 hrs. All 

experiments were performed in triplicate and in parallel with a negative control and a PEI 

control at N:P = 7.5, where the N:P ratio is moles of polymer amine groups to moles of 

DNA phosphate groups. It is worth noting that all cellular experiments were conducted in 

the presence of serum. 

In Figure 2.9, fluorescent microscope images are shown for AuG3 to AuG5 at the 

end of the 48-hour transfection experiment. As anticipated from the agarose gel 

electrophoresis assay results, AuG0, AuG1 and AuG2 did not transfect cells appreciably 

(data not shown). However, at AuG3 and above, GFP expressing cells were visualized. 

Qualitatively, AuG4 and AuG5 constructs synthesized by both methods appear the most 
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efficient. Next, we quantified transfection efficiency by flow cytometry analysis of GFP 

expressing cells.  

 

Figure 2.9 Fluorescence microscopy of transfected SK-BR-3 cells. 
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were all significantly better transfection agents than PEI. These results mirror those 

illustrated by fluorescence microscopy (Figure 2.9).  

Based on the imaging and flow transfection results, the gene transfection 

efficiency is dependent on both the generation of the PAMAM dendrimer and the 

selected DNA:AuPAMAM MR. Generation 3 to 5 AuPAMAM particles were the most 

efficient at transfecting the cells. Further studies are necessary to determine the 

mechanism for improved transfection by the sMUA AuPAMAM constructs.  Next, in 

order to isolate the optimal AuPAMAM synthesis method biocompatibility was assessed.  

 

Figure 2.10 Mean fluorescence intensity of GFP following transfection. 
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2.8. Cell viability of both constructs. 

We assessed cellular metabolic activity as an indicator of cell health using the 

alamarBlue assay to evaluate toxicity that may arise from AuPAMAM nanoparticles 

during transfection. For these experiments, the pH 4.7 and sMUA AuPAMAM vectors 

complexed with DNA were evaluated in comparison with a control and PEI/DNA 

complexes. AlamarBlue assays showed some decrease in viability by PEI which is in 

agreement with other published results at the chosen N:P of 7.5,96 and minimal cell death 

by the AuPAMAM/DNA complexes in SkBr3 cells (Figure 2.11).  

 

Figure 2.11 Cellular viability of SK-BR-3 cells following transfection. 
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controls. Of the pH 4.7 constructs, only AuG5 at a 1:5 MR was significantly less viable 

from the controls. Similarly, the only statistically less viable sMUA construct was AuG5 

at a 1:5, 1:15 and 1:50 MR. These results suggest that AuPAMAM nanoparticles are able 

to maintain satisfactory cell viabilities, and in the case of AuG5 further optimization is 

needed to yield improved biocompatibility. 

2.9. Transfection Index 

The ratio of transfection efficiency and cell viability was used as an indicator of 

overall vector performance by calculating the product of the normalized MFI and 

viability. This ratio is referred to as the Transfection Index (TI), and will be larger for 

more biocompatible and efficient vectors.97 Thus, the TI was used to determine the 

optimal synthetic method that combines efficient transfection with low cytotoxicity. The 

control had a TI of 1 as all data was normalized to it. PEI had a TI of 2.4.  

Of the pH 4.7 vectors, all ratios of AuG0 through AuG2 were not significantly 

better than PEI or the control (data not shown). However, at a 1:50 MR, AuG4 (TI: 8.9) 

was significantly more efficient than both control and PEI. For AuG5, a complex ratio as 

low as 1:5 (TI: 3.3) was able to surpass the control and match PEI efficacy while a MR of 

1:15, 1:30 and 1:50 largely surpassed PEI (TI: 33.4, 44.7, 46.6, respectively).  

Of the sMUA complexes, all ratios of AuG0 through AuG2 were no different than 

PEI or the control as was the case with the pH 4.7 AuPAMAM constructs (data not 

shown). However, unlike the pH 4.7 constructs, AuG3 at a 1:50 MR resulted in the 

highest transfection index of all the conditions, surpassing both the control and PEI (TI: 
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101.5). This difference was also seen in the DNA condensation results (Figure 2.8). 

Similarly, sMUA AuG4 was statistically comparable to PEI at 1:15 and 1:30 MRs (TI: 

4.0, 7.2, respectively) and superior to PEI at a 1:50 MR (TI: 62.9). Finally, sMUA AuG5 

surpassed PEI at 1:15, 1:30 and 1:50 MRs (TI: 45.9, 90.1, 73.9).  

 

Figure 2.12 Transfection Index of the modified synthesis methods. 

For both the pH 4.7 and sMUA methods, the TI results are consistent with the 

electrophoresis data. AuG0 to AuG2 did not condense DNA and did not differ 

significantly from the control transfection index, while AuG3, which had better DNA 

condensation results, showed improved TI. AuG4 and AuG5 showed the best colloidal 

stability as well as DNA condensation capabilities, which translated into improved 

transfection index. Comparing the two synthesis routes, it is clear that the sMUA method 

yielded more optimal delivery vectors than the pH 4.7 method. Thus, future work in 
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optimization of synthesis parameters will be carried out with the sMUA constructs for 

AuG3 to AuG5. 

2.10. Conclusions 

In this chapter, a new class of non-viral AuNP-based gene delivery vectors was 

synthesized and characterized in vitro. Generation dependent AuPAMAM colloidal 

stability was investigated and improved by altering the dynamics of AuNP-PAMAM 

conjugation via the EDC/sulfo-NHS crosslinking reaction. We also show that the 

colloidal stability is an important factor for DNA condensation ability. Furthermore, the 

reported approach of functionalizing AuNPs using a mixed 11-MUA/MUOH SAM and 

EDC/sulfo-NHS dendrimer chemistry may be applicable for various NPs and ligands, 

thereby providing a general strategy to fabricating diverse NPs for a range of biological 

and therapeutic applications. Efficient transfection by non-viral vectors is achieved as a 

balance between low toxicity and sufficient DNA transfection. With further optimization 

of synthesis parameters, AuPAMAM particles may be used as a new family of non-viral 

gene delivery vectors.  
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Chapter 3 

Systematically Probing the Parameters of a 
Bottom-Up AuPAMAM Fabrication  

While in our previous work we optimized the cross-linking chemistry and 

PAMAM generation, there remain several variables of interest to be optimized in the 

AuPAMAM vector. In this work, we systematically investigate the role of each synthetic 

component of AuPAMAM nanoparticles to generate the optimal vector. The AuPAMAM 

design is modular, consisting of a 5 nm gold core, a surrounding self assembled 

monolayer (SAM), and a final layer of generation 4 PAMAM dendrimers. The stability 

and efficacy of AuPAMAM particles can be tuned by modifying just a few simple 

fabrication parameters:  PAMAM surface density, PAMAM core composition, PAMAM 

terminus composition, and SAM composition (Figure 3.1). The results and methods 

presented in this work can be translated to many nanoparticle chemistries that utilize 

bottom-up synthesis composed of distinct chemical modifications. These observations 
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were combined to yield three optimal AuPAMAM configurations for non-viral gene 

therapy.   

 

Figure 3.1 Synthetic parameters to be investigated. (A) AuPAMAM surface density, 
(B) PAMAM core and terimal chemistry, (C) SAM composition. 
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University.98 SK-BR-3 cell line, cell culture medium and phosphate buffered saline (PBS) 

were purchased from ATCC (Manassas, VA). MES buffered saline and CT(PEG)12 were 

purchased from Pierce (Rockford, IL). Amicon Ultra-15 10kDa and 50kDa Centrifuge 

Concentrators were purchased from Millipore (Billerica, MA). Hydroxylamine was 

purchased from Alfa Aesar (Ward Hill, MA). Propidium Iodide (PI) Staining Solution 

was purchased from eBiosSciences (San Diego, CA).  

3.2. Methods 

3.2.1. AuPAMAM Characterization 

All AuNP, AuMUA, and AuPAMAM particles were sonicated and characterized by 

UV/vis absorbance spectroscopy in 1 mm path cells using baseline correction in a Cary 

60 UV-Vis (Agilent Technologies). The particle size was measured using a 90-Plus 

Particle Size Analyzer (Brookhaven) by diluting 30 uL of as prepared polyplexes to 3 mL 

of DI water. The volume size distribution mean and polydispersity were reported using 

the AuNP refractive index values, and represent three 3-minute runs.   

3.2.2. Cell Culture 

SK-BR-3 and CT26 cells were cultured in a humidified incubator (5% CO2, 37 °C). The 

cells were suspended in McCoy’s 5A or RPMI-1640 medium, respectively, and 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin. 

Complete media was used throughout all transfection experiments.  
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3.2.3. AuPAMAM/pDNA Transfection 

Both AuPAMAM (9.8 nM, or 5.9 x 1012 NP/mL) and pDNA (0.8 μg) solutions were 

diluted with ultra pure deionized (DI) water to a final volume of 50 μL and then mixed 

together. Water was used as the solvent in order to prevent charge screening effects prior 

to complex formation. The final volume of the polyplexes per well was 100 μL. The 

polyplex solutions were vortexed gently and incubated for 20 min at room temperature, 

then added to cells in a 24 well plate. The resulting complexes were added directly into 

wells. The next day, wells were rinsed with PBS and complete media was added and 48 

hours later the medium was changed. At 48 hours, GFP expression of all conditions was 

visualized using a Zeiss Axio Observer inverted microscope. Transfection efficacy was 

measured using flow cytometry (BD FACSCanto II).  The data presented are the mean 

fluorescent signals for 10,000 cells.  

