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Cellular Internalization Mechanisms and Biological Characterization 
 

Patrick M. McLendon 

 

ABSTRACT 

 

 Understanding the biological mechanisms of polymeric DNA delivery is essential to 

develop vehicles that perform optimally.  In this work, the cellular internalization mechanisms of 

poly(glycoamidoamine) (PGAA) DNA delivery polymers were investigated.  Polymer:DNA 

complexes interact with cell-surface glycosaminoglycans (GAGs) in a manner independent of 

electrostatic interactions.   Desulfation and GAG removal leads to decreased uptake.  Individual 

polyplexes appear to have differing affinities for specific GAGs, as polyplex dissociation occurs 

in a charge-independent manner, and may influence binding.  Internalization occurs through 

close interactions with GAGs, as GAGs accumulate on polyplex surfaces, resulting in 

negatively-charged polyplexes and decompaction of intact polyplexes is observed upon 

interaction with GAG.   

 PGAA polyplexes enter cells via a complex, multifaceted internalization route.  

Pharmacological inhibition of endocytosis and visualization by confocal microscopy reveal  that 

internalization occurs primarily through an actin and dynamin-dependent mechanism.  

Caveolae/raft-mediated endocytosis appears to be the predominant internalization mechanism, 

with clathrin-mediated endocytosis also significantly involved.  Internalization occurs to a 

smaller degree via macropinocytosis and direct membrane penetration.  Caveolae-mediated, but 

not clathrin-mediated, internalization leads to transgene expression, suggesting a targeting 

opportunity based on uptake mechanisms. 

 PEGylation of PGAA polyplexes was achieved to minimize polyplex aggregation in 

serum.  Polyplex size increased in serum, but PEGylation prevented further polyplex growth 
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over time compared to non-PEGylated polymers.  Specific targeting of hepatocytes through end-

modification of PEG with galactose was unsuccessful, likely due to inaccessibility of targeting 

groups.  Further hepatocyte targeting efforts focused on malonate-based polymers with clickable 

linkages for facile linkage of targeting groups.  Despite favorable surface presentation of 

galactose, receptor-specific internalization of polyplexes was unsuccessful, as competitive 

inhibition in HepG2 cells resulted in significant polyplex internalization derived from 

nonspecific membrane interactions. 

 Chemical modification of vehicles allows systematic study of structure-function 

properties leading to efficient intracellular delivery.  Increasing G4 molecular weight generally 

increases toxicity and decreases transgene expression in HeLa cells.  Incorporating galactose into 

a lanthanide-chelating polymer facilitated efficient cellular internalization that was visualized by 

two-photon microscopy.  Increased gene expression was observed that correlated to increasing 

galactose, suggesting that polymer degradation increases gene expression. Also studied were 

branched peptides targeted to HIV-1 TAR, which displayed high biocompatibility and favorable 

internalization profiles in mammalian cells.   
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Introduction 
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Polymeric delivery of nucleic acids for therapeutic applications is an exciting field 

promising new methods for treatment of disease.   The focus of this field is to develop new and 

efficacious “synthetic viruses” which can shuttle therapeutic nucleic acids into cells in a nontoxic 

manner, leading to molecular-level treatment of disease.  The delivery vehicle remains the 

prominent roadblock to efficient delivery of exogenous DNA.  Development of efficient 

macromolecules to complex and deliver DNA in a manner that is safe, avoids the cellular 

immune responses and rapid clearance from the bloodstream, and exclusively enters the target 

cells remains elusive and is the focus of immense research in medicinal chemistry. 

 This dissertation is focused on studies designed to elucidate the biological properties of 

polymers designed as DNA delivery vehicles.  The majority and primary thrust of this body of 

work describes the cell-surface binding and internalization mechanisms of 

poly(glycoamidoamine) DNA delivery vehicles.  Also described are studies designed to probe 

structure-bioactivity profiles upon chemical modification of these same vehicles.  Studies 

assessing biochemical characterization of structural modifications for cell-specific targeting are 

also discussed. 

 This dissertation is organized in a systematic fashion to thoroughly introduce the field of 

nonviral DNA delivery and to describe the research in detail.  Chapter 2 provides an extensive 

review of the literature in this field, and details biological mechanisms of transfection. A heavy 

focus is placed on the plasma membrane and cellular internalization as a barrier to polymeric 

DNA delivery.  Chapter 3 discusses polyplex- glycosaminoglycan binding and the effect to 

internalization.  In vitro and biophysical characterization tools are used to determine the effect of 

glycosaminoglycans on internalization, and to characterize polyplex-glycosaminoglycan 

interactions in a cell-free system, with a particular emphasis on how glycosaminoglycans can 
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induce structural changes to the polyplex.  Chapter 4 presents the studies designed to elucidate 

the endocytic pathway of PGAA polyplexes in mammalian cell lines.  These studies include 

pharmacological inhibition of endocytosis and visualization of internalization by confocal 

microscopy.  The endocytic routes leading to expression of packaged DNA are explored in this 

chapter, as is the possibility of non-endocytic uptake routes leading to internalization.  Chapter 5 

presents the biological characterization of PEGylated PGAA polyplexes functionalized with a 

pendant galactose moiety, designed to increase biocompatibility and achieve specific targeting to 

hepatocytes.  Also discussed is the characterization of a new class of polymeric vehicles with 

tunable linkages for modifications with cell type-specific targeting ligands via click chemistry.  

The series discussed has been incorporated with galactose for hepatocyte targeting.  Chapter 6 

discusses biological characterization of second-generation G4 

(poly(galactaramidopentaethylenetetraamine)).  These include high molecular weight G4 

analogs, as well as random copolymers incorporating a DTPA chelating group into G4 for the 

purpose of chelating gadolinium or europium for magnetic resonance on the millimeter scale or 

luminescence imaging on the micron/nanometer scale, respectively.  Chapter 7 provides 

concluding remarks and implications for future utility of the research.  Also presented are future 

directions of the group, as well as a brief introduction to a collaborative project in our group, 

RNA-binding branched peptides for targeting HIV-1 TAR RNA. 
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2 
Review of the Literature: �onviral Delivery of �ucleic 

Acids: Biological Mechanisms of Transfection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based in part upon the manuscript: “Carbohydrate-based Polymers for Nucleic Acid 

Delivery,” McLendon, P M, Sizovs, A., Srinivasachari, S., and Reineke, T M.  In Topics in 

Curr. Chem. - �ucleic Acid Transfection. 2010 (in Preparation) 
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 2.1 �ucleic Acid Delivery 

The completion of the Human genome sequence has opened the door and paved the way 

for the development of gene-based therapeutics to treat human disease.
1
  Since then, the field of 

gene delivery has exploded, with the promise of eradicating a wide range of diseases including 

cardiovascular disease, cancer, cystic fibrosis, arthritis, asthma, muscular dystrophy, multiple 

sclerosis, hemophilia, and many others.
2
  The first clinical trial of gene therapy commenced in 

1990 at NIH to correct adenosine deaminase (ADA) deficiency, which leads to widespread 

immunodeficiency and is the underlying molecular cause for severe combined 

immunodeficiency (SCID).
3
 Since that time, there have been setbacks to success and public 

opinion of gene therapy, due in part to clinical failures and ethical concerns regarding 

modification of the genome.  Jesse Gelsinger, an 18-year old patient involved in a clinical trial 

treating ornithine transcarboxylase deficiency, died from multiple organ failure and systemic 

inflammation within days of starting treatment, likely due to a severe immune response to the 

adenoviral delivery vector.
4,5

  In 2003, the Food and Drug Administration (FDA) placed a halt on 

all gene therapy trials involving stem cells, due to patients in a French clinical trial developing a 

leukemia-like condition while being treated for SCID.  Nevertheless, research has continued to 

develop a safe and efficient vehicle for the transfer of foreign nucleic acids into human cells, and 

favorable clinical trials continue to fuel excitement into treatment of disease with gene therapy 

approaches.
6,7
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Figure 2.1 – Generalized cartoon of engineered viral DNA Delivery.  The therapeutic gene 

replaces the viral genome, and the gag/pol and env constructs are separated to reduce likelihood 

of viral replication. The above figure represents constructs formed with retroviral vectors, but a 

similar application is done for DNA viruses as well.  Figure reproduced from Somia and Verma 

(2000).
4
 

 

By far, the most popular delivery vehicles for delivering foreign genes into cells are viral-

based delivery vectors.  Viruses have evolved cellular entry and trafficking mechanisms that 
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allow them to easily enter mammalian cells and transfer foreign genes.  Many known viruses 

have been exploited and engineered to develop delivery vectors, including those based on 

adenovirus, adeno-associated virus, lentivirus and other retroviruses, and herpes simplex virus.
8,9

  

Developing a viral vector involves deleting the structural, replication, integration, and envelope 

genes to prevent their integration into the patient’s genome and to keep the virus from replicating 

(Figure 2.1).
4
  A therapeutic gene is then inserted into the now-benign viral genome and 

packaged into a viral capsid.  These vehicles can attain high levels of cellular entry, expression 

of a delivered transgene, and sustained expression, and for these reasons they remain 

aggressively studied and constitute the majority of DNA delivery systems currently in clinical 

trials.  However, viral vectors present a number of challenging obstacles that must be addressed.  

Humans have evolved immune responses to protect against viral infectivity, so the vector must 

avoid inducing an immune response in the patient.  As such, viruses can illicit unpredictable 

immune responses, as well as integrate randomly into a patients genome, both of which can 

cause inflammation and severe immune responses, possibly leading to leukemia.  Viral vectors 

also have limited DNA loading capacity and are quite costly to manufacture in sufficient 

quantities and purities necessary for widespread use.
4,10

   

A logical method to overcome the drawbacks of viral vectors is the advent of a “synthetic 

virus,” a nonviral, chemical vehicle that can complex nucleic acids and shuttle them into cells.  

The first reports of polycationic DNA delivery were with the cationic carbohydrate 

diethylaminoethyl-dextran were published in 1965, but intense research has only been ongoing 

for the last two decades, beginning in the late 1980s and early 1990s.
1,11

  Early work by Felgner 

et al. in 1987 showed that the synthetic cationic lipid, DOTMA, could compact and deliver DNA 

into mammalian cell lines.
12

   That same year, Wu and Wu demonstrated that cationic poly-L-
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lysine (PLL) could deliver DNA into HepG2 cells, and the delivery could be specifically targeted 

to asialoglycoprotein receptor on hepatocytes via receptor-mediated endocytosis by conjugating 

the PLL to asialoorosomucoid.
13

 Shortly thereafter, work in the laboratory of Jean-Paul Behr 

demonstrated DNA delivery with synthetic polymers, and early work with polyamine analogs 

containing secondary amines for DNA binding, lipospermines
14

 and polyethylenimine (PEI),
15

 

demonstrated that plasmid DNA (pDNA) could be compacted and delivered into mammalian 

cells in vitro and in vivo such that a reporter gene could be expressed.  These pioneering studies 

have led to substantial broadening of the field, as derivatives of these original structures and new 

molecular architectures have been studied with varying degrees of success, and new systems 

continue to be developed and modified to increase gene expression, cell-specific targeting, 

biocompatibility, and systemic delivery. 

The advantage of synthetic vehicles is the limitless potential for modification and 

improvement.  The remainder of this chapter will be devoted to nonviral DNA delivery, with a 

heavy focus on the plasma membrane as a biological barrier to transfection.  The majority of this 

chapter will describe cationic polymers as DNA delivery vehicles, specifically in terms of their 

benefits as DNA delivery agents as well as the development and characterization of novel 

carbohydrate-containing polymers in the Reineke lab.  A detailed review of the current research 

devoted to understanding the biological delivery mechanisms is also included. 

2.2 Reineke Group Polymers 

 For nonviral vehicles to be a viable therapeutic strategy, high delivery efficacy must be 

attained with a nontoxic vehicle.  Carbohydrate based polymers, such as chitosan (Figure 2.2), 

have been shown to compact and deliver DNA in a non-toxic manner at high concentration, but 
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development as a clinical vehicle has been hindered by low delivery efficiency.
16

  Conversely, 

polyamine-based structures, such as PEI (Figure 2.2), have been shown to deliver DNA with 

high delivery efficiency, but the high delivery efficiency comes at a cost of low biocompatibility, 

as the high concentration of secondary amines in PEI exhibit toxicity at relatively low 

concentrations.
17-19

  Based on these examples, an ideal vehicle will likely need to combine 

cationic regions to encourage DNA binding, as well as groups such as carbohydrates for 

increased biocompatibility.  

 

 

Figure 2.2 – Chemical structures of polyethylenimine (PEI) and chitosan.  Figure reproduced 

from Liu. et al. (2005).
20

 

 

With this ideal vehicle in mind, Liu and Reineke copolymerized esterified carbohydrates 

with oligoethyleneamine comonomers to devise carbohydrate-based polymers with a backbone 

containing protonatable secondary amines for DNA condensation (Figure 2.3).  The purpose of 

these polymers was to determine if the biocompatibility of a PEI-like polymer could be improved 

upon by incorporating sugars into the backbone.  Of equal interest was whether the gene delivery 

efficacy could be preserved in these new polymers.  A library of glycopolymers, dubbed 

poly(glycoamidoamine)s (PGAAs), was synthesized, with each repeat unit containing between 

one and four secondary amines and one of four different carbohydrate esters: galactarate, 

mannarate, glucarate, and tartrate.
20-22

   The PGAAs are short polymers of between 8 and 14 

Polyethylenimine Chitosan 
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repeat units, and were synthesized by dissolving the carbohydrate and polyamine in methanol 

and triethylamine, and condensation polymerization occurred with stirring at room temperature 

for several hours.  These polymers are named according to the carbohydrate and the number of 

secondary amines per repeat unit.  These polymers were able to condense and charge-neutralize 

DNA at a very low polymer secondary amine to DNA phosphate (N/P) ratio, with the DNA fully 

bound at N/P 2-3 for most polymers.  The resultant polyplexes were spherical in morphology 

with a diameter typically between 100-200 nm for the polymers with four secondary amines.  

Lower amine stoichiometry had the general effect of creating larger structures.  However, all of 

the polyplexes retained a positive surface charge, likely necessary for interaction with the anionic 

cell surface.
20,21

   

The DNA compaction and polyplex structure results were highly favorable, so in vitro 

transgene expression experiments were completed to compare the ability of the polyplexes to 

deliver a packaged transgene to the nucleus of mammalian cell lines.
20,21,23

  These results were 

compared to the common transfection reagents PEI and chitosan.  Among the PGAAs, the 

structures containing four secondary amines performed optimally, and transgene expression was 

similar (within an order of magnitude) to linear PEI in BHK-21 (baby hamster kidney), HeLa 

(human adenocervical carcinoma), HepG2 (human hepatocellular carcinoma), and H9c2 (2-1) 

(rat cardiomyoblast) cells.  Remarkably, interrupting the charge density of PEI by inserting 

carbohydrate groups and lowering the polymer molecular weight rendered the PGAA polymers 

significantly less toxic than PEI and similar in cell viability to chitosan.   Interestingly, high 

polyplex internalization did not necessarily correspond to high levels of gene expression in H9c2 

(2-1) cells, as D4 was internalized most readily but did not lead to the highest transgene 

expression.
24

  This suggests that small structural differences within the PGAAs can affect 
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biological functions such that cellular uptake, DNA binding, and intracellular trafficking profiles 

can differ substantially between structurally similar polymers.  To better understand the 

biological effects of these small structural modifications, a series of systematic studies have been 

completed with different PGAA structures containing between one and six secondary amines in 

the polymer repeat unit.
20,21,24-26

  These studies have revealed that the structures containing four 

secondary amines are superior in terms of their biological gene delivery properties, and 

additional mechanistic studies have focused on these analogs. 

 

  

Figure 2.3 – Chemical structures of the poly(glycoamidoamine)s (PGAAs).  Biological studies 

of these polymers will be presented throughout this dissertation.  R = H or site of branching.  

Figure modified from Liu, et al. (2006).
23
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 Considerable research has been performed in the Reineke lab to try to understand the 

complex mechanisms dictated by the polymer that lead to efficient DNA binding, DNA release, 

and intracellular trafficking.  Prevette et al. investigated the mechanisms of DNA condensation 

by PGAAs.
27

  The thermodynamics of polymer-DNA binding were fit to a two-site binding 

isotherm, with site 1 corresponding to longer-range electrostatic interactions and site 2 

corresponding to closer-range interactions, likely hydrogen bonding.  The extent of hydrogen 

bonding appears to be contingent on the hydroxyl stereochemistry of the carbohydrate.  Circular 

dichroism revealed a loss of ellipticity upon binding, and this effect was enhanced in the 

strongest DNA binding polymers, G4 and T4.  Infrared spectroscopy was used to measure 

functional group vibrational changes within the DNA bases. Notable shifts in the imidazole 

nitrogen stretching bands were observed suggesting hydrogen bonding between the carbohydrate 

groups in the polymer and pyrimidine bases on DNA, leading to strong binding. This observation 

was further evidenced by exclusion of ethidium bromide (EtBr) from the DNA bases upon 

polyplex formation, as close polymer interactions with the DNA bases causes intercalated EtBr 

to be excluded from the condensed polyplex.   This study substantially increased our 

understanding of DNA binding thermodynamics, and future research can use this information to 

develop new polymers such that polyplex surface structure and release kinetics can be controlled 

by precisely controlling DNA-binding.
27

 In a similar mechanistic study, Liu and Reineke 

investigated the effect of polymer structure on  buffering capacity, cellular internalization and 

gene expression.
24

  These data suggest that buffering capacity, which has been suggested to be 

important for buffering endosomes leading to their disruption, does not necessarily predict 

delivery efficiency.  Decreasing pH did not significantly change the surface charge of the 
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polyplex for glucaramide and tartaramide polymers containing butylene spacers between 

secondary amines.  These polymers had lower buffering capacity but higher gene expression that 

those with ethylene spacers.  This study also demonstrated that cellular internalization may be a 

key step leading to efficient gene expression, as PGAAs with four secondary amines had higher 

cellular uptake, both in terms of polyplex quantity and number of cells transfected, than the 

polymers containing fewer secondary amines.  

 While we have observed cellular internalization and transgene expression in vitro, it is 

unclear how and when the polymer becomes separated from the DNA within the cell.  A 

breakthrough study by Liu and Reineke revealed that PGAA polymers can degrade at 

physiological pH within as little as 12 hours.
28

  The mechanism of degradation appears to be 

through amide hydrolysis as a result of presence of electron-withdrawing groups on the 

carbohydrate.  Polymers lacking carbohydrate do not degrade, and the degradable polymers show 

higher transgene expression levels in vitro.  This mechanism of DNA release may provide some 

of the keys to deciphering the mechanism of transfection of these delivery vehicles. 

The preceding studies are of tremendous value in understanding how chemical traits may 

influence the biological delivery mechanisms.  However, it is necessary to understand how these 

chemical structures influence the interactions that occur within the cell.  Only by understanding 

these mechanisms can efficient vehicles be designed to overcome the barriers presented by the 

cell and deliver a therapeutic DNA in an efficient and nontoxic manner.  Our group has devoted 

a large research effort to understanding the mechanisms of cellular internalization, intracellular 

trafficking, DNA release kinetics, polymer-derived toxicity.  Combining this knowledge with the 

previously-described results will provide a clearer picture of delivery at the molecular and 

cellular level.  Substantial work has been completed by Fichter et al. in understanding the 
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intracellular trafficking pathways of the PGAA polymer G4.
29

   This work demonstrated 

differences in the intracellular trafficking pathways for linear PEI and G4.  Most notable is the 

observation that G4 is trafficked through multiple organelles, possibly as a route to nuclear 

uptake.  Studies have suggested that nuclear uptake occurs during nuclear membrane breakdown 

during mitosis, due to the size restrictions on entry through the nuclear pore complex.
30

  This 

work suggests that G4 polyplexes can be internalized through caveolae-mediated endocytosis, 

and traffic to the Golgi, thence to the endoplasmic reticulum (ER).  The ER membrane is 

contiguous with the nuclear membrane,
31

 so trafficking through the ER elucidate an alternative 

mechanism to nuclear entry. This work also suggests polymer degradation as a mechanism of 

slow release from endosomes, which may lead to osmotic swelling of the endosome and 

sustained release of polyplexes in vitro.      

These important mechanistic studies have greatly enhanced our understanding of the 

transfection process, from DNA binding to intracellular trafficking.  While the polyplex 

trafficking studies have provided some insight into the mechanisms of internalization, an in-

depth study of polyplex binding to the cell surface and the endocytic mechanisms had not been 

completed.  These studies are the primary focus of this dissertation, and the remaining discussion 

in this chapter will concentrate on the internalization pathways in mammalian cells and their 

potential application to polymer-based nucleic acid delivery.  
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Figure 2.4 – Barriers to polyplex internalization.  Interaction with proteoglycans can lead to 

internalization, and the uptake route largely determines intracellular routing, with nuclear and 

cytoplasmic delivery among desired targets. Endocytic mechanisms can dramatically influence 

intracellular delivery of nucleic acids.  

 

2.3 Cellular Barriers to Polyplex Internalization 

 Despite intense research in the field, successful nonviral nucleic acid therapeutics have 

yet to come to fruition, and these vehicles have not been able to produce the delivery efficiency 

afforded by viral systems.  It is necessary to understand the molecules that the polymer-DNA 

complex interacts with as it approaches the cell surface, becomes internalized, traffics through 

the cytosol, enters the nucleus, becomes dissociated, and facilitates DNA expression.  This 
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presents several compelling questions regarding the interactions the polyplex encounters at each 

point (Figure 2.4). Is there a specific cell-surface receptor that mediates internalization?  Is 

cellular internalization via endocytosis or direct membrane penetration?  Does the polyplex 

traffic through the endosomal network, along microfilaments, or through cytoplasmic diffusion?   

Does the polyplex dissociate from its delivery vehicle and if so, where and how?   How does the 

DNA enter the nucleus?  Answering these questions is paramount to understanding how a 

synthetic vehicle can deliver a therapeutic nucleic acid, and these mechanisms must be 

understood before delivery vehicles can be rationally designed to deliver nucleic acids to specific 

cell types and to specific regions within the cell. 

 The plasma membrane is a significant barrier to nonviral DNA delivery.  The cell surface 

and the extracellular matrix (ECM) surrounding it are the first barrier a polyplex encounters en 

route into the cell.  The ECM is a dense network of proteins and carbohydrates on the cell 

surface, and the polyplex undoubtedly interacts with some of these molecules as a first step in 

internalization.  In 1996, Mislick and Baldeschwieler provided evidence that cell-surface 

glycosaminoglycans (GAGs) may be involved in binding PLL-pDNA complexes at mammalian 

cell surfaces.
32

  Using HeLa cells, transgene (luciferase) expression was decreased significantly 

upon competitive binding inhibition with free heparin and heparin sulfate, as well as when GAGs 

were removed enzymatically.  Removal of sulfate groups from the GAGs also led to a significant 

reduction in gene expression.  Using mutant Chinese hamster ovary cells (CHO) which were 

deficient in cell-surface GAGs, they were also able to show a marked decrease in gene 

expression compared to wild type cells that did present GAGs on their surfaces.  This pioneering 

study was the first to suggest that GAGs act as non-specific receptors for DNA delivery vehicles 
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based upon electrostatic interactions, and led to further studies to verify these findings and 

determine their applicability to other delivery systems. 

Glycosaminoglycan Charge Density:    Heparin > HS > DS > CSC = CSA > HA

Hyaluronic Acid (HA) Dermatan Sulfate (DS)

Chondroitin 4-sulfate (C4S) = “A”  (CSA) Chondroitin 6-sulfate (C6S) = “C” (CSC)

Heparin (Hep) / Heparan Sulfate (HS)

 

Figure 2.5 – Structures and charge density of glycosaminoglycans (GAG). 

 The GAGs are linear polysaccharides composed of a repeating disaccharide (Figure 2.5) 

composed of uronic acid (iduronic or glucuronic acid) and an amino sugar (N-acetyl 

glucosamine or galactosamine).
33

 GAGs are classified by the identity and glycosidic linkage 

between the sugars in the disaccharide repeat unit, and the degree of sulfation.
34

  There are 

several different types of GAGs produced by mammalian cells, including heparin, heparan 

sulfate, chondroitin sulfate, dermatan sulfate and hyaluronic acid.  With the exception of heparin, 

which is produced by mast cells and shed quickly from cell surfaces, and hyaluronic acid, which 

performs crucial functions as an extracellular matrix (ECM) component, GAGs typically exist on 
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cell surfaces attached to membrane-associated proteins, known as proteoglycans (PG). Proteins 

from the endoplasmic reticulum (ER) are transferred to the golgi apparatus, and polysaccharides 

of the repeating GAG units are attached to serine residues of the core protein through a linkage 

tetrasaccharide (Figure 2.6a), composed of a xylose-galactose-galactose-glucuronic acid 

sequence.  While still in the golgi, GAGs are conjugated with sulfate groups at nitrogen and 

oxygen atoms by sulfotransferase enzymes prior to exportation and incorporation into the plasma 

membrane.
31,35

     The resulting PG has GAG chains extending linearly from the core protein, 

forming large, hydrophilic, bottle-brush shaped structures (Figure 2.6b).  Core proteins of PGs 

can be transmembrane proteins or anchored to the membrane through 

glycosylphosphatidylinositol (GPI) linkages.  Proteoglycans are a vital component of the ECM, 

and perform many important roles in cell biochemistry.  The carbohydrates in the ECM cross-

link with collagen fibers, and this protein-carbohydrate network provides the necessary structure 

for tissues.  Proteoglycans are therefore involved in a wide variety of tissue types, and are 

involved in maintaining the compressibility of cartilage, the viscoelasticity of blood vessels, and 

the strength of tendons and skin.
36

   The dense gel-like structures of GAGs in the ECM  can 

regulate the traffic of cell signaling molecules, as well as acting as co-receptors for molecules 

such as growth factors and cytokines.
31

  In addition to these vital functions, it has also been 

shown that viral pathogens such as herpes simplex virus, HIV, and adeno-associated virus can 

bind to GAGs as receptors for internalization.
33,37,38
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Figure 2.6 – Structure of proteoglycans. A.) GAGs link to core proteins through a link 

tetrasaccharide attached to serine residues.  B.) TEM image of an isolated PG, illustrating the 

large, bottle-brush shape.  Figure reproduced from Chen and Wight, J. Histochem. and 

Cytochem, (1984), 32, 347.
39

 

 

 As mentioned previously, the GAGs in the ECM are polysulfated, and these molecules 

are the most anionic components of the cell membrane.  Due to the high negative charge density 

and the observance of GAG-mediated viral entry, cell surface GAGs emerged as a potential 

receptor for cationic DNA delivery vehicles as well.  After the initial studies by Mislick and 

Baldeschwieler, several other groups attempted to determine GAG involvement in the 

internalization of other DNA delivery vehicles.   Several groups looked at internalization of 

cationic lipid DNA delivery vehicles by a GAG-mediated route.  Mounkes et al. studied the 

effect of cell-surface GAGs on gene expression by cationic lipid vehicles composed of 

DOTIM:DOPE and DOTIM:cholesterol.
40

  They demonstrated that the PG-deficient cell line 

(Raji cells) shows very little luciferase expression when transfected with lipoplexes containing a 

plasmid DNA (pDNA) encoding the luciferase enzyme.  When Raji cells were modified to stably 

express the heparan sulfate proteoglycan syndecan-1, they showed that efficient transfection 

B.) A.) 
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could be achieved compared to wild type cells.  Competitive inhibition with several sulfated 

polysaccharides (fucoidan, dextran sulfate, and heparin) showed highly reduced luciferase 

expression in B16 cells compared to an untreated control, and against a control of cells treated 

with a non-sulfated dextran.  These results suggested that the binding of cationic lipoplexes to 

GAGs was charge-mediated.  Pretreatment of mice with heparinase I or fucoidan also led to 

reduced luciferase expression following intravenous injection of lipoplexes, suggesting a role for 

sulfated GAGs in internalization in vivo.   

 Using PG-deficient Chinese hamster ovary (CHO) cells, Belting and Petersson showed an 

increase in transgene expression of pDNA delivered by Lipofectamine compared to that 

observed in wild type cells or cells deficient in heparan sulfate (HS), suggesting internalization 

may be impeded by PGs.
41

 This was further substantiated using [
32

P]-labeled pDNA, as lipoplex 

uptake in PG-deficient cells was 3.5- and 2- fold greater than in HS-deficient, and wild-type 

cells, respectively, when pDNA concentration was 2 µg/ml.  However, the PG-deficient cells 

showed an increased susceptibility to cytotoxicity, suggesting a protective role for PGs in 

nonviral DNA delivery.  A similar effect was observed upon chlorate inhibition of GAG 

sulfation.  The cytotoxic effect was reversed when subjected to exogenous GAGs, possibly 

suggesting that lipoplex association with GAGs prevents cationic lipoplex interaction with 

plasma membrane lipids, which could lead to cell damage and toxicity.
41

 

 The above studies suggest that electrostatic interactions mediate the binding of cationic 

lipids to GAGs.  Wiethoff et al. used heparin-derivatized sepharose columns and isothermal 

titration calorimetry to investigate binding interactions between lipoplexes and heparin and 

heparan sulfate.
42

 At low ionic strength, lipoplex binding to heparin-derivatized surface and 

heparin caused aggregation of lipoplexes, suggesting an electrostatic affinity between lipoplexes 
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and heparin.  ITC revealed that interaction of lipoplexes with heparin is entropically and 

enthalpically-driven, with the more favorable (exothermic) interactions occurring at high ionic 

strength.
42

  These results also support interaction of cationic vehicles with cell-surface PGs via 

an electrostatic affinity. 

 Similar studies to assess GAG involvement in cellular internalization have been 

completed with cationic polymers.  An initial study by Belting et al. investigated the role of 

GAGs in the internalization of spermine polymers by human lung fibroblast cells.
43

  They 

observed substantial inhibition of internalization when HS was removed enzymatically, as well 

as when GAG synthesis was competitively inhibited and upon inhibition of GAG sulfation, 

suggesting that sulfated GAGs aid in the internalization of spermine, and supporting a possible 

role of GAGs in polyplex uptake.    

 The group of Urtti made considerable efforts to understand GAG contribution to cationic 

vehicle uptake.  They have performed several studies to assess GAG interaction with cationic 

lipids and polymers.
44-46

  The results indicate that the interaction of cell-surface GAGs is carrier 

dependent.  They showed that GAGs can affect the structure of the vehicle-DNA complex, with 

the highest relaxation of complex structure observed with polymeric vehicles.  Lower levels of 

GAG-induced relaxation were observed with lipid-based vehicles.  Using gel electrophoresis, 

vehicle-DNA complexes incubated with a 3-fold charge excess of GAG did not significantly 

release DNA.  PEI was an exception to this, and showed DNA release upon incubation with 

GAG, suggesting polyplex destabilization at the cell surface.   A total loss of gene expression 

was observed upon competitive binding inhibition of polyplexes with free HS and CS and 

reduced gene expression by competitive inhibition with HA, suggesting that the binding to cell-

surface GAGs is crucial for internalization leading to subsequent gene expression.
46

  This was 
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confirmed by flow cytometry analysis, as free HS totally blocked internalization and free HA led 

to a 26% inhibition of internalization of PEI  polyplexes, leading to blocked and reduced GFP 

transgene expression respectively.
45

  Interestingly, competitive inhibition of PLL polyplexes with 

HA or HS resulted in an increase in internalization, leading to enhanced and reduced GFP 

expression, respectively.   These results clearly suggest a role of GAGs in PEI internalization, 

but the effect on PLL was less clear, and the data suggests that PLL-GAG complexes may have 

increased cell surface affinity over polyplex alone.  They also showed that cationic carriers could 

escort fluorescently labeled GAGs into the cell, both when complexed with the vehicle (in place 

of the DNA) or when associated as a ternary complex.  This study demonstrates that GAGs can 

enter the cell along with the carrier-DNA complex, which likely occurs if vehicles interact with 

cell-surface GAGs as a receptor.
45

   

 In a complementary study, Ruponen et al. used GAG modifications and cell lines with 

mutations affecting GAG biosynthesis to quantify the GAG concentration on the cell surface for 

the purpose of correlation with the amount of associated DNA complex and corresponding effect 

on transgene expression.
44

  DNA complexes were more abundant at cell surfaces in the absence 

of HS, even when the amount of CS was increased.  This increase in DNA association was 

greater than observed when CS and HA were removed, and did not affect fluid-phase 

endocytosis of a labeled dextran.  Addition of exogenous HS interfered with cell binding in HS-

deficient cells, suggesting a greater affinity of DNA complexes to HS than to the HS-deficient 

cell surface.  This effect was reduced in cells containing CS or HA, which suggests DNA 

complexes still bind to other GAGs in the presence of HS, such that charge mediation is not the 

only factor in vehicle-GAG association.  PEI internalization increased at least two-fold upon 

enzymatically removing CS and HA (using chondroitinase ABC (specific for all chondroitin 
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sulfate chains) and hyaluronidase, respectively), as well as when GAG sulfation (with chlorate) 

and GAG synthesis (with xyloside) were inhibited, but treatment with exogenous HA or HS 

significantly reduced internalization.  Interestingly, the same treatments had little impact on 

internalization of PLL polyplexes or DOTAP or DOTAP/DOPE lipoplexes, further illustrating 

that the carrier plays a vital role in determining the cellular internalization pathway.  Removing 

the GAGs from the surface enhanced transgene expression efficiency, suggesting that GAG-

mediated internalization leads to intracellular delivery that does not lead to transgene expression.  

Using radioactively-labeled GAGs, they calculated the GAG disaccharide content to be 150-675 

attomolar which, assuming uniform surface GAG distribution, allows the entire surface of the 

cell to be in contact with at least one GAG chain,
44

 making a GAG-independent internalization 

route unlikely in wild type cells.  Taken together, these works suggest cell surface GAGs to be 

involved in internalization, possibly playing an inhibitory role to internalization of DNA 

complexes.  These studies have supported vehicle-GAG interaction at the cell surface, but have 

fueled the debate of whether GAGs function as a receptor or a barrier to cellular internalization. 

Polyplex motion at the cell surface was observed using PEI-conjugated with quantum 

dots, and  random,  multidirectional motion of polyplexes was observed.
47

 This motion was not 

indicative of travel on microfilaments. Polyplex motion was not inhibited by disrupting PG 

sulfation, but PGs were necessary for stable, sustained cell surface binding and internalization of 

polyplexes.  Sequestering cholesterol with methyl-β-cyclodextrin (MβCD) also inhibits polyplex 

mobility at the cell surface and prevents internalization, suggesting a PG and cholesterol-

dependent binding mechanism.  This study suggests that PGs do indeed act as receptors for 

polyplexes, rather than simply an electrostatic binding site. 
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Once the vehicle binds to the cell surface, cell signaling events likely occur to stimulate 

the cell to internalize the particle.  Cellular internalization is a complex, regulated process that 

allows the cell to bring in molecules to satisfy the needs of the cell and the surrounding tissue.  

