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ABSTRACT 

 Non-viral nucleic acid delivery systems must condense nucleic acids into small 

particles, confer protection from degrading factors in serum and in cells, achieve uptake 

to targeted cells, direct nucleic acids to appropriate intracellular destinations, release this 

cargo to permit its action, and exhibit minimal toxicity.  The nature of synthetic vectors 

allows for facile addition of new features, but these modifications can affect performance 

in unanticipated ways.  The effective combination of functional components necessitates 

a systems approach, where the materials design simultaneously considers the functional 

environment of and the various barriers to delivery.  This thesis facilitates and promotes a 

systems approach by undertaking development of an improved mechanistic 

understanding of non-viral gene transfer in vitro, emphasizing elucidation of delivery 

vehicles’ interactions with and behavior within cells.  Special attention is given to the 

gene delivery behavior of cyclodextrin-containing polycations. 

Simple modifications to delivery systems can have unanticipated consequences.  

In Chapter 2, it is shown that greater distance between toxicity-reducing cyclodextrin 

moieties and amidine charge centers increases both the transfection efficiency and 

toxicity of a polycationic vector.  Chapter 3 shows data demonstrating that modification 

with poly(ethylene glycol) for extracellular salt-stabilization alters non-viral gene 

delivery particles’ intracellular trafficking and resulting gene expression.  Taken together, 

the results reveal that non-viral gene delivery vehicles behave as assembled, 

multifunctional systems. 

pH-buffering components exhibit complex behavior in non-viral gene delivery.  

In Chapter 4, the intracellular activity of such components is quantified using confocal 
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microscopy.  Analysis of chloroquine and its chemical analogues demonstrates in Chapter 

5 that chloroquine improves non-viral gene transfer through pH-buffering as well as 

through enhanced nucleic acid unpackaging and its own interactions with nucleic acids.  

Chapter 6 gives results that characterize delivery behavior of analogous vectors with and 

without pH-buffering capacity and show that factors beyond buffering activity contribute 

to improved transfection efficiency.  Collectively, these results emphasize consideration 

of new system components’ effects on all functions of a non-viral gene delivery system. 

A systems approach requires comprehensive consideration of the gene delivery 

process.  Chapter 7 reviews current understanding of intracellular barriers to non-viral 

gene delivery, and Chapter 8 offers recommendations for future work. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Introduction 

 Molecular conjugates are nanometer-sized entities consisting of synthetic 

materials (lipids, polycations, targeting agents, etc.) and nucleic acids.  These composites 

are delivery vehicles that function to transport nucleic acids to sites of action.  Such 

systems can avoid the DNA-size limitations and immunogenicity that are possible with 

some viral delivery vectors, and their straightforward formulation with easily-

manufactured, relatively low-cost materials could be useful in preparing large-scale 

therapeutics at acceptable costs.  If their therapeutic indices can be improved, non-viral 

gene delivery vectors will likely be used in a wide range of medical applications. 

 Non-viral gene delivery vectors must exhibit a variety of properties to achieve 

their function.  First, they must condense nucleic acids into small particles (ca. 100 nm or 

less) and confer protection from degrading factors that exist in serum and in cells.  The 

gene delivery particles must be taken up by cells that have been targeted, direct the 

nucleic acids to an appropriate intracellular destination (cytoplasm for small interfering 

RNA (siRNA) and nucleus for plasmid DNA (pDNA)), release the nucleic acids to allow 

for their action, and exhibit minimal toxicity (Figure 1.1).  Although the limiting 

intracellular barrier(s) to non-viral gene delivery remain(s) poorly defined, many recent 

approaches have sought to better understand and enhance: (i.) escape from the endocytic 

pathway, (ii.) vector unpackaging, (iii.) cytoplasmic persistence of nucleic acids, and (iv.) 

nuclear delivery.  A further intracellular barrier that has not been extensively addressed is 

the poor cytoplasmic mobility of large nucleic acids. 
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Figure 1.1  Functions of molecular conjugates 
Molecular conjugates must bind and condense nucleic acid payloads, protect nucleic 
acids from nuclease degradation, allow for cellular uptake, facilitate escape from 
endocytic vesicles, and release the nucleic acids to permit their function.  It remains 
unclear if pDNA must be released from the vector prior to nuclear entry or should be 
directed to the cell nucleus within intact vector-pDNA complexes. 
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 The development of molecular conjugates has followed an additive process where 

the perceived challenges are addressed by a variety of modifications, the most successful 

of which are then incorporated into existing systems.  Initially, existing materials were 

evaluated for their ability to bind and condense nucleic acids and mediate transfection of 

cultured cells [1-3].  These early non-viral systems showed little in vivo applicability due 

to shortcomings such as high toxicity, instability to physiological salt and serum, and 

poor transfection efficiency.  However, the synthetic nature of non-viral systems allows 

for facile, well-defined modification, facilitating incorporation of new components to 

address specific barriers to delivery.  Early attempts to improve transfection efficiency 

included addition of cell-targeting ligands such as transferrin [4-6] or saccharides [7-9], 

or addition of membrane-destabilizing peptides [2,7,10].  In an effort to boost 

transfection efficiency of non-viral vectors, some researchers began incorporating viral 

peptides [11-15] or transfecting cells in the presence of chemical agents [16-18].  To 

facilitate escape from the endocytic pathway, various researchers have added buffering 

moieties such as histidine [19-21]. 