3.2.4. Reporter Gene Expression 

GFP activity was observed visually using the Zeiss Axio Observer inverted fluorescence 

microscope. Flow cytometry of fixed cells was used to quantify the amount of expressed 

protein on a BD Canto FACS machine at the end of the transfection experiment. 

3.2.5. Cell Fixation  

Cells were aspirated and thawed trypsin (200 uL/well) was added and the cells were 

incubated for 5 minutes. Next, 800 uL of complete media was added and the contents of 

each well were transferred to labeled flow tubes and spun at 400g for 5 minutes. The 

tubes were decanted, and 1 mL PBS added. The cell pellets were resuspended by 
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pipetting and the tubes spun again and decanted. Cells were resuspended in 300 uL of 

PBS and stored on ice until analysis.  

3.2.6. Viability Experiment 

Following cellular transfection, viability was assessed using propidium iodide (PI). Cells 

were fixed and stored on ice. PI (1 uL) was added to each flow tube 5 minutes prior to 

analyzing the samples. Compensation controls for GFP and PI were acquired prior to 

experimental acquisition.  

3.3. AuPAMAM Synthesis Parameters 

The current AuPAMAM fabrication method is based on the method outlined in 

Chapter 2 and yields the standard AuPAMAM particle referred to in this work.75 The 

molar excess of PAMAM dendrimer added was modified based on Pierce Protein 

Methods, which states that a larger excess of PAMAM will result in fewer PAMAM-

PAMAM conjugates and more AuNP-PAMAM conjugates.99  

Briefly, MUA was self assembled onto 5 nm citrate stabilized AuNPs and 

salted.100 We removed excess MUA by three PBS washes in a 10-kDa cutoff centrifuge 

filter. Once the SAM is formed on the AuNPs, the carboxylic acid moiety must be 

activated to bind the dendrimers. EDC and sulfo-NHS were added to the AuMUA 

particles in pH 4.7 MES buffer. EDC, a carbodiimide, catalyzes the formation of amide 

bonds between the MUA carboxyl and PAMAM amine groups, while sulfo-NHS 

stabilizes the coupling reaction via formation of amine reactive esters on the carboxylate 
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is a good leaving group that facilitates the reaction between the terminal amino groups on 

the dendrimer surface and the SAM. After 15 minutes of activation, the generation 4 

ethylenediamine (EDA) core PAMAM dendrimers at fifty-fold molar excess were re-

suspended in PBS, added to the AuMUA solution, and incubated for 2 hours. The molar 

excess of PAMAM used is based on the geometric calculations outlined in Figure 2.5. 

 

Figure 3.2 UV/vis spectroscopy showing peak shifts upon Au-SAM formation. 

 Then, the reaction was quenched by addition of hydroxylamine, which proceeded 

overnight. The next morning, the AuPAMAM particles were concentrated after 3 water 

washes in a 50 kDa cutoff centrifuge filter.  Following each step of the synthesis process, 

UV-vis spectroscopy was used to evaluate the stability of the as functionalized AuNPs 

(Figure 3.2). Successful conjugation of the PAMAM on MUA coated AuNPs can be 

monitored via UV/vis spectroscopy peak shifts as the refractive index of the AuNP 
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environment changes, resulting in a red shift of the AuNP plasmon peak position. When 

the MUA SAM was conjugated to the AuNP surface, a 3 nm peak shift from 517 to 520 

nm was observed. 

 

Table 3.1 AuPAMAM synthetic parameters and nomenclature. 

The synthesis process outlined above forms the standard AuPAMAM particle. 

Throughout this work, one parameter will be altered and the resulting vectors will be 

compared to the standard particle. The standard AuPAMAM particle synthesis uses 50-

fold molar excess of ethylenediamine (EDA) core PAMAM dendrimer with amine 

termini and a MUA SAM, and is referred to as MUA-EDA50. This particle was evaluated 

in several cell lines, and the optimal transfection concentration determined (data not 

AuPAMAM%
Nomenclature%

PAMAM%
Molar%Excess%

PAMAM%
Chemistry%

SAM%
Composi9on%

Standard% 50# EDA#core# MUA#

Varying%PAMAM%Molar%Excess:%

MUA?EDA10% 10# EDA#core# MUA#

MUA?EDA25% 25# EDA#core# MUA#

MUA?EDA100% 100# EDA#core# MUA#

Varying%PAMAM%Chemistry:%

MUA?DAH50% 50# DAH#core# MUA#

MUA?Cys50% 50# Cystamine#core# MUA#

MUA?OH/NH250% 50# 1:1#OH:NH2# MUA#

Varying%SAM%Composi9on:%

MHA?EDA50% 50# EDA#core# MHA#

sMUA?EDA50% 50# EDA#core# 1:9#MUA:MUOH#

PEG?EDA50% 50# EDA#core# PEG#

Op9mal%AuPAMAM%Vectors:%

MHA?DAH50% 50# DAH#core# MHA#

PEG?DAH50% 50# DAH#core# PEG#

PEG?DAH100% 100# DAH#core# PEG#
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shown). In this work, all particles are compared under the same optimized transfection 

conditions. Refer to Table 3.1 for a list of the vectors synthesized and their nomenclature. 

3.4. Varying PAMAM Molar Excess 

First, a titration of PAMAM concentrations was functionalized on the AuSAM 

particles, ranging from 10- to 100-fold molar excess of PAMAM. Dendrimers are soft 

nanostructures and thus should be expected to be able to deform and allow denser 

packing. In addition to increasing the density of dendrimers on the AuNP surface, 

however, increasing the dendrimer concentration may result in electrostatic PAMAM 

adsorption.101 Several groups have shown that delivery of free PEI along with PEI/pDNA 

complexes improves transfection efficiency, so it may follow that increasing PAMAM 

adsorption on the surface of AuPAMAM particles may enhance transfection efficiency as 

well.  

The AuPAMAM vectors were characterized by UV/vis spectroscopy and dynamic 

light scattering (DLS) measurements. An inversely proportional relationship was noted 

where decreased spectral broadening and increased spectral shift were related to 

increasing concentration. Spectral broadening is associated with nanoparticle 

aggregation, suggesting that at lower PAMAM concentrations, the AuNP surface is not 

fully passivated and susceptible to interparticle aggregation. At lower PAMAM 

concentrations, dendrimers may bind to multiple AuMUA particles due to their 

multivalent nature, resulting in loss of surface charge and aggregates. As the PAMAM 

molar excess is increased, the reaction results in individual AuPAMAM particles that are 
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sufficiently charged to electrostatically repulse one another and resist aggregation, 

resulting in more narrow spectra. 

Following synthesis, AuPAMAM vectors were mixed with plasmid DNA 

(pDNA) encoding green fluorescent protein (GFP) for 30 minutes at room temperature, 

forming electrostatic complexes. Upon complexation with the pDNA, the complex sizes 

were measured using dynamic light scattering (DLS). Typical complex sizes for 

successful gene delivery are in the 200 nm range.102 As the PAMAM molar excess 

increased from 10 to 50, complex sizes decreased from 305.8 to 115.7 nm. Upon 

increasing PAMAM molar excess beyond 50 to 100 times excess, the complex size 

increased slightly to 213.5 nm. With increasing PAMAM concentration, the complex 

polydispersity increased as well, indicating that at higher PAMAM titrations, complex 

formation becomes less homogeneous.  

Next, the complexes were introduced to SK-BR-3 human breast adenocarcinoma 

cells in vitro and transfection was analyzed by measuring the secretion of GFP by cells 

using fluorescence microscopy and flow cytometry. The transfection results are as 

expected; with increasing PAMAM concentration, transfection efficiency improves while 

viability suffers (Figure 3.3).  However, even at the highest concentration of PAMAM, 

79.4% of cells are still viable. The increase from 50 to 100 times molar excess of 

PAMAM yielded the most dramatic change, resulting in a viability decrease of 13.5%. As 

the PAMAM concentration increases, an increase in percent fluorescence is seen with 

fluorescence microscopy and quantified with flow cytometry. For example, the 10x 

condition resulted in 1.4% transfection whereas the 100x condition transfected nearly 
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30% of cells. Additionally, the MFI increases with PAMAM concentration, although the 

two highest concentrations, 50 and 100 times excess, are not significantly different. 

While the transfection efficiency nearly triples from 50x to 100x (10.5% to 29.2%), the 

MFI increases only marginally (36085 to 38333). Thus, as the PAMAM molar excess 

surpasses 50x, transfection efficiency per cell remains constant but the number of 

transfected cells increases.  

