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ABSTRACT 

 

Herein, different polymer libraries were examined to determine the effect polymer 

structure has on intracellular events.  The effect of different polyamine lengths in 

copolymers on cellular uptake, the effect of modifying end groups of trehalose-containing 

polymers on transfection efficiency, and the effect of different linker lengths between 

galactose and a hepatocyte-targeted polymer on transfection efficiency were studied.  

Furthermore, it was demonstrated that polymers with terbium chelated in their repeat 

units could potentially be used for Förster resonance energy transfer (FRET) studies to 

monitor pDNA release from the polymer.  Much of the work in this dissertation focuses 

on elucidating the intracellular mechanisms of linear poly(ethylenimine) (PEI) and how it 

compares to poly(L-tartaramidopentaethylenetetramine) (T4) and 

poly(galactaramidopentaethylenetetramine) (G4), two poly(glycoamidoamine)s 

synthesized by our group.  The long-term goal of this project is to develop structure-

function relationships between polymers and pDNA delivery efficacy that will result in 

the rational design of safe, efficient vehicles for therapeutic nucleic acid delivery. 
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Many polymers used as DNA delivery vehicles display high cytotoxicity.  Often, the 

polymers with the highest transfection efficiency are the most toxic, as demonstrated 

herein by PEI and T4 with varying polymer lengths.  Therefore, it was of interest to study 

how polymer structure influences mechanisms of cytotoxicity.  To this end, studies on 

several mechanisms of cytotoxicity, including nuclear envelope permeabilization, were 

conducted.  Longer polymers induced more cytotoxic responses than shorter ones, and it 

appears that hydroxyl groups in the repeat unit of polymers play a role in polyplex 

formation.  This research has also led us to a potential link between transfection 

efficiency and cytotoxicity; the polymers with the highest transfection efficiency were 

also the most toxic, and were also able to induce the most nuclear envelope permeability.  

It is possible that these polymers’ ability to permeabilize the nuclear envelope is what 

causes their high transfection efficiency and high toxicity.  In addition, flow cytometry 

and confocal microscopy studies revealed that polymer structure plays a role in nuclear 

trafficking; poly(glycoamidoamine)s G4 and T4 more dependent on intracellular 

machinery than PEI.  This research demonstrates the impact that changes in polymer 

structure have on intracellular mechanisms. 
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Chapter 1 : Introduction 
 
1.1 Nucleic Acid Delivery  

Gene therapy has emerged as a relatively new concept for the treatment of many 

disorders,1 including metastatic melanoma,2 Duchenne muscular dystrophy,3-4 and Severe 

Combined Immunodeficiency Disease (SCID).5-6  The quest for effective treatment for 

these and other disorders using gene therapy is encumbered by the lack of safe, effective 

means for delivering the therapeutic nucleic acid to its target destination.  An ideal 

vehicle for gene delivery must be able to bind nucleic acids, deliver them into the cell, 

protect the nucleic acids from degradation once inside the cell, and if carrying DNA the 

vehicle must be able to deliver the DNA to the nucleus, all while being non-toxic to the 

target cells.  Choosing an ideal vehicle is not an easy task, and is currently a major issue 

in perfecting gene delivery for routine therapeutic use.  Viruses have the innate ability to 

deliver genetic cargo to target cells and are currently being used in clinical trials, 

however, they are not ideal vehicles; they have been shown to illicit unwanted immune 

responses, have a small capacity for carrying nucleic acids, and are difficult to modify.7  

There are several systems being developed in response to the problems with viral vectors, 

including polymers, dendrimers, and lipids.  Cationic polymer-based DNA vehicles have 

been developed to combat some of the problems associated with viral vectors8 and are of 

interest due to the relative ease that they can be modified compared to viruses, allowing 

them to be tailored to fulfill specific needs. One example of polymer modification is 

adding targeting groups to facilitate uptake into certain cell types including tumor cells,9-

11 pulmonary epithelial cells12-13 and liver cells.14-16 Polymers can also be tailored by 
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altering side or end groups to enhance transfection efficiency17-18 and improve serum 

stability.19-21  Many of these polymers are able to interact with DNA to form polymer-

DNA complexes (polyplexes) of 100 nm or less, allowing them to enter the cell via 

endocytic mechanisms.8, 22  Given the wide array of possibilities for polymer 

modification and the polymers’ ability to condense therapeutic DNA into nanoparticles, it 

is easy to see why the study of nanoparticles for use as delivery systems has increased 

steadily in recent years, and the field of nanotechnology is predicted to become a trillion 

dollar industry by 2015.23  Elucidating structure-function relationships between polymers 

and intracellular interactions would lead to the rational design of safe, efficient polymers 

for therapeutic DNA delivery.   

1.2 Polyamine-inspired Polymers as DNA Delivery Vehicles 

Despite the recent surge in interest for the development of effective polymer 

therapeutics, the mechanisms of polymer DNA delivery and of polymer cytotoxicity 

remain largely unknown.  Cationic polymer gene delivery vehicles were first suggested 

for use in the 1990s.24-25  Many cationic polymers obtain their positive charge from 

amines that are protonated at physiological pH.  The positive charge on these polymers 

allows them to electrostatically bind to the negatively-charged phosphate groups on 

DNA.  Upon binding, the polymers condense DNA into a stable nanoparticle, forming a 

positively-charged polymer-DNA complex known as a “polyplex”.  The positive charge 

on the polyplex is due to the excess number of amines from the polymer in comparison to 

the phosphate groups from the DNA, forming a nitrogen-to-phosphate or “N/P” ratio 

greater than 1. From there, the mechanism of uptake and intracellular trafficking remains 

unknown and can vary depending on the polymer structure (Scheme 1.1).  However, 
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since protein expression is observed in polyplex-treated cells it is clear that the DNA 

being delivered by the polymers is somehow reaching the nucleus, where it can be 

transcribed and translated into protein.  Previous research in the Reineke group has 

focused on decoding the mechanism of DNA complexation,26-27 polyplex uptake28-29 and 

subsequent nuclear trafficking (unpublished results).   

 

Scheme 1.1) How polycationic polymers deliver DNA.  The positive charges along the polymer 
backbone allow it to interact with negative charges on the DNA backbone.  The polymer condenses 
the DNA into a polymer-DNA complex (polyplex) which has a net positive charge.  The positive 
charge on the polyplex allows it to interact with negatively-charged groups on the cell surface.  The 
mechanism of polyplex uptake and DNA delivery remain largely unknown, but protein expression is 
observed in polymer transfection. 

  

Common cationic polymers used for gene delivery are polyethylenimine (PEI) and 

chitosan.  PEI is a polyamine initially described for use in gene therapy in 1995.24  It is 

found in either a linear or a branched form, with the linear form being more efficient at 

gene delivery.30-32  The amines in PEI exhibit a range in pKa's between a pH of 5 and 7, 

allowing them to carry a positive charge at a physiological pH.33-34  This allows PEI to 
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electrostatically interact with negatively charged phosphate groups on DNA.  PEI is 

effective at successfully delivering DNA into the nucleus of target cells; however, it is 

highly cytotoxic and the mechanism(s) of cytotoxicity remain largely unknown. Chitosan, 

another cationic polymer gene delivery vector, has also been shown to also deliver DNA 

into the nucleus.  While not nearly as effective as PEI, chitosan has a low occurrence of 

cytotoxicity.  In order to combine the high transfection efficiency of PEI with the low 

toxicity of chitosan, poly(glycoamidoamine)s (PGAAs) have been synthesized by Liu 

and Reineke (Figure 1.1).35-36  They display lower cytotoxicity than PEI, but do not 

exhibit as much protein expression as PEI-treated cells.  In order to rationally design 

ideal gene delivery vehicles, the mechanism of cytotoxicity along with how different 

polymer backbones affect intracellular trafficking and DNA delivery must be elucidated.     

 

Figure 1.1.) The structure of the poly(glycoamidoamine)s (PGAAs).  The PGAAs differ in the 
stereochemistry of the hydroxyl groups in their repeat units and, in the case of T4, the number of 
hydroxyl groups. 

 

1.3 Comparing the Poly(glycoamidoamine)s and PEI 

Previous research done by our group indicates that the PGAAs have a different 

transfection mechanism than PEI, but as of yet, this mechanism is currently unknown.  It 
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is believed that the carbohydrate linkages on the PEI-like backbone of the PGAAs 

provide a more “bio-friendly” gene delivery vehicle.  Both PEI and the PGAAs have a 

polyamine backbone that is protonated at physiological pH, giving them high cationic 

charge densities.27  The amine groups may aid in endosomal buffering capacity, thus 

affording protection for the therapeutic nucleotide as well as a possible means of 

endosomal escape through the “proton sponge” mechanism.   

The proton sponge theory is a hypothesis on how polyplexes escape endosomes and 

reach the cytoplasm.  Once polyplexes and polymers are endocytosed, any non-

protonated amines on the polymers can absorb protons and buffer endosomal pH.  In 

order to compensate for the change in pH, proton pumps on the endosomal membrane 

pump more protons into the endosome, resulting in osmotic swelling and bursting of the 

endosomes.  According to this theory, the higher the buffering capacity of a polymer, the 

more efficiently it can escape endosomes and thus polymers with high buffering 

capacities will yield higher protein expressions.37-38 Contradictory to the proton sponge 

theory, other research has shown that when the buffering capacity of branched PEI is 

lowered by acetylating several amines on the polymer, transfection efficiency increases.39 

Furthermore, studies on modified PEI, β-cyclodextrin-containing polycationic polymers, 

and poly-L-lysine show no correlation between buffering capacity and transfection 

efficiency.40 In addition, PEI has been shown to be able to directly permeabilize the 

plasma membrane of cells41-43 as well as lysosomal membranes,44 providing an 

alternative method of vesicle escape to the proton sponge theory.  Research in our group 

has indicated that the PGAAs poly(L-tartaramidopentaethylenetetramine) (T4) as well as 

poly(galactaramidopentaethylenetetramine) (G4) are also able to induce plasma 
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membrane permeability, although to a lesser extent when compared with linear PEI.28  

The PGAAs T4 and G4 were also able to induce vesicle puncture when incubated with 

model liposomes, with T4 inducing vesicle disruption faster than G4.28  It is possible that 

the PGAAs utilize different methods of endosomal escape than PEI resulting in the 

different cytotoxic and transfection efficiency profiles, but further work done in our 

group suggests that the proton sponge theory does not hold true for the PGAAs. 

As mentioned previously, according to the proton sponge theory, polymers with 

higher buffering capacities should be able to escape from endosomes more readily, 

resulting in improved transfection efficiency.  Previous work done in our group has 

shown that the buffering capacity of poly(L-tartaramidopentaethylenetetramine) (T4) 

decreases as the number of amines in the repeat unit increase from 1 to 4,45 however, 

contradictory to the proton sponge theory, we also show an increase in transfection 

efficiency when 4 amines are present in the repeat unit compared to 1.36  The main 

difference in structure between the PGAAs and PEI is the addition of repeat sugar units 

on the polyamine backbone for the PGAAs.  This allows for some separation between 

amine groups, which may make it easier for more amines in the PGAAs to become 

protonated when compared to PEI due to an “intra-repeat unit interaction”.45  Within a 

repeat unit, when one amine becomes protonated, it electrostatically suppresses the 

protonation of neighboring amines.  The presence of hydroxyl groups in the repeat unit of 

the PGAAs separates amines, and this “intra-repeat unit interaction” is seen in 

protonation trends for the PGAAs; for example, T1 (one amine in the repeat unit) has a 

higher degree of protonation at an acidic pH than T4 (four amines in the repeat unit).45   

Despite the higher protonation, T1 has a lower transfection efficiency than T4, and 
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despite T4’s higher buffering capacity than PEI, PEI displays higher transfection 

efficiency,45 further illustrating that the proton sponge theory may not apply to these 

polymer delivery systems.  These studies also illustrate how changes in polymer structure 

can influence intracellular mechanisms.  Research done in our group has also shown that 

the PGAA poly(galactaramidopentaethylenetetramine) (G4) remains in an acidic 

environment as long as 24 hours after transfection, while linear PEI is at a neutral pH at 

this time point (unpublished data), further proving that high buffering capacity does not 

always improve endosomal escape.   

  Based on our group’s work comparing the different PGAAs, we show that the 

number of hydroxyl groups on the PGAAs as well as their stereochemistry affect 

cytotoxicity and transfection efficiency.35  In addition to providing different buffering 

capacities, the hydroxyl groups also play a role in the degradation of the PGAAs, leading 

to a potential mechanism of pDNA release.46  Also, past research has shown that the 

molecular weight and degree of branching for PEI play a part in cytotoxicity and 

transfection efficiency.47-48  In order to provide insight on the mechanism of cytotoxicity 

for these polymers, the cytotoxicity of naturally occurring polyamines as well as 

polyamine derivatives was studied.  Since we have shown that PEI is more toxic than the 

PGAAs, and that PGAAs with longer amine moieties are more toxic than those with 

shorter amine moieties, it was hypothesized that the amine moieties play a role in the 

mechanisms of cytotoxicity for these polymers.  More specifically, we hypothesized that 

since PEI is a long polyamine chain, its mechanisms of cytotoxicity would be similar to 

that of naturally occurring polyamines.  To study this further, the mechanisms of 

cytotoxicity for other polyamines were researched. 
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1.4 Polyamines and Cytotoxicity 

There are naturally occurring polyamines present in all cells.  They exhibit a wide 

range of functions (Table 1.1), including nucleic acid structure stabilization, ion channel 

control, and regulation of the cell cycle.49-50   Intracellular polyamine homeostasis is 

closely regulated; a decrease or increase in intracellular polyamine concentration has 

been shown to cause apoptosis in a variety of cell lines51-55 and polyamine deregulation 

has been implicated in several forms of cancer.56-58  Furthermore, several wasp and spider 

toxins that target ionotropic receptors contain polyamine moieties.59-60  Since the 

polymers tested herein also contain polyamine moieties, perhaps the mechanisms of 

toxicity for polyamine-containing toxins are similar to those of polyamine-containing 

polymers. 

 

Table 1.1.) Some intracellular functions of the naturally-occurring polyamines spermine, spermidine, 
and putrescine and polyamine derivatives. 

Intracellular 

Function 
Mechanisms of Action 

Regulation of 

cell cycle 

Required for degradation of cyclin B1,61 regulation of cyclin D1 and 

cyclin E1,62 induction of CDK inhibitor p2163  

Nucleic acid 

stabilization 
Binding and compacting DNA64-66 

Ion channel 

control 

Spermine blocks receptor channel pores in Ca2+-permeable glutamate 

receptors,67 regulation of sodium and potassium channels,55 

interference with inositol-1,4,5-triphosphate binding sites55 
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Apoptosis 

regulation 

Prevent mitochondrial permeability transition pore activation,68 

involvement in caspase cascade,69 regulation of p5351 

 

The mechanisms of cytotoxicity for naturally occurring polyamines as well as polyamine 

derivatives vary, depending on the specific polyamine and the cell type.  Since PEI and 

the poly(glycoamidoamine)s have polyamine backbones,  perhaps the mechanism of 

cytotoxicity of polyamine-based gene delivery vectors can be elucidated by studying 

mechanism of toxicity for the shorter, naturally-occurring polyamines and polyamine 

derivatives.  Specifically, polyamines’ harmful interactions with mitochondria70-72 and 

the increase in reactive oxygen species (ROS) from the catabolism of increased 

intracellular polyamines73-74 were the inspiration for several experiments described later 

in this work. 

   

1.5 Goals of this Project and Dissertation Outline 

Ultimately, the goals of this project have been to elucidate the mechanisms of how 

gene delivery polymers work and to determine structure-function relationships between 

gene delivery polymers and their mechanisms of action, with a focus on the mechanisms 

of cytotoxicity of certain polymers.  Several hypotheses investigated herein are indicated 

in bold print in this section and are outlined by chapter in Section 1.6.  In this work, 

different mechanisms of cytotoxicity were studied; those exhibited by naturally occurring 

polyamines inspired some hypotheses about cytotoxic mechanisms, while previous work 

done in the Reineke group incited questions about other potential mechanisms. While 

studying mechanisms of cytotoxicity, it was also of interest to study how polymer 
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function affects how polyplexes traffic to the nucleus.  There have been many studies 

performed in the Reineke group studying mechanisms of intracellular uptake and 

intracellular trafficking, and the main questions the research presented in Chapter 4 

attempted to answer are 1.) how polyplexes get to the nucleus and 2.) once at the nucleus, 

how does the plasmid DNA enter it?  

The overarching hypothesis carried throughout these studies is that polymer 

structure influences intracellular mechanisms.  Studies carried out on PEI, G4, T4, A4 

and other polymers synthesized in the Reineke group illustrate this, as marked differences 

between cytoxicity and transfection efficiency were observed.  Studies probing various 

potential mechanisms of cytotoxicity and nuclear trafficking/uptake were performed to 

elucidate these different mechanisms.  Dynamic light scattering and zeta potential 

measurements illustrated the differences in size and charge that of polyplexes formed 

with different polymers.  Various flow cytometric and plate reader-based assays 

illustrated the different cytotoxic profiles for the polymers studied, and confocal 

microscopy was used to determine intracellular locations at different time points for the 

polymers.  Flow cytometric and confocal microscopy studies were performed on isolated 

nuclei to determine the role polymer structure has on pDNA nuclear uptake.  Overall, 

these studies illustrate the importance of polymer structure and yield valuable 

information on future polymer design, which are emphasized in subsequent chapters.  

Chapter 2 describes multiple studies done in an attempt to elucidate the mechanism of 

PEI-induced cytotoxicity.  PEI is known as being toxic, and studies probing the effects 

PEI has on mitochondrial function as well as the effects of blocking certain routes to 

polyamine metabolism on PEI toxicity are illustrated.  Several hypotheses were tested 
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in Chapter 2, including 1.) direct mitochondrial interaction with linear PEI causes 

cytotoxicity, 2.) PEI interacts with the endoplasmic reticulum (ER) during 

transfection and may induce apoptosis through an ER-mediated pathway, and 3.) 

blocking certain routes of polyamine catabolism may decrease PEI toxicity by 

decreasing production of harmful metabolites.  Chapter 3 explores the role of polymer 

structure on cytotoxicity in more detail, with comparisons of cytotoxic profiles between 

polymers varying in molecular weight and with or without the presence of a hydroxyl 

moiety in their backbones.  These studies sought to determine whether higher 

molecular weight polymers were more efficient gene delivery vehicles, yet also more 

toxic due to their ability to directly permeabilize the nuclear envelope. It was our 

hypothesis that since polymers with hydroxyl groups in their backbone (T4) are able 

to degrade, they would be less toxic than non-degradable polymers (PEI and A4). 

Also, studies described in this chapter continue to study oxidative damage as a 

potential mechanism of toxicity, with the hypothesis that the presence of hydroxyl 

groups induced more ROS in cells during transfection.   Chapter 4 explores plasmid 

DNA nuclear import in more detail, and studies were conducted to determine whether 

the presence and the number of hydroxyl groups present in the polymers’ repeat 

units influenced the requirements for plasmid DNA nuclear entry.  Lastly, Chapter 5 

describes studies performed on polymers tailored to yield specific characteristics, 

including increased hepatocyte targeting, increased colloidal stability in serum-containing 

media, and the ability to be tracked during transfection without the use of chemically 

attaching fluorescent dyes.  These studies were performed in order to further illustrate 

how polymers have more flexibility in design than other gene delivery vehicles as well as 
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to determine how polymer modifications affect transfection efficiency.  It was our 

hypothesis that seemingly small changes in polymer structure would impact their 

transfection efficiency. 

 

1.6 Hypotheses by Chapter 

Several hypotheses are tested throughout this work, and are highlighted in bold font 

in the previous section.  In order to concisely present the hypotheses, this section lists 

each of the hypotheses tested in each chapter of this dissertation.  As mentioned 

previously, the hypothesis carried throughout this work is that polymer structure 

affects intracellular mechanisms.  More specific hypothesis can be found in the 

following chapters: 

Chapter 2:  This chapter focuses on elucidating the mechanism of why mitochondrial 

membrane potential is lowered during PEI transfection.  The hypothesis tested are as 

follows: 

1.) PEI polyplexes disrupt mitochondrial membrane potential (MMP) through direct 

interference with the mitochondria; 

2.) MMP is lowered because PEI triggers apoptosis early in transfection, the 

decrease in MMP is a result of activation of the caspase cascade; 

3.) MMP is lowered because PEI interferes with mitochondrial membrane pumps; 

4.) MMP is lowered because PEI activates the mitochondrial permeability transition 

pore; 

5.) Apoptosis is triggered due to PEI interfering with the endoplasmic reticulum; 
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6.) Apoptosis is initiated through the production of reactive oxygen species (ROS), 

therefore adding a ROS scavenger to PEI-treated cells will reduce toxicity. 

Chapter 3:  In chapter 3, the differences in cytotoxicity for several polymers were 

tested.  The hypotheses in this chapter are: 

1.) Polymers of smaller lengths are less toxic than longer polymers. 

2.) The presence of hydroxyl groups is responsible for the decreased toxicity of T4 

compared to PEI; 

3.) Different mechanisms of cellular uptake are responsible for early toxicity (within 

30 minutes of transfection); 

4.) There is a link between high transfection efficiency and high toxicity with the 

polymers tested, this link is due to the fact that polymers with high transfection 

efficiency are able to directly permeabilize the nuclear envelope. 

5.) The presence of hydroxyl groups leads to increased production of ROS and 

accounts for the different cytotoxic profiles of non-hydroxyl-containing polymers 

vs. polymers with hydroxyl groups. 

Chapter 4:  This chapter focuses on how differences in polymer structure affect how 

polyplexes are trafficked to the nucleus and also affect how plasmid DNA is imported 

into the nucleus.  The hypotheses that this chapter tests are: 

1.) The presence of a microtubule-disrupting agent lower the transfection efficiencies 

of hydroxyl-containing polymers more than PEI. 

2.) Inhibiting mitosis will affect the transfection efficiencies of hydroxyl-containing 

polymers more than PEI. 
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3.) Polymer structure affects the minimal requirements for plasmid DNA nuclear 

import. 

4.) Direct nuclear envelope permeabilization leads to higher pDNA nuclear import 

and therefore higher transfection efficiency. 

Chapter 5:  In this chapter, a variety of polymer libraries were synthesized to 

determine how seemingly small changes in polymer structure affect intracellular 

mechanisms.  The hypotheses tested are as follows: 

1.) The presence of galactose as a pendant group on polymers will increase 

receptor-mediated endocytosis for hepatocyte transfection.  Furthermore, the 

length of the linker used to join galactose to the polymer will impact 

transfection efficiency. 

2.) Different end groups on trehalose-containing polymers affect transfection 

efficiency and cytotoxicity. 

3.) The length of primary amine-containing repeat units in copolymers affect 

intracellular uptake and pDNA release from the polyplexes. 

4.) Chelating a lanthanide in the repeat unit of a polymer enables it to be used to 

study polymer-pDNA dissociation when used as a FRET pair with 

fluorescently-labeled pDNA. 
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Chapter 2 : Cytotoxicity of Poly(ethylenimine) 
 
Based on the manuscript “Interaction of Poly(ethylenimine)-DNA Complexes with 
Mitochondria: Implications for Mechanisms of Cytotoxicity” from Grandinetti, G.; Ingle, 
N.P.; Reineke, T.M. Molecular Pharmaceutics, accepted. 
 
 
2.1 Abstract 
 

Poly(ethylenimine) (PEI) and PEI-based systems have been widely studied for use as 

nucleic acid delivery vehicles.  However, many of these vehicles display high 

cytotoxicity, rendering them unfit for therapeutic use.  By exploring the mechanisms that 

cause cytotoxicity, and through understanding structure-function relationships between 

polymers and intracellular interactions, nucleic acid delivery vehicles with precise 

intracellular properties can be tailored for specific function. Previous research has shown 

that PEI is able to depolarize mitochondria, but the exact mechanism as to how 

depolarization is induced remains elusive and therefore is the focus of the current study.  

Potential mechanisms for mitochondrial depolarization include direct mitochondrial 

membrane permeabilization by PEI or PEI polyplexes, activation of the mitochondrial 

permeability transition pore, and interference with mitochondrial membrane proton 

pumps, specifically Complex I of the electron transport chain and F0F1-ATPase.  Herein, 

confocal microscopy and live cell imaging showed that PEI polyplexes do colocalize to 

some degree with mitochondria early in transfection, and the degree of colocalization 

increases over time.  Cyclosporine a was used to prevent activation of the mitochondrial 

membrane permeability transition pore, and it was found that early in transfection 
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cyclosporine a was unable to prevent the loss of mitochondrial membrane potential. 

Further studies done using rotenone and oligomycin to inhibit Complex I of the electron 

transport chain and F0F1-ATPase, respectively, indicate that both of these mitochondrial 

proton pumps are functioning during PEI transfection. Overall, we conclude that direct 

interaction between polyplexes and mitochondria may be the reason why mitochondrial 

function is impaired during PEI transfection.  Furthermore, this chapter presents data 

illustrating PEI polyplex-endoplasmic reticulum colocalization and the effect of 

inhibiting certain forms of polyamine metabolism on the toxicity of branched PEI. 

 

2.2 Introduction 

The delivery of nucleic acids has great potential for advancing biomedical and 

therapeutic research; however, the field has faced several obstacles that are mostly related 

to the lack of effective delivery methods.  In response to the problems associated with 

viral vectors,1 several research groups have developed polycation-based delivery 

vehicles.  While some systems are effective, generally, the vehicles with the highest 

efficacy have been shown to display a cytotoxic response, and the mechanisms that cause 

cytotoxicity remain unclear.  In particular, polyethylenimine (PEI) has been widely 

studied over the last decade as it is very efficient at delivering various types of nucleic 

acids into a wide variety of cell types.2-8 Yet, the high cytotoxicity associated with this 

material has prevented it from being used clinically.1, 9-12  Gaining a better understanding 

of the mechanisms associated with toxicity and the role that polymer structure plays in 

transfection will enhance the ability of researchers to design vehicles with the ideal 

combination of low toxicity and high delivery efficiency. Herein, we aim to further 
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advance the knowledge of how synthetic materials interact with and adversely affect 

cellular function by examining the specific effect of linear PEI on mitochondrial function, 

which is responsible for regulating cell cycle, differentiation, energy, signaling, growth, 

and cell death.   To this end, we chose to use a commercially available linear PEI (JetPEI, 

Polyplus-transfection Inc.) due to its widespread use as a transfection reagent. 

Currently, the mechanisms involved in the cytotoxic response of common delivery 

agents such as PEI are beginning to be uncovered but currently remain unclear.  One 

study indicated altered gene expression in cells treated with branched 25 kDa PEI, with 

an increase in genes specific for oxidative stress, inflammation and cytotoxicity evident 

six hours after transfection.13 Further studies by Godbey et al. on branched PEI indicate 

that cell death appears to occur in two phases; one at 2 hours characterized by altered cell 

morphology and cell detachment and a later phase occurring between seven and nine 

hours after transfection.2  The later phase was characterized by increased secretion of the 

gene products tissue-type plasminogen activator (tPA), plasminogen activator inhibitor 

type 1 (PAI-1), and von Willebrand Factor (vWF).  Increased levels of these gene 

products are linked to endothelial cellular stress responses.14-17  Another study has found 

that 25 kDa branched PEI and 750 kDa linear PEI both induce toxicity in two phases; a 

necrotic-like cell death at 30 minutes of transfection and a mitochondrial-mediated 

apoptotic cell death at 24 hours after transfection.12 The first involves an early necrotic-

like toxicity due to membrane damage, characterized by lactate dehydrogenase (LDH) 

release in cells treated with PEI.  It is interesting to note that in that study, 

phosphatidylserine externalization, a sign of apoptosis, was evident in cells treated with 

high concentrations of PEI within 30 minutes of transfection.  However, the authors 
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mention that the early phosphatidylserine externalization could be due to necrotic-like 

damage as well as apoptosis, since the phosphatidylserine externalization occurred at the 

same time as LDH release.12 The second mechanism involves a late, apoptotic-like cell 

death 24 hours after transfection.12 Moghimi et al. concluded that the apoptotic-like cell 

death was a result of mitochondrial-mediated cell death pathways due to an increase in 

caspase 3 activation and loss of mitochondrial membrane potential 24 hours after 

transfection.    Furthermore, Moghimi et. al. conducted additional studies to determine 

the mechanism of mitochondrial depolarization; isolated mitochondria were treated with 

either branched or linear PEI and cytochrome c release was measured, and it was found 

that branched PEI was able to induce more cytochrome c release than linear PEI.  It was 

also found that there was no mitochondrial swelling or change in respiration during 

cytochrome c release, indicating that the mitochondrial permeability transition pore was 

not involved in PEI-induced cytochrome c release from isolated mitochondria.12  The 

means by which mitochondrial membrane potential (MMP) is reduced during PEI 

transfection remains unknown; therefore, we chose to further investigate the interaction 

between polyplexes formed with linear PEI and mitochondria by performing several in 

vitro studies.   

The effects of inhibiting the formation of the mitochondrial permeability transition 

pore were studied during PEI transfection to determine if our studies done within intact 

cells support the conclusions from the previous studies done in isolated mitochondria.  In 

times of intracellular stress, the voltage-dependent anion channel (VDAC), adenine 

nucleotide translocase (ANT), and cyclophilin D come together to form a pore in the 

mitochondrial membrane known as the mitochondrial permeability transition pore 
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(MPTP).  The opening of this pore results in the release of pro-apoptotic factors from the 

intermembrane space and loss of mitochondrial membrane potential.18  Cyclosporine a 

(CsA) is able to stop this pore from opening by preventing cyclophilin D from 

complexing with the other proteins to form the pore;19-20  this inhibits the loss of MMP 

and can prevent apoptosis in certain situations.21-23  

In addition to MPTP activation, another possible reason for the loss of MMP could 

potentially be interference with membrane pumps.10  Polyamines found in nature, such as 

spermine, putrescine, and spermidine,24-26 along with polyamine analogues27 such as 

pentaethylenehexamine, a small 232 Da linear PEI,28  have also been found to bind to 

mitochondria and subsequently interfere with normal mitochondrial function.   Natural 

polyamines and polyamine analogues have been shown to decrease mitochondrial protein 

synthesis,29 induce the release of cytochrome c,30 and interfere with calcium transport 

across the mitochondrial membrane.24, 27-28  Given how a variety of polyamines are able 

to induce mitochondrial cytotoxicity,31 it was of interest to us to study mitochondrial 

membrane pump disruption as a potential mechanism for how mitochondrial membrane 

potential is lost during PEI transfection.  MMP is normally maintained by proton 

pumping via the electron transport chain (ETC) and F0F1-ATPase.32  Complex I of the 

ETC can be inhibited by rotenone, and F0F1-ATPase can be inhibited by oligomycin, 

which are useful tools to examine the effects of these signaling pathways on toxicity 

mechanisms.32  These inhibitors were used during PEI transfection to determine the 

contribution to MMP by these two mitochondrial membrane pumps. 

Another possible reason for the loss of MMP during PEI transfection is that the PEI 

polyplexes could directly disrupt the mitochondrial membrane, allowing for release of 
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pro-apoptotic factors and eventual cell death. There has been work showing that branched 

78 kDa PEI is capable of disrupting lipid membranes.33-35 Indeed, if PEI is able to disrupt 

lipid membranes, it is possible that the observed loss of MMP is due to PEI disrupting the 

mitochondrial membrane. Researchers have previously suggested that one route to 

mitochondrial depolarization is the direct permeabilization of the outer mitochondrial 

membrane, allowing cytochrome c to escape the intermembrane space, leading to the 

activation of caspases and apoptosis.12, 36 Since polyamines are capable of binding to 

mitochondria,24 and given the ability of PEI to negatively impact MMP, it was of interest 

to us to further study these effects and, more specifically, examine the related outcomes 

of PEI polyplex interactions with the mitochondria as a function of time. Due to the 

negative impact of PEI on isolated mitochondrial function found in previous studies, it 

was of interest to us to study PEI polyplex-mitochondria interactions in vitro. Activation 

of the MPTP, inhibition of mitochondrial membrane pumps, and direct polyplex 

interaction with the mitochondrial membrane along with certain inhibitors used in the 

current study are illustrated in Scheme 2.1. 
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Scheme 2.1) Potential mechanisms as to how mitochondrial membrane potential (MMP) could be 
disrupted during PEI transfection (inhibitors of normal mitochondrial function are shown in boxes 
on the diagram).  PEI could potentially interact with the electron transport chain or F0F1-ATPase, 
whose contributions to MMP can be observed using rotenone or oligomycin, respectively.  The 
mitochondrial membrane permeability transition pore is formed during times of intracellular stress 
by the complexation of several proteins, including voltage-dependent anion channel (VDAC), adenine 
nucleotide translocase (ANT), and cyclophilin D.  Cyclosporine a (CsA) is able to prevent the pore 
from opening and save the cell from apoptosis in certain cases.  Additionally, PEI polyplexes could be 
directly permeabilizing the outer mitochondrial membrane, resulting in a loss of mitochondrial 
function. 