 These modified systems have not displayed sufficient improvements in 

performance, prompting synthesis of new materials designed to overcome the 

shortcomings of their predecessors.  Various groups have sought to build vectors with 

fusogenic properties [22] or buffering moieties [23-24].  Other groups have constructed 

materials with an emphasis on reduced toxicity [25-27].  When novel materials have been 

found inadequate, researchers have reverted to an additive approach, modifying the new 

materials with functionalities similar to those that had previously been added to the first 

generation of materials [28]. 
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 A considerable challenge in the field of molecular conjugates is building a 

workable system that exploits the combined attributes of the components without 

suffering losses due to the assembly of the system.  Modifications of existing systems, as 

described above, have brightened the prospects for effective in vivo gene delivery.  

However, these alterations, often involving changes to the chemical structure of the 

delivery vectors or nucleic acids, have also affected gene delivery performance in 

unanticipated ways.  For example, we have demonstrated that conferring salt stability to 

polyethylenimine-DNA complexes with a poly(ethylene glycol) coating dramatically 

changes the morphology of the endocytosed entities and significantly reduces the 

resulting gene expression in vitro [29]. 

 As molecular conjugates are designed to contain a combination of functional 

components, it is likely that engineered systems for non-viral gene delivery will 

eventually be constructed.  The additive approach to vector development is giving way to 

a systems approach where the functional environment of and the various barriers to 

delivery are simultaneously considered in the materials design.  For example, the initial 

emphasis on identifying materials that bind and condense nucleic acids may have 

underappreciated the importance of their subsequent intracellular release [30]; attention 

has now turned to vectors with a weaker binding strength [31] or whose chemical 

structure or nucleic acid condensation is disrupted following cellular uptake [32-38].  The 

need for a systems approach extends to in vitro investigations, as modifications intended 

for in vivo applicability can significantly affect both in vitro and in vivo performance 

[29]. 
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The objective of this thesis is to develop a more comprehensive understanding of 

non-viral gene delivery particles’ interaction with and behavior within cells.  This work 

facilitates and promotes a systems approach to vector development by providing an 

improved mechanistic understanding of the process of non-viral gene transfer in vitro. 

Weaknesses of an additive approach to vector development are apparent in the 

next two chapters, which describe multiple, correlated effects of simple modifications to 

delivery systems.  Chapter 2 demonstrates that subtle modifications to the chemical 

structure of non-viral vectors can have significant and possibly inseparable effects on 

both transfection efficiency and toxicity.  In Chapter 3, it is shown that PEGylation for 

extracellular salt-stabilization of non-viral gene delivery particles has a significant impact 

on the uptake and intracellular trafficking of these particles. 

The subsequent three chapters demonstrate the value of a systems approach by 

characterizing the complex function of pH-buffering components in non-viral gene 

delivery.  Incorporation of such components has been a popular strategy in the additive 

approach to vector development, motivated largely by examples of improved transfection 

efficiencies from non-viral vectors with pH-buffering capacity and by the enhanced 

transfection efficiency of many non-viral vectors in the presence of chloroquine.  Chapter 

4 of this thesis evaluates and quantifies the function of pH-buffering components in non-

viral gene delivery vectors, and in Chapter 5, chloroquine and a number of its chemical 

analogues are studied in an effort to define its effects on transfection and to further 

describe the role of pH buffering.  Chapter 6 further explores the role of pH-buffering 

components by examining delivery behavior of analogous vectors with and without 
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intracellular pH-buffering capacity: a cyclodextrin-containing polymer and its imidazole-

terminated variant. 