 

Figure 3.3 Varying PAMAM Molar Excess. (A) AuPAMAM/pDNA complex sizes 
and polydispersity. (B) Cell viability after complex exposure. (C) Percent 

transfection and mean fluorescence intensity. 
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PAMAM adsorption onto AuSAM particles based purely on electrostatic interaction, 

since carboxylic acid functionalized AuNPs have negative zeta potential values.100 Hu et 

al. showed with generation 7 PAMAM dendrimers that more dendrimers were adsorbed 

onto an anionic Au surface via electrostatic interaction than when the dendrimers were 

conjugated in the presence of crosslinking agents EDC and sulfo-NHS. The adsorbed 

condition also had improved transfection than the immobilized condition, purportedly 

due to improved DNA release from the Au surface into the cells.101 This hypothesis 

would agree well with the polydispersity index trends we saw with DLS, where more 

PAMAM added resulted in a wider range of sizes due to inconsistent surface adsorption. 

The concentration dependent trend was further investigated by synthesizing a batch of 

AuPAMAM particles where excess unbound PAMAM was not removed from the 

AuPAMAM solution. This was accomplished by using 10 kDa cutoff filters for the final 

synthesis wash instead of 50 kDa cutoff filters; the PAMAM dendrimers are larger than 

the molecular weight cutoff of the filters, so excess dendrimers were not removed from 

the AuPAMAM solution. Excess unbound PAMAM in solution increased transfection 

efficiency and cytotoxicity as expected (42.0 ± 0.7% transfection, 77.7 ± 0.1% viability). 

These results indicate that 50x and 100x molar excess of PAMAM are optimal, and 

depending on the application, 50x is ideal in terms of viability whereas 100x excess is 

optimal in terms of transfection efficiency.  
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3.5. Varying PAMAM Chemistry 

Next, the internal structure of the PAMAM dendrimers was modified. The 

PAMAM core composition is influential in allowing guest molecules, in this case pDNA, 

to pass through the dendrimer surface groups and enter into the cavities created by 

branches. The core composition affects the asymmetry of the dendrimer structure, 

dictated by the core length and the inner branch repulsive forces. The type and length of 

core can be optimized to increase encapsulation efficiency, so that the core will push 

away neighboring layers, resulting in larger cavities around the dendrimer core where 

guest molecules can reside.103 Each of the cores has two amines as its end group, as the 

synthesis starts from diamine core with various lengths of spacer. In this section, we 

looked at ethylenediamine (EDA), diaminohexane (DAH), and cystamine cores. EDA 

core PAMAM dendrimers are the most common dendrimer found commercially and in 

the literature, and as previously mentioned constitutes the standard AuPAMAM core. 

DAH core dendrimers are 4 carbons longer than EDA cores. Cystamine core dendrimers 

have a disulfide bond at the core, with 2 carbons flanking either sulfur (Figure 3.4).  

For all PAMAM core chemistries investigated, the UV/vis spectra of the final 

AuPAMAM particles did not vary significantly. This is expected, as the PAMAM 

dendrimer provides the most significant change to the refractive index and thus any 

contributions from the SAM composition are not seen. For the three core chemistries 

evaluated, in vitro cellular viability was 91.7% or above, indicating that the SAM 

composition does not significantly increase cytotoxicity. In addition, complex sizes 

ranged narrowly from 115.7 nm to 158.4 nm. Thus, it would appear that the changing 
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core chemistry of the PAMAM dendrimers does not change the AuPAMAM structure 

dramatically. However, the transfection efficiency varied significantly with PAMAM 

core chemistry. MUA-Cys50 particles performed the worst, transfecting 4.9% of cells, no 

better than PEI (7%) or PAMAM (8.4%). MUA-DAH50 particles performed the most 

impressively, transfecting 17.2% of cells compared to the standard particle (10.5%). Of 

note, however, the MFIs of the three core chemistries were very similar, ranging from 

35986 to 36342. This indicates that, while MUA-DAH50 particles are transfecting more 

cells, they are not necessarily transfecting individual cells any more efficiently than the 

standard or MUA-Cys50 AuPAMAM particles.   

 

Figure 3.4 Varying PAMAM Chemistry. (A) AuPAMAM/pDNA complex sizes and 
polydispersity. (B) Cell viability after complex exposure. (C) Percent transfection 

and mean fluorescence intensity. 
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In changing the PAMAM core from EDA to DAH, the flexibility of the PAMAM 

conformation is improved. Based on course grained molecular dynamics simulation, 

DAH core PAMAM dendrimers are larger than EDA at pH 5 and 7 due to the increased 

length of the DAH core, resulting in a structure with more repulsion between the 

branches and core. The DAH core dendrimers also have significantly less back folding of 

the terminal branches, resulting in more inner cavities.103 We suspect that the enhanced 

flexibility imparted by the core allows the dendrimers to bind more readily within the 

pDNA grooves, thus improving complexation and transfection efficiency. This has also 

been shown by molecular dynamics simulations, where generation 4 PAMAM can 

enhance water encapsulation efficiency by changing its core from EDA to DAH due to 

the fact that increasing the number of carbons in the core enhances the aqueous solubility 

of guest molecules by increasing structural asymmetry and thus creating cavities in the 

dendrimer structure.103  

In the case of cystamine core PAMAM, one would expect that with an increase in 

length with respect to EDA, a similar effect as DAH would be seen whereby flexibility is 

increased and cavities are formed in the dendrimer structure, resulting in an increase in 

transfection efficiency. Surprisingly, MUA-Cys50 particles had the lowest transfection 

efficiency. One hypothesis for this trend is that upon exposure to the intracellular 

environment, elevated levels of glutathione reduce the dendrimer’s disulfide bond, 

resulting in decreased AuPAMAM charge and subsequently decreased pDNA affinity 

due to the loss of the reduced portion of the dendrimer. Several groups have studied the 

effect of glutathione-mediated release from disulfide moieties and cystamine core 
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PAMAM dendrimers, supporting this hypothesis.104–106 In addition, disulfide bonds are 

more chemically rigid and thus the increase in length of the core ligand may not be 

sufficient to counteract the increased rigidity imparted by said core.107,108 

 

Figure 3.5 Cell viability, percent transfection and mean fluorescence intensity of the 
PAMAM, PEI and DNA controls. 
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permanent holes in the cell membrane. However, dendrimers with cationic 

diaminopropionic acid groups were nontoxic in an in vitro study in MCF-7 cells.110 Thus, 

we investigated a hydroxyl terminated PAMAM terminus and a 1:1 molar mixture of 

amine terminated and hydroxyl (OH/NH2) terminated PAMAM surface. The 

hydroxylated AuPAMAM particles did not exhibit any transfection and were thus 

excluded from subsequent results. The MUA-OH/NH250 AuPAMAM particles were 

significantly less effective than the standard AuPAMAM particle, with only 2.5 % 

transfection compared to 10.5 %. The MUA-OH/NH250 particles did not surpass the PEI 

and PAMAM controls (Figure 3.5). 

In addition, the MFI of the MUA-OH/NH250 particles were significantly less than 

the standard (18725 vs. 36085). These results agree with other studies investigating the 

use of hydroxylated PAMAM dendrimers for gene delivery.111 Thus, in terms of 

PAMAM chemistry we have found that the DAH core dendrimer is superior to EDA and 

cystamine cored PAMAM, and that amine terminated PAMAM is superior to 

hydroxylated or mixed termini PAMAM.  

3.6. Varying SAM Composition 

It has been reported that SAM surfaces with reactive functional groups are well 

suited for covalent immobilization of dendrimers and also stabilize AuNPs by providing 

steric hindrance against AuNP aggregation.101 Thus, we next investigated various SAMs 

to probe the effect on AuPAMAM stability and transfection efficiency. The SAM 

composition is particularly sensitive in this system as monolayer structure and function 
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are dependent on the nanoparticle diameter. With the 5 nm AuNP cores used in this work, 

there is a relatively large radius of curvature and thus less steric hindrance between 

thiolated chains as one moves away from the AuNP surface. As a result, there is more 

conformational freedom in the SAM on a 5nm core than a larger core, allowing for more 

guest interactions with pDNA due to the hydrocarbon portion of the SAM being more 

accessible for solvation.112 A variety of molecular adsorbates having various chain 

lengths of alkane or polyethylene glycol (PEG) moieties and terminal carboxylic acids 

were used to functionalize the surface of AuNPs. Carboxy-PEG12-thiol (635 Da), 11-

Mercaptoundecanoic acid (MUA), 6-Mercaptohexanoic acid (MHA), and a 1:9 molar 

ratio combination of MUA and 11-aminoundecanethiol (MUOH) were explored. The 

latter is referred to as spaced MUA (sMUA), as the EDC/sulfo-NHS reaction activates 

only the MUA and not the MUOH ligands, resulting in spaced PAMAM binding sites. 

Again, the MUA-EDA50 AuPAMAM will be considered the standard.  

Following SAM formation on the AuNP surface, the PEG and MHA SAMs 

showed the smallest red shift and the MUA and sMUA SAMs exhibited the largest red 

shift. The MUA and MHA SAMs resulted in broader spectra than the sMUA and PEG 

SAMs. Following PAMAM conjugation, the sMUA-EDA50 particles exhibited the largest 

red shift and broadening, likely due to decreased stability from charge-induced 

aggregation. This was also reflected in the sMUA-EDA50/pDNA complex size, which 

was nearly 900 nm. The PEG-EDA50 particles had the narrowest spectra, suggesting that 

they are colloidally stable and homogenous. The MHA-EDA50 and PEG-EDA50 particles 

performed very similarly to the standard, with only a 1 nm peak shift. Following 
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complexation with pDNA, the standard, MHA-EDA50, and PEG-EDA50 complexes were 

very similar in size, ranging from 115.7 nm to 164.8 nm. However, the sMUA-EDA50 

complexes were much larger, as reported above. Cellular viability was unaffected by the 

varying SAM parameters, ranging from 89.5% to 96.2%. 