 

Based on our results, we propose that the early toxicity of linear PEI is neither due to 

the opening of the mitochondrial permeability transition pore, nor because of direct 

interference with mitochondrial pumps.  We also show that PEI is able to induce 

apoptosis early during transfection. In fact, we observe an increase in caspase-9 activity 

and mitochondrial membrane depolarization within one hour.  Our data also indicate 

increasing colocalization between polyplexes and mitochondria over time. Thus, our data 

indicates the possibility of linear PEI initiating caspase activation by direct mitochondrial 

permeabilization, which ultimately leads to toxicity and cell death.  Other mechanisms 
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for toxicity, including interaction with the endoplasmic reticulum and the possibility of 

harmful metabolites being formed during PEI transfection, are also investigated.   

Endoplasmic reticulum (ER) stress has also been implicated in apoptosis.37-40 

Previous studies show that PEI may be trafficking through cells via a caveolae-mediated 

pathway,41-43 which may provide a pathway for PEI polyplexes to reach the ER.43-45  

Therefore, ER stress pathways may also be implicated in the mechanism of cytotoxicity 

for PEI as well as the mitochondria.  Also, as mentioned in Chapter 1, polyamine 

catabolism can lead to apoptosis, so it was of interest to us to determine if inhibiting 

polyamine catabolism would have any effect on the toxicity of PEI.  We illustrate 

colocalization with PEI polyplexes and the endoplasmic reticulum within one hour after 

transfection, and no effect on the cytotoxicity or transfection efficiency of branched PEI 

in the presence of certain inhibitors of polyamine metabolism.  

 

2.3 Materials and Methods 

Cell culture media and supplements were purchased from Gibco (Carlsbad, CA).  

HeLa cells were purchased from ATCC (Rockville, MD).  Cyclosporine a and 

oligomycin were obtained from CalBioChem (San Diego, CA).  The mitochondrial 

membrane potential probe 1,1′,3,3,3′,3-hexamethylindodicarbocyanine iodide (DiIC(1)5), 

4′,6-diamidino-2-phenylindole (DAPI), phosphatidylserine externalization probe Annexin 

V-Alexa Fluor 488, secondary goat anti-rabbit antibody, and viability probe Propidium 

Iodide were purchased from Molecular Probes (Eugene, OR) and used according to 

manufacturer’s protocol.  Linear PEI (JetPEI) was purchased from PolyPlus 

Transfections (Illkirch, France) and used according to manufacturer’s protocol.  
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Rotenone, aminoguanidine, pentamidine, and monodansylcadaverine were purchased 

from Sigma (St. Louis, MO). Plasmid DNA (pCMV-luc) was purchased from 

Plasmidfactory (Bielefeld, Germany).   

Polyplex formation: Jet-PEI (PEI) was added to a 0.02 µg/µL solution of plasmid 

DNA (pDNA) according to manufacturer’s protocol to make a solution with a nitrogen-

to-phosphate (N/P) ratio of 5.  Polyplexes were allowed to incubate at room temperature 

for one hour prior to transfection.  Where indicated, branched PEI (Sigma Aldrich) was 

used at the indicated N/P ratios.  For the confocal microscopy studies, pDNA was labeled 

with Cy5 using a Cy5 LabelIT® Nucleic Acid Labeling Kit from Mirus Bio, LLC 

(Madison, WI) according to manufacturer’s protocol, which covalently links Cy5 to 

pDNA, and the Cy5-labeled pDNA was used to form polyplexes.   

Mitochondrial membrane potential: HeLa cells were seeded at a density of 250,000 

cells/well in a 6-well plate in Dulbecco’s Modified Eagle Medium (DMEM) substituted 

with 10 % fetal bovine serum, 100 µg/mL streptomycin, 0.25 µg/mL amphotericin, and 

100 units/mg penicillin.  The cells were incubated at 37 °C and 5 % CO2 for 24 hours.   

After 23 hours, polyplexes were formed at an N/P of 5 and using 5 µg of plasmid DNA 

per well. The final volume of each N/P 5 solution was 500 µL (250 µL of JetPEI solution 

added to 250 µL of plasmid DNA at a concentration of 0.02 µg/mL).  Polyplexes were 

incubated for one hour at room temperature, after which 1 mL of serum-free OptiMEM 

was added to each 500 µL polyplex solution to form the transfection solution.  Twenty-

four hours after the cells were plated, the DMEM was aspirated from the cells, the cells 

were washed with 1mL of phosphate-buffered saline (PBS) per well, and 1.5 mL of 

transfection solution was added to each well.  Transfections were performed in duplicate.  
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Cells were allowed to transfect for the indicated times, then transfection media was 

aspirated off, cells were washed twice with 1 mL of PBS/well and pelleted.  The 

mitochondrial membrane potential-sensitive dye DiIC(1)5 was used according to 

manufacturer’s protocol.  The dye Annexin V-Alexa Fluor 488 was added to cells where 

indicated according to manufacturer’s protocol to detect phosphatidylserine 

externalization.  This dye binds only to cells with exposed phosphatidylserine, so an 

increase in Alexa Fluor 488 (AF488) fluorescence indicates an increase in 

phosphatidylserine externalization. The viability dye propidium iodide was used 

according to manufacturer’s protocol.  Flow cytometry was done on a BD FACSCanto II 

(Becton Dickinson Biosciences, San Jose, CA).   A minimum of 50,000 events was 

collected for each sample.  

Mitochondrial permeability transition pore inhibiti on.  In order to study the role 

that the mitochondrial membrane permeability transition pore (MPTP) has on 

maintaining mitochondrial membrane potential during PEI transfection, the opening of 

the pore was inhibited using the drug cyclosporine a.  HeLa cells were plated in 6 well 

plates and transfected as described above.  At the indicated time points, cyclosporine a 

was dissolved in dimethyl sulfoxide (DMSO), then added to DMEM substituted with 10 

% FBS to give a final concentration of 5 µM cyclosporine a.  Then, 4 mLs of DMEM 

with or without cyclosporine a were added to each well.  The cyclosporine a was allowed 

to incubate on the cells for one hour, after which MMP was measured using flow 

cytometry as described above using the dye DiIC(1)5.  

Complex I and F0F1-ATPase inhibition.  In order to determine whether the 

respiratory chain in the mitochondrial membrane were contributing to MMP in PEI-



 30 

treated cells, inhibitors of these pumps were used on PEI-transfected cells to see if MMP 

would be affected.  To inhibit Complex I of the electron transport chain, 2 µM of 

rotenone was used as described previously.46  To inhibit F0F1-ATPase, 5 µg/mL (6.3 µM) 

of oligomycin was used as described previously.47  Briefly, the inhibitors were added at 

the indicated concentrations at 4 hours after transfection or 6 hours after transfection in 

order to determine if respiratory chain inhibition was the cause of the sudden loss of 

MMP observed at these time points.  The inhibitors were allowed to incubate on the cells 

for one hour, and then MMP was analyzed using flow cytometry as described above. 

Confocal microscopy: Previous work done on isolated mitochondria showed that 

polyplexes formed with 25 kDa PEI at a PEI/DNA weight ratio of 0.8/1 (roughly N/P 

ratio ~3) did not have strong mitochondrial interactions.48 For our studies, we wanted to 

determine if linear PEI used at typical transfection conditions (N/P = 5) interacted with 

mitochondria in whole cells during transfection.  HeLa cells were seeded onto poly-L-

lysine (PLL)-coated 12 mm diameter round thickness No. 1 coverslips (Fisher Scientific, 

Pittsburgh, PA) in 12 well plates at a density of 15,000 cells per well.  The cells were 

grown on coverslips for 48 hours in conditions described above (37 °C, 5 % CO2, 

supplemented DMEM).  Polyplexes were formed by adding 50 µL of PEI N/P = 5 

solution to 50 µL of 0.02 mg/mL Cy5-labeled pDNA solution and allowing the polyplex 

solution to incubate for 1 hour at room temperature. Cells were transfected with 100 µL 

of polyplex solution diluted with 1 mL of OptiMEM for a total of 1 µg of pDNA per 

well.  Cells were fixed at the indicated time points after transfection and all microscopy 

preparation was carried out in the dark at room temperature unless otherwise noted.  Cells 

were fixed by incubating with 1 mL of  4 % paraformaldehyde (Sigma, St. Louis, MO) 
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per well for 15 minutes and permeabilized by incubating each well with 1 mL of 0.25 % 

Triton X-100 solution for 15 minutes.  After permeabilization, cells were washed three 

times with 1 mL of PBS per well (cells were incubated in PBS for 5 minutes each wash) 

and blocked using 1 mL of 1 % bovine serum albumin (BSA) in PBS for 45 minutes. 

After blocking, cells were incubated with 1 mL of a 1:3000 dilution of rabbit monoclonal 

COX IV primary antibody (Cell Signaling Technologies, Danvers, MA) to label the 

mitochondria or a 1:200 dilution of rabbit polyclonal GRP78 BiP primary antibody 

(Abcam, Cambridge, United Kingdom) to label the endoplasmic reticulum for one hour.  

Cells were washed with 1 mL of PBS for each well, 5 minutes each wash, and then 

coverslips were placed face down in 100 µL of a 5 µg/mL goat anti-rabbit secondary 

antibody conjugated to Alexa Fluor 555 or Alexa Fluor 488 (Molecular Probes, Eugene, 

OR) in a humidified chamber for one hour. Cells were washed three times with PBS as 

described previously, and coverslips were placed cells-side-down in 300 µL of a 300 nm 

solution of DAPI (Molecular Probes, Eugene, OR) for five minutes to stain the nuclei.  

Coverslips were washed again with PBS as described above and mounted onto slides 

using 12 µL of Prolong Antifade Gold Reagent (Molecular Probes, Eugene, OR) per 

coverslip.  Coverslips were sealed with clear nail polish after 24 hours.   Cells were 

imaged on a Zeiss LSM 510 META confocal microscope (Carl Zeiss, Thornwood, NY) 

and colocalization analyses on fixed cells was performed using the software ImageJ.49  

Inhibition of polyamine metabolism.  The main routes to catabolize polyamines in 

cells are acetylation, oxidation, and cross-linking.50  HeLa cells were plated into 24 well 

plates at a density of 50,000 cells/well in media containing either 1mM aminoguanidine 

to inhibit polyamine oxidase (oxidation),51-52 90 µM monodansylcadaverine to inhibit 
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transglutaminase (cross-linking),50, 53 or 20 µM of pentamidine to inhibit polyamine 

oxidase  and spermidine/spermine N-1 acetyltransferase (SSAT) (oxidation and 

acetylation).54-55  The cells were incubated for 24 hours, after which cells were 

transfected in OptiMEM with branched PEI at the indicated N/P ratios (1 µg pDNA/well) 

as previously described.56  Four hours after transfection, 800 µL of fresh 10 % FBS 

DMEM was added to each well.  Twenty-four hours after transfection, cell viability was 

assayed by measuring the amount of protein in cell lysates using Bio-Rad’s DC Protein 

Assay (Hercules, CA) as previously described57 and transfection efficiency was analyzed 

using Promega’s luciferase assay reagent (Madison, WI) as previously described.56 

Statistical analysis: All data are presented as mean ± standard deviation.  For 

statistical analysis of data, the JMP software was used (S.A.S. Institute Inc., Cary, NC) 

and means were compared using ANOVA followed by the Tukey-Kramer HSD method, 

with p < 0.05 being considered as statistically significant.   

 

2.4 Results and Discussion 

Due to the integral role of the mitochondria in cytotoxicity and apoptosis, we have 

explored in detail the mitochondrial interaction of a linear, 22 kDa PEI (JetPEI, Polyplus-

transfection Inc.), due to its widespread use in the literature and its utility as a 

transfection reagent.58-59 To study PEI polyplex-mitochondrial interactions, flow 

cytometry assays, confocal microscopy, and live cell imaging techniques were used to 

study the interaction of polyplexes and mitochondria over time to further delineate the 

role of this organelle in PEI-induced cytoxicity and cell death. The effects of 

cyclosporine a (mitochondrial permeability transition pore inhibitor), rotenone (inhibitor 
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of Complex I), and oligomycin, (F0F1-ATPase inhibitor) on the mitochondrial membrane 

potential of transfected cells were also studied to better understand mechanisms of 

mitochondrial depolarization during PEI transfection. 

Onset of apoptosis. There are several distinct steps in apoptosis, including a decrease 

in mitochondrial membrane potential (mitochondrial depolarization) and 

phosphatidylserine externalization, two early signs of apoptosis.60-63 To gauge the 

approximate time points when mitochondria start to become depolarized, studies probing 

the effect of PEI polyplex exposure early on in the transfection time course were 

performed using the mitochondrial membrane potential-sensitive cyanine dye DiIC(1)5 

(Molecular Probes®, Invitrogen Corp., Eugene, OR). Here, we found about a 20 % 

decrease in DiIC1(5) fluorescence in PEI polyplex-treated cells one hour after 

transfection when compared to the cells only control, indicating a decrease in MMP 

(Figure 2.1, a). To monitor phosphatidylserine externalization, the dye Annexin V-Alexa 

Fluor 488 was used.  Annexin V is able to bind to exposed phosphatidylserine, then 

fluorescence from the conjugated fluorescent dye Alexa Fluor 488 can be measured using 

flow cytometry to distinguish cells with externalized phosphatidylserine (apoptotic cells).  

A ~75 % increase in Annexin V-Alexa Fluor 488 fluorescence was found in cells 

transfected with PEI polyplexes compared to the cells only control after 30 minutes 

(Figure 2.1, b).  Increased Annexin V fluorescence was also observed in PEI polyplex-

treated cells compared to cells only one hour after transfection (Figure 2.1, b). The results 

confirmed that PEI polyplexes are able to induce an appreciable loss (p < 0.05) of 

mitochondrial membrane potential and increased phosphatidylserine externalization 
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within one hour post-transfection compared to pDNA only, signifying that cells are 

experiencing apoptosis signals at early time points in transfection process.   
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Figure 2.1) PEI induces apoptotic events at early time points after transfection. HeLa cells were 
allowed to transfect for the indicated time points before being analyzed by flow cytometry. (a) A loss 
in mitochondrial membrane potential (MMP) observed by a decrease in the fluorescence of DiIC1(5) 
and (b) an increase in phosphatidylserine externalization observed by an increase in Annexin V-
Alexa Fluor 488 (AF488) fluorescence.  Data were normalized to cells only control. AF488 
fluorescence is presented as a % increase from cells only.  Bars with different letters represent means 
that are statistically significant from each other (p < 0.05, n = 2) according to the Tukey-Kramer 
HSD method.  Bars with matching letters represent means that are not statistically significant from 
each other. 

 

Caspase-9 activation. To further understand and determine the point during the time 

course of transfection when cells are committed to apoptosis, the activation of the caspase 

cascade was studied.  It should be noted that Moghimi et al. have studied the activation of 

caspase 3, an executioner caspase, 24 hours after treatment with free 25 kDa branched 
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PEI or 750 kDa linear PEI.12  To further elucidate when apoptosis is first initiated during 

transfection, we have chosen to examine the time point of caspase-9 activation, an 

initiator caspase, early in linear PEI transfection.  Caspase-9 is linked to mitochondrial-

mediated apoptosis, and is activated upon release of cytochrome c.  After this, apoptotic 

protease activating factor 1 (Apaf-1) is released from the mitochondria into the cytosol.64-

67 Upon release, cytochrome c and Apaf-1 combine to form a complex known as the 

apoptosome.  The apoptosome then recruits procaspase-9, activating it into its proteolytic 

form of caspase-9.64, 68-70  Caspase-9 then activates caspase-3, which goes on to cleave a 

variety of substrates and hastens the cell on its course to death.71 To study caspase-9 

activation, we utilized a carboxyfluorescein (FAM) linked fluorochrome inhibitor of 

caspases (FLICA) specific for caspase-9 (Neuromics, Inc., Edina, MN). The FAM-

FLICA reagent only binds to active caspase-9, any unbound reagent diffuses out of the 

cells.  Once bound to active caspases, the fluorescence from the fluorochrome on the 

caspase inhibitor can be measured and used to observe caspase activation; in this case, an 

increase in fluorescence indicates an increase in caspase-9 activation. As shown in Figure 

2.2, cells were transfected with linear PEI for the indicated time points. We chose to 

examine caspase-9 activation one hour after transfection because that is when we 

observed significant (p < 0.05) changes in mitochondrial membrane potential (Figure 2.1 

a) and phosphatidylserine externalization (Figure 2.1 b).  Our results reveal a ~300 % 

increase in caspase-9 activation as early as one hour after transfection (Figure 2.2 a), 

which corresponds to the observed loss of mitochondrial membrane potential and 

phosphatidylserine externalization previously shown (Figure 2.1).  These results confirm 

that apoptosis is induced early during linear PEI polyplex transfection, although the exact 
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trigger for caspase-9 release remains unclear.  It is possible that direct interaction of 

linear PEI with the mitochondria triggers this signaling cascade. Likewise, linear PEI 

could also initiate apoptosis elsewhere in the cell and that the release of caspase-9 is 

downstream from that event.   Propidium iodide (PI) (Molecular Probes®, Eugene, OR) 

was used as a viability dye according to manufacturer’s instructions; increased PI 

fluorescence indicates an increase in plasma membrane disruption.  In this experiment, 

we found a ~250 % increase in PI fluorescence in PEI polyplex-treated cells one hour 

after transfection (Figure 2.2 b), indicating the plasma membrane integrity of these cells 

is also compromised at this early time point.  PI is also used as a live/dead stain, so this 

increase in PI indicates cell death at this time point. 
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Figure 2.2) Cells were transfected for the indicated time points with PEI at an N/P of 5 and then 
analyzed using flow cytometry to study increases in (a) caspase-9 activity and (b) plasma membrane 
permeability as measured by increases in FITC and propidium iodide (PI) fluorescence, respectively.  
Results were normalized to a cells only control and data are presented as % increased fluorescence 
from cells only.  Bars with matching letters are not statistically significant from each other, and bars 
with different letters represent means that are statistically significant from each other (p < 0.05, n = 
2) as determined using the Tukey-Kramer HSD method. 

 

Colocalization analysis between polyplexes and mitochondria over time.  Data in 

Figures 2.1 and 2.2 indicate that apoptosis is signaled early on in the transfection process 

with linear PEI, which has further prompted us to investigate possible direct interaction 
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between PEI polyplexes and the mitochondria.  Colocalization between mitochondria and 

Cy5-pDNA as observed in fixed HeLa cells at one hour and two hours post-transfection 

was measured.  Microscopy images were taken using a slice thickness of 0.8 µM using a 

Zeiss LSM 510 META microscope and Zeiss ZEN 2009 software, and images were 

processed using ImageJ software to calculate the degree of colocalization between 

polyplexes and mitochondria.  To observe colocalization, overlap between the channel 

representing mitochondria fluorescence and the channel representing pDNA fluorescence 

was calculated according to the method described by Manders et. al.72-73 The degree of 

channel overlap can be represented as Manders coefficients, which range from 0 to 1 with 

0 being no channel overlap and 1 being 100 % channel overlap. The Manders coefficients 

calculating the degree of channel overlap between the Cy5-labeled pDNA with antibody-

labeled mitochondria were calculated at one hour post-transfection (Figure 2.3) and at 

two hours post-transfection (Figure 2.4); colocalized pixels are shown as white in both of 

these figures.  At one hour after transfection, the Manders coefficient M1 (overlap of Cy5 

fluorescence with secondary antibody fluorescence) was 0.349, indicating low 

colocalization (Figure 2.3).  The degree of colocalization increased with time, as 

evidenced by the fact that the M1 result was 0.469 two hours after transfection (Figure 

2.4).   
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Figure 2.3) Confocal microscopy images of HeLa cells transfected with PEI polyplexes (shown as 
green from labeled pDNA) showing overlap with mitochondria (red).  The cells were fixed one hour 
after transfection.  (a) Image of whole cells transfected with PEI polyplexes. (b) Highlighting 
colocalized pixels; mitochondria are shown as red, polyplexes are shown as green, and colocalized 
pixels are shown as white.  The Manders coefficient (M1) for the amount of green overlapping red 
was found to be 0.349.  (c) Close up view from inside the box in (b) to further highlight colocalization 
between polyplexes and mitochondria.  Scale bar = 20 µm. 

a) b) 

c) 
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Figure 2.4) (a) Confocal microscopy image of HeLa cells transfected with PEI polyplexes two hours 
after transfection.  Mitochondria are shown as red, polyplexes are shown as green.  (b) Highlighting 
colocalized points, which are shown as white.  The Manders coefficient (M1) for the amount of green 
overlapping red is 0.469 at this time point.  (c) Zoomed-in image of the area indicated by the box in 
(b) to highlight colocalized pixels.  Scale bar = 20 µm. 

 

The apparent overlap of linear PEI-delivered pDNA with the mitochondria (Figures 2.3 

and 2.4) prompted us to examine the possibility that the interaction of linear PEI with the 

mitochondria was responsible for the reduced mitochondrial function observed in 

transfected cells. Specifically, studies were carried out to understand the involvement of 

linear PEI with the mitochondrial permeability transition pore, Complex I of the electron 

transport chain, and the F0F1-ATPase pump and determine the roles of these pathways in 

the loss of mitochondrial membrane potential during PEI-mediated pDNA delivery. 

a) b) 

c) 
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Effect of cyclosporine a on PEI toxicity. One important factor in some forms of 

mitochondrial-induced apoptosis, as well as necrosis, is the mitochondrial permeability 

transition pore (MPTP), which is a high conductance channel that opens in times of 

cellular stress.74  Opening of this pore causes mitochondrial swelling and loss of 

mitochondrial membrane potential.75-76   The addition of the immunosuppressive drug, 

cyclosporine a, however, has been shown to prevent MPTP induction and cell death in 

cases of oxidative stress, hypoxia and the addition of chemical toxins.75,32   

To investigate whether prohibiting the MPTP from opening would impede the loss of 

mitochondrial membrane potential and cell death, the drug cyclosporine a (CsA) was 

added to cells at various times after PEI transfection.  In each case, the CsA was allowed 

to incubate on the cells for 1 hour, after which MMP was measured using flow 

cytometry.  The data revealed that there was no effect of MPTP inhibition on the loss of 

mitochondrial membrane potential two hours after transfection (Figure 2.5 a).  Next, in 

order to determine whether the MPTP contributed to loss of mitochondrial membrane 

potential at later time points, CsA was added to PEI-treated cells at indicated time points 

after transfection, allowed to incubate on cells for 1 hour, and then mitochondrial 

membrane potential was analyzed using flow cytometry.   When measuring 

mitochondrial membrane potential 3 hours after transfection, we observed a sharp 

decrease in MMP in PEI polyplex-treated cells.  PEI polyplex-treated cells with 

cyclosporine a added two hours after transfection were able to retain slightly higher (p < 

0.05) mitochondrial membrane potential, but the loss of MMP was not completely 

prevented (Figure 2.5 a).  Again, similar results were obtained when CsA was added 4 

hours after transfection and MMP was measured 5 hours after transfection (Figure 2.5 a).  
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Although there was some slight recovery of MMP in PEI-treated cells in the presence of 

CsA, inhibiting the mitochondrial membrane permeability transition pore did not 

completely prevent or restore the loss of MMP.   
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Figure 2.5) Flow cytometry results for PEI-transfected HeLa cells.  Cells were analyzed at the 
indicated time points to determine the effect of cyclosporine a on (a) mitochondrial membrane 
potential and (b) propidium iodide (PI) uptake.  * denotes statistical significance (p < 0.05) as 
determined by the Tukey-Kramer HSD method, n = 2. 

 

Our results suggest that after two hours, even though mitochondrial membrane 

potential is lowered in PEI polyplex-treated cells, inhibiting the MPTP does not prevent 

the decrease in MMP.  Our data also shows CsA to have no effect on MMP in PEI-treated 
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cells at 30 minutes and 1 hour after transfection (results not shown).  However, at three 

hours post-transfection, a sharp decrease in MMP was observed, which is the point at 

which CsA begins to have an effect (p < 0.05) on MMP (Figure 2.5 a).  It is possible that 

the early lowering (within 2 hours of transfection) of MMP is due to PEI polyplexes’ 

direct mitochondrial interaction or interaction with other organelles, thus initiating 

apoptosis and stimulating the MPTP to form. As we noted, MMP was slightly (p < 0.05) 

less affected at the three-hour point in the presence of CsA, indicating that some of the 

loss of MMP can be attributed to the opening of the MPTP.  A similar result occurred 

when CsA was added 4 hours after transfection and MMP was measured 5 hours post-

transfection; there was a slight increase in MMP when cells were treated with 

cyclosporine a (Figure 2.5 a).  Cyclosporine a had no dramatic effect on cell death, as 

indicated by propidium iodide fluorescence (Figure 2.5 b).  From these data, we 

concluded that the decrease in MMP at the 3 hour time point was due in part to MPTP 

was being induced, which should not be considered the principal reason for the loss of 

mitochondrial membrane potential because MMP was already lowered previous to this 

time point (Figure 2.1).  While the degree of MMP loss was slightly decreased in the 

presence of CsA, cell death was not prevented (Figure 2.5 b).  This outcome further 

substantiates that loss of MMP may be a result, rather than the cause, of PEI polyplex-

induced cytotoxicity. Rather, the observed reduction in MMP was more likely induced in 

response to cellular stress at these time points.  Also, adding CsA with polyplexes and 

maintaining 5 µM CsA in transfected HeLa cells for two hours had no significant effect 

on MMP compared to cells treated with PEI polyplexes only (Figure 2.6 a), although we 

did observe an increase in PI positive cells when CsA was added with PEI polyplexes 
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(Figure 2.6 b).  Instead, we believe this is a downstream occurrence of apoptosis that was 

initiated elsewhere in the cell.  This conclusion is also supported by the caspase-9 data, 

which indicated that caspase-9 was being activated before the MPTP during PEI 

transfection (Figure 2.2).  It is possible, therefore, that apoptotic signals such as caspase 

activation are responsible for inducing the opening of the mitochondrial permeability 

transition pore, as opposed to it being directly impacted by PEI.  These data support 

previous research done using 25 kDa branched and 750 kDa linear PEI on isolated 

mitochondria, which has also found little involvement of the MPTP in PEI-induced 

mitochondrial depolarization.12 
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Figure 2.6) Effect of adding 5 µM cyclosporine a (CsA) with polyplexes and adding CsA again 1 hour 
after transfection.  (a) Mitochondrial membrane potential was measured using the fluorescent dye 
DiIC(1)5 two hours after transfection.  (b) Propidium iodide (PI) fluorescence was used to monitor 
plasma membrane integrity 2 hours after transfection in PEI polyplex-treated cells with and without 
CsA.  Data were normalized to cells only control.  * indicates statistical significance with p < 0.05 as 
determined by the Tukey-Kramer HSD method, n = 2.  ** indicates statistical significance with p < 
0.05 as determined by the Tukey-Kramer HSD method (n = 2). 

 

Effect of PEI on mitochondrial respiratory chain function. Another possible 

mechanism associated with the loss of mitochondrial membrane potential is the direct 
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interaction of PEI and/or PEI polyplexes interact directly with mitochondrial membrane 

pumps.  Normally, proton pumps found in the mitochondrial electron transport chain 

maintain membrane potential.  However, if the pumps are inhibited, the electron transport 

chain will be inhibited, decreasing mitochondrial membrane potential.  In order to 

maintain homeostasis, F0F1-ATPase pumps in the mitochondrial membrane can pump 

protons to maintain MMP in the presence of ATP.46, 77  To study this further, we chose to 

inhibit Complex I of the electron transport chain, which is able to maintain MMP by 

pumping protons into the intermembrane space of mitochondria and forming a proton 

gradient.  In the current study, rotenone was used as an inhibitor for Complex I.46, 78 If 

Complex I is inhibited, there should be no observable change in mitochondrial membrane 

potential for the cells only control, since the F0F1-ATPase pump will be activated and be 

able to maintain MMP as long as ATP is present. However, if a decrease in MMP is 

observed in rotenone-treated cells, it would indicate that the F0F1-ATPase is inhibited, 

either through direct pump interference or via lack of ATP. Similarly, adding oligomycin, 

an F0F1-ATPase inhibitor,46-47, 79 to cells should not affect MMP as long as the respiratory 

chain is functioning; if MMP is lowered in the presence of oligomycin it is indicative of 

an impaired respiratory chain or that the mitochondrial inner membrane is leaking 

protons.80  We observed that neither rotenone nor oligomycin had an effect on 

mitochondrial membrane potential in the cells only controls (Figure 2.7).   This is to be 

expected, since in the case of rotenone addition F0F1-ATPase would maintain MMP as 

long as ATP is present and in the case of oligomycin addition Complex I and the electron 

transport chain would still be functional and able to maintain MMP.46  However, when 

rotenone was added to PEI polyplex-treated cells four hours after transfection, a decrease 
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in MMP was observed compared to cells treated with PEI only (p < 0.05, Figure 2.7 a). 

This indicates that the F0F1-ATPase is not properly functioning and is unable to 

compensate for the decrease in MMP for cells transfected with PEI, and by inhibiting 

Complex I it hastens the depolarization of mitochondria.  The results also show that 

Complex I is still contributing to mitochondrial membrane potential at this time point; if 

it was dysfunctional prior to rotenone treatment, then the rotenone should have no further 

effect on the loss of MMP.  Interestingly, a decrease in oligomycin-treated cells also 

results in a further decrease of MMP than in cells treated with PEI polyplexes only at this 

time point (p < 0.05, Figure 2.7 a).  The results indicate that F0F1-ATPase is contributing 

to mitochondrial membrane potential, but one would expect this to be occurring only if 

the electron transport chain is inhibited or if the mitochondrial membrane is leaking 

protons.46, 80  However, since the rotenone results suggest that the electron transport chain 

is functional at this time point, these results could indicate that PEI is inducing changes in 

MMP in other ways not involving mitochondrial respiratory chain inhibition, such as by 

inserting a channel into the mitochondrial membrane thus creating a “leaky proton” 

scenario.  At 7 hours after transfection, neither rotenone nor oligomycin had a significant 

(p < 0.05) effect on MMP in PEI-polyplex treated cells (Figure 2.7 b), indicating that 

neither of these pumps were functional at this time point in PEI polyplex-treated cells.  

This is likely a result of activation of executioner caspases at this time, which disrupt 

mitochondrial function by cleaving Complex I of the electron transport chain. 1 
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Figure 2.7) The effect of different respiratory chain inhibitors on mitochondrial membrane potential 
(MMP) at different time points during transfection.  Rotenone (2 µM) was used to inhibit Complex I 
of the electron transport chain, and oligomycin (5 µg/mL) was used to inhibit F0F1-ATPase.  
Inhibitors were added either (a) 4 hours or (b) 6 hours after transfection with PEI polyplexes at an 
N/P ratio of 5.  Cells were incubated with inhibitors for one hour, after which MMP was measured at 
either (a) 5 hours or (b) 7 hours after transfection.  * denotes data is statistically significant from 
each other (p < 0.05) as determined by the Tukey-Kramer HSD method (n = 2).  ** data is 
statistically significant from each other (p < 0.05, n = 2) using the Tukey-Kramer HSD method. 