Chapter 7 reviews current understanding of intracellular barriers to non-viral gene 

delivery in the context of this report’s emphasis on a systems approach to vector 

development.  Chapter 8 offers recommendations for future work. 
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CHAPTER 2: STRUCTURAL EFFECTS OF CARBOHYDRATE-CONTAINING 

POLYCATIONS ON GENE DELIVERY: CYCLODEXTRIN TYPE AND 

FUNCTIONALIZATION† 

 

2.1 Abstract 

 Linear cationic β-cyclodextrin (β-CD)-based polymers can form polyplexes with 

plasmid DNA and transfect cultured cells.  The effectiveness of the gene delivery and the 

cellular toxicity has been related to structural features in these polycations.  Previous β-

CD polycations were prepared from the cocondensation of 6A,6D-dideoxy-6A,6D-diamino-

β-CD monomers with other difunctionalized monomers such as dimethyl suberimidate 

(DMS).  Here, the type of CD and its functionalization are varied by synthesizing 

numerous 3A,3B-dideoxy-3A,3B-diamino-β-and γ-CD monomers.  Both alkyl-and alkoxy-

diamines are prepared in order to vary the nature of the spacing between the CD and the 

primary amines in the monomers.  These diamino-CD-monomers are polymerized with 

DMS to yield amidine-based polycations.  The nature of the spacer between the CD-ring 

and the primary amines of each monomer is found to influence both molecular weight 

and polydispersity of the polycations. When these polycations are used to form 

polyplexes with plasmid DNA, longer alkyl regions between the CD and the charge 

centers in the polycation backbone increase transfection efficiency and toxicity in BHK-

21 cells, while increasing hydrophilicity of the spacer (alkoxy versus alkyl) provides for 

lower toxicity. Further, γ-CD-based polycations are shown to be less toxic than otherwise 

identical β-CD-based polycations.   
                                                 
† Reprinted with permission from Bioconjug. Chem. 2003, 14, 672-678. Copyright 2003 
American Chemical Society. 
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2.2 Introduction 

 Numerous nonviral gene delivery studies are involved in elucidating the 

relationships between vector structure and transfection efficiency by modifying 

promising systems and assaying their performance. This ongoing research has 

demonstrated the significant influence of polycation structure on efficiency of gene 

delivery. Poly-(ethyleneimine)s (PEIs) are a widely studied class of polycations for gene 

delivery. PEI molecular weight has been shown to affect both cytotoxicity and 

transfection efficiency [1,2]. The charge density [1] and degree of branching [3] in the 

PEI backbone also significantly alter transfection efficiency in vitro. Furthermore, 

substituents grafted onto PEI affect the interaction of PEI with DNA as well as PEI/DNA 

polyplex interactions with cells [4-6 and references therein]. Ionenes are another class of 

gene delivery vehicles whose structure has been related to stability of interaction with 

DNA [7] and to transfection efficiency [8]. Structure-function studies have also been 

undertaken with systems based on chitosan [9], polylysine [10], linear 

poly(amidoamine)s [11], polysaccharide-oligoamine conjugates [12], and other vectors. It 

is clear from these reports that minor changes in structure of the gene delivery vehicle 

can have dramatic effects on the gene delivery efficiency and toxicity of the vector.  

 We have prepared families of linear, β-cyclodextrin-containing polycations 

(βCDPs) and have shown that these polymers can be used as gene delivery vectors [13, 

14].  Cyclodextrins (CDs) are cup-shaped molecules formed of cyclic oligomers of 

glucose.  Cyclodextrins comprised of 6, 7, and 8 glucopyranose units are called α-, β-, 

and γ-CD, respectively (β-CD is represented in Figure 2.1).  There are three distinct 

hydroxyls per glucopyranose unit; two secondary carbons and one primary carbon bear 
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these hydroxyls and are labeled C(2), C(3), and C(6), respectively (Figure 2.1). The 

glucopyranose units are denoted alphabetically starting with “A” and proceeding around 

the cyclodextrin ring (Figure 2.1). 

 
 
 

 
Figure 2.1  Representations and labeling of β-cyclodextrin 
 
 

 

 Initial structure-function studies with βCDPs demonstrated the importance of 

intercharge spacing to transfection efficiency and toxicity [14]. Significant effects on 

transfection efficiency were observed when the interamidine distance was reduced by just 

2 Å. Upon the basis of this finding, we initiated a more complete structure-function 

investigation using linear, cyclodextrin-containing polycations. In part 1 of our study, we 

showed that cellular toxicity was related to the distance of the charge center from the 

carbohydrate unit (whether it be a cyclodextrin or trehalose) and that increasing 

polycation hydrophilicity provides decreasing toxicity [15]. Part 2 of our work revealed 

that the type of charge center can dramatically change the delivery efficiency [16]. With 

the βCDPs, amidine charge centers give greater gene delivery than quaternary 

ammonium charge centers. Here, we vary the type of cyclodextrin (β and γ) and the 

O

OH OOH

O
HO

O
HO

O

HO

HO

O
O

HO
O

O
O

O

OHO

O

OH

O
OH

O

OH

O
OH

OH

OH

OH

HO

HO

HO

HO
C(3)