 

Figure 3.6 Varying SAM Composition. (A) AuPAMAM/pDNA complex sizes and 
polydispersity. (B) Cell viability after complex exposure. (C) Percent transfection 

and mean fluorescence intensity 
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Alkanethiol chains with more than 10 carbon atoms, like MUA, result in more highly 

ordered, dense SAMs than shorter chains, like MHA. A greater packing density is 

postulated with an increase of the ligand length due to enforced interstrand Van der 

Waals interactions.113 Thus, MUA will form a more uniform, ordered, dense SAM than 

MHA whereas shorter chains like MHA are more likely to possess defects such as 

pinholes, gauche defects, and collapsed-site defects which can be due to imperfect 

adsorption.100,114 As a result, the MHA-EDA50 particles are more flexible and accessible to 

solvation than the standard, resulting in enhanced pDNA interactions and transfection 

despite the decreased surface area of PAMAM binding resulting from the decreased SAM 

length. When we evaluate the sMUA-EDA50 vectors, we see marked differences in 

complex size and transfection. The sMUA-EDA50 vectors transfect significantly fewer 

cells than the standard (6.9% vs. 10.5%, respectively) and with less efficiency (MFI of 

14148 vs. 36085). We hypothesize that since we are using 50-fold molar excess of 

PAMAM, the sMUA surface is functionalized as fully as possible but the standard MUA 

SAM possesses more binding sites and thus is more cationic and capable of condensing 

pDNA.  

Next, we transitioned from a hydrophobic alkyl chain SAM to a hydrophilic PEG 

SAM. The PEG-EDA50 vector performs significantly better than the standard in terms of 

transfection (15% vs. 10.5%, respectively). As with MHA-EDA50, the PEG-EDA50 MFI 

was not significantly different from the standard. The PEG utilized in this experiment is a 

12 PEG unit linker that is longer than the MUA ligand, which suggests that increasing the 

hydrophilicity of the SAM may be beneficial. This agrees with our previous observation 
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that decreasing the length of the alkyl chain enhanced transfection, as this decreases 

hydrophobicity. We evaluated a significantly longer PEG SAM (5 kDa), and the results 

were comparable to that seen with PEG-EDA50 (data not shown). In contrast with our 

results, Hinterwirth et al. found no significant difference in SAM trends between 

lipophilic spacers like alkanethiols and hydrophilic spacers like PEG.113  

3.7. Optimization of Synthetic Parameters 

Transfection efficiency improves when modifying the SAM composition to be 

more hydrophilic by decreasing from an 11 carbon to 6 carbon and from an alkanethiol to 

a PEG chain. New vectors were synthesized taking into account the optimal parameters: 

50 and 100 times molar excess of DAH core, amine terminated PAMAM dendrimers 

were most successful on a MHA or PEG SAM. In synthesizing these 4 optimal vectors, 

the MHA-DAH100 combination was not stable and fell out of solution before the synthesis 

was complete. Colloidal AuNPs are subject to Brownian motion, resulting in frequent 

collisions between particles. Attractive van der Waals forces, and repulsive electrostatic 

and steric forces govern the collision; the balance of these forces determines colloidal 

stability. We suspect the MHA-DAH100 AuPAMAM vectors were not stable due to the 

fact that the shorter alkyl chain was not sufficient to passivate the Au surface from the 

high concentration of cationic dendrimers, resulting in inter particle binding or 

aggregates. MHA-DAH50, PEG-DAH50, and PEG-DAH100 vectors were successfully 

synthesized.  
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Figure 3.7 Optimization of synthesis parameters. (A) AuPAMAM/pDNA complex 
sizes and polydispersity. (B) Cell viability after complex exposure. (C) Percent 

transfection and mean fluorescence intensity 
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transfection efficiency compared to PEG-DAH50 vectors. Cellular viability did decrease 

somewhat to 77%, however this is still not excessively cytotoxic and PAMAM molar 

excess can be modified to suit the viability needs of each application. In each of the 

optimized cases, the MFI is not significantly improved, indicating that transfection 

efficiency per cell hasn’t changed significantly, or that the cells are producing the 

maximum amount of GFP that they can.  

3.8. Conclusions 

Gold nanoparticle-based delivery platforms have proven advantageous in delivery 

applications. When combined with cationic PAMAM dendrimers, AuPAMAM 

nanoparticles are effective non-viral gene therapy vectors. In this work, we have 

highlighted the benefit of the modular AuPAMAM delivery platform that enables one to 

probe specific synthetic parameters and optimize the final vector’s transfection 

efficiency.  First, we synthesized AuPAMAM particles, varying one parameter at a time 

and comparing to the standard AuPAMAM particle, MUA-EDA50. The particles were 

characterized first by UV/vis spectroscopy to observe the spectral shift following each 

step of the synthesis. All particles were stable, aside from the sMUA SAM particles 

which aggregated. Dynamic light scattering was also utilized to characterize the diameter 

and polydispersity of the AuPAMAM/pDNA complexes. AuPAMAM/pDNA complexes 

ranged from approximately 100 to 300 nm, aside from the sMUA complex, which was 

nearly 900 nm with high polydispersity. We found that with increasing molar excess of 

PAMAM, transfection efficiency increased. Beyond 50-fold molar excess, there was 
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nearly threefold improvement in percent transfection, but also an associated decrease in 

viability from 92.9% to 79.4%. Thus, PAMAM molar excess should be chosen with the 

balance of transfection and viability in mind. The physiochemical PAMAM properties 

were probed by changing the core and terminal molecules. Amine-terminated DAH core 

dendrimers were optimal due to enhanced pDNA encapsulation and condensation ability. 

Finally, the SAM composition was evaluated by exploring hydrophobic and hydrophilic 

ligands of various lengths. Here, we found that the PEG SAM was superior to the MUA, 

MHA, and MUOH SAMs, supporting our hypothesis that hydrophilic SAM ligands 

enhance transfection.  

Future work should expand upon the impact of SAM composition by exploring 

other hydrophobic and hydrophilic SAM ligands and PEG of different molecular weights. 

Due to the nature of PAMAM dendrimers, the AuPAMAM platform also offers ease of 

conjugation with targeting ligands or therapeutic moieties. Our findings suggest that 

AuPAMAM nanoparticle vectors can be further optimized and the AuPAMAM synthesis 

platform is a promising non-viral gene therapy vector. This work also highlights the 

importance of interrogating the role of each synthetic component in nanotechnology 

materials. 
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Chapter 4 

Investigation of the Differential Transfection 
Efficiency Across Breast and Colon Cancer 

Cell Lines  

The efficiency of nuclear gene delivery, or transfection efficiency, is influenced 

by many factors, such as vector chemical properties, mechanism of complex uptake, and 

intracellular delivery routes. Different classes of vectors excel and suffer at different 

phases of the gene delivery process; for example, non-viral vectors are frequently limited 

in their ability to navigate the dense cytoplasm and reach the nucleus.115 However, 

independent of the vector chosen, cell types vary widely in their ability to be 

transfected.116–119 The cell type-dependent uptake and intracellular transport mechanisms 

for gene therapy remain largely unexplored and present a major hurdle in the application-

specific design and efficiency of gene delivery vectors. The differential cellular uptake, 
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endocytic pathways and intracellular fate of non-viral vectors in these cell lines may 

explain the observed differences in transgene expression.  

In this study, we applied our AuPAMAM nanoparticle vectors as well as 

polyethylenimine (PEI) vectors for delivery of pDNA in an easy- and difficult- to-

transfect cell line: SK-BR-3 human breast adenocarcinoma cells and CT26 murine colon 

carcinoma, respectively. First, the transfection efficiency of the AuPAMAM and PEI 

vectors was evaluated using fluorescence microscopy and flow cytometry with a green 

fluorescent protein (GFP) reporter gene. The cellular uptake of Cy5-labeled pDNA was 

also investigated by flow cytometry. Then, the influence of endosomal escape on 

transfection was investigated using chloroquine and fluorescence microscopy. Next, the 

intracellular path of the AuPAMAM or PEI/pDNA complexes was studied using Cy5-

labeled pDNA and confocal microscopy. Finally, cellular TEM imaging of the 

AuPAMAM vectors at various time points was analyzed.  