 

Colocalization between PEI polyplexes and the endoplasmic reticulum.  It has 

previously been suggested that the endoplasmic reticulum (ER) may play a role in PEI 

polyplex trafficking.42  Indeed, the ER has been implicated in several forms of apoptosis.  

Here, HeLa cells were transfected for one hour.  We do show colocalization between the 

PEI polyplexes and the ER (Figure 2.8), supporting previous studies that PEI trafficks 

through a caveolae-mediated pathway.   

*  

**  
*  

**  

b) 6 hours 

a) 4 hours 
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Figure 2.8) Confocal microscopy images of HeLa cells fixed 1 hour after transfection with PEI 
polyplexes.  (a) Polyplexes are illustrated as green, and the endoplasmic reticulum is illustrated as 
red.  (b) Highlighting colocalized points; pixels with high intensities for both the polyplex signal and 
the ER signal are shown as white; polyplexes are shown as green; and the ER is shown as red.  Scale 
bar = 20 µM for (a) and (b).  (c) Highlighting colocalized points, this image is zoomed in from the 
boxed portion of (b).  

 

Effect of the inhibition of polyamine metabolism on branched PEI cytotoxicity.  

An increase in polyamine degradation products, particularly ROS, can cause apoptosis in 

a variety of cell lines.54, 81  Previous research has shown that blocking polyamine 

catabolism can prevent apoptosis in certain cases.  However, many of the chemicals used 

have other mechanisms of action in addition to inhibiting polyamine catabolism.  For 

example, aminoguanidine has been shown to inhibit polyamine oxidase, but it can also 

inhibit other forms of oxidative-induced death.82-83  The studies presented in this section 

a) b) 

c) 
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represent preliminary work to probe the effects of blocking certain intracellular pathways 

on branched PEI toxicity.  The results of inhibiting polyamine oxidase/oxidative damage 

with aminoguanidine, inhibiting polyamine oxidase and SSAT with pentamidine, and the 

effects of inhibiting the enzyme transglutaminase with monodansylcadaverine are shown 

in Figure 2.9.   
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Figure 2.9) Effect of pentamidine (PA), aminoguanidine (AM), and monodansylcadaverine (MDC) on 
the cytotoxicity of branched PEI in HeLa cells.  Cell viability was calculated by measuring protein 
content in cell lysates 48 hours after transfection.  * denotes statistical significance (p < 0.05) 
according to the Tukey-Kramer HSD method with n = 3. 

 
In order to be more relevant, these studies should be redone with JetPEI and using the 

different flow cytometric methods outlined above to study cytotoxicity.  However, based 

on the results it would seem that none of these inhibitors dramatically alter cell viability 

during transfection.  These data indicate that only aminoguanidine is able to slightly (p < 

0.05) decrease the toxicity of branched PEI at an N/P ratio of 5.  Further research probing 

the effects of aminoguanidine on polymer cytotoxicity is discussed in Chapter 3. 

 

2.5 Conclusions and Future Goals 

* 
* 
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There are multiple toxicity pathways present in cells, and PEI has been implicated in 

several of these.13  Indeed, there are likely multiple interactions between PEI and various 

intracellular components that could result in an array of cytotoxic events.  Another 

consideration associated with cytotoxicity is the intracellular trafficking of free polymer 

versus polyplex.  In this present study the focus has been on polyplexes; however, the 

free PEI polymer could also be initiating a wide variety of cytotoxic cell responses.  The 

research described herein confirmed that PEI polyplexes do colocalize with mitochondria 

and the endoplasmic reticulum within one hour of transfection.  Increased caspase-9 

activity and phosphatidylserine externalization at one hour post-transfection were also 

evident, indicating that apoptosis was initiated early in transfection.   

The colocalization between PEI polyplexes and mitochondria increase over time. 

Polyamines found in nature have been shown to bind to mitochondria and influence their 

activity.  As discussed, previous research done on PEI has shown that mitochondrial 

membrane potential is lowered during transfection—the goal of this research was to 

elucidate the mechanisms that contribute to this reduction.  Some possible explanations 

for mitochondrial depolarization include activation of the MPTP and interference with 

mitochondrial membrane pumps, neither of which proved to be factors early in 

transfection. However, our results do indicate some small involvement of the MPTP at 

later time points in transfection (after 3 hours), supporting the notion of a multiphase 

mechanism involved in the cytotoxic response with PEI-based polyplexes.12-13 When 

performing studies on the contribution of Complex I and F0F1-ATPase to mitochondrial 

membrane potential, we have found that inhibition of either of these pumps results in a 

decrease in MMP in PEI polyplex-treated cells, indicating that these pumps are still 
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functional during PEI transfection.  Had PEI or PEI polyplexes inhibited these pumps, the 

addition of rotenone or oligomycin should have no further effect on mitochondrial 

membrane potential. This outcome is similar to the one found when studying the 

mechanism of mitochondrial depolarization induced by P24, a cytotoxic adenine 

dinucleotide.46 

The results show increased caspase-9 activity, decreased mitochondrial membrane 

potential, and increased phosphatidylserine externalization as early as one hour after 

treatments with PEI polyplexes at an N/P ratio of 5.  Taken together, these data indicate 

that apoptosis is signaled very early on by polyplexes containing PEI.  Even though 

colocalization between PEI polyplexes with the mitochondria is observed one hour after 

transfection, it is possible that PEI polyplexes or free PEI are interacting with other 

organelles in the cell and initiating apoptosis elsewhere, and that the decrease in MMP 

over time is a result of apoptosis initiation and the caspase cascade activation.  One 

hypothesis was that PEI polyplexes could be interfering with the endoplasmic reticulum, 

and our confocal microscopy results confirm this. However, more studies need to be done 

to further elucidate the endoplasmic reticulum’s contribution to PEI-induced apoptosis.  

A decrease in MMP over time was also observed, which correlated with an increase in 

PEI polyplex-mitochondria colocalization over time.  While direct interaction and 

permeabilization of mitochondria with PEI remains a possibility, our results suggest that 

MTP activation and mitochondrial membrane pump dysfunction are not implicated as 

reasons for early MMP loss. Investigation into PEI and PEI polyplex interactions with 

other organelles resulting in various mechanisms of cytotoxicity is ongoing in our lab and 

will be reported in due course. 
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In addition to endoplasmic reticulum-mediated apoptosis, another possibility is 

oxidative damage formed from harmful metabolites of PEI, as is the case with several 

naturally occurring polyamines.  The studies presented in Figure 2.9 represent 

preliminary data meant to act as a screening for potential agents for the inhibition of PEI 

cytotoxicity.  We have found that only aminoguanidine was able to slightly increase cell 

survival when cells were transfected with PEI at an N/P of 5.   For future work, different 

assays to monitor cytotoxicity as well as tests on linear PEI and other amine-containing 

polymers should be carried out. 

Overall, data presented in this chapter provides an in-depth look at the interactions 

between PEI and mitochondria, and indicates some directions in which to take future 

cytotoxicity studies, namely the study of endoplasmic reticulum-mediated toxicity, and 

toxicity caused by potentially harmful byproducts of PEI catabolism, particularly ROS.  

These studies may serve as a guide for future endeavors in the study of PEI-mediated 

cytotoxicity.  Furthermore, performing a microarray analysis and comparing RNA 

expression between control and PEI-treated cells may indicate certain toxicity pathways 

that can further elucidate the mechanism of PEI cytotoxicity. 
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Chapter 3 : Effect of Polymer Length and Composition on 
Cytotoxicity 
 
Based on the manuscript “Direct Nuclear Permeabilization by Polymeric pDNA 
Vehicles:  Efficient Method for Gene Delivery or Mechanism of Cytotoxicity?” from 
Grandinetti, G.; Smith, A.E.; Reineke, T.M. in preparation. 
 

3.1 Abstract 

The aim of this study is to compare the cytotoxicity mechanisms of linear PEI to 

those of two analogous polymers synthesized by our group: a hydroxyl-containing 

poly(L-tartaramidopentaethylenetetramine) (T4) and a version containing an alkyl chain 

spacer poly(adipamidopentaethylenetetramine) (A4) by studying the cellular responses to 

polymer transfection.  We have also synthesized analogues of T4 with different 

molecular weights (degrees of polymerization of 6, 12, and 43) to examine the role of 

molecular weight on the cytotoxicity mechanism.  Several other mechanisms of polymer-

induced cytotoxicity are investigated, including plasma membrane permeabilization, the 

formation of potentially harmful polymer degradation products during transfection 

including reactive oxygen species, and nuclear membrane permeabilization.  We 

hypothesized that since cationic polymers are capable of disrupting the plasma 

membrane, they may also be capable of disrupting the nuclear envelope, which would be 

a potential mechanism for delivery of plasmid DNA (pDNA) into the nucleus (as 

opposed to nuclear envelope breakdown during mitosis).  Using flow cytometry and 

confocal microscopy, we show that the polymers with the highest transfection efficiency 

and toxicity, PEI and T443, are capable of inducing nuclear membrane permeability.  This 

finding is important for the field of nucleic acid delivery in that not only could 
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permeabilization of the nucleus be a mechanism for pDNA nuclear import but also a 

potential mechanism of cytotoxicity and cell death. 

 

3.2 Introduction 

The delivery of nucleic acids has great potential to alleviate many disorders, but 

finding a safe and effective vehicle has proven to be a challenge.  Viruses have the innate 

ability to deliver genetic cargo to target cells and are currently being used in clinical 

trials, however, they are not ideal vehicles; they have been shown to elicit unwanted 

immune responses, have a limited capacity, are not versatile for carrying a variety of 

nucleic acid forms, and are difficult to modify.1  Cationic polymer-based DNA vehicles 

have been developed to combat some of the problems associated with viral vectors;2 

many of these polymers are able to interact with DNA to form polymer-DNA complexes 

(polyplexes) of 100 nm diameters or less.3  The study of nanosystems for use as delivery 

vehicles has increased steadily in recent years, and the field of nanotechnology is 

predicted to become a trillion dollar industry by 2015.4  Despite the recent surge in 

interest for the development of effective polymer therapeutics, the mechanisms of 

polymer-mediated DNA delivery and particularly of their cytotoxicity remain largely 

unknown.   

Polyethylenimine (PEI) and PEI-based systems have undergone extensive study for 

their use as DNA delivery vehicles.5-7    PEI is able to deliver its cargo DNA effectively, 

but its high cytotoxicity has hampered its use in vivo.8-10  In an effort to create a safe and 

efficient cationic polymer vehicle for DNA delivery, our group has synthesized a series 

of poly(glycoamidoamine)s (PGAAs), which contain carbohydrate moieties along with  
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short PEI-like polyamines repeated along the backbone.11-14  These polymers display 

significantly lower toxicity than PEI, and previous research in our group has shown that 

these PGAAs are taken into cells and trafficked internally by different mechanisms.15-16 

Further studies performed by our group show the presence of a carbohydrate moiety 

within the backbone of these polyamides facilitates their rapid degradation at 

physiological conditions.17  Although less toxic than PEI, a small fraction of cell death 

still occurs with PGAA-transfected cells.   

The aim of this study is to examine the role that polymer structure plays in 

transfection and toxicity during the polyplex transfection process.  In particular, to yield 

insight into the mechanisms of toxicity for this class of polymers, we have focused on 

comparing one PGAA structure, T4, consisting of an L-tartarate monomer copolymerized 

with pentaethylenehexamine to an analogous model lacking hydroxyls that contains 

methylenes only, A442, which does not degrade.   We also investigate the influence of T4 

polymer length on the biological properties and utilize linear PEI as a control in these 

experiments.  Understanding the differences in the mechanism of toxicity between these 

three vehicle structures is important to the general field of drug and nucleic acid delivery 

to enable rational vehicle design for high transfection and low toxicity.  To this end, cells 

were transfected with five different polymer structures:  a commercially available linear 

PEI (JetPEI), three different lengths of polymer T4 (T46, T412, and T443; subscript 

corresponding to the degree of polymerization), and polymer A442, which had a 

comparable degree of polymerization and molecular weight to T443.  This study allowed 

us to examine the role of polymer molecular weight and the presence of hydroxyl groups 

have on polyplex toxicity and transfection efficiency with HeLa cells.  Herein, it is 
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demonstrated that the presence or absence of hydroxyl groups as well as polymer length 

influence polyplex cytotoxicity significantly.  Furthermore, we show that polymers with 

the highest transfection efficiency are also able to induce the most nuclear envelope 

permeability, thus providing a link between high cytotoxicity and high transfection 

efficiency observed in many polymer delivery systems. 

 

3.3 Materials and Methods 

Cell culture media and supplements were purchased from Gibco (Carlsbad, CA).  

Human cervix adenocarcinoma (HeLa) cells were purchased from ATCC (Rockville, 

MD).  The mitochondrial membrane potential probe 1,1′,3,3,3′,3′-

hexamethylindodicarbocyanine iodide (DiIC(1)5), phosphatidylserine externalization 

probe Annexin V-Alexa Fluor 488, nuclear stain 4′,6-diamidino-2-phenylindole (DAPI) 

and viability probe propidium iodide were purchased from Molecular Probes (Eugene, 

OR) and used according to manufacturer’s protocol.  Linear PEI (JetPEI) was purchased 

from PolyPlus Transfections (Illkirch, France) and used according to manufacturer’s 

protocol.   

Synthesis and characterization of polymers.  To study the effect of polymer length 

on cytotoxicity for the T4 analogues, three different molecular weight polymers were 

synthesized by varying polymerization reaction times.  The T4 was synthesized as 

described by Liu et. al.13 except with some modifications; to create short T4 with a 

degree of polymerization of 6 (T46), the monomers were reacted for 4 days, and to 

synthesize the intermediate-sized T4 with a degree of polymerization of 12 (T412), the 

polymerization was carried out for 6 days, and in order to synthesize the longer T4 
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polymers with a degree of polymerization >40 (T443) the monomers were polymerized 

for 8 days.  A442 (degree of polymerization of 42) was synthesized as previously 

described.17  Gel permeation chromatography (GPC) was used to determine the average 

molecular weight (Mn) and polydispersity indices (PDIs) for the T4 and A442 polymers 

using an aqueous eluent of 1.0 wt% acetic acid/0.1 M Na2SO4. A flow rate of 0.3 

mL/min, Eprogen Inc. (Downers Grove, IL) columns [CATSEC1000 (7µ, 50×4.6), 

CATSEC100 (5µ, 250×4.6), CATSEC300 (5µ, 250×4.6), and CATSEC1000 (7µ, 

250×4.6)], a Wyatt HELEOS II light scattering detector (λ = 662 nm), a ViscoStar II 

differential viscometer, and an Optilab rEX refractometer (λ = 658 nm) were used. Astra 

V (version 5.3.4.18, Wyatt Technologies) was used for the determination of Mw, PDI, 

Mark-Houwink-Sakurada profile, and dn/dc of the polymers.  

Polyplex characterization.  Polyplexes were formed by adding 150 µL of polymer 

solution to 150 µL of plasmid DNA (pDNA) (0.02 µg/µL) at an N/P ratio of 20 for the 

PGAAs.  Polyplexes formed with PEI were formed the same way except an N/P ratio of 5 

was used.  Polyplexes were incubated for one hour at room temperature, then diluted with 

600 µL of water prior to size and charge measurements.  Polyplex size was measured on 

a Zetasizer (Nano ZS) (Malvern Instruments, Malvern, UK) at 37 °C using dynamic light 

scattering with a laser wavelength of 633 nm.    Zeta potentials of the polyplexes were 

subsequently measured on the same instrument.  Three polyplex solutions were used for 

each measurement; data are presented as means ± standard deviations. 

Transfection efficiency.  Transfection efficiency was measured using a luciferase 

reporter gene assay 48 hours after transfection as previously described.11  Briefly, HeLa 

cells were seeded at a density of 50,000 cells/well in a 24 well plate.  Polyplexes were 
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formed as described above for the polyplex characterization studies, except 600 µL of 

serum-free media (OptiMEM, Gibco, Carlsbad, CA) was added to each polyplex solution 

instead of water.  Cells were transfected using 1 µg of pDNA per well.  Transfections 

were performed in triplicate, and the results of two separate experiments (n = 6) are 

presented herein. Where indicated, 5 µM of camptothecin (Sigma, St. Louis, MO) was 

added to cells with polyplexes for 4 hours, then the camptothecin-containing media was 

aspirated off, cells were washed with phosphate-buffered saline (PBS), and 1 mL of 10 % 

FBS DMEM was added to each well.  For the camptothecin studies, cells were 

transfected in triplicate, and the transfection efficiency was measured 24 hours after 

transfection.   

Flow cytometry. HeLa cells were seeded at a density of 250,000 cells/well in a 6 

well plate in Dulbecco’s Modified Eagle Medium (DMEM) substituted with 10 % fetal 

bovine serum, 100 µg/mL streptomycin, 0.25 µg/mL amphotericin, and 100 units/mg 

penicillin.  The cells were incubated at 37 °C and 5 % CO2 for 24 hours.  After the 24 

hour cell incubation, 500 µL of each polyplex solution was made by adding 250 µL of 

polymer solution at indicated N/P ratios to 250 µL of 0.02 µg/µL pDNA solution. The 

polyplex solution was allowed to incubate for one hour at room temperature.  After one 

hour, 1 mL of serum-free media (OptiMEM) was added to the 500 µL polyplex solutions.  

Cells were washed with PBS (1 mL/well), and 1.5 mL of transfection solution was added 

to each well (5 µg of pDNA/well).  The cells were transfected in triplicate.  Cells were 

allowed to transfect for indicated time periods, then transfection media was aspirated off, 

cells were washed twice with PBS, trypsinized, and pelleted at 200 x g for 10 minutes.  

Cells were resuspended in 1 mL of PBS, pelleted, and resuspended in 500 µL PBS and 
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analyzed using a BD FACSCanto II (Becton-Dickenson, San Jose, California) flow 

cytometer.  

Apoptosis detection. The dyes DiIC(1)5 and Annexin V conjugated to Alexa Fluor 

488 were used to monitor mitochondrial membrane potential and phosphatidylserine 

externalization, respectively, according to manufacturer’s protocol.  Propidium iodide 

was added to cells prior to flow cytometry analysis to study plasma membrane 

permeability according to manufacturer’s protocol.  Transfections were done in triplicate.  

A minimum of 20,000 events was collected for each sample. 

Cellular uptake. For cellular uptake experiments, polyplexes were formed using 

Cy5-labeled pDNA and the increase in Cy5 fluorescence in HeLa cells was measured two 

hours after transfection using flow cytometry.  Cells were transfected in the presence or 

absence of 0.9 mM ethylene glycol tetraacetic acid (EGTA) to chelate extracellular 

calcium, and cells were transfected in triplicate.  Cells were pelleted as described above 

(200 x g for 10 minutes) and resuspended in 0.5 mL of PBS prior to flow cytometry 

analysis. A minimum of 10,000 events was collected for each sample.  

MTT assay.  Cells were plated at a density of 50,000 cells/well in a 24 well plate.  

The cells were grown on the plate for 24 hours prior to transfection.   Polyplexes were 

formed using the same procedure as that used for the transfection efficiency experiments.  

Cells were transfected in triplicate with 1 µg of plasmid DNA added to each well.  At the 

indicated time points, polyplex solutions were aspirated off, cells were washed with 0.5 

mL of PBS per well, and 1 mL of DMEM containing 10 % FBS and 0.5 mg/mL of 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Molecular 

Probes, Eugene, OR) was added to cells.  Cells were incubated with the MTT-containing 
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media for 1 hour at 37 °C, then the media was aspirated off, cells were washed with PBS 

as described above, and 600 µL of dimethyl sulfoxide (DMSO) was added to each well.  

Cells were incubated on a shaker for 15 minutes to ensure even distribution of the purple 

formazan.  After the shaking incubation, 200 µL was pipetted out of each well and into a 

clear 96 well plate, and then analyzed for absorbance at 570 nm using a Tecan GENios 

Pro plate reader (Tecan U.S., Research Triangle Park, N.C.).   

ROS detection.  Intracellular reactive oxygen species (ROS) was detected using the 

fluorescent dye 2′,7′-dichlorodihydrofluorescein diacetate (H2DCDFA) (Molecular 

Probes, Eugene, OR) according to manufacturer’s protocol.  HeLa cells were plated on 6 

well plates at a density of 250,000 cells/well.  Cells were transfected in 6 well plates as 

described above.  At the indicated time points, polyplexes were aspirated off, cells were 

washed with PBS, and 1 mL of a 10 µM solution of H2DFDFA in PBS was added to each 

well.  Hydrogen peroxide (H2O2) was used at a concentration of 100 µM as a positive 

control and was added with the dye.  Cells were incubated with the dye at 37°C for 30 

minutes.  After the incubation, the dye was aspirated off, cells were washed with PBS, 

and trypsinized using phenol-red free trypsin.  Cells were pelleted at 200 x g, 4 °C for 10 

minutes and each sample was resuspended in 500 µL of PBS.  H2DCDFA fluorescence 

was measured using flow cytometry, and a minimum of 20,000 events was collected for 

each sample 

Nucleus isolation.  HeLa cells were seeded and transfected in 6 well plates as 

described above.  Four hours after transfection, each sample was pelleted and 

resuspended in 500 µL of OptiMEM containing 2 mM DL-dithiothreitol (DTT), 40 

µg/mL digitonin, and 1 µg/mL protease inhibitor cocktail (Sigma Aldrich, St. Louis, 
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MO).  Cells were incubated on ice for 5 minutes.  After incubation, nuclei were pelleted 

via centrifugation at 2000 x g, 4 °C for 10 minutes.  Nuclei were resuspended in 500 µL 

OptiMEM containing 2 mM DTT and incubated on ice for 10 minutes to ensure complete 

isolation of the nuclei and separation from the cytosolic components.  After the 10 minute 

incubation, nuclei were pelleted at 2000 x g as described above and resuspended in 500 

µL of PBS for flow cytometric analysis.   

Nuclear uptake.  After nuclear isolation, the nuclei were analyzed for Cy5 and 

propidium iodide fluorescence via flow cytometry as described above.  Briefly, after 

isolation, nuclei were pelleted and resuspended in 500 µL of PBS before flow cytometry 

analysis.  To determine whether polyplexes were inside the nuclei or adhered to the 

surfaces of the nuclei, confocal microscopy was then performed on the samples analyzed 

by flow cytometry.  The nuclei were re-pelleted after flow cytometric analysis and 

resuspended in 1 mL of 4 % paraformaldehyde solution.  Nuclei were fixed for 15 

minutes at room temperature, after which nuclei were pelleted, resuspended in 1 mL of 

PBS, and deposited onto poly-L-lysine (PLL)-coated coverslips.  Nuclei were allowed to 

incubate on coverslips for 12 hours at 4 °C before being mounted on microscopy slides 

using ProLong Gold Antifade reagent (Molecular Probes, Eugene, OR) according to the 

manufacturer’s protocol.  Nuclei were analyzed on a Zeiss LSM 510 META confocal 

microscope.  Z-stacks of each image were collected using overlapping 0.39 µM slice 

thicknesses and Zeiss Zen 2009 software.  Fluorescence for each z-stack slice in the 

microscopy images was quantified using the software ImageJ.18 

Confocal microscopy.  HeLa cells were grown on PLL-coated coverslips in a 12 well 

plate for 48 hours before being transfected.  The cells were seeded at 15,000 cells/well.  
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After the 48 hour incubation, the media was aspirated off, cells were washed with 1 mL 

of PBS per well, and 1 mL OptiMEM was added to each well. Polyplexes were formed as 

described in the polyplex characterization section except 50 µL of polymer solution was 

added to 50 µL of 0.02 µg/µL Cy5-labeled plasmid DNA solution, giving a total of 100 

µL of transfection solution per well (1 µg of pDNA/well).  The 100 µL of transfection 

solution was added on top of the 1 mL of OptiMEM in each well, the plate was swirled to 

give even distribution of polyplexes, and the cells were incubated at 37 °C and 5 % CO2 

for 30 minutes.  After transfecting for 30 minutes, the polyplex-containing OptiMEM was 

aspirated off, wells were washed with 1 mL of PBS, and 1 mL of 10 µg/mL Alexa Fluor 

488 wheat germ agglutinin (WGA) (Molecular Probes, Eugene, OR) in Hank’s Buffered 

Salt Solution (HBSS) was added to each well.  Cells were incubated with the labeled 

WGA for 15 minutes at room temperature, after which time the WGA was aspirated off, 

cells were washed twice with 1 mL of PBS in each well, and fixed using 4 % 

paraformaldehyde at room temperature for 15 minutes.  After fixation, cells were washed 

three times with PBS and nuclei were stained using 4',6-diamidino-2-phenylindole, 

dilactate (DAPI) (Molecular Probes, Eugene, OR) and mounted using ProLong Gold 

Antifade Reagent (Molecular Probes, Eugene, OR) according to the manufacturer’s 

protocol.  The slides were dried overnight in the dark before being sealed with clear nail 

polish and imaged using confocal microscopy. 

Immunostaining of lamin A.  HeLa cells were grown on coverslips and transfected 

as described above.  Four hours after transfection, cells were fixed in 4 % 

paraformaldehyde at room temperature for 15 minutes.  After fixation, cells were washed 

three times with PBS (1 mL of PBS per well each wash) and permeabilized using 0.25 % 
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Triton X-100 for 15 minutes at room temperature.  Cells were then washed with PBS 

three times, leaving the PBS in the wells for five minutes for each wash.  The cells were 

then blocked using a 1 % bovine serum albumin (BSA) solution in PBS for 45 minutes at 

room temperature.  After blocking, a 1:2000 solution of rabbit polyclonal lamin A 

antibody (Abcam, Cambridge, MA) in 1 % BSA/PBS was added to the cells.  Cells were 

incubated with the primary antibody for one hour at room temperature, after which time 

the antibody solution was aspirated off, and a 5 µg/mL solution of goat anti-rabbit 

secondary antibody conjugated to Alexa Fluor 488 (Molecular Probes, Eugene, OR) in 1 

% BSA/PBS was added to coverslips in a humidified chamber.  After incubating with the 

secondary antibody for one hour at room temperature, coverslips were washed three 

times with 1 mL of PBS/well, and the PBS was allowed to stay on coverslips for 5 

minutes each wash.  After the third PBS wash, coverslips were stained with DAPI 

(Molecular Probes, Eugene, OR) to stain the nuclei according to the manufacturer’s 

protocol.  Coverslips were then washed twice with 600 µL of PBS and mounted on to 

microscopy slides using ProLong Antifade Gold reagent (Molecular Probes, Eugene, OR) 

according to manufacturer’s protocol.  The microscopy slides were allowed to dry 

horizontally overnight in the dark before being sealed with clear nail polish and imaged 

using confocal microscopy. 

Nuclear envelope permeability in a cell-free system.  Nuclei were isolated from 

HeLa cells as described above and added to a 12 well plate at a density of 50,000  

nuclei/well.  Polyplexes were formed as described above (50 µL of polymer solution was 

added to 50 µL of 0.02 µg/µL Cy5-labeled plasmid DNA solution) and added to the 

nuclei in 1 mL of OptiMEM.  The nuclei were incubated at 37 °C and 5 % CO2 for 4 
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hours, after which 200 µL of a 0.4 % trypan blue solution (Gibco, Carlsbad, CA).  The 

nuclei were then imaged using an EVOS fl digital inverted fluorescence microscope 

(Advanced Microscopy Group, Bothell, WA).  Mean pixel intensity for the nuclei was 

characterized using the software ImageJ, and ~300 nuclei were analyzed for each 

polyplex. 

Statistical analysis. All data are presented as means ± standard deviations with n = 3 

unless otherwise noted. For statistical analysis of data, the software JMP was used 

(S.A.S. Institute Inc., Cary, NC) and means were compared using ANOVA followed by 

the Tukey-Kramer HSD method, with p < .05 being considered as statistically significant.   

 

3.4 Results and Discussion 

Synthesis and characterization of T4 polymers.  To examine the role that polymer 

length has on cytotoxicity, three different degrees of polymerization (DPs) of T4 were 

synthesized by varying their polymerization reaction times from 4 days to 8 days using 

previously published method.11 GPC with a triple detection system (viscometry, static 

light scattering, and refractive index) was used to analyze each of the polymers for 

molecular weight, polydispersity, and polymer solution structure (MHS parameter 

between 0.6-0.8 denotes a linear randomly-coiled polymer structure).19  The results are 

shown in Table 3.1.  
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Table 3.1) Molecular weight (Mw), polydispersity index (Mw/Mn), Mark-Houwink-Sakurada 
parameter (MHS (α)), and degree of polymerization (nw) for the polymers studied. 

Polymer Mw (kDa) Mw/Mn MHS (α) nw 

T46 2.2 1.3 0.600 6 

T412 4.3 1.1 0.814 12 

T443 14.8 1.7 0.760 43 

A442 14.4 1.2 0.643 42 

 

Size and charge of polyplexes.  Polyplexes were formulated according to our 

previously published protocol11 and the polyplexes formed with linear PEI, T46, T412, 

T443, and A442 were examined via dynamic light scattering and zeta potential to 

understand how the differences in polymer chemistry and molecular weight influenced 

the physical properties of the polyplexes.  It was found that polyplexes formulated with 

A442 and pDNA yielded the highest Zeta potential (+35.1 ± 5.9 mV), significantly higher 

than the charges of the other polyplexes (p < 0.05) (Figure 3.1).  Despite changing the 

molecular weight, there was no significant difference in zeta potential values when 

comparing the three T4 analogues, however, the shorter polymer, T46, formed 

significantly (p < 0.05) larger polyplexes (about 250 nm) than the longer vehicle 

analogues T412 and T443, which were around 80 nm (Figure 3.1).  Polyplexes formed 

with linear PEI were similar in size to T412 and T443, however, the zeta potential was 

lower and is likely due to the fact that PEI polyplexes were formed at an N/P ratio of 5 

rather than 20, as recommended by the manufacturer for transfection.   
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Figure 3.1) Size (bars) and zeta potential measurements (line) for polyplexes formed with linear PEI, 
T46, T412, T443, and A442.  PEI polyplexes were formed at an N/P ratio of 5, and the T4 and A442 
polyplexes were formed at an N/P ratio of 20.  Letters are used to denote statistical analysis on size 
measurements, and asterisks are used to represent statistical analysis on zeta potential 
measurements.  Different letters on size measurement bars denote means that are statistically 
significant from each other (p < 0.05) according to the Tukey-Kramer HSD method (n = 3).  Bars 
with matching letters are not statistically significant from each other.  For zeta potential 
measurements, means with different numbers of asterisks are statistically significant from each other 
(p < 0.05) using the Tukey-Kramer HSD method with n = 3.  Means with the same number of 
asterisks are not statistically significant from each other. 

 

Based on these data, it appears that the polymer structure plays a role in how plasmid 

DNA is complexed.  The absence of hydroxyls on the A442 polymer seemed to result in a 

slightly smaller, yet significantly (p < 0.05) more positively charged polyplex.  However, 

linear PEI, which also lacks hydroxyl groups, forms polyplexes similar in size to T412 and 

T443 and the size and charge data for these three polymers is not statistically different. 

T46, however, forms particles double in size compared to all other polymers, indicating 

that the lower molecular weight analogue forms looser complexes with pDNA.  Prior 

research in our group has indicated that T4 exhibits significant hydrogen bonding when 

complexing with plasmid DNA.20-21  The different binding mechanism of the hydroxyl-

containing T4 analogues vs. A442 may account for their difference in polyplex charge.17, 
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Transfection efficiency.  To study how polymer molecular weight and structure 

affect transfection efficiency, HeLa cells were transfected with polyplexes formed with 

each of the five different polymers and luciferase expression was measured after 48 hours 

(Figure 3.2).  JetPEI at an N/P ratio of 5 along with T443 and A442 at N/P ratios of 20 

yielded significantly higher transfection efficiency (p < 0.05) compared to the lower 

molecular weight polymers T46 and T412.  Interestingly, the transfection efficiency of 

polyplexes created with pDNA and the T4 derivatives increases with increasing 

molecular weight by four orders of magnitude going from T46 to T443.  
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Figure 3.2) Luciferase gene expression as measured by relative light units (RLU) per milligram of 
protein in cell lysates and cell viability as measured by protein content in cell lysates. Luciferase 
expression and cell viability were measured 48 hours after transfection in HeLa cells.  Cells were 
transfected with JetPEI (PEI) at an N/P ratio of 5.  All other polymers were used at an N/P ratio of 
20.  All statistical analysis was done using the Tukey-Kramer HSD method.  Letters represent 
statistical analysis done on transfection efficiency data (bars), and asterisks represent statistical 
analysis done on cell viability data (line).  Bars representing transfection efficiency with different 
letters are statistically significant from each other (p < 0.05) according to the Tukey-Kramer HSD 
method, with n = 6. Bars with matching letters represent means that are not statistically significant 
from each other. For cell viability data, points with different numbers of asterisks are statistically 
significant from each other (p < 0.05; n = 6) according to the Tukey-Kramer HSD method.  Points 
with no asterisks are not statistically significant from each other. 