C(6)

C(2)
O

OH

HO OH
O O

OH

HO OH
O O

OH

HO OH
O

5

A B

C

DE
F

G



 13

functionalization at the cyclodextrin, i.e., 3A,3B-dideoxy-3A,3B-diamino-β-and γ-CD, as 

compared to the previously used 6A,6D-dideoxy-6A,6D-diamino-β-CD, to prepare a 

distinct series of linear, cyclodextrin-containing polycations. Additionally, we report the 

effects of spacer length between the cyclodextrin and the charge center in order to make 

direct comparisons between otherwise identical β-and γ-CD-based polyamidines. The 

polycations were characterized and assayed for plasmid DNA (pDNA) binding, polyplex 

size and ζ-potential, and in vitro transfection efficiency and toxicity.  

 

2.3 Materials and methods  

2.3.1 Polycation synthesis 

 β-and γ-cyclodextrins were purchased (Wacker Biochem Corp., Adrian, MI) and 

dried in vacuo at 120 °C overnight before use. Chlorosulfonic acid (Alfa Aesar; Ward 

Hill, MA) was distilled before use. Dimethyl suberimidate‚ 2HCl (DMS) was purchased 

from Pierce Endogen (Rockford, IL) and used without further purification. All other 

reagents were obtained from commercial suppliers and were used as received. Ion-

exchange chromatography was run on a Toyopearl SP-650M (TosoHaas; 

Montgomeryville, PA) column (NH4
+ form), and products were eluted with aqueous 

ammonium bicarbonate up to 0.4 M. Thin-layer chromatography was performed on Silica 

Gel 60 F 254 plates (EM Separations Technology; Gibbstown, NJ), and the amino 

compounds were eluted with 5:3:3:1 n-PrOH:AcOEt:H2O:NH3(aq) and visualized by 

reaction with ninhydrin. Matrix-assisted, laser desorption/ionization time-of-flight mass 

spectroscopy (MALDI-TOF-MS) was performed on a PerSeptive Biosystems Voyager 

DE PRO BioSpectrometry Workstation in the positive ion mode using a 2,5-
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dihydroxybenzoic acid matrix. NMR spectra were recorded on a Bruker AMX500 

spectrometer as dilute solutions of either D2O or DMSO-d6. Dialysis was conducted with 

a 3500 molecular weight cutoff regenerated cellulose dialysis cassette (Pierce Endogen). 

 Synthesis of benzophenone-3,3′-disulfonyl chloride (Scheme 2.1, “1”). 

Benzophenone (26.06 g, 0.143 mol) was added in small portions to 190 mL (2.86 mol) of 

freshly distilled chlorosulfonic acid under an argon atmosphere. The solution was then 

heated to 120 °C with reflux. After 20 h at 120 °C, the cooled solution was added slowly 

to about 1000 g of ice in a 2 L Erlenmeyer flask. The slurry was poured into a separatory 

funnel, then extracted with chloroform (350 mL, then 300 mL) and washed with saturated 

NaHCO3 (200 mL), water (200 mL), and saturated NaCl (200 mL, twice). The 

chloroform was removed under reduced pressure. The yellow solid obtained was 

recrystallized twice from chloroform/hexanes. First-crop yielded 30 g of off-white 

crystals; second-crop yielded 5.4 g. (65% yield). Anal. (C13H8Cl2O5S2) C, H, Cl, S. 

 

 

Scheme 2.1  Synthesis of benzophenone-3,3’-disulfonyl chloride 

 

 Synthesis of benzophenone-3,3′-disulfonyl imidazole (Scheme 2.1, “2”).  

Benzophenone-3,3′-disulfonyl chloride (13 g, 34.3 mmol) was dissolved in 150 mL of 

chloroform. Imidazole (4.95 g, 72.7 mmol) and Et3N (10.2 mL, 73.2 mmol) were added. 
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After 30 min of stirring, 50 mL of dichloromethane was added to the slurry and allowed 

to stir for an additional 30 min. About 200 mL of dichloromethane was required to 

homogenize the reaction slurry, which was then washed with water (200 mL, twice) and 

dried with sodium sulfate. Benzophenone-3,3′-disulfonyl imidazole was recrystallized 

from dichloromethane/ethyl acetate giving 13.9 g of colorless needles (92% yield). Anal. 

(C19H14N4O5S2) C, H, N, S. NMR data were in agreement with published chemical shifts 

[17].  

 Synthesis of cyclodextrin polycations (Scheme 2.2, “6a-d” and “7a-d”). Syntheses 

of 2A,2B-disulfonated β-cyclodextrin (3a) [17] and 2A,2B-disulfonated γ-cyclodextrin (3b) 

[18] were carried out according to literature methods. NMR and mass spectra data were 

in agreement with published values [17, 18]. 