4.1. Materials 

11-Mercaptoundecanoice acid (MUA), 11-Mercapto-1-Undecanol (MUOH), 6-

Mercaptohexanoic acid (MUOH), 25 kDa branched polyethylenimine (PEI), Tween 20, 

generation 4 polyamidoamine (PAMAM) dendrimers with ethylenediamine (EDA) core, 

diaminohexane (DAH) core, cystamine core or hydroxyl termini, and all other chemicals 

were purchased from Sigma Aldrich (St. Lewis, MO) or Fisher Scientific (Waltham, MA) 

unless otherwise stated. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 

(EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Thermo 
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Scientific (Waltham, MA). Five nanometer citrate stabilized colloidal gold nanoparticles 

(AuNPs) were purchased from Ted Pella (Redding, CA). Plasmid DNA with 

cytomegalovirus (CMV) promoter and enhanced green fluorescent protein (eGFP) as the 

reporter gene (pCMV-eGFP, 4.7 kb) were obtained from Clark Needham at Rice 

University.98 SK-BR-3 cell line, CT26 cell line, cell culture medium and phosphate 

buffered saline (PBS) were purchased from ATCC (Manassas, VA). MES buffered saline 

and CT(PEG)12 were purchased from Pierce (Rockford, IL). Amicon Ultra-15 10kDa 

and 50kDa Centrifuge Concentrators were purchased from Millipore (Billerica, MA). 

Hydroxylamine and chloroquine were purchased from Alfa Aesar (Ward Hill, MA). 

NucBlue DAPI stain, ProLong Gold Antifade mounting medium and Lysotracker were 

purchased from Life Technologies (Carlsbad, CA).  Lab-Tek II 8 well chamber slides 

were purchased from USA Scientific (Ocala, FL). Label IT Tracker Cy5 fluorescent 

probe for pDNA labeling was purchased from Mirus Bio (Madison, WI). 

4.2. Methods 

4.2.1. AuPAMAM Synthesis 

Polyethylene glycol (PEG) was added to 5 nm gold nanoparticles (AuNPs) (5 x 1013 

particles/ml) to a final concentration of 83.33 μM in 12 ml. After 24 hours, the solution 

was raised to 0.1 M NaCl, 100 mM sodium phosphate, and 0.1% v/v Tween 20 and 

incubated for another 24 hrs. Next, excessive PEG was removed by using a centrifuge 

filter (10,000 molecular weight cutoff) at 2,500 g for 20 minutes and washed 3x with 

PBS. After the last centrifugation, the AuPEG particles were resuspended in pH 4.7 MES 
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buffer. EDC and sulfo-NHS linkers were added to a final concentration of 0.44 mM and 

0.59 mM for 15 minutes. Then, the AuPEG particles were added to generation 4 

diaminohexane (DAH) core PAMAM dendrimers in PBS. To estimate the amount of 

dendrimer needed for the conjugation, a surface packing model was used (Figure 2.5). A 

50-fold molar excess concentration of the maximal dendrimer binding number was used 

for the conjugation process. After 2 hours, 2 ml of 50 mM hydroxylamine (pH 7) in PBS 

was added to the solution and left nutating overnight to backfill any unconjugated sulfo-

NHS esters. Last, the solution was washed 3x using a centrifuge filter (50,000 MWCO) 

with sterile DNase free deionized water. The AuPAMAM was resuspended in DI water 

and stored at 4°C until further use. The particles were sonicated before use. 

4.2.2. AuPAMAM Characterization 

All AuNP, AuPEG, and AuPAMAM particles were sonicated and characterized by 

UV/vis absorbance spectroscopy in 1 mm path cells using baseline correction in a Cary 

60 UV-Vis (Agilent Technologies). The particle size was measured using a 90-Plus 

Particle Size Analyzer (Brookhaven) by diluting 30 uL of as prepared polyplexes to 3 mL 

of DI water. The volume size distribution mean and polydispersity were reported using 

the AuNP refractive index values, and represent three 3 minute runs.   

4.2.3. Cell Culture 

SK-BR-3 and CT26 cells were cultured in a humidified incubator (5% CO2, 37 °C). The 

cells were suspended in McCoy’s 5A or RPMI-1640 medium, respectively, and 
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supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin. 

Complete serum-containing media was used throughout all transfection experiments.  

4.2.4. AuPAMAM/pDNA Transfection 

Both AuPAMAM (9.8 nM, or 5.9 x 1012 NP/mL) and pDNA (0.8 μg) solutions were 

diluted in ultra pure deionized (DI) water to a final volume of 50 μL and then mixed. 

Water was used as the solvent in order to prevent charge screening effects prior to 

complex formation. The final volume of the polyplexes per well was 100 μL. The 

polyplex solutions were vortexed gently and incubated for 20 min at room temperature, 

then added to cells in a 24 well plate. The resulting complexes were added directly into 

wells. The next day, wells were rinsed with PBS and complete media was added and 48 

hours later the medium was changed. At 48 hours, GFP expression of all conditions was 

visualized using a Zeiss Axio Observer inverted microscope. Transfection efficacy was 

measured using flow cytometry (BD FACSCanto II).  The data presented are the mean 

fluorescent signals for 10,000 cells.  

4.2.5. Fluorescently Labeling pDNA 

pDNA was labeled according to the published Mirus protocol. In short, ultra pure DI 

water, 10x Labeling Buffer, 1mg/mL pDNA and the LabelIT tracker reagent were 

incubated at 37 C for 1 hour. The labeled plasmid was centrifuged and removed by 

ethanol extraction, and quantified with a NanoDrop.  
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4.2.6. pDNA Cellular Uptake Experiment 

Cy5-labeled pDNA was complexed with AuPAMAM and exposed to cells for 4 hours or 

24 hours. Following incubation, cells were washed and fixed as above for analysis with 

the FACS Canto flow cytometer.  

4.2.7. Chloroquine Experiment 

Chloroquine at high concentrations causes swelling and rupture of acidic organelles, 

enhancing cytoplasmic delivery. Cells were exposed to complexes and 1000 uM 

chloroquine, then media was replaced after 3 hours.  

4.2.8. Confocal Imaging 

Cells were exposed to AuPAMAM/pDNA complexes for 30 minutes, 1 hour, 4 hours, 24 

hours, or 48 hours in 8-well chamber slides. After the appropriate time, cells were 

aspirated and rinsed with PBS. LysoTracker Red DND-99 was diluted to 50 nM and 250 

uL was added to the cells for 30 minutes. Following incubation, the cells were rinsed 

twice with PBC and complete media was replaced. Next, cells were fixed with 4% 

paraformaldehyde for 20 minutes. Cells were washed twice more with 500uL PBS and 1 

drop of NucBlue DAPI was added and incubated for 10 minutes. Finally, cells were 

aspirated and resuspended in 2 drops of thawed ProLong Gold Mounting Media and 

cover slipped. Mounting media was left to cure overnight, then edges of coverslip sealed 

with nail polish. 
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4.2.9. Cellular Transmission Electron Microscopy (TEM) 

Cells were exposed to AuPAMAM/pDNA complexes for 30 minutes, 1 hour, 4 hours, 24 

hours, or 48 hours. Following complex exposure, cells were rinsed 3x with 1X PBS, fixed 

with 2.5% formaldehyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 

(Electron Microscopy Sciences, Hatfield, PA, USA) at room temperature, and kept at 4°C 

overnight. After fixation, the samples were washed in 0.1 M cacodylate buffer and treated 

with 0.1% Millipore-filtered buffered tannic acid, postfixed with 1% buffered osmium 

tetroxide for 30 min, and stained en bloc with 1% Millipore-filtered uranyl acetate. The 

samples were washed several times in water, then dehydrated in increasing 

concentrations of ethanol, infiltrated, and embedded in Spurr's low-viscosity medium. 

The samples were polymerized in a 60°C oven for 2 days. Ultrathin sections were cut in a 

Leica Ultracut microtome (Leica, Buffalo Grove, IL, USA), stained with lead citrate in a 

Leica EM stainer (Leica, Buffalo Grove, IL, USA), and examined in a JEM 1010 

transmission electron microscope (JEOL USA, Inc., Peabody, MA, USA) at an 

accelerating voltage of 80 kV. Digital images were obtained using AMT Imaging System 

(Advanced Microscopy Techniques Corp, Woburn, MA, USA). 

4.2.10. Statistical Analysis 

Statistical differences were evaluated using ANOVA and Tukey’s HSD and considered 

significant at p < 0.05. All figures shown were obtained from three independent 

experiments. Any images shown are representative of the entire experiment. All analysis 

was done in JMP Pro Software.  
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4.3. Differential Transfection in SK-BR-3 and CT26 Cell Lines 

Vector/pDNA complexes were formed by mixing equal volumes of AuPAMAM 

or PEI with pDNA in DI water and incubating for 20 minutes, allowing electrostatic 

interactions to form complexes at room temperature. Transfection was compared in SK-

BR-3 and CT26 cell lines on the basis of percent transfection and mean fluorescence 

intensity (MFI) using a green fluorescent protein (GFP) reporter gene. Percent 

transfection conveys the percentage of cells that have been successfully transfected and 

thus fluoresce green. MFI correlates to the amount of GFP expression per event, 

conveying how strongly each cell is transfected. Both metrics are informative, as two 

vectors with similar percent transfection may have different efficiencies of transfection, 

or MFI, per cell. In Figure 2, the results of transfection with DNA alone (negative 

control), PEI (positive control), and AuPAMAM are shown for SK-BR-3 cells following 

a 48 hour transfection, and for CT26 cells following a 72 hour transfection. CT26 cells 

were given an additional 24 hours of transfection as no fluorescence was seen after 48 

hours.  