Thus, even after binding to the cell, the amphiphilic plasma membrane (PM) presents a 

significant barrier to vehicle uptake.  It is well known that cationic DNA delivery vehicles can 

traverse the cell membrane and deliver a packaged nucleic acid to the cell nucleus for expression.  

Likely, certain methods of entry lead to trafficking to specific regions of the cell; therefore,  

understanding the mechanisms the vehicle uses to traverse the PM are essential to designing new 

vehicles that more efficiently cross the PM.  This type of information would open up the 

possibility of targeting specific uptake pathways for unambiguous delivery to an intended 

intracellular location. 

 There are several known pathways of cellular internalization that a DNA delivery vehicle 

could potentially use to enter the cell (Figure 2.7-2.10). Desired is the internalization of 

macromolecular DNA vehicles through endocytosis and subsequent trafficking through the 

endosomal network, as direct membrane passage would necessitate cytoplasmic diffusion, likely 

an inefficient route leading to toxicity.  Endocytosis is the passage of molecules across the 

plasma membrane through interaction with the extracellular region of the membrane, resulting in 

the material being brought into the cell encapsulated in a membrane-bound vesicle in an energy-

dependent manner.
31

  This process is highly regulated and different cargo can be shuttled through 

the cell for processing.  The endocytic vesicle typically merges with other vesicles within the 

cell, and the cargo is sorted and sent to the proper intracellular location.  Endocytosis is 

responsible for bringing vital nutrients into the cell processing them for further use by the body. 

For example, low density lipoprotein (LDL) receptors on the PM bind LDL and internalize it by 
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endocytosis, after which it is shuttled to the lysosomes and degrades to form cholesterol, which 

is then returned to the PM by exocytosis and released into the bloodstream.
48

  Similarly, 

transferrin (TFN) receptors bind iron-laden TFN and are internalized by receptor-mediated 

endocytosis.  The vesicle-bound TFN is shuttled towards the lysosomes and low endosomal pH 

dissociates the iron from the TFN, supplying the cell with necessary iron. The receptor, still 

embedded in the vesicle membrane, is recycled to the cell surface (through exocytosis), and the 

receptor releases TFN to circulate and bind more iron to continue the process.
49,50

 

                     

Figure 2.7 – Schematic representation of the clathrin-mediated pathway.  A ligand internalized 

by this pathway is encapsulated in a clathrin-coated vesicle, which is released into the cytoplasm 

in a dynamin-dependent manner.  Vesicles are acidified as they traffic through endosomal 

compartments en route to lysosomes.  Figure reproduced from Kirchhausen et al. (2000).
51
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Endocytosis pathways are generally grouped into two classifications: clathrin-dependent 

and clathrin-independent endocytosis.
52

  To date, the three most studied pathways of endocytosis 

are clathrin-mediated endocytosis, caveolae, and macropinocytosis, and these three pathways are 

known to occur in most mammalian cell types.
53

  Clathrin-mediated endocytosis (Figure 2.7) 

was the first endocytic pathway to be discovered and studied, and is the best understood 

pathway.  Particles internalized by clathrin-mediated endocytosis are internalized inside vesicles 

surrounded by a polygonal clathrin lattice.  The clathrin proteins accumulate at the cytoplasmic 

face of a membrane invagination, and the coat is formed by the self-assembly of three clathrin 

heavy chains and three light chains.  The assembly of the light and heavy chains forms a three-

legged triskelion structure, which requires the recruitment of assembly proteins to form the 

coat.
53

  Adaptor proteins regulate the attachment of clathrin to membrane components to 

stimulate vesicle budding.
52

 The formation of a clathrin lattice around a membrane invagination 

is in response to ligand-binding to extracellular receptors.  The self-assembly of the clathrin 

chains provides the driving force for membrane invaginations to extend deeper into the cell and 

form vesicles.  Once the vesicle is fully formed, dynamin, a large GTPase, assembles into ring-

like structures at the neck of the vesicle and pinches off or propels the vesicle into the 

cytoplasm.
53-55

  The internalization of clathrin-coated vesicles is rapid, and once internalized, the 

clathrin coat is shed quickly, and the vesicle traffics along actin and microtubules to merge with 

early endosomes.
51,56,57

  From early endosomes, the cargo can be shuttled towards recycling 

endosomes for receptor recycling by exocytosis, or shuttled along microtubules towards late 

endosomes and lysosomes.
51

  Lysosomes contain digestive enzymes and low pH, and serves to 

degrade cargo internalized by endocytosis.
31

  Clathrin has been suggested as a cytoplasmic 

scaffold to recruit endocytic proteins likely in response to ligand binding to the extracellular 
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leaflet of the PM,
58

 so its involvement in internalization of nonviral DNA delivery vehicles is 

certainly possible. 

 

 

Figure 2.8 – Schematic representation of fluid-phase endocytic mechanisms in mammalian cells.  

Many of the finer mechanistic details remain to be elucidated, but endocytosis can have a 

pronounced effect on intracellular localization.  Figure reproduced from Mayor and Pagano 

(2007).
59

 

 

The discovery of clathrin-independent endocytic mechanisms (Figure 2.8) led to a 

dramatic shift in research focus to better understand these alternative pathways.
59

  Indeed, the 

fine details of the caveolae-mediated endocytic pathway have been intensively studied over the 

last several years.  Caveolae are membrane microdomains rich in cholesterol and 

glycosphingolipids, marked by the presence of oligomeric caveolin integral membrane 
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proteins.
60,61

  The caveolins are cholesterol-binding proteins and caveolin-1 (cav-1) is the most 

abundant isoform, and is ubiquitous on human cells.
61,62

  Caveolae are typically regarded as a 

lipid raft domain; raft microdomains are functionally similar except for the inclusion of cav-1 in 

caveolae.
61,63

  Indeed, some have argued that caveolae and raft-mediated endocytosis constitute a 

common pathway.
63

 Caveolae are membrane invaginations generally characterized as flask-

shaped, uncoated vesicles around 50-100 nm in diameter,
59,61

 although this absolute size 

restriction has been called into question recently.
64

  These uncoated vesicles are internalized in 

part through association and localized disruption of the actin cytoskeleton,
63,65

 constriction of the 

vesicle, release of the vesicle into the cytosol by dynamin, and traffic along microtubules to 

distinct endosomal compartments known as caveosomes.
66

  The intracellular trafficking, and the 

fate of the internalized cargo, remains unclear, but evidence suggests that trafficking of caveolae 

does not merge with the early/late endosomal network, and is not acidified during trafficking, 

eliminating the potential for lysosomal degradation.
67

  Interestingly, caveolae appear to be 

heavily involved in cell signaling, as many membrane receptors and signaling molecules 

congregate to caveolae microdomains.
62

  This feature may be exploited by gene delivery 

systems, as binding to these domains may lead to increased signaling and subsequent 

endocytosis.  Indeed, many studies have demonstrated that viral and bacterial pathogens, such as 

cholera toxin (which binds to raft-associated GM1), shiga toxins, HIV-1, and SV40, can bind to 

the cell and internalize through caveolae.
62,66,68,69

  Caveolae has also been shown to lead to 

transcytosis,
70,71

 which may present a potential mechanism for deep tissue penetration in vivo.  

Caveolae have also been shown to be involved in the internalization of vital nutrients, such as 

folate,
72

 presenting an interesting targeting option to avoid polyplex degradation in the 

lysosomes. 
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Macropinocytosis (Figures 2.8-2.9) is another clathrin-independent endocytic 

mechanism that has been heavily studied in recent years.  Macropinocytosis is a highly-regulated 

process, and is upregulated to ensure the nutritional needs of the cell are met.  For example, in 

response to growth factor binding, macropinocytosis responds transiently.
73

   Macropinocytosis 

also plays a significant role in cellular immune response.  Immature dendritic cells uses 

macropinosomes to engulf large quantities of soluble antigens, and macrophages use 

macropinocytosis, along with phagocytosis, to internalize large particles for clearance from the 

bloodstream.
73,74

  Macropinocytosis involves large actin-rich protrusions of the PM, known as 

membrane ruffles, which cause PM to collapse onto itself, stimulating the internalization of large 

volumes of extracellular milieu.  These vesicles are heterogeneous in size and considerably 

larger than clathrin-coated vesicles or caveolae, and have been reported to be as large as 5 µm in 

diameter.
75

  Some reports have suggested that dynamin plays a role in internalizing these 

vesicles.
76

  Macropinosomes travel on microtubules, and have been observed to rapidly recycle 

back to the PM, traffic towards the center of the cell, as well as fuse with early endosomes (en 

route to lysosomes) and other macropinosomes.
62,75,77

 They have also been suggested to serve 

distinct endosomal populations with respect to other pathways.
78

 Perhaps the most unique and 

interesting feature is that macropinosomes appear to have different fates, and likely different 

trafficking mechanisms, in different cell types.
77,78

   They are also thought to be inherently leaky 

vesicles, presenting a potential route of cytoplasmic delivery for DNA delivery vehicles.   

Consistent with other native methods of endocytosis, macropinocytosis has also been shown to 

be hijacked by foreign pathogens, such as Salmonella, Coxsackievirus, Shigella, and Chylamydia 

toxins.
73,77
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Figure 2.9 – Mechanistic details of macropinocytosis as revealed by live cell imaging.  

Macropinosomes are internalized and recycled, or tagged with phosphatidylinositol-3-phosphate 

for sorting and eventual degradation through endosomal trafficking to the lysosome.  Figure 

reproduced from Kerr and Teasdale (2009).
77

 

 

A striking discovery was that many of the same molecules responsible for internalizing a 

clathrin-coated vesicle also function with other mechanisms of endocytosis, such as caveolae and 

macropinocytosis.  For example, actin and dynamin have been shown to play a role in all three 

pathways.  The role of actin in endocytosis has been a matter of some debate, as some reports 

suggested an accessory role for actin in clathrin-mediated endocytosis, while later reports 

suggested actin function was required.
79,80

  Disrupting actin with cytochalasins, which cap 

growing ends of actin filaments and lead to depolymerization, has been a primary research tool 

for studying actin involvement in endocytosis.
81

  These studies have observed impaired scission 

from the PM, and result in vesicles attached to membranes by a long neck region, suggesting an 
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actin-dependent role in later events leading to completion of vesicle release from the PM and 

propulsion into the cytosol.
79,81

  Later studies have confirmed the role of actin in endocytosis, as 

well as post-endocytosis functions of vesicular trafficking and endosome motility, as well as in 

organelle localization.
81,82

   

Many distinct marker proteins and ligands, as well as specific molecular biology tools, 

have been identified that allow researchers to probe specific pathways to determine their 

involvement in certain cell types and with different extracellular molecules.
83

  Using these 

techniques and the three major pathways as a starting point, several researchers have begun to 

study the internalization and trafficking mechanisms for nonviral DNA delivery systems.  As the 

primary focus of this dissertation is on the internalization mechanisms of polymeric vehicles, the 

following discussion will be limited to studies on polymer-DNA complexes.   

The first in-depth probe into the internalization and trafficking pathways was published 

by Goncalves et al. in 2004.
84,85

  Using histidylated polylysine as a DNA delivery polymer, they 

showed that internalization occurred through clathrin-dependent and clathrin-independent 

mechanisms in HepG2 cells.  Since HepG2 cells are deficient in caveolae, and large vesicles 

containing polyplexes were observed, they speculated that macropinocytosis may be involved in 

the uptake of polyplexes.  Indeed, internalization was inhibited by dimethylamiloride (DMA), a 

Na
+
/H

+
 exchange pump inhibitor, and stimulated by phorbol 13-myristate 12-acetate (PMA), a 

protein kinase C activator, which have been demonstrated to inhibit and stimulate 

macropinocytosis, respectively.
78,86,87

  Similarly, reduction of uptake upon depletion of 

membrane cholesterol with methyl-β-cyclodextrin and disruption of actin filaments with 

cytochalasin D (CytD) supports macropinocytosis as an uptake pathway.  However, transgene 

expression was completely inhibited using chlorpromazine (CP), an inhibitor of clathrin-
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mediated endocytosis which causes misdirection of clathrin lattice formation from the PM to 

early endosomes, suggesting that polyplexes internalized through a clathrin-mediated route do 

not lead to nuclear trafficking.
88

  A similar effect to transgene expression was observed when 

macropinocytosis was stimulated with PMA, confirming the previous observations.  Thus, for 

histidylated polylysine, a clathrin-dependent route was necessary for efficient transgene 

expression and was inhibited by internalization in macropinosomes, likely due to recycling and 

exocytosis of polyplexes.
84,85

  

The internalization mechanisms of other polymeric vehicles have been investigated in the 

recent literature.  It was found that clathrin and caveolae play a role in internalization of poly(2-

(dimethylamino)ethyl methacrylate) (pDMAEMA)-based DNA delivery vehicles.
85,89

  van der 

Aa et al. observed colocalization or labeled vehicles with fluorescent markers of the clathrin 

(transferrin, TFN) and caveolae (cholera toxin B subunit, CTX).  However, transgene expression 

was completely blocked using MβCD and genistein, a tyrosine kinase inhibitor shown to inhibit 

caveolae,
68,87

 but was unaffected by CP, suggesting a caveolae-mediated uptake route leads to 

efficient transfection.
89

 A similar study with poly(amidoamine) (PAMAM) dendrimers showed 

internalization of dendrimer-DNA complexes occurs through a caveolae-mediated pathway in 

human endothelial cells.
90

  This was demonstrated by inhibition of caveolae with MβCD and 

filipin III, a cholesterol-binding molecule that has been shown to specifically inhibit caveolae,
68

 

with a corresponding decrease in gene expression.  However, for PAMAM dendrimers, the 

mechanism of internalization appears to be dependent on the cell type, as similar studies in 

HepG2 and HeLa cells show caveolae-independent internalization, in which case cholesterol 

depletion had little effect on internalization.
85

   This likely depends on the cell biochemistry and 

natural function, as well as expression of endocytic proteins.  Indeed, caveolae-mediated 
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internalization of CTX increased when cav-1 was overexpressed in HeLa cells, and an altered 

internalization mechanism of Gm1 (a lipid raft-associated sphingolipid) was observed when 

caveolae were inhibited with nystatin, which binds and sequesters cholesterol.
91

  Surface 

functionality can also impact internalization of PAMAM dendrimers, as anionic dendrimers have 

been shown to enter through a caveolae-dependent route, with neutral and cationic dendrimers 

entering through a clathrin and caveolae-independent route, as CP and filipin III did not affect 

internalization.
92

 These data illustrate that cell type, as well as DNA delivery vehicle structure 

and surface functionality, can significantly impact the internalization route. 

A significant body of work has been compiled on the internalization route of PEI, and the 

remainder of this section will focus on these studies.  Different studies have shown that PEI 

internalization can be dependent on structure (linear vs. branched PEI).  PEI polyplexes have 

been shown to internalize through a clathrin and caveolae-mediated uptake route, as 

colocalization with TFN and CTX has been observed.
93

  Using endocytic pathway inhibitors, cell 

type specific variations in the internalization mechanisms were observed.  In COS-7 cells, a 

monkey kidney cell line, a clathrin-dependent mechanism lead to highest gene expression, but in 

HeLa cells both clathrin and caveolae led to internalization, with the caveolae pathway leading to 

slightly higher gene expression.  However, in HUH-7 cells, a human hepatoma cell line, linear 

PEI gene expression was mediated by a clathrin-dependent route, and transgene expression by 

branched PEI was mediated by both pathways, providing evidence that internalization leading to 

transgene expression is mediated by chemical structure, as well as cell type.
93

  However, in a 

similar study with COS-7 cells, colocalization was observed between linear PEI polyplexes and 

TFN as well as CTX, suggesting multiple routes of uptake.  However, only marginal decreases in 

internalization were observed upon pharmacological inhibition, with a caveolae mechanism 



34 

 

appearing to be predominant.
89

  These seemingly conflicting studies suggest that both pathways 

are likely involved in linear PEI internalization, and may depend on other factors, such as cell 

cycle.
85

  Another set of  complementary studies showed that PEI polyplex internalization 

proceeded by both clathrin and caveolae in HeLa and A549 cells, a human airway epithelial cell 

line, where inhibition with CP and filipin III led to higher uptake inhibition in HeLa cells, and 

gene expression appeared to occur exclusively through a caveolae-mediated entry route.
94,95

 

Previously discussed studies provide strong evidence that chemical structure significantly 

affects the internalization of polyplexes.  A recent study provided evidence that molecular weight 

of PEI can affect the internalization.  Polyplexes with 8.1 kDa linear PEI was better internalized 

by CHO cells than with lower MW (1.8 kDa and 5.0 kDa) analogs, and that the higher 8.1 kDa 

MW PEI had lower transgene expression than the intermediate MW analog.  The higher MW 

analogs also appeared to better protect DNA from degradation, as determined by quantitative 

RT-PCR.
96

  A similar study demonstrated that polyplex size can also influence cellular entry and 

trafficking pathways.  Small PEI polyplexes (< 100 nm) appear to enter via a caveolae route, and 

traffic to the endoplasmic reticulum (ER), where intermediate polyplexes (100-200 nm) were 

internalized primarily by clathrin-mediated endocytosis, as observed by TEM.
97

   Larger 

polyplexes entered through macropinocytosis, as membrane ruffling was observed proximal to 

the particle, suggesting particle internalization by macropinocytosis.
97

   

Significant studies in live cells have been published to attempt to visualize the entry and 

trafficking mechanisms of PEI polyplexes.  An early study by Godbey et al., using PEI 

polyplexes in which both the polymer and the pDNA were fluorescently labeled, showed that 

PEI polyplexes entered human endothelial-like (EA.hy 926) cells, travel within puncta (likely 

endosomes) and localized to the nucleus within 4-5 hours post-transfection for transfection of an 
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EGFP reporter gene.
17

  An interesting observation was that cells could be transfected with PEI 

alone and nuclear localization was still observed.  A later study by Bausinger et al. used single 

particle tracking techniques to provide a clearer picture of the internalization of PEI polyplexes.  

They showed that Cy3-labeled PEI polyplexes attached to HUH-7 cell surfaces within 10 

minutes after addition to cells, and colocalization between polyplexes and actin filaments 

(expressing an EGFP chimera) was widely observed.
98

  Particle mobility was characterized three 

ways: free diffusion, restricted diffusion, and active transport.  It has been suggested that binding 

of PEI polyplexes at the cell surface to heparan sulfate proteoglycans (HSPG) triggers interacton 

between actin filaments and HSPGs during vesicle budding for endocytic uptake,
99

 so these 

associations may be necessary for stimulating endocytosis.  A different type of motion is 

observed 90 minutes post-transfection, distinct from actin mobility and with higher velocity.  

Using an EGFP-tubulin chimera, they visualized PEI motion along microtubules, likely mediated 

by kinesin or dynein molecular motors, and association with microtubules in the perinuclear 

region may facilitate polyplex entry into cell nuclei during mitosis.
98

 

Polyplexes may internalize through clathrin and caveolin-independent trafficking routes.  

For example, binding of PEGylated polylysine to cell surface nucleolin has been suggested as a 

possible alternate uptake route involving nucleolin as a cell surface receptor.
100

 A compelling 

study by Payne et al. using live cell imaging showed that PEI polyplexes are internalized by a 

clathrin and caveolin-independent route, but dependent on flotillin-1 and dynamin.
101

  Flotillin-1 

has been identified as a possible clathrin and caveolin-independent uptake route that buds from 

the PM into distinct endosomal compartments.
102

  Indeed, PEI polyplexes can be internalized by 

this route, as confirmed by colocalization with EGFP-flotillin-1, and dynamin dependence was 

assessed by inhibition with Dynasore, a non-competitive, reversible inhibitor of dynamin.
103

  In 



36 

 

the absence of dynamin function, polyplex internalization was reduced by 80%.  HSPGs also 

colocalize with flotillin-1, supporting the PG dependence on internalization.  The polyplexes, 

together with HSPGs, traffic in flotillin-1 positive vesicles, and are trafficked to late endosomes, 

but do not appear to traffic from early endosomes.   

Passive internalization may also present an alternative to delivery by clathrin or caveolin-

based endocytic routes.  Pioneering work in this area by Hong et al. have shown that polymeric 

DNA carriers, such as PEI and PAMAM dendrimers, can induce nanoscale holes in biological 

membranes.
104,105

  By monitoring pre-existing defects in supported lipid bilayers by atomic force 

microscopy, they have shown that cationic polymers can expand these preexisting defects, likely 

through interaction and removal of the lipids.  This membrane disruption effect could lead to 

internalization of polyplexes through direct membrane penetration and provide direct access to 

the cytoplasm.  This also presents a plausible toxicity mechanism that could be overcome if the 

local disruption is small and transient.  

These alternate pathways illustrate the complexity in studying the endocytic pathways of 

polymeric vectors, and can begin to clarify our understanding of polyplex internalization.  These 

pathways may play a significant role in polyplex internalization, and further studies with these 

and analogous vehicles can begin to elucidate the properties that lead to effective internalization.  

 

2.4 – Motivation for Studying Cellular Internalization of PGAA Polyplexes 

The studies with PEI and other polymeric vehicles reveal that size, chemical structure and 

functionality, and surface charge all play significant roles in cellular internalization and 

trafficking mechanisms that lead to gene expression.  Studies in this area have only begun to 
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elucidate the molecular interactions that occur between the cell and the polyplex that facilitates 

cellular entry or trafficking to specific locations within a cell.  For nonviral DNA delivery to be a 

viable therapeutic option, it is crucial to understand these molecular mechanisms.  This 

knowledge would provide information leading to rational, systematic design of functional 

materials that can efficiently enter and traverse the cell, with the end goal of precise intracellular 

targeting for maximum efficacy.  For pDNA delivery to express a therapeutic protein, ensuring 

that the majority of pDNA reaches the nucleus for expression is key for optimal therapeutic 

effect.  Likewise, if the goal is to knock down protein expression using RNA interference 

(RNAi), delivery and unpackaging of the vehicle must occur in the cytoplasm, and nuclear 

delivery should be avoided.  

Internalization and intracellular trafficking are inexplicably linked, so targeting specific 

endocytic pathways can be a method for attaining specific intracellular delivery.   Towards this 

end, our group is interested in characterizing the molecular interactions of the PGAA polymers 

designed by our lab with molecules involved in cell surface binding and endocytosis.  The 

majority of this dissertation addresses two primary aspects of the internalization mechanism of 

PGAA DNA delivery vehicles (Figure 2.10): the binding of PGAA polyplexes to cell surface 

GAGs (Chapter 3), and delineating the pathway of internalization (Chapter 4).  The former was 

accomplished using in vitro uptake and transgene expression experiments, as well as biophysical 

characterizations to observe binding preferences between polyplex and GAG, to provide a 

clearer picture of polyplex-GAG interactions at the cell surface that lead to internalization.  

While the topic of polyplex-GAG binding has been addressed previously in the literature, many 

studies have simply looked at interactions with heparin or heparan sulfate. While these initial 

studies are important, heparin and HS are highly negatively charged, and their interactions with a 
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cationic vehicle may simply be a result of cooperative electrostatic binding, not necessarily 

implying a specific interaction.
106

  As such, binding of heparin to vehicles may tell us little about 

the affinity between the two, and we want to ascertain any non-electrostatic contributions.  To 

address these questions, we have taken a systematic approach and studied a series of cell surface 

GAGs and their contribution to polyplex binding to mammalian cells. 

 

Figure 2.10 – Summary of cellular internalization pathways of polyplexes formed with PGAA polymers 

and DNA.  a) Polyplexes form spontaneously by mixing DNA and polymer, forming cationic spherical 

“polyplexes.”  b) The polyplex can be internalized by multiple pathways that can lead to nuclear 

trafficking, including macropinocytosis (far left), clathrin-mediated endocytosis (middle left), caveolae 

(middle right), as well as non-endocytic direct membrane penetration (far right). These pathways are 

explored in this dissertation to investigate the mechanism of cellular internalization of PGAA polyplexes.  
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The internalization route was approached using in vitro manipulations of endocytic 

function and studying the effect internalization and transgene expression when specific pathways 

were modified. Confocal fluorescence microscopy was used to visualize the interactions between 

labeled polyplexes and molecules along specific endocytic pathways.   In vitro and cell free 

assays were used to determine the contribution of passive entry through transient membrane 

disruption, as this potential contribution to internalization is often ignored. The data from these 

series of experiments were combined to delineate a clearer picture of how the PGAAs bind to the 

cell surface and traverse the plasma membrane.   
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3.1 Abstract 

 Understanding the mechanisms of cellular internalization is necessary for rational design 

of efficient DNA delivery polymers.  We present evidence that poly(glycoamidoamine) (PGAA)-

DNA complexes interact with cell-surface glycosaminoglycans (GAG) in a manner that is not 

solely dependent on charge.  Competitive inhibition of polyplex internalization by free GAG 

leads to a trend of inhibition that does not match the trend of GAG charge.  Furthermore, 

internalization of PGAA polyplexes appears to be dependent on GAG sulfation on mammalian 

cell lines, as desulfating HeLa cell GAGs with chlorate led to a dramatic decrease in polyplex 

internalization.  The presence of GAGs appears to be necessary for efficient internalization, as 

polyplex internalization and transgene expression were significantly decreased in GAG-deficient 

CHO cells, but internalization was decreased to a small degree in heparan sulfate (HS)-deficient 

analogs, suggesting that interaction with GAGs other than HS leads to internalization.  PGAA 

polyplexes are dissociated by GAGs in a charge independent manner, which may suggest that 

interactions between polymer and GAG carbohydrates contribute to polyplex binding.  As 

measured by dynamic light scattering and TEM, GAGs appear to accumulate on the surface of 

polyplexes without disrupting the complex, which may stimulate cellular internalization due to 

close interactions between the polyplex and the GAGs.  Fluorescence measurements of an 

intercalating dye suggest that interaction with GAGs can induce polyplex decompaction, and 

may present a potential DNA release mechanism.  These results infer that similar interaction may 

occur on cell surfaces, providing evidence that GAGs function as cell surface receptors for 

PGAA vehicles, and that the interaction may be a function of close interactions between polymer 

and GAG, rather than a solely electrostatic interaction. 
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3.2 Introduction 

The previous chapter describes how non-viral nucleic acid delivery has emerged as a 

potential therapeutic strategy that promises a broad impact in disease treatment.
1
  These vehicles 

have been developed primarily as therapeutic alternatives to virus-based nucleic acid delivery 

systems. Non-viral systems can overcome the drawbacks presented by viruses, such as 

immunogenic concerns and relatively low DNA loading capacity.
2
  Several subclasses of non-

viral vehicles have been developed and studied, including those based on cationic polymers, 

lipids, and peptides.
2
  Furthermore, synthetic delivery vehicles can be easily modified to increase 

residency in the bloodstream,
3
 facilitate cell specific targeting,

4
 and for monitoring delivery in 

vitro and in vivo,
5
 which make these systems an attractive approach for site-specific DNA 

delivery.   However, progress in developing highly efficacious non-viral nucleic acid delivery 

vehicles has been hindered by an incomplete understanding of the molecular mechanisms of 

delivery at the cellular level.  In order to attain efficient, specific, and safe delivery of 

therapeutics, it is necessary to understand the precise mechanisms of delivery, including the 

specific molecules a therapeutic agent interacts with as it maneuvers the cell.  The current 

understanding of the trafficking mechanisms of non-viral DNA delivery vehicles has been 

extensively reviewed elsewhere.
2,6,7
  These types of studies are essential for the advent of next-

generation vehicles that are able to complex nucleic acids and facilitate interaction with specific 

molecules on and within cells, with the goal of attaining precise control over cell-specific entry, 

intracellular localization, and nucleic acid release kinetics.  Indeed, the cellular binding, 

internalization, and trafficking pathways are certainly a function of chemical functionality and 

structure of the vehicle, and understanding these aspects is crucial for rational vehicle design.   
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Towards this end, our group has developed a series of cationic glycopolymers, termed 

poly(glycoamidoamine)s (PGAAs, Figure 3.1) for use as DNA transport vehicles.
8-10
    Through 

a series of systematic studies described in the previous chapter, we have determined that having 

four secondary amines in each repeat unit leads to the most efficient DNA binding and leads to 

the highest delivery of a transgene into mammalian cells in a nontoxic manner.
11,12

   As we will 

describe in the next chapter, these vehicles are able to enter the cell through multiple endocytic 

routes, utilize different trafficking methods for cytosolic delivery to the cytosol or to the nucleus 

for expression of a packaged transgene.  Moreover, we have demonstrated that these polymers 

can degrade under physiological conditions, which likely influences the ability of the vehicle to 

traffic and release the nucleic acid cargo, and affects the overall kinetics of delivery.
13
 

This chapter describes experiments designed to characterize the nature of PGAA 

polyplex interactions with components of mammalian cell surfaces to understand the nature of 

the cell binding events that allow the polyplex to enter the cell.  These studies have focused on 

understanding the interactions with cell-surface glycosaminoglycans (GAGs). The GAGs are 

linear polysaccharides of a repeating disaccharide motif that exist on cell surfaces, forming a 

major component of the extracellular matrix.  They primarily exist bound to transmembrane or 

GPI-anchored proteins forming structures known as proteoglycans (PGs).  In vivo, GAGs are 

vital in tissue functioning, and play important roles in cell migration, differentiation, and cell-cell 

communication, including the binding and sequestration of cell-signaling molecules such as 

growth factors.
14,15

  They also form structural elements that are essential for the function of 

specialized tissue, such as the compressibility of cartilage, tensile strength of skin and tendons, 

and the viscoelasticity of blood vessels.
16
   Changes in GAG structure have also been implicated 

in tumorigenesis.
17
  The ability of GAGs to cluster receptors can aid in binding molecules for 
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internalization.
18
  The GAGs are the most anionic component of the cell membrane, due to post-

translational N- and O- sulfation on the sugars.
19
 Moreover, the GAGs have been shown to be 

involved in the docking of several viral pathogens, such as HIV-1,
20
 adeno-associated virus,

21
 

and herpes simplex virus,
19
 which led to the speculation of their involvement as a primary 

receptor for cationic DNA delivery vehicles.   

 

                

Figure 3.1 – Chemical structures of the poly(glycoamidoamine) DNA delivery polymers.  

Polymers consist of a carbohydrate monomer (galactarate (G), glucarate (D), mannarate (M), and 

tartrate (T), and a polyamine monomer containing four protonatable secondary amines. R = H or 

site of polymer branching. Figure was modified from Liu and Reineke (2006).
8
 

 

Previous studies suggest that GAGs may serve as a primary receptor to cationic DNA 

delivery vehicles.  Many important studies have been published demonstrating involvement of 
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GAGs in the internalization of polymer,
14,22-25

 lipid,
26-28

 and peptide-based
29-34

 DNA transport 

vehicles.  GAGs have also been proposed as a barrier to non-viral DNA delivery systems.
23,24

  

Many of these studies have suggested that vehicle-GAG interactions occur primarily with cell 

surface heparan sulfate (HS) proteoglycans.
25,30,35

  However, due to the strongly anionic nature 

of HS, interactions with positively charged vehicles does not necessarily imply that these 

proteoglycans act as receptors for the complex.
15
  Indeed, many studies have used highly sulfated 

GAGs, such as heparin, to competitively displace DNA from a vehicle as a measure of the DNA 

binding strength of the carrier,
9,36,37

 but these interactions do not suggest any specific affinity 

between polymer and heparin.  Therefore, an in-depth probe of many different GAGs, 

specifically GAGs that are presented on mammalian cell surfaces, is warranted to determine 

which GAGs lead to the highest interaction with the polyplexes that could lead to internalization. 

This work was designed to study the interactions of PGAA polyplexes with several different cell 

surface GAGs.  Specifically, we are interested in which GAGs lead to efficient cellular 

internalization, and determine the contribution of electrostatic interactions to internalization.  In 

these studies, we have chosen to study heparan sulfate, chondroitin sulfate, dermatan sulfate, and 

hyaluronate (Figure 2.X) due to their existence in mammalian tissues, and on HeLa cells, our 

model cell line.
38,39

  We have studied the effect of competitive uptake inhibition with free GAG, 

as well as the effect of GAG removal and removal of sulfate groups on cellular internalization 

and expression of a delivered transgene.  We have also developed and applied a series of 

biophysical techniques to investigate the nature of the polyplex-GAG interaction and structural 

changes to the polyplex that may occur upon interaction with the cell surface. We report 

evidence that PGAA polyplexes interact with GAGs in a manner that facilitates their uptake into 

mammalian cells.  The affinity is not solely governed by electrostatics, and the presence of 
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sulfated GAGs leads to efficient cellular uptake.  Certain polyplexes appear to prefer binding to 

specific GAGs, suggesting that a hydrogen bonding interaction may occur between the 

carbohydrates in the polymer and the GAG chains, which may present a potential targeting 

strategy.   Upon interaction with GAGs, the polyplex becomes surrounded by GAGs such that 

the surface charge becomes negative and the polyplex structure begins to decompact without 

dissociating.  This study is the most in-depth probe into polyplex-GAG interactions of which we 

are aware, and provides a more detailed understanding of polyplex binding to cell surface GAGs. 

3.3 Results 

For all in vitro experiments contained herein, cellular internalization is measured by flow 

cytometry.  Polyplexes are fluorescently tagged using pDNA conjugated to Cy5.  Cellular 

internalization is determined by an increase in intracellular fluorescence intensity with respect to 

untransfected cells, and the percent decrease in internalization using an inhibitor is assessed 

through comparison to a control transfected with polyplex but without inhibition.   

The first experiment done to observe polyplex-GAG binding at the cell surface used free 

GAGs (40 µg/ml) to competitively inhibit uptake of polyplexes into HeLa cells.  A decrease in 

uptake would suggest that polyplexes bind to GAGs in the media, causing less binding to occur 

at the cell surface.  Figure 3.2 shows a large decrease in uptake ( > 60%) was observed when 

uptake was inhibited by heparan sulfate, and slightly less inhibition with chondroitin sulfate C 

(27%-38%).  However, the trend of inhibition does not match the trend of GAG charge,  
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Figure 3.2 – Effect to polyplex internalization upon competitive uptake inhibition with free 

GAG.  HeLa cells were preincubated with GAGs at 4°C prior to transfection with PGAA 

polyplexes formulated with Cy5-labeled pDNA.  Intracellular fluorescence was measured by 

flow cytometry.  Data is presented as a percent decrease in internalization, measured by 

intracellular Cy5 fluorescence intensity, with respect to a control treated with polyplex but 

without GAGs.   

 

suggesting a charge-independent affinity between polymer and GAG.  This was further explored 

by desulfating the GAGs using sodium chlorate.  Chlorate inhibits ATP sulfurylase, which 

conjugates the sugars in the GAG chains with sulfate groups on amine and hydroxyl groups.
40
  

The resultant cell-surface GAGs exist in their non-sulfated form, dramatically reducing the 

charge of the GAGs.  When chlorate was used  to inhibit GAG sulfation (Figure 3.3), a decrease 

in cellular uptake of at least 80% is observed for the PGAA polyplexes, suggesting that the 

highly charged nature of the GAGs is necessary to bring the polyplexes into contact with the cell.   