 Syntheses of 3A,3B-di(aminoalkylamino)-β- and 3A,3B-bis(aminoalkoxyamino)- γ-

cyclodextrins (Scheme 2.2, “4a-d” and “5a-d”) were carried out as exemplified by the 

following procedure:  Synthesis of 5c.  Hexamethylenediamine (5.89 g, 50.7 mmol) was 

dissolved in 35 mL of degassed water. 3b (1.50 g, 0.88 mmol) was added at once and 

stirred at 37 °C under nitrogen for 19 h.  The reaction was further carried out at 70 °C for 

3 h then concentrated under reduced pressure.  Cyclodextrins were precipitated with 11:1 

ace-tone:methanol and collected by filtration. Ion-exchange chromatography yielded the 

pure product (855 mg, 54% yield). MALDI-TOF-MS [M+H]+) 1493.7. 

 The polycations were prepared as exemplified by the following procedure:  

Synthesis of 7c. 5c (100 mg, 54.7 µmol) and DMS (15.5 mg, 56.7 µmol) were taken up in 

108 µL of 0.5M Na2CO3 and stirred for 13 h. Acidification with 1 N HCl to pH 2.0 

followed by exhaustive dialysis yielded 58.4 mg of a white powder (56% yield).  
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Scheme 2.2  Synthesis of cyclodextrin polycations 
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2.3.2 Light scattering and molecular weight determination 

 The specific refractive index (RI) increment, dn/dc, of each polycation was 

determined by fitting a linear curve to plots of RI versus concentration (five data points 

per polycation). Polycations were then analyzed on a Hitachi D6000 HPLC system 

equipped with an ERC-7512 RI detector and a Precision Detectors PD2020/DLS light 

scattering detector using a PL aquagel-OH column (Polymer Laboratories, Amherst, 

MA). The eluent was 0.8 M ammonium acetate with 0.05% sodium azide, adjusted to pH 

2.8 with phosphoric acid and flowing at 0.7 mL/min. RI values were measured on a Carl 

Zeiss refractometer (Max Erb Instrument Co., Burbank, CA) in the same eluent as used 

for HPLC analysis. 

 

2.3.3 Plasmid DNA 

 Plasmid pGL3-CV (Promega, Madison, WI) was amplified with the DH5R strain 

of E. coli (Gibco BRL, Gaithersburg, MD) and purified using the Ultra-mobius 1000 kit 

(Novagen; Madison, WI). This plasmid encodes the firefly luciferase gene under control 

of the SV40 promoter.  

 

2.3.4 Polyplex formation and characterization 

 Polyplexes were formulated by adding polycation solutions in dH2O to an equal 

volume of plasmid DNA (pDNA) in dH2O (0.05 mg/mL final pDNA concentration) and 

incubating for 30 min. Desired charge ratios were achieved by using appropriate 

concentrations of polycation solution. Each polycation was examined for its ability to 

bind pDNA through a gel electrophoresis assay using a 0.8% agarose gel (30 µg ethidium 
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bromide/50 mL TAE buffer). Particle size and ζ-potential of polyplexes were analyzed 

using a ZetaPALS instrument (Brookhaven Instruments, Holtsville, NY). 

 

2.3.5 Cell culture and transfections 

 BHK-21 cells were maintained at 37 °C in 5% CO2 atmosphere in Dulbecco’s 

Modified Eagle’s Medium supplemented with 10% fetal bovine serum, 100 U/mL 

penicillin, 0.1 mg/mL streptomycin, and 0.25 µg/mL amphotericin B (Gibco BRL). For 

transfections, cells were seeded at 50000 cells/well in 24-well plates. Trypan blue 

exclusion was used to verify cell viability above 95%. At 1 day, cells were exposed to 

200 µL of serum-free medium containing 1 µg of pGL3-CV plasmid pre-assembled with 

CD-containing polycations at various charge ratios. After 4 h, polyplex solutions were 

removed from the cells and replaced with 1 mL of regular growth medium. For 

measurement of luciferase activity and toxicity, cells were lysed 2 days after transfection 

with 1X Cell Culture Lysis Reagent (Promega). The Luciferase Assay System (Promega) 

was used to measure luciferase activity of cell lysates on a Monolight 2010 luminometer 

(Becton Dickinson Biosciences; San Jose, CA). Total protein content of cell lysates was 

assessed with the DC Protein Assay (Bio-Rad, Hercules, CA) that is a derivative of the 