 

 
Previous work in our group has shown that A4 with a degree of polymerization (DP) of 

12 exhibits lower transfection efficiency when compared to T4 with a similar molecular 
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weight (DP of 14).17  This trend is also seen here when studying the transfection 

efficiency of the higher molecular weight derivatives of these polymers. It is likely that 

the higher transfection efficiency of T443 (as compared to A442) results from its ability to 

degrade, thus providing a mechanism for plasmid DNA release from the polyplex.17  T443 

also exhibits statistically higher (p < 0.05) transfection efficiency than PEI (Figure 3.2).  

When comparing the cytotoxicity of the polymers, it was found that high transfection 

efficiency also correlated with high cytotoxicity and cell death.  We were also surprised 

to find that despite the degradability of T443, it actually appeared to exhibit a statistically 

(p < 0.05) higher toxicity profile than A442 and PEI, which do not degrade. The cell 

viability data for polymers T412 and T46 were not statistically significant (p > 0.05) from 

the cells only and pDNA only controls (Figure 3.2); it appears that the polymers with the 

highest transfection efficiency (PEI, T443 and A442) also exhibited the highest 

cytotoxicity (Figure 3.2).  To this end, we were interested in the further investigation of 

the timing and mechanisms of toxicity with these polymeric vehicles, and how the 

polymer structure influences the cellular mechanisms related to apoptosis. 

Induction of apoptosis.  Cationic polymers utilized for the delivery of 

polynucleotides may elicit toxicity that results in apoptosis in a number of ways.  

Previous studies implicate that both 25 kDa branched22-23 and 750 kDa linear23 PEI have 

two distinct toxicity pathways; one exhibited early in transfection and another occurring 

after DNA release from the polymer-DNA complex (polyplex) several hours after 

transfection. The current study focuses on several potential mechanisms of toxicity in 

order to understand how the polymer structure affects the cytotoxic pathways of these 

gene delivery vehicles.  There are several possible sites for apoptosis initiation during 
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transfection (Scheme 3.1).  The effect of polymer structure (with or without hydroxyls in 

the backbone) and molecular weight on several potential mechanisms of cytotoxicity 

were tested in the current study.  These include plasma membrane permeabilization 

(Scheme 3.1, I), the effects of reactive oxygen species (ROS) (Scheme 3.1, III), and the 

mechanism of how polymer-DNA complexes (polyplexes) enter the nucleus (Scheme 3.1, 

IV).   

 

Scheme 3.1) Possible routes of polymer/polyplex cytotoxicity: I.) mechanism of cellular entry via 
direct membrane permeabilization, II.) interaction with organelles or proteins during intracellular 
trafficking, III.) harmful products formed upon pol ymer degradation, IV.) mechanism of nuclear 
entry via nuclear envelope permeabilization, V.) mechanism of cellular exit. 

 

Changes in mitochondrial membrane potential as well as phosphatidylserine 

externalization (markers of apoptosis) were initially used to gauge the timing of apoptosis 

initiation. All polymers were able to depolarize mitochondrial membrane potential as 

evidenced by a decrease in DiIC(1)5 fluorescence (Figure 3.3, a) as well as induce 

phosphatidylserine externalization as evidenced by an increase in Annexin V-FITC 

fluorescence (Figure 3.3, b), within half an hour into the transfection (Figure 3.3).   There 
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was no statistically significant difference in the amount of mitochondrial membrane 

potential reduction or the amount of phosphatidylserine increase between the T4 

polymers and the structures lacking hydroxyl groups (A442 and linear PEI polymers) at 

this early time point, however, four hours after transfection, a dramatic difference in 

apoptotic signals was found.  Polyplexes formed with linear PEI, T443, and A442, the 

longest polymers, reduced mitochondrial membrane potential and increased 

phosphatidylserine externalization to a greater extent (p < 0.05) when compared to the 

data from T46 and T412.  This result indicates that the longer polymers induce apoptosis 

and lead to cell death faster than shorter structures.  Interestingly, polyplexes formed with 

the carbohydrate-containing T443 induced the most phosphatidylserine externalization and 

mitochondrial membrane depolarization, indicating that the hydroxyls in the T443 

backbone could contribute to toxicity at longer degrees of polymerization.  Both T443 and 

A442 induced significantly more phosphatidylserine externalization (p < 0.05) than PEI 

and T412 4 hours after transfection (Figure 3.3 b).  These data agree with the lower 

viability data observed for T443 in the previous transfection experiment (Figure 3.2).  It is 

interesting to note that the polymer structures responsible for inducing apoptotic signals 

(Figure 3.3) are the same structures with the highest transfection efficiency (Figure 3.2).   
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Figure 3.3) (a) Mitochondrial membrane potential measured by DiIC(1)5 fluorescence normalized to 
the cells only control and (b) phosphatidylserine (PS) externalization measured by Annexin V 
binding assay in HeLa cells transfected with polyplexes formed using PEI, T4, and A442.  Data in (b) is 
presented as % increased PS externalization compared to the cells only control.  Bars with different 
letters represent means that are statistically significant (p < 0.05) from each other (n = 3) according 
to the Tukey-Kramer HSD method.  Bars with matching letters are not statistically significant from 
each other. 

 

Plasma membrane interactions. The plasma membrane is the first barrier 

polyplexes encounter during transfection, and prior studies have indicated that cationic 

polymers are able to disrupt and induce hole formation in the plasma membrane of the 

cells.24-26  However, it is currently unclear in our field whether disruption of the plasma 
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membrane results in cell death or whether the cell can recover from such damage.  

Previous research on these systems completed by our group has shown that polyplexes 

formed with JetPEI and T4 enter the cell in different ways, and this could cause different 

interactions leading to or preventing toxicity.15 Also of significance, previous work by 

other groups has shown that direct permeabilization of the plasma membrane is observed 

by branched and linear PEI, and this permeabilization is implicated as a potential 

mechanism of cytotoxicity.1, 9, 27  It is possible that the different cytotoxic profiles 

observed for linear PEI vs. the PGAAs are a result of their different mechanisms of 

cellular entry.15   

To further support previous studies showing that the T4 polymer and PEI enter the 

cell via different routes,15 cells were transfected in the presence or absence of EGTA, an 

extracellular calcium chelator.  EGTA has been shown to disrupt cell-cell junctions and 

expose basolateral surfaces of endothelial cells,28 which can result in increased cellular 

binding and transfection efficiency of several non-viral DNA delivery vehicles.28-30 We 

found that chelating extracellular calcium resulted in a statistically significant (p < 0.05) 

increase in cellular internalization for polyplexes formed with linear PEI two hours after 

transfection. Conversely, the removal of extracellular calcium with EGTA had an 

inhibitory effect (p < 0.05) on the internalization of the T412 and T443, and did not effect 

on the uptake of A442 (Figure 3.4 a).  T46 polyplex uptake was slightly inhibited by 

EGTA, but the uptake of the T46 polyplexes was significantly lower (p < 0.05) than that 

of the other polyplexes, which could be the reason for the observed decreased effect of 

EGTA when compared to the other T4 analogues. Extracellular calcium is required to 

maintain membrane fluidity,31 and without it cells are not able to recover as well after 



 80 

membrane penetration.32-34  Since cells without extracellular calcium exhibited improved 

polyplex uptake in the case of PEI, it appears that membrane fluidity could influence PEI 

transfection.  Interestingly, the cells did not exhibit a significant increase (p < 0.05) in 

propidium iodide permeability in the presence of EGTA (Figure 3.4 b), thus discounting 

the idea that membrane permeability aids polyplex internalization in the cells.  

Supporting this observation, a recent study by Prevette et al. indicates that membrane 

permeability does not play a role in PEI transfection.35  Collectively considering the 

current and published results, we hypothesize that a more likely toxicity mechanism is 

that the increased basolateral surface of the cells could play a role in PEI uptake, and that 

the different mechanisms of cellular uptake of PEI vs. T4 polyplexes may play a role in 

early cytotoxicity (< 30 minutes after transfection).  EGTA had a slight inhibitory effect  

(p < 0.05) on T412 and T443 uptake, further illustrating that the poly(glycoamidoamine)s 

are entering the cell via different endocytic mechanisms than PEI.15  The inhibitory effect 

of EGTA on the uptake of T412 and T443 is similar to results obtained for several lipid-

DNA complexes.36-37  The exact mechanism by which decreasing extracellular Ca+2 

decreases the intracellular uptake of certain gene delivery vehicles while enhancing 

others remains unknown, but it is speculated that chelation of extracellular calcium could 

decrease rates of endocytosis.36, 38-39  Collectively, these studies support previous findings 

that structure of the polymers influence their endocytic routes.15  Furthermore, it supports 

the conclusion that polymer structure influences plasma membrane interactions; the T4 

analogues may take a different endocytic route than linear PEI or A442 that involves 

calcium-mediated endocytosis.  The difference in intracellular uptake mechanisms could 

contribute to the different toxicity profiles for these polymers.  
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Figure 3.4) The effect of EGTA, an extracellular calcium chelator, on (a) cellular uptake of 
polyplexes formed with the indicated polymers and Cy5-pDNA 2 hours after transfection and (b) 
plasma membrane permeability as measured by % increased propidium iodide (PI) fluorescence 
compared to the cells only control 2 hours after transfection.  Bars with different letters are 
statistically significant (p < 0.05) from each other (n = 3) according to the Tukey-Kramer HSD 
method.  Bars with matching letters are not statistically significant from each other. 
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microscopy was used to monitor colocalization of polyplexes and the plasma membrane 

30 minutes after transfection.  AlexaFluor-488-conjugated wheat germ agglutinin, a lectin 

that binds to N-acetylglucosamine and sialic acid residues,40-41 was used to label the 

plasma membrane.  The software ImageJ18 was used to calculate Manders coefficients for 

polyplexes formed with Cy5-labeled pDNA and the wheat germ agglutinin on the plasma 

membrane as a measure of colocalization.42-43   

Z-stacks of HeLa cells were taken using slice thicknesses of 0.39 µM/slice and 

colocalization was analyzed throughout the entire stack.  The images shown in Figure 6 

represent one slice of the z-stack.  Based on the confocal images and Manders 

coefficients (Figure 3.5), we conclude that all polyplexes have some interaction with the 

plasma membrane as early as 30 minutes after transfection, and the data reveals that T412, 

T443, A442, and PEI all have a similar degree of interaction with the cell membrane.  It 

was noticed that polymer T46 had the lowest interaction with cells and internalization 

when compared with the other polymers (Figure 3.5) and these results correlate with the 

previous observation that T46 has the lowest transfection efficiency. The other polymers 

exhibit significant polyplex internalization.  Several internalized polyplexes are denoted 

by the white arrows in Figure 3.5, with polyplexes for PEI (Figure 3.5 b), T412 (Figure 

3.5 d), T443 (Figure 3.5 e), and A442 (Figure 3.5 f) all illustrating more polyplex 

internalization (p < 0.05) than T46 (Figure 3.5 c). To determine whether there was a 

difference in plasma membrane permeability at this time point, a propidium iodide 

exclusion assay was performed. 
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Figure 3.5) Confocal microscopy images of HeLa cells 30 minutes after being transfected with 
polyplexes formed with Cy5-labeled pDNA and the following polymers: (a) pDNA only; (b) JetPEI 
(PEI); (c) T46; (d) T412; (e) T443; (f) A442.  Colors represent the following; green = WGA AF488-
labeled cytosol; blue = DAPI-labeled nucleus; magenta = Cy5-labeled pDNA.  Scale bar = 20 µm.  
Arrows denote sites of polyplex internalization. (g) Manders coefficients between each polyplex type 
(formed with Cy5-pDNA) and AlexaFluor-488-conjugated Wheat Germ Agglutinin-labeled plasma 
membrane.  Bars with different letters are statistically significant (p < 0.05) from each other 
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according to the Tukey-Kramer HSD method (n = 3).  Bars with matching letters represent means 
that are not statistically significant from each other. 

 

Plasma membrane permeability. Propidium iodide (PI) is a small molecule that has 

a diameter of ~1 nm35 and is normally excluded from cells with an intact plasma 

membrane but can penetrate cells in which the plasma membrane has been disrupted (and 

is also commonly used as a marker of dead cells).  PI fluorescence was used as a measure 

of plasma membrane permeability at 30 minutes and 4 hours after transfection.  It is 

apparent that T443 induces the most membrane disruption 4 hours after transfection and 

the polymers with the highest transfection efficiency are also the structures inducing the 

most plasma membrane permeability according to these PI assays (Figure 3.6).  As 

observed in the mitochondrial membrane potential and phosphatidylserine externalization 

assays (Figure 3.3), there is no significant difference in the degree of membrane 

permeability induced by the polyplexes 30 minutes after transfection, the time point 

where polyplexes were shown to interact with the plasma membrane (Figure 3.5).  

However, 4 hours after transfection, we see a dramatic increase (p < 0.05) in membrane 

permeability, indicative of cell death, in cells treated with linear PEI, T443, and A442 

compared to the cells only control.  Indeed, it is evident that the three polymers with the 

highest transfection efficiency are able to induce the most plasma membrane damage. 

Prevette et. al. have shown that plasma membrane permeability plays no role in 

transfection efficiency,35  but perhaps if these polymers are able to induce plasma 

membrane permeability, they are able to induce membrane permeability in other 

organelles, including the nucleus.  Based on these studies, it is difficult to tell whether the 

plasma membrane permeability is induced directly by the polymers, or is a consequence 

of apoptosis activation at this time point as evidenced by the mitochondrial membrane 
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potential and phosphatidylserine externalization assays (Figure 3.3). We observe an 

increase in PI fluorescence (Figure 3.6), a decrease in mitochondrial membrane potential 

(Figure 3.3 a), and an increase in phosphatidylserine externalization (Figure 3.3 b) within 

30 minutes of transfection, indicating that cells are dying at this early time point. We do 

notice a trend in both the apoptosis studies (Figure 3.3) and the PI study (Figure 3.6).  It 

seems that in each of the different assays, 30 minutes after transfection there are no 

dramatic differences between the polymers.  However, 4 hours after transfection, cells 

transfected with PEI, T443, and A442 exhibit significantly more (p < 0.05) mitochondrial 

depolarization (Figure 3.3 a), phosphatidylserine externalization (Figure 3.3 b), and PI 

fluorescence (Figure 3.6) when compared to T46 and T412.  Furthermore, it appears that 

T443 induces significantly more (p < 0.05) cellular disruption based on these studies when 

compared to the other polymers.  Based on the dramatic changes in toxicity profiles 

between the polymers 4 hours after transfection, it was of interest to us to perform further 

studies to determine the cause of apoptosis initiation.  
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Figure 3.6) Data showing % increased propidium iodide (PI) fluorescence compared to the cells only 
control.  Cells were analyzed for PI fluorescence using flow cytometry at the indicated time points 
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after transfection.  All polymers were used at an N/P ratio of 20, with the exception of JetPEI (PEI), 
which was used at an N/P ratio of 5.  Different letters on bars represent means that are statistically 
significant (p < 0.05) from each other according to the Tukey-Kramer HSD method (n = 3).  Bars 
with matching letters represent means that are not statistically significant from each other. 

 

Toxicity of potential polymer degradation products. It has been previously shown 

in several previous studies in the field of nucleic acid delivery that the molecular weight 

of polymeric delivery vehicles influences their cytotoxicity profile to a large degree; 

higher molecular weight polymers generally induce more toxic effects and cell death.6, 44-

47 Based on previous studies in our group, one main difference between the T4 structures 

examined herein as compared to polymers A442 and linear PEI is that the T4 polymers 

(and our class of PGAAs) are degradable.17  It is possible that the T4 structures degrade 

into lower molecular weight polymers or by-products that may or may not affect the cell 

viability. However, the mechanism of polymer degradation once in cells is not currently 

understood.  It is possible that, depending on the degradation mechanism, there could be 

toxic by-products that lead to apoptosis, as is the case with naturally-occurring 

polyamines found in cells.48-51 Specifically, intracellular catabolism of natural 

polyamines that are similar in structure to the monomer used to synthesize the T4 

structures, such as spermine and spermidine, causes a rise in hydrogen peroxide, leading 

to oxidative damage and apoptosis initiation.49   Thus, the degradation products could 

lead to increased toxicity.  Also, previous studies have revealed that polymer vehicles can 

elicit oxidative stress; interestingly, cells transfected with chitosan52 and a PEGylated 

branched PEI polymer53 show upregulated oxidative stress genes when compared to 25 

kDa branched PEI-treated cells.  In the case of the PEGylated branched PEI, the 

PEGylated polymer induced higher upregulation of oxidative stress genes than non-

PEGylated branched PEI within 6 hours of transfection, and it was suggested that this 
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resulted from the higher molecular weight of the PEGylated PEI-based polymers 

compared to the branched PEI.53 In light of this previous data, it was of interest to us to 

study oxidative damage as a potential mechanism of cytotoxicity for the PGAAs.  Cells 

were transfected with the polymers in the presence or absence of aminoguanidine, an 

inhibitor of several forms of oxidative-induced apoptosis.54-55  Aminoguanidine was 

unable to prevent any cell death from the polyplexes 30 minutes (Figure 3.7 a) or 4 hours 

after transfection (Figure 3.7 b); there was no statistical significance (p < 0.05) in cells 

treated with polyplexes vs. polyplexes with aminoguanidine.  Furthermore, no increase in 

reactive oxygen species (ROS) in PGAA-treated cells was found compared to the cells 

only control (Figure 3.8).  In fact, we observed a significant (p < 0.05) decrease in ROS 

in cells treated with all polymers except for T46.  This is most likely because cells 

produce ROS normally through metabolic processes; as cells die, there would be a 

decrease in metabolism leading to a decrease in ROS.  Taken together, these results 

reveal that oxidative damage is not a major mechanism of toxicity for the gene delivery 

polymers tested, as was earlier hypothesized based on the mechanisms of cytotoxicity for 

other polyamines discussed in Chapters 1 and 2.   
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Figure 3.7) HeLa cells were transfected with polyplexes in the absence or presence of 1 mM 
aminoguanidine (AMG), which has been shown to inhibit some forms of ROS toxicity.  Cell viability 
was analyzed using the MTT assay (a) 30 minutes or (b) 4 hours after transfection. Data were 
normalized to the cells only control. There was no statistical significance between cells treated with 
polyplexes vs. polyplexes with 1 mM AMG according to the Tukey-Kramer HSD method. 
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Figure 3.8) HeLa cells were transfected with the different polyplexes and H2DCDFA fluorescence 
was measured using flow cytometry at the indicated time points to determine the presence of reactive 
oxygen species (ROS).  100 µM of hydrogen peroxide (H2O2) was used as a positive control.  Bars 
with different letters represent means that are statistically significant (p < 0.05, n = 3) with each 
other according to the Tukey-Kramer HSD method.  Bars with matching letters represent means 
that are not statistically significant from each other. 

 

To further examine the role of degradation product toxicity in the T4 polymer series, 

the toxicity of L-tartaric acid and pentaethylenehexamine hexahydrochloride (N6), the 

monomers used to synthesize the T4 polymers and suspected degradation by-products, 

was examined via MTT assay. The cells were treated for 4 hours and 24 hours with the L-

tartaric acid and N6 at concentrations of 100 µg/mL.  We saw no significant cytotoxic 

responses induced in the cells at either of these time points (Figure 3.9).   
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Figure 3.9) Toxicity of the components of the T4 polymers as measured by MTT assay.  Cells were 
treated with either N6 or L-tartaric acid at a concentration of 100 µg/mL for the indicated time 
points.  Data were normalized to the cells only control.  Neither of the treatments were statistically 
significant (p < 0.05) from the cells only control according to the Tukey-Kramer HSD method (n = 3). 

 
It is possible that once in the cell, the polymers are catabolized by other means 

besides hydrolysis and the higher molecular weight polymers create higher oxidative 

stress over time, however, studies to examine this effect are beyond the scope of the 

current manuscript.  Based on these data, the polymers that are shorter in length are 

certainly less toxic than the same structures that are longer in length.  Furthermore, the 

individual components of the T4 polymers (L-tartaric acid and N6) do not elicit any 

cytotoxic responses within 4 hours (Figure 3.9), so the apoptotic signals elicited by the 

polyplexes at this time point (Figure 3.3) may not be a result of polymer degradation 

products. 

Nuclear membrane permeabilization.  Polymer gene delivery vehicles are able to 

deliver pDNA to the nucleus of their target cells, but the mechanism by which the pDNA 

from the polyplex is transported across the nuclear membrane for transcription is 

currently unknown.  While previous studies indicate that polyplexes are able to induce 

plasma membrane damage that contributes to cytoxicity, we were interested to examine 



 91 

the role of nuclear membrane damage in the increase of transfection efficiency, toxicity, 

and cell death.  The nuclear membrane, being a double bilayer membrane, is more 

resistant to permeabilization than the plasma membrane.  However, it is unknown 

whether polyplexes could disrupt the nuclear membrane as a potential mechanism of 

nuclear entry.  Prior studies indicate that polyplexes are able to deliver their DNA cargo 

into the nucleus when the nuclear envelope degrades in preparation for cell division.56-59  

This is a likely mechanism, as higher transfection efficiency is often observed in rapidly 

dividing cells. However, this hypothesis does not explain transfection in non-dividing or 

slowly dividing cells.  Other studies show that in order to deliver the plasmid DNA into 

the nucleus, intracellular nuclear import machinery must be utilized.59-61 The mechanisms 

by which polyplexes are able to utilize this remain uncertain, but research shows that the 

sequence of the plasmid DNA plays a role.  Certain DNA sequences are able to bind to 

transcription factors.  The incorporation of binding sequences for transcription factors, 

such as Nf-κB,62-64 has been used as a strategy to increase transfection efficiency.  Once 

bound to the transcription factors, plasmid DNA is able to  achieve nuclear entry via the 

nuclear pore complexes (NPCs).65-66  Another strategy to increase nuclear entry is to use 

nuclear localization signals.67  Direct nuclear permeabilization by polyplexes, however, is 

a mechanism of nuclear entry that has not been thoroughly studied.   It should be noted 

here that the polymers used in the current study do not contain a nuclear localization 

signal. Also, the plasmid DNA used in this study contains a CMV promoter, and previous 

work has shown that plasmids with this promoter are not actively trafficked by the cell to 

the nucleus when injected into the cytosol of smooth muscle cells.68-70  Our studies show 

that the polymers with the highest transfection efficiency (Figure 3.2) also induce the 
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most plasma membrane permeability (Figure 3.6).  Based on these data, we hypothesized 

that the polymers able to induce plasma membrane permeability may be capable of 

delivering pDNA to the nucleus via direct nuclear permeabilization; thus yielding a 

mechanism for possible cytotoxicity and polymer-based DNA nuclear delivery other than 

nuclear envelope breakdown during mitosis.  To examine this, polyplexes were formed 

with Cy5-labeled plasmid DNA, and HeLa cells were transfected with each polyplex type 

for 4 hours, the time point at which differences in the induced apoptotic signals between 

the polyplexes were apparent (Figure 3.3).  After 4 hours, the nuclei from the transfected 

cells were removed, and Cy5 fluorescence and PI fluorescence were measured using flow 

cytometry (Figure 3.10).  Nuclear isolation was confirmed using microscopy, dynamic 

light scattering, and static light scattering (results not shown). It should be mentioned 

here that using this flow cytometric method, we were unable to determine whether the 

Cy5-labeled plasmid DNA was actually inside the nucleus, or attached to the nuclear 

membrane; it is likely a combination of both, and we arbitrarily name this “nuclear 

association”.  We found an astounding trend; polymer length does seem to affect nuclear 

interactions, and when considering polymer molecular weight, the shorter the polymer, 

the higher the pDNA association with the nucleus.  These data surprised us because they 

are the opposite of the transfection efficiency trend; polymers with lower molecular 

weights exhibited the lowest transfection efficiency, yet had significantly higher (p < 

0.05) nuclear interaction than polyplexes with higher transfection efficiency (Figure 3.10 

a).  This is evidenced by the significantly higher (p < 0.05) percentage of nuclei positive 

for Cy5 fluorescence in nuclei isolated from cells transfected with lower molecular 

weight polymers compared with nuclei isolated from cells transfected with polyplexes 



 93 

formed with higher molecular weight polymers (Figure 3.10 a).  The nuclei from cells 

transfected with polyplexes formed with the higher molecular weight polymers PEI and 

T443 show a significant (p < 0.05) increase in propidium iodide (PI) fluorescence, 

indicating an increase in nuclear membrane permeability (Figure 3.10 b).  These trends 

are interesting, because although pDNA delivered with T46 displayed higher nuclear 

association, it also has the lowest transfection efficiency of the polyplexes tested (Figure 

3.2).  Also, the higher molecular weight polymers PEI, T443, and A442 display lower 

nuclear association than T46, but higher transfection efficiency.  This higher transfection 

efficiency also correlates with increased PI fluorescence both in whole cells (Figure 3.6) 

and in isolated nuclei (Figure 3.10 b).  
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Figure 3.10) Nuclei were isolated from cells transfected with the indicated polymers 4 hours after 
transfection and analyzed using flow cytometry.  (a) Nuclear association between polyplexes and 
nuclei measured by percentage of nuclei positive for Cy5 and (b) nuclear membrane permeability 
induced by polyplexes shown as % increased propidium iodide (PI) positive nuclei compared to the 
cells only control (bars, left y-axis) and PI fluorescence intensity (line, right y-axis).  Bars with 
different letters represent means that are statistically significant (p < 0.05) from each other (n = 3) 
according to the Tukey-Kramer HSD method.  For fluorescence intensity, points with different 
numbers of asterisks are significant (p < 0.05) from each other according to the Tukey-Kramer HSD 
method (n = 3). 

 

It was our hypothesis that although T46 was able to get pDNA to the nuclear 

membrane, it was unable to enter the nucleus since T46 polyplexes did not induce as 

much membrane permeability as the polymers with higher transfection efficiency (Figure 
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3.6).   It is likely that the increased Cy5 fluorescence observed in T46-transfected nuclei 

was due to polyplexes binding to the nuclear surface.  In order to determine this, the 

nuclei from the isolated cells used for the flow cytometry experiments were fixed and 

deposited on to coverslips, and were then imaged using confocal microscopy.  The 

confocal microscopy results supported our hypothesis; T46 polyplexes were found on the 

periphery of the nuclear membranes, while polyplexes formed with linear PEI, T443 and 

A442 were found inside the nuclei (Figure 3.11).   
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Figure 3.11) Confocal microscopy images of nuclei isolated from cells transfected with the following: 
(a) pDNA only; (b) JetPEI (PEI); (c) T46; (d) T412; (e) T443; (f) A442.  Colors represent the following: 
Blue = Propidium iodide-labeled nucleus; magenta = Cy5-labeled pDNA.  Scale bar = 20 µm.  (g) 
Manders coefficients between Cy5-labeled pDNA and propidium iodide-labeled nuclei to signify 
pDNA nuclear import.  Bars with different letters represent means that are statistically significant (p 
< 0.05) from each other (n = 3) according to the Tukey-Kramer HSD method.  Bars with matching 
letters represent means that are not statistically significant from each other. 
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Polyplexes formed with T412 were found both on the periphery of the nuclei and 

inside of the nuclei, but to a lesser extent than polyplexes formed with the higher 

molecular weight polymers.  To further confirm this, Z-stacks of each image were taken 

and fluorescence was quantified for each slice using the software ImageJ (Figure 3.12).  

The peak of PI fluorescence was used to determine where the center of the nucleus was.  

Indeed, T46-treated nuclei exhibited higher Cy5 fluorescence near the surface of the 

nuclei, while PEI, T443 and A442-treated nuclei exhibited Cy5 fluorescence from the 

inside of the nuclei.   
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Figure 3.12) Comparison of Cy5 and PI fluorescence by slice in Z-stacks obtained using confocal 
microscopy.  Nuclei were isolated from transfected cells 24 hours after transfection from HeLa cells 
transfected with the following polymers: (a) JetPEI (PEI); (b) T46; (c) T412; (d) T443; (e) A442.  
Propidium iodide (PI) maximum fluorescence intensity was interpreted as the center of the nuclei for 
each corresponding set of Cy5 measurements.  Polyplexes were deemed to be in the center of the 
nuclei if the peaks for Cy5 fluorescence corresponded to the peaks for PI fluorescence. 

 

Furthermore, Manders coefficients were measured to observe colocalization between 

Cy5-labeled pDNA and propidium iodide in the nucleus to verify which polymers were 

able to induce nuclear import of the pDNA.  The trends observed with transfection 

efficiency (Figure 3.2), plasma membrane disruption (Figure 3.6), and nuclear membrane 

permeability (Figure 3.10 b) were also evident when studying nuclear pDNA import; 

polymers with the highest transfection efficiency exhibited the most colocalization 

between pDNA and propidium iodide, with PEI, T443 and A442 exhibiting significantly (p 

< 0.05) more colocalization than T46 (Figure 3.11 g). 

It is possible that the observed increase in PI fluorescence was not due to direct 

nuclear envelope permeabilization by the polymers, but rather a result of apoptosis being 

initiated at this time point.  During apoptosis, nuclear envelope integrity breaks down, 

which may be why high transfection efficiency is also accompanied by high cytotoxicity 

in the polymers examined herein.  To further study this, we wanted to observe whether 

the polyplexes were at the nuclear membrane 4 hours after transfection. 

Nuclear interactions.   The flow cytometry results indicated that T46 had higher 

nuclear interactions than the other polymers 4 hours after transfection, and the degree of 

nuclear interaction decreased with an increase in polymer length (Figure 3.10 a).  To 

confirm that polyplexes were in fact reaching the nuclear membrane 4 hours after 

transfection, HeLa cells were transfected as described above for 4 hours, then the cells 

were fixed in 4 % paraformaldehyde, immunostained to label the nuclear lamin, and 
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imaged using confocal microscopy.  Images of the whole cells with the differential 

interference contrast (DiC) images are shown in Figure 3.13, illustrating that all 

polyplexes are able to enter the cells and reach the nucleus 4 hours after transfection. The 

nuclei of the transfected cells are the focus of the confocal images shown in Figure 3.14 

to further illustrate nuclear membrane ruffling at the site of polyplex-nuclear association 

and colocalization of the polyplexes with the nuclear lamin.   

 
Figure 3.13) Confocal images of HeLa cells fixed 4 hours after transfection.  Cells were transfected 
with the following: a) DNA only; b) JetPEI (PEI); c) T46; d) T412; e) T443; f) A442.  Colors represent 
the following; blue = nucleus; green = nuclear lamin; magenta = pDNA.  Scale bar = 20 µm.  The 
white arrows in (b) and (e) indicate sites of deep nuclear indentation. 

a) b) c) 

d) e) f) 
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Figure 3.14) Confocal microscopy images of the nuclei in whole HeLa cells transfected with 
polyplexes formed with Cy5-pDNA and (a) JetPEI (PEI); (b) T46; (c) T412; (d) T443; (e) A442.  The 
nucleus is shown as blue, nuclear lamin is shown as green, and the polyplexes are shown as magenta.  
Scale bar = 5 µm.  These images emphasize polyplex-lamin colocalization and further show nuclear 
indentations in the case of (a) JetPEI and (d) T443. 