We used linear polyethyleneimine (PEI) as a control, to compare the PGAA vehicles to other 
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well-studies vehicles.  Upon desulfation of GAGs on HeLa cells, an increase in PEI polyplex 

internalization was observed (as noted by a negative percent decrease in internalization in Figure 

3.3).  This suggests that sulfated GAGs present a barrier to PEI internalization, and provides 

evidence of an alternate uptake route used by PGAAs with respect to PEI. 
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Figure 3.3 – Effect to polyplex internalization upon removing sulfate groups from cell surface 

GAGs.  HeLa cells were incubated with sodium chlorate (35mM) for 36 hours prior to 

transfection with PGAA or PEI polyplexes formulated with Cy5-labeled pDNA.   Intracellular 

fluorescence was measured by flow cytometry.  Data is presented as a percent decrease in 

internalization, measured by intracellular Cy5 fluorescence intensity, with respect to a control 

treated with polyplex but without chlorate.  A negative percent decrease corresponds to an 

increase in cellular internalization with respect to an untreated control.  * p < 0.05. Jet-PEI (**) 

is statistically different from the PGAAs (p < 0.0001). 

 

GAG involvement in cellular uptake was studied further by observing the effect to 

internalization of polyplexes when GAGs are not present on cell surfaces.  Chinese hamster 
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ovary (CHO) cells and a mutant (pgsA-745) CHO cell line were used. The mutant cells lack 

xylosyltransferase, an enzyme responsible for linking a xylose residue onto the core protein of 

proteoglycans,
14
 which serves as a primer for GAG synthesis.  Wild-type CHO cells contain 

GAGs on their surface, so the cellular internalization profiles between the two cell lines were 

compared to observe the importance of GAGs in internalization.  Upon removal of GAGs 

(Figure 3.4a), we observed a large decrease (around 75%) in cellular internalization for G4, D4, 

and M4, suggesting the necessity of cell-surface GAGs for efficient internalization.  We saw 

only 55% inhibition for T4, suggesting that T4 polyplexes can internalize through a GAG-

independent method more efficiently than the PGAAs which contain four hydroxyl groups in the 

polymer repeat unit.  Again, we used PEI polyplexes as a control, and observed a much smaller 

inhibition of internalization in the absence of GAGs compared to PGAA polyplexes.   
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Figure 3.4 – Comparing polyplex internalization and transgene expression in GAG-containing 

and GAG-lacking cells.  a.) CHO (wild type, GAG-containing) and pgsA-745 (mutant, GAG-

lacking) cells were transfected with PGAA or PEI polyplexes containing Cy5-labeled pDNA.  

Presented data is intracellular Cy5 fluorescence intensity, measured by flow cytometry. b.) 

Expression of a reporter gene (luciferase) in CHO and pgsA-745 cells.  Luciferase expression is 

represented as relative luminescence units (RLU)/mg of cellular protein. * p < 0.0001; ** p < 

0.005; *** p < 0.05; # - not statistically significant from untreated cells. 

 

A luciferase reporter gene assay (Figure 3.4b) was used to determine the effect of GAG 

removal on transgene expression properties.  This experiment was designed to probe whether 

nuclear trafficking is accomplished through a GAG-dependent internalization route.   Indeed, in 

the absence of GAGs, transgene expression decreased by nearly two orders of magnitude for G4 

and M4 polyplexes, leading to transgene expression levels similar to uncomplexed DNA.  T4-

B. 
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mediated gene expression was inhibited to a slightly lesser degree, supporting the previous 

results suggesting T4 can enter the cell through a GAG-independent pathway which leads to 

nuclear trafficking.  Interestingly, D4-mediated gene expression was not inhibited by GAG-

removal.  Similar results were observed with PEI, suggesting that GAGs do not play a role in 

nuclear trafficking of D4 or PEI polyplexes.   

A similar experiment was done using another CHO mutant cell line, PgsD-677.  This cell 

line is deficient in N-acetylglucosaminyltransferase and glucuronyltransferase and is deficient in 

heparan sulfate biosynthesis while still producing chondroitin sulfate proteoglycans.  These cells 

allow us to assess the internalization of PGAA polyplexes in the absence of heparan sulfate.  

These results are presented in Figure 3.5.  PGAA polyplexes are internalized to a high degree 

and are minimally inhibited or non-inhibited by HS absence.  This is confirmed using heparanase 

III, a lyase enzyme which specifically recognizes and cleaves HSPGs, which also shows no 

inhibition of polyplex uptake when HS is removed (Figure 3.6). Transgene expression was 

increased in the absence of HS (Figure 3.5b). This suggests that, while PGAAs appear to have 

affinity for HS, it is not necessary for internalization.  Other GAGs, including chondroitin (CS) 

and dermatan sulfate (DS), are still available for polyplex binding, and internalization may occur 

through PGAA-CS/PGAA-DS interactions, rather that PGAA-HS interactions.  This continues to 

suggest that polyplex binding to the cell surface is not mediated solely by charge.  As observed 

in Figure 3.3, Jet-PEI is internalized to a higher degree in the absence of GAGs.  These results 

together suggest that, while sulfated GAGs in general appear to be a barrier to PEI 

internalization, interaction with HS may lead to internalization whereas interaction with other 

GAGs does not.  These results continue to demonstrate that polyplex binding and, as will be 
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discussed in the next chapter, endocytosis of PGAA vehicles occurs through different 

mechanisms than PEI. 
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Figure 3.5 – Comparing polyplex internalization and transgene expression in HS-containing and 

HS-lacking cells.  a.) CHO (wild type, GAG-containing) and pgsD-677 (mutant, HS-lacking) 

cells were transfected with PGAA or PEI polyplexes containing Cy5-labeled pDNA.  Presented 

data is intracellular Cy5 fluorescence intensity, measured by flow cytometry. b.) Expression of a 

reporter gene (luciferase) in CHO and pgsD-677 cells.  Luciferase expression is represented as 

relative luminescence units (RLU)/mg of cellular protein.  * p < 0.005, ** p < 0.001 
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Figure 3.6 - Effect of HS removal on polyplex uptake in HeLa cells.  HS was removed through 

enzymatic cleavage of the GAG chains.  * p < 0.0005 

 

Since the polyplexes appear to enter the cell mostly through sulfated GAG-mediated 

internalization, understanding the interactions between polymers and GAGs can help elucidate 

the complex mechanisms that facilitate binding of polyplexes to the cell surface and allowing 

their entry into the cell.  Specifically, we are interested in identifying differential affinities that 

might exist between each polymer and individual GAGs.  To accomplish this, polyplexes were 

formed and incubated with increasing GAG concentrations.  Using agarose gel electrophoresis, 
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we determined the concentration required to dissociate DNA from the polyplexes.  This 

information can provide clues about preferential interactions between GAGs and polymers. 

 Figure 3.7 represents the results of these experiments to determine the GAG 

concentration required to dissociate DNA from the four PGAA polyplexes.  Heparin, the most 

highly sulfated GAG, caused release of DNA at lower concentrations than the other GAGs, 

which is expected due to the high charge-density of heparin; however, heparin is produced by 

mast cells 
41
 via cleavage from its core protein 

42
, and should not be present on surfaces of HeLa 

cells.  The trend of dissociation for G4, D4, and M4 does not match the trend of increasing GAG 

negative charge, suggesting interactions other than electrostatics mediate the affinity between 

GAG and polymer.  In contrast, the dissociative trend of T4 more closely mimics the trend of 

increasing negative charge.  An exception can be found when examining the dissociation of T4 

by chondroitin sulfate.  As mentioned previously, CSC and CSA are isoelectronic, but while 

CSC released DNA from the polyplex at around 1.5 mg/ml, CSA at a concentration of 7.5 mg/ml 

did not dissociate the polyplex.  Similar results can be observed with the other polyplexes.  G4 

and M4 were also not dissociated by CSA at a concentration of 7.5 mg/ml, but D4 began to 

dissociate with only 0.75 mg/ml.  This suggests that D4 polymer may exhibit preferential affinity 

for CSA that does not exist with G4, M4 and T4, a feature that could be exploited for cell-type 

specific targeting.  D4 is also dissociated at a lower concentration of CSC than the other PGAAs, 

possibly suggesting a general preference of D4 for chondroitin sulfate.   
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Figure 3.7 – Gel electrophoresis experiments to determine GAG concentration (in µg/ml) 

required to dissociate polyplexes.  A.) Example of dissociating PGAA polyplexes in agarose gel 

when incubated with heparin. GAG concentration (in µg/ml) is shown at the top of each band.  

B.) Graphical summary of dissociation experiments.  The values represent the concentration of 

GAG required for the polyplex to begin to dissociate, i.e. first evidence of DNA migration in the 

gel. 
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Dynamic light scattering was used to observe alterations in polyplex size and surface 

charge when interacting with GAGs, in effort to comprehend the nature of the interaction that 

occurs between the polyplex and GAGs on the cell surface. For these experiments, polyplexes 

and GAGs were diluted in H2O to eliminate the effect of buffer on the interaction.  Polyplexes 

were incubated with 40 µg/ml GAG, and the results of these experiments are represented in 

Figure 3.8.  A slight compaction of polyplex size is observed for G4 and M4, where polyplex 

size remained mostly unchanged for D4.  Size appeared to increase slightly when T4 polyplexes 

were incubated with GAGs.  No GAG elicited a dramatic enough change to impede 

internalization, as polyplex size remained in the range of 80-140 nm.  However, incubating with 

GAG did induce a notable change in polyplex surface charge, causing a net negative charge on 

the polyplexes.  Polyplexes in water retain a positive surface charge, as the secondary amines in 

the polymer backbone are protonated at physiological pH, and the polyplexes are formulated at 

an N/P ratio of 20 and have an excess of polymer charge.  The negative surface charge suggests 

that the GAG chains accumulate on the surface of the polyplex, likely due in part to electrostatic 

interactions between the polymer amines and the GAG sulfate groups.  
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Figure 3.8 – Effect to PGAA polyplex size and surface charge upon incubation with GAG.  

GAGs (40 µg/ml) were incubated with polyplexes (in H2O) and the size and ζ-potential were 

measured.  Particle size (grey bars) is plotted on the primary (left) axis, and ζ-potential (black 

lines) plotted on the secondary (right) axis. * p < 0.005; ** p < 0.05; # not statistically significant 

from polyplexes in H20.  Zeta potentials of polyplex with GAG were all statistically different 

from polyplexes in water. 
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Figure 3.9 – Effect of to polyplex size upon incubation with GAG in Opti-MEM.  GAGs (40 

µg/ml in Opti-MEM) were incubated with polyplexes, and polyplex size was measured every 20 
minutes for one hour.  As controls, polyplex size in H2O and in Opti-MEM alone were measured 

for comparison. 

 

A closer model of polyplex-GAG interactions in vivo requires studying these interactions 

under physiological salt conditions.  Therefore, we monitored GAG-mediated changes in 

polyplex size and surface charge in Opti-MEM to mimic physiological salt concentrations 

(Figure 3.9). Polyplexes in water and Opti-MEM alone were used as controls.  Polyplexes in 

water maintain their size during the incubation.  Polyplexes in Opti-MEM showed significant 

size increases to 800-1000 nm., corresponding to aggregation or swelling of the polyplex, due to 

counter-ions neutralizing the surface of the polyplex or weakening the electrostatic interactions 
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between polymer and DNA.
8
  This size increase became larger over time.  Incubation with HS in 

Opti-MEM led to a modest increase in polyplex size, corresponding to a suppression of polyplex 

size increase.  HS is the most anionic GAG, and interaction of HS on polyplex surfaces could 

lead to charge repulsion between polyplexes, preventing aggregation.  Incubation with other 

GAGs produced weaker effects to polyplex size increase than HS.  Interestingly, in the case of 

G4 and M4, a significant inhibition of polyplex size increase was observed for HA, the weakest 

polyanion, suggesting that charge of the GAG is not the determining factor in interactions 

leading to swelling/aggregation.  Indeed, for D4, CSA and DS led to larger polyplexes than in 

Opti-MEM alone, and T4 polyplexes became larger upon incubation with GAGs other than HS.  

These data show that different polyplex-GAG interactions may lead to differences in polyplex 

swelling or aggregation in biological media, which may influence polyplex binding to the cell 

surface, and larger polyplexes may affect the kinetics of internalization.   

Transmission electron microscopy (TEM) was used to visualize the polymer-pDNA-

GAG ternary complexes to ensure the polyplexes stay intact upon interaction with GAGs.  The 

complexes were visualized using TEM (Figure 3.10), using the PGAA G4 as a representative 

sample.  Polyplexes were visualized by uranyl acetate staining.  G4 polyplexes in water are 

spherical and negatively stained by uranyl acetate, due to charge repulsion between the 

positively-charged polyplex and the cationic stain.  However, when polyplexes are incubated 

with GAGs, uranyl acetate accumulates on the polyplex surface due to attraction to the 

negatively-charged polyplex. It is to be noted that the polyplexes maintain their spherical 

morphology, and retain their size relative to untreated G4 in these dehydrated samples.  This 

confirms the accumulation of GAGs on the surface of polyplexes, and provides clues to the 

nature of interaction at the cell surface. 
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Figure 3.10 – Transmission electron micrographs (TEM) of G4 polyplexes (in H2O) or 

incubated with GAGs.  Polyplexes were stained with uranyl acetate.  G4 polyplexes in H2O show 

a negative staining pattern, due to repulsion of uranyl acetate, where polyplexes incubated with 

GAGs show a positive staining pattern, due to the negatively charged polyplexes attracting the 

cationic stain.  Scale bars = 100 nm. 

 

The polyplex likely comes into contact with the GAGs in the extracellular matrix prior to 

internalization, and this interaction may stimulate the cell to initiate endocytosis.  The polyplex 

needs to stay intact when in contact with the GAGs in order to be internalized, so it is necessary 

to understand any structural changes that occur when the polyplex comes into contact with cell-

surface GAGs.  This was investigated using a DNA intercalating dye PicoGreen
®
.  Fluorescence 
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decreases upon polyplex formation, likely due to close association of the polymer with the DNA 

backbone.
43
 We can use this tool to monitor the reincorporation of dye into the polyplex upon 

association with GAGs.  We can use defined minimum and maximum fluorescence values, 

corresponding to intact polyplexes and uncomplexed DNA, respectively, to quantify the amount 

of fluorescence recovery from PicoGreen
® 
intercalating into the accessible DNA bases. This 

increase in fluorescence can be directly correlated to decompaction or relaxation of the polyplex 

that allows dye molecules to permeate the polyplex.   

Polyplex relaxation was studied with polymer G4, and a GAG concentration range of 0-

45 µg/ml, as we have shown that the polyplexes do not dissociate in this concentration range.  

Note that this concentration is still much higher than the GAG concentration the polyplex is 

likely to encounter on the cell surface.
23
  Figure 3.11 shows the results of this experiment.  At 

lower GAG concentration, the fluorescence increases, suggesting more PicoGreen has been 

intercalated into DNA that is now more accessible due to relaxation of the polyplex structure.  

This fluorescence increase begins to plateau at a GAG concentration of 25 µg/ml, suggesting the 

polyplex and GAG have reached a stable ternary complex.  For G4, fluorescence increases most 

rapidly with HS, and remains higher with respect to the other GAGs after the complex stabilizes.  

G4 polyplexes incubated with CSA take the longest to reach a stable complex, and decompact 

such that nearly 50% of the relative fluorescence is restored, suggesting that G4 polyplexes in 

contact with CSA may have the most highly relaxed structure.   HA, the least charged GAG, 

shows the least fluorescence recovery. 
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Figure 3.11 – Investigating G4 polyplex structure alterations when in contact with GAGs.  G4 

polyplexes were formulated with pDNA intercalated with PicoGreen, which excludes the dye 

due to polymer compaction of the DNA.  Incubating with increasing concentrations of GAG 

show increasing fluorescence, suggesting decompaction of the condensed polyplex structure.  

Data is represented as normalized fluorescence intensity, as a percent of fluorescence compared 

to uncomplexed DNA (100%) and intact polyplexes in H2O (0%)  

 

3.4 Discussion 

We have shown that poly (glycoamidoamine) polyplexes interact with 

glycosaminoglycans in a manner that leads to internalization.  GAG sulfation appears to be 

critical for polyplex internalization, as desulfation with chlorate results in 79-92% decrease in 
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polyplex internalization. This suggests that an electrostatic interaction is required to bring the 

polyplex in contact with the cell, and this interaction likely is involved in signaling the endocytic 

event.  Similarly, a dramatic decrease in internalization is observed when the GAGs are not 

present, using GAG-deficient pgsA-745 cells, suggesting that GAGs serve as primary receptors 

for cellular internalization of polyplexes. We also observe a significant decrease in transgene 

expression in GAG-null pgsA-745 cells compared to normal CHO cells.  Certain proteoglycans 

may have nuclear localization signals,
44
 and GAGs have been found in cell nuclei, so interacting 

with GAGs may assist in nuclear trafficking of polyplexes.  Thus, binding to cell surface GAGs 

may facilitate polyplex shuttling to the nucleus by a GAG-mediated transport mechanism.  D4 is 

an exception to this behavior, which may suggest that the glucarate moiety in the polymer 

stimulates an alternate nuclear trafficking pathway. 

The interaction between polyplex and GAG does not appear to be solely mediated by 

charge.  Removal of HS from CHO and HeLa cells leads to minor changes in polyplex uptake, 

suggesting that interactions with other GAGs are sufficient to induce uptake.  Gel dissociation 

assays suggest polymers and GAGs may exhibit preferential affinities that can facilitate DNA 

release in a manner not solely charge-mediated, possibly through hydrogen bonding interactions 

that occur between the GAG and polymer.  Indeed, our group has shown that polymer-pDNA 

binding occurs partially through a hydrogen bonding interactions,
43
 so disrupting these 

interactions could depend on the specific interactions between carbohydrates in the polymer 

backbone and those in the GAGs.  We have also shown that, using TEM and ζ-potential 

measurements, GAGs appear to associate with the surface of the polyplex without disrupting the 

complex.  This suggests the ability of polyplexes to bind closely with the GAGs on the cell 

surface, possibly recruiting multiple proteoglycans to the polyplex surface.  This may be an 
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integral step in internalization, as these close interactions may bring the polyplex closer to the 

cell surface, which could lead to increased signaling to stimulate endocytosis.  Proteoglycans are 

known to cluster around bound ligands in order to cluster receptors for internalization,
18
 which 

supports particle internalization by this model.   

Using the PicoGreen fluorescence recovery assay, we have also shown that GAGs can 

cause structural changes to the polyplex without disrupting the complex.  GAGs are able to cause 

decompaction of G4 polyplexes, such that DNA bases are accessible to PicoGreen intercalation 

after being forced out by polymer-mediated DNA condensation.  This suggests that an overall 

conformational change may occur upon polyplex binding to cell surface GAGs.  The GAGs are 

likely internalized in tandem with polyplexes and may assist in DNA release, depending on the 

nature and amount of GAGs that are co-internalized. These interactions, while not strong enough 

to fully dissociate the complex, may represent a key step in DNA release once inside the cell.   

Interesting results were observed with polyplex containing the T4 polymer.  T4 showed 

slightly less uptake inhibition than the other PGAAs when GAGs were desulfated with chlorate.  

Internalization and transgene expression of T4 polyplexes were also less inhibited when GAGs 

were not present on cells.  This suggests that while a GAG-mediated pathway is involved in T4 

binding, internalization, and nuclear trafficking, it may be less dependent on these pathways than 

the other PGAAs.  Indeed, we have previously shown the ability of T4 to induce plasma 

membrane disruption,
45
 which may account for less uptake inhibition in the presence of GAGs.  

These results allow us to begin to understand how differences in hydroxyl number and 

stereochemistry in the polymer backbone may influence the biological properties of polymeric 

vehicles.  
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PGAA interactions with GAGs that lead to efficient internalization appear to be different 

from other cationic vehicles.  We have used linear PEI, a polymer of repeating ethyleneimine 

units,
46
 as a control, due to the pentaethylenehexamine comonomers in the backbone of the 

PGAA polymers.  The data suggests that sulfated GAGs may present a barrier to PEI 

internalization, as uptake increases upon desulfation, and that PEI polyplexes can be internalized 

by the cell in a GAG independent manner.  It has been suggested that PEI can form nanoscale 

holes in the plasma membrane, presenting a potential entry method.
47
  While PGAA polyplexes 

may also exhibit this property to a smaller degree,
45
 we have also shown that sulfated GAGs on 

the surface appear to be highly important for efficient internalization.   

At the surface of the cell, polyplexes likely come into contact with GAGs.  The results 

presented herein suggest that GAG charge is necessary for uptake stimulation, but is not the only 

factor in polyplex-GAG affinity.  Based upon the presented results, we speculate that polyplexes 

are brought into contact with the cell surface through longer-range charge interactions between 

the anionic GAG and the cationic polyplex, but tight binding to the GAGs for endocytosis may 

be facilitated by closer range interactions, such as hydrogen bonding, between the GAG and 

polymer carbohydrates.  These close-range interactions are likely influenced by the 

stereochemistry and number of hydroxyl groups in the polymer backbone, as well as the specific 

carbohydrates in the GAG disaccharide repeat unit.   Additional studies are in progress to further 

characterize these interactions.           

 

3.5 Materials and Methods 

 

3.5.1 Chemical and Biological Reagents 



72 

 

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless noted 

otherwise. All four poly(glycoamidoamine)s [poly(galactaramidopentaethylenetetramine) (G4); 

poly(D-glucaramidopentaethylenetetramine) (D4), poly(D-mannaramidopentaethylenetetramine) 

(M4), and poly(L-tartaramidopentaethylenetetramine) (T4)] were synthesized and purified as 

previously described.
8-10
  Plasmid DNA, pCMVβ, and pDNA containing the luciferase reporter 

gene, gWizLuc, were purchased from Aldevron (Fargo, ND) and Plasmid Factory (Bielefeld, 

Germany), respectively.  pCMVβ was labeled with Cy5 using a Label IT kit (Mirus, Madison, 

WI) at 1/10 the labeling ratio suggested by the manufacturer, and purified using QIAquick PCR 

purification kit (Qiagen, Valencia, CA).  FITC-pDNA was purchased from Mirus.  Jet-PEI 

solution was purchased from Avanti Polar Lipids (Birmingham, AL).   Propidium iodide (PI) and 

dimethyl sulfoxide were from Molecular Probes (Eugene, OR).   Chondroitin sulfate A was 

purchased from Calbiochem (Darmstadt, Germany). Unless otherwise noted, all dilutions, 

including N/P dilutions of the PGAAs and pDNA, were done in DNAse/RNAse-free H2O 

(Gibco, Carlsbad, CA).   

3.5.2 Polyplex Preparation 

Poly(glycoamidoamine) polyplexes were formulated at an N/P ratio of 20 for all experiments. 

Jet-PEI polyplexes were formed at an N/P ratio of 5.  For cellular uptake experiments, 

polyplexes were formed with Cy5-pCMVβ, and for transfection experiments, polyplexes were 

prepared using the gWizLuc luciferase reporter plasmid.  DNA concentration used for polyplex 

formulations was 0.02 mg/ml, and an equal volume of polymer solution at the appropriate N/P 

ratio was added to the DNA solution and allowed to incubate at room temperature for at least 30 

minutes. For PGAA polymers, N/P ratios were calculated using only the secondary amine 
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nitrogens.  Uncomplexed DNA control (DNA only) was prepared using nuclease-free water in 

place of the polymer solution. 

3.5.3 Cell Culture 

All cell culture products, unless otherwise noted, were purchased from Gibco/Invitrogen 

(Carlsbad, CA).  HeLa cells (human adenocervical carcinoma) cells, wild-type and mutant 

(PgsA-745) CHO cells (Chinese hamster ovary) were purchased from American Type Culture 

Collection (ATCC, Manassas, VA).  All cell lines were subcultured once per week.   HeLa cells 

were grown 75 cm
2
 flasks (Corning, Corning, NY) in Advanced DMEM, supplemented with 2% 

heat-inactivated fetal bovine serum (FBS), 1% L-glutamine, 100 units/mg penicillin, 100 µg/mL 

streptomycin, and 0.25 µg/mL amphotericin.  CHO cells were grown in 75 cm
2
 flasks in F-12K 

media (ATCC) supplemented with 10% FBS, and 100 units/mg penicillin, 100 µg/mL 

streptomycin, and 0.25 µg/mL amphotericin.  CHO cells were plated for transfection in the same 

media, and HeLa cells were plated for transfections in Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing GlutaMAX™, supplemented with 10% FBS, 100 units/mg penicillin, 100 

µg/mL streptomycin, and 0.25 µg/mL amphotericin.  Cells were determined free of mycoplasma 

contamination using MycoAlert™ Mycoplasma Detection Kit (Lonza, Rockland, ME). 

 

3.5.4 Effect of Competitive Inhibition on Cellular Uptake and Gene Expression by GAGs 

Experiments were done similarly to work by Mislick and Baldeschweiler.
14
  Briefly, HeLa cells 

were plated at 1.5 x 10
5
 cells/well in DMEM containing 10% FBS in 6-well tissue culture plates 

(Corning) and allowed to attach for 24 hours.   After removing media and washing cells with 

PBS, 600 µl of 60 µg/ml GAG in Opti-MEM was added to each well and incubated for 15 
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minutes at 4°C.  Polyplexes (300 µl) were added to each well and incubated for 2 hours, then 3 

ml DMEM was added and incubated for 30 minutes.  Cells were detached with 500 µL of 

trypsin-EDTA, quenched with transfection media (1 mL), and the contents of each well were 

collected into Falcon Tubes (BD Biosciences, San Jose, CA).  Cells were centrifuged at 4°C and 

1250 rpm for 10 minutes.  The supernatant was removed and the cell pellets rinsed with PBS, 

and centrifuged again at identical conditions.  Supernatant was removed and cell pellet was again 

suspended in 2% FBS in PBS.  Cellular uptake of Cy5-pCVMβ was measured on a FACS 

Calibur flow cytometer.  Cy5 was excited using a 633 nm HeNe laser, and detected at 667 ± 20 

nm bandpass filter on FL4 channel.  Appropriate gating was done against the untransfected cells 

control to ensure that autofluorescence was not measured as cellular uptake, and 10,000-20,000 

gated events were collected for each sample. 

3.5.5 Chlorate Desulfation 

Experimental details were based upon previously published work.
14,40

   For cellular uptake 

analysis, HeLa cells were plated at 6 x 10
4
 cells/well in 6-well plates and allowed to attach for 16 

hours at 37°C and 5% CO2.  After 16 hours, media was replaced with 3 ml sulfate-free DMEM 

containing 35 mM sodium chlorate.  Cells were incubated in this medium for an additional 28 

hours, and cells were washed with PBS prior to polyplex addition.     Polyplexes (300 µl) were 

diluted with Opti-MEM (600 µl) added to each well and incubated for 4 hours, then added 3 ml 

sulfate-free DMEM and incubated for 30 minutes.  Cells were rinsed with heparin (2 mg/ml in 

PBS, ammonium salt from porcine intestinal mucosa), detached with trypsin-EDTA, quenched 

with transfection media (1 mL), and the contents of each well were collected into Falcon Tubes 

(BD Biosciences, San Jose, CA).  Cells were centrifuged at 4°C for 10 minutes.  The supernatant 

was removed and the cell pellets rinsed with PBS, and centrifuged again at identical conditions.  
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Supernatant was removed and cell pellet was again suspended in 2% FBS in PBS.  Cellular 

uptake of Cy5-pCVMβ was measured on a FACS Calibur flow cytometer.  Cy5 was excited 

using a 633 nm HeNe laser, and detected at 667 ± 20 nm bandpass filter on FL4 channel.  

Replicate experiments were done using a FACS Canto II flow cytometer (BD Biosciences), and 

Cy5 was excited using a 633 nm helium-neon laser and detected with a 660/20 nm bandpass 

filter.   Appropriate gating was done against the untransfected cells control to ensure that 

autofluorescence was not measured as cellular uptake, and 10,000-20,000 gated events were 

collected for each sample.  Results are represented as an average of four experiments. 

3.5.6 Comparative Internalization and Transgene Expression of GAG-containing and GAG-null 

cells 

Experiments were done similarly to work by Mislick and Baldeschweiler.
14
  Briefly, CHO and 

pgsA-745 (GAG-deficient CHO mutant) cells were seeded at 5 x 10
4
 cells/well in 24-well tissue 

culture plates (Corning) in Ham’s F-12K and incubated for 24 hours at 37°C and 5% CO2. Cells 

were washed with PBS prior to polyplex addition.  Polyplexes were prepared by adding 150 µl 

polymer solution (20 N/P for PGAAs, 5 N/P for Jet-PEI) to 150 µl gWiz-Luc (0.02 mg/ml).  

After the incubation, 600 µl of Opti-MEM was added to polyplexes and 300 ml of solution was 

added to each well.  Controls used were untreated cells and uncomplexed DNA.  Transfected 

cells were incubated 4 hours, and Ham’s F-12K (800 µl) was added to each well. Media was 

replaced 24 hours post-transfection and the cells were lysed and assayed for luciferase gene 

expression and cell viability 48 hours post-transfection.  Cell lysate was assessed for luciferase 

expression and was measured using a Luciferase Assay Kit (Promega, Madison, WI) as 

described earlier.   
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For cellular uptake analysis, CHO and PgsA-745 cells were plated at 1.5 x 10
5
 cells/well in 6-

well plates and allowed to attach for 24 hours.   Opti-MEM (2 ml) was added to each well and 

polyplexes (300 µl) were added and incubated for 2 hours.  F-12K media (3 ml) was added and 

incubated for an additional 30 minutes.  Cells were detached with trypsin-EDTA, quenched with 

DMEM containing 10% FBS (1 mL), and the contents of each well were collected into Falcon 

Tubes (BD Biosciences, San Jose, CA).  Cells were centrifuged at 4°C and 1250 rpm for 10 

minutes.  The supernatant was removed and the cell pellets rinsed with PBS, and centrifuged 

again at identical conditions.  Supernatant was removed and cell pellet was resuspended in 2% 

FBS in PBS.  Cellular uptake of Cy5-pCVMβ was measured on a FACS Canto II flow cytometer 

(BD Biosciences).  Propidium iodide (PI, 5 µg/ml) was added to each tube and gently vortexed 

2-5 minutes prior to analysis.  Appropriate gating was done against the cells only control to 

ensure that autofluorescence and dead cells (PI-positive) were excluded from subsequent 

analysis.  Cy5 was excited using a 633 nm helium-neon laser and detected with a 660/20 nm 

bandpass filter, and propidium iodide was excited with a 488 nm solid state laser and 

fluorescence emission was detected by a 670 nm longpass filter. 10,000-20,000 gated events 

were collected for each sample, and data analysis was completed using FACSDiva software (BD 

Biosciences). Presented data is an average of at least two replications.   

3.5.7 Gel Dissociation Assay 

Polyplexes were prepared at N/P of 20, using pCMVβ DNA at a concentration of 0.1 mg/ml, by 

adding 10 µl polymer into 10 µl DNA.  Polyplexes were incubated at room temperature for 30 

minutes.  GAG solution in water (10 µl) was added to polyplexes, and incubated for 15 minutes.  

BlueJuice loading buffer (3 µl) was added to each tube and an aliquot (10 µl) was added to each 
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well of a 0.6% agarose gel containing 60 µg ethidium bromide (Molecular Probes).  Samples 

were electrophoresed for 40-60 minutes at 65V.  Concentration of GAG-induced dissociation 

was estimated by the first evidence of DNA migration in the band. 

3.5.8 Effect of GAG on Polyplex Size and Surface Charge 

Polyplexes were prepared as described earlier, and GAG stocks were diluted to 60 µg/ml.  

Polyplexes (300 µl) were mixed with 600 µl H20 (for the control) or GAG solution, and 

incubated for 60 minutes. Particle size and ζ-potential were measured at 25°C using ZetaSizer 

NanoSeries ZS dynamic light scattering instrument (Malvern; Worchestershire, UK), equipped 

with a 4mW HeNe (633nm) laser with 173° scattering angle.  ζ-potential measurements were 

measured with laser doppler velocimetry at a 17° scattering angle.   

3.5.9 Fluorescence Assay for GAG-induced Alterations in Polyplex Structure 

PicoGreen
®
 (Molecular Probes) was diluted at a 1:200 ratio in H2O, which was used to dilute 

DNA (pCMVβ) to 0.02 mg/ml.  DNA solution (25 µl) was added to wells of black 96-well 

fluorescence microplates, and 25 µl G4 polymer solution or H2O (for controls) were added to 

each well.   Plates were shaken for 5 minutes and allowed to rest 30 minutes for complex 

formation.  GAG stocks in H2O were diluted to concentrations from 10-90 µg/ml, and 50 µl of 

above solutions (or H2O for controls) were added to appropriate wells, such that each polymer 

was incubated with each GAG at the above concentration range.  Plates were placed on a shaker 

and rocked for 30 minutes.  Fluorescence was measured after two hours using a plate reader, λex 

= 488 nm., λem = 535/20 nm bandpass filter.  Increase in fluorescence as a result of GAG 

incubation is normalized against controls of uncomplexed DNA (fluorescence maximum, 
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normalized to 1) and fluorescence of polyplex wells not containing GAGs (fluorescence 

minimum, normalized to 0). 

3.5.10 Visualizing Polyplex Size with Transmission Electron Microscopy 

Polyplexes were prepared as described and 25 µl GAGs (Heparin, HS, CSA, CSC, DS, HA; 60 

µg/ml) were added to polyplexes (50 µl) and incubated for 15 minutes.  Polymer-pDNA-GAG 

complexes (5 µl) were applied to a 400 mesh copper-on-carbon grid (Electron Microscopy 

Sciences, Hatfield, PA) and incubated 1 minute before wicking away the solution.  Uranyl 

acetate stain (5 ml) was applied to the grid and wicked away.  Polyplexes were imaged using a 

Philips EM420 transmission electron microscope. 

3.5.11 Statistical Analysis 

Statistical analysis was done using JMP 7 software, applying the student’s t-test. 
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4. 1 Abstract 

The use of synthetic polymers for the delivery of nucleic acids holds considerable 

promise for understanding and treating disease at the molecular level.  Understanding the 

mechanisms by which polymer-nucleic acid complexes enter and are trafficked within the cell is 

fundamental to the design of novel biomaterials and crucial to the discovery of materials that 

promote delivery to specific intracellular regions. This work in this chapter aims to decipher the 

cellular internalization mechanisms for poly(glycoamidoamine) (PGAA) DNA delivery vehicles. 

To this end, we have performed a number of cellular delivery experiments in the presence of 

pharmacological endocytosis inhibitors along with confocal microscopy to observe 

colocalization of labeled pDNA in polyplexes with antibody-labeled endocytic molecules to 

identify the cellular internalization pathways in HeLa cells.  Direct membrane passage as an 

internalization route was also investigated through depletion of cellular energy, and by observing 

rupture of model anionic phospholipid vesicles and leakage of a cytosolic enzyme from the cell.  