In SK-BR-3 cells, the easy-to-transfect cell line, PEI and AuPAMAM both 

perform significantly better than DNA alone in terms of percent transfection (37%, 60% 

and 0.5%, respectively) and MFI (3902, 8896, and 32, respectively). AuPAMAM 

surpasses PEI in both percent transfection and MFI (p = 0.011 and p < 0.001, 

respectively). In the difficult-to-transfect cell line, CT26, the PEI and AuPAMAM 

vectors perform only marginally better than DNA in terms of percent transfection (0.8%, 

1%, and 0.1%, respectively) and MFI (73, 78, and 47, respectively) despite the 72 hour 
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transfection period. This indicates that in CT26 cells, transfection is only slightly better 

with a vector than pDNA alone, despite the fact that pDNA delivered without a vector is 

quickly degraded by nucleases and is significantly hindered in its ability to traffic the 

cytoplasm. Thus, one hypothesis is that CT26 transfection is hindered at the outset by 

lack of complex uptake even in the presence of a non-viral vector.  

 

Figure 4.1 Percent transfection and MFI in (A) SK-BR-3 and (B) CT26 cells 
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account for pDNA that enters the cell without successfully being transcribed in the 

nucleus. Non-viral vectors are notoriously inefficient at transfection because much of the 

internalized DNA is unable to successfully traffic to and enter the nucleus. If we measure 

total cellular DNA uptake, we can begin to understand to what extent the transfection is 

limited by initial DNA uptake or by subsequent intracellular trafficking. Here, we look at 

the percent of cells that contain Cy5-labeled pDNA, and the intensity, or MFI, of Cy5-

labeled pDNA fluorescence per cell.  Four hour and 24 hour time points were chosen as 

they represent early and late stages of transfection. 

 

Figure 4.2 Percent uptake and MFI of Cy5-labeled pDNA in (A) SK-BR-3 and (B) 
CT26 cells 
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At 4 hours post transfection, the MFI of the internalized labeled pDNA in SK-BR-

3 and CT26 cells was comparable for the DNA only control (343 vs. 441, respectively) 

and PEI control (698 vs. 445, respectively), indicating that both cell lines had similar 

quantities of DNA uptake. However, in the SK-BR-3 cell line, the percentage of cells 

containing PEI/pDNA was significantly greater than in CT26 cell line (87.5% vs. 20.5%, 

respectively). A similar trend is seen with the percentage of cells containing 

AuPAMAM/pDNA in SK-BR-3 and CT26 cells (94.6% vs. 45.1%, respectively). This 

indicates that the CT26 cell line is inferior to SKBR3 at the first step of the transfection 

process- complex uptake.  

At 24 hours, the percent of Cy5-labeled pDNA uptake in CT26 cells increases to 

nearly match that of SK-BR-3 cells (PEI: 80% vs. 96.2%, AuPAMAM: 87% vs. 99.6%, 

respectively); however, the MFI shows that the efficiency of cellular uptake is 

significantly lower in the CT26 cell line than in the SKBR3 cells (PEI: 802 vs. 1464, 

AuPAMAM: 1122 vs. 3274, respectively). In addition, the MFI of all three vectors in the 

CT26 cell are similar, ranging from approximately 700 to 1100, suggesting that the CT26 

cells are limited by a DNA uptake mechanism that is independent of delivery vector. One 

hypothesis is that phagocytic or cytotoxic effects may be limiting transfection. Another 

potential reason for the limited DNA uptake could be deregulated expression and aberrant 

localization of mucins which are overexpressed in CT26 cells but not SK-BR-3 cells and 

which may provide a physical barrier for complex uptake.120–122 Despite 80-90% of CT26 

cells having taken up Cy5-labeled pDNA DNA in the PEI and AuPAMAM conditions, 

there is no increase in GFP transfection relative to DNA alone (Figure 4.1). Thus, aside 
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from being limited by DNA uptake at early time points, CT26 transfection must also be 

significantly hindered in intracellular transport of said complexes based on the fact that at 

later time points DNA uptake is compensated for but transfection efficiency remains 

inefficient.  

At 24 hours, the SK-BR-3 AuPAMAM complexes have only marginally 

improved uptake over PEI (99.6% vs. 96.2%, respectively) but significantly enhanced 

MFI compared to PEI (3274 vs. 1464), which can explain the enhanced percent 

transfection seen by AuPAMAM vectors (PEI 37% vs. AuPAMAM 60%). The 

AuPAMAM vectors also had nearly 100% cell uptake of pDNA by 4 hours, and in the 

subsequent 20 hours Cy5 MFI continued to increase and surpass all conditions. These 

results suggest that AuPAMAM vectors excel in cellular uptake compared to PEI 

complexes.    

4.5. Enhancement of Endosomal Escape 

Following complex uptake, successful vectors must escape the endolysosomal 

system to traffic through the cytoplasm to the nucleus. Oftentimes, non-viral vectors are 

limited in their ability to escape the acidic environment of the endolysosomal system, 

resulting in eventual pDNA degradation. We sought to investigate this variable in both 

easy- and difficult-to-transfect cell lines by using a lysosomotropic agent, chloroquine. 

Chloroquine accumulates preferentially in acidic organelles such as endosomes and 

lysosomes, eventually lysing said organelles at high concentrations.123 Due to the 

enhanced endosomal escape, it is frequently used in vitro to enhance transfection and 
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drug delivery. This experiment will elucidate whether CT26 transfection is hindered by 

more resilient endocytic machinery that makes endosomal escape more difficult.  

 

Figure 4.3 Fluorescent images overlaid on transmission images showing GFP 
expression in (A) SK-BR-3 and (B) CT26 cells in the presence or absence of 

chloroquine. 

When we exposed SK-BR-3 cells to chloroquine, we saw enhanced transfection 

for both PEI and AuPAMAM, indicating that endosomal escape is one factor that could 

be addressed for enhanced transfection in this cell line. PEI appears to be more limited by 

endosomal escape than AuPAMAM, as evidenced by its transfection efficiency 

surpassing AuPAMAM in the presence of chloroquine despite AuPAMAM being more 

potent without chloroquine. Only a small fraction of complexes is able to escape the 

aggressive environment of the lysosomal organelles, indicating that endosomal release 

remains an important bottleneck for intracellular nucleic acid delivery by PEI vectors. 

Conversely, when CT26 cells were transfected with increasing chloroquine 

concentration, no change was observed. Thus, while CT26 cells are limited in their ability 
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to uptake complexes, transfection does not improve with enhanced endosomal escape. 

This leads us to postulate that CT26 transfection is primarily hindered by initial complex 

uptake in addition to another intracellular barrier such as nuclear uptake.  

4.6. Subcellular Trafficking of Vectors with Confocal Imaging 

To monitor the intracellular trafficking of plasmid DNA during transfection, 

subcellular localization of Cy5-labeled pDNA with organelle markers was performed by 

confocal microscopy. Both cell lines were imaged at 30 minutes, 1 hour, 4 hours, 24 

hours and 48 hours post-transfection, and intracellular trafficking of the labeled pDNA 

was compared. Nuclei were stained by DAPI and Lysotracker stained acidic organelles.  

4.6.1. Confocal Imaging in SK-BR-3 Cells 

Trafficking in the SK-BR-3 cell line was first analyzed. At 30 minutes post-

exposure to the AuPAMAM/pDNA complexes, pDNA is internalized but does not 

colocalize significantly with the Lysotracker, in contrast with PEI/pDNA complexes, 

which show a slight degree of colocalization (Figure 4.4). At 1 hour, the trends are 

similar, with AuPAMAM exhibiting slightly increased colocalization of pDNA with 

Lysotracker. However, after 4 hours both the PEI and AuPAMAM complexes are seen in 

punctate perinuclear clusters that colocalize with lysosomes to a moderate degree. 

Increased DNA uptake over time is seen in all conditions, as expected.  
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Figure 4.4 SK-BR-3 AuPAMAM confocal images at (A) 60x and (B) nyquist zoomed 
at various times. Scale bar is (A) 20 um and (B) 10 um. 

 

Figure 4.5 SK-BR-3 PEI confocal images at (A) 60x and (B) nyquist zoomed at 
various times. Scale bar is (A) 20 um and (B) 10 um. 
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The trends seen at 4 hours are amplified at 24 and 48 hours, with dense perinuclear 

clusters of pDNA that appear to invaginate the nucleus. In some instances, Cy5 pDNA 

signal can be seen overlapping with the nucleus of cells or surrounding the nucleolus in a 

ring like formation (Figure 4.6). Green fluorescence from the GFP reporter gene is seen 

in many cells.  

 

Figure 4.6 Cy5-labeled pDNA can be seen in the nucleus of cells and surrounding 
the nucleolus in a rink-like formation. Scale bar is 10 um. 

