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Eveline M. van der Aa 

 

ABSTRACT 

 

Wide literature precedence exists for polymers containing electrostatic interactions and polymers 

containing hydrogen bonding motifs, however the combination of electrostatic and hydrogen 

bonding interactions is not widely investigated in current literature. Polyelectrolytes containing 

hydrogen bonding groups are expected to exhibit properties of both classes of supramolecular 

interactions. A series of adenine- and thymine-containing PDMAEMA and tert-butyl acrylate 

copolymers were synthesized to investigate the effect of incorporating hydrogen bonding groups 

into a polyelectrolyte.  Incorporation of the styrenic nucleobases significantly affected the 

solubility of these copolymers on aqueous solutions and showed salt-triggerability with higher 

contents of these groups. Polyelectrolytes are capable of binding and condensing DNA through 

electrostatic interactions with the negatively charged phosphate groups of the DNA backbone; 

however a high degree of cytotoxicity is also often observed for these gene delivery systems. The 

high level of cytotoxicity is attributed to high degree of cationic character for the polyplexes 

formed with these systems according to the proton-sponge hypothesis. One method of reducing 

the overall cationic character for these systems is incorporation of non-electrostatic binding 

mechanisms such as hydrogen bonding. A series of nucleobase-containing PDMAEMA 

copolymers were utilized in order to investigate the effect of incorporation of these groups on the 

cell viability, binding efficiency, and transfection efficiency of PDMAEMA.  
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Chapter 1. Introduction to gene delivery and hydrogen bonding 

1.1 Abstract 

  Currently the treatment of genetic disorders centers on the concept of gene 

therapy.  Recent research efforts toward the design of non-viral gene delivery vectors 

focus largely on synthetic cationic polymers because of the inherent synthetic capability 

to fine tune these structures to obtain optimal transfection efficiencies.  One key concern 

of gene delivery agents based on cationic polyelectrolytes is the high degree of 

cytotoxicity associated with the high transfection efficiencies achieved with these 

vectors.  The correlation between gene delivery and cytotoxicity stimulated research on 

non-electrostatic interactions as a binding mechanism for polyplex formation.  Research 

of polymers containing hydrogen-bonding motifs modeled after small molecule binding 

of the minor groove of double stranded DNA demonstrates efficient DNA binding of 

these vectors as well as to provide polyplex stability similar to that observed for those 

electrostatic interaction-based complexes.  Non-viral gene delivery vectors possessing 

multiple binding mechanisms including electrostatic and hydrogen bonding interactions 

also demonstrated efficient gene delivery. Analysis of these vectors allowed for further 

investigation into the role of hydrogen bonding interactions in the design of a more 

effective gene delivery vector. The analysis also provided other key observations in 

gaining a better understanding of structure-property relationships of various synthetic 

vectors. 
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1.2 Introduction to non-viral gene delivery 

Current research in the treatment of genetic disorders centers on the concept of 

gene therapy.
1-8
  Genetic disorders originate from either a variation in the gene or a 

mutation in an individual’s DNA.
1-3,5,8

 A variation in the gene is simply a different form 

of the gene, while a mutation is an alteration of the gene
4
.  Gene therapy is a method for 

fighting these disorders through the transfer of specific nucleic acid sequences previously 

identified as possessing the capability to alleviate the symptoms of a genetic disease.
1-12
  

Identification of these “therapeutic genes” is a critical component in the development of 

treatment methods based on nucleic acid therapeutics.
2-4,6,7,10,11

  Completion of a working 

draft of the human genome allowed for a better understanding of genetic diseases through 

the identification of the specific DNA sequences that are related to particular diseases.
8
 

Identification of these “therapeutic genes” is only one of the many obstacles to overcome 

in the advancement of gene therapy.
1-8
  A major barrier impeding the advancement of 

gene delivery efforts is the development of a gene delivery method that is efficient, non-

toxic, and allows for targeting of specific cells.
9-12
  Several types of non-viral gene 

delivery agents are the focus of intensive research efforts, including the design of 

synthetic polycations able to bind DNA through electrostatic interactions.
9-20
 This class of 

transfection vectors shows great potential for gene therapy because of the ability to fine 

tune the structure yielding properties of the polymer appropriate for a viable gene 

delivery system.
10,11,16

 

Cationic polymer vectors are promising candidates for gene delivery agents due to 

the synthetic flexibility to alter the polymeric structure in ways that optimize transfection 

efficiencies.
21-43

  The basis of nucleic acid delivery vectors derived from cationic 
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polyelectrolytes is formation of a complex with plasmid DNA (pDNA) through 

electrostatic interactions between the positively charged polymer chain and negatively 

charged phosphate backbone of DNA.
29,32,36,39,41,42

  

 

Figure 1.1. Scheme of polyplex formation and cellular uptake: (a) Effective binding and 

condensation of pDNA with cationic polyelectrolytes (b) Endocytosis of the polyplex (c) 

Polyplex dissociation (d) Nuclear uptake of uncomplexed pDNA  

The process of gene delivery of these polyplexes undergo is outlined in Figure 1.1, 

beginning with the formation of the complex through electrostatic interactions and 

resulting in expression of the protein for which the pDNA is encoded.
11,39

  These 

polymer-DNA complexes, known as polyplexes, range in size from approximately 30 to 

several hundred nanometers in diameter resulting from the condensation of pDNA 

through formation of the electrostatic interactions with polycationic molecules.
11
  

 The capability of the polymer to condense the DNA and to affect transfection 

efficiencies through the production of particle sizes appropriate for cellular uptake is 

essential for efficient gene delivery as well as protecting the pDNA from nucleolytic 

enzymes capable of degrading DNA fragments.
11
  Mechanisms for the endocytosis of the 

(a) 

(c) 

(b) 

(c) 

(d) 
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condensed particles include clathrin-mediated endocytosis (the only well-defined 

pathway), caveolae-mediated endocytosis, macropinocytosis, and clathrin and caveolae-

independent endocytosis (Fig. 1.2).
44
  The mechanism of endocytosis is dependent on a 

number of factors including the diameter of the polyplex and the cell type.
20,21,24-26,45,46

 

 

Figure 1.2. Clathrin-mediated and caveolae-mediated pathways of endocytosis
44
 

Release of the particles and dissociation of the complexes must directly follow cellular 

uptake of the polyplexes.
9,10,18,20,47

 It was hypothesized that the overall cationic character 

of the polyplex enables release from the endosomes preceding the dissociation of the 

interactions between the pDNA and polymer molecules.
15,20,47,48

 The pDNA can then 

enter the porous nuclear membrane and subsequently expression of the encoded protein is 

observed.
11
 Frequently high levels of cellular uptake are observed with little or no gene 

expression.
10
 This is attributed to the inability of the polyplex to dissociate after cellular 

internalization since transcription factors of the host cell cannot effectively bind the 

pDNA while it remains bound to the cationic polyelectrolyte molecules.
10
  

4



The structure of the cationic polyelectrolyte greatly influences the formation of 

the polyplex and sterically blocks the accessibility of the nucleolytic enzymes to the 

pDNA, which sterically blocks the accessibility of the nucleolytic enzymes to the pDNA 

structure and provides protection from degradation.
47
   Formation of the polyplex results 

in a net positive charge for the condensed structure, which interact with negatively 

charged membrane components of the cell.
11,16,18

  Plasmid DNA escape from endosomes 

is a vital step in the gene delivery process because release of the pDNA into the cellular 

cytoplasm must occur before nuclear translocation can transpire.
11,47

  A key factor in low 

transfection efficiencies of polycationic gene delivery vectors is the inefficient release 

from the endosomes.
12
  The polycation structure determines the binding strength of the 

polyplex, which affects the ability of the complex to dissociate allowing for nuclear 

translocation of the pDNA.
11,47

  

Transfection studies of luciferase-encoded pDNA into COS-7 cells reveal a strong 

relationship between transfection efficiencies and the molecular weight of the 

polycation.
49
  Layman et al. showed that gene expression increases significantly as a 

function of increasing molecular weight; however molecular weight was not shown to 

influence cellular uptake of polyplexes formed with these vectors.
50
 Even though it was 

shown that condensed pDNA particles with a smaller average diameter were attained 

with high molecular weight PDMAEMA as compared to low molecular weight polymers, 

no correlation was shown with polyplex diameter and transfection efficiency.
49
  

An experimental correlation exists between transfection efficiency and 

cytotoxicity of this gene delivery vector, both in its free form or bound in the polyplex, 

which is due to membrane destabilization upon cell entry.
19,49

  Incorporation of groups 

5



capable of non-electrostatic interactions with DNA in the polymer structure would 

decrease the cationic character of the vectors, which is hypothesized to minimize the 

cytotoxic effect observed for these polyplexes.
19
 One non-electrostatic interaction under 

current investigation is hydrogen bonding of specific compounds to the major and minor 

groove of double stranded DNA. Structural features of the DNA double helix include the 

major groove and minor groove shown in Figure 1.3.   

GG

Figure 1.3. Double helix structure of DNA 

Variation in the width of these two distinct indentations is attributed to the asymmetrical 

attachment of the nucleic acid base pairs to the phosphodiester backbone.  The edges of 

the base pairs are exposed in these grooves act as both hydrogen bond donors and 

acceptors.
51
  Hydrogen-bonded nucleic acid base pairs are primarily stabilized with 

electrostatic interactions. The nucleobase amino groups are both flexible and nonpolar, 

which allows for out of plane hydrogen bonding interactions to occur. 
52
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1.3 Hoechst 33258 in gene delivery 

 

2’-(4-hydroxyphenyl)-5-[5-(4-methylpiperazine-1-yl)benzimidazo-2-yl] 

benzimidazole (Hoechst 33258) is a fluorescent stain widely used to label DNA for 

fluorescence microscopy.
51,53,54

 The benzimidazole group of this DNA binding agent is 

shown to form hydrogen bond interactions with the minor groove of helical double-

stranded DNA (dsDNA).
19,54

 Calorimetric and spectroscopic studies of the binding of the 

dication form of Hoechst 33258 to DNA oligonucleotides revealed two specific binding 

schemes defined as quasi-minor groove binding and stacked binding.
53,55

  Quasi-minor 

groove binding is described as the binding of a single molecule to a minimum of 12 base 

pairs in contrast, stacked binding is predominately due to electrostatic interactions 

between the dication and the negatively charged phosphate backbone of DNA.
55
 

Preliminary research evaluated a gene delivery agent capable of binding DNA 

though hydrogen bond interactions with Hoechst 33258.
19
  Complexes formed from 

Hoechst 33258 and dsDNA showed no retardation of migration through electrophoresis 

gel as compared to naked DNA, suggesting that the complexed DNA is not in the 

compacted state typically observed in complexes based on electrostatic interactions.
19
 

These results are consistent with the hypothesis of a complex formed through hydrogen 

bonding interactions having conformation typical of its native form.
19
  Further 

investigation of Hoechst 33258 based gene delivery vectors was accomplished using the 

dodecyl and octadecyl carbamate derivatives of Hoechst 33258 depicted in Figure 1.4.
19
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Figure 1.4. Hoechst 33258 and its alkyl derivatives.
19
 