 
Nuclear envelope ruffling was evident in all nuclei to some extent, but we see deeper 

indentations from cells treated with JetPEI (Figure 3.14 a) and T443 (Figure 3.14 d) as 

evidenced by the white arrows. This membrane ruffling could be caused by apoptosis, but 

the image for T443 is especially striking. In the case of T443, there is evidence of nuclear 

membrane disruption at the site of polyplex contact (Figure 3.14 d).  The images in 

Figure 3.13 indicate that all polyplexes are able to reach the nuclear membrane within 4 

hours of transfection.  To verify this result, Manders coefficients were calculated to 

determine colocalization between the polyplexes and the nuclear lamin using the software 

ImageJ.  Z-stacks of each image were taken using overlapping slices of 0.39 µm, and 

Manders coefficients were calculated using the entire z-stack.  We observed slight 

a) b) c) 

d) e) 
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differences in the degree of colocalization between the different polymers, and these 

results confirm that the polyplexes were in fact reaching the nuclear envelope at this time 

point (Figure 3.15).  Our results indicate that polyplexes formed with T443 had higher 

colocalization with the nuclear lamin 4 hours after transfection compared to PEI, T412 

and A442 and had similar colocalization compared to T46.  T46, despite having lower 

transfection efficiency than PEI, displayed significantly higher (p < 0.05) colocalization 

with the nuclear lamin when compared to PEI, and these results support the flow 

cytometry data.  Because T46 is able to reach the nucleus to the same extent as the higher 

transfection efficiency polymers, we conclude that reaching the nucleus is not a limiting 

factor for pDNA delivery with these polymers.  Rather, successful nuclear import of 

pDNA leads to efficient transfection.  As seen in Figure 3.11 g, T46 has the lowest 

incidence of colocalization between pDNA and propidium iodide, indicating lower 

nuclear import.  The trends between nuclear interactions and nuclear envelope 

permeability (Figure 3.10), colocalization with the inner nucleus (Figure 3.11 g) and 

transfection efficiency (Figure 3.2) are apparent.  However, it is still unclear whether the 

polyplexes are directly permeabilizing the nuclear envelope or if the increased nuclear 

permeability is a result of apoptosis initiation.  To test whether polyplexes alone could 

induce nuclear envelope permeability, studies on isolated nuclei were conducted. 
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Figure 3.15) Manders coefficients for the colocalization of each polyplex type (formed with Cy5-
pDNA) with lamin antibody (AF488) for confocal microscopy images taken of cells transfected with 
polyplexes for 4 hours. Higher Manders coefficients are indicative of higher colocalization. * denotes 
statistical significance (p < 0.05) with n = 3 according to the Tukey-Kramer HSD method. 

 

Nuclear envelope permeability in isolated nuclei.  As mentioned previously, the 

increased nuclear envelope permeability observed as increased PI fluorescence (Figure 

3.10) could be a result of apoptosis initiation and not necessarily caused by direct 

polyplex interaction.  To determine whether polyplexes could induce nuclear envelope 

permeability in a cell-free system, nuclei were isolated from HeLa cells and treated with 

polyplexes for 4 hours.  The results are shown in Figure 3.16. 
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Figure 3.16) Trypan blue exclusion assay performed on nuclei treated with polyplexes for 4 hours.  
Nuclei were isolated from HeLa cells and treated with (a) pDNA only; (b) JetPEI (PEI); (c) T46; (d) 
T412; (e) T443; or (f) A442.  Scale bar = 400 µm. (g) Nuclei were counted and analyzed for pixel 
intensity using ImageJ and the statistics were calculated using JMP.  Roughly 300 nuclei were 
analyzed for each polyplex, and the Tukey-Kramer HSD method reveals each set of data points to be 
statistically significant (p < 0.05) from one another.   

 

a) b) c) 

d) e) f) 

g) 
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Trypan blue is a small molecule and is able to diffuse through the nuclear pore complex, 

so we would expect to see trypan blue staining in all nuclei to some extent, similar to 

propidium iodide exclusion.  However, when observing the isolated nuclei under the 

microscope, we notice that nuclei treated with PEI (Figure 3.16 c), T412 (Figure 3.16 d), 

T443 (Figure 3.16 e), and A442 (Figure 3.16 d) all exhibited darker trypan blue staining 

compared to nuclei treated with pDNA only (Figure 3.16 a) and T46 (Figure 3.16 b).  To 

further compare these images, image analysis was conducted to calculate the mean pixel 

intensity of each nuclei present in the images using ImageJ.  We found that nuclei treated 

with the polymers all exhibited darker fluorescence intensity (p < 0.05)  compared to the 

nuclei treated with pDNA only (Figure 3.16 g), with PEI, T443 and A442 exhibiting the 

darkest intensities, indicating that these polymers are able to induce the most trypan blue 

inclusion.  Furthermore, we also wanted to test whether inducing apoptosis would 

increase transfection efficiency due to the aforementioned apoptosis-induced nuclear 

envelope permeability.   

Transfection efficiency in apoptotic cells.  To test whether the induction of 

apoptosis would cause increased plasma membrane permeability and nuclear envelope 

permeability leading to increased transfection efficiency, cells were treated with 

camptothecin along with the polyplexes for the first 4 hours of transfection.  We saw no 

significant increase in transfection efficiency in transfected cells treated with 5 µM 

camptothecin, an apoptosis-inducing agent, compared to control cells (Figure 3.17). 
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Figure 3.17) Luciferase expression data in the presence or absence of 5 µM camptothecin, an 
apoptosis-inducing agent.  Transfection efficiency was measured 24 hours after transfection. * 
denotes statistical significance (p < 0.05, n = 3).  ** denotes statistical significance (p < 0.05, n = 3).  
Statistical significance was calculated using the Tukey-Kramer HSD method. 

 

Camptothecin had an inhibitory effect (p < 0.05) on T443 and A442, and did not increase 

the transfection efficiency of any of the polymers tested.  This indicates that the induction 

of apoptosis is not necessary for efficient polymer-based transfection. 

 

3.5 Conclusions and Future Directions 

In the current study, we investigated several potential mechanisms of cytotoxicity for 

five different polymeric gene delivery vehicles, linear PEI, T46, T412, T443, and A442.  

These polymeric delivery vehicles vary in their structure (containing or lacking 

hydroxyls) and molecular weight.  The goal of this study was to understand the role of 

these structural parameters on the biological behavior during pDNA delivery.  These 

behaviors include polyplex size and charge, transfection efficiency, potential harmful 

interactions with the plasma membrane, ability to induce apoptosis, their ability to 

* * ** ** 
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generate ROS, and whether polyplexes were capable of directly permeabilizing the 

nuclear envelope. Herein, it was found that the length of the polymer as well as the 

composition of the polymer influence cytotoxicity and cell interactions to a large degree.   

The first noticeable difference between the different polymers was their interactions 

with pDNA.  We observed the polymer with the lowest molecular weight resulted in the 

polyplex with the largest hydrodynamic radius.  Also, when comparing polymers of 

similar molecular weight (T443 and A442), we observe that the hydroxyl-containing T443 

formed polyplexes of larger size and lower charge (Figure 3.1), indicating that the 

hydroxyls do play a role in the complexation of pDNA.  We also observed differences in 

transfection efficiency between these two polymers, with T443 having slightly higher 

transfection efficiency than A442 (Figure 3.2).  Previous studies in our group indicate that 

the hydroxyl groups present in T4 may contribute to pDNA release and therefore result in 

higher transfection efficiency than non-hydroxyl containing polymers.17  To further 

investigate the influence of polymer structure on biological behaviors, we tested the 

effect of molecular weight and structure on cytotoxicity. 

These polymers are able to induce apoptosis within 30 minutes of transfection as 

indicated by decreases in mitochondrial membrane potential and phosphatidylserine 

externalization (Figure 3.3).  Therefore, it is prudent to study the mechanisms of cellular 

uptake for these polymers since the cell membrane is the first obstacle to polymer-based 

gene delivery and could present the first negative interaction leading to toxic effects.  We 

did find that the higher molecular weight polymers were able to induce membrane 

permeability/cell death (Figure 3.6) and apoptosis (Figure 3.3) to a larger extent than the 

lower molecular weight polymers within 4 hours of transfection.  The higher molecular 
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weight polymers also had higher interactions with the plasma membrane within 30 

minutes of transfection when compared to the shorter polymers (Figure 3.5).  It is 

possible that since the higher molecular weight polymers are able to condense plasmid 

DNA into smaller polyplexes than the lower molecular weight polymers, the mechanism 

of uptake for the smaller polyplexes will be altered, resulting in different cytotoxic 

profiles.  To further investigate this, intracellular uptake of the polyplexes was studied in 

the presence of EGTA to determine the role of extracellular calcium.  We observed that 

chelating extracellular calcium resulted in increased uptake of PEI polyplexes, but 

resulted in slight inhibition of uptake for the hydroxyl-containing T4 analogues.  It is 

possible that the hydroxyl groups influence the mechanism of endocytosis, as EGTA had 

no effect on the non-hydroxyl containing A442.  Also, direct plasma membrane 

permeabilization may be a mechanism of uptake and of cytotoxicity for the higher 

molecular weight polymers, as evidenced by the increase in membrane permeability.  

However, although some cytotoxic responses are evident 30 minutes after transfection, 

the time point where colocalization of polyplexes with the plasma membrane is observed 

(Figure 3.5), we find that the cytotoxic profiles of the polymers tested become more 

apparent 4 hours after transfection, prompting us to investigate other mechanisms of 

polymer-induced cytotoxicity. 

Previous research in our group has shown that the PGAAs are able to degrade in 

water and other biologically relevant buffers.17 Here, we examined whether the different 

cytotoxic profiles exhibited by the polymers tested were a result of T4’s ability to 

degrade into non-toxic byproducts.  To this end, we have synthesized T4 of different 

molecular weights to observe the influence of molecular weight upon on T4 toxicity.  We 
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do find that the higher molecular weight T4 shows higher cytotoxicity and transfection 

efficiency than its lower molecular weight counterparts, indicating that if T4 does in fact 

possess the ability to degrade into lower molecular weight polymers once inside the cell, 

it could alleviate some of the toxicity observed during polymer-based DNA delivery.  We 

have also tested the toxicity of model T4 degradation products and have found that they 

do not exhibit cytoxicity 24 hours after treatment at a concentration of 100 µg/mL.  

Naturally occurring polyamines such as spermine and spermidine are able to induce 

cytotoxicity at high concentrations.  One mechanism of polyamine-induced cytotoxicity 

is that they form harmful reactive oxygen species (ROS) when they are catabolized by 

cells.  This was also investigated and our data show that ROS is not increased polymer-

transfected cells (Figure 3.8) compared to the cells only control.  In addition, 

aminoguanidine, which is able to prevent certain forms of oxidatively-induced cell death, 

did not fully prevent polyplex cytotoxicity in HeLa cells (Figure 3.7). These results lead 

us to believe that the main mechanism of cytotoxicity for these polymers is not from 

toxic by-products of their degradation. 

Another potential mechanism of cytotoxicity investigated in the current work is 

nuclear membrane permeabilization.  If the polyplexes are able to induce plasma 

membrane permeability, we hypothesized that they may also be able to induce nuclear 

membrane permeability and thus provide a mechanism of nuclear entry for their plasmid 

DNA cargo.  We do see polyplex-nucleus interactions 4 hours after transfection, the same 

time point where we see drastic differences in the cytotoxic profiles of the polymers.  Our 

data show increased propidium iodide fluorescence in nuclei isolated from PEI, T443, and 

A442-treated cells, indicating increased membrane permeability (Figure 3.10 b).  Not only 
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do these three polymers exhibit the most cytotoxic responses four hours after transfection 

(Figures 3.3 and 3.6), but these polymers also have the highest transfection efficiency 

(Figure 3.2).  It is possible that their high transfection efficiency correlates with their 

ability to permeabilize the plasma membrane; if this is the case, then these three polymers 

do not need to wait for nuclear envelope breakdown during mitosis to deliver their 

plasmid DNA into the nucleus.  It is also possible that their ability to induce apoptosis 

(Figure 3.3) is the reason for the increased nuclear envelope permeability (Figure 3.10), 

and that this nuclear envelope breakdown during apoptosis allows pDNA delivered by 

these polyplexes to enter the nucleus.  Studies performed on isolated nuclei (Figure 3.16) 

confirmed that polyplexes themselves are able to induce nuclear envelope permeability in 

a cell-free system, and studies conducted in the presence or absence of camptothecin, an 

apoptosis-inducing agent, indicated that the induction of apoptosis does not increase 

transfection efficiency for the polymers tested (Figure 3.17). 

Overall, we conclude that early cytotoxicity (within 30 minutes of transfection) is due 

to plasma membrane permeabilization, and that toxicity four hours after transfection is 

due in part to nuclear membrane permeabilization.  We do notice colocalization between 

polyplexes and the nuclear envelope at this time point, and polyplexes are able to 

increase nuclear envelope permeability in isolated nuclei as well as in nuclei isolated 

from transfected cells.   If these polymers are in fact able to permeabilize the nuclear 

membrane, then it is possible that they are able to permeabilize the membrane of different 

organelles.  Further study on polyplex interaction with other organelles is necessary to 

make definite conclusions on this matter, since polyplexes are present throughout cells 4 

hours after transfection (Figure 3.13) and could potentially interact with a myriad of 
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intracellular processes.  Although we predict that nuclear membrane permeabilization 

may be a mechanism of toxicity, a polymer’s ability to permeabilize the nuclear 

membrane may be desirable for efficient transfection.   
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Chapter 4 : Nuclear Import of pDNA During Polymer 
Transfection 
Based on the manuscript “Mechanisms of pDNA Nuclear Import in Polymer-based DNA 
Delivery” from Grandinetti, G.; and Reineke, T.M., in preparation. 
 

4.1 Abstract 

Cationic polymers are commonly used to transfect mammalian cells, but their exact 

mechanism of DNA delivery is unknown.  This study seeks to decipher the mechanism 

by which plasmid DNA delivered by cationic polymers trafficks to and enters the 

nucleus.  Studies have been done to elucidate the mechanism by which naked plasmid 

DNA (pDNA) is imported into the nuclei of mammalian cells, but our goal was to 

determine how polymer complexation affects pDNA nuclear import.  To this end, we 

have performed studies in whole cells and in isolated nuclei using flow cytometry and 

confocal microscopy to determine the mechanism by which polymer-DNA complexes 

(polyplexes) are able to deliver their DNA cargo to the nuclei of their target cells.  The 

polymers tested herein include linear poly(ethylenimine) (PEI), and two 

poly(glycoamidoamine)s synthesized by the Reineke group.  Our results indicate that the 

presence of intracellular machinery has less of an impact on PEI-mediated pDNA 

delivery when compared to poly(glycoamidoamine)s.  However, the amount of pDNA 

import into the nucleus increases in the presence of cytosolic extract when pDNA is 

delivered by PEI, thus indicating that intracellular machinery plays a role in pDNA 

nuclear import for all polymers tested. 
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4.2 Introduction 

Cationic polymer-based gene delivery systems are able to successfully compact 

plasmid DNA into polymer-DNA complexes (polyplexes) and deliver them to cells, but 

they are less efficient than viruses and many exhibit high cytotoxicity.1-3  One well-

studied cationic gene delivery polymer is poly(ethylenimine) (PEI).4-7  Although PEI is 

able to deliver DNA, its high toxicity prevents it from being an ideal transfection agent.  

In response to the high cytotoxicity, several groups have developed cationic gene 

delivery polymers based on PEI 8-10 in order to create a safe yet efficient gene delivery 

vehicle.  The Reineke group has created a library of poly(glycoamidoamine)s (PGAAs), 

which include a PEI-like amine moiety as well as a sugar moiety in the polymer repeat 

unit to improve biocompatibility.11-14  While not as efficient at plasmid DNA delivery as 

PEI, the PGAAs exhibit vastly different cytotoxicity profiles, with PEI-treated cells 

having low cell survival rates when a low charge ratio (N/P ratio) of 5 and the PGAAs 

achieving >80% cell survival rates even when used at the higher N/P ratio of 20.11  

Elucidating the mechanism of intracellular trafficking for these sugar-containing cationic 

gene delivery polymers will yield more rational design of safe, effective vehicles.  Recent 

studies in our group indicate that the intracellular trafficking mechanisms of PEI and the 

PGAAs vary greatly.15  Ultimately, the goal for these polymers is to deliver their DNA 

cargo to the nucleus.  Herein, the effects of polymer structure on plasmid DNA nuclear 

import are studied using the commercially-available JetPEI (Illkirch, France), 

poly(galactaramidopentaethylenetetramine) (G4) (Techulon, Blacksburg, VA) and 

poly(L-tartaramidopentaethylenetetramine) (T4). 
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Previous research has shown that the sequence of the DNA significantly impacts its 

mechanism of nuclear entry.16  The DNA used in these studies contains a human 

cytomegalovirus (CMV) early promoter sequence. The CMV promoter has no known 

DNA nuclear targeting signal (DTS)17 and inclusion of a DTS in the sequence greatly 

enhances the transfection efficiency of CMV plasmids.18-20 However, CMV plasmids 

complexed with polymers are able to efficiently transfect cells, even without a DTS, 

indicating that polyplexes may go through different nuclear uptake pathways than naked 

plasmid DNA.  It is unclear whether polymer-mediated pDNA delivery utilizes 

intracellular machinery such as the classic nuclear localization signal (NLS) pathway 

which employs the nuclear pore complexes (NPCs), or a different pathway, as is the case 

for glycosylated proteins that utilize a sugar-dependent mechanism for nuclear import.21  

The structure of the polymer itself can greatly affect intracellular events during 

pDNA delivery.  Previous work has shown that PEI is capable of disrupting plasma 

membranes.22 The addition of carbohydrate moieties to gene delivery polymers can also 

affect nuclear trafficking and uptake when the carbohydrates are used as pendant groups 

from polymer backbone.23-25 In order to study the effects of including both a carbohydrate 

moiety and amine moieties in the polymer backbone, our group compared how the 

presence or absence of a carbohydrate moiety affects cytotoxicity and nuclear uptake.  

This research has indicated direct nuclear permeabilization as a possible mechanism of 

polyplex nuclear import (unpublished results). In order to further determine whether the 

type of carbohydrate moieties present in the PGAAs affects their mechanisms of 

transfection, specifically nuclear import of pDNA, studies were performed using 

polyplexes formed with JetPEI (PEI), G4, or T4 in isolated nuclei and whole cells.   
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4.3 Materials and Methods 

Materials.  PEI (JetPEI) was purchased from Polyplus Transfection, Inc. (Illkirch, 

France).  The polymer G4 (Glycofect) was a generous gift from Techulon Inc. 

(Blacksburg, VA).  The polymer T4 was synthesized as previously described.11 The 

plasmid DNA used for the flow cytometry and confocal microscopy studies was pCMV-

luc from PlasmidFactory (Bielfield, Germany) and labeled with Cy5 using a LabelIT kit 

(Mirus, Madison, WI), and the plasmid DNA used for luciferase activity assays was 

gWiz-luc (Aldevron, Fargo, ND). Dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), ethylene glycol tetraacetic acid (EGTA), 

potassium acetate, sucrose, magnesium acetate, protease inhibitor cocktail, digitonin, 

ATP, GTP, creatine phosphokinase, and creatine phosphate were from Sigma (St. Louis, 

MO).   

Cell culture.  Cell culture media and supplements were purchased from Gibco 

(Carlsbad, CA). Human cervical adenocarcinoma (HeLa) cells were purchased from 

ATCC (Rockville, MD) and cultured according to the manufacturer’s specified 

conditions.  Cells were maintained in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS), 100 µg/mL streptomycin, 0.25 µg/mL 

amphotericin, and 100 units/mg penicillin.  Transfections were performed in serum-free 

medium (OptiMEM).   

Transfection efficiency. Luciferase activity was measured as previously described.26  

Briefly, polyplexes were formed by adding 150 µL of polymer solution diluted to the 

appropriate N/P ratio to 150 µL of a 0.02 mg/mL solution of gWiz-Luc pDNA (Aldevron, 
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Fargo, ND). Polyplexes were incubated for 1 hour at room temperature prior to 

transfection.  Forty-eight hours after transfection, luminescence was measured using 

Promega’s luciferase substrate (Madison, WI) on a plate reader (GENios Pro, Tecan, 

Research Triangle Park, NC).  Cells were transfected in triplicate and the average 

luminescence was used to calculate transfection efficiency based on luciferase activity.  

Where indicated, cells were transfected in the presence of 0.006 mg/mL (20 µM) of 

nocodazole for the first 4 hours of transfection to disrupt microtubules or 10 µg/mL (30 

µM) of aphidicolin for 24 hours during transfection to halt the cell cycle.  Transfection 

efficiency in the presence/absence of nocodazole and the presence/absence of aphidicolin 

was measured 24 hours after transfection. 

Labeling polymers.  Fluorescently-labeled JetPEI (JetPEI-FluoF) was purchased 

from Polyplus Transfections (Illkirch, France).  In order to label T4 and G4, the polymers 

were dissolved in methanol at a concentration of 1 mM for T4 and 0.5 mM for G4.  

FITC-isothiocyanate (Sigma, St. Louis, MO) was dissolved in methanol and added 

dropwise to the polymer solution while stirring to reach a final molar ratio of 3:1 FITC: 

polymer.  The polymer and FITC were reacted for 48 hours in the dark at room 

temperature with continuous stirring.  Excess dye was separated from the polymer using 

dialysis with a 1000 MWCO membrane. 

Isolation of HeLa nuclei for flow cytometry.  HeLa cells were pelleted at 200 x g at 

4 °C for 10 minutes and resuspended in 2 mLs of ice-cold phosphate-buffered saline 

(PBS) containing 2 mM DTT, 1 µg/mL protease inhibitor cocktail and 40 µg/mL 

digitonin.  The cells were incubated on ice for 5 minutes as described previously27 to 

permeabilize the cells.  Nuclei from the permeabilized cells were then pelleted at 2,000 x 
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g at 4 °C for 10 minutes and resuspended in 2 mLs of ice-cold PBS containing 2 mM 

DTT and 1 µg/mL protease inhibitor cocktail and incubated on ice for 5 minutes.  Nuclei 

were pelleted as described above and resuspended in 500 µL of PBS prior to flow 

cytometry analysis.  Flow cytometry was performed on a BD FACSCanto II flow 

cytometer (BD Biosciences, San Jose, CA). 

Nuclear association in transfected cells.  In order to determine nuclear uptake, cells 

were plated in 6 well plates at a density of 250,000 cells/well and incubated at 37 °C and 

5 % CO2 for 24 hours.  Polyplexes were formed by adding 250 µL of FITC-labeled 

polymer diluted to the appropriate N/P ratio to 250 µL of a 0.02 mg/mL Cy5-labeled 

pDNA solution.  The 500 µL of polyplex solution was allowed to incubate for 1 hour at 

room temperature before being diluted with 1 mL of serum-free medium (OptiMEM) and 

added to cells.  Cells were washed with 1 mL of PBS/well before being transfected, and 

cells were transfected with 5 µg pDNA/well. Four hours after transfection, the polyplex-

containing OptiMEM was aspirated off, cells were washed with 1 mL of PBS/well, and 5 

mLs of supplemented DMEM was added to each well. Twenty-four hours after 

transfection, nuclei were isolated using the procedure described in the previous section. 

Nuclei were pelleted and resuspended in 500 µL PBS before being analyzed for FITC and 

Cy5 fluorescence using flow cytometry.  A minimum of 20,000 events was collected for 

each sample.  To further study the nuclear interactions of the polyplexes, nuclei from the 

flow cytometry experiment were pelleted at 2,000 x g, 4 °C for 10 minutes and 

resuspended 1 mL of PBS containing 100 µg/mL of 2 MDa rhodamine-labeled dextran 

(Molecular Probes, Eugene, OR).  The nuclei were incubated in the dextran-containing 

PBS for 15 minutes, and then pelleted at 2,000 x g in the conditions described above and 



 122 

resuspended in 1 mL of 4 % paraformaldehyde (PFA) solution.  The nuclei were fixed in 

the PFA solution for 15 minutes at room temperature.  After that, nuclei were pelleted, 

washed in PBS and deposited on poly-L-lysine (PLL)-coated coverslips.  The nuclei 

incubated on the coverslips overnight at 4 °C before being mounted onto microscopy 

slides and analyzed via confocal microscopy.  The degree of  pixel overlap between two 

fluorescence channels was calculated using Manders coefficients to determine 

colocalization.28-29  Manders coefficients were calculated using the software ImageJ.30 

Isolation of soluble HeLa cytosolic proteins.  Nuclei were isolated from HeLa cells 

as described in the previous section.  After pelleting the nuclei, the supernatant was 

collected.  Ice-cold acetone (4 x supernatant volume) was added to the supernatant, and 

the mixture stirred on ice for 1 hour.  The mixture was distributed into 1.5 mL Eppendorf 

tubes, and the proteins were pelleted out by centrifuging at 14,000 x g for 10 minutes.  

The supernatant was discarded and the pellets were resuspended in sterile import buffer 

(20 mM HEPES, 0.25 M sucrose, 100 mM potassium acetate, 2 mM magnesium acetate, 

and 1 mM EGTA), and protein concentrations were quantified using a Bio-Rad DC 

Protein Assay (Hercules, CA) according to manufacturer’s protocol. 

Nuclear association in a cell-free system.  In order to design a high-throughput 

method to determine the minimal requirements for pDNA-nuclear association, nuclei 

were isolated from HeLa cells via digitonin permeabilization and centrifugation as 

described above and deposited into 6 well plates at a concentration of 250,000 

nuclei/well. The nuclei were incubated in a buffer solution consisting of 20 mM HEPES, 

0.25 M sucrose, 100 mM potassium acetate, 2 mM magnesium acetate, and 1 mM EGTA 

as previously described by Munkonge et. al.31 The buffer solution was added with or 
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without 50 µg HeLa cytosolic protein and with or without the ATP-generating system. 

Nuclei were also incubated in the presence or absence of HeLa cytosol extract and the 

presence or absence of an ATP-generating system (0.5 mM ATP, 0.2 mM GTP, 5 mM 

creatine phosphate, and 1 Unit creatine phosphokinase) as previously described by 

Hagstrom et. al.32 Polyplexes were formed as described above and added to the nuclei.  

After incubating for 4 hours at 37 °C and 5 % CO2, nuclei were pelleted, resuspended in 

1 mL PBS to wash away unbound polyplexes/polymers, pelleted again, and resuspended 

in 500 µL of PBS before being analyzed by flow cytometry. 

Confocal microscopy in a cell-free system.  HeLa cells were seeded onto uncoated 

coverslips at a density of 50,000 cells/coverslip and allowed to incubate at 37 °C and 5 % 

CO2 for 24 hours.  After incubation, media was aspirated off the cells, and then the cells 

were washed with 1 mL of PBS/well, and 1 mL of ice-cold PBS containing 2 mM DTT, 1 

µg/mL protease inhibitor cocktail and 40 µg/mL digitonin.  After 5 minutes, this solution 

was aspirated off and 1 mL of ice-cold PBS containing 2 mM DTT and 1 µg/mL protease 

inhibitor cocktail was added to each well.  The cells incubated in this solution for 5 

minutes, after which this solution was aspirated off, the permeabilized cells were washed 

with PBS, and 1 mL of the aforementioned buffer solutions (20 mM HEPES, 0.25 M 

sucrose, 100 mM potassium acetate, 2 mM magnesium acetate, and 1 mM EGTA 

with/without 50 µg HeLa cytosolic protein and with/without an ATP-generating system) 

was added to each well.  Polyplexes were formed by adding 50 µL of FITC-labeled 

polymer solution diluted to the appropriate N/P ratio to 50 µL of 0.02 mg/mL Cy5-

labeled pDNA solution and allowed to incubate at room temperature for 1 hour.  After 

one hour, the 100 µL of polyplex solution was added to the permeabilized cells (1 µg 
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pDNA/well).  After 4 hours, the polyplex solution was aspirated off, the cells were 

washed with 1 mL of PBS/well, and cells were fixed in 4 % paraformaldehyde for 15 

minutes at room temperature.  Coverslips were mounted onto microscopy slides using 

ProLong Gold Antifade Reagent (Molecular Probes, Eugene, OR) according to 

manufacturer’s protocol.  The slides were allowed to dry overnight in the dark before 

being sealed with clear nail polish and imaged on a Zeiss LSM 510 META confocal 

microscope (Carl Zeiss MicroImaging, LLC, Thornwood, NY).  Images were taken using 

a slice thickness of 0.8 µm. Manders coefficients were used to calculate the amount of 

overlap between two channels to monitor colocalization.28-29 Manders coefficients were 

calculated using the software ImageJ.30 

Confocal microscopy in whole cells.  HeLa cells were seeded onto poly-L-lysine 

(PLL)-coated coverslips at a density of 15,000 cells/coverslip and allowed to incubate 

under the aforementioned conditions for 48 hours.  Cells were then transfected using 

JetPEI-FluoF at an N/P ratio of 5 according to manufacturer’s protocol and FITC-labeled 

T4 and FITC-labeled G4 were used at an N/P of 20.  A 0.02 mg/mL Cy5-labeled pDNA 

solution was used to make the polyplexes, and cells were transfected with a total of 1 µg 

of pDNA per coverslip.  Transfection was carried out in serum-free media (OptiMEM), 

with 1 mL of OptiMEM/well.  At the indicated time points, the cells were washed with 

PBS and fixed using 4 % paraformaldehyde.  Cells were immunostained using a 1:200 

dilution of anti-fibrillarin rabbit monoclonal antibody (Cell Signaling Technologies, Inc.) 

and Alexa Fluor 555 goat anti-rabbit secondary antibody (Molecular Probes, Eugene, 

OR) as previously described.15  Manders coefficients were used to calculate 
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colocalization between polyplexes and the nucleoli, and Manders coefficients were 

calculated using the software ImageJ as described above. 

Nuclear envelope permeability in a cell-free system.  HeLa cells were grown to 

confluency and then trypsinized and pelleted at 200 x g, 4 °C for 10 minutes. Nuclei were 

isolated from HeLa cells as described above and added to a 12 well plate at a density of 

50,000 nuclei/well.  Polyplexes were formed as described above (50 µL of polymer 

solution was added to 50 µL of 0.02 mg/mL plasmid DNA solution) and added to the 

nuclei in 1 mL of OptiMEM.  The nuclei were incubated at 37 °C and 5 % CO2 for 4 

hours, after which 200 µL of a 0.4 % trypan blue solution (Gibco, Carlsbad, CA) was 

added to each well.  The nuclei were then imaged using an EVOS fl digital inverted 

fluorescence microscope (Advanced Microscopy Group, Bothell, WA).  The mean pixel 

intensity for individual nuclei was calculated using the software ImageJ.30 

Statistical analysis.  Histograms are representative of a minimum of 10,000 events 

from flow cytometry experiments. Data in bar graphs are presented as means ± standard 

deviations.  For statistical analysis of data, JMP software was used (SAS Institute Inc., 

Cary, NC) and means were compared using ANOVA followed by the Tukey-Kramer 

HSD method, with p < 0.05 being considered as statistically significant.  

  

4.4 Results and Discussion 

Nuclear association.  In order to determine whether pDNA and the polymers were 

associated with the nuclei, HeLa cells were transfected and their nuclei were isolated 24 

hours after transfection. The nuclei were analyzed via flow cytometry, and histograms of 

Cy5-positive and FITC-positive nuclei are shown in Figure 4.1. Based on these data, we 
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are unable to tell whether the pDNA/polymers were bound to the surface of the nuclei or 

whether the fluorescent signals were coming from inside of the nuclei, so we arbitrarily 

call these signals “nucleus association”.  Increased Cy5 fluorescence indicates increased 

pDNA-nucleus association, while increased FITC fluorescence indicates increased 

polymer-nucleus association.  
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Figure 4.1) Overlayed histograms of (a) Cy5 fluorescence and (b) FITC fluorescence from nuclei 
isolated from HeLa cells 24 hours after transfection.  Nuclei were analyzed for Cy5 and FITC 
fluorescence using flow cytometry.  Cells were transfected with polyplexes made from FITC-labeled 
JetPEI-FluoF (PEI) at an N/P ratio of 5, FITC-labeled T4 at an N/P ratio of 20, or FITC-labeled G4 
at an N/P ratio of 20 and Cy5-labeled pDNA.  All polyplex-treated nuclei exhibited increased pDNA 
association and polymer association as indicated by increased Cy5 and FITC fluorescence, 
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respectively. (c) Bar graph representation of the flow cytometry data.  One trial is presented here, we 
were unable to carry out more trials based on limitations in the quantity of labeled  polymer. 