The data suggests a multifaceted cellular internalization mechanism for these polymeric PGAA 

polyplexes, with an actin and dynamin-dependent, clathrin-independent mechanism being the 

prominent route of uptake and most efficient intracellular trafficking route leading to gene 

expression. Evidence suggests that this prominent mechanism is most likely caveolae/raft-

mediated endocytosis.  Other pathways, such as clathrin-coated vesicles and macropinosomes 

were also involved in polyplex uptake to a lesser degree, as well as non-endocytic uptake also 

playing a role.  The cellular internalization pathways for PGAAs were not identical to 

polyethylenimine, illustrating that differences in the chemical structure of materials can directly 

impact the cellular internalization mechanisms.    
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4.2 Introduction 

  The intracellular delivery of nucleic acids is unlocking the mysteries of biological 

processes and facilitating the development of new treatments for a myriad of inherited and 

acquired diseases. While nucleic acids have exceptional affinity and specificity for their 

intracellular targets, many complex factors dictate the accuracy, reproducibility, and relevance of 

utilizing these biomacromolecules to regulate gene expression for biological research and 

therapeutic development.  In particular, delivery systems are needed to compact nucleic acids 

into nanostructures, protect them from enzymatic damage, facilitate cellular entry, and provide 

the possibility of targeting the delivery to specific tissue types and sites within the cell.  

However, the delivery vehicle plays a central yet elusive role in dictating the efficacy, safety, 

mechanisms, and kinetics of gene regulation in a spatial and temporal manner.  While viral-based 

delivery methods are the most commonly studied vectors, there are many shortcomings with 

these systems such as toxicity, immunogenicity, and difficulties in biological engineering.1,2  

This has inspired the creative design of synthetic materials that promote cellular entry of 

polynucleotides.  Several subclasses of nonviral delivery vehicles  are being examined, including 

cationic polymers,3,4 liposomes,5 and peptides.6,7 These synthetic vehicles have the potential to 

avoid immunogenic and toxic side effects,8,9 and they offer a facile means to incorporate 

functionality for increasing specificity of cellular entry and transport with the potential to target 

specific cell types in vivo.10   

Indeed, many diverse synthetic polymeric delivery vehicles are being developed to 

encapsulate nucleic acids into nanoparticle complexes termed polyplexes. However, 

polyethylenimine (PEI), a material originally used in ion exchange and epoxy resins,11 still 
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remains among the most heavily studied materials for nucleic acid delivery.  The high in vitro 

transfection efficiency of PEI is routinely used as a benchmark for new vehicle development,3 

yet, its native structure is plagued by high cytotoxicity.12,13  For this reason, we have rationally-

designed a family of cationic glycopolymer vehicles termed poly(glycoamidoamine)s (PGAAs, 

Scheme 4.1) by copolymerizing a PEI-like oligomer with a variety of monosaccharide 

monomers (meso-galactarate, D-glucarate, D-mannarate, and L-tartarate).12,14,15  These polymers 

were originally developed to lower the toxicity of PEI-based vehicles and to gain an 

understanding of the structure-bioactivity relationships.  Through many studies on these 

structures, we have found that both hydroxyl stereochemistry and amine number play a role in 

delivery efficacy.  We have shown that the structures with four ethyleneamines generally have 

the best delivery and biocompatibility profiles.12,14-16 While the development of safe and 

effective delivery materials is important to this area, the discovery of the intracellular 

mechanisms of polyplex transport as a function of polymer structure is paramount to the 

advancement of nucleic acid research tools and medicines.  These studies are essential for the 

future design of new vehicles that can be tuned to deliver nucleic acids through specific cellular 

trafficking pathways as different nucleic acid types require distinctive final destinations inside 

the cell.  For example, plasmid DNA must be trafficked to the nucleus for transcription but 

siRNA requires delivery to the cytoplasm to inhibit translation.  Using a multidisciplinary 

approach, we can begin to understand how the polymer chemistry affects cellular processing of 

polyplexes. 
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Scheme 4.1 – Structures of the poly(glycoamidoamine) (PGAA) nucleic acid delivery 
polymers.12,15-17 As shown, the polymers contain four secondary amines and differ only in the 
number and stereochemistry of hydroxyl groups in the carbohydrate portion of the repeat unit.   
Figure adapted from Liu and Reineke (2009).16 

 

The plasma membrane is the first barrier encountered by polyplexes en route into the 

cell.  The preceding chapters have described the nature of the plasma membrane and 

glycosaminoglycans as barriers to internalization, and our work has shown that GAGs lead to 

polyplex internalization in a manner not mediated solely by electrostatic interactions.  This and 

other evidence suggests that endocytosis is the primary route of uptake for polyplexes.4,18-21  

Several known mechanisms exist by which mammalian cells can internalize a bound particle 

(Figure 4.1).  Some of these pathways include clathrin-mediated endocytosis, caveolae, and 
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macropinocytosis, which have all been shown to be involved in the cellular uptake of polyplexes. 

9,19,22-24  Clathrin coated pits and caveolae are internalized by the cell in a manner dependent on 

dynamin, a protein responsible for scission of endocytic vesicles from the plasma membrane.25 

Recent evidence suggests that dynamin may also aid in internalization of macropinosomes.26  

Polyplexes internalized by these pathways travel along microtubules and/or actin to various 

regions within the cell.27,28  Clathrin-mediated endocytosis is the most well-studied pathway and 

is known to be responsible for the uptake of vital nutrients, such as low-density lipoprotein and 

transferrin.29  It involves a three-legged clathrin lattice that polymerizes at the cytoplasmic face 

of a membrane invagination to form a clathrin-coated vesicle around a particle bound to the cell 

surface.29,30 The vesicle is internalized by the cell by pinching off from the plasma membrane 

following scission by dynamin.29,31  The vesicle sheds its clathrin coat after internalization and 

travels along microtubules to fuse with early endosomes.30  The vesicle is acidified as it travels 

from early endosomes to late endosomes, and it is hypothesized that the polyplex must escape 

from the vesicles before reaching the lysosomes, where it can be degraded.19,32  On the other 

hand, uptake through caveolae occurs though flask-shaped small membrane microdomains (50-

100 nm in diameter19,33) rich in cholesterol and glycosphingolipids (lipid rafts). Caveolae are 

distinguished from other lipid raft domains by the marker protein caveolin-1, an oligomeric 

integral membrane protein.25,34-36  These membrane domains envelop their cargo to form 

caveosomes; the fate of these vesicles remains unclear, although reports have indicated they are 

trafficked towards the endoplasmic reticulum 37 and the trans-Golgi network,25 near the 

perinuclear region.  Vesicles of this pathway are not acidified on their way through the cell,37 

possibly eliminating a potential intravesicular degradative mechanism for polyplexes.  Caveolae 

have been shown to be exploited by viruses attempting to enter the cell, such as HIV-1 38 and 
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simian virus 40,37 as well as sphingolipid-binding toxins, such as cholera and shiga toxins.35  

Lastly, macropinocytosis involves actin protrusions of the plasma membrane, known as 

membrane ruffles, which collapse back onto the plasma membrane leading to the formation of 

large vesicles which can be internalized by the cell.19,39  Reorganization of the actin cytoskeleton 

to form membrane ruffles is induced through signaling pathways, such as stimulation by growth 

factors.19,29,39  Unlike clathrin-coated and caveolar vesicles, macropinosomes are heterogeneous 

in size, and can be as large as 5 µm, allowing the cell to sample large volumes of extracellular 

fluid.39,40  Studies have indicated that these vesicles do not fuse with lysosomes,39 suggesting that 

cargo degradation may not occur.  Macropinosomes are believed to be relatively permeable 

vesicles of which a substantial portion of the internalized vesicle population are recycled to the 

cell surface.19  The inhibitors used in this study are tabulated in Table 4.1.  A full description of 

the pathways and finer details of their mechanism of internalization has been extensively 

reviewed in chapter one.   
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Table 4.1 – Inhibitors and incubation times used for inhibition of endocytosis in HeLa cells 

Inhibitor

Pathway/Molecule of 

Action Concentration

Incubation 

Time

Chlorpromazine

Clathrin-mediated 

endocytosis 10 µg/ml 30 min.

Filipin III Caveolae 1 µg/ml 1 hour

Dimethylamiloride

Macropinocytosis

Inhibitor 100 µM 5 min.

Phorbol 12-myristate 13-

acetate Macropinocytosis Stimulator 2 µM 15 min.

Cytochalasin D Actin depolymerization 2 µg/ml 15 min.

Dynasore Dynamin Inhibition 80 µM 30 min.

 

Herein, we elucidate the cellular entry mechanisms for our synthetic glycopolymer 

nucleic acid delivery vehicles with human cervical adenocarcinoma (HeLa) cells.  It is necessary 

to understand how these polymers differ in their cellular uptake and trafficking profiles, as subtle 

changes in the chemical structure of the material can significantly affect the mechanisms and 

efficacy.  This was achieved by comparing the PGAA results to those of linear (Jet) PEI, to 

observe differences in cellular uptake of polyamine vehicles with those that contain 

carbohydrates in the backbone.  A graphical summary of the presented results are depicted in 

Figure 4.1.  The results presented herein suggest that multiple pathways of endocytosis are 

involved in the uptake of polyplexes into cells.    Caveolae/raft-mediated and clathrin-mediated 



89 

 

endocytosis appear to be the dominant pathways of PGAA polyplex uptake by HeLa cells, with 

macropinocytosis being less involved.  In particular, caveolae/raft-mediated uptake appears to be 

the dominant uptake route leading to nuclear delivery and efficient transgene expression with the 

PGAA delivery vehicles.  The data also suggests that a non-endocytic uptake mechanism via 

direct membrane penetration may also contribute to total polyplex uptake, particularly for Jet-

PEI-based polyplexes.  These studies are important for understanding the structure-bioactivity 

relationships for synthetic materials and will aid researchers to rationally design novel materials 

for targeted delivery systems.  

  

Figure 4.1 – Summary of cellular internalization pathways of polyplexes formed with PGAA polymers 
and DNA.  Polyplexes form spontaneously by mixing DNA and polymer, forming cationic spherical 
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“polyplexes.”  The polyplex can be internalized by multiple pathways that can lead to nuclear trafficking, 
including macropinocytosis (far left), clathrin-mediated endocytosis (middle left), caveolae (middle 
right), as well as non-endocytic direct membrane penetration (far right). These pathways are explored in 
this study to investigate the mechanism of cellular internalization of PGAA polyplexes.  

 

4.3 Results and Discussion 

4.3.1 Endocytosis Inhibition on PGAA Uptake 

To elucidate the cellular uptake mechanisms of polyplexes formed with pDNA and each of 

our glycopolymer delivery vehicles, we performed cellular transfection experiments in the 

presence of pharmacological inhibitors to specifically block cellular uptake pathways.  

Polyplexes were formed with each PGAA and Cy5-labeled pDNA and HeLa cells were 

transfected in the presence of the drug inhibitors (Table 4.1).   Transfections were done in the 

presence of chlorpromazine, filipin III, or dimethylamiloride (DMA), which were used to inhibit 

clathrin, caveolae and macropinocytosis, respectively, as well as in the presence of phorbol 

myristate acetate (PMA), which was used to stimulate macropinocytosis.  Cytochalasin D 

(depolymerizes actin) and Dynasore (inhibits dynamin) were also used in these experiments to 

understand the role of these proteins on polyplex endocytosis.  In these experiments, an observed 

decrease in cellular uptake or gene expression indicates that a specific mechanism is involved in 

polyplex uptake. The mean intracellular fluorescence intensity of labeled pDNA was measured 

by flow cytometry to characterize the effect of each inhibitor on cellular internalization of the 

polyplexes.  Each experiment was compared to the negative controls of untreated cells (HeLa 

cells only) and uncomplexed DNA (DNA only), as well as the positive controls of cells 

transfected with polyplexes without the drug inhibitors.  The results of the polyplex uptake 

experiments in endocytosis-inhibited HeLa cells are shown in Figure 4.2 and are presented as 
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the percent decrease in cellular uptake as normalized to cells not exposed to the drug inhibitors.  

It should be noted that one of the potential issues with pharmacological endocytic pathway 

inhibition is the possibility of side effects occurring in the cell as a result of the treatment.20  For 

example, inhibiting one cellular pathway sometimes leads to upregulation of another, as 

biological systems will adapt to readily ensure the needs of the cell are satisfied.  However, the 

signaling pathways that lead to upregulation of other internalization mechanisms are poorly 

understood.29 With these phenomena in mind, inhibitor concentrations used were determined and 

optimized based upon toxicity data (not shown), and these studies were carried out using the 

most specific known inhibitors for a given pathway with the least known potential side 

effects.19,23   

As shown in Figure 4.2, filipin III was used to inhibit caveolae-mediated endocytosis in 

this study.  Filipin III is a specific inhibitor of caveolae, and acts by binding specifically to 

plasma membrane cholesterol, preventing the internalization of vesicles.19,23,33  Upon inhibition 

of caveolae using filipin III, cellular uptake was nearly abolished for all the PGAA polyplexes 

(formulated with G4, D4, M4, and T4), giving 78-85% inhibition of polyplex uptake into HeLa 

cells, as shown in Figure 4.2.  Polyplexes formed with Jet-PEI were also inhibited to a large 

degree with filipin III.  These data suggest that caveolae-mediated endocytosis is highly involved 

in uptake of PGAA and PEI complexes.   Likewise, chlorpromazine was used as a specific 

inhibitor of clathrin-mediated endocytosis, as chlorpromazine misdirects clathrin lattice 

polymerization from the cytoplasmic face of the plasma membrane and to the surface of 

endosomes.4,9,19,33,41   Inhibiting clathrin also had a pronounced effect on polyplex uptake, 

reducing the internalization of polyplexes by between 50-60%, suggesting that clathrin also 

contributes significantly to total PGAA polyplex uptake, but less than caveolae.  On the other 
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hand, Jet-PEI polyplex uptake was affected to a lesser degree by clathrin inhibition, as inhibition 

decreased uptake by less than 30%.  This suggests that caveolae is the dominant mechanism 

leading to PGAA and Jet-PEI polyplex uptake, but clathrin-mediated endocytosis may be more 

involved in PGAA polyplex uptake than for Jet-PEI polyplexes with HeLa cells.   The apparent 

favorability of the caveolar pathway for the PGAA polymeric vectors could be advantageous for 

therapeutic administration, as caveolae are known to be an efficient mechanism of transcytosis of 

cargo,42,43 which could be beneficial for vascular and deep tissue penetration of nucleic acid 

drugs.  For example, it has been shown that HIV particles can bind to certain receptors present in 

caveolar microdomains and be directly shuttled (transcytosed) across epithelial cells.43  

Caveolae-mediated endocytosis is also upregulated in cancer, further illustrating the benefit of 

vehicles which enter through caveolae.   
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Figure 4.2 – Percent decrease in the cellular uptake of polyplexes upon pharmacological 

inhibition of the endocytic pathways. HeLa cells were incubated with the inhibitors prior to 

polyplex exposure, and the decrease in polyplex uptake was determined after 2 ½ hours via flow 

cytometry.  Chlorpromazine, filipin III, and dimethylamiloride (DMA) were used to inhibit 

clathrin, caveolae and macropinocytosis, respectively. Phorbol myristate acetate (PMA) used to 

stimulate macropinocytosis.  Cytochalasin D and Dynasore were used to depolymerize actin and 

inhibit dynamin, respectively. The percentage decrease in Cy5-pDNA fluorescence is normalized 

to cells transfected with each polyplex type without the inhibitors.   Statistical analysis compared 

the percent decrease values of Jet-PEI and PGAA polyplex uptake when inhibited by the same 

drug. * p < 0.01 

 

 Formation of macropinosomes in cultured cells can be specifically inhibited by adding 

dimethylamiloride (DMA, a Na+/H+ exchange pump inhibitor) into the culture media.9,19,44  

Inhibiting macropinocytosis with DMA caused a small decrease in cellular uptake of PGAA 

polyplexes.  T4 polyplex internalization was inhibited to the largest degree (26%), and the 



94 

 

remainder of the PGAA polyplexes formed with G4, D4, and M4 were inhibited by 16% or less. 

The results suggest that macropinocytosis is a minor internalization pathway compared to 

clathrin and caveolae. To confirm these results, the transfections were done in the presence of 

phorbol 12-myristate 13-acetate (PMA), a protein kinase C activator, which has been shown to 

stimulate macropinocytosis.4,19,33 Thus, cells treated with PMA should internalize more 

polyplexes through macropinocytosis.  Instead, treatment with PMA caused a substantial 

decrease in polyplex uptake.  For all four PGAAs, the decrease in uptake was greater than 60%, 

with polyplexes formed with G4 and T4 approaching 80% uptake inhibition (Figure 4.2).  

Similar results are seen for PEI polyplexes, as inhibition with DMA led to only 16% inhibition, 

and stimulation with PMA gave nearly 50% inhibition, which is less than that observed for 

PGAA-based polyplexes.  It is well-known that one of the primary fates of macropinosomes is 

recycling to the cell surface for exocytosis,25,40 so stimulating macropinocytosis could increase 

the rate of polyplex recycling back to the cell membrane.  In addition, stimulating this minor 

pathway could also decrease the other primary cellular internalization routes, as polyplexes may 

be quickly internalized such that they do not interact with other regions of the plasma membrane. 

This hypothesis is supported by the previous experiments that reveal caveolae and clathrin 

uptake routes are more efficacious pathways. 

The three pathways of endocytosis described thus far all involve actin for the import of 

vesicles into cells.  The actin cytoskeleton has been previously demonstrated to be involved in 

endocytosis, as ligands bound to receptors interact with actin filaments, which presumably play a 

role in vesicle budding.45,46  Clathrin and caveolae have been shown to require actin for vesicle 

budding and detachment from the plasma membrane for release into the cytosol,4,35 and 

macropinosomes are formed through the collapse of  actin extensions onto the cell surface.39  
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Therefore, disrupting actin structure should have a marked effect on endocytosis, as the 

experiments herein suggest that actin-dependent pathways are responsible for the majority of 

cellular entry of PGAAs.  The importance of an intact actin cytoskeleton was studied using 

cytochalasin D, which caps the ends of f-actin and leads to depolymerization of actin 

filaments.4,19,30   Actin disruption caused a decrease of 75-81% in the uptake of all the PGAA 

polyplexes (Figure 4.2), suggesting that an intact actin cytoskeleton is imperative for efficient 

polyplex uptake.  Jet-PEI uptake was decreased by a lesser degree, with a 47% uptake inhibition.  

This outcome suggests that Jet-PEI uptake is less contingent on an actin-dependent pathway.   

Dynamin is a protein involved in many pathways of endocytosis, including clathrin and 

caveolae,29,31,35 and possibly macropinocytosis.26  This enzyme is responsible for pinching off 

budded vesicles from the plasma membrane, freeing them into the cytoplasm.31,47  For this 

reason, inhibiting dynamin activity should have the effect of halting endocytic processes that 

require its action for vesicle scission.  To test this hypothesis, a similar experiment was 

conducted using Dynasore, a reversible, noncompetitive inhibitor of dynamin function that has 

been recently discovered,31 and was used in this study to observe the effect of dynamin inhibition 

on PGAA uptake.   Polyplexes entered the cell very poorly upon dynamin inhibition, as uptake 

was decreased between 83-88% with respect to untreated cells (Figure 4.2).  This data strongly 

suggests that the uptake route used by PGAAs to enter the cell is dependent on dynamin 

function.  Jet-PEI also appears to rely heavily on dynamin-dependent endocytosis, albeit slightly 

less than PGAAs, as uptake decreased by 74%.  This result suggests that PEI polyplexes can 

possibly be internalized by dynamin-independent routes more efficiently that PGAA polyplexes. 
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To further pinpoint the specific endocytic route of PGAAs, polyplexes were transfected 

into cells in which multiple pathways of endocytosis were inhibited by adding two drug 

inhibitors to the experiment (Figure 4.3). Inhibiting clathrin and actin using chlorpromazine and 

cytochalasin D caused a decrease in uptake of 68%, 74%, 72%, and 80% for G4, D4, M4, and T4 

polyplexes, respectively.  These values are less than for inhibiting actin alone, but are higher than 

for inhibiting clathrin only, suggesting that polyplexes enter the cell through other actin-

dependent pathways.  When clathrin and macropinocytosis were inhibited, using chlorpromazine 

and dimethylamiloride, uptake was inhibited by 80%, 66%, 82%, 75% for G4, D4, M4, and T4 

polyplexes respectively.  The inhibition of both pathways caused a significantly higher uptake 

inhibition, and the percent inhibition nearly equaled the sum of inhibiting clathrin and 

macropinocytosis alone (Figure 4.3).  This was unexpected, as caveolae was also shown to 

significantly contribute to uptake.  These results support that clathrin-mediated endocytosis is a 

significant pathway in PGAA polyplex uptake.  Inhibiting clathrin-mediated endocytosis with 

chlorpromazine while stimulating macropinocytosis with PMA showed a similar degree of 

inhibition as inhibiting both clathrin and actin; polyplex uptake was inhibited by 71%, 73%, 

70%, and 76% for G4, D4, M4 and T4 polyplexes, respectively.  For G4 and T4 polyplexes, 

these inhibition levels were similar to the outcome of stimulating macropinocytosis alone, and 

higher than inhibiting clathrin alone. However, D4 and M4 polyplex uptake was inhibited to an 

intermediate degree when compared to treatments with chlorpromazine or PMA (inhibiting 

clathrin or simulating macropinocytosis) alone.  To our surprise, inhibiting macropinocytosis and 

disrupting actin resulted in a net increase (less inhibition) of polyplex uptake compared with 

internalization of polyplexes in cytochalasin D-treated cells.   Since macropinocytosis is reliant 

on actin for formation of macropinosomes, it was expected that the results would be similar to 
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the actin-inhibited cellular uptake.  This increase in uptake could be due to upregulation of other 

pathways.23  These poorly-characterized actin-independent pathways may play a small role in 

total polyplex uptake normally, but interfering with the cytoskeleton and Na+/H+ pumps could 

stimulate the cell to upregulate other pathways of particle entry in order to ensure that vital 

endocytic function is not lost.  It should be noted that the likelihood of drug-induced side effects 

to internalization are amplified in these experiments, and further experiments are needed to 

discern these possible alternative pathways. 
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Figure 4.3 – Percent decrease in polyplex uptake by pharmacological inhibition of the endocytic 
pathways using a various combinations of the drug inhibitors. HeLa cells were incubated with 
two inhibitors in tandem to inhibit clathrin (chlorpromazine), caveolae (filipin III), 
macropinocytosis (DMA), actin (cytochalasin D), and dynamin (Dynasore), as well as after 
stimulation of macropinocytosis (PMA). The effect on cellular uptake of polyplexes was 
measured via flow cytometry 2 ½ hours post-transfection.  The percentage decrease in Cy5-
pDNA fluorescence is normalized to cells transfected with each polyplex type without the 
inhibitors.     
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4.3.2 Endocytosis Inhibition on Gene Expression 
 

To observe the involvement of the aforementioned pathways on trafficking plasmid DNA 

to the nucleus, transgene expression experiments were carried out using endocytic pathway 

inhibition.  This data allows us to determine the most critical pathways for successful shuttling of 

the pDNA to the cell nucleus with the studied vehicles and if this differs from the pathways most 

prominent for uptake.  The results, shown in Figure 4.4, support the results of the uptake 

experiments with an interesting finding.  Polyplexes formed with all four PGAAs show similar 

trends in transfection in the presence of these drug inhibitors, suggesting similar mechanisms 

lead to efficient polyplex trafficking to the nucleus.  Inhibition of caveolae with filipin III 

resulted in a decrease in luciferase expression with polyplexes formed with all of the PGAA 

vehicles.  Inhibiting caveolae led to lower luciferase expression with G4 and T4 polyplexes than 

with D4 and M4 polyplexes (compared to untreated control), suggesting that G4 and T4 

polyplexes are shuttled to the nucleus through caveolar uptake to a greater extent than D4 and 

M4, possibly substantiating the greater transfection efficacy observed with T4 and G4.12,14,48  

Depolymerizing actin with cytochalasin D had a similar effect by decreasing transfection 

dramatically for all PGAAs.  Inhibiting dynamin activity with Dynasore showed nearly complete 

loss of transgene expression for all PGAA polyplex types.  These data support our previous data 

that actin and dynamin-dependent pathways are primary methods of polyplex uptake and 

trafficking within the cell.  Inhibiting and stimulating macropinocytosis had similar effects on 

transfection as that observed in the previous cellular uptake experiments, with PMA-induced 

stimulation of macropinocytosis causing a decrease in transfection, supporting previous data 

suggesting a limited role of macropinocytosis in cellular internalization of polyplexes.  A very 
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surprising finding was that treatment with chlorpromazine to inhibit the clathrin-mediated 

pathway resulted in an enhancement of transfection with respect to untreated cells.  This 

unexpected result indicates that efficient trafficking of PGAA polyplexes to the nucleus (to 

promote transgene expression) occurs through a clathrin-independent mechanism.    

Polyplexes formed with Jet-PEI shows some differences in these experiments when 

compared to the PGAAs.  Clathrin inhibition showed little change in transfection as compared to 

untreated cells, supporting our earlier observations that polyplexes internalized via the clathrin 

mechanism may not be efficiently transported to the nucleus.  This has been suggested before by 

Rejman, et al., whose results indicated that PEI transfection occurs only through caveolae, as 

filipin III (blocks caveolae) and genistein (a tyrosine kinase inhibitor also shown to inhibit 

caveolae),19 completely blocked transfection, but no effect to transfection was seen with 

chlorpromazine and K+ depletion (both inhibitors of clathrin-mediated endocytosis) in HeLa and 

A549 cells.22  Filipin III caused a marked decrease in PEI-mediated transfection, continuing to 

suggest that caveolae plays a role in polyplex uptake and shuttling to the nucleus.  Dynasore 

caused a substantial decrease in transfection, but unlike the PGAA polyplexes, significant gene 

expression was observed with the Jet-PEI polyplexes.  Similarly, depolymerization of actin 

resulted in only a slight decrease in transgene expression, supporting our suggestion that an 

accessory uptake mechanism is involved in cellular internalization with Jet-PEI polyplexes, such 

as passive membrane disruption, that does not require actin and dynamin for entry.  Drugs 

affecting macropinocytosis had similar effects on the Jet-PEI and PGAA polyplexes, suggesting 

that macropinocytosis is a minor uptake pathway for both types of delivery vehicles 
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Figure 4.4 -  Effect of inhibiting the endocytic pathways on pDNA trafficking to the nucleus as 
measured by luciferase gene expression (shown as relative light units, RLU).  The endocytic 
pathways were inhibited in an identical manner as the experiments in Figure 2, and the effect to 
transgene expression was assessed after inhibition of clathrin (chlorpromazine), caveolae (filipin 
III), macropinocytosis (DMA), actin (cytochalasin D), and dynamin (Dynasore), as well as after 
stimulation of macropinocytosis (PMA).  Luciferase gene expression was assessed 48 hours 
post-transfection. Inhibition experiments are compared against controls of gene expression in the 
absence of pharmacological inhibitors, and are represented as the first (black) bars in each series. 
Statistical analysis was performed for each polymer, compared to untreated control. Unless 
denoted otherwise, all values are significant compared to uninhibited control (p < 0.0001). * p < 
0.001; ** p < 0.05, $ p < 0.07; # not significant 
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4.3.3 Cellular Imaging of Endocytosis 

Confocal microscopy was used to support the data above by visualizing the endocytic 

pathways involved in polyplex uptake into HeLa cells.  The proteins involved in the specific 

mechanisms of endocytosis, clathrin and caveolin-1, were labeled by immunofluorescence after 

transfection.  Additionally, TAMRA-labeled dextran was used here as a marker for 

macropinocytosis.  HeLa cells were exposed to polyplexes formed with FITC-labeled pDNA, 

fixed after one hour, and analyzed via confocal microscopy for colocalization between pDNA 

and the endocytic markers.  In these studies, polyplexes formed with polymers G4 and T4 were 

chosen for these imaging experiments due to our previously published observations that these 

vehicles have the highest transfection efficiency, and are therefore the most promising 

polynucleotide delivery vehicles among the PGAAs.12,48 Polyplexes formed with Jet-PEI were 

also imaged for comparison.  Figure 4.5a shows example component images and the overlaid 

images of cells transfected with G4, T4, and Jet-PEI-polyplexes (formed with FITC-labeled 

pDNA) and labeled with the markers for caveolin-1, clathrin heavy chain, and macropinocytosis.  

Remaining component images are included in Figure 4.6.  Arrows in the figure point to regions 

of colocalization (pseudo-colored white), as highlighted in Image J.49 As shown in Figure 4b, G4 

polyplexes colocalized with clathrin and caveolin-1 in several small regions near the cell 

membrane. This was expected since fixation was done quickly (1 hour) after transfection to 

capture the endocytic events.  These data corroborate the role of clathrin and caveolin-based 

mechanisms for G4 polyplex entry.  Cells labeled with the TAMRA-dextran (for 

macropinocytosis) showed sparse colocalization with polyplexes at the cell periphery.29   

Colocalization of FITC-pDNA and EEA-1 (Figure 4.7) was only sparsely observed for cells 

exposed to G4, T4, and Jet-PEI polyplexes.    It has been suggested that macropinosomes may 



102 

 

fuse with early endosomes as well, and the lack of colocalization with early endosomes further 

substantiates entry by a mechanism that may not traffic through early endosomes.   

  
25 µm
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Figure 4.5 – Confocal micrographs of HeLa cells transfected with each polyplex type and 
stained for the various routes of endocytosis.  Polyplexes were  formed with FITC-labeled pDNA 
and each polymer vehicle (PGAA or Jet-PEI). Cells were fixed and immunostained one hour 
post-transfection and colocalization between FITC-pDNA and the labeled markers of endocytic 
pathways were imaged. A.) Component images of cells transfected with T4 polyplexes 
(containing FITC-pDNA shown in green), regions labeled with primary antibodies against 
clathrin heavy chain and fluorescently labeled with alexa fluor-555 secondary antibodies (red), 
and nuclear counterstain (blue). The merge image is the overlay of the three previous images.  
The component images for the  colocalization experiments with T4, G4, and Jet-PEI polyplexes 
are included in Figure 4.6  B.)  Merged images of transfection experiments using polyplexes 
formed with T4, G4, or Jet-PEI and FITC-pDNA (green)labeled clathrin heavy chain, caveolin-1 
(labeled with alexa fluor 555-conjugated secondary antibodies), or TAMRA-dextran.  Arrows 
indicate calculated colocalization (white) between polyplexes (green) and the endocytic marker 

(red).  Scale bars = 25 µm. 
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As shown in Figure 4.5b, T4 polyplexes show a few areas of colocalization with 

caveolin-1 around the cell periphery, within a large aggregate of DNA.  This phenomenon is 

similar to that seen with G4 colocalization with clathrin.  As we have previously published, 12,48 

PGAA polyplexes are known to aggregate to some degree in buffer, so it is possible that these 

large aggregates may be partially located on the cell surface, and, depending on the 

internalization route, the large aggregate or part of the aggregate (single polyplexes) may be 

internalize over time.  Indeed, glycosaminoglycans are known to cluster receptors for 

internalization, which may serve to bring in polyplexes as aggregates.19  Others have 

demonstrated that latex beads as large as 500 nm may be slowly internalized by a caveolar 

mechanism.50  However, not all polyplexes congregate in aggregates, as noted from the smaller 

colocalized regions near the cell periphery (Figure 4.5).  The T4 polyplexes colocalized with 

clathrin (Figure 4.5a), confirming uptake and trafficking of T4 polyplexes in clathrin-coated 

vesicles. Dextran colocalization (Figure 4.5b) revealed T4 polyplexes in macropinosomes near 

the cell surface, as well as in small vesicles localized near the nuclear membrane.  These results 

confirm uptake of G4 and T4 through multiple pathways.  It is to be noted, however, that many 

FITC-labeled polyplexes do not colocalize with any of the labeled endocytic molecules, 

suggesting that other uptake mechanisms may play a role in intracellular transport.   

Jet-PEI polyplexes also show some colocalization with caveolin-1 and clathrin (Figure 

4.5b). Colocalization with caveolin-1 was observed after 1 hour, which supports internalization 

of Jet-PEI polyplexes by caveolae-mediated endocytosis.  Colocalization or Jet-PEI with clathrin 

and caveolin-1 appears to be in regions near the cell surface, and may be in the process of being 

internalized.    Colocalization with Jet-PEI polyplexes and dextran was not observed. This 
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corroborates the inhibition data, and further suggests that macropinocytosis does not account for 

significant polyplex uptake. 
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Figure 4.6 – Component images of fixed HeLa cells transfected with FITC-pDNA (green) or 

Cy5-DNA (magenta), labeled with alexa fluor-555 labeled secondary antibodies (red) targeted to 

primary antibodies against endocytic markers, and labeled with nuclear counterstain (blue).  

Cells were fixed and immunolabeled one hour post-transfection.  These component images were 

merged to derive images presented in Figure 4.5.  DNA in the merged dextran image is 

pseudocolored green for clarity. Pixels that show colocalization between pDNA and antibodies 

are pseudocolored white.  Scale bars = 25 µm.                          
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Figure 4.7 – Component images of fixed HeLa cells transfected with FITC-pDNA (green), 

labeled with alexa fluor-555 labeled secondary antibodies (red) targeted to primary antibodies 

against EEA-1 (early endosome antigen), and labeled with Draq-5.  Cells were fixed and 

immunolabeled one hour post-transfection.  These component images were merged to derive the 

overlaid images presented. Pixels that show colocalization between pDNA and antibodies are 

pseudocolored white.  Scale bars = 25 µm.                          

 

It is interesting that, despite the inhibition data suggesting a prominent role for caveolae, 

the polyplexes do not colocalize with caveolin-1 after a one hour transfection to the degree that 

we expected.  It is reasonable to speculate that the polyplexes may be associating with lipid rafts, 



109 

 

which perform nearly identically to caveolae but without the inclusion of the caveolin-1 

protein.35.  These domains are also filipin III-sensitive,51 as the drug binds to membrane 

cholesterol,  and are dependent on actin and dynamin for internalization.  These endocytic 

vesicles are internalized and traffic the cell in a similar fashion35, and may contain the bulk of 

internalized polyplex. Polyplexes may also be internalized by caveolae at a different rate than 

other endocytic pathways, such that the timing of the experiment may be very important in 

capturing these events.  We are currently investigating these possibilities. 