Lowry assay.  
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2.4 Results 

2.4.1 Polycation synthesis and characterization 

 β-and γ-CDs were selectively difunctionalized through a stapling reaction with 

benzophenone-3,3′-disulfonyl imidazole (Scheme 2.1).  These intermediates react with 

various alkyl- and alkoxy-diamines to yield 3A,3B-bis(aminoalkylamino)-CDs with 

various spacing groups between the carbohydrate ring and the primary amine (Scheme 

2.2).  The difunctionalized amino-CD monomers were polymerized with DMS to give 

polycations with properties shown in Table 2.1.  The choice of CD-comonomer 

influences the polymerization with DMS; polymerization yield increases with distance 

between the cyclodextrin ring and the primary amine on the CD-monomer.  Similar yield 

trends were observed for otherwise identical β-and γ-CD polycations.  CD-monomers 

with fewer than four methylenes between the cyclodextrin and primary amine yielded 

polycations with an average degree of polymerization (DOP) of 5 or 6, while those 

synthesized from monomers with over four spacer methylenes produced an average DOP 

of 7 or 8.  An increase in polydispersity accompanied the increase in polycation length. 

 
 
 

Polycation Polymerization
Yield (%) 

dn/dc 
(mL/g)

Mw (kDa) Mw/Mn Average degree 
of polymerization

6a 32 0.1029 10.0 1.1 6 
6b 44 0.1406 8.1 1.3 5 
6c 61 0.1515 13.9 1.7 8 
6d 74 0.1322 13.0 1.4 7 
7a 32 0.1085 9.3 1.1 5 
7b 47 0.1386 9.6 1.4 5 
7c 56 0.1237 14.7 1.6 8 
7d 58 0.1279 13.3 1.3 7 

 
Table 2.1  Effect of cyclodextrin comonomer structure on polymerization 
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2.4.2 Polyplex formation and characterization 

 To demonstrate polycation interaction with pDNA, polyplexes were formulated 

and run on a 0.8% agarose gel at a range of charge ratios. Polycations 6a and 7a did not 

completely retard DNA below a charge ratio of 1.5, while 6b-d and 7b-d retarded DNA at 

charge ratios of 0.5 and above (Figure 2.2). The diameter of polycation/pDNA polyplexes 

varied between 100 and 150 nm, while the associated ζ-potentials were all found to be 

positive (Table 2.2).  

 
Figure 2.2  Agarose gel electrophoresis of polycation/pDNA complexes 
For each polycation, complexes were formulated at charge ratios (±) of 0, 0.5, 1.0, 1.5, 
2.0, 2.5, and 3.0 and run in order of increasing charge ratio (left to right) on a 0.8% 
agarose gel. 
 
 

Polycation Particle diameter (nm) ζ-potential (mV) 
6a 121.5 ± 1.3 12.5 ± 0.3 
6b 96.4 ± 1.1 6.4 ± 1.1 
6c 107.7 ± 0.9 16.7 ± 1.7 
6d 88.2 ± 6.9 27.7 ± 1.0 
7a 124.1 ± 1.6 23.3 ± 0.5 
7b 118.6 ± 23.9 17.5 ± 3.0 
7c 153.3 ± 1.7 9.6 ± 1.1 
7d 102.9 ± 1.0 30.7 ± 1.4 

 
Table 2.2  Particle sizing and ζ-potential of polycation/pDNA complexes formulated at 
charge ratio of 5± 
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2.4.3 In vitro transfection efficiency 

 In vitro transfection efficiency to BHK-21 cells was assessed in triplicate at 

charge ratios (+/-) of 2, 4, 6, 8, 10, 15, and 20. Lysates of transfected cells were assessed 

for luciferase activity by measuring the relative light units (RLU) normalized by total 

protein content (Figure 2.3). Among the diaminoalkyl-CD analogues, 6a-c and 7a-c, 

increased spacer length produced greater transfection efficiency, with more pronounced 

enhancements between the a and b variants in each series. The diaminoalkoxy-CD 

analogues, 6d and 7d, demonstrated intermediate levels of luciferase expression, below 

that achieved with the b analogues. Generally speaking, the β-CD and γ-CD polycations 

with identical spacers produced similar luciferase gene expression.  

Figure 2.3  Tranfection efficiency as a function of charge ratio for cyclodextrin-
polycation/pDNA complexes 
Complexes were formulated at various charge ratios and exposed to BHK cells in serum-
free medium for 4 h.  48 h after exposure, the cells were assayed for luciferase activity.  
Charge ratio of 0 indicates naked pDNA. 
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2.4.4 In vitro cellular toxicity 

 The total protein content of cell lysates was used as a measure of polyplex and/or 

polycation toxicity (Figures 2.4 and 2.5). The fractional cell survival of transfected cells 

was assessed by comparison to untransfected cells. Among the charge ratios investigated, 

polycations 6a-c and 7a-c demonstrated a marked decrease in cell viability with increased 

spacer length; 6d and 7d were essentially nontoxic at the concentrations employed. For 

the b and c analogues, cell viability decreased with increasing charge ratio and was worse 

for the β-CD polycations than for the γ-CD polycations. The toxicity of each polycation 

was independent of the presence of pDNA, as determined by comparison of polyplex-

transfected cells with those exposed to an equal amount of polycation alone (Figure 2.5).  

