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 Poly(glycoamidoamine)s: Understanding their Structure and Structure-

Bioactivity Relationships 
Vijay P. Taori 

ABSTRACT 

 In order to achieve effective therapeutic effects, it is essential to understand the structure 

of biomaterials that are intended for use in therapeutic delivery systems. This study investigated 

the hydrolysis patterns of plasmid DNA (pDNA) delivery vehicles comprised of 

poly(glycoamidoamine)s (PGAAs) under physiological conditions, as well as how subtle 

changes in the chemical structure of the PGAAs could impact their biological performance.  

The unusual hydrolysis behaviors of tartarate- and galactarate-based PGAAs were 

investigated by studying the hydrolysis of small model molecules that mimic the repeat unit of 

the respective polymers. In the case of tartarate-and galactarate-based molecules with terminal 

amines, faster hydrolysis of the amide bonds was observed. Additionally, for the tartarate-based 

compounds, we confirmed that terminal amine functionality was necessary for intramolecular 

hydrolysis to occur. The model compounds used in this study consisted of two amide bonds, 

which were designed to be symmetric.  However, we showed that the amide bond on only one 

side of the tartarate moiety underwent hydrolysis. Further studies revealed that one side of the 

amine facilitated the hydrolysis of the amide bond on the other side of the tartarate moiety.    

Degradation studies of poly(L-tartaramidopentaethylenetetramine) (T4) were used to 

investigate the sustained release of pDNA from the layer-by-layer constructs of T4/pDNA. The 

thickness of the constructs was characterized by ellipsometry, while UV-visible spectroscopy 

was used to characterize the loading capacity of the pDNA constructs. The indirect sustained 

release of pDNA under physiological conditions with respect to time was characterized by 

cellular uptake studies using HeLa cells. Specifically, an increase in the uptake of Cy5 labeled 
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pDNA was observed over a period of eleven days. The integrity of the sustained released pDNA 

for the transgene expression was characterized via an assay in order to observe the expression of 

the green fluorescent protein (GFP) from the T4/GFP-pDNA layer-by-layer constructs. 

This research also confirmed that PGAAs can facilitate the efficient delivery of pDNA in 

a non-toxic manner. We found that the chemical structure of the polymer impacts both pDNA 

binding behavior, as well as the release of pDNA from polymer-pDNA complexes. In order to 

better understand the fundamentals of nucleic acid delivery—and therefore the design of nucleic 

acid delivery vehicles—subtle changes in the chemical structure of PGAAs were designed and 

studied for their biological activity. The effect of charge type was investigated by designing and 

synthesizing guanidine-based polymer series analogues to galactarate- and tartarate-based 

PGAAs (G1 and T1), which incorporate secondary amines as the charge type on the polymer 

backbone. The guanidine-based polymer series, poly(glycoamidoguanidine)s (PGAGs), showed 

highly non-toxic behaviors in HeLa cells at the various polymer-to-pDNA ratios (N/P ratio) 

studied. Interestingly, PGAGs are the only non-toxic, guanidine-containing polymers that have 

been reported in the literature to date. This investigation also confirmed that the cellular uptake 

of pDNA assisted by PGAGs was a little higher compared to the PGAAs studied —although 

both series of polymers showed similar transgene expression. The transgene expression of the 

PGAGs we investigated also implies the release of polymer-pDNA complexes from the 

endosome. In another study that looked at the structure-bioactivity relationship based on the 

degree of polymerization (DP) of poly(galactaramidopentaethylenetetramine) (G4), it was found 

that an increase in the DP of the G4 increased the toxicity of polymers in  HeLa cells.  
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Chapter 1 

Introduction 
	
  



Over the last few decades, a variety of novel biocompatible materials 

(biomaterials) have found increasing applications in the area of therapeutics. The ability 

of biomaterials to cross various barriers in biological systems in order to achieve specific 

therapeutic effects makes them noteworthy for advanced fundamental studies. For 

example, non-viral nucleic acid delivery and drug delivery are two of the most important 

fields for which scientists are designing medicines of the future. In order to achieve 

efficient therapeutic effects, however, one must be able to control the specificity and 

structural architecture of these materials, thereby facilitating the development of multi-

functional therapeutic carriers. 