 

Using this flow cytometry method, we were unable to tell whether the pDNA and the 

polymers were inside of the nuclei or localized to the nuclear membrane.  We also 

wanted to determine nuclear envelope permeability by incubating the isolated nuclei with 

2 MDa rhodamine-labeled dextran.  After the dextran incubation, nuclei were fixed and 

deposited onto coverslips, followed by confocal microscopy analysis.   Dextran 

colocalization with the DAPI-stained nuclei was used as a measure of nuclei 

permeability.  The confocal images and colocalization data are shown in Figure 4.2. 

 

Figure 4.2) Nuclei isolated from HeLa cells 24 hours after transfection.  Cells were transfected with 
(a) pDNA only; (b) JetPEI (PEI); (c) T4, (d) Glycofect (G4).  Colors represent the following: magenta 
= Cy5-labeled pDNA; blue = DAPI-labeled nucleus; red = rhodamine-labeled dextran.  Scale bar = 
20 µm.  Numbers in the upper portion of the images represent the colocalization data as determined 
by Manders coefficients between rhodamine-labeled dextran and DAPI-labeled nuclei.  Numbers in 
the lower portion represent Manders coefficients between Cy5-labeled pDNA and DAPI-labeled 
nuclei.  Note how nuclei isolated from PEI-treated cells (b) exhibit higher rhodamine-DAPI and Cy5-
DAPI colocalization compared to G4 and T4, indicating increased nuclear envelope permeability and 
increased pDNA nuclear import, respectively. 
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From the colocalization data between rhodamine-labeled dextran and the DAPI-stained 

nuclei, we observe higher dextran accumulation in the nuclei isolated from PEI and G4-

treated cells compared to cells treated with pDNA and T4.  Whether this increased 

nuclear envelope permeability is a result of direct polymer permeabilization or a result of 

apoptosis initiation is unclear, so future studies were done in cell-free systems.  We also 

see increased pDNA fluorescence inside of the nucleus in nuclei isolated from PEI-

treated cells compared to cells treated with the PGAAs.  To further evaluate the impact of 

the number of hydroxyl groups on nuclear trafficking and uptake, cells were transfected 

with FITC-labeled T4 and G4.  The nuclei were isolated from transfected cells and 

imaged as described above.  We were unable to see any FITC signal with the 

commercially-labeled JetPEI FluoF in fixed nuclei, but were clearly able to see FITC-

labeled T4 and G4 in the nuclei.  It is interesting to note that at some sites of polyplex-

nuclear envelope interaction, we observe nuclear envelope ruffling as denoted by the 

arrows in Figure 4.3. 

 

Figure 4.3) Nuclei isolated from transfected HeLa cells 24 hours after transfection.  Cells were 
transfected with (a) T4 or (b) G4.  Arrows indicate sites of nuclear envelope ruffling at sites of 
polyplex-nuclear interaction as determined by DAPI fluorescence.  Colors represent the following: 
magenta = Cy5-labeled pDNA; blue = DAPI-labeled nucleus; red = rhodamine-labeled dextran.  
Scale bar = 20 µm. 
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Nuclear envelope permeability in a cell-free system.  Based on the higher degree of 

dextran accumulation in nuclei isolated from PEI-treated cells vs. PGAA-treated cells, it 

was of interest to us to see whether the polyplexes themselves were responsible for the 

increased nuclear envelope permeability or if the increased nuclear envelope permeability 

was a result of apoptosis initiation.  To test this, nuclei were isolated from HeLa cells, 

treated with polyplexes formed with the different polymers for 4 hours, and then a 

trypan-blue assay was used to determine nuclear envelope permeability.  Trypan blue is a 

small molecule and is able to diffuse through the nuclear pore complex, however, we 

hypothesized that if the nuclear envelope increased in permeability, more trypan blue 

would diffuse into the nucleus and therefore the nuclei with compromised nuclear 

envelopes would appear darker.  We did in fact observe darker pixel intensities in nuclei 

treated with PEI polyplexes compared to nuclei treated with pDNA only (Figure 4.4), 

indicating that PEI polyplexes are able to induce nuclear envelope permeability in a cell-

free system.  Furthermore, the trends in pixel intensity illustrated in Figure 4.4 followed 

the trends observed in Figure 4.2.  In Figure 4.2, nuclear envelope permeability as 

indicated by dextran fluorescence was the highest with PEI, followed by G4, and then T4 

and pDNA exhibited similar colocalization between the dextran and nuclei.  In the case 

of the trypan blue assay, mean pixel intensity was highest with T4 and then followed by 

pDNA > G4 > PEI.  It is interesting to note that the polymers able to induce the most 

nuclear envelope permeability (PEI and G4, Figures 4.2 and 4.4) are also the polymers 

with the highest transfection efficiency (Figure 4.6). 
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Figure 4.4) Mean pixel intensities of isolated nuclei treated with the indicated polyplexes for 4 hours 
and then treated with trypan blue.  Darker intensities indicate more trypan blue present in the 
nuclei, indicating increased nuclear envelope permeability.  All means are statistically significant 
from each other (p < 0.05, n ~ 300) according to the Tukey-Kramer HSD method.  Pixel intensities 
are highest with nuclei treated with T4, and then pixel intensities decrease in the order pDNA (DNA) 
> G4 > PEI. 

 

Intracellular location of polyplexes.  To further study polyplex location during 

transfection, HeLa cells were transfected with the polymers and fixed 24 hours after 

transfection (Figure 4.5).  It was our hypothesis that perhaps polymer complexation with 

RNA in the nucleoli could aid in pDNA release, so the nucleoli were labeled with 

fibrillarin rabbit monoclonal antibody (Cell Signaling Technologies, Inc.).  Fibrillarin is a 

protein involved in RNA processing found primarily in the nucleoli.33  Our results show 

little colocalization with pDNA and the nucleoli in whole cells.  The mechanism of 

polyplex dissociation is ongoing in this field.  However, due to the fact that pDNA with 

no nuclear localization signal does not travel to the nucleus, it is believed that polyplex 

dissociation does occur in or near the nucleus.34  In fact, Godbey et. al. show that both 

PEI and its pDNA cargo are present in the nucleus 4.5 hours after transfection.35  We 
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observed the same trend for the PGAAs T4 and G4; both polymer and pDNA 

fluorescence were evident in nuclei isolated from transfected cells (Figure 4.1 and Figure 

4.3), and many polyplexes seem to still be intact as evidenced by the white pixels in 

Figure 4.6 that indicate colocalization between polymers and pDNA. 

 

Figure 4.5) HeLa cells transfected for 24 hours with (a) pDNA only; (b) JetPEI (PEI); (c) T4; (d) G4.  
Polyplexes were formed with Cy5-labeled pDNA.  Colors represent the following:  magenta = pDNA; 
blue = nucleus; red = nucleoli.  Scale bar = 20 µm.  White arrows indicate polyplexes approaching 
nuclei at the site of nuclear division.  We observed little colocalization between the polyplexes 
(magenta) and the nucleoli (red) at this time point for all polymers tested. 

 

 

a) b) 

c) d) 
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Figure 4.6) Confocal images of HeLa cells transfected with (a) T4 and (b) G4 24 hours after 
transfection.  Colors represent the following:  magenta = pDNA; blue = nucleus; red = nucleoli.  Scale 
bar = 20 µm.  White pixels indicate colocalization between the polymers (green) and pDNA 
(magenta). 

 

Traffic inhibition.   Based on our confocal microscopy data, it seems that the 

polyplexes are approaching the nucleus from the side where the microtubule organization 

center (MTOC) is located during mitosis.  This is concluded by observing the shape of 

the nuclei in Figure 4.5 and is especially apparent in the case of T4 (Figure 4.5 c) and G4 

(Figure 4.5 d), where the polyplexes (magenta) are approaching the nuclei at the site of 

nuclear division as indicated by the white arrows.  We hypothesized that the microtubules 

play a role in polyplex trafficking to some extent, and that perhaps nuclear envelope 

breakdown during cell division enables polyplexes to enter the nuclei.  To test this, cells 

were treated for 4 hours with the microtubule-disrupting agent nocodazole36 or treated for 

24 hours with the cell cycle inhibitor aphidicolin.37  The results indicate that for all 

polymers, disruption of the microtubules for the first 4 hours of transfection leads to 

statistically significant (p < 0.05) lower protein expression (Figure 4.7).  It is interesting 

to note that inhibition of the cell cycle slightly inhibits (p < 0.05) gene expression for G4, 

but not for T4 or PEI (Figure 4.7).  

 

b) a) 
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Figure 4.7) Luciferase expression 24 hours after transfection as measured by relative light units 
(RLU) per milligram of protein in cell lysates.  Cells were transfected in the presence or absence of 
nocodazole (Noc) or aphidicolin (Aph) to determine if microtubule disruption or cell cycle inhibition 
affected transfection efficiency.  Bars with different letters represent means that are statistically 
significant from each other according to the Tukey-Kramer HSD method (p < 0.05, n = 3). 

 

Nuclear import in isolated nuclei.  To determine whether nuclear import could 

occur without intracellular machinery, nuclei were isolated from HeLa cells, treated with 

polyplexes formed with Cy5-labeled pDNA and JetPEI (PEI) at an N/P ratio of 5, T4 at 

an N/P of 20, or G4 at an N/P ratio of 20.  The nuclei and polyplexes were incubated with 

or without cytosol extract and with or without an ATP-generating system (“energy”). 

After 4 hours, the nuclei were analyzed for Cy5 fluorescence using flow cytometry.  In 

order to study mechanisms of pDNA nuclear import other than direct nuclear envelope 

permeabilization, nuclei with higher propidium iodide fluorescence intensity than the 

cells only and pDNA only controls were not included in these measurements.  This was 

done to minimize the effect on Cy5 fluorescence for pDNA import through increased 
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nuclear envelope permeability. The results are illustrated in Figure 4.8.  From these data, 

it seems that the PGAAs are more dependent on intracellular machinery than PEI for 

pDNA nuclear trafficking, as T4 and G4 exhibited Cy5 fluorescence that was no different 

from the cells only and pDNA only controls (Figure 4.8 a).  However, pDNA complexed 

with PEI was able to associate with the nuclei in this cell free system in all conditions to a 

significantly higher (p < 0.05) extent than the other polyplexes (Figure 4.8 a).  The 

presence of an ATP-generating system had no significant effect on DNA-nucleus 

association when pDNA was complexed with PEI and added to nuclei in the presence or 

absence of cytosol. However, it is interesting to note that for PEI the presence of both 

cytosol and the ATP-generating system resulted in significantly higher (p < 0.05) pDNA-

nucleus association when compared to PEI polyplexes incubated in the absence of cytosol 

(Figure 4.8 a). 
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Figure 4.8) Flow cytometry data from nuclei treated with polyplexes formed with different FITC-
labeled polymers and Cy5-labeled plasmid DNA.  Nuclei were isolated with polyplexes with or 
without HeLa cytosol extract (“cytosol”) and in the absence or presence of an ATP-generating system 
(“energy”).  Nuclei were analyzed for (a) Cy5 fluorescence from the pDNA and (b) FITC 
fluorescence from the polymers 4 hours after polyplex treatment.  Bars with different letters 
represent means that are statistically significant from each other according to the Tukey-Kramer 
HSD method (p < 0.05, n = 3).  Bars with matching letters represent means that are not statistically 
significant from each other. 
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Furthermore, in all of the polymer-treated nuclei, we saw nearly 100 % of the polymer-

treated nuclei were positive for FITC-fluorescence when treated with polyplexes formed 

with G4 and T4 regardless of incubation conditions, indicating differences in pDNA 

nuclear association vs. polymer nuclear association (Figure 4.8 b). We also see 

significantly higher (p < 0.05) polymer-nucleus association in the PGAAs compared to 

PEI (Figure 4.8 b), so it would appear that the sugar moieties in the PGAA repeat units 

do influence polymer-nucleus interactions.  Previous research has shown that the addition 

of sugar groups to DNA delivery polymers enhances nuclear trafficking and pDNA 

nuclear import.38-39  The polymers used in those prior studies had sugar groups hanging 

from the polymer backbone as pendant groups, while the PGAAs in this current study 

have the sugars L-tartarate (T4) and galactarate (G4) incorporated into the polymer 

backbone.  It is possible that in free polymers, the sugar groups are more accessible to 

sugar receptors found on the nuclear envelope40 compared to polymers joined to pDNA 

in a polyplex and thus are able to interact with the nucleus even in a cell-free system.  It 

is also possible that nuclear association is dependent on charge. Since the PGAAs were 

used at a higher N/P ratio of 20 (compared with PEI used at an N/P of 5), there may be 

more positively-charged moieties able to interact with negatively-charged moieties found 

on the nuclear envelope and in the nucleus41-42 in the case of the PGAAs.  In addition, 

many nuclear shuttle proteins that aid in nuclear envelope translocation through the NPCs 

are negatively-charged.43 Another potential reason for the differences in polymer-nucleus 

association between PEI and the PGAAs is the amount of FITC present on the polymers; 

we know that the PGAAs were labeled using a FITC: polymer ratio of 3:1, but the degree 

of labeling for JetPEI-FluoF, the labeled PEI used in these studies, is proprietary.  
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Interestingly, for the PEI polyplex-treated nuclei, FITC positive nuclei were highest in 

the absence of both cytosol and energy (Figure 4.8 b).  This data exhibits nearly an 

opposite trend from that of the Cy5 positive nuclei in Figure 4.8 a.  It would appear, 

based on these data, that the presence of cytosol increased pDNA-nucleus association for 

PEI polyplexes while inhibiting PEI-nucleus association. It is possible that the cationic 

PEI polymer could be interacting with anionic cytosolic proteins, while PEI polyplexes 

interact to a lesser extent with these proteins and are able to deliver their pDNA cargo to 

the nucleus.  However, if the PGAAs are used at a higher charge ratio, we would also 

expect them to interact with negatively-charged cytosolic components.  The difference in 

cytosolic interactions of PEI vs. the PGAAs may not only be influenced by the presence 

of the sugar moiety but also by polymer length; PEI is much longer than the PGAAs 

(PEI~22,000 Da vs. PGAA~4,000 Da).    

From the data shown in Figure 4.8 a, it is evident that there is a high degree of 

variance in the percent of Cy5 positive nuclei between samples.  We hypothesized that 

there may be more than one mechanism of pDNA nuclear import during polymer-

mediated transfection, with one mechanism being direct nuclear permeabilization by the 

polymers. To further explore this, confocal microscopy on digitonin-permeabilized cells 

was performed. 

Nuclear import in digitonin-permeabilized HeLa cells.  In order to determine 

whether polymer-mediated DNA import into nuclei required cytoplasmic factors, HeLa 

cells were grown on coverslips to confluency, then treated with DTT and digitonin to 

permeabilize the cytosol.  The nuclei were isolated with or without an ATP-generating 

system to determine whether plasmid DNA import in the absence of cytosol was energy-
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dependent.  The nuclei were treated with polyplexes and incubated for 4 hours before 

being washed, fixed and mounted onto microscopy slides.  Confocal microscopy was 

used to determine colocalization between plasmid DNA and the nucleus.  Colocalization 

(as determined using Manders coefficients) between rhodamine-labeled 2 MDa 

rhodamine-labeled dextran and DAPI-labeled nuclei was used to assess nuclear 

membrane integrity.  The images for digitonin-treated cells treated with the different 

polyplexes are shown in Figure 4.9.  It was found that there was high variability in the 

number of dextran-containing nuclei; some nuclei had no dextran fluorescence, while 

other nuclei had large amounts of dextran fluorescence (results not shown).    This is 

most likely due to a combination of using a detergent-based method to isolate the nuclei 

and the high rate of mitosis in HeLa cells. For the Cy5 colocalization data, the trends for 

PEI polyplexes (Figure 4.10) were similar to those observed in the flow cytometry 

experiment (Figure 4.8 a), with there being significantly more (p < 0.05) pDNA nuclear 

import in the presence of cytosol than in the absence of cytosol.  In the case of the PGAA 

T4, we noticed increased (p < 0.05) pDNA import in the presence of both cytosol and 

energy vs. T4 pDNA import in the absence of both cytosol and energy.  In the absence of 

cytosol, we see a decrease in pDNA import in the absence of energy compared with the 

presence of energy in the case of G4 polyplexes (Figure 4.10).  However, when looking 

at this Cy5 colocalization data, one notices a large amount of variance between samples.   

When increasing the amount of samples tested, the standard deviation continued to 

increase.  This led us to believe that more than one mechanism of pDNA nuclear entry 

was occurring, with one mechanism directly related to the permeability of the nuclear 

envelope.  To test this, colocalization data between dextran and DAPI was plotted against 
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colocalization with Cy5 and DAPI to see if there was a linear trend between dextran and 

pDNA uptake.  Our hypothesis was that nuclei permeable to dextran would also be 

permeable to pDNA, and that perhaps differences in pDNA uptake in nuclei that had low 

amounts of dextran in them could be used to test the energy-dependence of pDNA 

import. 

 

Figure 4.9) Confocal images of digitonin-permeabilized HeLa cells.  After permeabilization, the HeLa 
nuclei were incubated in buffer in the presence or absence of HeLa cytosol extract (“cytosol”) and in 
the presence or absence of an ATP-generating system (“energy”).  The nuclei were treated with 
polyplexes formed with the indicated polymers and Cy5-labeled pDNA for 4 hours before being fixed 
and imaged.  In these images, red represents rhodamine-labeled 2 MDa dextran, blue represents the 
nuclei, and magenta represents pDNA.  Scale bar = 20 µM.  Increases of red fluorescence in the 
nuclei are indicative of increased nuclear envelope permeability, and increases of magenta 
fluorescence in the nuclei are indicative of increased pDNA nuclear import. 
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Figure 4.10) Confocal microscopy data.  Manders coefficients were used to measure colocalization 
between Cy5-labeled plasmid DNA and DAPI-labeled nuclei.  Data is shown as the mean ± standard 
deviation for 10 samples.  Bars with different letters represent means that are statistically significant 
from each other according to the Tukey-Kramer HSD method (p < 0.05, n = 10).  No measureable 
Cy5 fluorescence was found in the nuclei treated with pDNA only or in the cells only controls.  Bars 
with matching letters represent means that are not statistically significant from each other. 

 

When the colocalization data for Cy5 and DAPI is plotted directly against the 

colocalization data from rhodamine and DAPI (Figure 4.11), we do notice an interesting 

trend for all of the polymers.  It seems that there are different mechanisms of nuclear 

pDNA import taking place, with one dependent on nuclear permeability (high 

colocalization between rhodamine and DAPI + high colocalization with Cy5 and DAPI) 

and another dependent on the presence or absence of cytosol and energy.  Different 

mechanisms of pDNA import occurring would account for the increase in variance as the 

numbers of samples increase.  In Figure 4.11 a, digitonin-permeabilized cells are treated 

with polyplexes formed with JetPEI (PEI).  In the absence of cytosol, we see low 

colocalization between Cy5 and DAPI (Manders coefficient < 0.4), even when nuclear 

permeability is increased (Manders coefficient between rhodamine and DAPI > 0.4).  In 
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the presence of cytosol, we do see high Manders coefficients (> 0.4), and a trend between 

nuclear envelope permeability (high colocalization between rhodamine and DAPI) and 

pDNA nuclear import (high colocalization between Cy5 and DAPI) becomes evident.  

Furthermore, when cytosol is present, there seems to be no energy dependence on pDNA 

import when the pDNA is delivered by PEI, since we see high Cy5-DAPI colocalization 

even when rhodamine-DAPI colocalization is decreased.  In the absence of cytosol, 

pDNA import seems lower overall in the case of PEI (Figure 4.11 a), further supporting 

the previous data in Figures 4.8 and 4.10, and no clear trend in energy dependence can be 

discerned.  However, this is not the case when pDNA is delivered by the PGAAs T4 and 

G4. 

In the case of T4 (Figure 4.11 b), we do notice a trend in terms of energy dependence.  

This is most clear when comparing treatment with T4 polyplexes in the absence of 

cytosol; overall, in the absence of cytosol and the presence of energy, pDNA nuclear 

import increases as nuclear permeability increases, which is to be expected.  However, in 

the absence of energy, even at high nuclear permeability (high colocalization between 

rhodamine and DAPI), we still see low pDNA nuclear import as evidenced by low Cy5-

DAPI colocalization (Figure 4.11 b).  In the presence of cytosol, the trends in energy 

dependence are not as dramatic; perhaps this further substantiates that different 

mechanisms are occurring.  It is possible that when delivered by PEI, pDNA exhibits 

higher nuclear import in the presence of cytosol (Figure 4.11 a), but in the case of the T4, 

cytosol is not necessary for pDNA import (Figure 4.11 b).  However, in the absence of 

cytosol, we only notice substantial pDNA nuclear import (Manders coefficient for Cy5 

and DAPI > 0.4) when the nuclear envelope is permeable (Manders coefficient for 
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rhodamine and DAPI > 0.4) for the PGAAs (Figure 4.11 b and c).  These data support the 

flow cytometry data in Figure 4.8 a indicating that the PGAAs are more dependent on 

intracellular machinery than PEI. 

 The data for G4 polyplexes (Figure 4.11 c) are similar to that of T4 (Figure 4.11 b).  

Again, as with T4, in the absence of cytosol we do see energy-dependent pDNA nuclear 

import.  However, this trend is not as dramatic in the presence of cytosol.  It should be 

noted that in the presence of cytosol, we notice more data points exhibiting higher 

Manders coefficients (> 0.4) between rhodamine and DAPI than in nuclei incubated 

without cytosol.  It is possible that there are proteins present in the cytosol that could be 

disrupting the nuclear envelope to a greater extent than when cytosolic extract is absent 

from the import buffer.  It is also possible that there may be cytosolic proteins involved in 

pDNA import when the pDNA is complexed with a polymer, similar to the results found 

by Munkonge et. al.27  In Munkonge et. al.’s work, many proteomics techniques were 

used to identify pDNA “shuttle proteins” that aided pDNA in going from the cytosol into 

the nucleus. Their research illustrates the fact that certain cytosolic proteins, such as 

NM23-H2, a c-Myc transcription-activating nucleoside diphosphate kinase, and H2B, a 

core histone, can highly impact pDNA import into isolated nuclei.27  These studies as 

well as our current data illustrate that cytosolic proteins play a role in pDNA nuclear 

import, even during polymer-mediated pDNA delivery. 
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Figure 4.11) Colocalization data for nuclei treated with (a) JetPEI (PEI) polyplexes; (b) T4 
polyplexes; (c) G4 polyplexes.  Manders coefficients for Cy5 and DAPI are shown on the y-axis, and 
Manders coefficients for rhodamine (rhod.) and DAPI are shown on the x-axis.  Data is plotted in an 
effort to discern trends between nuclear envelope permeability and pDNA nuclear import.  In the 
absence of cytosol, the absence of energy results in overall lower pDNA import, unless the nuclear 
envelope has high permeability (as evidenced by high colocalization between rhodamine-labeled 
dextran and DAPI-labeled nuclei). 

 
Further analysis of all the polymers is ongoing, but from the present data, we can 

conclude that nuclear envelope permeability does correlate to pDNA nuclear import, 

since high dextran-DAPI colocalization corresponds to high Cy5-DAPI colocalization 

(Figure 4.11).  It is unclear whether the nuclei are directly permeabilized by the 

polymers, however, since nuclei treated with pDNA only and cells only also exhibit high 

dextran colocalization with the nucleus (data not shown).  From the highly variable data 

in Figure 4.10, it is difficult to make any definite conclusions about the minimal 

requirements for pDNA import, so this method of plotting nuclear envelope permeability 

vs. Cy5 uptake (Figure 4.11) proved advantageous by illustrating the link between 

nuclear envelope permeability and pDNA nuclear import. 

Interestingly, we see striking differences in polymer fluorescence between nuclei 

isolated from whole cells after transfection and polyplexes added to nuclei in a cell-free 

system.  When isolated from transfected cells, we see clear colocalization between the 

FITC labeled T4 and G4 with the Cy5-labeled pDNA, with punctuate FITC fluorescence 

(Figure 4.3).  However, in the cell-free system, we see less colocalization between the 

polymer and pDNA, and significant polymer fluorescence in the nucleus, particularly the 

nucleoli for both T4 (Figure 4.12) and G4 (Figure 4.13).  This FITC fluorescence is 

diffuse through the nucleus, but more predominant in the nucleoli.  In the presence of 

HeLa cytosol extract and the ATP-generating system, we see some aggregates of polymer 

fluorescence outside of the nuclei (Figure 4.12 a, Figure 4.13 a) that is not present in the 
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images without cytosol extract (Figures 4.12 and 4.13 b, c and d).  These results are 

intriguing and may indicate that the PGAAs are able to interact with cytosolic proteins, 

similar to the flow cytometry data observed for PEI (Figure 4.8 b). However, all of the 

polymers studied exhibited far less pDNA nuclear association in the cell-free system 

compared to nuclei isolated from transfected cells, indicating an increased presence of 

free polymer vs. polyplex.  This is especially evident with the PGAAs, as evidenced by 

the flow cytometry data in the cell-free system.  In the cell free system, we observe  ~ 1 

% Cy5-positive nuclei (Figure 4.8 a) compared to ~ 80 % Cy5-positive nuclei isolated 

from cells transfected with T4 and G4 (Figure 4.1 c).  We also observed large differences 

in pDNA-nucleus association with PEI polyplexes when comparing nuclei isolated from 

transfected cells ( ~ 80 % Cy5-positive nuclei, Figure 4.1 c) compared to pDNA-nucleus 

association in the cell free system ( ~ 20 % Cy5-positive nuclei, Figure 4.8 a).  This 

indicates that perhaps intracellular machinery does play a role in polyplex trafficking, 

with more pDNA able to reach the nuclei when the cell is intact.  Furthermore, using 

confocal microscopy to study digitonin-permeabilized cells, we also see little polymer-

pDNA colocalization inside of the nucleus with T4 and G4 (Figures 4.12 and 4.13, 

respectively).  We also see ~ 90 % of the nuclei positive for FITC fluorescence, 

indicating high polymer-nucleus association, in both nuclei isolated from transfected cells 

(Figure 4.1 c) and nuclei in the cell free system (Figure 4.8 b).  The images, as well as the 

flow cytometry data, indicate that the polymer is able to enter the nucleus without being 

complexed to pDNA in a cell-free system.  It is interesting to note that polymer 

fluorescence present in the nuclei when the nuclei are isolated from previously 

transfected cells is punctuate while the polymer fluorescence in the cell-free system is 
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diffuse.  It is possible that in whole cells, free polymer aggregates to other positively-

charged moieties present in the cell, but in the cell-free system there is less for the 

polymer to interact with, so the polymers are able to diffuse to a greater extent in the cell-

free system.  The fact that we see high polymer fluorescence in the nucleoli makes sense, 

as the polymer could be electrostatically binding to RNA. 

 

 

Figure 4.12) Confocal microscopy images of digitonin-permeabilized HeLa cells treated with T4 
polyplexes.  Cells were incubated in the following import buffers; (a) with cytosol extract and with an 
ATP-generating system (“energy); (b) with cytosol extract and without energy; (c) without cytosol 
extract and with energy; (d) without cytosol extract and without energy.  Polyplexes were allowed to 
incubate on cells for 4 hours before cells were washed and fixed.  Colors represent the following; red 
= rhodamine-labeled 2 MDa dextran; green = FITC-labeled T4; blue = DAPI-labeled nucleus; 
magenta = Cy5-labeled pDNA.  Scale bar = 20 µm.  Regardless of incubation conditions, polymer 
fluorescence (green) was present in all nuclei, predominately in the nucleoli. 

 

 

 

 

a) b) 

c) d) 
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Figure 4.13) Confocal microscopy images of digitonin-permeabilized HeLa cells treated with G4 
polyplexes in the following import buffers; (a) with cytosol extract and with an ATP-generating 
system (“energy); (b) with cytosol extract and without energy; (c) without cytosol extract and with 
energy; (d) without cytosol extract and without energy.  Polyplexes were allowed to incubate on cells 
for 4 hours before cells were washed and fixed.  Colors represent the following; red = rhodamine-
labeled 2 MDa dextran; green = FITC-labeled T4; blue = DAPI-labeled nucleus; magenta = Cy5-
labeled pDNA.  Scale bar = 20 µm.  We observed diffuse polymer fluorescence throughout the nuclei, 
but the brightest polymer fluorescence is evident in the nucleoli. 

 
4.5 Conclusions and Future Goals 

Collectively, these data tell us several things about pDNA nuclear import during 

polymer-mediated DNA delivery.  From nuclei isolated 24 hours after transfection, we 

observe that PEI had slightly higher pDNA nuclear association than the PGAAs (Figure 

4.1 a), while the PGAAs exhibited greater polymer-nucleus association (Figure 4.1 b).  

Further analysis using confocal microscopy revealed that in the case of T4 (Figure 4.2 c) 

and G4 (Figure 4.2 d), the pDNA was located around the periphery of the nucleus 

compared to nuclei isolated from PEI-transfected cells (Figure 4.2 b).  In addition, the 

nuclei isolated from PEI-treated cells had higher colocalization between dextran and the 

a) b) 

c) d) 
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nucleus, indicating increased nuclear envelope permeability.  The data from Figures 4.1 

and 4.2 indicate that all polymers are able to delivery pDNA to the nucleus within 24 

hours after transfection, and that the polymers are able to enter the nucleus to a greater 

extent than pDNA, as ~ 90 % of the nuclei isolated from transfected cells were positive 

for FITC fluorescence (Figure 4.1 b).  These data are interesting because they illustrate 

that free polymers may have different mechanisms of nuclear trafficking than polymers 

complexed with pDNA.  Confocal microscopy images taken 24 hours after transfection 

(Figure 4.5) also confirmed that the polyplexes were indeed reaching the nucleus at this 

time point.  Once we knew that all the polyplexes were capable of reaching the nucleus, 

we attempted to elucidate how the polyplexes trafficked to the nucleus and subsequently 

how the pDNA delivered by the polyplexes entered the nucleus. 

Our hypothesis was that the polyplexes were able to travel along microtubules, and 

then enter the nucleus when the nuclear envelope breaks down during mitosis.  To test 

this, cells were transfected in the presence or absence of nocodazole to inhibit 

microtubule trafficking or in the presence or absence of aphidicolin to halt cell division.  

Our results indicate that when treated with nocodazole the first 4 hours of transfection, all 

polyplexes exhibited reduced transfection efficiency (Figure 4.7).  However, transfection 

efficiency was not completely abolished.  This could be due in part to the microtubules 

reassembling after nocodazole was removed, and because there are multiple mechanisms 

for polyplex-nuclear trafficking occurring.  More work is needed in this area and is 

currently underway in our group.  Also, the PGAA G4, but not PEI or T4, had slightly 

lower (p < 0.05) transfection efficiency in the absence of cell division (Figure 4.7).  This 
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could indicate that for G4, cellular division aids transfection by allowing pDNA to enter 

the nucleus during mitosis. 