It is noteworthy that none of the pharmacological treatments alone completely inhibited 

polyplex internalization, suggesting a possible internalization mechanism independent of these 

pathways.  This is also evidenced through observation of polyplexes that did not colocalize with 

markers for the clathrin, caveolae, and macropinocytic pathways.  Indeed, several recent studies 

have begun to discover clathrin and caveolae-independent pathways within the cell and these 

mechanisms may be involved in PGAA polyplex uptake.21,51,52  For example,  a clathrin and 

caveolae-independent mechanism has been reported, involving the cell surface marker protein 

flotillin-1, which buds into the cell and accumulates in vesicles that are discrete from clathrin and 

caveolae-containing vesicles,52 and traffic to late endosomes.51 

4.3.4 Direct Membrane Penetration by Polyplexes 

Since we were unable to link all internalized polyplexes to known mechanisms using 

available markers and inhibitors, we investigated whether these materials are able to directly 

penetrate the plasma membrane to gain access to the cytoplasm.   This phenomenon has been 

suggested previously; Hong and coworkers have shown by AFM that polycations such as 

PAMAM dendrimers (G5) and branched PEI can induce hole formation in supported lipid 
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bilayers, possibly by lipid removal from the membrane.53,54  Indeed, polyplexes that enter the cell 

through non-endocytic means would not be expected to colocalize with endocytic markers, and 

may help to explain the observance of polyplexes that do not associate with labeled endocytic 

molecules.  We have approached this question in three ways: i.) monitoring membrane puncture 

via leakage of a small cytosolic enzyme, adenylate kinase (AK), ii.) by fluorescence recovery of 

a quenched fluorophore encapsulated in model lipid bilayer vesicles and iii.) monitoring cellular 

uptake at 4°C, where active uptake mechanisms do not occur.55   

To assess membrane puncture with AK leakage, HeLa cells were transfected with the 

polyplex and AK activity was monitored over time to determine if and when membrane leakage 

is occurring.  Figure 4.8 shows AK leakage over time, which is normalized to DNA only 

control.  AK leakage began between 2 and 4 hours post-transfection, and AK was released from 

HeLa cells faster with Jet-PEI than with the PGAAs. PGAA polyplexes caused statistically 

insignificant levels of AK leakage compared to uncomplexed DNA. The increase in AK over 

time could also suggest increased cytotoxicity, as membrane integrity is compromised upon 

induction of cell death.  The leakage was nearly five-fold higher for Jet-PEI than for PGAAs, 

indicating a higher membrane disrupting effect. This suggests non-endocytic internalization of 

Jet-PEI polyplexes or cytotoxicity due to compromise of the membrane during cell death, which 

has been demonstrated previously.12  These results are in agreement with other results that have 

shown that Jet-PEI can potentially damage membranes by expanding defects in model 

membranes.53  These results demonstrate that PGAA polyplexes do not cause significant 

membrane disruption with respect to PEI.  
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Figure 4.8 –Penetration of the cell plasma membrane by polyplexes as determined by adenylate 

kinase (a cytosolic enzyme) leakage from cultured HeLa cells.  a.) 0-6 hours post-transfection; 

b.) 25-48 hours post-transfection. AK outside the cell generates ATP which is required for 

luciferase activity.  Luminescence values (from luciferase activity) are normalized against 

control of untreated cells at each measured time point.  Error bars represent the standard 

deviation of the mean of triplicate measurements. Jet-PEI shows statistically higher AK leakage; 

* p < 0.05, ** p < 0.01.  G4 and Jet-PEI are not statistically different at t = 6 hours. 

 

To gain further insight into the ability of PGAA polyplexes to disrupt cell membranes, 

we investigated whether these materials can directly penetrate model phospholipid bilayer 

membranes.    To study this, anionic phospholipid bilayer vesicles were formed that encapsulated 

a fluorophore, 5(6)-carboxyfluorescein, which is quenched in this crowded environment, and 
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extruded to form 1 µm vesicles.  The presence of vesicles of desired size and negative charge of 

were verified by dynamic light scattering and ζ-potential (Figure 4.9), which showed an average 

size around 1 µm and a slightly anionic surface charge of -4 mV.  Diluted vesicles were titrated 

with polyplex solutions up to a concentration of 0.005 mg/ml DNA in polyplexes.  Immediate 

titration of polyplexes into PBS-diluted vesicles did not lead to vesicle rupture for any of the 

PGAAs or Jet-PEI, as titrations with the polyplexes were identical to dilution controls of 

titrations with identical volumes of water (Figure 4.10).  To determine the ability of PGAAs to 

puncture vesicles in a time-dependent manner, polyplexes at varying concentrations were 

incubated at 37°C with vesicles in PBS.  The results of these experiments are shown in Figure 

4.11.   The dilution control is vesicles incubated with increasing volumes of water, equal to 

volume of added polyplex.  The dilution control shows a decrease in fluorescence intensity over 

the measured time.  This decrease is likely due to photobleaching of unencapsulated fluorophore 

in the buffer that remained after purification.  For vesicles incubated with G4, D4, and M4 

PGAAs, vesicle rupture (evidenced by increasing fluorescence) was evident after about 21 hours 

and continued to increase until about 30 hours, especially at biologically relevant concentrations 

(concentration of DNA in transfection experiments is equal to 0.0033 mg/ml).  Incubating 

vesicles with T4 polyplexes resulted in model vesicle penetration after about 18 hours and 

increasing up through 24 hours, before observing a decrease in fluorescence, attributed to 

fluorescence quenching and a slower rate of vesicle rupture.  Interestingly, the fluorescence 

increase with T4 polyplexes was twice that of G4 and four-times that of D4 and M4 polyplexes.  

This suggests that polymer T4 may interact more closely with the plasma membrane, increasing 

its ability to induce charge-mediated lipid disruption.  However, the extended time period 

required for lipid disruption suggests that most particles are not internalized by a membrane 
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disrupting mechanism, as endocytosis would occur on a much faster time scale, leaving low 

concentrations of extracellular polyplex to disrupt the membrane.  Interestingly, Jet-PEI showed 

minimal vesicle puncture in this experiment.   It should be noted that the ζ-potential of Jet-PEI at 

N/P 5 is slightly less than the PGAAs at N/P 20,12,48 which may result in weaker electrostatic 

interactions as the PGAAs with these anionic model vesicles.  However, previous observations 

suggest that PEI can disrupt the plasma membrane.53  In our experiments, the phospholipid 

vesicle models only account for direct electrostatic interactions of the polyplex with the lipid 

bilayer.  Indeed, anionic glycosaminoglycans and other cell surface components have been 

shown to play a role in polyplex association with the plasma membrane,6,55 and may serve to 

protect against direct interaction with the membrane by reducing direct interaction of polyplexes 

with membrane lipids.   Taken together, these experiments suggest that the majority of 

polyplexes are internalized through active uptake routes, but direct membrane interactions and 

passive endocytic routes may contribute to total polyplex uptake, or represent a potential 

interaction leading to toxicity.    
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Figure 4.9 – Size and zeta potential distributions for purified and extruded phospholipid 

vesicles.  Size of vesicles is consistent with pores of polycarbonate membrane (1 µm) and slight 
negative zeta potential is consistent with 5% phosphatidic acid vesicles. 
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Figure 4.10 – Fluorescence leakage of CF-encapsulated liposomes when titrated with polyplex.  
Measurements were taken 30 seconds after each polyplex addition.  This rapid incubation did not 
lead to fluorescence leakage. 
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Figure 4.11 – Results of membrane penetration assay with model anionic phospholipid bilayer 

membranes.  Fluorophore is quenched inside the membrane, and upon polyplex-induced 

membrane disruption, an increase in fluorescence is observed as the fluorophore leaks out of the 

vesicle into the surrounding medium.  The leakage data presented is for polyplexes with a DNA 

concentration of 0.0033 mg/ml, identical to our transfection experiments, for comparison.  

Normalized fluorescence corresponds to increasing fluorescence as a percent of the ruptured 

vesicle (100% leakage) control.  

 

 The role of direct membrane passage was investigated with experiments designed to 

observe non-endocytic internalization and transgene expression in HeLa cells.  Cells were 

transfected with PGAA or Jet-PEI polyplexes at 4°C; at this low temperature, active transport 

processes, such as endocytosis cannot occur.55  Cells were exposed to polyplexes for two hours, 
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then removed and washed with 1 mg/ml heparin, a polyanion which dissociates surface bound 

polyplexes,12 in PBS to remove bound polyplexes from the cell surface.  These cells were then 

assessed for cellular uptake.  A complementary experiment at 4°C was completed to measure 

transgene expression.  In this case, after polyplexes were removed with the heparin solution, the 

cells were provided with fresh media at 37°C, and polyplexes were allowed to traffic for an 

additional 46 hours before measuring luciferase expression. The results of these experiments are 

shown in Figure 4.12.   Cellular uptake (Figure 4.12a) analysis showed a small degree of direct 

membrane penetration for the PGAAs and Jet-PEI polyplexes at 4oC, with Jet-PEI and D4 

showing slightly higher cell internalization.  These results cannot rule out that a small degree of 

non-endocytic uptake occurs for these polyplexes. Total cellular uptake (at 37oC) for Jet-PEI 

polyplexes is less than with PGAA polyplexes (Figure 4.12b), a phenomenon that is consistently 

observed between these two vehicle types.17,48  The results of luciferase expression experiments, 

however, show that the vehicle has a dramatic effect on cellular processing of polyplexes 

internalized by non-endocytic means.  Polyplexes formed with G4 show considerably higher 

transgene expression at 4oC than the other PGAAs in HeLa cells, possibly indicating that G4 

encourages traffic to the cell nucleus or more efficiently dissociates from the plasmid.  Other 

PGAA polyplexes were similar to naked DNA in these experiments. Jet-PEI polyplexes, 

internalized by a non-active endocytic pathway, exhibit significant transgene expression.  The 

low temperature data also suggests a non-endocytic component to Jet-PEI uptake, suggesting 

entry and traffic in a manner independent of an active vesicular transport mechanism, which may 

help to account for the higher observed transfection with respect to the PGAAs in vitro. These 

findings may also help explain the lower degree of drug inhibition observed with PEI polyplexes 
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(Figures 4.2-4.4); a non active transport pathway could play a role in polyplex internalization 

and toxicity. 
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Figure 4.12 – Effect of inhibiting active endocytosis on  a) Cellular uptake as determined via 

flow cytometry analysis of cells positive for Cy5-labeled pDNA and b) transfection efficiency of 

pDNA containing the luciferase reporter gene.  Polyplexes were transfected at 4°C and compared 

to polyplexes transfected at 37°C, to observe energy-independent non-endocytic uptake, and the 

ability of the internalized polyplexes to traffic to the cell nucleus for transgene expression.   * p < 

0.0001; ** p < 0.05; φ p < 0.001 

 

 

 



119 

 

4.3.5 Internalization Routes of Oligodeoxynucleotides in Cardiomyocytes 

 It is likely that the internalization pathways of polyplexes may be cell type dependent.  

Cell line dependency in internalization has been demonstrated previously, as PAMAM 

dendrimers have been shown to be internalized by a caveolae-dependent route in human 

epithelial cells, but through a caveolae-independent mechanism in HepG2 and HeLa cells.56,57  

Similarly, the nucleic acid type in the polyplex likely plays a role in cellular entry and 

trafficking, as the structure of the polyplex may differ with different nucleic acid cargo.  To 

assess these differences, we used CP and CytD to inhibit clathrin, and actin, respectively, in 

H9c2(2-1) cells, a rat cardiomyoblastoma cell line.  G4 and Jet-PEI polyplexes were formulated 

using Cy5-labeled ODN, a short double-stranded deoxyoligonucleotide.  The results of these 

experiments are shown in Figure 4.13.  For G4, inhibiting these three pathways led to decreasing 

intracellular Cy5 fluorescence.  This suggests that clathrin and other actin-dependent pathways 

contribute significantly to G4 uptake in H9c2(2-1) cells.  It also suggests the inability of H9c2(2-

1) cells to internalize G4 after a primary route of uptake is blocked.   Jet-PEI showed less 

inhibition than G4 when clathrin and actin were inhibited.  This suggests that Jet-PEI is less 

dependent on clathrin-mediated endocytosis for internalization, consistent with results in HeLa 

cells.  The low level of inhibition with actin is puzzling, due to large decreases in uptake when 

clathrin is inhibited, as this pathway has been shown to be actin dependent.  This may again 

suggest that alternate, poorly-defined pathways are at work, and may point to an actin-

independent route of uptake that can be exploited by PEI. 
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Figure 4.13 – Flow histograms showing cellular uptake of polyplexes upon pharmacological 
inhibition of the endocytic pathways. H9c2 cells were incubated with the inhibitors prior to 
polyplex exposure, and the decrease in polyplex uptake was determined after 2 ½ hours via flow 
cytometry.  Chlorpromazine (CP) was used to inhibit clathrin, and cytochalasin D was used to 
depolymerize actin. The percentage decrease in Cy5-ODN fluorescence is normalized to cells 
transfected with each polyplex type without the inhibitors 

 

4.4 Conclusions 

 Synthetic drug and gene delivery systems are now ubiquitous in novel targeted therapeutic 

development because of their promise to improve treatment specificity and efficacy, and 
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decrease side effects and immune responses.  For this reason, the discovery of the endocytosis 

and intracellular trafficking mechanisms by synthetic nucleic acid delivery vehicles is important 

for the design and optimization of materials that can efficiently enter the cell and deliver nucleic 

acids to specific intracellular sites.  These studies are essential as the number of synthetic 

materials in human clinical trials is rapidly increasing.   

The data presented herein suggests that a complex, multifaceted internalization pathway 

is taken by the PGAA polyplexes.  The dominant mechanism of PGAA polyplex uptake appears 

be through active transport via an actin and dynamin-dependent mechanism. Of the better-

characterized pathways, clathrin, caveolae, and macropinocytosis all appear to contribute to total 

polyplex uptake.  Macropinocytosis appears to be the least involved of the three pathways.   

While colocalization was observed between polyplexes and marker molecules along the clathrin-

mediated endocytosis pathway, little localization was observed between polyplexes and EEA-1 

despite evidence that clathrin-dependent uptake plays a role in cellular internalization of the 

polyplexes.   This could be due to polyplex escape prior to fusion with early endosomes, sorting 

of vesicles to other destinations in the endosomal network, direct membrane penetration, or that 

most polyplexes enter via a caveolae/raft-associated route.   

An important discovery in this work is that while a multitude of pathways contribute to 

uptake, only certain pathways may lead to significant gene expression.  An actin and dynamin-

dependent mechanism, likely caveolae-mediated or lipid raft endocytosis, appears to be the 

predominant uptake route leading to nuclear trafficking and transgene expression.  An 

unexpected and interesting result was that while clathrin does contribute to the uptake route, it 

appears to not be the mechanism of shuttling PGAA polyplexes to the nucleus as transgene 
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expression actually increased with clathrin inhibition.  This could mean that polyplexes taken up 

by this route are either shuttled to lysosomes for degradation, released into the cytosol, 

exocytosed, or lack a viable means of active transport into the nucleus once escaped from 

intracellular transport vesicles.  The majority of polyplexes appear to be internalized through an 

active transport mechanism, as non-endocytic membrane disruption appears to be mostly 

insignificant. 

Indeed, targeting specific pathways may be advantageous for efficient cellular entry, and 

certain mechanisms may enable better targeting of the nucleic acid cargo to specific intracellular 

locations. As a result, future generations of polymers could be designed to utilize different 

pathways depending on the intended therapeutic target.   Since we cannot account for all 

polyplex internalization using inhibition of components of known pathways, we speculate that 

there are likely alternate mechanisms at work, possibly a clathrin and caveolae-independent 

mechanism, which likely involves actin and dynamin for vesicular internalization.  Further 

studies to identify the molecules on the cell surface and along the endocytic pathways with 

which PGAA polyplexes interact will expand our understanding of how these materials 

maneuver through the cell.  Chapter 7 provides some insight into how we can attain more 

information on endocytic pathways of PGAA polyplexes.  
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4.5 Materials and Methods 

4.5.1 Reagents 

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless noted 

otherwise. All four poly(glycoamidoamine)s [poly(galactaramidopentaethylenetetramine) (G4); 

poly(D-glucaramidopentaethylenetetramine) (D4), poly(D-mannaramidopentaethylenetetramine) 

(M4), and poly(L-tartaramidopentaethylenetetramine) (T4)] were synthesized and purified as 

previously described 12,15,48.  Plasmid DNA, both pCMVβ and gWizLuc (containing the 

luciferase reporter gene), were purchased from Aldevron (Fargo, ND) and Plasmid Factory 

(Bielefeld, Germany), respectively.  pCMVβ was labeled with Cy5 using a Label IT kit (Mirus, 

Madison, WI) at 1/10 the labeling ratio suggested by the manufacturer, and purified using 

QIAquick PCR purification kit (Qiagen, Valencia, CA).  FITC-pDNA was purchased from 

Mirus.  Jet-PEI solution was purchased from Avanti Polar Lipids (Birmingham, AL).   

Tetramethylrhodamine-labeled dextran (TAMRA-Dextran, 25 kDa), propidium iodide (PI) and 

dimethyl sulfoxide were from Molecular Probes (Eugene, OR). Unless otherwise noted, all 

dilutions, including N/P dilutions of the PGAAs and pDNA, were done in DNAse/RNAse-free 

H2O (Gibco, Carlsbad, CA).   

4.5.2 Polyplex Preparation 

Poly(glycoamidoamine) polyplexes were formed at an N/P ratio of 20 for all experiments herein, 

as this N/P ratio has been found to maximize transfection efficiency while minimizing 

cytotoxicity in vitro.  Jet-PEI polyplexes were formed at an N/P ratio of 5.  For cellular uptake 

experiments, polyplexes were formed with Cy5-pCMVβ, and for transfection experiments, 
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polyplexes were prepared using the gWizLuc luciferase reporter plasmid.  The concentration of 

DNA used to form to polyplexes was 0.02 mg/ml, and an equal volume of polymer solution at 

the appropriate N/P ratio was added to the DNA solution and allowed to incubate at room 

temperature for at least 30 minutes. N/P ratios were calculated using only the secondary amines 

(and not the amide nitrogens).  Uncomplexed DNA control (DNA only) was prepared using 

nuclease-free water in place of the polymer solution. 

Polyplexes were prepared similarly for experiments using oligodeoxynucleotides (ODN).  Two 

strands of 20bp DNA oligonucleotide were synthesized via standard phosphoramidite chemistry.  

DNA sequences are as follows: sense strand, 5’ CCTTGAAGGGATTTCCCTCC 3’; antisense 

strand, 5’ GGAGGAAATCCCTTCAAGG 3’.  Both ODNs were phosphorothioated and the 

antisense strand was fluorescently labeled with Cy5 at the 5’ end.  The two oligos were dissolved 

in nuclease free water and diluted to a concentration of 1 µg/µL in annealing buffer (0.05 M 

NaCl, 10 mM EDTA,10 mM Tris pH 7.5).  The solution was then immersed in a 80° C water 

bath for 10-15 minutes, and then slowly allowed to recover to room temperature over the course 

of several hours.  Annealed ODNs were diluted in nuclease-free water to 0.02 mg/ml and 

polyplexes prepared as described above. 

 

4.5.3 Cell Culture 

All cell culture products, unless otherwise noted, were purchased from Gibco/Invitrogen 

(Carlsbad, CA).  HeLa (human adenocervical carcinoma) cells were purchased from American 

Type Culture Collection (ATCC, Manassas, VA), and were subcultured once per week in 
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Advanced DMEM, supplemented with 2% fetal bovine serum, 1% L-glutamine, 100 units/mg 

penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin.  Transfection medium was 

Dulbecco’s Modified Eagle’s Medium containing GlutaMAX™, supplemented with 10% fetal 

bovine serum, 100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin.  

Cells were determined free of mycoplasma contamination using MycoAlert™ Mycoplasma 

Detection Kit (Lonza, Rockland, ME). 

4.5.4 Endocytic Pathway Inhibition 

HeLa cells were seeded at 1.5x105 cells/well in transfection media in 6-well tissue culture plates 

(Corning; Corning, NY), and incubated for 24 hours at 37°C in a humid 5% CO2 atmosphere.   

Polyplexes were formed as described previously.  Media was removed from the wells and the 

wells were rinsed with PBS.  Opti-MEM (2 mL) was added to each well, containing the 

following concentrations of the endocytic pathway inhibitors: chlorpromazine, 10 µg/ml; filipin 

III, 1 µg/ml; dimethylamiloride, 100 µM; phorbol 12-myristate 13-acetate, 2 µM; cytochalasin 

D, 2 µg/ml; Dynasore, 80 µM.  Cells were incubated with the drugs for the following amounts of 

time: filipin III, 1 hour; chlorpromazine, 30 minutes; Dynasore, 30 minutes; phorbol myristate 

acetate, 15 minutes; cytochalasin D, 15 minutes; dimethylamiloride, 5 minutes.  The drug 

concentrations and incubation times used in this study were based upon previous published 

studies 4,31,51,58 and drug toxicity studies (not shown).  Polyplex solution (300 µL) was added 

directly to each well containing 2 mL Opti-MEM and the drugs at the above concentrations.   

Negative controls were transfected with 300 µL Opti-MEM (cells only) or uncomplexed DNA 

(DNA only).  Cells were allowed to transfect for 2 hours at 37°C and 5% CO2.  After 2 hours, 3 

mL of transfection medium was added to each well and the cells were incubated an additional 30 
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minutes.  Cells were detached 2 ½ hours post-transfection with 500 µL of Trypsin-EDTA, 

quenched with transfection media (1 mL), and the contents of each well were collected into 

Falcon Tubes (BD Biosciences, San Jose, CA).  Cells were centrifuged at 4°C and 1250 rpm for 

10 minutes.  The supernatant was removed and the cell pellets rinsed with PBS, and centrifuged 

again at identical conditions.  Supernatant was removed and cell pellet was again suspended in 

2% FBS in PBS.  Cellular uptake of Cy5-pCVMβ was measured on a FACS Canto II flow 

cytometer (BD Biosciences).  Propidium iodide (PI, 2.5 mL) was added to each tube and gently 

vortexed 2-5 minutes prior to analysis.  Appropriate gating was done against the cells only 

control to ensure that autofluorescence and dead cells (PI-positive) were excluded from 

subsequent analysis.  Cy5 was excited using a 633 nm helium-neon laser and detected with a 

660/20 nm bandpass filter, and propidium iodide was excited with a 488 nm solid state laser and 

fluorescence emission was detected by a 670 nm longpass filter. 10,000-20,000 gated events 

were collected for each sample, and data analysis was completed using FACSDiva software (BD 

Biosciences) and FCS Express (De Novo Software, Los Angeles, CA).  Presented data is an 

average of at least two replications.   

H9c2 cells were seeded at 2 x 105 cells/well in supplemented D-MEM (10% FBS, 100 units/mg 

penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin) in 6-well tissue culture 

plates (Corning), and incubated for 24 hours at 37°C and 5% CO2.   Polyplexes were formed 

with Cy5-labeled ODN as described above.  Media was removed from the wells and the cells 

were rinsed with PBS.  Opti-MEM (2 mL) was added to each well, containing cytochalasin D (2 

µg/ml), filipin III (1 µg/ml), or chlorpromazine (10 µg/ml). Plates were returned to the incubator 

and cells were pre-incubated with the drugs for 15 minutes.  Polyplex solution (500 µL) was 
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added directly to each well and swirled to mix.  Negative controls were treated with 500 µL 

Opti-MEM (Cells only) or uncomplexed DNA (DNA only).  Cells were allowed to transfect for 

2 hours at 37°C and 5% CO2.  After 2 hours, 3 mL of transfection medium was added to each 

well and cells were incubated an additional 30 minutes.  After removing the media and rinsing 

with PBS, 500 µL of Trypsin-EDTA was added to each well and the cells were incubated until 

detached from the well (5-10 minutes).  D-MEM (1 mL) was added to inactivate trypsin, and the 

contents of each well were transferred to a Falcon Tube (BD Biosciences, San Jose, CA).  Cells 

were centrifuged at 4°C and 1000 rpm for 10 minutes,  and resuspended in 2% FBS in PBS.  

Cellular uptake was measured on a FACS Canto II flow cytometer (BD Biosciences, San Jose, 

CA).  Propidium iodide was added to each tube at a concentration of 5 µg/ml and gently 

vortexed 2-5 minutes prior to analysis.  Appropriate gating was done against the untransfected 

cells control to ensure that autofluorescence and PI-positive cells were excluded from subsequent 

analysis.  Compiled data is an average of at least two replications.  Cy5 was excited using a 633 

nm helium-neon laser and detected with a 660/20 nm bandpass filter; propidium iodide was 

excited with a 488 nm solid state laser and fluorescence emission was detected by a 670 nm 

longpass filter. 10,000-20,000 gated events were collected for each sample.  Data analysis was 

done using FACSDiva software (BD Biosciences). 

4.5.5 Transgene Expression Experiments 

For the non-endocytic transfection experiments, HeLa cells were seeded at 5 x 104 cells/well in 

24-well tissue culture plates (Corning, Corning, NY) in transfection media and incubated for 24 

hours at 37°C and 5% CO2.   The control cells were kept at 37°C and the inhibited cells were 

pre-incubated at 4°C prior to transfection.  The control cells were rinsed with 1-2 mL room 
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temperature PBS and the inhibited cells with ice-cold PBS.  Polyplexes were prepared by adding 

150 µl polymer solution (20 N/P for PGAAs, 5 N/P for Jet-PEI) to 150 µl gWiz-Luc (0.02 

mg/ml), diluted with 600 µl Opti-MEM, and 300 µl of polyplex solution in Opti-MEM was 

added to each well.  Controls used were untreated cells and uncomplexed DNA.  Control cells 

were allowed to transfect at 37°C and inhibited cells at 4°C for 2 hours, at which point the media 

was removed, the cells were rinsed twice with 1 mg/ml heparin in PBS, and refreshed with 1 ml 

transfection media.  Media was replaced 24 hours post-transfection and the cells were lysed and 

assayed for luciferase gene expression and cell viability 48 hours post-transfection.  Cell lysate 

was assessed for luciferase expression and was measured using a Luciferase Assay Kit 

(Promega, Madison, WI) at 750 nm, with luminescence measured in duplicate in 10-second 

intervals using a plate reader (GENios Pro, TECAN US, Research Triangle Park, NC).  Cell 

viability was measured using the DC Protein assay (Bio-Rad, Hercules, CA) and normalized 

using a standard curve of bovine serum albumin against control of untreated cells. 

To investigate the effect of endocytic pathway inhibition on transgene expression, cells were 

incubated in 500 µl of Opti-MEM containing inhibitors at identical concentrations and 

incubation times as for the uptake experiments.  After incubation, inhibitors in Opti-MEM were 

removed, cells rinsed with PBS to remove the drugs, and transfection was completed as 

described above, using Opti-MEM containing the drug inhibitors. 

4.5.6 Liposome Disruption 

1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-

phosphate (DPPA, monosodium salt, Tc= 67°C),  were obtained as a powder from Avanti Polar 

Lipids (Birmingham, AL).  Lipids were dissolved in chloroform/methanol/distilled water at 
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approx. 10 mg lipid/ml solvent, according to the manufacturer’s recommendations.  A dry lipid 

film was obtained by rotary evaporation of the solvent in a round-bottomed flask and dried under 

vacuum overnight.   The final lipid composition was approx. 95% DPPC/ 5% DPPA.  Lipid film 

was stored at -20°C until further use.   

A 45-50 mM solution of 5(6) carboxyfluorescein (CF) was prepared in PBS.  This solution was 

added to the dry lipid film and agitated for 1 hour in 75°C water bath, then allowed to rest at 

same temperature for 10 minutes.  Vesicles were downsized into large unilamellar vesicles 

(LUV) by subjecting vesicle suspension to 4-5 freeze-thaw cycles prior to extrusion 15X through 

1 µm polycarbonate membranes using a mini-extruder (Avanti).  Non-encapsulated CF was 

removed by passing vesicles through Sephadex G-25 microspin columns (GE Healthcare, 

Piscataway, NJ).  Vesicle size and negative surface charge were verified by dynamic light 

scattering and ζ-potential with a Zetasizer NanoSizer ZS (Malvern; Worchestershire, UK).  

Encapsulation of fluorophore was verified by addition of 1 mL 1% triton X-100 to 1 mL of 

diluted vesicles and observation of increased fluorescence intensity.  Vesicles were stored at 4°C.  

To assess leakage, vesicle suspension was added to a fluorescence cuvette or black 96-well 

microplate and diluted with PBS.  Fluorescence of diluted vesicles was measured, and polyplex 

solution was titrated in aliquots and measurements were taken after over time.  To assess 

fluorescence of completely ruptured vesicles, 10% Triton X-100 was added.  Measurements were 

taken using a Varian Cary Eclipse spectrofluorometer, with a λex = 492 nm. and λem = 500-600 

nm.,  λmax = 525 nm.,  an excitation slit width of 1.5 nm., and emission slit width of 10 nm, or 

with the plate reader.  Measurements were normalized to controls of untreated vesicles in PBS. 
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4.5.7 Adenylate Kinase Leakage Assay 

HeLa cells were plated at an initial seeding density of 5 x 104 cells/well in transfection media in 

24-well culture plates and allowed to adhere to the plate for 24 hours at 37°C in a humid 

atmosphere containing 5% CO2.  Polyplexes were prepared as described above, after removing 

media and rinsing with PBS, 600 µL of Opti-MEM was added to 300 µL of polyplex solution, 

and 300 µL was transfected into each well.  After four hours, 800 µl of transfection media was 

added to each well.  Adenylate Kinase activity was assessed up to 48 hours post-transfection 

using the Toxi-Light Bioassay kit (Lonza), and measured with the plate reader.   For samples 

taken prior to four hours post-transfection, 5 µl of media was used for the measurement, with all 

subsequent measurements using 20 µl to compensate for dilution. Results are the mean of 

triplicate measurements, and data was normalized to control of untreated cells at each time point. 

4.5.8 Cell Imaging by Confocal Microscopy 

All primary antibodies were from AbCam (Cambridge, MA).  HeLa cells were plated at an initial 

seeding density of 1.2x104 in transfection media in 12-well culture plates containing sterile 15 

mm. no. 1 coverslips.  Cells were incubated for 48 hours at 37°C in a humid 5% CO2 atmosphere 

to allow adherence to the coverslip.  Polyplexes were prepared as described above in the dark.  

After removing media and rinsing coverslips with PBS, 1 mL of Opti-MEM was added to each 

well, and each well was transfected with 100 µl polyplex solution, Opti-MEM (cells only), or 

uncomplexed DNA.  Controls were also completed observing uncomplexed with primary 

antibodies only (no secondary antibody), as well as secondary antibodies (no primary antibodies) 

ensure that non-specific fluorescence was not occurring (not shown).  Polyplexes were allowed 
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to transfect in HeLa for 1 hour at 37°C/5% CO2.  After transfection, media was removed and 

coverslips rinsed 3X with PBS.  For antibody samples, cells were fixed in 1 mL of 4% PFA in 

PBS for 10 minutes at 4°C.  For dextran samples, 300 µl of TAMRA-dextran (Molecular Probes, 

10 mg/ml in PBS) was added to each well and incubated at 37°C/5% CO2 for 15 minutes, and 

fixed. Cells were permeabilized with 0.5 mL of 0.25% Triton X-100 in PBS, and blocked with 1 

mL of 1% BSA in PBS (blocking buffer).  Primary antibodies were diluted in blocking buffer, 

and labeling concentrations of primary antibodies were as follows: Anti-clathrin (rabbit 

polyclonal to clathrin heavy chain), 1 µg/ml; anti-caveolin-1 (rabbit polyclonal to caveolin-1), 2 

µg/ml; anti-EEA-1 (rabbit polyclonal to EEA-1), 0.5 µg/ml. For primary antibody labeling, 

blocking buffer was removed from each well, and 500 µl of the appropriate antibody was added 

to each well, and incubated at room temperature for 1 hour.  Next, the excess primary antibody 

was removed, cells were rinsed 3X with PBS, and coverslips placed onto 100 µl of secondary 

antibody (5 µg/ml, Alexa-Fluor 555 goat, anti-rabbit monoclonal Ab), and incubated 1 hour at 

RT in a humid environment.  Coverslips were counterstained with DAPI (Molecular Probes) or 

Draq-5 (Alexis Biochemicals, San Diego, CA) for nuclear staining, and mounted using Prolong 

antifade mounting media (Molecular Probes), and dried overnight.  Cell imaging was done using 

a  63X oil immersion objective (N.A = 1.4) on a LSM510 confocal system fitted onto an 

Axioplan 2 upright microscope or 40X oil immersion objective (N.A. = 1.3) on an Axiovert 100 

inverted microscope (Zeiss, San Diego, CA).  Images were acquired using laser excitation and 

filter sets appropriate for the dyes of interest (DAPI: λex = 364 nm., λem = BP 385-470 nm.; 

FITC: λex = 488 nm, λem = BP 505-550 nm; AF-555: λex = 543 nm, λem = BP 560 – 615 nm; 

Draq5: λex = 633 nm, λem = LP 650).    The confocal pinhole was adjusted to image a vertical 
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optical slice of 1.0 µm (40X objective) or 0.8 µm (63X objective).   Minimal modifications to 

image brightness, contrast and noise reduction were completed using NIH Image J software. 

4.5.9 Statistical Analysis 

Statistical analysis was done using JMP 7 software, applying the student’s t-test. 
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5 
Galactose-Targeted Polycationic DNA Delivery Vehicles for 

Specific Delivery to Hepatocytes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based in part on the manuscript: “A New Polycation Scaffold for Targeting the Delivery of DNA 

to Hepatocytes,” Lee, C-C, Grandinetti, G, McLendon, PM. and Reineke, TM. (2009) 

Thanks to Dr. Lisa E. Prevette and Lisa Bartholomew for synthesis and characterization of 

targeted PEGylated PGAAs.  Synthesis and structural characterization of malonate-based 

polymers was completed by Dr. Chen-Chang Lee. 
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5.1 Abstract 

 Polymeric DNA delivery can facilitate the transfer of foreign nucleic acids into cells, 

providing a developing therapeutic option for disease treatment.  It is often necessary to 

introduce chemical modifications to the vehicle for polyplex stability in serum and for specific 

delivery to target cells.  Herein, we describe the serum stabilization of poly(glycoamidoamine) 

polyplexes through incorporation of poly (ethylene glycol) for polyplex charge shielding.  While 

this modification did not eliminate polyplex size increase in serum, the growth of polyplex size 

over time, as observed with unmodified complexes, was inhibited, suggesting charge shielding 

leads to stable polyplex size.  However, conjugation of D-galactose for targeting hepatocytes was 

unsuccessful, as cellular uptake and transgene expression was not enhanced, and did not 

correlate to internalization by receptor-mediated endocytosis.  This effect is largely due to the 

inaccessibility of target groups, which does not allow interaction of the galactose with its specific 

receptor. 

 A library of cationic polymers based on malonate is described, which incorporates a 

“clickable” linkage for facile conjugation of targeting groups onto the polymer backbone.  The 

polymers in this library were varied to study the effects on the spacer length between polymer 

backbone and pendent targeting group, as well as the degree of carbohydrate substitution.  