This dissertation is dedicated towards understanding the structure and structure-

bioactivity relationships of poly(glycoamidoamine)s (PGAAs), a very well established 

group of biomaterials with potential for DNA delivery vehicles.  In addition to designing 

more effective DNA delivery vehicles, these materials could be used to design a new 

class of biomaterials with improved selectivity and biodegradability. 

The dissertation is organized in distinct sections that focus on the different 

research efforts conducted during this Ph.D. study. Chapter 2 represents a thorough 

literature review of cationic polymer-based DNA delivery, biodegradable polymers as 

biomaterials, and layer-by-layer technology for achieving the sustained release of 

therapeutics. Chapter 3 discusses the biodegradability of poly(L-tartaramidoamine)s and 

poly(meso-galactaramidoamine)s, two polymer series based upon tartarate and meso-

galactarate carbohydrate moieties, respectively. This chapter also details the inspiration 

for and importance of this study, the design of the project and associated experiments that 

were developed to answer the various research questions, as well as one of the most 
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important inventions that emerged from this study. Chapter 4 is based on one of the 

applications connected to the biodegradibility of poly(L-

tartaramidopentaethylenetetramine) (T4) for the sustained release of pDNA from the 

layer-by-layer constructs of T4/pDNA. This chapter, which points to the multi-

disciplinary nature of this research, also investigates the non-viral delivery vehicle, T4. 

Chapter 4 also explains the design, manufacture, and characterization of T4/pDNA 

bilayer constructs. The biological experiments discussed herein were designed to 

characterize the sustained release of pDNA from the bilayer constructs under 

physiological conditions, as well as to corroborate the integrity of pDNA for transgene 

expression after its release.  

Chapter 5 investigates the structure-bioactivity relationships of various PGAAs. 

In this chapter, a second generation polymer series of PGAAs were designed, synthesized 

and characterized. These polymers differ in their very subtle chemical compositions, 

which is associated with the charge type (i.e., amine versus guanidine). The aim of this 

chapter is to understand if there are any effects on biological activity with respect to the 

chemical composition of the delivery vehicle. It includes a detailed explanation of the 

rationale, design, synthesis and characterization of small molecules, the synthesis and 

characterization of polymers, characterization of polymer-pDNA complexes 

(polyplexes), as well as a discussion of the biological activity of the polyplexes in HeLa 

cells. Finally, Chapter 6 addresses the implications of this research—and in particular 

how it can be applied toward the design and development of more effective biomaterials 

for various applications. 
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Chapter 2 

Next generation therapeutic carriers: Controlled 
release, selectivity, and biodegradability 

 
	
  



2.1 ‐ Therapeutic materials 
 

Over the last few decades, medical research has expanded into new and 

interesting fields in the area of therapeutics [1-7]. In fact, collaborations in chemistry, 

biology, pharmacokinetics, medicine, materials science, and engineering are pushing the 

field in revolutionary directions [1, 5-8]. Currently, various studies in the fields of drug 

delivery [2], nucleic acid delivery [9-11], and tissue engineering [2, 6] look very 

promising and have already resulted in documented achievements [10, 11] and interesting 

prospects [10, 12]. Although a variety of chemical compounds, proteins and 

biomacromolecules have the potential to be used as therapeutics, efficient delivery 

systems are needed to achieve specific therapeutic effects at the desired target. For this 

reason, this study investigates various materials that have been used as delivery vehicles 

to understand and to better design of new materials.  