Next, we wanted to determine the minimal requirements necessary for pDNA import 

into the nuclei when complexed with different polymers.  We also wanted to see if 

polymer structure affected the mechanism(s) of pDNA nuclear import.  For this, we used 

a cell-free system and isolated nuclei in different buffers; one containing HeLa cytosol 

extract and an ATP-generating system, one containing HeLa cytosol extract in the 

absence of an ATP-generating system, one in the absence of cytosol and the presence of 

the ATP-generating system, and one in the absence of both cytosol and the ATP-

generating system.  First, in an effort to use a high-throughput method, we isolated 

nuclei, incubated them in the aforementioned buffers, and treated them with the different 

polyplexes.  After 4 hours, we analyzed the nuclei for Cy5 and FITC fluorescence using 

flow cytometry.  Our results indicate that PEI polyplexes were able to reach the nucleus 

in all conditions, but more pDNA associated with the nucleus in the presence of both 

cytosol and an ATP-generating system (Figure 4.8 a).  We show no pDNA-nucleus 

association in the cell-free system when the pDNA was delivered by T4 or G4 (Figure 4.8 

a).   Interestingly, despite having low pDNA-nucleus association, the PGAAs T4 and G4 

exhibited high polymer-nucleus association in all conditions tested (Figure 4.8 b).  This 

indicates that the polymers themselves are able to reach the nucleus without their pDNA 

cargo.  Furthermore, PEI polymers exhibited lower nucleus association in the presence of 

both cytosol and energy (Figure 4.8 b), contradictory to the Cy5 data for PEI (Figure 4.8 

a).  Taken together, we can envision different mechanisms occurring for free polymers 

vs. polyplexes for nuclear trafficking.  This is evident in the Cy5 data, where we observe 
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less Cy5 fluorescence in nuclei from the cell-free system (Figure 4.8) when compared to 

nuclei isolated from transfected cells (Figure 4.1), indicating that intracellular machinery 

does play a role in polyplex trafficking.  However, intracellular machinery does not 

necessarily play a role in polymer trafficking for the PGAAs, as there was little 

difference in the amount of FITC positive nuclei isolated from transfected cells (Figure 

4.1 b) vs. nuclei in a cell-free system (Figure 4.8 b).  In the case of PEI, we do notice less 

polymer-nucleus association in the presence of cytosol; this is perhaps indicative of the 

free polymer interacting with anionic cytosolic components.  The reasons why PEI is 

more affected by the presence of cytosol than the PGAAs remain to be determined and 

would be an interesting topic for future study in our group. 

Using these flow cytometry data, we are unable to tell whether the pDNA is inside of 

the nucleus or on the nuclear surface.  In order to verify that pDNA was being imported 

into the nuclei and not merely bound to the surfaces of the nuclei, confocal microscopy 

was used (Figure 4.9).  When studying digitonin-permeabilized cells, we noticed high 

variances in Cy5 fluorescence (Figure 4.10).  We hypothesized that perhaps cells with 

high rhodamine fluorescence, indicating high nuclear envelope permeability, also would 

exhibit high Cy5 fluorescence.  To test this, we plotted the Manders coefficients for 

rhodamine and DAPI vs. the Manders coefficients for Cy5 and DAPI.  This data allowed 

us to make sense of our highly variable flow cytometry data; it appears that different 

mechanisms of pDNA import are taking place.  It seems that for the PGAAs, in the 

absence of cytosol there is an energy-dependent mechanism for pDNA import occurring 

(Figure 4.11 b and c), while in the presence of cytosol there is less energy dependence.   

The nuclear import of pDNA delivered by PEI (Figure 4.11 a) seems to be more cytosol-
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dependent than energy dependent.  In all cases, an increase in nuclear permeability did 

lead to an increase in pDNA nuclear import (Figure 4.11) except for PEI and T4 in the 

absence of both cytosol and an ATP-generating system.  Interestingly, it is the polymers 

with the highest transfection efficiency (PEI and G4, Figure 4.7) that are able to induce 

the most nuclear envelope permeability as assessed by dextran permeability (Figure 4.2) 

and trypan blue permeability (Figure 4.4). 

In the future, it would be beneficial to collect more confocal microscopy samples to 

see if these trends still hold when the sample size is increased.  Also, identifying the exact 

proteins that aid in pDNA nuclear import and determining if polymer structure plays a 

role in which proteins interact with the polyplexes would be very interesting.  This can be 

done using various proteomics techniques, as explained in the work by Munkonge et. al. 

27  Also, other methods for protein isolation from the cytosol besides acetone 

precipitation may be explored, as acetone precipitation may lead to denaturing of the 

proteins. 

Overall, we illustrate that polymer structure can influence the mechanisms of pDNA 

nuclear import.  The presence of hydroxyls in the repeat unit changes the energy 

requirements and cytosolic requirements for pDNA nuclear entry when compared to PEI.   

The hydroxyl-containing polymers also exhibited more dependence on intracellular 

machinery for nuclear trafficking than PEI, as evidenced by the dramatic decrease in 

pDNA-nucleus association in a cell-free system vs. nuclei isolated from whole cells.  We 

have also illustrated that nuclear envelope permeability impacts pDNA nuclear import, 

and that nuclei isolated from PEI-transfected cells display greater nuclear envelope 

permeability than nuclei isolated from T4 or G4-treated cells.  It is possible that this 
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increased nuclear permeabilization is a result of apoptosis being initiated, which we 

concluded in Chapter 1 happens early during PEI transfection.  However, PEI and G4 are 

also able to induce nuclear envelope permeability in a cell-free system, indicating that the 

polymers themselves are able to induce nuclear envelope permeability in the absence of 

apoptosis.  Direct nuclear envelope permeabilization presents a possible link between 

high transfection efficiency and high toxicity observed in many polymer-based DNA 

delivery systems. 
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Chapter 5 : Modification of Polymers for Gene Delivery 
 

Based on the manuscripts “A polycation scaffold presenting tunable ‘click’ sites:  

Conjugation to carbohydrate ligands and examination of hepatocyte-targeted pDNA 

delivery” from Lee, C-C; Grandinetti, G; McLendon, P.M.; and Reineke, T.M. 

Macromolecular Bioscience 2010, 10, 585-598.  

 

“Cationic glycopolymers as in vitro gene delivery agents for stem-cell therapy” from 

Kizjakina, K.; Bryson, J.M.; Grandinetti, G.; and Reineke, T.M., in preparation. 

 

“Diblock glycopolymers promote colloidal stability of polyplexes and effective pDNA 

and siRNA delivery in physiological salt and serum conditions” from Smith, A. E.; 

Sizovs, A.; Grandinetti, G.; Xue, L.; and Reineke, T.M.  Biomacromolecules, in press. 

 

  

5.1 Abstract 

There is currently a wide variety of polymer-based gene delivery vehicles in use 

today.  However, very little is known about the mechanisms of polymer-based 

transfection.  As discussed in the previous chapters, modifications in polymer structure 

can have large impacts on their efficacy as gene delivery vehicles.  Here, we explore a 

variety of polymer structures and the effects structure has on different parameters, 

including transfection efficiency, cellular uptake, and toxicity.  In this chapter, we present 
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a polymer scaffold that can be modified relatively easily for the incorporation of different 

targeting groups.  We also study the effect polymer structure has on cellular uptake using 

a library of polymers containing different amounts of primary amines. Furthermore, the 

effect of adding PEG groups on the transfection efficiency and toxicity of trehalose-

containing polymers is explored.  We also discuss using fluorescently labeled polymers 

as well as lanthanide-chelated polymers to further elucidate the intracellular events 

occurring during transfection.  Our results show that different linker lengths between 

polymers and galactose affect hepatocyte transfection efficiency, but different end groups 

on trehalose-containing polymers do not significantly influence transfection efficiency.  

We also illustrate that the amount of primary amines present in a polymer affects cellular 

uptake and pDNA release.  In addition, we illustrate the use of a terbium-chelated 

polymer to further probe pDNA release from polyplexes.   

   

5.2 Introduction 

One of the main advantages of polymer-based delivery vehicles have vs. viral 

vehicles is the ease with which they can be tailored to meet specific needs.  Polymers can 

be modified to improve targeting, increase transfection efficiency in serum, and allow for 

the addition of certain groups to aid visualization.  In this chapter, several examples of 

polymer modification and their biological effects are presented.  

Previous discussion has focused on the poly(glycoamidoamine)s (PGAAs) and 

poly(ethylenimine) PEI.  These polymers display high transfection efficiency in a variety 

of cells, allowing them to work as in vitro transfection reagents but may hinder their use 

in therapy due to their non-specificity.  In order to target certain cell types, polymer 
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chemists are able to incorporate various groups into the polymers.  Many examples of 

tumor-targeting cationic polymers exist, including the incorporation of transferrin into 

polycationic polymers to target transferrin receptors,1-2 the incorporation of folic acid to 

target folate receptors,3-4 and various antibodies.5-6 Furthermore, polymers have also been 

targeted to specific organs, including the brain7 and heart.8 Our goal was to develop a 

system that could easily be modified to incorporate a variety of targeting groups.  To test 

this system, we have chosen to incorporate β-D-galactose in our polymer backbones 

(Figure 5.1) to target hepatocytes. Numerous groups have targeted liver cells by 

incorporating β-D-galactose or lactose residues in their polymers to target the 

asialoglycoprotein receptors (ASGPrs) on hepatocytes. Several studies have shown that 

the binding affinity of β-D-galactose to the ASGPrs depends on the carbohydrate density 

and geometry.9-10  The effect the degree of carbohydrate substitution and spacer length 

has on transfection efficiency and cytotoxicity are illustrated herein, using polymers 

synthesized by Dr. Chen-Chang Lee.11  For the studies presented herein, three polymer 

series were used; the Ma-1-3-Gal series, the Ma-1-6-Gal series, and the Ma-1-9-Gal 

series.  The Ma-1-3-Gal polymers have linker length of 3 carbons between the galactose 

and the polymer (“y” in Figure 5.1).  The Ma-1-6-Gal polymers have a linker length of 6 

carbons and the Ma-1-9-Gal polymers have a linker length of 9 carbons between the 

galactose and the polymer (“y” in Figure 5.1).  Within each series, the polymers differ in 

the degree of carbohydrate substitution, and the percentage of carbohydrate substitution is 

present in the polymer names.  For example, Ma-1-3-Gal-40 has 40 % carbohydrate 

substitution, and Ma-1-3-Gal-18 has 18 % carbohydrate distribution. In order to test the 

specificity of the polymers to ASGPrs, the glycoprotein asialofetuin (ASF) was used as a 
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competitive inhibitor for this receptor.12  To further test specificity, polymers containing 

glucose (Ma-1-3-Glu-10), mannose (Ma-1-3-Man-22), and no sugar (Ma-1) were also 

studied, these sugars should not be inhibited by ASF if they are going through the 

ASGPrs, which are specific for galactose.11 

 

Figure 5.1) Structure of a polymer scaffold incorporating galactose as a proof-of-concept targeting 
ligand.  Polymer structures studied herein differed in the length of the linkage between the galactose 
and the polymer (y).  The polymers were synthesized by Dr. Chen-Chang Lee, and the polymer 
structure illustration in this figure was provided by Dr. Chen-Chang Lee. 

  

In addition to targeting groups, another therapeutically relevant method for polymer-

based nucleic acid delivery is ex vivo transfections.  An ex vivo transfection is where 

primary cells are transfected outside of the body, and then later implanted into the body.  

Many researchers are studying ways to improve polymer-based ex vivo transfections, but 

a combination of low transfection efficiency and high cytotoxicity is a severe limitation 

in this field.  Recently, researchers have used carbohydrate-oligoamine polymers in an 

Galactose 

Malonate 
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attempt to develop polymers with high transfection efficiency and low cytotoxicity in 

serum-containing media.13  However, for many of these polymers, transfection efficiency 

in progenitor cells (cells able to be induced to differentiate into specific cell types) 

remains low.  Recently, our group has developed a library of trehalose-

oligoethyleneamine polymers that have proven to be effective at transfecting two 

clinically relevant cell lines; neonatal human dermal fibroblasts (HDFn) cells, important 

due to their ability to be induced into pluripotent stem cells,14 and rat mesenchymal stem 

cells (RMSCs).  Mesenchymal stem cells are used in tissue engineering, hematopoietic 

support, and immunoregulation.15 Trehalose-oligoethyleneamine polymers containing 

either 4 (Tr4), 5 (Tr5) or 6 (Tr6) secondary amines in their polymer repeat unit were 

synthesized, and it was found that Tr4 exhibited the highest transfection efficiency in 

these cell types.  To further explore structure-function relationships, the effects of 

different end groups on Tr4 on transfection efficiency and cytotoxicity were tested, these 

polymer structures can be found in Figure 5.2.  Tr4 C has triphenyl (trityl) end groups, 

and Tr4 D has azide end groups. 

One widely-used polymer in therapeutics is poly(ethylene glycol) PEG.  PEG has 

been shown to reduce interactions with serum proteins,16 improve circulation time in 

vivo,17 and has the additional benefit of being approved by the Federal Drug 

Administration.17-18  Recently, Davis et. al. have used PEGylated carbohydrate-

containing polymers for the first human clinical phase I trial for targeted siRNA delivery 

to solid tumors,19 illustrating the potential of these polymers for therapeutic use.  A 

polymer chemist in our group, Karina Kizjakina, has added PEG to Tr4 polymers in an 

effort to improve their transfection efficiency in cells normally difficult to transfect with 
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polymer vectors, namely rat mesenchymal stem cells (RMSCs) and human dermal 

fibroblasts (HDFn).  In an effort to obtain information about structure-function 

relationships, Tr4 polymers were PEGylated with different linkages; Tr4 B uses a 

carbamate linkage, while Tr4 A uses an amide linkage.  The polymer structures can be 

found in Figure 5.2. 

 

Figure 5.2) Structure of trehalose-containing polymers.  Polymers Tr4-PEG-a (Tr4 A) and Tr4-PEG-
b (Tr4 B) differ in the lengths of the PEG chains on the ends of the polymers.  Polymers Tr4-c (Tr4 
C) and Tr4-d (Tr4 D) were synthesized in order to study the effects of different polymer end groups.  
This figure was produced by Dr. Karina Kizjakina, and synthesis of these trehalose-containing 
polymers was also performed by her. 

 

As previously mentioned, in order to be therapeutically relevant, polymers must be 

able to transfect cells in serum-containing media.  To achieve higher stability in serum, 

many groups have used hydrophilic poly(ethylene glycol) (PEG), which has become the 
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gold standard in improving stealth capabilities of polymers in vivo.  However, PEG has 

some negative side effects; it can activate the immune system and can illicit cytotoxicity 

through oxidative by-products.20-21  In an effort to combat the negative side effects of 

PEG, our group has synthesized a library of glycopolymers.  Synthetic glycopolymers 

have gained increased interest in recent years because of their hydrophilicity and their 

ability to achieve targeted functionality by imitating specific biological interactions.  One 

drawback is that it can be relatively complicated to incorporate carbohydrate groups into 

polymers, and a robust method is needed to create monodisperse polymer libraries.  In 

recent years, polymer chemists have begun using reversible addition-fragmented chain 

transfer polymerization (RAFT), which can provide more monodisperse polymers 

without the need for stringent reaction conditions or the use of potentially harmful 

transition metal catalysts, such as the click-polymerization method used to attach β-D-

galactose ligands into our hepatocyte-targeted polymers.  To test this RAFT 

polymerization method, a library of diblock glycopolymers was synthesized.  It was our 

goal to study the effects of incorporating different amounts of 2-deoxy-2-methacrylamido 

glucopyranose (MAG) to promote colloidal stability and N-(2-aminoethyl) 

methacrylamide (AEMA) to electrostatically interact with nucleic acids to form 

polyplexes.  Our plan was that the cationic AEMA block would interact with the nucleic 

acid while the sugar-containing MAG block would be displayed on the surface to 

promote colloidal stability and delivery of the diblock glycopolymers, as illustrated in 

Figure 5.3.  Three polymers with different lengths of the AEMA block were synthesized; 

P1 has a block length of 21, P2 has a block length of 39, and P3 has a block length of 48. 
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Figure 5.3) Schematic of polyplex formation with diblock glycopolymers and plasmid DNA.  (a) The 
cationic charges on the AEMA block (red) allow the glycopolymer to interact with negative charges 
on the plasmid DNA (green).  (b) Polyplex formation.  The MAG block (blue) is expected to be 
displayed on the outside of the polyplex.  (c) The polyplex is formed with the AEMA block and 
plasmid DNA in the inner core, and the MAG block on the outer surface. (d) Structure of the diblock 
polymers.  The polymers differed in the lengths of the amine block; three different lengths were 
tested in the current work. This figure was produced by Dr. Adam E. Smith.  Synthesis of these 
polymers was performed by Dr. Adam E. Smith and Antons Sizovs. 

 

The polymers described above where synthesized to elucidate structure-function 

relationships between polymers and transfection efficiency.  In many cases, intracellular 

mechanisms of polymer transfection are unknown.  In an effort to decipher these 

mechanisms, it would be useful to find a way to track the polymers once they are inside 

of cells.  Many groups have used hydrophobic fluorescent dyes attached to the polymers; 

however, these dyes can be large in comparison to the polymer and may alter polymer 

characteristics.  Furthermore, labeling polymers is often a non-uniform process and the 

d) 
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labeled polymers are difficult to characterize.  Ideally, a molecular tracer would be small 

enough so as not to interfere with normal polymer function.  In an effort to develop a tool 

for studying the biological mechanisms of gene delivery polymers, our group has 

synthesized lanthanide-chelated polymers for use as polymer beacons. 

Lanthanide metals are small, hydrophilic structures that are resistant to 

photobleaching, have long luminescent lifetimes, and are relatively nontoxic.22  Recently, 

our group has synthesized a europium-chelated polymer to visualize polymer-mediated 

gene delivery using fluorescence microscopy,22  illustrating the potential of using this 

system.  To increase the benefits of lanthanide-chelated polymers, we attempted to 

develop a FRET-based system to observe polyplex unpackaging.  For FRET, a suitable 

donor and acceptor need to be present.  Using terbium as the donor, we complexed the 

terbium-chelated polymers to tetramethylrhodamine (TMR)-labeled pDNA.  The 

emission spectrum for terbium overlaps with the excitation spectrum for TMR, enabling 

these two fluorophores to be used as a FRET pair.23  The structure of the terbium-

chelated polymers is illustrated in Figure 5.4. 

 

Figure 5.4) Structure of the terbium (Tb)-chelated polymers.  The polymers differ in the amount of 
secondary amines in the repeat unit, with Tb-N4 having 4 secondary amines and Tb-N5 having 5 
secondary amines.  The degree of polymerization (n) is 20 for Tb-N4, and n = 23 for Tb-N5.  Polymer 
synthesis was carried out by Sneha Kelkar.  This figure was provided by Sneha Kelkar. 
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In the current work, we describe analysis of the quenching of the terbium as a marker of 

polyplex dissociation, both in solution and in vitro. 

 

5.3 Materials and Methods 

Asialofetuin (ASF) was purchased from Sigma (St. Louis, MO) and used at a 

concentration of 1 mg/mL.  Plasmid DNA (pDNA) (gWIZ-luc) was purchased from 

Aldevron (Fargo, ND).  Where indicated,  pDNA was labeled with Cy5 using a Cy5 

LabelIT® Nucleic Acid Labeling Kit or labeled with tetramethylrhodamine using a TMR 

LabelIT® Nucleic Acid kit from Mirus Bio, LLC (Madison, WI) according to 

manufacturer’s protocol.   

Cell culture. Human cervical adenocarcinoma (HeLa) cells and Human 

hepatocellular carcinoma (HepG2) cells were purchased from ATCC (Rockland, MD) 

and cultured according to specified conditions.  Rat mesenchymal stem cells (RMSCs) 

and human dermal fibroblasts (HDFn) cells were a kind gift from Techulon, Inc. 

(Blacksburg, VA).  Cell culture media and supplements were purchased from Gibco 

(Carlsbad, CA). Serum-free medium (OptiMEM) was purchased from Gibco (Carlsbad, 

CA).  Plasmid DNA (pDNA) used for luciferase expression assays was gWIZ-luc from 

Aldevron (Fargo, ND). 

Competitive inhibition of the ASGPr receptor.  Cells were transfected as 

previously described.11, 24  Briefly, HeLa cells were seeded onto 24 well plates at a 

density of 50,000 cells/well and cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10 % fetal bovine serum (FBS), 100 Units per mg 

penicillin, 100 µg / mL streptomycin, and 0.25 µg/mL amphotericin.  HepG2 cells were 
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seeded onto 24 well plates at a density of 100,000 cells/well and cultured in Eagle’s 

Minimum Essential Medium (EMEM) supplemented with 10 % FBS, 100 Units per mg 

penicillin, 100 µg / mL streptomycin, and 0.25 µg/mL amphotericin. Cells were 

incubated at 37 °C and 5 % CO2 for 24 hours before transfection.  Polyplexes were 

formed at an N/P ratio of 5 for all polymers except for G4, which was used at an N/P 

ratio of 20.  Polyplexes were incubated for 1 hour at room temperature before 

transfection.  Prior to transfection, cells were incubated in serum-free media (OptiMEM) 

with or without 1 mg/mL ASF for 15 minutes at 4 °C.  Four hours after transfection, the 

polyplexes were aspirated off, the cells were washed with 500 µL of phosphate buffered 

saline (PBS)/well, and 1 mL of supplemented DMEM was added to the HeLa cells and 1 

mL of supplemented EMEM was added to the HepG2 cells.  The media was replaced 

with fresh media 24 hours after transfection, and cell lysates were assayed for luciferase 

activity 48 hours after transfection as previously described.25  Briefly, cells were lysed 48 

hours after transfection, and the cell lysate was analyzed for luciferase activity by adding 

luciferase substrate (Promega, Madison, WI) to lysates and measuring relative light units 

(RLU) on a GENios Pro plate reader (Tecan US, Research Triangle Park, NC).  Protein 

content of lysates was measured using a Bio-Rad DC protein assay kit (Hercules, CA). 

Transfection of RMSCs and HDFn cells. Prior to transfection, either primary 

neonatal human dermal fibroblast cells (HDFn, Invitrogen, Carlsbad, CA) or rat 

mesenchymal stem cells (RMSC, Invitrogen, Carlsbad, CA) were plated on 24 well plates 

at a density of 100,000 cells per well, with approximately 70% confluency. HDFn cells 

were incubated in Medium 106, supplemented with 2 % FBS, hydrocortisone (1 µg/mL), 

human epidermal growth factor (1 ng/mL), basic fibroblast growth factor (3 ng/mL), and 
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heparin (10 µg/mL), for 24 h at 37 ºC in a 5 % CO2 environment. RMSC were incubated 

in Mesanpro RS medium (Invitrogen) supplemented with 2 % FBS. For both cell lines, 

media was changed 30 minutes prior to transfection. Stock solutions at N/P 20 for each 

polymer were prepared and diluted to lower N/P ratios (10, 7) so that equal volume of 

polymer solution (13.33 µL) and pDNA ([pDNA] = 0.075 mg/mL, volume = 13.33 µL) 

could be combined to form polyplex solution for each well.  Cells were transfected in 

triplicate with a total of 1 µg of pDNA/well. Positive controls - Lipofectamine™ 2000 

(Invitrogen, Carlsbad, CA), JetPEI™ (PEI, Polyplus Transfections, Illkirch, France), and 

G4 (Glycofect™, Techulon Inc., Blacksburg, VA) - were formulated with pDNA based 

upon their recommended protocols. Polyplexes were incubated for 1 hour at room 

temperature prior to transfection.  Cells were transfected in serum-free medium 

(OptiMEM) for PEI and G4 and in serum-containing medium for the Lipofectamine and 

trehalose-containing polyplexes.  After transfection, plates were swirled to ensure 

homogenous solution formation and incubated for 4 h, after which more media (500 µL) 

was added to each well. Cells were incubated for additional 20 h, followed by a media 

change and 24 h of additional incubation time.  Forty-eight hours after transfection, 

media was evacuated from wells and cells were lysed in 100 µL Cell Lysis Buffer 

(Promega, Madison, WI). Cell lysates were deposited on 96-well plates and analyzed for 

luciferase activity and total protein concentration. Protein concentration was analyzed 

relative to controls to determine cell viability using a Bio-Rad DC Protein Assay 

(Hercules, CA) as previously described.26  

MTT assay.  Cells were prepared and transfected as described above for the 

transfection assay.  However, 47 hours after transfection, media was evacuated from each 
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well and replaced with media containing 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, [MTT] = 0.5 mg/mL) (Invitrogen, Carlsbad, CA). 

Cells were incubated for an additional 1 hour then washed with PBS and lysed in 250 µL 

dimethyl sulfoxide (DMSO).  

Green fluorescent protein expression.  RMSC and HDFn cells were plated into 6 

well plates at a density of 500,000 cells/well and allowed to incubate for 24 hours in the 

conditions described above.  Polyplexes were formed using the same methods reported 

above using a plasmid encoding enhanced green florescent protein (EGFP-C1). 

Transfection and media change conditions are consistent with those reported above; 

however, cells were only subjected to complexes at a single charge ratio, N/P=20. After 

48 hours cells were trypsinized, washed with PBS twice, and suspended in 500 µL of 

PBS. Flow cytometry analysis of each sample provided mean florescence intensity as 

well as the percentage of cells positive for green fluorescent protein (GFP). 

For microscopy, cells were plated as described above.  The transfection protocol was 

carried out the same way as for flow cytometry, except 48 hours after transfection cells 

were washed with PBS and fixed in 4 % paraformaldehyde before being imaged.  Cells 

were imaged using a Nikon TE2000U widefield microscope equipped with a GFP 

excitation/emission filter set and liquid-cooled CCD camera. Wells were imaged with 

consistent exposure time and normalized to control backgrounds. 

Cellular uptake.  HeLa cells were plated into 6 well plates at a density of 250,000 

cells/well and transfected in triplicate as previously described.27  Cells were analyzed for 

Cy5 fluorescence using a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, 

CA), and a minimum of 30,000 events per sample were collected.  
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Confocal microscopy.  HeLa cells were seeded onto poly-L-lysine (PLL)-coated 

coverslips in a 12 well plate at a density of 15,000 cells/well.  Cells were incubated in the 

conditions described above (supplemented DMEM, 37 °C, 5 % CO2) for 48 hours before 

transfection to reach confluency.  After incubation, polyplexes were formed by adding 50 

µL of FITC-labeled P3 to 50 µL of Cy5-labeled pDNA to give 100 µL of polyplex 

solution at an N/P ratio of 5.    The polyplexes were allowed to incubate for 1 hour at 

room temperature prior to transfection.  For transfection, the DMEM was aspirated off, 

cells were washed with PBS, and 1 mL of serum-free media (OptiMEM) was added to 

each well.  The 100 µL of polyplex solution was then added to each well, giving a total of 

1 µg of pDNA/well.  Four hours after transfection, polyplexes were aspirated off, cells 

were washed with PBS, and 1 mL of supplemented DMEM was added to each well.  

Cells were fixed in 4 % paraformaldehyde at the indicated time points, stained with DAPI 

(Molecular Probes, Eugene, OR) to label nuclei according to manufacturer’s protocol, 

and mounted onto microscopy slides using ProLong Gold Antifade Reagent (Molecular 

Probes, Eugene, OR) according to manufacturer’s protocol.  The slides were allowed to 

dry overnight in the dark before being sealed with clear nail polish and imaged on a Zeiss 

LSM 510 META confocal microscope (Carl Zeiss MicroImaging, LLC, Thornwood, 

NY).  Images were taken using a slice thickness of 0.8 µm.  

FRET studies.  Polyplexes were formed between Tb-N4 and plasmid DNA at the 

indicated N/P ratios.  For polymer only controls, polymer solution diluted to the same 

concentration as the indicated N/P ratio was added to an equivalent volume of water 

instead of pDNA.  Terbium emission was monitored on a SpectraMax M2 plate reader 

(Molecular Devices, Sunnyvale, CA) using an excitation wavelength of 380 nm.  The 
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amount of quenching was calculated using the formula ((polymer only RFU – polyplex 

RFU) / polymer only RFU) * 100.)  For the live cell studies, HeLa cells were seeded on 

to a 6 well plate at a density of 250,000 cells/well, and transfected with Tb-N5 polyplexes 

formed at an N/P ratio of 20.  The transfections were carried out in serum-containing 

DMEM.  Four hours after transfection, media containing the polyplexes was aspirated 

off, cells were washed with PBS, and cells were imaged on an EVOS fluorescent 

microscope (AMG, Bothell, WA).  Imaging of the terbium polymers was performed 

using a custom filter cube containing a 380 nm excitation and a 540 nm emission (AMG, 

Bothell, WA).  Fluorescence quantification was carried out by using the software NIH 

ImageJ,28 and fluorescence from dead cells was excluded from the measurements.  

Statistical Analysis.  All data are presented as means ± standard deviations.  

Statistical analysis of data was done using the software JMP (S.A.S. Institute Inc., Cary, 

NC). Means were compared using ANOVA followed by the Tukey-Kramer HSD method 

unless otherwise noted, with p < .05 being considered as statistically significant.   

 

5.4 Results and Discussion 

 
Competitive inhibition of ASGPr.  Dr. Chen-Chang Lee performed dynamic light 

scattering (DLS) measurements on polyplexes formed at both 0.01 mg/mL11 and 0.02 

mg/mL (unpublished results).  He observed that the hepatocyte-targeted polymers formed 

smaller polyplexes at the reduced [pDNA], and hypothesized that the smaller polyplex 

size would allow for more receptor-mediated endocytosis as opposed to non-specific 

endocytosis. Based on the data in Figure 5.5, we observed that the polymer with a 40% 

degree of carbohydrate substitution (Ma-1-3-Gal-40) exhibited the greatest competitive 
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inhibition with ASF at an N/P of 5.  Furthermore, at an N/P ratio of 5, the polymer with 

the highest degree of carbohydrate substitution (Ma-1-3-Gal-40) had the highest 

transfection efficiency (Figure 5.5 a). At decreased degrees of carbohydrate substitution 

(18 % for Ma-1-3-Gal-18 and 13 % for Ma-1-3-Gal-13), we observed that ASF had less 

of an effect on transfection efficiency, however, all polymers exhibited significantly less 

(p < 0.05) luciferase expression in the presence of ASF at an N/P ratio of 5 (Figure 5.5 a).   

In addition, we see less ASF inhibition at higher N/P ratios (Figure 5.5 b and c) and 

decreased effect of the degree of carbohydrate substitution upon luciferase expression, 

most likely due to increased non receptor-specific uptake from the increased charge ratio 

of the polyplexes.  It should be noted here that at an N/P ratio of 10, the polymer with the 

highest degree of carbohydrate substitution (Ma-1-3-Gal-40) had no significant (p < 0.05) 

decrease in transfection efficiency in the presence of ASF, while the polymers with lower 

degrees of carbohydrate substitution (Ma-1-3-Gal-18 and Ma-1-3-Gal-13) still had some 

ASF inhibition.  However, these two polymers still exhibited greater ASF inhibition at an 

N/P of 5 compared to an N/P of 10.  These studies guided us to use an N/P ratio of 5 for 

future studies to minimize non receptor-mediated uptake. 
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Figure 5.5) Luciferase expression data for HepG2 cells 48 hours after transfection.  Cells were 
transfected in the presence or absence of 1 mg/mL asialofetuin (ASF) at N/P ratios of (a) 5; (b) 8; (c) 
10.  HepG2 cells were transfected with 0.5 µg pDNA/well.  Data are presented as the mean ± standard 
deviation.  Statistical analysis was performed on the log of the RLU/mg protein, and bars with 
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different letters represent means that are statistically significant (p < 0.05) according to the Tukey-
Kramer HSD method (n = 2). 

 
Next, in addition to testing the effect the degree of carbohydrate substitution had on 

transfection efficiency, we also wanted to study the effect that the linker length had on 

transfection efficiency.  In order to determine whether the polymers were exhibiting 

receptor-mediated endocytosis, flow cytometry was used to study polyplex uptake.  