 Comparison of fluorescence spectra of the two complexes with the spectrum of unbound 

Hoechst 33258 showed effective DNA binding.
19
 Gel electrophoresis of the complexes 

showed similar results as unbound DNA unlike complexes of DNA and cationic lipids 

structurally similar to the Hoechst 33258 derivatives, which lead to compacted structures 

similar to cationic polymers.
19
  

 Utilizing the miscibility of the small molecule with poly(ethylene imine), 

incorporation of Hoechst 33258 into the polymer matrix allowed for further investigation 

into Hoechst 33258 s a gene delivery vector due.
15
 Incubation of Hoechst 33258 with 

PEI:DNA complexes prior to transfection experiments showed higher gene expression 

than PEI-DNA complexes without incorporated Hoechst 33258.
15
  Several pathways are 

hypothesized through which incorporation of Hoechst 33258 may increase PEI-mediated 

transfection efficiency, one of which is based on the ability of Hoechst 33258 to pass 

through the cellular membranes and promptly undergo nuclear uptake.
15
  Incorporation of 

Hoechst 33258 into PEI:DNA complexes may alter the intracellular trafficking of these 

complexes, which may take on membrane-permeable characteristics similar to that of 

Hoechst 33258.
15
  It was also hypothesized that Hoechst 33258 also facilitates nuclear 

targeting based on the observation of lower concentrations of these complexes in 

8



endosomes and their nuclear localization.
15
 Hoechst 33258 incorporated PEI:DNA 

complexes target the transcriptionally active sequences of DNA. This is attributed to the 

selectivity Hoechst 33258 shows for AT-rich DNA sequences since subnuclear 

positioning of DNA is shown as one of the mechanisms for the regulation of 

transcription.
15
   

 

1.4 Hydrogen bonding interactions with nucleobases and gene delivery with PVDAT  

Poly(2-vinyl-4,6-diamino-1,3,5-triazine) (PVDAT) is shown to bind nucleic acid 

bases through complementary hydrogen bond interactions with the binding strength 

proportional to the number of hydrogen bonds formed.
56-61

  Neighboring hydrogen bonds 

contribute attractive or repulsive secondary interactions as depicted in figure 1.5 for triple 

hydrogen bonding arrays.
62
   

 

Figure 1.5. Secondary interactions in triple hydrogen bonding arrays 

Hydrogen bond donors (or acceptors) in diagonally opposite sites result in 

secondary repulsive forces while a donor and an acceptor provide attractive forces.
63-67

 In 

multiple hydrogen bonding arrays the binding motif DDD-AAA maximizes the number 

of attractive secondary interactions and gives the strongest overall interaction while the 

ADA-DAD binding motif yields a reduced strength for the overall interaction due to the 

maximized number of repulsive interactions.
63-68
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Figure 1.6. Hydrogen bonding interactions between nucleic acid bases and the DAT 

residue 

Uracil, thymine, and guanine, show three hydrogen bonding sites toward PVDAT while 

adenine and cytosine show two hydrogen bonding sites (Fig. 1.6).
58,59

 Differences in 

binding strengths can also be attributed to the neighboring group effect. The investigation 

of hydrogen bonding interactions was performed initially in water since the recognition 

of the various binding motifs that PDVAT demonstrates in water is critical for biological 

applications.
56
 Water molecules show competitive binding of molecules though hydrogen 

bond interactions.
56
  Comparison of binding efficiencies of PVDAT to nucleic acid bases 

in water and in methanol revealed greater binding strengths in water for the purine bases 

while pyrimidine bases showed little variability between the two solvents.
58
  

Discrepancies in the binding strengths of purine bases in water and methanol is attributed 

to both stacking and apolar interactions that occur in the water solution.
58
 

The comparison of the binding abilities of PVDAT to nucleic acid bases and that 

of the  corresponding monomers demonstrated the necessity of the polymeric structure 

for hydrogen bond formation.
57
  It was proposed that PVDAT forms apolar microspheres 

at the sites where hydrogen bonding occurs, which encourages hydrogen-bond formation 

10



between PVDAT and dsDNA over the formation of binding interactions with dsDNA and 

water molecules.
58
  It was observed that nucleotides and dinucleotides had stronger 

binding interactions with PVDAT than nucleic acid bases indicating the importance of 

the electrostatic interactions between the negatively charged backbone of DNA and the 

protonated amine on cationic DAT residues.
57
   

The ability to recognize A-T base pairs in the major groove of dsDNA was also 

investigated in the preparation of an imprinted polymer film containing PVDAT.
61
  

Detection of the binding interaction between VDAT and A-T base pairs, which is 

depicted in Fig. 1.7, was accomplished using NMR, which showed chemical shifts 

consistent with the expected hydrogen bonding interactions.
61
  Melting point analysis of 

poly(dA)-poly(dT) dsDNA molecules showed an increase in the melting temperature of 

these model dsDNA molecules when in the presence of VDAT, which is attributed to 

hydrogen bonding interactions since electrostatic interactions were negligible at the 

solution pH.
61
  CD spectral analysis was utilized to exclude the possibility of intercalation 

contributing to the binding of VDAT to poly(dA)-poly(dT) dsDNA molecules.
61
  

Fluorescence analysis allowed for comparison of the imprinted polymer film and the non-

imprinted polymer film.
61
 Detection of a distinct increase in fluorescence intensity for the 

imprinted polymer film as compared to the non-imprinted film suggested selective 

binding of DNA with the imprinted polymer.
61
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Figure 1.7. Proposed hydrogen bonding interactions between PVDAT and the A-T base 

pair 

A non-electrostatic gene delivery system based on PVDAT and its copolymers 

with poly(1-vinyl-2-pyrrolidone) (VP) were investigated to evaluate transfection 

efficiencies with decreased or no electrostatic interactions and predominantly hydrogen 

bonding interactions.
14
  Complexation of these polymers with pDNA showed increased 

retardation in the migration through electrophoresis gel with the addition of increasing 

weight ratios (PVDAT:pDNA) consistent with the electrophoresis migration model for 

non-electrostatic interactions between DNA and its binding agents as found with Hoechst 

33258.
14,19

  Transfection of luciferase-encoded pDNA to COS-1 cells was shown to have 

high efficiency as well as noticeably lower cytotoxicity with the VDAT based gene 

delivery vectors as compared to the widely studied ExGen 500 complexes.
14
 Research 

into these hydrogen-bond interaction based vectors also showed decreased nuclease-

mediated degradation of pDNA when bound with PVDAT. The stability of these 

complexes to that of ExGen 500 complexes in serum showed increased stability as 

compared to complexes with PVDAT.
14,19

  Further investigation of PVDAT as a gene 
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delivery agent focused on the cellular internalization of these polyplexes.
48
  Knockdown 

studies of the various endocytic pathways suggested that the polyplexes are internalized 

via a non-clathrin, non-caveolae mediated endocytosis.
48
   

 

1.5 Effects of hydrogen bonding on gene delivery with poly(glycoamidoamine)s 

 Design of poly(glycoaminoamine) (PGAA) based gene delivery vectors was 

based on structural features of two previously investigated gene delivery agents.
69
 These 

vectors are previously reported as having high transfection efficiencies due to the ability 

of protonated secondary amines in the polymer backbone to effectively condense DNA as 

well as undesirable high cytotoxic effects.
13,40,70-76

  Chitosan, a polysaccharide, contains 

primary amines rather than secondary amines and shows effective binding and 

condensation of pDNA.
77-85

 This gene delivery vector is reported to show only minimal 

cytotoxicity even at high concentrations; however it was demonstrated as yielding poor 

gene expression efficiencies.
69
   PGAA gene delivery agents (Fig. 1.8) combine structural 

features of both of these previously investigated vectors with the incorporation of 

carbohydrate residues in a backbone that resembles PEI.
17,36,69,86,87

 Gel electrophoresis of 

polyplexes formed between low molecular weight PGAAs and pDNA, show a correlation 

between the binding affinity of the polyplex and both key structural features of PGAAs, 

the carbohydrate and amine functional groups.
69
 Further investigation into these 

polyplexes using dynamic light scattering suggested that the stereochemistry of both the 

hydroxyl groups of the carbohydrate and the amine groups impact the condensation of 

pDNA upon polyplex formation.
69
  One notable trend observed for the polymer structures 

containing four amine groups and varying in the stereochemistry of the hydroxyl groups 

of the carbohydrate was that these structures showed the highest transfection 

13



efficiencies.
69
 One key issue with these delivery vectors is the typically low molecular 

weight due to the strong experimental correlation between an increase in the molecular 

weight of a polymer and improved transfection efficiencies. 
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Figure 1.8. PGAAs demonstrating the highest gene transfection efficiencies 

 Polyplex formation with PGAAs was also shown to result in the prevention of 

nuclease-mediated degradation of the pDNA using gel electrophoresis studies.
17
 

Comparison of the four polymer compositions exhibiting the highest gene transfection 

efficiencies showed that G4 and T4 were better able to protect pDNA from degradation.
17
  

The decreased ability to protect pDNA from degradation observed for D4 and M4 is 

attributed to the weaker binding affinities previously mentioned for these complexes.
17
 

The T4 structure demonstrated the highest polyplex stability and bond strengths however 

were not shown to give increased cellular uptake or gene expression, suggesting that the 

12 11 

 

14 

 

12 
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polymer structure also greatly influences the transfection efficiency.
17
  This trend 

prompted further investigation into the binding mechanism of these vectors with pDNA.
87
   

 

Figure 1.9. Binding of pDNA to PGAA via electrostatic interactions and hydrogen 

bonding interactions: (a) hydrogen bond interaction between a polymer hydroxyl 

functional group and a nucleic acid base, (b) electrostatic interactions between a 

protonated amine and the negatively charged phosphate group in the DNA backbone, and 

(c) hydrogen bonding interaction between a polymer amine functional group and a 

nucleic acid base
87
 

A detailed study of the role of hydrogen bonding interactions in polyplex 

formation with pDNA and PGAA vectors was conducted comparing PGAAs shown to 

have the highest transfection efficiencies.
87
 Expected mechanisms of polyplex formation 

include electrostatic interactions, hydrogen bonding interactions as depicted in Figure 

1.9, as well as hydrophobicity.
87
  Hydrophobic interactions were shown to play an 

inconsequential role in the formation of the polyplexes; however differences in the free 

binding energies when the only structural variation is the quantity and stereochemistry of 

15



hydroxyl functional groups from the carbohydrate group suggests the significance of 

hydrogen bonding interactions in the binding affinities of these polymers structures.
87
  

Isothermal titration calorimetry assays in various buffers allowed for deconvolution of 

the free binding energies from electrostatic interactions, providing further evidence for 

the importance of hydrogen bonding interactions in these complexes.
87
  Circular 

dichroism analysis of the complexes suggested specific hydrogen bonding motifs with 

pDNA, which lies in accordance with the dependence of binding affinities on the 

stereochemistry of the hydroxyl functional groups.
87
  Determination of the binding 

mechanism between pDNA and the PGAA gene delivery agents provides a great deal of 

information concerning the structure-property relationships of these vectors, specifically 

concerning the importance of the hydrogen bonding interactions.
87
   

 

1.5 Conclusions 

 The design of gene delivery agents based on non-electrostatic interactions, 

specifically hydrogen bonding interactions, were recently investigated towards 

optimization of polyplex formation resulting in efficient gene expression.  Research into 

the relationship of hydrogen bonding groups and the subsequent increase in transfection 

efficiencies was reported for vectors incorporating small molecule Hoechst 33258, which 

is known to effectively bind the minor groove of dsDNA, into polyplexes previously 

shown to possess high transfection capabilities as well as high cytotoxicity.  The study 

reported increase transfection efficiencies after incorporation of the hydrogen-bonding 

group, suggesting the role of these small molecules in the increased cellular uptake as 

well as producing variations in the intracellular trafficking of the polyplexes. 