Numerous factors need to be considered when designing the new delivery systems 

since the intended therapeutic effect may be compromised by a number of factors, such 

as the hydrophobicity of the drug [13], enzymatic degradation [14], and various other 

biological barriers [15]. Materials such as cyclodextrin [16], poly(ethylene glycol) (PEG) 

[17], copolymers [8], hydrogels [18], dendrimers [19] are strategically designed to 

compact and deliver specific therapeutic compounds into biological systems. The design 

of these systems has used various different rationales for increasing certain bioactivity 

aspects of the vehicles. These design considerations include the complexing of delivery 

vehicles with therapeutics by ionic interaction [20-25], or the incorporation of cytotoxic 

drugs in the core of the copolymeric micelles [8]. In order to increase the circulation time 

of the conjugates in a biological system, PEGylation is often used, which involves 
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incorporating hydrophilic PEG groups on the surface of the bioconjugates to avoid non-specific 

uptake or clearance of bioconjugates via reticuloendothelial system (RES). The ability of the 

acetal functionality to hydrolyze at lower pH levels has inspired scientists to use acetal polymers 

for faster hydrolysis in lysosomes (pH 5.5) and endosomes (pH 6.0)—as compared to 

physiological pH (7.4)—for improved release of conjugates in a cellular environment [26, 27]. 

Similarly, Szoka et al. reviewed a variety of biomaterials for drug and gene delivery, which can 

be triggered by changes in pH, redox potential and temperature [28]. As documented in a related 

study, an enzymatic trigger can be incorporated in the architecture of the biomaterial (Figure 

2.1), which can result in the release of conjugates based on the level of enzyme to achieve the 

desired specificity [29].  

 

 

Figure 2.1 General mechanism of drug release starting with specific enzymatic cleavage. Figure 
adapted from Gopin et al. (Bioorganic & Medicinal Chemistry12 (2004) 1853–1858) 

 
Specific delivery of bioconjugates to the target cell or tissue type is preferred, which is 

due to the fact that non-specific delivery is more likely to result in the elimination of conjugates 

by reticuloendothelial system (RES) clearance. Hence, Different targeting moieties such as sugar 



residues [30], PEGpeptides [31], and antibodies [32] can be incorporated in the 

architecture of a delivery vehicle, which can then be recognized by the specific cell 

surface receptor in order to increase delivery efficacy. Figure 2.2 shows a schematic 

diagram explaining cell-specific targeted delivery and non-specific delivery in breast 

cancer tumors [13]. 

  

Figure 2.2 Schematic diagram for the delivery system depicting the cell specific targeted 
delivery and non-specific delivery. Figure adapted from Allen et al. 

 
. As shown in the figure, bioconjugates incorporating anticancer therapeutics in the 

blood stream enter the tumor tissue area (dark green) from the gaps in vascular 

endothelial cells (A). The bioconjugates are subsequently taken up by the cell surface via 

non-specific interactions, after which the therapeutic is released in the cells (B).  Then, in 

case of cell-specific targeted drug delivery, bioconjugates with a targeting moiety 

(antibody or carbohydrate based) bind to the receptors (dark green triangles) on the cell 

surface. This will increase the internalization of the bioconjugates, thereby highly 
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influencing the results [13]. Imaging techniques in the area of therapeutic delivery are 

very important since they help the researcher visualize and document the various 

processes that occur, as well as afford a more detailed understanding of the biological 

systems that are impacted by drug delivery. The delivery vehicle plays the central role in 

therapeutic drug delivery, although a little is known about how the delivery vehicle 

functions inside a biological system [33]. For example, theranostic materials afford the 

ability to image and track the delivery of therapeutics. Lanthanide based biomaterials 

[33] and quantum dots (QDs) [34] are currently used as theranostic biomaterials. Figure 

2.3a depicts a very interesting smart delivery vehicle that incorporates different important 

capabilities for therapeutic delivery. QDs offer more surface area, which can also be 

functionalized to link the therapeutic agents. The PEG groups on the QDs provide 

sheathing from the RES clearance. This delivery vehicle also incorporates affinity 

ligands, such as antibodies, which can actively target tumor cells [34]. The lack of a 

tumor-targeting antibody result in low uptake of the functionalized QDs (Figure 2.3-b,c). 