4.6.2. Confocal Imaging in CT26 Cells 

Next, we evaluate trafficking in the difficult-to-transfect CT26 cell line. Thirty 

minutes post-exposure, both AuPAMAM and PEI complexes can be seen in the 

cytoplasm of the CT26 cell line with little Lysotracker colocalization. Reduced DNA 

uptake compared to SK-BR-3 cells is also evident. At 1 hour post transfection, more 

Lysotracker/pDNA colocalization is apparent throughout the cell cytoplasm. The 4 hour 

time point shows clusters of AuPAMAM/pDNA in the cytoplasm and on the surface of 
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the CT26 cells. Similar to the 1 hour time point, the complexes appear very diffuse 

throughout the cytoplasm rather than clustering. From these images we may speculate 

that CT26 trafficking involves a different pathway than in the SK-BR-3 cells. At 4 hours, 

membrane ruffling and cytoplasmic extensions can be seen in the transmission images, 

suggesting an apoptotic response to the AuPAMAM and PEI vectors. In samples with a 

high concentration of AuPAMAM, complexes can be seen around the perimeter of the 

cell membrane, perhaps indicative of an apoptotic response to exocytose the contents of 

the cell. Apoptotic or autophagic responses likely affect transfection.124   

!

 

Figure 4.7 CT26 AuPAMAM Confocal Images at (A) 60x and (B) Nyquist zoomed at 
various times. Scale bar is (A) 20 um and (B) 10 um. 
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Figure 4.8 CT26 PEI confocal images at (A) 60x and (B) nyquist zoomed at various 
times. Scale bar is (A) 20 um and (B) 10 um. 

At 24 hours, colocalization of the labeled pDNA and the acidic organelles can be 

seen throughout the cytoplasm of the CT26 cells. The complexes are spread more 

diffusely in the CT26 cells than the SK-BR-3 cells, which were in dense perinuclear 

clusters at the same time point. However, CT26 cells have larger cytoplasms than SK-

BR-3 cells, which may create the illusion of having more diffuse complex distribution.125 

Despite the trend towards more lysosomal colocalization and cytoplasmic trafficking, no 

DNA can be seen in the nuclei as evidenced by looking at the Cy5 channel where the 

Cy5-labeled pDNA delineates an empty nucleus (data not shown). Finally, at 48 hours 

the DNA complexes have migrated away from the cell periphery but remain, for the most 

part, diffuse throughout the cytoplasm. Corresponding to the increase in incubation time, 

the size and number of cytoplasmic vesicles increased. At this point, many CT26 cells 
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have grown in layers due to their fibroblast morphology, in contrast with the monolayer 

growth of SK-BR-3, epithelial cells, which could also inhibit transfection efficiency.   

 

Figure 4.9 Confocal images of (A) SK-BR-3 and (B) CT26 cells 24-hour post-
exposure to high concentration of AuPAMAM/pDNA. Scale bar is 10 um. 

Due to the small size of the AuNPs, transmission and reflectance imaging can 

only be implemented to visualize AuPAMAM at high concentrations or in aggregates. To 

investigate whether the AuPAMAM/pDNA complexes are still complexed and not 

dissociated, TEM images with high concentrations of AuPAMAM aggregates were 

merged with the pDNA channel. Even at later time points, it appears that the DNA and 

AuPAMAM complexes remain bound in SK-BR-3 and CT26 cells (Figure 4.9).  These 
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results were further confirmed using reflectance imaging of the AuPAMAM aggregates 

(data not shown). It is unclear whether the pDNA and AuPAMAM enter the nucleus 

together or whether the pDNA dissociates, leaving behind disaggregated AuPAMAM 

particles. Further development of these delivery vectors to enhance DNA release before 

nuclear uptake could affect transfection efficiency.  

4.7. Intracellular Tracking of AuPAMAM with Cellular TEM  

To further study the intracellular trafficking pathway of complexed pDNA, we 

observed the localization of AuPAMAM nanoparticles in intracellular organelles at 

various time points post-transfection using cellular transmission electron microscopy 

(TEM). Cells were fixed, sectioned and imaged at 1, 4 and 24 hours post-exposure to 

AuPAMAM/pDNA complexes. PEI was not investigated using cellular TEM as the 

polyplexes are not sufficiently electron dense to image, whereas AuNPs are very electron 

dense and easily seen in TEM.  

4.7.1. SK-BR-3 Cell TEM  

For the SK-BR-3 cells at 1 hour post-exposure, uptake of the AuPAMAM/pDNA 

complexes is evident. However, uptake patterns varied widely from cell to cell, as seen in 

the confocal imaging experiment (Figure 4.4). Due to the small size of the AuNP cores 

and the prevalence of electron dense ribosomes in the cytoplasm, it is difficult to say if 

any cytoplasmic AuPAMAM/pDNA uptake occurred. However, sub-100nm complexes 

are seen in vacuoles, which have little to no structure, and endosomes, which are 
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membrane bound organelles that often contain vesicles at high magnification. The 

AuPAMAM appear as punctate pepper-like particles in the organelles, not to be confused 

with the dark ribosomes in the cytoplasm lacking a punctate appearance. The scarcity of 

AuPAMAM containing organelles agrees with the lack of colocalization we observed 

between pDNA and Lysotracker in the SK-BR-3 confocal studies (Figure 4.4).  

 

Figure 4.10 Cellular TEM images of SK-BR-3 cells at various time points post-
exposure to AuPAMAM/pDNA complexes. Scale bars are 1 um (3000x), 500 nm 

(6000x), and 200 nm (12000x).  
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At 4 hours, several changes occurred relative to the earlier time point. The SK-

BR-3 cells are more homogeneous in their AuPAMAM content, and the intracellular 

organelles containing the complexes are slightly denser than at 1 hour. The increased 

AuPAMAM density of the organelles could be due to fusion of several complex 

containing organelles. Some intracellular organelles resembling vesicles due to a lack of 

membrane can also be seen in close proximity to the nucleus, and in several cases 

endosomal escape appears evident (data not shown). Complex sizes contained within the 

organelles range from 50-200 nm, suggesting that some organelles are dense with 

multiple complexes. Cellular uptake of the complexes is also captured at the 4 hour time 

point, with AuPAMAM/pDNA complex sizes appearing heterogeneous.  

Twenty-four hours post transfection, several developments are observed. 

Immediately, one can see distinct, multiple complex containing organelles that are 

frequently perinuclear. These large multi-complexes can be seen in all  SK-BR-3 cells 

and the perinuclear localization agrees well with the fluorescent confocal images 

analyzed at the same time point (Figure 4.4). In some SK-BR-3 cells, complexes have 

oriented themselves to be aligned along the organelle’s inner membrane perimeter (data 

not shown). It is unclear if this occurs prior to endosomal escape.  
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4.7.2. CT26 Cell TEM 

 

Figure 4.11 Cellular TEM images of CT26 cells at various time points post-exposure 
to AuPAMAM/pDNA complexes. Scale bars are 1 um (3000x), 500 nm (6000x), and 

200 nm (12000x). 

The CT26 trends differed from the observed SK-BR-3 results. At early time 

points, uptake of the complexes is evident. In contrast with the SK-BR-3 cell line, the 

organelles are larger in size and more prevalent, mirroring the CT26 confocal images at 

the same time point. Despite the larger organelles, the complexes were not substantially 

larger.  

3000x 6000x 12000x 

1 hr 

4 hr 

24 hr 
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At 4 hours, an increase in the quantity of organelles is observed with respect to 

the earlier 1 hour time point and with respect to SK-BR-3 cells at the same time point. 

There are prevalent membrane ruffling and cytoplasmic extensions suggesting an 

autophagic response (Figure 4.12). The organelles are heterogeneous in their size 

distribution. This combined with the confocal results suggests that CT26 cell lines are 

more prone to autophagy, which may be implicated in the reduced transfection.124  

 

Figure 4.12 Blebbing of CT26 cells after 4 hour exposure to AuPAMAM/pDNA 
complexes suggesting an autophagic response. 

Finally, at 24 hours, many organelles are filled with various cell debris. These 

organelles are dense and prevalent throughout the cytoplasm, and most likely autophagic 

vesicles. In some cells, chunks of AuPAMAM can be seen on the outer cell perimeter, the 

possible result of exocytosis (Figure). Overall, the trends seen with cellular TEM reflect 

those observations made using confocal fluorescent imaging at the same time points.  
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Figure 4.13 Cell TEM images of the CT26 cells at 24-hours post-exposure, with signs 
of complex exocytosis. Scale bar is 1 um, 500 nm, and 200 nm from left to right. 

4.8. Conclusions 

Several groups have reported the lower transfectability of certain cell lines, such 

as CT26 and LM-1 cells, without making any hypotheses as to the underlying 

mechanisms responsible for such phenomena.126 Determining these mechanisms would be 

of great value in designing an efficient and tissue specific non-viral gene delivery system. 

In this paper, we set out to elucidate the basis for the poor transfectability of CT26 versus 

the easily transfected SK-BR-3 cell line. There are several mechanisms that could explain 

the enhanced transfectability of the SK-BR-3 cells. Among these are enhanced uptake of 

plasmid DNA, augmented escape from endolysosomes, resistance to autophagy, and 

more efficient transcription/translation of the plasmid DNA. The experiments performed 

here were designed to investigate these possibilities.  