16



Incorporation of the hydrogen-bonding group into the polymeric structure was achieved 

in the design of PDVAT based gene delivery vectors. Intracellular routing of these 

polyplexes showed variation in the endocytic route as compared to that on PDMAEMA, 

suggesting the pivotal role cellular uptake mechanisms play in gene expression as well as 

the dependence of intracellular trafficking mechanisms on the interactions observed 

between polymer and DNA. The importance of hydrogen bonding interactions was also 

confirmed in vectors based on PGAAs, which showed both electrostatic and non-

electrostatic interactions upon formation of the polyplex. These results suggest that 

incorporation of strong hydrogen bonding motifs into the polymeric structure could 

reduce or eliminate the necessity of the cationic character of previously investigated non-

viral gene delivery agents, which is hypothesized to significantly decrease the 

cytotoxicity observed in current cationic polyelectrolyte vectors.  
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Chapter 2. Structure-Property Relationships of Adenine- and Thymine-

Containing Poly(2-(dimethylamino) ethyl methacryate) 

 
 

2.1 Abstract 

 Polymer containing electrostatic interactions and polymers containing hydrogen 

bonding motifs are both extensively discussed in literature, however the combination of 

electrostatic and hydrogen bonding interactions is not widely investigated in current 

literature. A series of adenine- and thymine-containing PDMAEMA copolymers were 

synthesized to investigate the effect of incorporating hydrogen bonding groups into a 

polyelectrolyte.  Polyelectrolytes containing hydrogen bonding groups are expected to 

exhibit properties of both classes of supramolecular interactions. In situ FTIR analysis of 

the polymerization reveals the reaction reaches completion after 24 hours and allowed for 

analysis of the reaction kinetics as well as determination of the reactivity ratios using the 

Mayo-Lewis determination method. TGA and DSC were utilized in the characterization 

of the thermal properties of the nucleobase-containing PDMAEMA copolymers. 

Incorporation of the styrenic nucleobases significantly affected the solubility of the 

copolymers and prevented molecular weight analysis using SEC. Incorporation of the 

nucleobases also significantly affected the solubility of these copolymers on aqueous 

solutions and showed salt-triggerability with higher contents of these groups. Solution 

rheology also revealed the influence of hydrogen bonding on the apparent viscosity and 

entanglement concentrations of these polyelectrolytes.   
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2.2 Introduction 

Supramolecular chemistry refers to the area of chemistry that focuses on the 

polymeric polymers composed of a self-assembled molecular subunits or components.
1-9

 

Supramolecular self-assembly occurs through a number of noncovalent interactions 

including hydrogen bonding, metal coordination, hydrophobic interactions, and 

electrostatic effects.
1
 A large percent of current research efforts focus on self-assembly 

through various hydrogen bonding arrays, including those observed for nucleic acid base 

pairs..
1-5,10-12

 Self-assembly of two strands of DNA with complementary nucleic acid 

sequences, a naturally occurring supramolecular complex, shows high specificity due to 

the complementary hydrogen bonding arrays of the various nucleobases.
1
  

 

Figure 2.1. Watson-Crick and Hoogsteen Base Pair Interactions
13
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The hydrogen bonding motifs between the complementary nucleic acid base pairs, known 

as Watson-Crick base pairs, form the basis of the double helix structure observed in 

double stranded DNA.
13,14

 While bound to the double helix structure of dsDNA these 

base pairs demonstrate the ability to act as both hydrogen bond donors and acceptors.
14

 

Hoogsteen base pair interactions, depicted in conjunction with Watson-Crick base-pairs 

in Figure 1, allow for triplex DNA formation in the DNA minor groove.
15

   

Supramolecular complexes based on nucleobases show high specificity due to the 

highly conserved hydrogen bonding interactions between the complementary 

nucleobases.
1
 The predictability of interactions between long sequences of nucleic acids 

makes the utilization of nucleobases for hydrogen binding motifs desirable.
16
  This allows 

great flexibility for the formation of hydrogen bonds between the polymer chains. 

Supramolecular complexation between nucleobase-functionalized compounds 

significantly alters the properties of these materials. The well-defined hydrogen bonding 

interactions between the nucleobases provide the thermodynamic stability required for 

the self-assembly of these structures. Side-chain functionalized polymers demonstrate the 

capability of DNA-like assembly of the polymer chains. Complexation of side-chain 

functionalized polymers and nucleobase-functionalized monomers significantly alters the 

bulk state properties of the polymer.  

Placement of nucleobases on polymer side-chains provides another method for 

incorporating nucleobases into polymers, which is achieved with nucleobase-substitution 

of polymerizable groups such as styrene (Figure 2.2).
17-20
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Figure 2.2. 4-(vinyl benzyl) derivatives of (1) adenine, (2) guanine, (3) cytosine, and (4) 

thymine
17-20

 

Research efforts of Long and coworkers include synthesis of nucleobase-

containing triblock copolymers by nitroxide mediated polymerization (NMP), a 

controlled radical polymerization method enabling block copolymer synthesis with a 

wide range of acrylic and styrenic monomers.
11

 The stoichiometric ratio between 

nucleobase-functionalized monomer units and the co-monomer units in the polymer chain 

remains the key factor influencing self-assembly of the copolymers in a noncompetitive 

solvent as seen in the research efforts of Lutz and coworkers.
10

 Solvents such as water 

competitively form hydrogen bonding interactions with the nucleobases on the polymer, 

disrupting the interactions between the polymer chains. This prevents accurate analysis of 

the strength of the hydrogen bonding interactions between the polymer chains. Both the 

adenine-functionalized and thymine-functionalized copolymers form spherical colloids in 

noncompetitive solvents. Colloid rearrangement occurs upon mixing of the two 

nucleobase-functionalized copolymer solutions since thermodynamics favor the adenine-

thymine interactions over thymine-thymine or adenine-adenine interactions.  The 

resulting dispersions become more thermally stable than the original solutions containing 

only the thymine-functionalized copolymer of the adenine-functionalized copolymer.  All 

of the supramolecular complexes show stability in solution over long periods, and easily 
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break apart and reform with changes in temperature due the dissociation and association 

of intermolecular hydrogen bonds.
21

 The addition of the nucleobase-functionalized 

monomers to the copolymer solutions results in the formation of smaller aggregates; this 

suggests the dissociation of polymer-polymer complexes and the association of 

monomer-polymer complexes.
21

 

Comparison of the affinity of homopolymers of each of the nucleobase-containing 

monomers for dsDNA allows for investigation into the binding affinities of these 

nucleobase-containing monomers for nucleic acid base pairs.  Predicted variations in 

binding affinities will result from the variation in the binding affinities exhibited in each 

of the nucleic acid bases.
4,22-26

  Free-radical polymerization of the nucleobase-

functionalized monomers 9-(4-vinylbenzyl) adenine (VBA) and 1-(4-vinylbenzyl) 

thymine (VBT) yield materials exhibiting self-recognition abilities similar to 

complementary DNA molecules.
10,21,27

 Cooperative intermolecular hydrogen bonding 

make PVBA and PVBT homopolymers insoluble in most organic solvents and therefore 

impractical for most applications.
10,21

 The physical gel that are characteristic of this class 

of polymer is disrupted with competitive solvents such as dimethyl sulfoxide (DMSO), 

which binds with the hydrogen bonding motifs of the nucleobases and prevents self-

association.
10

  

Copolymerization of the nucleobase-containing monomers with a monomer such 

as dodecyl methacrylate allows for the modification of the polymer solubility.
10,21,27

 The 

long alkyl chains on this co-monomer increase the solubility of the copolymers in 

noncompetitive solvents, enabling the investigation into self-assembly processes.
10,21

 The 

adenine- and thymine-functionalized copolymers self-assemble based on the 
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complementary hydrogen bonding arrays of these nucleobases. 
27

 The supramolecular 

complexes show temperature dependant changes in intensity for the IR and UV-vis 

absorption spectra, indicating “melting” behavior similar to the double strand to single 

strand transition observed for DNA.
27

 

Electrostatic interactions are also a mode of supramolecular self-assembly. 

Polyelectrolytes are a class of polymers that contain a high concentration of repeating 

units containing ionizable groups which, when in solution, is balanced with a cloud of 

counterions.
28-30

 The electrostatic interactions between these charged groups significantly 

influence the behavior of these polymers in aqueous solvents. Solution pH and 

temperature, strength of the ionic interactions and concentration also influence the 

behavior of polyelectrolytes. The combination of the electrostatic interactions of a 

polyelectrolyte with a repeating unit containing self-complementary hydrogen bonding 

interactions is expected to result in materials exhibiting interesting self-association based 

behavior resulting from both classes of intermolecular interactions.
31

  

 

2.3 Experimental 

 

2.3.1 Materials.  

Adenine (99%) was purchased from Aldrich and 4-vinylbenzyl chloride (90%) purchased 

from Fluka, both were used as obtained. Potassium carbonate (99%) was purchased from 

Aldrich as used as obtained. Methanol (99.9%), dimethyl sulfoxide (99.9%), chloroform 

(99.9%) were purchased from Fisher as used as obtained. 2-(N,N′-Dimethylamino)ethyl 

methacrylate (DMAEMA, 99.5%, Fisher) was passed through a neutral alumina column 

27



to remove free radical inhibitor. 2,2′-Azobisisobutyronitrile (AIBN, 99%, Sigma-Aldrich) 

was used as received. Deuterium oxide (D2O, 99.9%, Cambridge Isotope Laboratories) 

was used as received for all NMR measurements. Ultrapure water was obtained with a 

Millipore Direct-Q5 purification polymer. All other solvents were used as received from 

commercial sources without further purification. 