These flow cytometry studies were done by Dr. Patrick McLendon.11  To further study 

whether inhibiting the ASGPr with asialofetuin (ASF) would have an effect on 

transfection efficiency, luciferase gene expression assays were performed.  The results of 

transfection in HepG2 cells are shown in Figure 5.6. 
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Figure 5.6) Luciferase gene expression as expressed by relative light units (RLU)/mg protein in 
HepG2 cells 48 hours after transfection.  HepG2 cells were transfected in the presence or absence of 
1 mg/mL asialofetuin (ASF).  Polyplexes were formed at N/P ratios of 5 for all polymers except for 
G4, which was formed at an N/P ratio of 20.  Cells were transfected with (a) 0.5 µg pDNA/well or (b) 
1 µg pDNA/well.  Data is presented as the mean ± standard deviation of three trials.  Statistical 
analysis was performed on the log of the RLU/mg protein.  Bars with different letters represent 
means that are statistically significant (p < 0.05) using the Tukey-Kramer HSD method (n = 3).  Bars 
with matching letters are not statistically significant from each other. 
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polyplexes are formed using this pDNA concentration; given the large difference and the 

fact that there is no luciferase expression observed, it is likely there was an error in 

transfecting the cells for this data point.  We conclude this based on previous data where 

Ma-1-3-Gal-40 exhibited transfection efficiency using this pDNA concentration (data not 

shown) and the fact that we do observe luciferase expression in the presence of ASF, 

which should not be able to increase the transfection efficiency of these polymers if they 

are being taken up through the ASGPrs.  We also observe that the presence of ASF 

significantly (p < 0.05) increases the transfection efficiency of Ma-1-3-Glu-10 and Ma-1 

using polyplexes formed at [pDNA] .02 mg/mL (Figure 5.6 b), two control polymers that 

do not contain galactose and therefore should not be entering through ASGPr-mediated 

endocytosis.  These results are interesting; it is possible that the ASF is inhibiting a less 

efficient form of endocytosis and influencing the polyplexes to enter the cell in a more 

efficient way, but more experiments need to be done to determine if this is the case. 

We also see significant (p < 0.05) ASF inhibition in the case of galactarate-containing 

G4 and mannose-containing polymer Ma-1-3-Man-22 for both pDNA concentrations 

(Figure 5.6).  We do not expect these polymers to exhibit ASGPr-mediated endocytosis, 

since there is no galactose on them.  Prior research done by Yemin Liu has also shown a 

slight transfection inhibition of G4 and mannose-containing PGAA M4 in the presence of 

ASF in HepG2 cells.29 We are unsure of what causes this; it is believed that asialofetuin 

is specific for the ASGPr, but perhaps the presence of ASF interferes with other 

carbohydrate-mediated endocytic pathways.  We also observed anomalies in an 

agglutination assay designed to test the accessibility of the β-D-galactose residues.11  The 

anomalies in both ASF inhibition and agglutination experiments may be explained by the 
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hydrophobic nature of the linker groups; it is possible that the hydrophobic methylene 

chain folds towards the interior of the polyplex during pDNA complexation, thus 

inhibiting the ability of the β-D-galactose residues to reach the receptors on the HepG2 

cells.  It is also possible that in this system, endocytosis could be charge-mediated as well 

as receptor-mediated.  Another potential reason for the discrepancy in data for the Ma-1-

3-Gal series is that in the time between the initial ASF inhibition experiments and the 

later experiments testing a wider range of polymers, the Ma-1-3-Gal polymers may have 

degraded.  To further test the specificity of these polymers, transfections were carried out 

in HeLa cells, which do not have ASGPrs.  The polyplexes were formed using a pDNA 

concentration of 0.01 mg/mL, and the results are shown in Figure 5.7. 
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Figure 5.7) Transfection efficiency in HeLa cells.  Cells were transfected with 0.5 µg pDNA/well, and 
luciferase gene expression was assayed 48 hours after transfection.  Cells were transfected in the 
presence or absence of 1 mg/mL asialofetuin (ASF).  Statistical analysis was performed on the log of 
the RLU/mg protein.  Bars with different letters represent means that are statistically significant (p < 
0.05) using the Tukey-Kramer HSD method (n = 3). 
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was not statistically significant (p < 0.05) from that of the cells only and pDNA only 

controls. It is interesting to note the role of pDNA concentration; when forming 

polyplexes using pDNA at 0.1 mg/mL, we see significant reduction in the efficacy of 

JetPEI.  We also observe no significant (p < 0.05) inhibition in the presence of ASF, 

except in the case of Ma-1-3-Gal-18.  This polymer also exhibited reduction in 

transfection efficiency in the presence of ASF in HepG2 cells.  These data and the data in 

Figure 5.6 suggest that the ASF is also capable of interacting with the polymers 

themselves in addition to the ASGPrs.  In fact, ASF has previously been shown to bind to 

non-galactosylated proteins such as bovine serum albumin and to monosaccharides such 

as mannose.30 

Toxicity of hepatocyte-targeted polymers.  It was of interest to us to test the effect 

of the degree of carbohydrate substitution as well as the linker length on cell viability.  

We did notice a difference in toxicity profiles when using polyplexes formed at the 

different pDNA concentrations; at 0.01 mg/mL pDNA (0.5 µg pDNA/well), none of the 

polymers tested exhibited significant cytotoxicity (Figure 5.8 a) as measured by the 

amount of protein in cell lysates compared to the cells only control.  However, when 

polyplexes were formed using pDNA at a concentration of 0.02 mg/mL, we do notice a 

trend in cell viability.  In polymers with the shorter linker length (Ma-1-3 series and Ma-

1-6 series), cell viability decreases as the degree of carbohydrate substitution decreases 

(Figure 5.8 b).  This trend is reversed in polymers with the longer linker length (Ma-1-9-

Gal series); the polymer with the lowest degree of carbohydrate substitution (Ma-1-9-

Gal-08) exhibited higher cell viability than polymers with higher degrees of carbohydrate 

substitution (Ma-1-9-Gal-44 and Ma-1-9-Gal -4) (Figure 5.8 b).  All polymers tested 
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exhibited > 80 % cell viability, and most had toxicity profiles in between those of the two 

positive controls, JetPEI and G4.  This was to be expected, since the carbohydrate content 

of these polymers is at an intermediate level between G4 and JetPEI. 

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

Cell s
 o

nly

DNA o
nly G4

Je
tP

EI

Ma-
1-3

-G
al-

40

Ma-
1-3

-G
al

-18

Ma-
1-3

-G
al-

13

Ma-
1-6

-G
al-

37

Ma-
1-6

-G
al-

22

Ma-
1-6

-G
al

-09

Ma-
1-9

-G
al-

44

Ma-
1-9

-G
al-

24

Ma-
1-9

-G
al-

08

Ma-
1-3

-G
lu

-1
0

Ma-
1-3

-M
an-

22
M

a-1

F
ra

ct
io

n 
C

el
l S

ur
vi

va
l

 

0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200

ce
lls

DNA on
ly G4

Je
tP

EI

Ma-
1-

3-
Gal

-4
0

Ma-
1-

3-
Gal-

18

Ma-
1-

3-
Gal-

13

Ma-
1-

6-
Gal-

37

Ma-
1-

6-
Gal-

22

Ma-
1-

6-
Gal-

09

Ma-
1-

9-
Gal

-4
4

Ma-
1-

9-
Gal

-2
4

Ma-
1-

9-
Gal-

08

Ma-
1-

3-
Glu

-1
0

Ma-
1-

3-
Man

-2
2

Ma-
1

F
ra

ct
io

n 
C

el
l S

ur
vi

va
l

 

Figure 5.8) Cell viability as measured by the amount of protein in cell lysates.   HepG2 cells were 
allowed to transfect for 48 hours, after which cell viability was measured. All polymers were used at 
an N/P ratio of 5, with the exception of G4 that was used at an N/P ratio of 20.  Cells were treated 
with (a) 0.5 µg of pDNA/well or (b) 1 µg of pDNA/well. * denotes means that are statistically 
significant (p < 0.05) from each other.  ** denotes means that are statistically significant from each 
other (p < 0.05).  Statistically analysis was performed using the Tukey-Kramer HSD method (n = 3).  
Means for cell viability data in (a) were not statistically significant from each other according to the 
Tukey-Kramer HSD method (n = 3). 
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Effect of polymer end group and PEG linkages on transfection efficiency.  The 

hepatocyte-targeted polymer library gave us some insight on how hydrophobic linkages 

can affect the transfection efficiency profiles of gene delivery polymers.  To gain further 

insight on how polymer structure influences intracellular mechanisms of transfection, 

polymers containing different end groups were synthesized.  The importance of polymer 

end groups has previously been established.31-32  Green et. al. have demonstrated how 

polymers can be “tuned” to yield favorable properties by varying their end groups.33  

Here, trehalose-containing polymers ending in either PEG (Tr4 A and Tr4 B), trityl (Tr4 

C) or azide (Tr4 D) were tested to determine which would have the highest transfection 

efficiency in rat mesenchymal stem cells (RMSCs) and human dermal fibroblasts (HDFn 

cells).  To further increase knowledge on structure-function relationships, different 

linkages for PEG were used; Tr4 A contains an amide linkage, while Tr4 B contains a 

carbamate linkage.  To remain consistent, the molecular weight of the PEGs was kept 

constant at 5 kDa, and the degree of polymerization for the trehalose polymers is 100.  

The results for luciferase expression are shown in Figure 5.9. 
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Figure 5.9) Luciferase expression data expressed in relative light units (RLU) and RLU/mg protein.  
(a) RMSCs and (b) HDFn cells were transfected for 48 hours before the cell lysates were analyzed for 
luciferase activity.   Tr4 polymers were formed at the N/P ratios indicated in parentheses.  Positive 
controls were used according to manufacturer’s instructions.  Data are presented as mean ± standard 
deviation.  Statistical analysis was performed on the log of the RLU and log of the RLU/mg protein 
data.  Black letters represent statistical analysis for RLU data (white bars), and blue letters represent 
statistical analysis for RLU/mg protein (gray bars).  Bars with different letters are statistically 
significant (p < 0.05) from each other according to the Tukey-Kramer HSD method (n = 3). 

 
In the RMSCs (Figure 5.9 a), the N/P ratio of the Tr4 polymers did not seem to have a 

significant (p < 0.05) effect on transfection efficiency, except in the case of Tr4 C.  With 

Tr4 C, higher N/P ratios resulted in higher luciferase expression in this cell line (Figure 
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efficiency than Lipofectamine-2000 in this cell line (Figure 5.9 a).  In the HDFn cells 

(Figure 5.9 b), the PEGylated polymers Tr4 A and Tr4 B reached the transfection 

efficiency of the positive controls when used at an N/P ratio of 20, while the non-

PEGylated Tr4 C and Tr4 D were not statistically significant (p < 0.05) from the cells 

only control.  We did not observe any dramatic (p < 0.05) effects of PEG linker or on end 

group type for these transfection efficiency data.  To further study how polymer structure 

affects efficacy, GFP expression was analyzed. This assay differs from the luciferase 

assay in that it allows us to observe how many cells in a given population were 

successfully transfected, as opposed to studying enzyme activity in the lysates of 

transfected cells.  Figure 5.10 illustrates the GFP expression data for RMSCs, and figure 

5.11 shows GFP expression in HDFn cells.  In the GFP experiments, the polymers Tr5 

and Tr6 were studied as well.  These polymers are identical to polymer Tr4 C (trityl end 

groups) except they differ in the number of secondary amines in their repeat unit; Tr4 has 

4 amines, Tr5 has 5, and Tr6 has 6 amines. 
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Figure 5.10) Green fluorescent protein (GFP) expression in RMSCs.  Cells were analyzed for green 
GFP expression using (a) and (c) flow cytometry to determine the percentage of cells positive for 
green fluorescence 48 hours after transfection. Further GFP expression analysis was carried out by 
(b) and (d) fluorescence microscopy 48 hours after transfection.  In this case, Tr6, Tr5 and Tr4 all 
have trityl end groups, the difference between these polymers is the number of secondary amines in 
their repeat units (6, 5, and 4, respectively).  The trehalose polymers were used at an N/P of 20, while 
positive control polymers Lipofectamine 2000 (Lipo-2000), JetPEI (PEI), and Glycofect were used 
according to manufacturer’s protocol. 
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Figure 5.11) Green fluorescent protein (GFP) expression in HDFn cells.  Cells were analyzed for GFP 
expression using (a) and (c) flow cytometry as well as (b) and (d) fluorescence microscopy 48 hours 
after transfection.  In this case, Tr6, Tr5 and Tr4 all have trityl end groups, the difference between 
these polymers is the number of secondary amines in their repeat units (6, 5, and 4, respectively).  
The trehalose polymers were used at an N/P of 20, while positive control polymers Lipofectamine 
2000 (Lipo-2000), JetPEI (PEI), and Glycofect were used according to manufacturer’s protocol. 
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and d).  The transfection efficiency of Tr4 reached that of the positive control Glycofect 

(Figure 5.10 a and b) in this cell line. 

In HDFn cells (Figure 5.11), the trend of increased transfection efficiency as the 

number of amines decreases stands, with Tr4 exhibiting higher transfection efficiency 

than Tr5 and Tr6 (Figure 5.11 a, b, c, and d).  In this cell line, the Tr4 polymers out-

perform all positive controls.  Also, in HDFn cells we do not see as dramatic an effect on 

polymer end group; all Tr4 polymers performed with nearly the same transfection 

efficiency.  We hypothesized that the increased transfection efficiency of the Tr4 

polymers was due to their reduced cytotoxicity in these cell lines.  To further explore this 

hypothesis, assays to test cell viability during trehalose polymer transfection were 

performed.  

Effect of polymer end group and PEG linkages on cell viability.   It was of interest 

to us to determine whether the end group of the polymers would influence cell viability.  

The results of two different cell viability assays (Bio-Rad DC protein assay and the MTT 

assay) are shown in Figure 5.12.  In RMSCs, all of the Tr4 polymers exhibited ~70% cell 

viability, with no dramatic effects of end group or PEG linker observed.  It was our 

hypothesis that the incorporation of PEG into these polymers would improve the toxicity 

profile, but the data in Figure 5.12 a illustrate that this is not the case in this cell line. 
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Figure 5.12) Cell viability as measured by protein content present in cell lysates (“protein”) and by 
the MTT assay in (a) RMSCs and (b) HDFn cells.  Cells were transfected with the trehalose polymers 
at the indicated N/P ratios, and cell viability was measured 48 hours after transfection.  Data are 
presented as mean ± standard deviation.  Black letters represent statistical analysis for the MTT 
assay, and blue letters represent statistical analysis for the protein assay.  Bars with matching letters 
are not statistically significant from each other, and bars with different letters represent means that 
are statistically significant (p < 0.05) from each other according to the Tukey-Kramer HSD method 
(n = 3). 
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In the case of HDFn cells, we see dramatic increases in cell survival in the Tr4 polymers 

compared to JetPEI, strengthening our hypothesis that the increased transfection 

efficiency exhibited by the Tr4 polymers in this cell line is a result of increased cell 

survival during transfection.  However, as with the transfection efficiency data and the 

toxicity data in the RMSCs, we did not see any dramatic effects of polymer end group or 

PEG linkages on cell viability.   

Cellular Uptake of RAFT polymers.  In addition to studying the effect of end 

groups on polymer transfection, it was of interest to us to study the effect of increasing 

the quantity of primary amines in a polymer upon intracellular uptake.  It was our 

hypothesis that the polymer containing the longest AEMA block (P3) would have the 

highest uptake, as the presence of more charged groups would increase electrostatic 

interactions between the polymer and the plasma membrane.  Figure 5.13 illustrates the 

results of the cellular uptake studies. 
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Figure 5.13) Percentage of Cy5 positive HeLa cells transfected with polyplexes formed at N/P ratios 
2, 5, and 10 with Cy5-labeled pDNA and P1, P2, P3 in (a) OptiMEM and (b) DMEM.  JetPEI and 
Glycofect were used as positive controls, JetPEI was used at an N/P ratio of 5 and Glycofect was used 
at an N/P ratio of 60.  Cy5 fluorescence was measured 48 hours after transfection.  The graphs were 
provided by Dr. Adam E. Smith.  Statistical analysis was done by Giovanna Grandinetti.  Data are 
presented as means ± standard deviations.  Bars with matching letters are not statistically significant 
from each other, and bars with different letters represent means that are statistically significant from 
each other (p < 0.05, n = 3) according to the Tukey-Kramer HSD method. 
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< 0.05) difference in polyplex uptake at this low N/P ratio.  At an N/P ratio of 5, both in 

the presence and absence of serum, P1 exhibited significantly higher (p < 0.05) polyplex 

uptake than P2, but lower polyplex uptake than P3.  Based on these data, we concluded 

that in the presence of serum, the longer AEMA block increases intracellular uptake 

compared to polymers with the shorter AEMA block.  Interestingly, even though nearly 

100 % of the cells are positive for Cy5 fluorescence when treated with polymer P3, this 

polymer exhibits low transfection efficiency (data not shown).  We see a decrease in 

transfection efficiency as the length of the AEMA block increases at an N/P of 10, with 

P1 having the highest transfection efficiency in the absence of serum.  We hypothesized 

that the length of the AEMA block was inhibiting polyplex dissociation.  To test this, P3 

was labeled with FITC and complexed with Cy5-labeled pDNA, and the intracellular 

location of both the polymer and pDNA were studied using confocal microscopy at 

different time points. 

Polyplex dissociation in cells.  In order to decipher why P3 exhibited high uptake but 

low transfection efficiency, we wanted to determine whether the longer AEMA block 

was inhibiting pDNA release from the polyplex.  Polyplexes were formed using labeled 

polymer and pDNA, and HeLa cells were transfected in serum-free media and fixed at 

the indicated time points.  The confocal images can be seen in Figure 5.14. 
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Figure 5.14) Confocal microscopy images of HeLa cells transfected with polyplexes (white) formed 
between FITC-labeled P3 (green) and Cy5-labeled pDNA (purple).  Nuclei (blue) were stained with 
DAPI.  Cells were fixed at (a) 4 hours (b) 24 hours and (c) 48 hours after transfection.  Manders 
coefficients were calculated using the software ImageJ and are shown in the composite images for 
each time point.  M1 = degree of overlap between Cy5-labeled pDNA with FITC-labeled polymer; 
M2 = degree of overlap between FITC-labeled polymer with Cy5-labeled pDNA.  Scale bar = 20 µM. 

 
Manders coefficients between FITC from the polymer and Cy5 from the pDNA were 

used as previously described34-35 to determine colocalization between the polymer and 

pDNA.  The Manders coefficients were calculated using the software NIH ImageJ.28  

HeLa cells were fixed 4 (Figure 5.14 a), 24 (Figure 5.14 b) or 48 (Figure 5.14 c) hours 

after transfection.  Over time, the degree of overlap between Cy5 and FITC (pDNA and 
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polymer) remained high (>0.9).  However, the amount of polymer colocalized with the 

pDNA (M2) decreased over time, going from 0.89 4 hours after transfection (Figure 5.14 

a) to 0.51 48 hours after transfection (Figure 5.14 c).  This observation confirms our 

hypothesis that pDNA remains associated with the polymer throughout the 48 hour 

transfection period, and also indicates that excess polymer may be dissociating from the 

polyplex over time. 

FRET to monitor polyplex formation.  The data in Figure 5.14 is interesting, but 

labeling polymers with hydrophobic fluorescent dyes such as FITC may alter their 

characteristics.  To combat this, smaller lanthanide molecules may be chelated into 

polymers and their luminescence can be monitored.  In addition to aiding elucidation of 

intracellular trafficking mechanisms, it may also be possible to quantify polyplex 

dissociation by using Förster Resonance Energy Transfer (FRET).  As a proof-of-concept 

study, polyplexes were formed between a terbium-chelated polymer (Figure 5.4) 

containing 4 secondary amines in its repeat unit (Tb-N4) and unlabeled pDNA or pDNA 

labeled with tetramethylrhodamine (TMR).  Since terbium and TMR are FRET pairs, we 

expect to see quenching of the terbium fluorescence when these two fluorophores are 

close together.  As the polyplex dissociated, we expect to see an increase in terbium 

fluorescence.  As a proof-of-concept study, we first had to make sure that the TMR-

pDNA was able to quench terbium fluorescence.  The results of terbium fluorescence for 

polyplexes formed at different N/P ratios is shown in Figure 5.15. 
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Figure 5.15) Terbium fluorescence at an excitation of 380 nm in the presence or absence of TMR-
labeled pDNA.  Polyplexes were formed at an N/P ratio of (a) 50; (b) 20; (c) 10; or (d) 5.  Lines 
represent the following: blue = polymer only; magenta = polyplexes formed with unlabeled pDNA; 
green = polyplexes formed with TMR-labeled pDNA.  (e) The percentage of terbium fluorescence 
quenching as a function of N/P ratio. 

 

We observed quenching of terbium fluorescence at all of the tested N/P ratios (Figure 

5.15), and the degree of quenching increased as the N/P ratio decreased (Figure 5.15 e).  

a) b) 

c) d) 

e) 



 193 

We suspect this is due to the greater ratio of fluorescence acceptor (pDNA) to 

fluorescence donor (terbium).  Using this method, we were able to confirm that the TMR-

labeled pDNA is able to quench terbium fluorescence, thereby allowing this system to be 

used for FRET measurements. 

Furthermore, we wanted to see if we could observe terbium quenching in polyplexes 

vs. polymer only in vitro.  To this end, HeLa cells were transfected with Tb-N5 at an N/P 

ratio of 20 for 4 hours, and then imaged using fluorescence microscopy.  The images for 

HeLa cells treated with polyplex  vs. polymer only can be seen in Figure 5.16 a and b, 

respectively. 
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Figure 5.16) Images of HeLa cells treated with (a) Tb-N5 polyplexes at an N/P of 20 and (b) Tb-N5 
polymer only at the same concentration as the N/P 20 polymer solution.  The cells were imaged using 
fluorescent microscopy 4 hours after transfection.  Arrows denote sites of punctuate polymer 
fluorescence in cells.  Scale bar = 200 µm. (c) Fluorescence intensity from the polymer was quantified 
using the software ImageJ.  Mean pixel intensity data are shown as mean ± standard deviation.  Dead 
cells were excluded from these measurements. *denotes statistical significance (p < 0.05, n = 4) 
according to ANOVA followed by the Student’s t-test. 

 

From the images in Figure 5.16, it is clear that the polymer only solution (Figure 5.16 b) 

is more toxic than the polyplex solution (Figure 5.16 a), as evidenced by the increased 

a) 

b) 

c) 

* 
* 
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amount of dead cells in Figure 5.16 b compared to Figure 5.16 a.  For both the polyplex 

and polymer only-treated cells, we see punctuate fluorescence inside of the cells, perhaps 

indicative of vesicular transport.  We also observe a significant (p < 0.05) quenching in 

terbium fluorescence in the polyplexes vs. the polymer only (Figure 5.16 c), illustrating 

that terbium quenching can be monitored in vitro. 

5.5 Conclusions and Future Goals 

The work presented in this chapter represents strong collaboration between synthetic 

chemistry and biochemistry that is a hallmark of Reineke group research.  Overall, this 

chapter seeks to derive relationships between polymer structure and DNA delivery 

efficacy.  Studying how structure impacts the intracellular trafficking mechanisms of 

polymers would yield insight on how to tailor future polymers to be safe and effective 

therapeutic tools.  There are endless possible polymer structures and in this chapter, we 

illustrate how seemingly small differences in structure can influence the biological 

interactions of polymers. 

The addition of targeting groups to polymers is a widely used strategy to decrease 

systemic toxicity in vivo and to improve the efficacy of polymer delivery.  In this chapter, 

we describe using β-D-galactose to target ASGPrs on HepG2 cells, and the effect of the 

degree of carbohydrate substitution and the length of the linker used to join the 

carbohydrate to the polymer backbone were studied.  Although we did not achieve high 

ASGPr specificity, we did illustrate a polymer scaffold that can be modified to 

incorporate other targeting groups.  Future work including testing the effects of different 

targeting groups as well as using a hydrophilic linker instead of a hydrophobic one would 
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be useful to father understand how to make the targeting groups more accessible to their 

targets. 

In addition to targeting groups, another strategy to improve polymers for therapeutic 

use is to improve their transfection efficiency in serum-containing media.  To this end, 

polymers containing trehalose have been synthesized by our group.36-37  These polymers 

exhibited high transfection efficiency in the presence of serum.38  In order to further 

improve the efficacy of these trehalose polymers, a new trehalose polymer library was 

synthesized with an increased number of secondary amine groups in the repeat unit.  To 

further understand structure-function relationships, the effects of PEGylation using 

different linkers and the effects of different end groups were tested. 

In the two cell lines tested, we did not see a dramatic effect of end group on polymer 

transfection efficiency or cytotoxicity.  We did notice that polymers containing a 

decreased amount of secondary amines in their repeat units had higher transfection 

efficiency.  Future work could be to further study Tr4-based polymers and test the effects 

of adding targeting moieties to the ends of the polymer. 

Another library of diblock polymers was synthesized to test the effects of 

incorporating longer primary amine blocks into the polymer backbones upon polymer 

transfection.  Contrary to our hypothesis, the polymer containing the longest amine block 

had the lowest transfection efficiency, in spite of exhibiting the highest cellular uptake.  

To study why this was occurring, confocal microscopy studies were done to determine 

whether the presence of many charged groups made it more difficult for pDNA to be 

released from the polyplexes compared to polymers containing shorter amine blocks.  
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The microscopy studies confirmed our belief; nearly all of the pDNA present in the cell 

was colocalized with the polymer, even as long as 48 hours after transfection. 

The data from these experiments gave us valuable insight concerning polymer design.  

Although increasing the amount of primary amines does help cellular uptake, getting into 

the cell may not be a limiting factor in the transfection efficiency of these polymers.  

Future work testing the effect of different lengths of the carbohydrate block would be 

beneficial in furthering knowledge on structure-function relationships. 

All of these polymer libraries were created to test the effect of altering polymer 

structure on transfection efficiency and toxicity.  However, many of the intracellular 

mechanisms occurring during polymer transfection remain unknown, and as discussed in 

previous chapters, polymer structure can play a large role in what is occurring in the cells 

during transfection.  To further study intracellular phenomena during transfection, it 

would be useful to not only track where the polymer is at certain time points, but to also 

monitor polyplex dissociation, which as shown by the data for the RAFT polymers, plays 

a role in the transfection efficiency of polymers.  In order to study this further, the 

quenching of terbium fluorescence in the presence of TMR-labeled pDNA was used to 

determine the formation of polyplexes.  We have shown that this system works in vitro, 

and future work using unlabeled pDNA as a negative control and testing different time 

points in the transfection of HeLa cells is currently underway. Furthermore, Sneha 

Kelkar, a polymer chemist in our group, is currently carrying out studies using increasing 

salt concentrations to dissociate polyplexes in solution. 

Overall, this chapter illustrates the impact polymer structure can have on transfection 

efficiency.  Discovering what makes certain polymers excellent transfection reagents 
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while other polymers are poor is exciting, and through continued efforts in our group we 

hope to father elucidate the mechanisms occurring in cells during transfection as well as 

how polymer structure influences these mechanisms. 
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Chapter 6 : Conclusion 
 

Overall, this work sought to illustrate the effect of polymer structure upon the 

intracellular events occurring during transfection.  We have illustrated how polymers can 

elicit cytotoxicity, and how polymer structure alters cytotoxic profiles.  This work has 

focused on using a variety of in vitro methods to elucidate the mechanisms of 

transfection, and through the careful study of a variety of polymers, several insights have 

been gained.  Hypotheses that were proven or disproven in this work are indicated in bold 

print. 

It is widely known that poly(ethylenimine) PEI is toxic, but the mechanisms as to 

why it is toxic remain largely unknown.  Previous studies have shown that mitochondrial 

membrane potential (MMP) decreases during PEI transfection.  From the work presented 

in this dissertation, we have learned that colocalization between PEI polyplexes and the 

mitochondria increase over time.  We hypothesized that PEI may be interfering with 

mitochondrial membrane pumps, but mitochondrial membrane pumps are still 

functional long into PEI transfection.  We also hypothesized that the decrease in 

mitochondrial membrane potential could be a downstream event of apoptosis 

initiation, and we discovered that caspase-9 is activated as early as one hour after 

PEI transfection.  Another hypothesis tested was that activation of the 

mitochondrial permeability transition pore (MPTP) l eads to the decrease in 

mitochondrial membrane potential, however, our studies show that inhibiting the 

MTPT from opening did not play a role in the early loss of MMP.  PEI polyplexes 

have been shown to colocalize not only with the mitochondria, but with the endoplasmic 
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reticulum as well one hour after transfection, providing several potential cytotoxic 

mechanisms.  Furthermore, unlike naturally occurring polyamines spermine and 

spermidine, the increased production of reactive oxygen species (ROS) does not 

seem to be a major mechanism of cytotoxicity for PEI. 

When hydroxyl groups are added to the backbone of gene delivery polymers, we see 

changes in the toxicity profiles as well as the transfection efficiency.  We hypothesized 

that smaller polymers would be less toxic than longer polymers, and our 

experiments prove this to be true.  We also have displayed that increasing the 

molecular weight of the polymers increases transfection efficiency, but at the cost of 

increasing cytotoxicity.  One hypothesis to explain the link between high cytotoxicity 

and high transfection efficiency is that the more toxic polyplexes are able to directly 

permeabilize the nuclear envelope, causing toxicity but also providing a way for 

plasmid DNA to enter the nucleus. The studies herein show that nuclear envelope 

permeability increases in cells treated with the higher molecular weight polymers, 

but whether this is caused by direct polymer permeabilization or by apoptosis 

initiation remained to be seen.  To test whether the increased nuclear envelope 

permeability was due to apoptosis, studies were conducted using isolated nuclei.  

The polyplexes with the highest transfection efficiency were in fact able to induce 

more nuclear envelope permeability than less efficient polymers in this cell-free 

system; in addition, transfection in the presence of an apoptosis-inducing agent did 

not increase the transfection efficiency for any polyplexes.   Furthermore, we have 

shown that the presence of hydroxyl groups can influence polyplex size and charge, 
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which may contribute to the different cytotoxicity profiles observed for hydroxyl-

containing vs. non-hydroxyl containing polymers. 

In addition, the effect of the number of hydroxyl groups per repeat unit on plasmid 

DNA (pDNA) nuclear import was studied.  We have shown that the presence of 

hydroxyls does seem to alter pDNA import mechanisms compared to a polymer 

containing no hydroxyl groups.  Furthermore, strengthening the link between high 

transfection efficiency and the ability to permeabilize the nuclear envelope, the polymer 

containing more hydroxyl groups displayed higher transfection efficiency and induced 

higher nuclear envelope permeability both in nuclei isolated from transfected cells and in 

nuclei in a cell-free system.  It was also found that without active trafficking provided by 

intracellular machinery, pDNA delivery to the nucleus is severely hampered.  This 

pDNA delivery was affected more in the case of the hydroxyl-containing polymers 

compared with PEI, further strengthening the hypothesis that polymer structure 

influences intracellular mechanisms. There also appears to be different mechanisms of 

pDNA nuclear import occurring when the pDNA is complexed with different polymers; 

when complexed with the PGAAs T4 and G4, pDNA seems to enter the nucleus in an 

energy-dependent manner in the absence of cytosol.  In the case of PEI, the presence or 

absence of energy does not affect pDNA import in the absence of cytosol to as great an 

extent.  Interestingly, we noticed that in both the cell-free and in whole cell system, 

polymers were able to reach the nuclei to a larger extent than pDNA.  Polymer-nucleus 

association was not affected by the absence of energy or cytosol in the same way that 

pDNA-nucleus association was affected, indicating different nuclear trafficking 

mechanisms for polymer vs. polyplex may be present.  Further studies are necessary to 
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determine these mechanisms, and may be accomplished using Förster resonance energy 

transfer (FRET) to monitor the point at which pDNA is released from the polyplex.   

Lastly, we illustrate a wide variety of polymers and the effect that their structure has 

on transfection efficiency and toxicity.  We have illustrated how increasing the amount of 

primary amines in a polymer can impact pDNA release, and also how different linkages 

used to attach targeting groups to polymers influence transfection efficiency and toxicity.  

We also show how FRET can potentially be used to monitor polymer-polyplex 

dissociation without the need for bulky, hydrophobic fluorescent dyes.  Ideally, the 

work presented in this dissertation will yield insight into the rational design of 

polymers, and present the impact that seemingly small changes in polymer 

structure, such as the number of hydroxyl groups in the repeat unit, can have on the 

intracellular events occurring during transfection. 

The hypothesis carried throughout this dissertation is that polymer structure 

influences mechanisms of pDNA delivery.  Throughout this work, we have proved 

that seemingly small changes in polymer structure can influence transfection 

efficiency and cytotoxicity.  The work performed herein should serve as a useful guide 

for the future development of safe, effective nucleic acid delivery vehicles. 