 

Figure 2.4  Cell viability to exposure of polycation/pDNA complexes 
Cells were assayed for viability 48 h after exposure to complexes formulated at various 
charge ratios; data were normalized with respect to untreated cells. 
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Figure 2.5  Toxicity comparison of polycation alone and polycation/pDNA complexes 
Cells were exposed to polycation alone or to an equal amount of polycation complexed 
with pDNA; “charge ratio” for polycation alone merely represents amount of polycation. 
Total protein concentrations in cell lysates were used as measure of viability; data were 
normalized using values for untreated cells. 
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2.5 Discussion 

 Previous studies of β-cyclodextrin-containing polycations (βCDPs) have 

demonstrated the importance of polycation structure to cellular toxicity and in vitro 

transfection efficiency. The effect of interamidine distance [14] has been elucidated, as 

has the importance of using a bulky cyclodextrin instead of a smaller carbohydrate such 

as trehalose [15]. Here, we investigated the relevance of cyclodextrin ring size by 

studying otherwise identical series of β-and γ-cyclodextrin polycations. Within each 

series, the length and character of the spacer between the cyclodextrin ring and the 

amidine charge center were varied to understand the importance of these additional 

variables in our system. Such an approach allows the direct evaluation of the effect of 

cyclodextrin-type on in vitro transfection efficiency and cellular toxicity as well as 

providing further insights into the role of charge spacing along the polycationic 

backbone. For in vivo application of the polycations described in this report, 

modifications are required to impart salt and serum stability. Methodologies for 

modifying similar cyclodextrin-based polycations for in vivo use are available in an 

earlier publication [20].  

 The β-and γ-CD-based series of polycations follow remarkably similar trends in 

the DOP. DOP is found to increase with distance between the reactive primary amines of 

the CD-monomers and the cyclodextrins themselves. As the number of methylenes 

between the cyclodextrin and primary amine increases, an increase in DOP is observed 

with an accompanying increase in polydispersity. All polycations shown here have an 

average DOP between 5 and 8, corresponding to an average of 10-16 amidine charge 

centers per polycation chain. Assuming these differences in DOP do not significantly 
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affect polycation performance, a direct correlation may be made between polycation 

structure and the observed performance. 

 Previous work demonstrated that the transfection efficiency and toxicity achieved 

with CD-containing polycations is affected by the presence of cyclodextrins and by the 

alkyl chain length between charge centers [14,15]. Here, it is demonstrated that the 

transfection efficiency and toxicity of a related set of polycations is affected by the 

structure of the spacer separating the CD ring from the charge centers and, to a lesser 

degree, the type of CD used. 

 Diaminoalkyl-CD polycations 6a-c and 7a-c exhibit a marked increase in 

transfection efficiency as the spacer length increases, particularly with the increase from 

2 to 4 methylene units. Dramatic differences between the a and b analogues are observed 

despite only a small change in polycation structure (a 2 Å increase in distance between 

the cyclodextrin and the amidine charge center). A smaller but significant increase in 

transfection efficiency is observed between the b and c analogues. Polycations 6a and 7a 

gave low levels of luciferase expression that gradually increased with increasing charge 

ratio. Optimum expression levels observed with these two polycations were of the same 

order as transfection efficiencies seen with polycations 6b, 6c, 7b, and 7c at the lowest 

charge ratios. Having reached relatively high transfection efficiencies at the lowest 

investigated charge ratios, polycations 6b, 6c, 7b, and 7c did not display the steady and 

marked increase with charge ratio seen with 6a and 7a. Beyond a charge ratio of 6±, only 

7b demonstrated a significant increase in luciferase expression.  

 The least effective polycations, 6a and 7a, are also observed to require the highest 

charge ratio to completely retard pDNA in the electrophoresis assay. Previous work with 
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CD-containing polycations has shown a correlation between relative binding efficiency 

and transfection efficiency [15]. The reduced binding efficiency associated with 

decreased spacer length may result from the bulky cyclodextrins impeding the access of 

polycation amidines to pDNA phosphates.  