 

2.3.2 Instrumentation. 

1
H NMR spectroscopic data was collected in DMF-d7, DMSO-d6, and D2O on a Varian 

400 MHz spectrometer. Differential Scanning Calorimetry (DSC) was obtained with TA 

DSC Instruments under nitrogen at a heating and cooling rate of 10 ºC/min. Values from 

the second heating were reported. Thermogravimetric analysis (TGA) was performed on 

a TA Instruments TGA under a nitrogen atmosphere at a heating rate of 10 °C/min. In 

situ FTIR analysis was performed with a Metler Toledo ReactIR 45m instrument fitted 

with a di-comp fiber optic ATR probe. An average absorbance was plotted every 2 

minutes from 256 infrared scans for 24 h. Dynamic light scattering (DLS) measurements 

were performed on a Malvern Zeta Sizer Nano Series Nano-ZS instrument using 

Dispersion Technology Software (DTS) version 4.20 at awavelength of 633 nm using a 

4.0 mW, solid state He-Ne laser at a scattering angle of 173°. The experiments were 

performed in triplicate at a temperature of 25 °C. 

 

2.3.3 Synthesis of 9-(4-Vinylbenzyl) Adenine.  

A previously reported synthetic scheme was followed for the synthesis of 9-(4-

vinylbenzyl) adenine.
19

 A 250-mL round-bottomed flask was charged with adenine 
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(10.00 g, 74 mmol), 4-vinylbenzyl chloride (11.41 g, 74.74 mmol), tetramethyl 

ammonium iodide (44.6 mg, 0.22 mmol), potassium carbonate (13.70 g, 99.16 mmol), 

and anhydrous DMSO (100 mL). Nitrogen gas was bubbled through the reaction solution 

for approximately 30 min. The reaction solution was stirred at room temperature for 48 h. 

The solution was filtered and precipitated into distilled water. The product was 

recrystallized from a 1:3 chloroform:methanol solution four times and a white solid was 

obtained with 34% yield.  

 

2.3.4 Synthesis of Poly(9-VBA-co-DMAEMA).  

A 50-mL round-bottomed flask was charged with 9-(4-vinylbenzyl) adenine and 2-

(dimethylamino)ethyl methacrylate in varying amounts.  The glassware was purged with 

nitrogen. Anhydrous DMF was added to make a 20 wt% solution. AIBN initiator (0.5 

mol%)  solution in anhydrous DMF was syringed into the reaction solution. The flask 

was immersed in an oil bath at 65 
o
C and stirred for 24 h at this temperature. The reaction 

solution was cooled to room temperature and diluted with an equal volume of 

chloroform. The resulting solution was precipitated into hexanes. The product was dried 

and then protonated by the addition of a 0.5 M HCl solution, which was allowed to stir 

for 6 h. The solution was precipitated into THF and dried overnight at 100 
o
C under 

vacuum.  

 

2.3.5 Synthesis of 1-(4-Vinylbenzyl) Thymine.  

A previously reported synthetic scheme was followed for the synthesis of 1-(4-

vinylbenzyl)thymine.
19

 Thymine (2.50g; 20 mmol) was dissolved in 
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hexamethyldisilazane (13 mL). The resulting solution was treated with trimethylsilyl 

chloride (1 mL) and refluxed under inert atmosphere for 24 h. The residual 

hexamethyldisilazane was removed by vacuum distillation. The silylated thymine was 

dissolved in DMF (10 mL). To the reaction flask was added 4-vinylbenzyl chloriode (3 

mL, 21 mmol), NaI (30 mg, 0.2 mmol), and hydroquinone (10 mg). The mixture was 

stirred at 80 
o
C for 8 h. The mixture was then added dropwise to water (150 mL) and 

recrystallized three times from methanol to give 3.2 g (60%) of white crystals with a 

melting point of 164 
o
C as determined by DSC.  

 

2.3.6 Synthesis of Poly(1-VBT-co-DMAEMA).   

A 50-mL round-bottomed flask was charged with 1-(4-vinylbenzyl) thymine and 2-

(dimethylamino)ethyl methacrylate in varying amounts.  The glassware was purged with 

nitrogen. Anhydrous DMF was added to make a 20 wt% solution. AIBN initiator (0.5 

mol%)  solution in anhydrous DMF was syringed into the reaction solution. The flask 

was immersed in an oil bath at 65 
o
C and stirred for 24 h at this temperature. The reaction 

solution was cooled to room temperature and diluted with an equal volume of 

chloroform. The resulting solution was precipitated into hexanes. The product was dried 

and then protonated by the addition of a 0.5 M HCl solution, which was allowed to stir 

for 6 h. The solution was precipitated into THF and dried overnight at 100 
o
C under 

vacuum.  
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2.4 Results and Discussion 

 

2.4.1 Synthesis and characterization of nucleobase-containing Poly(N,N-

dimethylamino ethyl methacrylate) 

The goal was to synthesize a series of nucleobase-containing polyelectrolytes 

containing various amounts of the hydrogen bonding groups in order to investigate the 

effect of the incorporation of hydrogen bonding on thermal, mechanical, and biological 

properties of polyelectrolytes. Schemes for the synthesis of the nucleobase-containing 

monomers depicted in Figure 2.3 and 2.4 include the covalent attachment of each 

nucleobase to a styrene. Preparation of vinyl-substituted nucleobases provides one 

method of incorporating nucleobase groups in a polymeric structure.  Consistency in the 

linker unit allows for a more accurate comparison of the structure-property relationships 

observed upon incorporation of each nucleobase-containing monomer.  

Cl

N

H
N

N

N

NH2

K2CO3

DMSO
N

N
N

N

NH2

+
NMe4

+I-

23 oC

 
Figure 2.3. Synthesis of 9-(4-vinylbenzyl) adenine (9-VBA) 

 

Protection of the carbonyl groups prior to styrene functionalization in the synthesis of 1-

VBT (Figure 2.4) is necessary to insure the hydrogen-bonding sites remain unreacted and 

therefore able to participate in complex formation one included in the polymer structure.  
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Figure 2.4. Synthesis of 1-(4-vinylbenzyl) thymine 

 The synthesis of nucleobase-containing copolymers was performed in DMF due 

to the insolubility of the nucleobase-functionalized monomers in most common solvents 

(Figure 2.5). Prior to addition of DMAEMA and AIBN to the reaction flask, the styrenic 

monomers were heated in DMF while stirring to ensure the solution was homogenous 

prior to initiating polymerization. Once heated the reaction solutions remained 

homogenous for the duration of the polymerization. In situ FTIR spectroscopy was 

utilized in monitoring the polymerizations ensuring the polymerization reactions went to 

completion and to determine the degree of polymerization, which was determined as 60% 

for these reactions. The reaction kinetics for the polymerization of 9-VBA and 

DMAEMA are further discussed in section 2.4.3. 
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Figure 2.5. Synthesis of nucleobase-containing PDMAEMA 

 

  The chemical structure of the protonated copolymers was confirmed using 
1
H 

NMR spectroscopy. Molecular weight analysis was not able to be performed using size-

exclusion chromatography (SEC) in organic solvents due to insolubility (THF and 

chloroform) or aggregation (DMF and DMF/LiBr) of the dried polymer samples. The 

insolubility is mainly attributed to the insolubility of the styrenic nucleobase monomers 

since the homopolymer PDMAEMA is soluble in many common SEC solvents. 

Aggregation of the copolymers in DMF is also attributed to the nucleobase groups due to 

the high association constant for the hydrogen bonding interactions between nucleobases. 

SEC analysis on aggregated polymers leads to inaccurate measurements of molecular 

weight; therefore solution must be shown to allow for free random polymer coils. 

Dynamic light scattering (DLS) was utilized in the analysis of SEC solvent systems 

where non-aggregated polymers showed a monomodal peak on the size distribution 

chromatograph. Aggregation was not observed in the aqueous SEC solvent consisting of 

0.7 M sodium nitrate and 0.1 M Tris adjusted to pH 6.0 with glacial acetic acid; however 
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interactions between the nucleobase groups and the SEC columns led to tailing in the 

chromatograph and inaccurate molecular weight analysis. 

 

2.4.2 Effect of the incorporation of nucleobase-containing groups on the thermal 

properties of PDMAEMA. 

 The thermal properties of the nucleobase-containing polyelectrolytes were 

investigated using differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA). The onset of thermal degradation for the both the neutral and protonated 

species of both poly(9-VBA–co–DMAEMA) and poly(1-VBT–co–DMAEMA) were 

measured to be above 250 ºC by TGA. The initial degradation mechanism is attributed to 

the Hoffmann elimination of the DMAEMA side chain. Glass transition temperatures 

determined using DSC for poly(9-VBA–co–DMAEMA) ranged from 42 
o
C to 122 

o
C for 

the neutral copolymers (Figure 2.7) and 170 
o
C to 188 

o
C for the protonated copolymers. 

Glass transition temperatures for these copolymers are summarized in Table 2.1. 

 

Figure 2.6. DSC plots for neutral poly(9-VBA–co–DMAEMA) 
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Table 2.1. Glass transition temperatures for nucleobase-containing copolymers 

 
Tg (neutral) Tg (charged) 

9 mol% 9-VBA 42 
o
C 170 

o
C 

13 mol% 9-VBA 68 
o
C 172 

o
C 

22 mol% 9-VBA 78 
o
C 174 

o
C 

38 mol% 9-VBA 98 
o
C 182 

o
C 

58 mol% 9-VBA 113 
o
C 186 

o
C 

83 mol% 9-VBA 122 
o
C 188 

o
C 

9 mol% 1-VBT 45 
o
C 166 

o
C 

20 mol% 1-VBT 53 
o
C 167 

o
C 

33 mol% 1-VBT 76 
o
C 168 

o
C 

47 mol% 1-VBT 87 
o
C 171 

o
C 

 

An increase in the glass transition temperature is observed for both neutral and 

protonated poly(9-VBA–co–DMAEMA) with increased amounts of 9-VBA in the 

polymer composition. The observed increase in the glass loosely follow the trend defined 

by the Fox copolymer glass transition equation: 
�
�� = ��

��,� + �	
��,	. In this equation, the Tg 

of the copolymer is calculated from the weight fraction of each monomer and the Tg of 

each homopolymer (Figure 2.8).  

  

 

Figure 2.7. DSC plots for neutral poly(1-VBT–co–DMAEMA) 
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 Glass transition temperatures determined by DSC for poly(1-VBT–co–

DMAEMA) also follow the trend defined with the Fox copolymer equation (Figure 2.8). 

The Tg values range from 45 
o
C to 83

 o
C for the neutral copolymers and from 166 

o
C to 

171
 o

C for the protonated samples (Table 2.1). For both of the nucleobase-containing 

copolymer series the significant increase in Tg observed upon protonation of the 

DMAEMA groups is due to the electrostatic interactions between the polymer chains 

leading to a decrease in chain mobility. Long range segmental motion cannot occur until 

the dissociation temperature for these electrostatic interactions is reached. Hydrogen 

bonding interactions between the nucleobases is also believed to form a thermally-labile 

dynamic network structure in these copolymers. 

 

Figure 2.8. Fox equation and experimental glass transition temperatures 

 

2.4.3 Mayo-Lewis determination of the monomer reactivity ratios for the synthesis 

of poly(9-VBA–co–DMAEMA). 
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 A series of nucleobase-containing polyelectrolytes containing various amounts of 

hydrogen bonding groups was synthesized; however it was observed that the 

polymerization process yielded a higher mole fraction than was charged into the reaction 

flask (Table 2.2). This observation prompted investigation into the reactivity ratios 

between 9-VBA and DMAEMA in order to explain this trend.  