Herein, the cell specific targeting efficiency into HepG2 cells was assessed through measuring 

the cellular internalization profiles.  Despite favorable surface presentation of galactose residues, 

receptor-specific internalization of polyplexes was not observed, as competitive inhibition with 

asialofetuin in HepG2 cells resulted in significant polyplex internalization. This suggests a 

retained ability of the polyplex to interact with other regions of the membrane, facilitating non-

specific uptake into HepG2 cells. 
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5.2 Introduction 

 Polymeric DNA delivery holds significant promise for developing nucleic acid drugs for 

future therapeutic applications.  However, many current systems are limited by a lack of 

specificity to target cells and rapid clearance from the bloodstream in vivo. Indeed, previous 

studies with the PGAAs have shown the aptitude to enter and deliver a transgene into multiple 

cell types.
1-3

  These current structures have limited clinical relevance, as systemic administration 

would likely lead to gene expression in multiple cell types, and direct injection into the target 

cells is undesirable due to the invasive nature and difficulty of administration.  Furthermore, 

these structures are cationic and result in cationic polyplexes.  In the bloodstream, these particles 

encounter a high physiological salt concentration, as well as a myriad of charged proteins, which 

can interact with and neutralize the charge on the polyplex, leading to swelling and aggregation 

of complexes.  Larger aggregates in the blood are quickly recognized by immune cells such as 

macrophages or filtered out through the reticuloendothelial system, which reduces circulation 

time and prevents interaction with target cells.
4-6

  Therefore, it is necessary to design new 

polymers or modify current systems to enhance serum stability and cell-specific targeting.   

The next two chapters discuss modifications to current vehicles and development of new 

vehicles for improvement of biological function.  In this chapter, we attempt to accomplish these 

goals through incorporating poly(ethylene glycol) (PEG) groups onto PGAA polymers for 

enhanced stability in serum.  We also attempt to improve cell type specific internalization by 

incorporating ᴅ -galactose onto PEGylated PGAAs, as well as a new series of malonate-based 

polymers with clickable linkages for target appendages, for specific targeting to hepatocytes via 

interaction with the asialoglycoprotein receptor (ASGPr). 
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5.2.1 Serum Stabilization by PEGylation  

 PEG groups have been widely used to mask the surface charge of polyplexes to prevent 

aggregation and prolong in vivo circulation time.
4,6,7

  PEG is a long hydrophilic polymer that, 

when covalently attached to a polymer or polyplex, can mask the surface charge of the polyplex 

from surrounding molecules. This can be dependent on PEG length, and studies have shown 

PEGs with 5000 Da or greater to be optimal for polyplex stabilization.
8
  Conjugation of PEG to 

polymeric vehicles can be done before or after complexation with DNA, although conjugation 

before polyplex formation can lead to reduced DNA binding.
4,6,7

 A potential drawback to 

PEGylation lies in the charge shielding, which may decrease the electrostatic interaction of the 

cationic vehicle with the negatively-charged cell surface, leading to decreased cellular 

internalization.  Many studies, including those presented in chapter 3 of this dissertation,  have 

shown that interaction of polyplexes with anionic GAGs may lead to internalization, so 

decreasing the surface charge could influence the attraction of polyplexes to the cell surface.
9
   

 

Figure 5.1 – Structures of a.) G4 and b.) T4 used in this study.  Figure courtesy Dr. Lisa 

Prevette.
10
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Figure 5.2 - Cartoon of PEGylation strategies.  Polymer (G4 or T4) is shown in purple, pDNA in 

orange, and PEG in brown.  a.) Pre-PEGylation involves reacting polymer with PEG prior to 

complexing with DNA. b.) Polyplex was formed prior to reacting with PEG.  Both 

methodologies were characterized after PEGylation.  Targeting group is conjugated to the end of 

the PEG chain (not shown).  Figure courtesy Dr. Lisa Prevette.
10

 

 

We have shown that PGAA polyplexes can swell or aggregate in salt and serum 

conditions.
1
  For these vehicles to be further developed for potential clinical applications, a 

stabilization modality must be incorporated to maintain discrete particles under these conditions 

and minimize clearance from the body.  To accomplish this, G4 and T4 polyplexes were 

PEGylated.  The structures of the unmodified polymers are seen in Figure 5.1. Two PGAA 

PEGylation strategies were used: PEGylation of the polymer prior to polyplex formation (Pre-

PEGylation) and PEGylation of the preformed polyplex (Post-PEGylation).  These processes are 

schematically depicted in Figure 5.2.  The PEG used was monofunctionalized with a 
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succinimidyl ester (Figure 5.3) which can readily react with primary or secondary amines in the 

polymer backbone.  The resultant polyplexes contained ~ 1 PEG/polymer backbone (by GPC), 

and this concentration of PEG was shown to have the highest internalization efficiency compared 

to higher PEG concentrations (not shown).  As PEGylation often leads to lower internalization 

due to charge suppression, the opposite ends of the PEG were functionalized with ᴅ-galactose for 

increased uptake through specific targeting to hepatocytes via the ASGPr.  This ligand-receptor 

interaction between ᴅ-galactose and ASGPr is described at length in the following section (vide 

infra).  Using this system, we have achieved increased stabilization of polyplexes in serum, 

which leads to an increase in transgene expression over unmodified polyplexes in serum.  

However, receptor-mediated endocytosis through an ASGPr-galactose interaction was not 

successful, likely due to inaccessibility of the target group on the surface of the polyplex. 

 

Figure 5.3 – Reaction of monosuccinimidyl-propionate PEG with amine groups.  Reacting 

amine groups on the polymer can be primary or secondary amines.  Galactose groups are 

conjugated to the end of the PEG chain. Figure courtesy Dr. Lisa Prevette.
10

 

 

5.2.2 Hepatocyte-Specific Targeting with ᴅ-galactose via ASGPr 

 Targeting groups are essential for ensuring cell type specific uptake of nanoparticles 

administered systemically.  These targeting groups enable the administered particle, through 

specific ligand-receptor interactions, to be recognized exclusively by the target cell.  These 
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targeting groups impart stealth functionality, allowing the vehicle to remain undetected by all 

other cell types in the organism.  Many types of targeting groups have been conjugated to 

nonviral DNA delivery vehicles for enhancement of cell specific uptake, including folate and 

transferrin, which are designed to interact with their specific receptor on cell surfaces.
11,12

  Much 

interest has recently been focused on targeting the asialoglycoprotein receptor (ASGPr), as this 

receptor allows specific targeting of parenchymal liver cells while avoiding other liver cells such 

as Kupffer cells.
13

  The ASGPr is a carbohydrate-binding lectin that specifically recognizes the 

carbohydrates galactose and N-acetylgalactosamine (N-GalAc), mannose and lactose with high 

affinity and leads to rapid internalization.
14

  Many studies have focused on conjugating galactose 

to different polymeric backbones for DNA delivery, including chitosan and PEI, with varying 

success.
15-17

    

 The polymer structure likely plays a significant role in delivery of DNA and targeting 

efficiency.  There are many cell types and receptors that could be targeted for DNA delivery 

applications.  It would be advantageous to have a polymeric system that allows easy linkage of a 

pendent targeting group, such that the target could be varied depending on the application.  

Towards this end, we have synthesized a library of malonate-based polymers with four 

secondary amines for DNA binding.  These polymers contain a “clickable” pendant alkyne group 

for easy conjugation of a targeting ligand by Cu-catalyzed azide-alkyne cycloaddition.
18

  The 

general structure of these polymers is shown in Figure 5.4.   These polymers have been well-

characterized to determine molecular structure and degree of carbohydrate substitution (DCS).  

The naming scheme of the polymers is based on Ma-1-y-Gal-z, where y corresponds to the 

number of methylene groups in the aliphatic spacer between the polymer backbone and the 

carbohydrate target, and z corresponds to the measured degree of carbohydrate substitution. The 
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aim of this study is to determine the effect of pendant spacer length (spacing from galactose to 

polymer backbone) and DCS on receptor-mediated targeting in HepG2 cells, in order to discern 

the optimal polymeric structure for hepatocyte-specific delivery.  The results indicate that while 

this structure is well-characterized and suitable for targeting ligand conjugation, complete 

specificity of delivery to HepG2 cells was unsuccessful.  While lectin agglutination assay 

showed accessible carbohydrates on the surface of the polyplex, the lack of specificity likely 

stems from other regions of the polyplex interacting with the PM, leading to non-specific 

internalization pathways by other mechanisms. 

     

 

Figure 5.4 – General Structure of Ma-1-y-Gal-z polymer library.  y corresponds to spacer length 

between galactose and the polymer backbone, and z corresponds to degree of carbohydrate 

substitution (DCS).  Figure courtesy Dr. Chen-Chang Lee. 
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5.3 Results and Discussion 

5.3.1 Cellular Internalization of Galactose-targeted PEGylated PGAAs 

For each experiment herein, unmodified polyplex controls of 60 N/P for pre-PEGylation 

and 10 N/P for post-PEGylation, as well as 20 N/P, which has been shown to have optimal gene 

expression for the unmodified polyplexes were used.   

 Incorporating a PEG moiety onto the PGAA backbone presents a significant modification 

to polyplex structure and surface functionality.  For example, PEGylation increases the hydration 

shell of nanoparticles and can lead to charge shielding which could serve to reduce the long-

range electrostatic interactions between polyplex and GAGs that allow polyplexes to approach 

and bind to the PM for internalization.  For these reasons, it is necessary to assess the cellular 

internalization profiles of PEGylated PGAAs to ensure that the endocytic capabilities are not lost 

through these modifications.  We have sought to minimize these effects by incorporating a 

targeting ligand, ᴅ -galactose (Gal), onto the PEG chain, with the Gal moiety incorporated onto 

the end of the PEG chain, with either 50% (referred to as 50% GAL/GLU) or 100% (referred to 

as 100% GAL/GLU) of the PEG chains containing the targeting ligand.  In the case of the 50% 

targeted polyplexes, the remaining PEG groups have a methoxy group at the PEG terminus. The 

internalization of PEGylated polyplexes were compared to unmodified polyplexes in HepG2 

cells, a human hepatocellular carcinoma cell line, which overexpresses the ASGPr.   

 Results of this experiment are seen in Figure 5.5.  Unmodified polyplexes G4 and T4 

were formed at N/P 20 and 60, Pre-PEGylated (Pre-G4/T4) polyplexes prepared at N/P 60.  

Untreated HepG2 cells, uncomplexed DNA, and untargeted Pre-PEGylated G4 and T4 were used 

as negative controls, as well as polyplexes formed with PEGs containing ᴅ -glucose instead of ᴅ 
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-galactose. As ASGPr is galactose specific,
19

  glucose should not have affinity for the ASGPr 

and we should observe lower intracellular Cy5 fluorescence if internalization is through ASPGr-

mediated endocytosis. We observed decreased internalization of PEGylated polyplexes 

compared to unmodified analogs.  For G4 polyplexes, the glucose targeted polyplexes showed 

greater internalization than the galactosylated polyplexes.  T4 polyplexes maintained similar 

internalization levels regardless of the modification, as all the PEGylated analogs (untargeted, 

galactose, and glucose targeted) are internalized to a similar degree.  Furthermore, there did not 

seem to be significant differences between the 100% and 50%-substituted polyplexes.  These 

results suggest a lack of surface presentation of the targeting group, and internalization is likely 

mediated through non-specific adsorptive endocytosis rather than specific, receptor-mediated 

endocytosis. 

 The N/P ratio used for transfection could have a dramatic effect on internalization.  

Indeed, increasing the amount of polymer could lead to more surface-exposed galactose that 

could enable receptor-mediated targeting.  We measured the internalization of Pre-PEGylated G4 

polyplexes with 100% Gal targeting at 100 N/P compared 20 N/P.  These results are observed in 

Figure 5.6.   Higher uptake for targeted polyplexes was observed at 20 N/P than with polyplexes 

at 100 N/P.  This could be due to intermolecular associations between targets as the amount of 

polymer increases, such that target accessibility may be better at a lower N/P ratio.   Similar 

results were observed with post-PEGylated G4, such that no additional internalization was 

observed over unmodified G4 (Figure 5.7).  Overall, enhancement of PGAA internalization 

through incorporation of targeting moieties was unsuccessful.  This effect is almost certainly due 

to a lack of surface accessibility of the targeting galactose residues.  This was measured using a 

plant lectin, RCA-120, which binds specifically to galactose such that polyplexes with accessible 
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galactose targets will aggregate in solution and lead to a measurable increase in turbidity.  No 

measurable turbidity was observed with this assay, suggesting all targeting galactose units are 

buried in the polyplex interior.
10
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Figure 5.5 – Cellular internalization of targeted PEGylated G4 and T4 polyplexes, measured by 

flow cytometry.  Untreated cells (cells only), uncomplexed DNA (DNA only), unmodified G4 

and T4 (N/P 20 and 60), and polyplexes containing a 100% or 50% galactose or glucose 

targeting group.   

 



146 

 

 

 

Specimen_001_Cells.fcs

Cy5-A

C
o
u
n
t

10
0

10
1

10
2

10
3

10
4

10
5

0

54

107

161

214

Cells only

DNA only

G4 (N/P = 20)

Pre-G4 (100% Gal, 20 N/P)

Pre-G4 (100% Gal, 100 N/P)

Jet-PEI (N/P = 5)

214

161

107

54

0
100 101 102 103 104 105

Cy5-A

C
o
u
n
ts

 

Figure 5.6 – Overlaid FACS histogram to compare internalization of Pre-G4 with 100% 

galactose substitutions at 20 N/P and 100 N/P.  Internalization of these polyplexes were 

compared to controls of untreated cells (cells only), uncomplexed DNA (DNA only), and 

unmodified G4.  Jet-PEI was also used as a positive control.    
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Figure 5.7 – Comparing internalization of Post-PEGylated G4 to unmodified G4.  Untreated 

cells (cells only) and uncomplexed DNA (DNA only) were used as negative controls. 

 

5.3.2 Transgene Expression of PEGylated PGAAs 

 Targeted PEGylated polyplexes did not show enhanced internalization in HepG2 cells, 

but the modifications did not completely inhibit internalization of polyplexes into the cell. As 

such, surface modification could alter the mechanism of endocytosis and lead to changes in 

polyplex trafficking.  Therefore, we were interested in the transgene expression properties of 

these modified vehicles.  We completed these experiments using serum-free (in Opti-MEM) and 

serum-containing (in EMEM) media to evaluate changes in transgene expression profiles under 
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these conditions, as PEGylating the polyplexes should afford additional stabilization in serum 

due to charge shielding.  Polyplexes were formulated with pDNA containing the luciferase 

reporter gene, and transgene expression and relative cell viability were measured for these 

polyplexes.  For these experiments, pre-PEGylated polyplexes were formulated at N/P 60, as this 

ratio led to the highest transgene expression (data not shown). Post-PEGylated polyplexes were 

formed at N/P 10.   

 Transgene expression results of galactose-targeted pre-G4 and pre-T4 are presented in 

Figure 5.8.  Results were compared to controls of untreated cells (cells only), uncomplexed 

DNA (DNA only), as well as unmodified G4 (Figure 5.8a) and unmodified T4 (Figure 5.8b) at 

N/P 20 and N/P 60, untargeted pre-G4 and pre-T4, and Jet-PEI.  Each vehicle showed enhanced 

transgene expression with respect to DNA only, reinforcing the necessity of a transport vehicle 

for nucleic acid delivery.  Similar to the cellular uptake experiments, we do not observe an 

enhancement in transgene expression with targeted PEGylated PGAAs, highlighting an obvious 

effect of reduced cellular internalization on transgene expression efficacy.  Incorporating 

targeting moieties onto G4 polyplexes did not enhance transgene expression through receptor-

mediated endocytosis, and actually led to a decrease in expression, which likely stems from the 

decrease in internalization as a result of shielding the charge from the polymer secondary amines 

with the PEG groups. The amount of targeting groups on the G4 polyplex appeared to play a role 

in transfection, as 100% PEG substitution with galactose or glucose led to higher transgene 

expression than the 50% substituted analogs.  A slight transfection enhancement with 100% 

galactose-targeted G4 was observed over 100% glucose-targeted G4, but since uptake and 

expression enhancement was not observed over unmodified G4, this cannot be attributed to 

increasing target specificity.  
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 T4 polyplexes showed different trends in transgene expression with respect to G4.  In 

this case, we observe similar levels of transgene expression with targeted PEGylated T4 as with 

unmodified T4.  A slight enhancement of transgene expression with 100% galactosylated T4 was 

observed over 100% glucosylated and untargeted T4.  This may suggest a slight increase in 

receptor-mediated internalization of 100% galactose-targeted T4, but is less than ideal since a 

significant enhancement over unmodified polyplexes was not observed.  Unlike G4, modified T4 

does not lead to significant reductions in gene expression, illustrating how differences in polymer 

structure can influence bioactivity, and these properties are preserved even with significant 

modifications to the polymer backbone.   
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Figure 5.8 – Luciferase assay for determining transgene expression efficiency of pre-PEGylated 

a.) G4 and b.) T4 in HepG2 cells.  Luciferase expression is measured as relative luminescence 

units/mg cellular protein. 

 

For both of these modified systems, transgene expression efficiency is preserved under 

serous conditions for the PEGylated PGAAs compared to unmodified G4 and T4, as the decrease 

in luciferase expression is significantly less with PEGylated polyplexes than with unmodified 

polyplexes.  These results confirm that serum stabilization of polyplexes is achieved through 

PEGylation, and future generations of polymers can be modified in this way to enhance stability 

in serum for in vivo applications.   

Toxicity results of galactose-targeted pre-G4 and pre-T4 are presented in Figure 5.9.  

Targeted and untargeted Pre-G4 (Figure 5.9a) and Pre-T4 (Figure 5.9b) confirm that the 
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inherent biocompatibility of unmodified G4 and T4 is not lost with PEGylation, and in most 

cases results in a slight enhancement of relative cell viability.  This result is crucial to further 

development of these materials. 
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Figure 5.9 – Toxicity results for Pre-PEGylated a.) G4 and b.) T4 in HepG2 cells, assessed by 

relative amount of cellular protein compared to control of untreated cells.  Results are 

normalized to cells only control and against a BSA standard curve 

 

Transgene expression experiments were completed with targeted post-G4 and post-T4 for 

comparison with unmodified polyplexes and pre-PEGylation analogs.  The results of these 

experiments are presented in Figure 5.10.  Results are compared against controls of unmodified 

cells (cells only), uncomplexed DNA (DNA only), unmodified G4 and T4 (N/P 10 and 20), and 

untargeted post-G4 and T4.  Enhanced transgene expression is observed for 50% galactosylated 

post G4, but is also observed with glucosylated analogs.  No improvement of transgene 

expression is observed for T4.  Similar to the pre-PEGylated systems, these results are the likely 

product of target inaccessibility on the polyplex surface, as the target may be buried in the 

interior of the complex.   
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Figure 5.10 – Luciferase assay for determining transgene expression efficiency of Post-

PEGylated G4 and T4 in HepG2 cells.  Luciferase expression is measured as relative 

luminescence units/mg cellular protein. 

 

5.3.3 Cellular Internalization of Galactose-targeted Malonate Polymers 

The polymer delivery vehicle must provide protection and delivery of the nucleic acid 

payload to the proper tissues and bypass many destructive hurdles during the delivery route.
20-22

 

Targeting polyplexes to specific tissues can help to improve the chances of payload entry into the 

proper cells as well as protecting against non-specific uptake into other cell types.  As 

conjugating PGAA polymers with targeted PEGs was unsuccessful for cell-specific targeting, a 

new series of malonate-based polymers conjugated with galactose as a targeting group was 
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studied to understand the target-specificity of the carbohydrate-grafted polymers. This 

information will allow us to understand the effect of target density and presentation on the 

polyplex on receptor-mediated internalization. 

This new model system consists of carbohydrate-grafted polymers (Ma-1-y-Gal-z) were 

examined by flow cytometry for their ability to deliver Cy5-labeled pDNA into HepG2 cells. 

This technique can assess cellular internalization by measuring the fluorescence intensity of Cy5-

labeled pDNA within cells. We chose this method because the differences in cellular uptake 

profiles of polyplexes compared to others in the same family can help gauge the ligand 

presentation properties that facilitate ASGPr-mediates uptake.  The experiment was performed 

under two conditions: a) in the absence and b) in the presence of an ASGPr-binding drug 

(Figures 5.11 and 5.12). Asialofetuin (ASF), a glycoprotein with galactose-terminating sugar 

chains,
23

 is specifically recognized by the ASGPr, which is located on the plasma membrane of 

mammalian hepatocytes.
14,24

  To maintain target-specificity, nonspecific endocytosis by charge-

mediated cell surface interactions should be minimized while still maintaining acceptable uptake 

levels. Polyplexes formed at different N/P ratios were first examined with cultured HepG2 cells 

using the polymer Ma-1-6-Gal-37, to assess receptor-specific uptake with ASF (Figure 5.11). 

Polyplexes formed at N/P of 10 showed decreased uptake when exposed to ASF-containing 

media compared to  polyplexes formed at an N/P of 5 (not shown), and the cellular uptake 

inhibition was dependent of the ASF concentration.  In addition, the uptake is much lower at N/P 

= 5 than at N/P = 10.  Because the cellular uptake of the polyplexes formed at N/P of 5 was very 

low (similar to uncomplexed DNA, Figure 5.11), and further biological characterizations of this 

family of polymers were completed at N/P of 10 (Figure 5.12). For competitive inhibition 
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experiments with ASF, a concentration of 1.0 mg/ml ASF was used, as in resulted in the highest 

inhibition of Ma-1-6-Gal-37 uptake in HepG2 cells (Figure 5.11).  
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Figure 5.11. Cellular uptake of polyplexes formed with Ma-1-6-Gal-37 and the inhibition of 

cellular uptake by differing amounts of ASF in HepG2 cells. Cells only and DNA only were used 

as a negative control and Jet-PEI was used as positive control for this study. 

 

As shown in Figure 5.12, the family of carbohydrate-grafted polymers was examined for 

uptake in HepG2 cells at N/P of 10 with and without competitive uptake inhibition by ASF and 

the results were compared to the controls (Jet-PEI, Ma-1-3-Glu-10, Ma-1-3-Man-22, Ma-1, G4, 

untreated cells, and DNA only). The collective results revealed a variety of interesting trends. 

First, when comparing the families of polymers with the similar spacer lengths, the polyplexes 
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formed with polymers containing a higher DCS have a higher inhibition of cellular uptake by 

ASF.  This is due to ASGPr blockade by ASF, resulting in a lower receptor-mediated cellular 

uptake pathway and indicating that the higher DCS polymers are more specific.  The higher DCS 

analogs, due to a higher quantity of surface galactose, may interact more preferentially with the 

ASGPr due to a multivalent effect.
25

  Therefore, competitive inhibition of the galactose target to 

ASGPr with ASF leads to a significant reduction in cellular uptake due to the relative inability of 

the polymer to bind with the cell surface. Second, the longer linker lengths showed a higher 

inhibition of cellular uptake by ASF, indicating more specific uptake via the ASGPr.  This may 

be due to the longer linker lengths shielding the particle core from interaction and increasing the 

specific interactions between the targeting group and the receptor.  These results generally 

correlate to the results obtained in the agglutination assays, with the exception of Ma-1-3-Gal-

40, which showed the highest agglutination (not shown) but a lower degree of uptake inhibition 

when exposed to ASF (Figure 5.12) than Ma-1-6-Gal-37 and Ma1-9-Gal-44.  We do not fully 

understand this small discrepancy, but it may be related to conformational differences in 

polyplex structure that occur under in vitro conditions, compared to in water for the agglutination 

assay.  The Ma-1 series of polymers all exhibited higher uptake than the cells only, DNA only, 

G4, and Jet-PEI, suggesting targeted delivery enhanced uptake of these materials with respect to 

untargeted controls.  It should be noted, the controls of Ma-1 (no targeting carbohydrate), Ma-1-

3-Glu-10 (target carbohydrate is glucose), and Ma-1-3-Man-22 (mannose target), which will not 

enter the cell through an ASGPr-mediated endocytic route, revealed uptake in this cell line. 

Similar to other polymers without the inclusion of a targeting group, these materials are able to 

enter cells through non-specific (i.e. electrostatic interactions) with the plasma membrane. 

However, the ASF caused very little inhibition of cellular uptake, indicating low ASGPr-
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mediated uptake specificity due to the availability of non-interacting carbohydrates as targeting 

ligands on the polymer. 
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Figure 5.12 -  HepG2 uptake analysis via flow cytometry in the presence and absence of ASF of 

polyplexes formed at N/P=10 with the carbohydrate-grafted polymers and Cy5-labeled pDNA. 

Plasmid DNA and cells only were used as the negative controls; Jet-PEI, G4, and Ma-1 served 

as the positive controls.  

 

5.4 Conclusions 

The results presented herein show successful modification of PGAA polyplexes with 

PEG, either through a polymer PEGylation scheme (pre-PEGylation) or through a polyplex 

PEGylation scheme (post-PEGylation).  Pre-PEGylation and post-PEGylation resulted in 
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successful serum stabilization, as polyplexes did not increase in size in serum with respect to 

unmodified vehicles. These strategies led to internalization in HepG2 cells leading to expression 

of a transgene in a highly biocompatible manner, with improved transfection in serum.  End-

functionalizing PEGs with ᴅ -galactose did not encourage hepatocyte-specific internalization by 

specific interaction with ASGPr, as internalization was not carbohydrate specific, as illustrated 

further by the near-equal performance of polyplexes with a glucose targeting group which should 

have no specific affinity for ASGPr.  Similar lack of target specificity was observed with post-

PEGylated PGAAs, suggesting no apparent benefit to either targeting strategy.  This result is a 

likely effect of target inaccessibility, supported by the lectin agglutination assay, which does not 

facilitate specific ligand-receptor interactions to occur at the cell surface between galactose and 

the ASGPr.  It may prove difficult to serum stabilize PGAAs with PEG, as the molecular weight 

of the PEG is similar to that of the PGAA polymer, leading to nearly doubling the molecular 

weight of the polymer.  These effects could have global impacts to polyplex structure, and 

targeting groups may interact with carbohydrates within the polymer.  Further modifications and 

characterization are required to achieve an efficient system to stabilize and target PGAA 

polymers. 

 Similar studies were done to characterize the receptor-specific targeting of malonate-

based polymers with varying spacer lengths between the polymer backbone and the pendent 

targeting group and degrees of carbohydrate substitution (DCS).  Unlike the PEGylated PGAAs, 

the lectin agglutination assay showed that galactose residues were accessible on polyplex 

surfaces.  Competitive uptake inhibition using a ligand (ASF) that binds specifically to ASGPr 

showed reduced polyplex uptake that can be correlated to DCS.  This reduction may be due to a 

multivalent effect, as higher carbohydrate concentration may increase uptake, so receptor 
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blocking will have an effect on number of bound galactose molecules and can affect uptake.  

Inhibition of polymers with longer linker lengths led to higher reduction of uptake, suggesting 

the longer linker aids in specific receptor-ligand interaction.  This could also be useful for 

achieving a multivalent binding effect, and clustering receptors can lead to increased signaling 

leading to endocytosis.  However, inhibition with ASF did not lead to complete uptake inhibition 

and other control polymers displayed uptake in this cell line.  Other regions of the polyplex can 

likely interact with other regions of the membrane, leading to non-specific uptake by other 

mechanisms.  It should be noted that incomplete specificity for the ASGPr target has been seen 

before, and may be a function of the immortalized in vitro model since in vivo studies tend to 

show better receptor-specific delivery.
6,15,16,26,27

   Therefore, assessment in an in vivo model may 

provide better characterization of hepatocyte-specific delivery in this model.  Further 

modifications will be required to ensure complete specificity for the target receptor and to 

eliminate these other non-specific interactions.  Overall, this new polymeric system demonstrates 

favorable specificity and facile modification for future study and modification. 

 

5.5 Materials and Methods 

5.5.1 Biological Reagents 

All cell culture reagents were purchased from American Type Culture Collection (ATCC, 

Manassas, VA) unless noted otherwise.  HepG2 (human hepatocellular carcinoma) cells were 

grown in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10% FBS 

(Invitrogen, Carlsbad, CA), 100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL 
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amphotericin (Invitrogen).  Cells were grown at 37°C in a humid, 5% CO2 atmosphere and 

subcultured once per week.  

 

5.5.2 Transfection Experiments for PEGylated PGAAs 

 

All reagents were prepared in DNAse/RNAse-free water.  G4, T4 (N/P 10 and 20), Pre-

PEGylated polyplexes (Pre-G4, Pre-T4, Pre-G4-100-Gal, Pre-G4-50-Gal, Pre-T4-100-Gal, Pre-

T4-50-Gal, Pre-G4-100-Glu, Pre-G4-50-Glu, Pre-T4-100-Glu, Pre-T4-50-Glu, N/P = 60), and 

Jet-PEI (N/P = 5) (150µl) were incubated with gWiz-Luc (Aldevron, Fargo, ND) plasmid DNA 

(150 µl, 0.02 mg/ml) for 30 minutes at room temperature before diluting to 900 ml with serum-

free medium (Opti-MEM, pH 7.2) or EMEM.  DNA concentration of lyophilized Post-

PEGylated polyplexes (Post-G4, Post-T4, Post-G4-100-Gal, Post-G4-50-Gal, Post-T4-100-Gal, 

Post-T4-50-Gal, Post-G4-100-Glu, Post-G4-50-Glu, Post-T4-100-Glu, Post-T4-50-Glu, N/P 20) 

was determined by A260 measurements, and diluted appropriately to yield a 0.01 mg/ml DNA 

solution.  An equivalent volume (300 µl) of post-PEGylated solution was diluted similarly to 900 

µl with Opti-MEM or EMEM.   HepG2 cells were seeded in 24 well culture plates (Corning, 

Corning, NY) at a concentration of 1 x 10
5
 cells/ml in EMEM and incubated for 24 hours prior to 

transfection.  Polyplex solution (300 µl) was added to each well and fresh EMEM (800 µl) was 

added after four hours, each experiment done in triplicate.  Forty-eight hours after transfection, 

transfection efficiency was assessed by assaying the luciferase expression using luciferase assay 

reagent (Promega, Madison, WI).  Luminescence was integrated over 10s in duplicate using a 

luminometer (GENios Pro, TECAN US, Research Triangle Park, NC).  Cell viability was 

assessed by cellular protein content in cell lysates using Bio-Rad DC protein assay (Hercules, 
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CA). Amount of protein was measured against a standard curve of bovine serum albumin (98%, 

Sigma, St. Louis, MO).  Relative cell viability was assessed using untransfected cells for 

normalization.  The negative controls for these experiments were untransfected cells and cells 

transfected with naked gWiz-Luc. 

 

5.5.3 Cellular Uptake Experiments for PEGylated-PGAAs 

 

Unmodified polyplexes were formed at N/P = 20 and Pre-PEGylated polyplexes were formed at 

N/P = 60  using pCMVβ plasmid DNA (Plasmid Factory, Bielefeld, Germany) labeled with Cy5 

using Label-IT DNA labeling kit (Mirus, Madison, WI) at 1:10 labeling ratio indicated in 

manufacturer’s protocol.  Polyplexes were incubated for 30 minutes at room temperature.  For 

the Post-PEGylated polyplexes, lyophilized polyplexes were diluted to a DNA concentration of 

0.01 mg/ml in water.  Post-PEGylated polyplexes were also formulated with pCMVβ, and these 

polyplexes were labeled by incubation with the DNA intercalating dye PicoGreen (5 µl, 

Molecular Probes, Eugene, CA).  HepG2 cells were seeded into 6-well tissue culture plates 

(Corning) at 3 x 10
5
 cells/well and incubated for 24 hours at 37°C under 5% CO2 atmosphere 

prior to transfection.  Immediately before transfection, media was replaced with 2 ml Opti-MEM.  

Polyplexes (300 µl) were added to each well.  Two hours after transfection, EMEM (3 ml) was 

added to each well and allowed to incubate 30 minutes.  Two and one-half hours after 

transfection, cells were detached from the flask with 0.5mL Trypsin-EDTA and resuspended in 

phosphate-buffered saline (PBS) containing 2% FBS.  Cells were analyzed for intracellular 

fluorescence on a FACS Canto II (BD Biosciences, San Jose, CA).  PicoGreen was excited using 

a 488 nm solid-state laser and fluorescence detected by 530/30 bandpass filter and Cy5 was 
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excited using a 633 nm HeNe laser and detected with a 661/20 bandpass filter.  Positive events 

were gated against untransfected cells and 10,000-20,000 events/sample were recorded.   

 

5.5.4 Cellular Uptake Experiments for Hepatocyte-Targeted Click Polymers 

All reagents were prepared in DNAse/RNAse-free water. Polymers at various N/P ratios 

and Jet-PEI (N/P = 5) (150 µL) were incubated for 30 minutes at room temperature with 

pCMVβ−LacZ plasmid DNA (Plasmid Factory, Bielefeld, Germany, 150 µL, 0.01 mg/mL) 

labeled with Cy5 using Label-IT DNA labeling kit (Mirus, Madison, WI) at 1:10 labeling ratio 

indicated in manufacturer’s protocol. HepG2 cells were seeded into 6-well tissue culture plates 

(Corning, Corning, NY) at 3 x 10
5
 cells/well and incubated for 24 hours at 37°C under 5% CO2 

atmosphere prior to transfection.  Immediately before transfection, medium was replaced with 2 

mL Opti-MEM.  For competitive inhibition experiments, Opti-MEM was supplemented with 1 

mg/mL asialofetuin (ASF, Sigma, St. Louis, MO), and cells were incubated for with ASF for 15 

minutes at 4°C. Polyplexes (300 µL) were added to each well. Two hours after transfection, 

EMEM (3 mL) was added to each well and allowed to incubate for 30 minutes. Two and one-

half hours after transfection, cells were detached from the flask with 0.5mL Trypsin-EDTA and 

resuspended in phosphate-buffered saline (PBS) containing 2% FBS. Propidium iodide (2.5 µL, 

Molecular Probes, Eugene, OR) was added to each tube 2-5 minutes before analysis. Cells were 

analyzed for intracellular fluorescence on a FACS Canto II (BD Biosciences, San Jose, CA). 

Propidium iodide was excited using a 488 nm solid-state laser and fluorescence emission 

detected by 670 nm longpass filter, and Cy5 was excited using a 633 nm HeNe laser and detected 

with a 661/20 bandpass filter. Positive events were gated against untransfected cells and 10,000-
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20,000 events/sample were recorded. Appropriate gating against propidium iodide-positive cells 

was done to ensure that subsequent analysis only included live cells. 
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6 
Next-Generation Poly(glycoamidoamines) for DNA Delivery: 

Biological Characterization of Transfection 
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Madsen, LA, McLendon, PM, and Reineke, TM.  (2009) Proc. �atl. Acad. Sci. USA,106, 16913-
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6.1 Abstract 

 Chemical modification of previously-studied DNA delivery vehicles allows the 

systematic study of structure-function properties that lead to efficient intracellular delivery.  

Herein, we describe two types of next-generation DNA delivery vehicles based upon chemical 

modification of polygalactaroamidoamine (G4).  Increasing G4 molecular weight was achieved, 

and these modifications led to increased cellular toxicity without enhancement of transgene 

expression, suggesting that increasing G4 molecular weight is disadvantageous in terms of 

efficient, nontoxic DNA delivery.  Incorporating galactose into a random copolymer containing 

four secondary amines and a DTPA group (for chelating luminescent and MRI-active 

lanthanides) led to increased cellular internalization and transgene expression over first-

generation polymers (which lacked galactose).  Increasing internalization and expression were 

observed with increasing galactose concentration in the polymer while maintaining high 

biocompatibility levels characteristic of the first-generation polymers.  This increase in 

bioactivity may be related to increased amide hydrolysis under physiological conditions as a 

result of galactose incorporation.  The intracellular presence of these polymers was confirmed by 

nonlinear microscopy, and polymer was observed in punctate and diffuse staining patterns.  