 The presence of CDs in the polycation backbone gives a dramatic reduction in 

toxicity of β-CD-containing polycations [13-16]. In part 1 of our study [15], 6A,6D-

dideoxy-6A,6D-diamino-β-CDs were studied, while 3A,3B-dideoxy-3A,3B-diamino-β-

and γ-CDs are investigated here. The transfection and toxicity assays employed in this 

series of papers do not indicate any advantages of functionalization of the CD at the C(3)-

position over functionalization at the C(6)-position. In part 1 it was shown that longer 

spacer lengths between the CD and the charge center result in increased toxicity, which is 

in agreement with the result that polycations 6a-c and 7a-c demonstrate an increase in 

toxicity as the CD-amidine distance is increased. These results suggest that there is a 

toxicity-mitigating influence of the CD on the cationic center, regardless of the site of 

CD-derivatization. The CD may be affecting the interaction of the amidine charge centers 

with intracellular entities through its steric bulk and/or large sphere of hydration and thus 

lowering the toxicity of amidine-containing polycations. The bulkiness of the CD also 

hinders access of polycation amidines to pDNA phosphates. Since CD bulkiness and/or 

sphere of hydration correlate with the trends in both toxicity and transfection efficiency, 

the observation that decreases in toxicity are associated with decreases in transfection 

efficiency and effective pDNA binding strength are self-consistent.  

 The diaminoalkoxy-CD polycations 6d and 7d demonstrate an intermediate level 

of transfection efficiency and insignificant toxicity. Although this polycation pair pro-
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vides the largest spacing between the CD and amidine residues among polycations in this 

study, the hydrophilic nature of the alkoxy spacer likely enlarges the effective hydration 

sphere around the cyclodextrin ring. In addition, the alkoxy spacer has more flexibility 

than alkyl spacers. These factors somehow mitigate the toxicity of polycations 6d and 7d. 

The change in transfection efficiency as a function of charge ratio is also intermediate 

relative to the diaminoalkyl-CD polycations; RLU/mg protein readings with polycations 

6d and 7d rose gradually up to a charge ratio of 6±, above which no increase is observed.  

Each polycation produced measurable luciferase expression above background levels; the 

luciferase activities of untreated cells and cells treated with polycation alone are roughly 

5×103 RLU/mg protein (data not shown), while the luciferase activity of cells treated with 

pDNA alone is roughly 5×104 RLU/mg protein. For comparison, BHK-21 cells were 

transfected with complexes of pDNA formulated with 25 kDa branched polyethylenimine 

or with βCDP6 [14]. Polyethylenimine complexes at an N/P of 5 were found to give 

luciferase activity of 5×109 RLU/mg protein (data not shown). βCDP6 complexes 

produced 2×108 RLU/mg protein at a charge ratio of 10± (data not shown).  

 Here, analogous β-and γ-CD-containing polycations produced similar levels of 

gene expression, with the exception that polycations 6b and 6c outperform their γ-CD-

containing analogues 7b and 7c at charge ratios of two and four; these differences do not 

persist as the charge ratio is increased.  At higher charge ratios, toxicity differences 

between the β-CD-containing polycations 6b and 6c and the γ-CD-containing analogues 

become apparent, with the γ-CD-containing polycations being less toxic. It is again 

interesting to note the correlation between enhanced transfection efficiency and increased 

toxicity.  
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 The peripheral diameter of γ-CD is about 17.5 Å while that of β-CD is about 15.4 

Å [19], highlighting the importance of even small variations in the CD-containing 

polycation system to in vitro performance. Since the polycation backbone goes through 

adjacent sugar residues of the cyclodextrin ring in the case of the β-and γ-CD polycations 

discussed in this report, the linear backbone structure varies minimally between the two. 

However, the remainder of the cyclodextrin-ring, which can be considered pendant to the 

backbone, is certainly larger in the case of γ-over β-CD.  

 Reineke and Davis showed that trehalose-based polyamidines are more toxic than 

those based on β-CD [15]. Here, CD-containing polycations demonstrate an increase in 

toxicity with an increase in distance between the CD and the amidine charge center and 

with a decrease in the size of the CD-ring. Together, these results are consistent with the 

hypothesis that the size of the carbohydrate moiety and its associated sphere of hydration 

(overall increase in hydrophilicity) mitigate the toxicity of the amidine-based polycations.  

 We have described the synthesis and characterization of a family of cyclodextrin-

containing polycations and demonstrated significant and clear effects of polycation 

structure on in vitro gene expression efficiency and cellular toxicity against BHK-21 

cells. The structure of diaminated cyclodextrins was found to influence both the 

molecular weight and polydispersity of polycations resulting from reaction of these 

compounds with dimethyl suberimidate. Longer alkyl regions in the polycation backbone 

increased transfection efficiency and toxicity, while increasing hydrophilicity was 

toxicity-reducing. Further, γ-CD polycations were shown to be less toxic than otherwise 

identical β-CD polycations.  
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