Table 2.2. 9-VBA mol% in feed vs. in polymer composition  

9-VBA mol% in feed 9-VBA mol% from NMR 

5 9 

9 13 

16 22 

23 38 

33 58 

 

The reactivity ratios of two monomers are determined with the equations:  


� = ���
��   
� = �

�� 

The rate constants k11 and k12 describe the propagation of the growing polymer chain 

having monomer 1 as the reactive end group with monomer 1 and 2 respectively, while 

k22 and k21 describe the addition of the monomers to the polymer chain ending in 

monomer 2. The Mayo-Lewis determination of reactivity ratios utilizes a linear form of 

the copolymer equation:
32

 


� = 
� ������ ∗ ���������� ∗ ������ +
�������� �

���������� − 1� 

One method previously reported by Long et al shows the determination of 
� ������∗�������∗����� 

and 
���
���� ����������− 1�, the slope and intercept respectively, from data produced from a 

number of copolymerizations monitored with in situ FTIR spectroscopy.
33
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 In Situ FTIR was utilized in monitoring the polymerization of 9-VBA and 

DMAEMA in various mole ratios and in the determination of the reaction kinetics. These 

polymerizations were performed as described in the Experimental; however a two neck 

round-bottomed flask was utilized to allow for immersion of the in situ FTIR probe into 

the reaction solution.  The disappearance of 9-VBA was monitored by measuring the 

absorbance at 998 cm
-1

 while the disappearance of DMAEMA was monitored at 1167 

cm
-1

 (Figure 2.9). In both cases the absorbencies were well resolved and a peak to two-

point baseline was used to quantitatively determine the decrease in the area underneath 

the peaks.  

 

Figure 2.9. Waterfall plot of DMAEMA monomer C-O stretch disappearance with the 

synthesis of poly(9-VBA–co–DMAEMA) 
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Converting the relative absorbance of each peak to normalized concentration of monomer 

allowed for determination of the kinetics for the copolymerization reaction (Figure 2.10). 

Both monomers show approximately 60% conversion, which is typical for free-radical 

polymerization reactions.  

 

Figure 2.10. Reaction kinetics for synthesis of poly(9-VBA–co–DMAEMA) 

Determination of d[VBA]/d[DMAEMA] was achieved with analysis of the 

reaction kinetics for each polymerization for only the first ten percent conversion of the 

monomers to ensure accuracy the monomer concentrations throughout the range used for 

reactivity ratio calculations as well as linearity of the data plots (Figure 2.11). The slope 

of the plot of the normalized concentration of DMAEMA vs. the normalized 

concentration of 9-VBA gave the value of d[VBA]/d[DMAEMA] for each of the 

copolymerization reactions shown in Table 2.3. 
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Figure 2.11. Determination of d[VBA]/d[DMAEMA] from in situ FTIR spectroscopy 

reaction kinetics data 

Table 2.3. d[VBA]/d[DMAEMA] values as calucated from in situ FTIR spectroscopy 

reaction kinetics data 

VBA:DMAEMA [VBA]/[DMAEMA] d[VBA]/d[DMAEMA] 

25/75  3.00  1.18  

35/65  1.87  1.38  

45/55  1.22  1.65  

 

 The linear form of the copolymer composition equation for the polymerization of 

9-VBA and DMAEMA is as follows: 


���� = 
!� "� �������� � ∗ ��!� "� �����!� "� � ∗ ������ ��� +
��!� "� ������� � �

������� ����!� "� � − 1� 

This equation can be utilized once the values of d[VBA]/d[DMAEMA] are determined. 

Subsituting values ranging from -1 to 1 for r9-VBA gives a range of values for rDMAEMA for 
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each copolymerization. The assumed values of r9-VBA and the calculated values of 

rDMAEMA are then  

plotted for each of the polymerization reactions as shown in Figure 2.12. 

Figure 2.12. Mayo-Lewis determination of the reactivity ratios for 9-VBA and 

DMAEMA 

The intersection of the lines in this plot gives the experimental values of r9-VBA and 

rDMAEMA. The x-coordinate for the point of intersection corresponds to the value for r9-VBA 

while the y-coordinate corresponds to the value for rDMAEMA. The calculated values of 

rVBA and rDMAEMA are 0.75 and 0.03, respectively. These results indicate the 9-VBA 

radical chain end slightly prefers to react with the DMAEMA monomer while the 
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DMAEMA radical chain end preferentially reacts with the 9-VBA monomer. With an r1r2 

value close to zero the polymer composition is assumed as mainly alternating.  

 

2.4.4 Salt-triggering with poly(9-VBA-co-DMAEMA) 

 The charge density, condensation of the counterions, and the phase separation 

behavior of polyelectrolytes are the determining factors for solubility in monovalent salt 

solutions. Four stages of solubility of polyelectrolytes in aqueous solutions are previously 

reported. Polyelectrolytes in the first stage are described as having an extended rod-like 

conformation, a state typically observed in pure water.  The formation of ion-bridging 

between two ionic sites on the polymer backbone and divalent counterions defines the 

second stage in which the polymer remains soluble in the aqueous solution. A solubility 

transition is observed in the third stage of solubility in aqueous solutions, due to high 

levels of charge screening the polyelectrolyte precipitates out of solution, which is termed 

“salting out”. In the last stage, stage four, a further increase in salt concentration leads to 

the polyelectrolyte redissolving in the aqueous solution, which is known as “salting in”.  

It is previously reported that PDMAEMA will undergo both “salting in” and “salting out” 

with aqueous solutions containing varying concentrations of NaI.   

 Investigation into the salt-triggerability of nucleobase-containing PDMAEMA 

was performed using both a 5 wt% (0.85 M) NaCl solution in deinonized water and in 

pure deionized water. Poly(9-VBA–co–DMAEMA) was dissolved in the aqueous 

solvents to give 1 mg/mL solutions. The solutions were carefully mixed for thirty 

minutes, at which time the insoluble mixtures were heated with a heat gun for several 

minutes. Table 2.4 summarizes the solubilities of each polymer composition in the two 
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aqueous solvents. In the case of both samples containing the highest mole% 9-VBA the 

polymer became dispersed in the NaCl solution, however the solution never became 

optically clear and the polymer formed a film on the bottom of the vial upon cooling 

(Figure 2.13). 

  
Figure 2.13. Protonated poly(9-VBA–co–DMAEMA) in water (right) and NaCl solution 

(left) 

Table 2.4. Salt triggerability of protonated poly(9-VBA–co–DMAEMA) 

 
di H2O 5 wt% NaCl in di H2O 

22 mole% 9-VBA Optically clear Optically clear when heated 

38 mole% 9-VBA Optically clear Optically clear when heated 

58 mole% 9-VBA Optically clear Insoluble 

83 mol% 9-VBA Optically clear Insoluble 

 

The salt-triggering effect observed for poly(9-VBA–co–DMAEMA) prompted 

further investigation into the structure-property relationship of solubility for these 

polymers. A PDMAEMA copolymer containing 60 mol% styrene was synthesized as a 

control for this polymer. The solubility of protonated poly(styrene–co–DMAEMA) was 

explored with the same method as employed for the  poly(9-VBA–co–DMAEMA) 

polymers. It was observed that the copolymer lost its salt triggerability in the absence of 

the nucleobase group (Figure 2.14).   
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Figure 2.14. Protonated poly(styrene–co–DMAEMA) in water (right) and NaCl solution 

(left) 

One hypothesis for the observed effects of incorporation of nucleobases into the polymer 

structure is that the charge screening observed in polyelectrolyte salt solutions brought 

the hydrogen-bonding groups in closer proximity to each other, encouraging formation of 

intermolecular associations through these groups. Even though water is a competitive 

solvent, meaning that is will form hydrogen bonding interactions with the nucleobases 

and prevent association of these nucleobases with each other; the increased proximity of 

the polymer chains and the higher association constants for nucleobase pairing 

encourages formation of these bonds. 

 

2.4.5 Solution rheology of poly(9-VBA-co-DMAEMA) 

 

 Polyelectrolytes exhibit an extended, rod-like conformation in dilute aqueous 

solutions, which is due to charge repulsion between pendant charges along the polymer 

backbone and the rearrangement of counterions in solution. Four concentration regimes 

exist for polymer solutions
34

. The fist regime is defined where the concentration is below 

C*, the transition between the dilute and semi-dilute regimes, and is characterized with 

widely separated polymer chains. The second concentration regime exists between C* 
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and Ce, the entanglement concentration. In these concentrations the polymer chains begin 

to touch but do not yet entangle. In the third regime the concentration is above Ce and 

below CD, the drag coefficient where the transition to the concentrated regime is reached. 

In these concentrations the overlap of polymer chains restricts chain mobility. Above CD 

the chain dimensions are independent of concentration. Limited solution rheology studies 

were performed on adenine-containing PDMAEMA with a 9-VBA:DMAEMA molar 

ratio of 5:95 in order to determine the scaling relationship between specific viscosity and 

concentration. Figure 2.15 shows a plot of the zero shear viscosity versus polymer 

concentration.  Concentrations ranging from 2 to 20 wt% polymer in deionized water 

were tested.  

 

 

Figure 2.15. Solution Rheology of protonated poly(9-VBA–co–DMAEMA) in water 
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homopolymer scaling relationship is 1.7. These results suggest the incorporation of the 

nucleobase monomer into the polymer composition may lead to an increase in the scaling 

relationships, however  further investigation using higher molar ratios of 9-VBA would 

allow for more definite conclusions on this relationship.   