Polymer was not colocalized with intracellular DNA after 24 hours, suggesting DNA release 

kinetics may be faster than first-generation polymers (without galactose).  These polymers allow 

valuable data to be attained on the structural attributes that lead to favorable bioactivity 

properties.  
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6.2 Introduction 

 As discussed in chapter 5, structural modification of DNA delivery polymers can 

dramatically impact bioactivity.  It is crucial to identify structural elements that lead to favorable 

delivery, such that new polymeric systems can be devised which efficiently deliver DNA to 

perform its desired function.  In this chapter, we describe two modifications of polymer G4 

(Figure 6.1) that we have designed to assess the effect of structural characteristics on DNA 

delivery.  By modifying polymerization conditions, we have attained G4 with substantially 

higher molecular weight (MW) than previously studied analogs.  The effect of polymer 

molecular weight likely plays a significant role in DNA delivery, as previous results have 

demonstrated this role.
1,2
  Using these high MW G4 analogs, we have assessed the effect of 

increasing MW on transgene expression and toxicity.  The results show that increasing G4 

molecular weight has a negative impact on DNA delivery, leading to lower transgene expression 

levels and substantially higher cytotoxicity.  This data suggests that shorter, low molecular 

weight G4 analogs are more effective as biocompatible DNA delivery agents. 

 

 

 

Figure 6.1 – Structure of G4.  For this study, the polymerization conditions were altered from 

previously published studies to attain polymers of considerably higher molecular weight. 
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 Previous research in our lab has shown that carbohydrate-containing polymers are more 

biocompatible than other polyamine-based polycations.
3-6
   Recently, we have also shown that 

carbohydrates can lead to amide hydrolysis under physiological conditions, and the ability of the 

polymer to degrade facilitates higher transgene expression compared to similar polymer analogs 

which do not degrade.
7
  These results suggest that including a carbohydrate in a polyamide-based 

polymer backbone may lead to increased transgene expression due to polymer degradation, 

presumably leading to DNA release from the polyplex under physiological conditions.  Previous 

polymers synthesized in our lab, containing a polyamide with 3 or 4 secondary amines and a 

DTPA moiety for lanthanide chelation, were readily internalized into cells for biological 

imaging, but low transgene expression was observed.
8
  We speculated that incorporating a 

monosaccharide into the polymer backbone may lead to increased gene expression by facilitating 

hydrolysis of the polyamide under physiological conditions.  To test this hypothesis, random 

copolymers (Figure 6.2) were devised with meso-galactarate, pentaethylenehexamine, and 

DTPA, to form polymers containing a lanthanide-chelating moiety (DTPA) for chelating 

luminescent (Eu
3+
) and MRI-active (Gd

3+
) metals, and a galactose-polyamide to incorporate a 

base-labile hydrolysable linkage for increased DNA release kinetics.  We studied these new 

polymers for their cellular internalization profiles and transgene expression compared to first-

generation lanthanide-chelating polymer (Gd3b/Eu3b) to assess the effect of incorporating 

galactose on DNA delivery. 
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Figure 6.2 - Structure of galactose-DTPA random copolymers for monitoring DNA delivery 

with lanthanides.  Feed ratios of monomers were varied such that polymers containing 5:1, 3:1, 

2:1, and 1:1 DTPA:galactose ratios were obtained, where n corresponds to DTPA-containing 

monomer, and m corresponds to galactose-containing monomer.  Structure courtesy of Dr. Josh 

Bryson. 

 

 These polymer systems are also interesting for their biological imaging capability.  These 

polymers could enable monitoring DNA delivery in vivo, and these “theranostic” vehicles 

combine therapeutic and diagnostic functionality in a single polymeric system. These polymers 

can chelate Gd
3+
, the most paramagnetic element, for use as a T1 MRI contrast agent, or Eu

3+
, 

which is luminescent, can be excited with ultraviolet light, and luminesces in the red region of 

the visible spectrum (Figure 6.3).
9
  Previous results have shown that we can achieve MRI 

imaging and intracellular luminescence imaging with these compounds.
8
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Figure 6.3 – Emission spectra of Eu when excited at 272 nm. and 395 nm.  Maximum 

luminescence emission occurs at 615 nm.  Figure reproduced from Gulgas, C. G. and Reineke, 

T.M, Inorg.. Chem. 2008, 47, 1548-1559.
9
 

 

 Due to the luminescence properties of these Eu
3+
-chelated materials, they are good 

candidates for imaging by optical microscopy.  Imaging of polymeric DNA delivery with 

nonlinear microscopy is of interest due to the use of infrared lasers for excitation, which are able 

to penetrate deep into tissues.
10
  To our knowledge, imaging of lanthanide-containing 

biomaterials with two-photon microscopy is novel to our studies.  Herein, we present evidence 

that lanthanide-containing polymers can be imaged with nonlinear microcopy such that 

intracellular localization and DNA delivery can be monitored by this method.  This functionality 

can be exploited for assessing biological mechanisms of DNA delivery and DNA release 

kinetics, as well as the potential to image polymer distributions in vivo with deep tissue imaging.  
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6.3 Results and Discussion 

6.3.1 High Molecular Weight G4 

 High MW G4 analogs were synthesized by Vijay Taori by varying polymerization time, 

monomer concentrations, and temperature.  Polymerization of high MW G4 was achieved using 

0.5 M galactarate and pure pentaethylenehexamine in methanol for 110 hours at room 

temperature. They were characterized by gel permeation chromatography, and these parameters, 

as well as the N/P ratio of DNA binding (measured by gel electrophoresis) are presented in 

Table 6.1.  These polymers were used to try to understand the relationship between polymer 

molecular weight and transgene expression in HeLa cells. 

 

 

Table 6.1 – GPC and DNA binding parameters of high MW G4, representing a wide range of dp 

and pdi values.  All polymers binding DNA at N/P 5 or less, and all had Mark-Houwink-

Sakurada (α) values of 0.51 or less.  Characterization was done by Vijay Taori. 

+ame Weight average 

molecular 

weight (Mw) 

(kDa) 

Degree of 

polymerization 

(dp) 

Polydispersity 

Index (pdi) 

+/P for pD+A 

binding 

G49 4 9 1.61 2 

G440 16 40 2.79 4 

G478 32 78 1.96 5 

G4195 79 195 2.78 3 

G4255 103 255 6.39 5 

G4264 107 264 15.38 4 

G4399 162 399 3.47 3 
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Figure 6.4 – Effect of G4 molecular weight on transgene expression.  Luciferase expression is 

expressed as relative light units/ mg of cellular protein. 

 

These polymers were used to complex DNA at N/P ratios varied between 5 and 50, and 

the effect of molecular weight on luciferase expression and relative cell viability was determined.  

HeLa cells were chosen as the model cell line for these studies.  Negative controls of untreated 

cells and uncomplexed DNA were used in this study, as well as positive controls of G49 at N/P 

20 and 30 and Jet-PEI at N/P 5, in line with previous experiments.
4
  The results of this 

experiment are seen in Figure 6.4.  In general, a significant enhancement was not observed over 

G49 at 20 and 30 N/P, which have been determined to be the optimal N/P ratios for efficient gene 

+/P 
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delivery.  The polymers with higher polydispersity indices generally showed higher transgene 

expression than those with lower polydispersity.  G4264, for example, achieved high levels of 

luciferase expression which increased with N/P ratio, whereas the expression with other 

polymers began to plateau or decrease at or around 20 N/P.  However, in most cases, high levels 

of transgene expression were retained after dramatic molecular weight increase.  However, the 

relative cell viability was markedly lower with the high MW polymers (Figure 6.5), suggesting 

significant toxicity.  High toxicity was noted with high MW polymers at lower N/P (between 10 

and 15) than with the lower MW analog (G49), suggesting that high MW and polydispersity can 

lead to increased toxicity.  The lone exception was G478, as high relative cell viability was 

retained even at higher N/P ratio.  This polymer is the least polydisperse of the high MW 

analogs, suggesting a role for polydispersity in biocompatibility.  However, this polymer did not 

show enhanced transgene expression, revealing that increasing polymer MW translates into 

lower gene expression and higher toxicity.  This could be due to polymer branching, as Mark-

Houwink-Sakurada (α) parameters were 0.51 or less, supporting the possibility of significant 

branching.  High levels of branching have been attributed to toxicity, as increasing the number of 

primary amines can lead to plasma membrane damage.  This has been demonstrated previously 

with high generation (G5 and G7) PAMAM dendrimers, with amine terminated dendrimers 

causing hole formation and expansion of pre-existing defects in model lipid bilayers, presumably 

through lipid removal, whereas acetamide-terminated dendrimers did not induce membrane 

defects.
11-13

 Therefore, high levels of branching could be responsible for increased toxicity, and 

these effects are being investigated to better understand the role of PGAA polymer structure on 

transgene expression and toxicity.  
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Figure 6.5 – Relative cell viability of HeLa cells transfected with high MW G4 analogs at 

increasing N/P ratio.  Toxicity was assessed by cellular protein levels, measured using a protein 

assay.   Controls of untreated cells, uncomplexed DNA, as well as Jet-PEI (N/P 5) and G4 (dp 9, 

N/P 20 and 30) were used in this experiment. 

 

6.3.2 Galactose-DTPA Random Copolymers 

 Incorporating a carbohydrate into a polyamine-containing backbone can afford improved 

biocompatibility, as well as incorporating a mechanism of cytoplasmic DNA release through 

polymer degradation.
4,6,7,14

   Previous polymer structures designed by our lab have incorporated 

DTPA analogs into a polyamine backbone, and can be used for luminescence imaging via 

microscopy or MRI.
8
  Although providing an attractive imaging modality, these polymers suffer 

 +/P 
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from low gene expression despite high cellular uptake profiles, likely stemming from poor 

cytoplasmic release of DNA.  Therefore, these polymers were redesigned to incorporate 

galactarate for biocompatibility and DNA release, pentaethylenehexamine for electrostatic DNA 

binding, and DTPA for inclusion of a luminescent lanthanide for imaging, and a random 

copolymer was synthesized by Josh Bryson to incorporate these three functionalities.  In 

addition, the ratio of DTPA to galactarate was altered for optimization of the polymer structure, 

such that the four polymers contained either 5:1, 3:1, 2:1, or 1:1 DTPA:galactarate.  The 

resultant polymers were characterized by GPC and NMR, and demonstrated the high relaxivity 

necessary for a contrast agent.
15
  Transgene expression experiments were also performed, and 

incorporating galactose into the polymer backbone led to an improvement in gene expression 

over the first generation polymeric contrast agents Gd3b and Eu3b.  The transfection efficiency 

increased with increasing galactose feed ratio, suggesting that having more galactose in the 

polymer backbone is advantageous for nuclear trafficking.  This is possibly due to increased 

polymer degradation leading to faster DNA release kinetics.
7,15
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Figure 6.6 – Cellular internalization of Ln-chelated polymers.   Incorporating galactose at a 1:1 

ratio with DTPA leads to a clear enhancement of polyplex uptake, both in terms of total number 

of cells transfected and relative amount of internalized polyplex. 

 

 These favorable initial results led to studies of cellular uptake and intracellular 

distribution.  Polyplexes were formed with Gd
3+
 and Eu

3+
-chelated polymers and Cy5-labeled 

pDNA and cellular internalization profiles were completed using flow cytometry.  The results of 

these experiments are presented in Figure 6.6, and flow histograms to better illustrate the 

intracellular fluorescence profiles are shown in Figure 6.7.  Controls of untreated cells (cells 

only), uncomplexed DNA (DNA only), G4 (N/P 20), Jet-PEI (N/P 5), and first-generation 

lanthanide-containing polymers (Gd3b and Eu3b, N/P 30) were used here.  Similar trends were 
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observed for internalization in HeLa cells, with increasing galactose concentration leading to 

higher cellular uptake.  The exception to this was 2:1, which showed no cellular internalization 

despite having moderate transgene expression, as intracellular fluorescence was very similar to 

DNA only.  This result is not currently understood, and further studies are needed to explain 

these results.  The polymer containing 1:1 DTPA:galactarate ratio showed the highest level of 

internalization and was internalized by the highest percentage of the cell population.  Most 

significant is that, with the exception of Eu/Gd 2:1, all galactose-containing polymers showed 

equal or higher polyplex uptake compared to the first-generation lanthanide-containing 

polymers, providing evidence that carbohydrates in the polymer backbone may lead to increased 

internalization, possibly due to increased interactions with cell surface carbohydrates (see 

chapter 3).  Interestingly, a higher percentage of cells contained the first-generation lanthanide-

containing polymers than Gd/Eu 5:1 and 3:1, suggesting that a higher concentration of galactose 

in the polymer is necessary to effect increased internalization over polymers without 

carbohydrate. 
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Gd 1:1 Eu 1:1

 

 The utility of these polymeric vehicles is the potential for biological imaging, and we 

have demonstrated that the first-generation polymers are readily suited to imaging tissue on the 

millimeter scale via MRI, or imaging cells on the nanometer scale via microscopy.
8
  While easily 

visible by MRI due to high relaxivity of the polymer, visualizing by microscopy is more difficult 

due to the large stokes shifts which can overlap with other commonly used dyes, as well as 

relatively low quantum yields.   The ability to label the polymer fluorescently is of great interest 

in studies of spatio-temporal polyplex trafficking and DNA release kinetics, as relatively little is 

currently understood about the nature of intracellular polyplex traffic or about how or when the 

polymer releases its hold on the DNA to, presumably, allow it to perform its therapeutic 

Figure 6.7 – Fluorescence histograms of cellular internalization profiles of G4-Ln hybrid 

polyplexes, compared to the same controls from Figure 6.6.  These histograms are representative 

of triplicate measurements.  Fluorescence is gated such that all but 1% of autofluorescence in cells 

only control is removed from analysis. 
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function.  Multi-photon microscopy presents unique potential for visualizing these interactions at 

the cellular level, and has received much recent attention due to use of infrared light for 

excitation, which has the capability of deep tissue penetration.  Exciting Eu
3+
-containing 

polymers with infrared light affords the possibility of determining biodistribution of 

systemically-administered polyplexes in deep tissue samples.  With these goals in mind, these 

polyplexes were visualized by two-photon microscopy.  To our knowledge, these are the first 

lanthanide-containing DNA delivery systems to be imaged in this manner. 

AF488-WGA Eu 3:1

DIC Overlay
                                   

Figure 6.8 – Two-photon images of intracellular distribution of Eu 3:1. The cells were fixed 24 

hours post-transfection, and the cell membrane is stained with WGA for spatial delineation and 

clarity.  The majority of the polymer is localized in the perinuclear region at this time point, with 

no polymer appearing in the nucleus. Scale = 25 µm.  
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Two-photon microscopy was used to visualize DNA delivery by lanthanide-containing 

polymers.  Europium polymers were visualized by complexing with FITC-labeled polymers, 

forming FITC/Eu labeled polyplexes or, when polyplexes were formed with unlabeled plasmid 

DNA, by staining the plasma membrane with Alexa Fluor 488-labeled wheat germ agglutinin 

(WGA), a cell impermeable protein.  This was done to visualize polymer distribution in the cell 

with a clear delineation of the plasma membrane, as well as to observe delivery of FITC labeled 

pDNA.  This technique was used to avoid spectral overlap with other common fluorophores, 

including Cy5, rhodamine, and DAPI.  As is observed in Figure 6.8, polymer was observed in 

the cytoplasm of the cells, and is clearly distinct from the plasma membrane.  The polymer 

appears to be near the perinuclear region after 24 hours, suggesting the trafficking mechanism of 

these polymers leads towards the nucleus.  Interestingly, when we observe polyplex 

internalization using Eu 1:1 (Figure 6.9) and Eu 5:1 (Figure 6.10), the polymer and DNA do not 

colocalize with each other.  This suggests that while the polymer can shuttle the DNA into the 

cell, it becomes dissociated from the polyplex within 24 hours of internalization.  This is in 

contrast to first-generation polymers (Eu3a and Eu3b), which show colocalization of FITC and 

Eu indicative of intact polyplexes at the same time point.
8
  This may be the result of polymer 

degradation stemming from incorporating galactose into the polymer, which we have shown to 

contribute a mechanism of polymer hydrolysis under physiological conditions.
7
    Both Eu 1:1 

and Eu 5:1 show similar Eu luminescence patterns, with polymer appearing in punctate regions, 

suggesting containment in endosomal compartments, as well as more diffuse staining indicative 

of cytoplasmic distribution.  The diffuse staining appears to be slightly less for Eu 5:1.  Lower 

concentrations of galactose in this polymer may lead to less degradation and allow less polymer 

and DNA to escape from endocytic vesicles.  We have suggested this previously with polymer 
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G4 compared to a non-degradable vehicle (Jet-PEI), and speculate that polymer degradation can 

lead to larger spheres of hydration, which may facilitate endosomal release of polymer and 

DNA.
16
  More studies are needed to confirm the role of polymer degradation in endosomal 

release and intracellular distribution.  However, this study demonstrates the ability to readily 

image Eu containing polymers by nonlinear microscopy, and opens up the potential for deep 

tissue imaging of polymer distribution in vivo. 

FITC-pDNA Eu 1:1

Overlay

Figure 6.9 – Intracellular DNA delivery of Eu 1:1.  Polyplexes were formed with FITC-labeled 

pDNA and complexed with Eu 1:1 polymer.  HeLa cells were fixed 24 hours post-transfection.  

Intracellular fluorescence is clearly observed in the cytoplasm, and Eu luminescence is visible in 

diffuse and punctuate staining patterns, suggesting intravesicular transport and polymer free in 

the cytosol. Little colocalization is observed between Eu and FITC. Scale = 25 µm. 
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FITC-pDNA Eu 5:1

Overlay
 

Figure 6.10 – Intracellular DNA delivery of Eu 5:1.  Polyplexes were formed with FITC-labeled 

pDNA and complexed with Eu 1:1 polymer.  HeLa cells were fixed 24 hours post-transfection.  

Similar Eu luminescence patterns to Figure 5.8 are observed, visible in diffuse and punctuate 

staining patterns, suggesting intravesicular transport and polymer free in the cytosol. Little 

colocalization is observed between Eu and FITC. Scale = 25 µm. 

 

 6.4 – Conclusions 

 Structure-bioactivity studies can give insight into methods of improving DNA delivery 

vehicles and allow incorporation of structural elements that may afford enhanced delivery within 

mammalian cells.  These fundamental studies are crucial for determining structural modalities 

that lead to efficient transfer of exogenous DNA into cells, such that new smart materials can be 
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synthesized which allow unambiguous delivery. The next-generation modifications to G4 

described in this chapter are designed to probe the effect on biological activity of increasing the 

polymer molecular weight, as well as incorporating galactose into a similar polymeric structure 

to try to improve transgene expression by modulating DNA release kinetics.  The results suggest 

that increasing G4 molecular weight does not afford any apparent advantage over the original 

structure.  In contrast, increasing molecular weight increased toxicity while not enhancing 

transgene expression.  Increasing the molecular weight of these step growth polymers could lead 

to hyperbranching, which may increase toxicity through large numbers of primary amine groups 

interacting with the plasma membrane.  Further studies are in progress to investigate the validity 

of these speculations. 

 In contrast, incorporating galactose into a DTPA-pentaethylenehexamine copolymer led 

to enhanced internalization over first-generation polymers.  These polymers were able to deliver 

DNA into cells, leading to gene expression.  Intracellular Eu
3+
-chelating polymer was able to be 

readily visualized for the first time by two-photon microscopy.  Lack of colocalization suggested 

that rapid degradation leading to DNA release may be occurring, as first-generation polymers 

which lack an amide hydrolysis mechanism colocalized with FITC-labeled DNA.  These 

polymers have tremendous potential for applications designed to monitor polymer-DNA release 

kinetics in vitro and in vivo.  These polymers provide the tools to answer this fundamental 

question in DNA delivery.     
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6.5 Materials and Methods 

6.5.1 Cell Culture 

All media and supplements were from Gibco/Invitrogen (Carlsbad, CA) unless noted 

otherwise.   HeLa (human adenocervical carcinoma) cells were purchased from ATCC 

(Mansassas, VA) and grown in Advanced DMEM containing 2% FBS, 1% L-glutamine, 100 

units/mg penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin.  Cells were grown 

in 75 cm
2
 tissue culture flasks (Corning, Corning, NY) and incubated at 37°C in a humid, 5% 

CO2 atmosphere, and subcultured once per week.   For polyplex transfections, cells were plated 

in DMEM containing 10% FBS and 100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25 

µg/mL amphotericin. 

 

6.5.2 Transgene Expression of High Molecular Weight G4 

All reagents were prepared in DNAse/RNAse-free water.  High MW G4 (N/P 5-30),  G4 

(N/P 20 and 30), and Jet-PEI (N/P = 5) (150µl) were incubated with gWiz-Luc (Aldevron, Fargo, 

ND) plasmid DNA (150 µl, 0.02 mg/ml) for 30 minutes at room temperature before diluting to 

900 µl with serum-free medium (Opti-MEM, pH 7.2).  HeLa cells were seeded in 24 well culture 

plates (Corning, Corning, NY) at a concentration of 1 x 10
5
 cells/ml in DMEM and incubated for 

24 hours prior to transfection.  Polyplex solution in Opti-MEM (300 µl) was added to each well 

and fresh DMEM (800 µl) was added after four hours, each experiment done in triplicate.  Forty-

eight hours post-transfection, transfection efficiency was assessed by assaying the luciferase 

expression using luciferase assay reagent (Promega, Madison, WI).  Luminescence was 
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integrated over 10s in duplicate using a luminometer (GENios Pro, TECAN US, Research 

Triangle Park, NC).  Cell viability was assessed by cellular protein content in cell lysates using 

Bio-Rad DC protein assay (Hercules, CA). Amount of protein was measured against a standard 

curve of bovine serum albumin (98%, Sigma, St. Louis, MO).  Relative cell viability was 

assessed using untransfected cells for normalization.  The negative controls for these 

experiments were untransfected cells and cells transfected with naked gWiz-Luc. 

 

6.5.3 Cellular Uptake of Galactose-DTPA Random Copolymers 

All reagents were prepared in DNAse/RNAse-free water. Europium and gadolinium 

chelated polymers at various DTPA:galactarate ratios (1:1, 2:1, 3:1, and 5:1, N/P 40), as well as 

controls of G4 (N/P 20), Eu3a, Gd3a, Eu3b, Gd3b (N/P = 40) and Jet-PEI (N/P = 5) (150 LL) 

were incubated for 30 minutes at room temperature with pCMVβ−LacZ plasmid DNA (Plasmid 

Factory, Bielefeld, Germany, 150 µL, 0.02 mg/mL) labeled with Cy5 using Label-IT DNA 

labeling kit (Mirus, Madison, WI) at 1:10 labeling ratio indicated in manufacturer’s protocol. 

HeLa cells were suspended in supplemented DMEM and seeded into 6-well tissue culture plates 

(Corning, Corning, NY) at 3 x 10
5
 cells/well and incubated for 24 hours at 37°C under 5% CO2 

atmosphere prior to transfection.  Immediately before transfection, medium was replaced with 2 

mL Opti-MEM.  Polyplexes (300 µL) were added to each well. Two hours after transfection, 

supplemented DMEM (3 mL) was added to each well and allowed to incubate for 30 minutes. 

Two and one-half hours after transfection, cells were detached from the flask with 0.5mL 

Trypsin-EDTA and resuspended in phosphate-buffered saline (PBS) containing 2% FBS. 

Propidium iodide (2.5 µL, Molecular Probes, Eugene, OR) was added to each tube 2-5 minutes 
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before analysis. Cells were analyzed for intracellular fluorescence on a FACS Canto II (BD 

Biosciences, San Jose, CA). Propidium iodide was excited using a 488 nm solid-state laser and 

fluorescence emission detected by 670 nm longpass filter, and Cy5 was excited using a 633 nm 

HeNe laser and detected with a 661/20 bandpass filter. Positive events were gated against 

untransfected cells and 10,000-20,000 events/sample were recorded. Appropriate gating against 

propidium iodide-positive cells was done to ensure that subsequent analysis only included live 

cells. 

6.5.4 Visualizing Transfection of Europium Chelated Polymers with Two Photon Microscopy 

HeLa cells were plated at an initial seeding density of 1.5 x 10
4
 in supplemented DMEM 

in 12-well culture plates containing sterile 15 mm. no. 1 coverslips coated with PLL.  Cells were 

incubated for 48 hours at 37°C in a humid 5% CO2 atmosphere to allow adherence to the 

coverslip.  Polyplexes were prepared as described above, containing Label-IT® FITC-labeled 

plasmid delivery control or unlabeled pCMVβ.  After removing media and rinsing coverslips 

with PBS, 1 mL of Opti-MEM was added to each well, and each well was transfected with 100 

µl polyplex solution at 40 N/P.  Eu3a was observed in tandem for comparison with previous 

results.  Polyplexes were allowed to transfect for 24 hours at 37°C/5% CO2.  After transfection, 

media was removed and coverslips rinsed 3X with PBS and fixed in 1 mL 4% paraformaldehyde 

for 10 minutes at room temperature. For polyplexes prepared with unlabeled plasmid DNA, the 

plasma membrane was labeled with 150ul Alexa Fluor 488-wheat germ agglutinin (WGA, 5 

µg/ml)   Coverslips were mounted using Prolong antifade mounting media (Molecular Probes), 

and dried overnight.  Cell imaging was done using a 63X oil immersion objective (N.A = 1.4) on 

a LSM510 confocal system fitted onto an inverted Observer.Z1 microscope (Zeiss, San Diego, 

CA).  Images were acquired using laser excitation and filter sets appropriate for the dyes of 
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interest: (Alexa Fluor-488-WGA: λex = 488 nm, λem = BP 505-550 nm; Europium, λex = 780 nm, 

λem = LP 560 nm    The confocal pinhole was adjusted to image a vertical optical slice of 1.0 - 

1.2 µm.   Minimal processing for image brightness, contrast and noise reduction was completed 

using NIH Image J software. 
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7 
Conclusions, Implications, and Future Directions 
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7.1 Conclusions  

 

 The work presented in this dissertation was designed to contribute valuable biological 

characterization of polycationic DNA delivery vehicles to the ever-expanding body of work 

produced in this field.  The preceding chapters have been devoted to describing in-depth studies 

of poly(glycoamidoamine) internalization mechanisms in mammalian cells, as well as biological 

profiling of other novel polymeric systems developed by our laboratory.  Understanding the 

internalization mechanisms of polycationic vehicles is an important emerging subfield in this 

area, and the studies presented herein constitute one of the more detailed and comprehensive 

volume of research completed on a specific polycationic vehicle system.  This research is an 

important contribution to this area, and with the previous research outlined in chapter one, helps 

to start answering the biological mechanistic questions that limit the progress of non-viral 

vehicles to the clinical setting. 

 Chapters 3 and 4 describe research designed to understand the mechanisms of cellular 

internalization for poly(glycoamidoamine) vehicles.  Knowledge of cellular uptake mechanisms 

is necessary for rational design of efficient DNA delivery polymers.  At the surface of the cell, 

polyplexes likely come into contact with GAGs.  In chapter 3, we present evidence that 

poly(glycoamidoamine) (PGAA)-DNA complexes interact with cell-surface glycosaminoglycans 

(GAG) in a manner that is not solely dependent on charge.  Competitive inhibition of polyplex 

internalization by free GAG leads to a trend of inhibition that does not match the trend of GAG 

charge.  Internalization of PGAA polyplexes appears to be dependent on GAG sulfation on 

mammalian cell lines, as desulfating HeLa cells with chlorate led to a dramatic decrease (79-

92%) in polyplex internalization.  This suggests that an electrostatic interaction is required to 
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bring the polyplex in contact with the cell, and this interaction likely is involved in signaling the 

endocytic event.  The presence of GAGs appears to be necessary for efficient internalization, as 

polyplex internalization and transgene expression was decreased in GAG-deficient CHO (pgsA-

745) cells, suggesting that GAGs serve as primary receptors for cellular internalization of 

polyplexes.  We also observe a significant decrease in transgene expression in GAG-null (PgsA-

745) cells compared to normal CHO cells.  It has been shown that certain proteoglycans may 

have nuclear localization signals,
1
 and GAGs have been found in cell nuclei, so interacting with 

GAGs may assist in nuclear trafficking of polyplexes.  Thus, binding to cell surface GAGs may 

facilitate polyplex shuttling to the nucleus by a GAG-mediated transport mechanism.  Interesting 

results were observed with polyplex containing the T4 polymer.  T4 showed slightly less uptake 

inhibition than the other PGAAs when GAGs were desulfated with chlorate.  Internalization and 

transgene expression of T4 polyplexes were also less inhibited when GAGs were not present on 

cells.  This suggests that while a GAG-mediated pathway is involved in T4 binding, 

internalization, and nuclear trafficking, it may be less dependent on these pathways than the 

other PGAAs.  Indeed, we have previously shown the ability of T4 to induce plasma membrane 

disruption,
2
 which may account for less uptake inhibition in the presence of GAGs.   

We next took a more biophysical approach to understanding polyplex-GAG interactions.  

PGAA polyplexes are dissociated by GAGs in a charge-independent manner, which may suggest 

that interactions between polymer and GAG carbohydrates contribute to polyplex binding. Gel 

dissociation assays suggest that polymers and GAGs may exhibit preferential affinities that can 

facilitate DNA release in a charge-independent manner, possibly through hydrogen bonding 

interactions that occur between the GAG and polymer.  Indeed, our group has shown that 

polymer-pDNA binding occurs partially through hydrogen bonding interactions,
3
 so disrupting 
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these interactions could depend on the specific interactions between carbohydrates in the 

polymer backbone and those in the GAGs. As measured by dynamic light scattering and TEM, 

GAGs appear to accumulate on the surface of polyplexes without disrupting the complex, which 

may stimulate cellular internalization due to close interactions between the polyplex and the 

GAGs and possibly recruiting multiple proteoglycans to the polyplex surface.  This may be an 

integral step in internalization, as these close interactions may bring the polyplex closer to the 

cell surface, which could lead to increased signaling to stimulate endocytosis.  Proteoglycans are 

known to cluster around bound ligands in order to cluster receptors for internalization
4
, which 

would be consistent with particle internalization by this model.   

 Fluorescence measurements of an intercalating dye suggest that interaction with GAGs 

can induce polyplex decompaction, and may present a potential DNA release mechanism.  This 

assay shows that GAGs can cause structural changes to the polyplex without disrupting the 

complex.  GAGs are able to cause decompaction of G4 polyplexes, such that DNA bases are 

accessible to PicoGreen intercalation after being forced out by polymer-mediated DNA 

condensation.  This suggests that an overall conformational change may occur upon polyplex 

binding to cell surface GAGs.  These results infer that similar interaction may occur on cell 

surfaces, and provide evidence that GAGs function as cell surface receptors for PGAA vehicles. 

The GAGs are likely internalized in tandem with polyplexes and may assist in DNA release, 

depending on the nature and amount of GAGs that are co-internalized. These interactions, while 

not strong enough to fully dissociate the complex, may represent a barrier to internalization or 

represent a key step in DNA release once inside the cell.  These results suggest that PGAA 

polyplex-GAG interactions may be a function of close-range interactions between polymer and 

GAG, rather than a solely electrostatic interaction. These close-range interactions are likely 
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influenced by the stereochemistry and number of hydroxyl groups in the polymer backbone, as 

well as the specific carbohydrates in the GAG disaccharide repeat unit.  These contributions, 

together with electrostatic interactions, may facilitate binding of polyplexes to the cell surface, 

and may represent the first step in polyplex internalization by mammalian cells. 

PGAA interactions with GAGs that lead to efficient internalization appear to be different 

from other cationic vehicles.  We have used linear PEI, a polymer of repeating ethyleneimine 

units,
5
 as a control, due to the pentaethylenehexamine comonomers in the backbone of the 

PGAA polymers.  The data suggest that sulfated GAGs may present a barrier to PEI 

internalization, as uptake increases upon desulfation, and that PEI polyplexes can be internalized 

by the cell in a GAG-independent manner.  It has been suggested that PEI can form nanoscale 

holes in the plasma membrane, presenting a potential entry method.
6
  While we have 

demonstrated similar abilities of PGAA polyplexes,
2
 we have also shown that sulfated GAGs on 

the surface appear to be highly important for efficient internalization.
7
  These findings illustrate 

that incorporating carbohydrate moieties into a PEI-like polyamine backbone can dramatically 

impact the biological properties that occur on or within cells, and we have shown that these 

modifications influence polyplex binding and internalization profiles between PGAA and PEI 

polyplexes.  These differences highlight the necessity to understand molecular mechanisms of 

delivery for enabling rational polymer design. 

Understanding the nature of endocytosis is of high importance, as these mechanisms can 

dramatically influence intracellular trafficking and eventual polyplex localization within the cell.  

Chapter 4 describes research designed to probe and elucidate these mechanisms. Studies of this 

type are essential, as the number of synthetic materials in human clinical trials is rapidly 

increasing, and subtle changes in the chemical structure of the material can significantly affect 
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the mechanisms and efficacy.  This work aims to decipher the cellular internalization 

mechanisms for poly(glycoamidoamine) (PGAA) DNA delivery vehicles.    This was achieved 

by comparing the PGAA internalization results to those of linear (Jet) PEI, to observe differences 

in cellular uptake of polyamine vehicles with those that contain carbohydrates in the backbone. 

To this end, we have performed a number of cellular delivery experiments in the presence of 

pharmacological endocytosis inhibitors along with confocal microscopy to observe 

colocalization of labeled pDNA in polyplexes with antibody-labeled endocytic molecules to 

identify the cellular internalization pathways in HeLa cells.  The data presented herein suggests 

that a complex, multifaceted internalization pathway is taken by the PGAA polyplexes.  The 

dominant mechanism of PGAA polyplex uptake appears be through active transport via an actin 

and dynamin-dependent mechanism. Of the better-characterized pathways, clathrin, caveolae, 

and macropinocytosis all appear to contribute to total polyplex uptake.  Macropinocytosis 

appears to be the least involved of the three pathways.   While colocalization was observed 

between polyplexes and marker molecules along the clathrin-mediated endocytosis pathway, 

little localization was observed between polyplexes and EEA-1 despite evidence that clathrin-

dependent uptake plays a role in cellular internalization of the polyplexes.   This could be due to 

polyplex escape prior to fusion with early endosomes, sorting of vesicles to other destinations in 

the endosomal network, direct membrane penetration, or that most polyplexes enter via a 

caveolae/raft-associated route.  

Direct membrane passage as an internalization route was also investigated through depletion 

of cellular energy, and by observing rupture of model anionic phospholipid vesicles and leakage 

of a cytosolic enzyme from the cell.  The data suggests a multifaceted cellular internalization 

mechanism for these polymeric PGAA polyplexes, with an actin and dynamin-dependent, 
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clathrin-independent mechanism being the prominent route of uptake and most efficient 

intracellular trafficking route leading to gene expression. Evidence suggests this prominent 

mechanism is most likely caveolae/raft-mediated endocytosis.  Other pathways, such as clathrin-

coated vesicles and macropinosomes were also involved in polyplex uptake to a lesser degree, as 

well as non-endocytic uptake playing a small but potentially significant role.  The cellular 

internalization pathways for PGAAs were not identical to polyethylenimine, illustrating that 

differences in the chemical structure of materials can directly impact the cellular internalization 

mechanisms. 