First, we showed that AuPAMAM and PEI mediated transfection is significantly 

more efficient in the SK-BR-3 cell line than in the CT26 cell line both in terms of percent 
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transfection and mean fluorescence intensity. In the SK-BR-3 cell line, we saw that 

AuPAMAM vectors result in more GFP-positive cells and a stronger MFI per cell than 

the PEI control. In the CT26 cell line, there were very few GFP-positive cells (up to 1%) 

and the MFI was very low (<100) for all conditions tested (Figure 4.1). Having 

established the large discrepancy in transfection between these two cell lines, we next 

quantified pDNA uptake by labeling the pDNA with Cy5, a fluorescent probe. In the 

easy-to-transfect cell line, SK-BR-3, PEI and AuPAMAM resulted in the majority of 

cells taking up Cy5-labeled pDNA as early as 4 hours (Figure 4.2). Of note, SK-BR-3 

cells transfected with AuPAMAM had approximately twice the MFI of those transfected 

with PEI. In the difficult-to-transfect CT26 cells, the majority of cells do not contain 

pDNA until 24 hours following exposure, and the AuPAMAM and PEI vectors do not 

enhance uptake significantly compared to pDNA delivered alone. This was unexpected, 

as pDNA delivered alone is quickly degraded and not taken up by cells easily, so we 

expected the vectors to enhance DNA uptake. These results suggest that CT26 cells are 

initially more hindered in their ability to uptake pDNA/vector complexes compared to 

SK-BR-3 cells.  

Next, we probed whether the CT26 cell line possesses a more hardy endocytic 

machinery that makes endosomal escape of complexes more difficult. However, upon 

adding increasing concentrations of chloroquine, no change was seen in AuPAMAM or 

PEI transfection in the CT26 cells. In contrast, transfection under these conditions was 

enhanced for PEI and AuPAMAM in the SK-BR-3 cell line. This experiment suggests 

that hindrance to endosomal escape is not a critical factor in the limited transfectability of 
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CT26 cell lines. Thus, once CT26 cells take up pDNA, there must exist an additional 

intracellular hurdle limiting transfection.  

To study the intracellular trafficking pathway of complexed pDNA, we 

established the localization of Cy5-conjugated plasmid DNA relative to specific organelle 

markers at various time points post-transfection. Cy5 signal was seen in the cytoplasm of 

SK-BR-3 cells as soon as 30 minutes after exposure, and increased rapidly during the 

following 24 hours. GFP expression was detected after 24 hours and continued increasing 

for 24 additional hours. In absolute terms, GFP expression was higher in SK-BR-3 cells 

than CT26 cells at all time points considered. The trafficking of transfected plasmid DNA 

was also tracked in CT26 cells. In the early time points, the pattern of colocalization with 

lysosomes was similar to that found in SK-BR-3, albeit with a smaller amount of 

internalized DNA and larger organelles. After 4 hours, the CT26 cell line exhibited 

blebbing and irregular cell morphology. As opposed to what was seen with SK-BR-3, the 

majority of labeled plasmid DNA was found evenly dispersed in lysosomes throughout 

the CT26 cytoplasm at 1 hour, and almost complete colocalization was found after 4 

hours. The complexes stayed relatively well distributed in the CT26 cytoplasm up to 48 

hours following transfection, whereas the SK-BR-3 cell complexes became very 

concentrated in perinuclear clusters after 24 hours. Through the time course confocal 

studies, we hypothesize that the CT26 cell line is sensitive to the foreign complexes, 

resulting in an autophagic response. In addition to the autophagy, the complexes appear 

to be trafficking through a different intracellular pathway than the SK-BR-3 cells, which 

migrate to the nucleus over time. Cellular TEM of fixed cell slices were also imaged for 
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the AuPAMAM condition. Among the observations made, we see that CT26 cells possess 

larger organelles than the SK-BR-3 cells, and as time increases, the presence of 

autophagosomes in the CT26 cell line increases. The observation of autophagosomes 

combined with the blebbing seen in the confocal study (Figure 4.12) support our 

hypothesis that CT26 cells are more sensitive to exogenous materials than SK-BR-3.  

More experiments need to be conducted in order to clarify the issue of 

intracellular trafficking, vector/pDNA release, and nuclear uptake. Future work should 

look at nuclear DNA uptake, specific uptake mechanisms, as well as the fate of Cy5 

following transfection. It would also be informative to assess the fidelity of pDNA over 

time to determine the cell-dependent hydrolysis rate in the cytoplasm by nucleases and 

the degradation rate in the endolysosomal compartment by acidity. Our present work is 

the first step in identifying and characterizing the critical rate-limiting steps of 

transfection in different tissues, and will further aid in the design of more effective 

application-specific non-viral vectors.   
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Chapter 5 

Future Directions 

Newer treatment options for numerous diseases include delivery of therapeutic 

oligonucleotides like plasmids and siRNA. However, inefficient delivery of these agents 

to the target tissue hinders the overall efficacy and specificity of gene therapies. Gold 

nanoparticles (AuNPs) possess potential solutions for these limitations due to their 

optical properties, rich surface chemistry, size tunability and biocompatibility. The AuNP 

scattering and absorbance properties enable facile characterization of functionalization, 

colloidal stability, size, and concentration. The AuNP surface can be modified with a 

variety of ligands including proteins, antibodies, and oligonucleotides, and the 

modifications are very stable due to the strong, nearly covalent Au-S dative bond. In 

addition, surface modification frequently extends the lifetime of ligands and decreases 

cytotoxic effects. The ability to vary AuNP diameter is beneficial as different size 

regimes are more likely to target specific tissues.  
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We have developed a novel gold-polymer conjugate for gene therapy where gold 

nanoparticles (AuNPs) are conjugated to cationic polymers known as polyamidoamine 

(PAMAM) dendrimers in a facile bottom-up covalent fabrication, yielding stable 

colloidal gene delivery vectors. PAMAM dendrimers are hyper branched, treelike 

polymers with good water solubility, uniform structure and surface functionality, and 

with the ability to encapsulate guest molecules in their internal structure.103 Tailoring the 

surface properties of the AuNP cores by coating them within PAMAM dendrimers 

produces a hybrid material with novel properties and functions that are not possible with 

either material alone, as the AuNP core imparts its physical and chemical properties to 

the polymeric shell and vice versa. For example, PAMAM dendrimers are known to 

excel in endosomal escape via the proton sponge effect while the AuNP core decreases 

the cytotoxicity of the dendrimers and allows ease of characterization by utilizing its 

optical plasmon properties.  

 In Chapter 2, we designed the EDC/sulfo-NHS coupled PAMAM dendrimer 

conjugation. We found that the flexibility of the lower generation PAMAM played a 

major factor in AuPAMAM complex stability and functionality. To solve agglomeration 

issues, we found that both lowering the pH during the crosslinking step in order to slow 

the reaction rate and lowering the spacing of carboxyl groups were effective means to 

improve particle stability. This finding shows the importance of controlling conjugation 

environments that are often overlooked in previous EDC/sulfo-NHS reaction schemes. 

 In Chapter 3, we optimized the AuPAMAM synthesis developed in Chapter 2. 

Due to the modular nature of the AuPAMAM synthesis, we were able to probe each step 
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of the fabrication process to achieve optimal functionality. The relationship between each 

conjugation parameter and the function of the final vector were investigated. Based on 

this work, increasing PAMAM surface coverage, increasing PAMAM core length, 

increasing PAMAM terminus charge, decreasing the alkanethiol SAM length, and 

increasing SAM hydrophilicity yielded the optimal vector with respect to transfection 

efficiency and viability in vitro. For future directions, the PEG-DAH50-100 will be used to 

transfect cells.  

 In Chapter 4, we explored the mechanism underlying differential transfection 

efficiencies seen across cell lines. We compared the process of polymer and gold 

nanoparticle-mediated transfection in CT26 colon carcinoma and SKBR3 breast 

adenocarcinoma cell lines. We determined the transfection efficiency of 

polyethylenimine (PEI) and gold-polyamidoamine (AuPAMAM) vectors and carried out 

a comparative time course analysis of reporter-gene expression and DNA uptake. Flow 

cytometry and confocal microscopy were used to elucidate the contribution of cellular 

uptake, endosomal escape, and cytoplasmic transport to the overall gene delivery process. 

The positive correlation of the transfection efficiency time course with the differential 

uptake and trafficking of the complexes between the two cell types suggests that initial 

complex uptake and cytoplasm trafficking to the nucleus are the main factors limiting 

CT26 transfectability.  

In this thesis, we established the value of combining gold nanoparticles with 

polyamidoamine dendrimers. We demonstrated that gold nanoparticles can be conjugated 

to polyamidoamine dendrimers as gene delivery carriers, and that colloidal stability, 
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determined by the PAMAM generation and conjugation reaction, is an important variable 

in the transfection efficiency of AuPAMAM particles. We have also demonstrated that 

the AuPAMAM platform offers the ability to interchange any component of the 

AuPAMAM synthesis, and optimized the chemical components of AuPAMAM particles 

to enhance transfection efficiency in human breast adenocarcinoma cells. This thesis 

highlights the importance of interrogating the role of each synthetic component in 

nanotechnology. Moving forward, further work should expand upon the impact of SAM 

composition by exploring other hydrophobic and hydrophilic SAM ligands and PEG of 

different molecular weights. Furthermore, mechanistic studies are severely lacking in 

tissue-specific vector design, so much work is needed to understand the various hurdles 

that must be addressed to enhance transfection in a variety of tissues. Ultimately, this 

dissertation has demonstrated that AuPAMAM particles have the potential to be 

translated for medical gene therapies. 
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