2.5 Conclusions  

Nucleobase-containing PDMAEMA copolymers were shown to be thermally 

stable to 250 
o
C and to show glass transition temperatures following the Fox equation. In 

situ FTIR analysis of the polymerization revealed the reaction reaches completion after 

24 hours and allowed for analysis of the reaction kinetics as well as determination of the 

reactivity ratios using the Mayo-Lewis determination method. Solubility of the 

copolymers was significantly affected upon incorporation of the styrenic nucleobases and 

prevented molecular weight analysis using SEC. The solubility of these copolymers on 

aqueous solutions was also significantly affected upon incorporation of the nucleobases 

and showed salt-triggerability with higher contents of these groups. Solution rheology 

also revealed the influence of hydrogen bonding on the apparent viscosity and 

entanglement concentrations of these polyelectrolytes. 
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Chapter 3. Gene delivery with adenine- and thymine-containing PDMAEMA 

3.1 Abstract 

 Polyelectrolytes are capable of binding and condensing DNA through electrostatic 

interactions with the negatively charged phosphate groups of the DNA backbone.  The 

condensed particles, termed polyplexes, are then capable of passing though the cell membrane in 

a process known as endocytosis. Once the polyplex has entered the cell the polyplex dissociates, 

allowing the DNA to enter the nucleus and undergo transcription and translation so that the 

cellular machinery can produce the protein for which the DNA is encoded for. Synthetic 

polyelectrolytes show high transfection efficiencies; however a high degree of cytotoxicity is 

also often observed for these gene delivery vectors. The high level of cytotoxicity is attributed to 

high degree of cationic character for the polyplexes formed with these vectors according to the 

proton-sponge hypothesis. One method of reducing the overall cationic character for these 

vectors is incorporation of non-electrostatic binding mechanisms such as hydrogen bonding. A 

series of nucleobase-containing PDMAEMA copolymers were synthesized in order to investigate 

the effect of incorporation of these groups on the cell viability, binding efficiency, and 

transfection efficiency of PDMAEMA. Incorporation of sytrenically linked nucleobases 

significantly reduced the solubility of PDMAEMA so only copolymers containing low amounts 

of the nucleobases were able to be analyzed. Results from the MTT cell viability assay, DNA 

binding gel-shift assay, and the luciferase expression gene transfection assay suggest the 

incorporation of hydrogen bonding groups and reduction of the overall cationic character of 

PDMAEMA does not affect the cytotoxicity of these vectors, however the ratio of hydrogen 

bonding groups to protonated amine from PDMAEMA is quite low and could explain why more 

of an effect was not observed.  
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3.2 Introduction 

One synthetic polycation that is widely investigated for its possible applications as a gene 

delivery vector is poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA).
1-7
 Other cationic 

polymers have shown higher transfection efficiencies as compared to PDMAEMA, however 

because the synthetic strategies and biological characterization of PDMAEMA is well 

established it is an ideal vector for investigating the effect of incorporation of hydrogen bonding 

groups with the structure-transfection studies. PDMAEMA (Figure 3.1) is reported to effectively 

condense pDNA through electrostatic interactions when protonated at physiological pH.
1
 The 

resulting polyplexes show a small distribution of sizes and slight cationic character that are 

capable of demonstrating high transfection efficiencies.
1
   

     

Figure 3.1. Protonated and neutral forms of PDMAEMA 
1-3
 

Transfection studies of luciferase-encoded pDNA into COS-7 cells reveal a strong 

relationship between transfection efficiencies and the molecular weight of the polycation.
3
  

Layman et al. showed that gene expression increases significantly as a function of increasing 

molecular weight; however molecular weight was not shown to influence cellular uptake of 

polyplexes formed with these vectors. Even though it was shown that condensed pDNA particles 

with a smaller average diameter were attained with high molecular weight PDMAEMA as 

compared to low molecular weight polymers, no correlation was shown with polyplex diameter 

and transfection efficiency.
3
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It is hypothesized that the polyplex diameter influences the increased transfection 

efficiencies because of the increased cellular uptake observed for smaller particle sizes.
3
 Particles 

smaller than 200 nm typically enter through the clathrin-mediated pathway while larger particles 

typically enter through the caveolae mediated mechanism.
8
 The exact mechanism of cellular 

uptake is not well understood for these polyplexes.
3,7,9,10

  

Current research suggests that endocytosis is the method of cellular uptake of these 

polyplexes.
11
   Studies of the intracellular trafficking of the polyplexes utilized fluorescent labels. 

Transfection studies of COS-7 cells with PDMAEMA demonstrated two cellular uptake routes, 

the clathrin-dependant and the caveolae-dependant pathways.
11
  Inhibition of either pathway 

resulted in a minimal decrease in uptake of the polyplexes indicating that polyplexes undergo 

either mechanism.
11
 Although cellular uptake was consistent regardless of pathway inhibition, a 

significant decrease in transfection efficiencies was observed upon inhibition of the caveolae-

mediated uptake route.
11
 This effect is attributed to the dynamic nature of the endocytic 

pathways.
8,11
 Inhibition of one pathway often results in an increase in polyplex uptake via a 

mechanism that is not experimentally regulated.
11
   

Layman et al. suggested the intercellular fate of PDMAEMA base polyplexes showed a 

more significant influence of transfection efficiencies than the mechanism of cellular entry.
3
 It is 

suggested that the process of intercellular trafficking plays a key role in the transfection 

efficiency of these vectors, which is highly dependent on the binding affinity between the 

polymer and pDNA. Incorporation of non-electrostatic binding mechanisms can influence these 

binding efficiencies. Prevette et al. showed  the determination of the binding mechanism between 

pDNA and the PGAA gene delivery agents provides a great deal of information concerning the 

structure-property relationships of these vectors, specifically concerning the importance of the 
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hydrogen bonding interactions.
12
  The importance of hydrogen bonding interactions was also 

confirmed in vectors based on PGAAs, which showed both electrostatic and non-electrostatic 

interactions upon formation of the polyplex. These results suggest that incorporation of strong 

hydrogen bonding motifs into the polymeric structure could reduce or eliminate the necessity of 

the cationic character of previously investigated non-viral gene delivery agents, which is 

hypothesized to significantly decrease the cytotoxicity observed in current cationic 

polyelectrolyte vectors. Hydrophobic interactions were shown to play an inconsequential role in 

the formation of the polyplexes; however differences in the free binding energies when the only 

structural variation is the quantity and stereochemistry of hydroxyl functional groups from the 

carbohydrate group suggests the significance of hydrogen bonding interactions in the binding 

affinities of these polymers structures.
12
   

Incorporation of nucleobase hydrogen bonding groups into the PDMAEMA structure is 

expected to take advantage of well established binding motifs between nucleic acid bases. While 

bound to the double helix structure of dsDNA these base pairs demonstrate the ability to act as 

both hydrogen bond donors and acceptors.
13
 Hoogsteen base pair interactions allow for triplex 

DNA formation in the DNA minor groove.
14
 It is hypothesized that polyplex formation with 

these vectors will initiate through electrostatic interactions and binding affinity enhancement will 

occur due to hydrogen bonding interactions between the polymer chain and the dsDNA.  
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3.3 Experimental 

 

3.3.1 Materials.  

Adenine (99%) was purchased from Aldrich. 4-vinylbenzyl chloride (90%) purchased from 

Fluka. Potassium carbonate (99%) was purchased from Aldrich. 2-(dimethylamino)ethyl 

methacrylate (98%) was purchased from Aldrich. Methanol (99.9%), dimethyl sulfoxide 

(99.9%), chloroform (99.9%), and N,N-dimethylformamide (99.5%) were purchased from Fisher. 

Triethyl amine was purchased from Aldrich.  

 

3.3.2 Instrumentation.  

1
H NMR spectroscopic data was collected in DMF-d7, DMSO-d6, and D2O on a Varian 400 MHz 

spectrometer. Differential Scanning Calorimetry (DSC) was obtained with TA DSC Instruments 

under nitrogen at a heating and cooling rate of 10 ºC/min. Values from the second heating were 

reported. Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA under a 

nitrogen atmosphere at a heating rate of 10°C/min. 

 

3.3.3 Cell culture.  

COS-7 were isolated, cultivated, and purified as previously described. COS-7 were cultured in 

RPMI 1640-based medium with 10% fetal bovine serum (Mediatech), 10% NuSerum (Becton 

Dickinson), 30 µg/mL of endothelial cell growth supplement (ECGS; Becton Dickinson), 15 

U/mL of heparin (Sigma, 2 mM L-glutamine, 2 mM sodium pyruvate, nonessential amino acids, 

vitamins, 100 U/mL of penicillin, and 100 µg/mL of streptomycin (all reagents from Mediatech). 

Cultures were incubated at 37 °C in a humid atmosphere of 5% CO2. 
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3.3.4. DNA shift assay.   

Polyplexes were prepared in 1X TAE buffer by addition of varying concentrations of polymer 

solution to DNA solution.  The polyplex and DNA only solutions were incubated for 30 min at 

room temperature. To the solutions was added 7 µL of a 40 wt % sucrose, 0.3 w/v% 

bromophenol blue in 1× TAE loading buffer solution proir to loading in submerged agarose 

slabs. Agarose powder (BioRad Laboratories) was dissolved in hot 1× TAE buffer containing 1× 

SYBR Green I (Sigma) to produce 0.9 wt % agarose gel slabs. The gel was electrophoresed at 75 

V for 35 min in 1× TAE buffer and imaged using a UV transilluminator table and a digital 

camera equipped with a hood and green filter. 

 

3.3.5. Cell viability assay.   

Cell viability was determined using the 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium 

bromide (MTT, Sigma-Aldrich) conversion assay. Each polymer sample was dissolved at 1 

mg/mL in phosphate buffered saline. Then, 25-250 µL of 1 mg/mL polymer solution was diluted 

in 5 mL of basal RPMI 1640 yielding treatment solutions ranging 5-50 µg/mL. Cells were plated 

at 5 x10
4
 cells/mL in a 96-well plate and incubated for 24 hours (37 

o
C, 5% CO2).  The cells 

were washed with 1X HBSS. Polymer solutions of varying concentrations in serum-free media 

were added and incubated for 12 hours (37 
o
C, 5% CO2).  The cells were then washed with 1X 

HBSS and a 0.5 mg/mL solution of MTT in basal media was added and incubated for four hours 

(37 
o
C, 5% CO2).  After four hours, the solutions were aspirated. DMSO was then added to 

solubilize the formazan product, and visualized at 570 nm using a Molecular Devices Corp. 

SPECTRAmax M2 microplate reader following 30 minutes of rocking. 
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3.3.6. Luciferase expression assay.  

To prepare polyplexes for transfection experiments, gWiz-Luc plasmid (1 µg/µL in H2O) was 

diluted in basal RPMI media to a concentration of 0.8 µg/mL and incubated at room temperature 

for 10 min. At the same time, the appropriate type and amount of polymer was diluted in basal 

RPMI to the final concentrations corresponding to the various nitrogen/phosphorus (N/P) ratios 

and allowed to incubate for 10 min at room temperature. Equal volumes of the plasmid and 

corresponding polymer solutions were combined (final pDNA concentration of 0.4 µg/mL) and 

incubated for 20-30 min at room temperature to complex the plasmid DNA with each polymer 

composition. COS-7 cells were plated at a concentration of 2.0 × 10
5
 cells/well on 12-well plates 

24 h prior to transfection. Each well was treated with 1 mL of transfection solution and then 

incubated for 12 h at 37 °C, 5% CO2. After 12 h, the transfection solution was replaced with 

complete RPMI growth media. The cells were then incubated for 24 h at 37 °C, 5% CO2 to allow 

for protein expression. After incubation, the cells were rinsed with approximately 1 mL of PBS 

and 100 µL of lysis buffer was added. Immediately after adding lysis buffer the plates were 

incubated for 30 min at room temperature with gentle mixing. The lysate mixture was then 

subjected to two -80 °C/37 °C freeze/thaw cycles. Luciferase activity was measured using a 

luciferase assay kit (Promega) and a Molecular Devices Corp. SPECTRAmax L luminometer 

according to the assay kit manufacturer’s instructions. 
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3.4 Results and discussion 

 

3.4.1 Solubility effects of incorporation of nucleobase-containing groups with PDMAEMA 

  

The goal was to synthesize a series of nucleobase-containing copolymers with 9-VBA or 

1-VBT and DMAEMA to investigate the influence of the incorporation of hydrogen bonding 

groups on the gene delivery efficiency of PDMAEMA. One major obstacle that was encountered 

was the effect of the incorporation of the styrenic nucleobases on the solubility of PDMAEMA. 