An important discovery in this work is that while a multitude of pathways contribute to 

uptake, only certain pathways may lead to significant gene expression.  An actin and dynamin-

dependent mechanism, likely caveolae-mediated or lipid raft endocytosis, appears to be the 

predominant uptake route leading to nuclear trafficking and transgene expression.  An 

unexpected and interesting result was that while clathrin does contribute to the uptake route, it 

appears to not be the mechanism of shuttling PGAA polyplexes to the nucleus as transgene 

expression actually increased with clathrin inhibition.  This could mean that polyplexes taken up 

by this route are either shuttled to lysosomes for degradation, released into the cytosol, 

exocytosed, or lack a viable means of active transport into the nucleus once escaped from 

intracellular transport vesicles.  This information could lead to pathway-specific targeting 

strategies, as targeting specific pathways may be advantageous for efficient cellular entry, and 

certain mechanisms may enable better targeting of the nucleic acid cargo to specific intracellular 

locations. As a result, future generations of polymers could be designed to utilize different 

pathways depending on the intended therapeutic target.   Since we cannot account for all 

polyplex internalization using inhibition of components of known pathways, we speculate that 
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there are likely alternate mechanisms at work, possibly a clathrin and caveolae-independent 

mechanism, which likely involves actin and dynamin for vesicular internalization.  Further 

studies to identify the molecules on the cell surface and along the endocytic pathways that 

PGAA polyplexes interact with will expand our understanding of how these materials maneuver 

through the cell.   

  Chapter 5 describes biological characterization of polymers designed for specific 

targeting of DNA delivery to hepatocytes. To attain sustained, long-term systemic delivery of 

nucleic acid drugs, it is often necessary to introduce chemical modifications to the vehicle for 

polyplex stability in serum and for specific delivery to target cell types.  Herein, we describe the 

serum stabilization of poly(glycoamidoamine) polyplexes through incorporation of poly 

(ethylene glycol) for polyplex charge shielding.  Using a Pre-PEGylation and post-PEGylation 

conjugation scheme resulted in successful serum stabilization, as polyplexes did not increase in 

size in serum with respect to unmodified vehicles. While this modification did not eliminate 

polyplex size increase in serum, the growth of polyplex size over time, as observed with 

unmodified complexes, was inhibited, suggesting charge shielding leads to stable polyplex size. 

These strategies led to internalization in HepG2 cells leading to expression of a transgene in a 

highly biocompatible manner, with improved transfection is serum.  End-functionalizing PEGs 

with D-galactose for specific targeting of hepatocytes proved unsuccessful, as cellular uptake 

and transgene expression were not enhanced, and did not correlate to internalization by receptor-

mediated endocytosis.  This is illustrated further by the near-equal performance of polyplexes 

with a glucose targeting group which should have no specific affinity for ASGPr.  Similar lack of 

target specificity was observed with post-PEGylated PGAAs, suggesting no apparent benefit to 

either targeting strategy. This result is a likely effect of target inaccessibility, supported by the 
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lectin agglutination assay, which does not facilitate specific ligand-receptor interactions at the 

cell surface between galactose and the ASGPr.   It may prove difficult to serum stabilize PGAAs 

with PEG, as the molecular weight of the PEG is similar to that of the PGAA polymer, leading to 

nearly doubling the molecular weight of the polymer.  Polyplex structure is probably 

significantly altered in these systems, and targeting groups may interact with carbohydrates 

within the polymer.  Further modifications and characterization are required to achieve an 

efficient system to stabilize and target PGAA polymers.  

Towards the goal of cell-specific DNA delivery, we developed a library of cationic 

polymers based on malonate, which incorporate a “clickable” linkage for facile linkage of 

targeting groups onto the polymer backbone.  The polymers in this library were varied to study 

the effects on the spacer length between polymer backbone and pendant targeting group, as well 

as the degree of carbohydrate substitution.  Herein, the cell specific targeting efficiency into 

HepG2 cells was assessed through measuring the cellular internalization profiles.    Unlike the 

PEGylated PGAAs, the lectin agglutination assay showed that galactose residues were accessible 

on polyplex surfaces.    Competitive uptake inhibition using a ligand (ASF) that binds 

specifically to ASGPr showed reduced polyplex uptake that can be correlated to DCS.  This 

reduction may be due to a multivalent effect, as higher carbohydrate concentration may increase 

uptake, so receptor blocking will have an effect on number of bound galactose molecules and can 

affect uptake.  Inhibition of polymers with longer linker lengths led to higher reduction of 

uptake, suggesting the longer linker aids in specific receptor-ligand interaction.  This could also 

be useful for achieving a multivalent binding effect, and clustering receptors can lead to 

increased signaling leading to endocytosis. However, exclusively receptor-specific 

internalization of polyplexes was not observed, as competitive uptake inhibition with asialofetuin 



199 

 

in HepG2 cells resulted in significant polyplex internalization, suggesting internalization by 

receptor-independent modes. This is also supported by other control polymers displaying uptake 

in this cell line.  This suggests a retained ability of the polyplex to interact with other regions of 

the membrane, facilitating non-specific uptake into HepG2 cells.  Further modifications will be 

required to ensure complete specificity for the target receptor and to eliminate these other non-

specific interactions.  Overall, this new polymeric system demonstrates favorable specificity and 

should be readily modified for future studies. 

 Despite some promising initial results, full selectivity of these galactosylated systems for 

hepatocytes was not observed.  This may be due to the use of a hepatocellular carcinoma cell 

line, as these cells rapidly proliferate which likely alters their native internalization profiles.  

Reassessing in a non-cancerous cell line may provide insight into the lack of receptor specificity, 

particularly with the malonate-based polymers.  Studies in vivo could assess hepatocyte–specific 

delivery and assess the ease of entry into other tissue types.  Favorable surface presentation of 

galactose on polyplexes formulated with these polymers suggest that minor structural 

modifications could lead to favorable specific delivery.  The higher degrees of carbohydrate 

conjugation onto the polymer led to better hepatocyte-specific delivery.  This suggests that  more 

galactose on the polyplex surface leads to increased interaction with the receptor.  Increasing the 

DCS may more completely coat the polyplex surface and eliminate the polyplex regions that can 

interact non-specifically with the cell surface.  Whether it be incomplete coverage of the 

polyplex surface with targeting group, or heterogeneity in the target distribution, more work is 

needed to optimize this promising system. 

 Chapter 6 describes biological characterization of previously-studied DNA delivery 

vehicles which have been structurally modified.  These modifications allow the systematic study 
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of structure-function properties that lead to efficient intracellular delivery.  In this chapter, we 

describe two types of next-generation DNA delivery vehicles based chemical modification of the 

poly(glycoamidoamine) G4.  These fundamental studies are crucial for determining structural 

modalities that lead to efficient transfer of exogenous DNA into cells, such that new smart 

materials can be synthesized which maximize specific delivery.  The first studies involved 

increasing G4 molecular weight. The results suggest that increasing G4 molecular weight does 

not afford any advantage over the original structure.  These modifications led to increased 

cellular toxicity without enhancement of transgene expression.  We speculated in the chapter that 

hyperbranching may be involved in the increased toxicity, and follow-up studies are ongoing to 

investigate if this structural feature plays a role in the high toxicity of these polymers. 

Monitoring DNA delivery is important for elucidating biological trafficking mechanisms 

and DNA release kinetics.  Incorporating galactose into a polymer containing four secondary 

amines and a DTPA group (for chelating luminescent and MRI-active lanthanides) led to 

increased cellular internalization and transgene expression over first-generation polymers (which 

lacked galactose).  Increasing internalization and expression was observed with increasing 

galactose concentration in the polymer while maintaining high biocompatibility levels 

characteristic of the first-generation polymers.  In general, internalization and transgene 

expression increased with increasing galactose feed ratio, supporting the role of galactose in 

favorable bioactivity.  This increase in bioactivity may be related to increased amide hydrolysis 

under physiological conditions as a result of galactose incorporation.  The intracellular presence 

of these polymers was confirmed by nonlinear microscopy, and polymer was observed in 

punctate and diffuse staining patterns.  Polymer was not colocalized with intracellular DNA after 

24 hours, suggesting that DNA release kinetics may be faster than first-generation polymers 
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(without galactose).  These polymers allow valuable data to be obtained on the structural 

attributes that lead to favorable bioactivity properties.  Future work will be focused on 

developing galactarate-pentaethylenehexamine and DTPA-pentaethylenehexamine 

macromonomers to create more well-defined polymers for these studies.  Similar work will 

involve combining both first-generation polymers (G4 and Eu3b) in different ways for polyplex 

formation.  These may provide the imaging modality while incorporating a biocompatible and 

biodegradable polymer for enhanced DNA release kinetics and favorable transgene expression to 

achieve a similar theranostic effect as the second-generation polymers.  These new systems will 

be compared for their efficacy in vitro to assess the benefits of each strategy.   

 

7.2 Future Directions 

The work presented herein provides a more complete understanding of the role of 

chemical functionality on bioactivity in mammalian cell lines.  We have shown that these 

structural variations can significantly impact the ability of the polymer-DNA complex to enter 

and be trafficked within the cell, express a packaged transgene, and do these things in a nontoxic 

manner.  The experiments and conclusions described in these pages presents the first steps in 

understanding the structure-bioactivity relationship.  Taken with other works that have been 

published by our lab, we can begin to understand which structural features lead to enhanced 

bioactivity.  For example, having a carbohydrate in the polymer appears to be optimal for good 

biocompatibility and, unexpectedly, leads to polymer degradation which may aid in DNA 

release.
8
  It has also been shown that having four secondary amines in the polymer backbone 

generally leads to the best DNA compaction and transgene expression.
9-11

  Work herein shows 
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that changing the carbohydrate group generally does not influence the internalization profiles, 

but these mechanisms are different from polymers that do not contain carbohydrates.
2,12

   

These fundamental studies of polymer structure effects on DNA delivery are unique to 

our group, and continued efforts should focus on completing these characterizations.  For 

example, carbohydrate interactions are likely governing the interaction between polyplexes and 

cell surface GAGs, as our results suggest that non-electrostatic interactions partly mediate 

internalization via a GAG-dependent uptake route.
7
 This correlates to previous data which 

suggests hydrogen bonding interactions between PGAA polymers and pDNA,
3
 which could also 

occur between polymer and GAG. Current ongoing work is using quartz crystal microbalance 

measurements to determine relative binding affinities between immobilized polyplexes on a Au-

coated surface and free GAGs in solution, to determine if differences in binding affinities 

between different polyplexes and different GAGs can be empirically measured.  We have also 

used CHO cells with specific GAG alterations to assess GAG-mediated uptake.  Using siRNA 

knockdown technology, it would be useful to develop cell lines that contain only one type of 

GAG.  Using fusion protein constructs of proteoglycan core proteins, these PGs could be tagged 

with a fluorescent molecule, such as GFP, to observe colocalization between polyplexes and 

specific GAGs.   

These important first studies of the PGAA-GAG interactions are useful in understanding 

the nature of the cell binding event that leads to polyplex internalization into the cell.  There are 

many other cell surface receptors that could be responsible for polyplex binding.  Indeed, other 

studies in the area have implicated adhesion receptors
13

 and flotillin-1 cell surface markers
14

 as 

alternative molecules for polyplex interaction, and there are many other receptors and proteins on 

cell surfaces that have yet to be explored.  A complete understanding of the cellular processing 
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or cell signaling events that occur upon binding is needed for effective design of more efficient 

vehicles.  Using receptor proteins bound to a surface, fluorescence polarization or QCM/SPR 

could be used to measure the strength of polyplex binding to individual cell surface proteins.  

Once developed, this could be applicable to high throughput screening to assess the cell surface 

molecules that interact with the polyplex.  This type of information would streamline polyplex 

development to optimize delivery based on the cell surface interactions.  These types of studies 

would be novel to this field, and move polymer development towards more rational design 

methodologies. 

 Many studies have implicated syndecans, transmembrane HSPGs, as receptors for gene 

delivery.
15

  Recent studies have suggested that these PGs are preferentially localized into lipid 

raft compartments.
16

  While the studies presented herein suggest that HSPGs are not essential for 

polyplex internalization, our results suggest that they bind to polyplexes and may indeed play a 

role in uptake.  It has been shown that extracellular stimuli and cell stress can induce shedding, 

or proteolytic cleavage of carbohydrate from syndecan PGs, with a variety of signal transduction 

cascade involvement, including NF-κB. Thus, heparan sulfate shedding from syndecan PGs may 

be correlated to toxicity.   Detecting cleavage products during and after transfection may give 

clues to early polyplex toxicity or other effects of polyplex binding.  Syndecan shedding also has 

implications in cell proliferation, and will directly affect binding of cell signaling molecules, 

including growth factors.  Understanding how binding of polyplexes to cells modulates 

proteoglycan expression and presentation on cell surfaces may provide clues to how the cell 

responds to polyplex-mediated transfection.  These changes could serve to alter the 

internalization pathway of polyplexes over time.  An interesting study would involve transfection 

of polyplexes for the typical time frame, and reintroduction of fresh polyplexes at a later time.  
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Assessing the effect to internalization and the pathway of uptake, using the methods described 

herein, could provide clues into how transfection mechanisms may be altered by long-term 

exposure to polyplexes.  This is an important facet that should be understood to advance these 

materials into the clinic.  

The results herein present conclusive data on polyplex endocytosis, pointing to multiple 

delivery routes.  We have implicated caveolae, clathrin, macropinocytosis, and direct membrane 

penetration as potential routes of uptake.  Pharmacological inhibition of endocytosis, while 

providing valuable information about endocytosis mechanisms, can lead to other unpredictable 

effects.  We have chosen the most specific inhibitors for inhibition, but this doesn’t rule out 

effects of pathway regulation on the results.  Similarly, caveolae inhibitors bind to membrane 

cholesterol, and can lead to decreased membrane fluidity which can affect endocytosis in 

general.  The effect of membrane fluidity on polyplex uptake should be fully explored.  These 

results could be supported by specific knockdown of endocytic proteins using siRNA, and would 

allow observation of the effect to polyplex uptake upon knockdown of specific endocytic 

proteins, and facilitate direct comparison to results that I have obtained. 

Of the two more efficacious uptake pathways, caveolae appears to lead to efficient 

transgene expression while clathrin does not.  This may suggest that targeting a clathrin-

mediated pathway would be advantageous for cytoplasmic delivery, and targeting caveolae could 

lead to enhanced gene expression.  It has been shown that integrin receptors congregate primarily 

in lipid raft regions associated with cav-1,
17

 so using an RGD peptide as a targeting group could 

lead to enhanced gene expression by specifically targeting a raft/caveolae uptake route, and 

receptor-mediated delivery of DNA and doxorubicin have been reported.
18-20

  Similarly, integrins 

and heparan sulfate have been shown to interact with each other in these regions,
21

 so targeting 
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the integrin receptor may have the added benefit of long-range affinity to the cell surface.  As 

mentioned previously, syndecans have been shown to preferentially localize to lipid raft 

regions.
16

  Conjugation of antibodies targeted to syndecan-1 (CD138) could lead to preferential 

targeting to lipid rafts for avoiding degradation in the lysosomes. 

Another delivery facet that has not been explored is how polyplex interactions at the cell 

surface modify cell signaling profiles at the molecular level.  It would be of interest to observe 

changes in gene expression and chemokine/cytokine signaling upon interaction with polyplex. 

DNA microarray technology would allow alterations in expression and signaling profiles to be 

directly observed.  These arrays involve measuring the activation of previously-indentified genes 

by measuring the identity and amount of mRNA produced by the cell.  Many of these 

microarrays are commercially available, and can be used to monitor genes that lead to, among 

other effects, changes in cell growth patterns and upregulation of inflammation or apoptosis 

genes.  Ideally, the vehicle should be able to enter and be trafficked within the cell without 

eliciting the cellular immune response and without altering gene expression that may impact 

normal cellular function.  This would provide important information about how the polyplex 

impacts the function of the cell, and provide a screening mechanism for new delivery systems 

based in part on favorable gene expression.  These studies could give a more complete 

understanding of cell physiology upon subjection to an exogenous delivery system and serve as 

important screening criteria to assess which vehicles are favorable for clinical development, as 

well as identifying problematic candidates for improvement or discontinuation.   

As described in this section, there is a multitude of work required to fully understand the 

endocytic mechanisms of PGAA and other delivery vehicles.  The work presented herein just 



206 

 

begins to scratch the surface of the wealth of information that can be attained on this topic 

through other methods. 

7.3 Concluding Remarks 

 The research presented in this dissertation reflects the complexity of delivering 

therapeutic molecules into cells.  Indeed, the work presented herein deciphers complex cell 

binding and internalization mechanisms for PGAA delivery vehicles.  These studies merely 

scratch the surface of the wealth of knowledge these fundamental mechanistic studies will bring 

to this field, and they will undoubtedly be at the center of the next significant breakthrough that 

propels this field forward.  There is great promise in the field of nonviral DNA therapeutics, and 

my research has answered some of the key questions and incited more questions of how our 

materials function inside the cell.  Hopefully, these results and others in our group and field can 

spark a widespread effort to understand these interactions at the molecular level, and finally 

understand, on a structure-bioactivity basis, the barriers to delivery and, using chemistry, how we 

can overcome them.  The concluding chapter in this dissertation focuses on a new research 

direction: studying the cellular internalization of branched peptides for specific targeting of the 

TAR region of HIV-1 RNA. 
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8 
Future Direction: Cellular Delivery of Branched Peptides 

Targeted to HIV-1 TAR 
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8.1 Introduction 

The US government estimates that over 33 million people worldwide are infected with 

Human immunodeficiency virus (HIV).
1
  HIV-1 is a single stranded RNA genome, producing 15 

proteins.
2
  Development of effective therapeutic strategies has been slow to materialize, due to 

high mutation rates of the viral RNA genome.  The human virus expresses more auxiliary 

proteins than the murine or avian models, and understanding the function of these proteins has 

become key to therapeutic development.
3
  One of these proteins, the Tat peptide, has been shown 

to act as a transcriptional activator for HIV-1.
4
  Like all nuclear genes, integrated HIV-1 

transcription is initiated by RNA polymerase II, and the Tat peptide acts at the level of 

transcriptional elongation after transcription of the 5’ TAR (transactivation response element 

region), and binds to the TAR RNA along with cyclin-dependent kinase 9 and cyclin T to form 

the Tat-associated kinase complex needed for efficient elongation.
4
  The TAR region of HIV-1 

has a nucleotide sequence and secondary structure that is conserved among HIV mRNA.   The 

conserved bulge and loop regions of TAR RNA are necessary for Tat binding.
4,5
  The binding of 

Tat to the TAR region of HIV-1 RNA has been identified as a key step in HIV viral 

transcription, and preventing this interaction has become a target for HIV therapeutic 

development.
5
   Many of these inhibitors have been derived to mimic the activation and nucleic 

acid binding domains of the Tat, as well as the cationic nature of the peptide stemming from 

multiple arginine and lysine residues in the 86 amino acid peptide.
3,5
  

 



210 

 

 

Figure 8.1 - Efficient transcription of HIV-1 RNA requires binding the Tat-associated kinase 

(TAK) complex to the 5’ TAR region.  After inititation of transcription by RNA polymerase II, 

the TAK binds to TAR to phosphorylate the polymerase to continue transcription. Figure 

reproduced with permission from Emerman et al., Science (1998), 280, 1880-1884  

 

In collaboration with the laboratory of Webster L. Santos, we have begun investigating 

the intracellular delivery of small branched peptides targeted against the transactivation response 

element region (TAR) of HIV-1 RNA.  As this region of HIV-1 RNA interacts with the Tat 

peptide and signals transcription,
5
 using a small branched peptide that binds specifically to TAR 

RNA could interfere with the TAR-Tat interaction that leads to viral replication.   These peptides 

have been designed using biased constraints to maximize electrostatic, base stacking, and 

hydrogen bonding potential, such that interaction with RNA might be favored.  The generalized 

structure of the peptides is seen in Figure 8.2.  These were synthesized via an on-bead synthetic 

scheme and binding with TAR RNA was screened via a high-throughput bead assay.  They were 

able to identify sixteen peptides that displayed favorable affinity to HIV-1 TAR RNA, and these 

peptides had common structural features.  Using these observed structural characteristics, a 

seventeenth peptide was derived that incorporates the most-commonly observed amino acid at a 

specific site.  The amino acid sequence of these seventeen peptides is listed in Table 8.1.   At 
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least one of these peptides, FL15, exhibited in vitro inhibition of viral replication (unpublished 

results).  We investigated the cellular permeability using flow cytometry and confocal 

fluorescence microscopy, as well as the cytotoxicity profiles of these peptides in vitro.  Materials 

and methods for these experiments can be found in Appendix A. 

 

  

Figure 8.2 -  Generalized structure of branched peptides. A.) Peptides used for screening with 

TAR RNA affinity; B.) Labeled peptides for determining binding and internalization profiles.  

Figures were reproduced from Bryson et al., Mol. BioSyst. (2009), 5, 1070-1073. 

 

Table 8.1 – Structures of the original sixteen peptides that showed specific affinity for HIV-1 

TAR.  * corresponds to the lysine residue used to derive the branch.  Figure reproduced from 

Bryson et al., Mol. BioSyst. (2009), 5, 1070-1073. 

         

8.2 Results and Discussion  

Peptides were assessed for cytotoxicity in HeLa cells using an MTT assay.  Peptides (1 

µM in Opti-MEM) were incubated with HeLa cells for four hours prior to addition of MTT.  The 

A.) B.) 
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results of this experiment are presented in Figure 8.3.  Peptide toxicity was normalized and 

compared as a percentage of untreated cells.  All of the peptides have low toxicity, with cell 

viability being near 80% or higher for all the peptides.  Many peptides were nontoxic (relative 

cell viability near 1), including FL7, FL15, and FL6.  Those higher than 1 were likely plated at 

slightly higher cell densities relative to the other samples, due to pipetting error.  Overall, the 

peptides are quite biocompatible and suitable for internalization analysis in mammalian cell 

types. 

 Cellular uptake analysis was observed by measuring intracellular FITC fluorescence in 

HeLa cells incubated for four hours with 1 µM peptides in Opti-MEM prior to analysis.  The 

results of this experiment can be observed in Figure 8.4.  Intracellular fluorescence of live HeLa 

cells were normalized against a control of untreated cells, and the data is presented as fold 

increase in intracellular fluorescence over the cells only control (bars, left y-axis), as well as 

percentage of live cells that contain FITC (red line, right y-axis).  All of the peptides had at least 

a one-fold fluorescence increase over cells only, indicating that each peptide can be internalized 

by HeLa cells.  The amino acid sequence of the peptides has a significant effect on 

internalization, as FL3, FL6, and FL7 have the highest intracellular fluorescence.  Percent 

positive cells were also influenced by peptide sequence.  Many of the peptides displayed 

fluorescence in 80-100% of HeLa cells, suggesting the ability of peptides to be internalized by a 

large number of cells.  FL9, FL15, and LP 15 (a linear version of FL15) were internalized by the 

least number of cells.  For future delivery of these peptides, a delivery vehicle might be required 

to attain large amounts of peptide delivery.  Internalization of FL7, FL9, and FL16 was also 

observed in CHO cells with similar results (data not shown).  Overall, these results show that 
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each peptide can be internalized by cells, a necessary feat for in vivo inhibition of HIV-1 

transcription.  

                    

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
R
el
a
ti
v
e 
C
el
l 
V
ia
b
il
it
y
 (
%
 o
f 
u
n
tr
ea
te
d
 c
el
ls
)

FITC-Peptides  

Figure 8.3 – MTT assay for measuring toxicity of branched peptides in HeLa cells.  Presented 

data is an average of two measurements.  Cell viability is normalized against a positive control 

(untreated cells) and a negative control (cell lysing media) 

 



214 

 

                      

0

20

40

60

80

100

120

0

5

10

15

20

25

P
e

p
ti

d
e

-P
o

si
ti

v
e

 C
e

ll
s 

(%
 -

-)

F
lu

o
re

sc
e

n
ce

 E
n

h
a

n
ce

m
e

n
t 

(F
o

ld
 I

n
cr

e
a

se
 o

v
e

r 
U

n
tr

e
a

te
d

 C
e

ll
s)

 (
  

  
  

)

*

*

*

 

Figure 8.4 – Internalization of peptides into HeLa cells.  Fluorescence is expressed as fold 

enhancement over untreated cells (bars, left y-axis) and percentage of live cells that contain 

FITC fluorescence (line, right y-axis). * represents results of a single experiment. 

 

 Confocal fluorescence microscopy was used to visualize peptide internalization into 

HeLa cells.  Cells were subjected to peptides for four hours and then fixed, stained with DAPI 

for nuclear localization, and mounted.  The micrographs are observed in Figures 8.5-8.8.  

Internalized peptide was observed in each case.  Figure 8.5 shows internalization of FL6, 

compared to a control of untreated cells.  It is to be noted that all images were directly compared, 

using identical acquisition settings, to an untreated control and no autofluorescence in the green 

channel was observed in the control under these conditions.  FL6 shows bright, punctate 

fluorescence as well as diffuse fluorescence in the cytoplasm.  The puncta suggest internalization 

by endocytic vesicles, whereas the diffuse cytoplasmic fluorescence suggests passive uptake or 

escape from vesicles. 
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FL6 DAPI

DIC Merge

Untreated Cells

Figure 8.5 – FL6 peptides internalized by HeLa cells. Bright fluorescence is observed, compared 

to no fluorescence in the untreated control. 

 

 Favorable internalization results were observed for the other peptides.  Figure 8.6 shows 

uptake of FL3 peptides and Figure 8.7 shows FL7 peptides.  FL7 shows more fluorescence in 

punctate staining patterns that FL3, which could suggest small changes in peptide structure could 

influence internalization mechanisms.  FL3 shows a nearly uniform cytoplasmic distribution, 

whereas FL7 shows a more heterogeneous distribution, with many of the punctate spots 

localizing to the perinuclear region and other regions throughout the cell.  These results 

unambiguously confirm the ability of peptides to readily enter the cell without the assistance of a 
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delivery vehicle.  Differences in peptide distribution may provide clues to internalization or 

endosomal release mechanisms. 

               

FL3 DAPI

DIC  

 

 

 

Figure 8.6 - Intracellular fluorescence of FL3 peptide.  Bright diffuse cytoplasmic staining 

is observed with these peptides. Scale = 25 µm. 
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FL7 DAPI

DIC Merge

 

Figure 8.7 – FL7 peptides internalized by HeLa cells. Bright fluorescence is observed in 

punctate and diffuse fluorescence patterns, with significant peptide localization in the perinuclear 

region.  Scale bar = 25 µm. 

 

 Internalization of FL15 is of particular interest, as this peptide has shown in vitro 

inhibition of HIV-1 viral replication (unpublished data).  FL15 (Figure 8.8) showed dim diffuse 

fluorescence patterns.  The dim fluorescence was not surprising, as low fluorescence 

enhancement was observed when measured by flow cytometry (Figure 8.4).  Fluorescence is 

mostly diffuse homogeneous cytoplasmic staining, with a few larger punctate regions.  This data 

visually confirms the entry of FL15 peptides.  As these have been shown to inhibit HIV-1 

replication, a linear peptide (LP15) was synthesized using the same amino acid sequence as 

FL15.  As seen in Figure 6.8, we do not observe intracellular fluorescence of LP15.  It should be 



218 

 

noted that FL15 and LP15 in Figure 8.9 were imaged under identical conditions, such that the 

fluorescence intensities of FL15 and LP15 can be directly compared.  These results show that 

FL15, while showing in vitro viral inhibition, is also internalized better than a linear peptide.  

This could be due to multivalent interactions with the cell surface that are more easily attained 

with a branched peptide versus a linear analog.  These results indicate that FL15 may be 

favorable for therapeutic use. 

 

      

FL15 DAPI

DIC Merge

 

Figure 8.8 – Intracellular fluorescence profile of FL15 peptides.  Fluorescence is mostly diffuse 

in the cytosol, with a few intracellular punctate spots. Scale = 25 µm.     
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FL15 LP15

FL15 

+ DIC

LP15

+ DIC

Figure 8.9 – Comparing the fluorescence of FL15 to the linear analog LP15.  No fluorescence is 

seen with LP15, while diffuse cytoplasmic fluorescence can be observed for FL15. Scale = 25 

µm. 

 

8.3 Conclusions 

After initial screens of TAR affinity, 16 branched peptides have been identified to have 

specific affinity to HIV-1 TAR.  These peptides are mostly nontoxic, and are internalized by 

mammalian cells without the aid of a delivery vehicle, as evidenced by flow cytometry and 

confocal fluorescence microscopy. Branched FL15 was internalized better than a linear peptide 

of the same sequence, suggesting that the branched nature is important for membrane 

interactions as well as for binding to the TAR region of HIV-1 mRNA. Relatively low 

internalization was observed for some branched peptide Tat inhibitors, as evidenced by flow 
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cytometry and dim fluorescence in cells.  For in vivo and systemic delivery, viral inhibition could 

be enhanced with a delivery vehicle, such as a polymer or liposome.  This may lead to increased 

peptide internalization for binding to TAR RNA.   As arginine is a common amino acid in this 

system, the peptides likely have affinity to the negatively charged cell surface on their own.  

These peptides could be used as their own delivery vehicle by linking them to a polymer 

backbone using a cleavable linker (acid or IR), and peptide release could be initiated with these 

functionalities.  Additionally, these peptides could be electrostatically bound to a polymerinc 

backbone, or linked through an acid or IR-cleavable bond for improved cellular uptake. These 

modifications could have the dual effect of complexing with a nucleic acid for improving HIV 

inhibition.  Overall, we have demonstrated that these peptides are able to permeate mammalian 

cells in a biocompatible manner. The favorable results attained with these peptides warrants 

further application into an animal model to assess efficacy of inhibition in vivo. 

8.4 Materials and Methods 

8.4.1 Cell Culture 

All cell culture products, unless otherwise noted, were purchased from Gibco/Invitrogen 

(Carlsbad, CA).  HeLa cells (human adenocervical carcinoma) cells, and CHO  (Chinese hamster 

ovary) cells were purchased from American Type Culture Collection (ATCC, Manassas, VA).  

All cell lines were subcultured once per week.   HeLa cells were grown 75 cm
2
 flasks (Corning, 

Corning, NY) in Advanced DMEM, supplemented with 2% heat-inactivated fetal bovine serum 

(FBS), 1% L-glutamine, 100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL 

amphotericin.  CHO cells were grown in 75 cm
2
 flasks in F-12K media (ATCC) supplemented 

with 10% FBS, and 100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL 

amphotericin.  CHO cells were plated for transfection in the same media, and HeLa cells were 
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plated for transfections in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 

GlutaMAX™, supplemented with 10% FBS, 100 units/mg penicillin, 100 µg/mL streptomycin, 

and 0.25 µg/mL amphotericin.  Cells were determined free of mycoplasma contamination using 

MycoAlert™ Mycoplasma Detection Kit (Lonza, Rockland, ME). 

8.4.2 Cellular Internalization of Peptides 

HeLa cells were plated at 1 x 10
5
 cells/well in DMEM containing 10% FBS in 12-well tissue 

culture plates (Corning) and allowed to attach at 37°C in a humid 5% CO2 atmosphere for 24 

hours.   After removing media and washing cells with PBS, 600 µl of FITC-labeled peptide in 

Opti-MEM (1µM) was added to each well. Cells were incubated for with peptides for 4 hours, 

then 1.5 ml DMEM was added and incubated for 30 minutes.  Cells were detached with 500 µL 

of trypsin-EDTA, quenched with transfection media (1 mL), and the contents of each well were 

collected into Falcon Tubes (BD Biosciences, San Jose, CA).  Cells were centrifuged at 4°C and 

1250 rpm for 10 minutes.  The supernatant was removed and the cell pellets rinsed with PBS, 

and centrifuged again at identical conditions.  Supernatant was removed and cell pellet was again 

suspended in 2% FBS in PBS.  Propidium iodide (PI; 5 µg/ml, Molecular probes) was added to 

each tube 2-5 minutes prior to analysis. Cellular uptake of FITC-labeled peptides was measured 

on a FACS Canto II flow cytometer (BD Biosciences; San Jose, CA).  FITC was excited using a 

488 nm solid state laser, and detected at 530 ± 30 nm bandpass filter, and PI was excited using a 

488 nm solid state laser and detected with a 670 nm longpass filter.  Appropriate gating was done 

against the untransfected cells control to ensure that autofluorescence was not measured as 

cellular uptake, and only live (PI-negative) cells were included in subsequent analysis. 10,000-
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20,000 gated events were collected for each sample, and experiments were done in duplicate 

unless noted otherwise. 

8.4.3 MTT Toxicity Assay 

HeLa cells were plated at 10,000 cells/well in 10% FBS-containing DMEM in 48-well tissue 

culture plates and incubated for 24 hours at 37°C in a humid 5% CO2 atmosphere.  Culture 

medium was removed and cells rinsed with PBS.  Peptides (175 µl in Opti-MEM, 1 µM) were 

added to each well and incubated for 4 hours.  Peptides were removed and cells were rinsed with 

PBS.  DMEM (300 µl), containing 10% FBS and 0.5 mg/ml MTT (Invitrogen) was added to 

each well.  Cells were incubated for one additional hour before removing MTT-containing 

media, rinsing with PBS, and dissolving cells and formazan product in 300 µl DMSO.  

Absorbance was measured at 570 nm for each sample, and toxicity was normalized against 

DMSO only and untreated cells. 

8.4.4 Imaging of Internalized Peptides by Confocal Microscopy 

HeLa cells were plated at 1.5 x 10
4
 cells/well in 10% FBS-containing DMEM in 12-well tissue 

culture plates containing a sterile no. 1 PLL-coated glass coverslip.   Cells were incubated at 

37°C in a humid 5% CO2 atmosphere for 48 hours to facilitate adherence to the coverslip.  

Medium was removed and cells rinsed with PBS before adding 600 µl FITC-labeled peptide in 

Opti-MEM.  Peptides were allowed to internalize for four hours at 37°C.  Cells were fixed in 4% 

PFA for 10 minutes at room temperature, stained with DAPI (600 nM; 150 µl) for 2 minutes and 

mounted onto glass slides with Prolong antifade mounting media (11 µl, Invitrogen).  Cells were 

imaged with a 40X oil immersion objective (N.A. = 1.3) on an LSM510 confocal system fitted 

onto Axiovert 100 inverted microscope (Zeiss, San Diego, CA).  Minimal modifications to image 
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brightness, contrast, and noise reduction were performed using Image J software (NIH; 

Bethesda, MD).  Each sample was measured against a control of untreated cells using identical 

acquisition parameters to ensure no reported fluorescence was derived from detector noise 

visible in the green channel. 
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