The nucleobases adenine and thymine are not water soluble and the styrene linker does not 

afford any significant increase in solubility. Copolymers of DMAEMA and these nucleobase-

containing monomers show salt-triggerability in aqueous solutions as discussed in section 2.4.4. 

Similar effects are observed in the phosphate-buffered solution (PBS) utilized in the biological 

assays performed in sections 3.4.2 through 3.4.4. Copolymers containing lower mole percents of 

9-VBA are optically clear while the copolymer containing 58 mol% 9-VBA yields a cloudy 

solution as shown in Figure 3.2. 

 

Figure 3.2. 1mg/mL solutions of poly(9-VBA–co–DMAEMA) in PBS containing 13, 22, 38, 

and 58 mol% 9-VBA (left to right) 
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Further investigation into the solubility of these copolymers is PBS utilized dynamic light 

scattering (DLS). Since the solutions are filtered through a sterile syringe filter it is important to 

ensure that aggregation of the polymer is minimal. DLS traces for the optically clear showed 

significant aggregation for the copolymers containing 13 and 22 mol% 9-VBA. The size 

distribution by intensity trace of the 9 mol% 9-VBA copolymer also showed aggregation as seen 

in Figure 3.3. 

 

Figure 3.3. Intensity size distribution DLS trace for  poly(9-VBA–co–DMAEMA) containing 9 

mol% 9-VBA 

 

The size distribution by volume DLS trace (Figure 3.4) for poly(9-VBA–co–DMAEMA) 

containing 9 mol% 9-VBA shows that the majority of the copolymer is not aggregating, which is 

why this composition was initially chosen for further biological analysis. 
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Figure 3.4. Volume size distribution DLS trace for poly(9-VBA–co–DMAEMA) containing 9 

mol% 9-VBA 

 

Investigation into the various compositions of poly(1-VBT–co–DMAEMA) showed results 

similar to that of poly(9-VBA–co–DMAEMA) and the composition containing 9 mol% 1-VBT 

was also chosen for further biological analysis. 

 

3.4.2 Effect of incorporation of nucleobase-containing groups on cell viability with 

PDMAEMA 

  

A correlation between high transfection efficiencies and high levels of cytotoxcity is 

observed for polyelectrolytes such as PDMAEMA. This correlation has led to investigation into 

non-electrostatic interactions with DNA such as hydrogen bonding. It is predicted that 

incorporating hydrogen bonding groups will allow for polyplex formation with a decreased 

cationic character, which contributes to the cytotoxicity according to the proton-sponge 

hypothesis.  The assay utilized in the determination of cell viability with each of the polymer 

compositions is the MTT assay, which is a colorimetric assay that measures the activity of 
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enzymes capable of reducing yellow colored MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, a tetrazole)  to purple colored formazan (Figure 3.5). 

 

Figure 3.5. MTT scheme 

 The enzymes capable of reducing MTT to formazan are located within the mitochondria of 

living cells, so addition of toxic materials would result in increased metabolic dysfunction and a 

decrease in the amount of formazan produced. The formazan is solubilized upon addition of 

DMSO and the absorbance of the solution is measured at 570 nm. The polymer concentrations 

used for the MTT assay ranged from 2-200 µg/mL and one control well, to which no polymer 

was added, was utilized. Figure 3.6 illustrates the viability of COS-7 as a function of 

concentration of the three polyelectrolyte compositions. As with the PDMAEMA homopolymer 

the nucleobase-containing PDMAEMA compositions were highly toxic, showing considerable 

cell death at a concentration of 20 µg/mL and higher for all three polymer compositions. These 

results suggest the incorporation of hydrogen bonding groups and reduction of the overall 

cationic character of PDMAEMA does not affect the cytotoxicity of these vectors, however the 

ratio of hydrogen bonding groups to protonated amine from PDMAEMA is quite low and could 

explain why more of an effect was not observed.  
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Figure 3.6. MTT assay for COS-7 cells exposed to various concentrations of PDMAEMA and 

nucleobase-containing PDMAEMA compositions 

 

 

3.4.3 Effect of incorporation of nucleobase-containing groups on DNA binding efficiency of 

PDMAEMA 

  

Copolymers of PDMAEMA with hydrogen bonding groups were compared to a 

PDMAEMA homopolymer to investigate the role of hydrogen bonding in DNA binding 

efficiency. The hydrogen-bonding copolymers poly(9-VBA–co–DMAEMA) and poly(1-VBT–

co–DMAEMA) and the homopolymer PDMAEMA were dissolved in PBS to form a 1mg/ml 

solution. DNA binding efficiency was determined by gel shift assays of polyplexes formed at 

different N/P ratios. Calculation of the N/P ratios was performed using the equation:
15
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N/P is the ratio of nitrogen atoms from DMAEMA in the copolymer to the phosphorus atoms in 

DNA where mp is the mass of polymer, Mo,D is the average repeat unit molecular weight of the 

plasmid DNA, mD is the mass of DNA, and Mo.p is the molecular weight of the polymer repeat 

unit. For the copolymers considerations for the polymer repeat unit were made to compensate for 

the incorporation of non-electrostatic nucleobase components. 

 The binding efficiency of the various polyelectrolyte compositions was determined using 

an agarose gel shift assay. The first well was used as a control and no polymer was added to the 

solution so that the migration of unbound DNA was established. Unbound DNA migrated 

through the gel and fluoresced downfield from the wells to which the solutions were added. Once 

bound the DNA was no longer able to migrate through the agarose gel due to both the overall 

cationic charge of the polyplexes as well as the large size of the complexes. No difference was 

observed for binding efficiency of the three polymer compositions. Effective DNA binding was 

determined at an N/P of 1.4 for each polymer as shown in Figure 3.7.  One explanation for this 

observation is that the ratio of hydrogen bonding groups to protonated amine from PDMAEMA 

was too low to examine the effect of the incorporation of nucleobases. 
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Figure 3.7. Gel shift assay with nucleobase-containing PDMAEMA 

  

3.4.4 Effect of incorporation of nucleobase-containing groups on the gene delivery 

efficiency PDMAEMA 

  

High transfection efficiencies are achieved using the polyelectrolyte PDMAEMA, 

however the high level of cytotoxicity observed for this vector has lead to the investigation of the 

effect of introducing non-electrostatic binding mechanisms to these vectors. The transfection 

efficiency for nucleobase-containing PDMAEMA was determined to gain a better understanding 

of the effects of including hydrogen-bonding groups in polyelectrolytes capable of gene delivery. 

In order to determine the transfection efficiencies of these vectors the Luciferase Expression 

Assay was utilized. Luciferase is the generic term referring to the class of oxidative enzymes 

used in bioluminescence. In the Luciferase Expression Assay cells are exposed to a solution of 

polyplexes formed at various N/P ratios. These cells are incubated with these solutions, allowed 

to grow further and produce proteins, and then lysed to release the cellular proteins. Solutions 
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containing these cellular proteins are then analyzed to determine the quantity of luciferase 

expressed with the cellular machinery.  

 

Figure 3.8. Luciferase Expression Assay for nucleobase-containing PDMAEMA 

 

The N/P ratios used for the Luciferase Expression Assay ranged from 1-8 and one control, to 

which no polymer was added, was utilized. A positive control well was also utilized, in which 

the gene delivery agent Superfect was added to the DNA solution. Figure 3.8 illustrates the 

luciferase transfection efficiency to COS-7 as a function of concentration of the three 

polyelectrolyte compositions. These results suggest the incorporation of hydrogen bonding 

groups and reduction of the overall cationic character of PDMAEMA does not affect the 

transfection efficiency of these vectors, however the molar ratio of hydrogen bonding groups to 

protonated amine from PDMAEMA is quite low and could explain why more of an effect was 

not observed.  
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3.5 Conclusions 

 A series of adenine- and thymine-containing PDMAEMA copolymers were synthesized 

in order to investigate the effect of the incorporation of nucleobases capable of forming 

hydrogen-bonding interactions with DNA on non-viral gene delivery. Incorporation of 

sytrenically linked nucleobases significantly reduced the solubility of PDMAEMA so only 

copolymers containing low amounts of the nucleobases were able to be analyzed. Results from 

the MTT cell viability assay, DNA binding gel-shift assay, and the Luciferase Expression gene 

transfection assay suggest the incorporation of hydrogen bonding groups and reduction of the 

overall cationic character of PDMAEMA does not affect the cytotoxicity of these vectors, 

however the ratio of hydrogen bonding groups to protonated amine from PDMAEMA is quite 

low and could explain why more of an effect was not observed.  
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Chapter 4. Synthesis and characterization of nucleobase-containing t-butyl 

acrylate copolymers 

4.1 Abstract 

 

Wide literature precedence exists for polymers containing electrostatic interactions and polymers 

containing hydrogen bonding motifs, however the combination of electrostatic and hydrogen 

bonding interactions is not widely investigated in current literature. A series of adenine- and 

thymine-containing t-butyl acrylate copolymers were synthesized to investigate the effect of 

incorporating hydrogen bonding groups into a anionic polyelectrolyte.  Anionic polyelectrolytes 

containing hydrogen bonding groups are expected to exhibit properties of both classes of 

supramolecular interactions. The ratio of 9-VBA to t-butyl acrylate was determined using both 

NMR and TGA. Cleavage of the t-butyl group allowed for calculation of the molar ratios from 

the weight loss at 230 
o
C as seen in the TGA chromatograph. DSC was utilized in the 

characterization of the thermal properties of the nucleobase-containing t-butyl acrylate 

copolymers. Cleavage of the t-butyl group will give nucleobase-containing copolymers with 

poly(acrylic acid), which is deprotonated under basic conditions.   
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4.2 Introduction 

A large research effort in the field of supramolecular chemistry focuses on polymers 

composed of a self-assembled molecular subunits or components through noncovalent 

interactions.
1-5

 Noncovalent intermolecular interactions include hydrogen bonding, metal 

coordination, hydrophobic interactions, and electrostatic effects.
1
 One method of self-assembly 

that is widely researched is through various hydrogen bonding arrays, including those observed 

for nucleic acid base pairs.
1-8

 The high degree of specificity in the self-assembly process of two 

strands of DNA with complementary nucleic acid sequences is due to the complementary 

hydrogen bonding arrays of the various nucleobases.
1
 One of the most widely accepted hydrogen 

bonding motifs between the complementary nucleic acid base pairs, known as Watson-Crick 

base pairs, form the basis of the double helix structure observed in double stranded DNA.
9,10

 

Hydrogen bond donors (or acceptors) in diagonally opposite sites result in secondary repulsive 

forces while a donor and an acceptor provide attractive forces.
4,11-14

 In multiple hydrogen 

bonding arrays the binding motif DDD-AAA maximizes the number of attractive secondary 

interactions and gives the strongest overall interaction while the ADA-DAD binding motif yields 

a reduced strength for the overall interaction due to the maximized number of repulsive 

interactions.
4,11-15

 The predictability of interactions between long sequences of nucleic acids 

makes the utilization of nucleobases for hydrogen binding motifs desirable.
16
  This allows great 

flexibility for the formation of hydrogen bonds between the polymer chains. Hydrogen bonding 

interactions between nucleobase-functionalized compounds significantly alters the properties of 

the polymer. The well-defined hydrogen bonding interactions between the nucleobases provide 

the thermodynamic stability required for the self-assembly of these structures. Side-chain 

functionalized polymers demonstrate the capability of DNA-like assembly of the polymer chains. 
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Complexation of side-chain functionalized polymers and nucleobase-functionalized monomers 

significantly alters the bulk state properties of the polymer.  

Electrostatic interactions are another form of noncovalent intermolecular interaction 

directing supramolecular self-assembly. Polyelectrolytes are a class of polymers that contain a 

high concentration of repeating units containing ionizable groups which is balanced with a cloud 

of counterions in solution.
17-19

 The electrostatic interactions between these charged groups 

significantly influence the behavior of these polymers in aqueous solvents. Solution pH and 

temperature, strength of the ionic interactions and concentration also influence the behavior of 

polyelectrolytes. The two classes of polyelectrolytes are cationic and anionic and are classified 

with the charge on the polymeric backbone. Poly(acrylic acid) is deprotonated under basic 

conditions, yielding poly(sodium acetate), which is an anionic polyelectrolyte. Copolymers with 

this polyelectrolyte previously reported as being capable of micelle formation and drug 

delivery.
20-25

 The combination of the electrostatic interactions of this polyelectrolyte with a 

repeating unit containing self-complementary hydrogen bonding interactions is expected to result 

in materials exhibiting interesting self-association based behavior resulting from both classes of 

intermolecular interactions.
26

 

 

 

4.3 Experimental 

 

4.3.1 Materials.  

Adenine (99%) was purchased from Aldrich and 4-vinylbenzyl chloride (90%) purchased from 

Fluka, both were used as obtained. Potassium carbonate (99%) was purchased from Aldrich as 
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used as obtained. Methanol (99.9%), dimethyl sulfoxide (99.9%), chloroform (99.9%) were 

purchased from Fisher as used as obtained. t-butyl acrylate  (99.5%, Fisher) was passed through 

a neutral alumina column to remove free radical inhibitor. 2,2′-Azobisisobutyronitrile (AIBN, 

99%, Sigma-Aldrich) was used as received. Deuterium oxide (D2O, 99.9%, Cambridge Isotope 

Laboratories) was used as received for all NMR measurements. Ultrapure water was obtained 

with a Millipore Direct-Q5 purification system. All other solvents were used as received from 

commercial sources without further purification. 

 

4.3.2 Instrumentation. 

1
H NMR spectroscopic data was collected in DMF-d7, DMSO-d6, and D2O on a Varian 400 MHz 

spectrometer. Differential Scanning Calorimetry (DSC) was obtained with TA DSC Instruments 

under nitrogen at a heating and cooling rate of10 ºC/min. Values from the second heating were 

reported. Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA under a 

nitrogen atmosphere at a heating rate of 10°C/min.  

 

4.3.3 Synthesis of 9-(4-vinylbenzyl)adenine.  

A previously reported synthetic scheme was followed for the synthesis of 9-(4-

vinylbenzyl)adenine.
27

 A 250 mL round bottom flask was charged with adenine (10.00 g, 74 

mmol), 4-vinylbenzyl chloride (11.41 g, 74.74 mmol), tetramethyl ammonium iodide (44.6 mg, 

0.22 mmol), potassium carbonate (13.70 g, 99.16 mmol), and anhydrous DMSO (100 mL). 

Nitrogen gas was bubbled through the reaction solution for approximately 30 minutes. The 
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reaction solution was stirred at room temperature for 48 hours. The solution was filtered and 

precipitated into distilled water. The product was recrystallized from a 1:3 chloroform:methanol 

solution four times and a white solid was obtained with 34% yield.  

 

4.3.4 Synthesis of poly(9-VBA-co-tBA).  

A 50 mL round bottom flask was charged with 9-(4-vinylbenzyl)adenine and t-butyl acrylate in 

varying amounts.  The glassware was purged with nitrogen. Anhydrous DMF was added to make 

a 20 wt% solution. AIBN initiator (0.5 mol%)  solution in anhydrous DMF was syringed into the 

reaction solution. The flask was immersed in an oil bath at 65 
o
C and stirred for 24 hours at this 

temperature. The reaction solution was cooled to room temperature and diluted with an equal 

volume of chloroform. The resulting solution was precipitated into hexanes and dried overnight 

at 100 
o
C under vacuum.  

 

4.4 Results and Discussion 

 

4.4.1 Synthesis and characterization of nucleobase-containing t-butyl acrylate copolymers 

  

The goal was to synthesize a series of nucleobase-containing water-soluble polymers 

containing various amounts of the hydrogen bonding moieties in order to investigate the effect of 

the inclusion of the hydrogen bonding groups on thermal and mechanical properties of the 

resulting polymers.  
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Figure 4.1. Synthesis of poly(9-VBA-co-tBA) 

A series of t-butyl acrylate copolymers were synthesized due to the ability to perform post 

polymerization functionalization reactions on these copolymers. The t-butyl group is both 

thermally and chemically labile, allowing a great degree of flexibility in synthetic methods for 

achieving water-soluble copolymers. 

4.4.2 Effect of incorporation of a nucleobase-containing comonomer on the thermal 

properties of t-butyl acrylate copolymers 

 The resulting polymers were characterized using TGA and DSC to allow for analysis of 

the thermal properties before post-polymerization functionalization reactions. The TGA 

thermograph allowed for quantification of the polymer composition through calculations based 

on weight loss upon cleavage of the t-butyl group at approximately 220 
o
C (Figure 4.2).  
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Figure 4.2 TGA of t-butyl acrylate copolymers 

 

The weight loss is converted to moles and this value is assumed equal to the number of moles of 

t-butyl acrylate. From this value the weight of t-butyl acrylate in the sample is calculated and the 

remaining sample mass is attributed to the 9-VBA. The values correlating to the mol% 9-VBA 

from NMR and from TGA and the mol% 9-VBA in the reaction solution are summarized in 

Table 4.1 

Table 4.1. 9-VBA mol% 

9-VBA mol% in feed 9-VBA mol% by NMR 9-VBA mol% by TGA 

5 9 11 

10 13 16 

15 22 25 

20 36 37 
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 These copolymers were also analyzed using DSC to obtain glass transition temperatures 

for the series. An increase in the glass transition temperature is observed for poly(9-VBA–co–t-

butyl acrylate) with increased amounts of 9-VBA in the polymer composition. The observed 

increase in the glass follows the trend defined by the Fox copolymer glass transition equation: 

�

��
=

��

��,�
+

�	

��,	
. In this equation the Tg of the copolymer is calculated from the weight fraction 

of each monomer and the Tg of each homopolymer. The glass transition temperatures are 

summarized in Table 4.1. 

 

Table 4.2. Glass transition temperatures for poly(9-VBA-co-tBA) 

9-VBA mol% Tg  (
o
C) 

9 49 

13 65 

22 67 

36 90 

 

4.5 Conclusions 

 A series of 9-VBA copolymers with t-butyl acrylate were synthesized and analyzed using 

NMR, TGA, and DSC. The ratio of 9-VBA to t-butyl acrylate was determined using both NMR 

and TGA. Cleavage of the t-butyl group allowed for calculation of the molar ratios from the 

weight loss at 230 
o
C as seen in the TGA chromatograph.  
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Chapter 5. Future Directions 

 

5.1 Nucleobase-containing PDMAEMA 

 Investigation into the reactivity ratios of styrene and DMAEMA using the Mayo-Lewis 

method and comparing these reactivity ratios to that of 9-VBA and DMAEMA would provide 

insight into the possible effect the nucleobase has on the reactivity ratios of the two monomers. 

In addition further analysis of the 9-VBA/DMAEMA polymerization using different IR 

wavenumbers would confirm the results discussed in chapter 2. 

Initial results from solution rheology of a PDMAEMA copolymer containing 9 mol% 9-

VBA showed increased viscosity as compared to the PDMAEMA homopolymer. Further 

investigation into the solution properties of adenine-containing PDMAEMA in aqueous solution 

is expected to show increased viscosity with increased molar ratio of the hydrogen bonding 

groups.  

Copolymers of 9-VBA and DMAEMA were shown to have salt-triggering effects. 

Further investigation using these copolymers and varying concentrations of salt solutions would 

provide further insight into the cloud point, or the salt concentration at which the salt-triggering 

is first observed. 

 Further investigation into various biological of these copolymers should gain more 

insight into the role the nucleobase groups play in gene transfection with cationic 

polyelectrolytes. It is expected that DNA binding will be achieved using higher molar ratios of 

both 9-VBA and 1-VBT. The hydrogen bonding interactions are predicted to assist in binding 

DNA along with the electrostatic interactions of PDMAEMA. In addition the cytotoxicity of the 
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copolymers should be reduced as the overall cationic character is decreased. It is believed that 

the cationic character leads to cell death with these cationic gene delivery vectors.  

  

5.2 Synthesis and characterization of nucleobase-containing t-butyl acrylate copolymers 

 Post-polymerization functionalzation of these copolymers will yield a diverse series of 

copolymers with various characteristics. Converting the acrylate to the deprotonated acrylic acid 

form would provide nucleobase-containing anionic polyelectrolytes. Comparison of the 

structure-property relationships of these copolymers to that of the PDMAEMA copolymers 

would provide interesting insight into the similarities and differences of anionic and cationic 

polyelectrolytes containing hydrogen-bonding groups.  

  Investigation into the possible reaction of adenine with a carboxylic acid should 

demonstrate whether the nucleobase groups are affected during the post-polymerization reaction 

forming the acrylic acid copolymers. 

 

5.3 Synthesis and characterization of a nucleobase-containing ionene 

  

 Step-growth polymerizations allow for the synthesis of a class of polymers known as 

ionenes. One type of ionene, known as an ammonium ionene, is synthesized from a diamine and 

a dibromide. The synthesis of nucleobase-containing ionenes is predicted with the synthesis of a 

nucleobase-containing diamine. Figure 5.1  illustrates the synthetic scheme for this diamine, 

starting with the reaction of a diamine containing a secondary amine which is fuctionalized using 

thionyl chloride. This product is then further reacted via a Michael addition reaction with 

adenine to attach this nucleobase as a pendant group. 
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Figure 5.1. Synthesis of a nucleobase-containing diamine 

 

The diamine containing a pendant nucleobase is then reacted with a dibromide to yield a 

nucleobase-containing ionene (Figure 4.4) . This ionene is predicted to exhibit increased thermal 

and mechanical properties as with the nucleobase-containing polyelectrolytes previously 

discussed. Blending of adenine- and thymine-containing ionenes is predicted to allow for 

hydrogen bonding  interactions between polymer chains, which will increase the apparent 

molecular weight of the systems as well as the thermal and mechanical properties.  These 

thermally-labile interactions can also be utilized to attach various small molecules such as dyes 

to the ionene structure. 
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