The goal drug delivery design, therefore, is to understand and overcome every hurdle that 

can compromise the desired therapeutic effect in various biological systems. 

 

Figure 2.3 Smart biomaterial. a) Delivery vehicle based on quantum dots (QDs) offers 
active tumor targeting, sheathing offered by PEG groups to avoid RES clearance and 
imaging capability. b) QDs functionalized with PEG groups and prostate-specific 
membrane antigen (PSMA) monoclonal antibody (Ab). c) QDs functionalized with PEG 
groups but lack PSMA-Ab. Figure adapted from Gao et al. 
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2.2 ‐ Degradable biomaterials 

Biomaterials play an essential role in therapeutic delivery since they assist the 

therapeutic agent in crossing various biological barriers so that it can reach the target 

tissue or cell type in order to achieve a specific therapeutic effect. In addition to 

delivering the biomaterial, it is also important to consider how to eliminate a biomaterial 

from a biological system since it can interact with different cellular components based on 

certain parameters (e.g., ionic, hydrophophic, hydrophilic, etc.). A macromolecule or a 

polymer can offer multi-functionality and is preferred as a smart biomaterial over small 

molecules. However, the elimination the polymer is a significant issue due to size and, in 

many cases, its non-degradability. As a result of the cooperativity effect from polymers, 

their interaction with cellular components can be significant. Therefore, the degradability 

of the polymeric biomaterial is an important consideration in a biological system due to 

the threat of bioaccumulation [35, 36] in various organs, thereby resulting in cytotoxicity.  

Because they have evolved over billions of years, complex cellular mechanisms 

are capable of metabolizing various small molecules such as carbohydrates, oligoamines 

(e.g., spermine, spermidine), urea, and ammonium ions present in certain concentrations. 

Certain types of polymers which can be disintegrated into small molecules that do not 

increase cytotoxicity may possess advantages over the polymers that are incapable of 

biodegradation. Figure 2.4 summarizes various different biodegradable plasmid delivery 

vehicles. Poly(4-hydroxy-L-proline ester) (PHP) was the first-ever water soluble, 

biodegradable, cationic polymer that was reported by two different groups (Langer and 

co-workers, and Park and co-workers) [37, 38] in 1999.  

9 
 



 

Figure 2.4 Different degradable drug or gene delivery vehicles reviewed by Hennink and 
co-workers. Figure adapted from Luten et al. 

 
As reported by Kim et al, Poly(γ-(4-aminobutyl)-L-glycolic acid)s (PAGAs) show 

faster hydrolysis initially, but then degrade to one third of their original molecular weight 

in first 100 minutes.  However, they then take as long as six months to completely 

degrade [39]. A library of over 2000 poly(amino esters) [40-42] were synthesized based 
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on substituents and degree of branching of the polymers. Typically, the half lives of these 

polymers vary from days to months [43-47]. Phosphore-containing polymers, 

poly(phosphazenes) (PPZ), poly(phosphoesters) (PPE) and poly(phosphoramidates) 

(PPA) have been synthesized and the degradative half life of these polymers under 

physiological conditions varied from 4 to 20 days [48-50]. The design of some of the 

polymers was based on the disulfide bond in the polymer chain, which is susceptible to 

reductive cleavage in a cellular environment, and can thus lower the cytotoxicity of the 

original polymer. The polymers described in this review were all capable of reducing 

cytotoxicity—thereby reinforcing the importance of biodegradability in these systems. 

 

Figure 2.5 A cationic polymer synthesized from radical polymerization technique for the 
sustained release of the pDNA from polymer/pDNA constructs. As the pendant 
hydrolyzes the polymer character changes from cationic to less cationic to anionic. 
Reproduced with permission. Figure adapted from Lynn et al. 

 
The choice of polymerization technique is important, especially since radical 

polymerization can be utilized to synthesize a polymer with a hydrolyzable pendant. As 

shown in Figure 2.5, a polymer with a charged pendant in each repeat unit can be 

designed in order to build a layer-by-layer (lbl) construct of a polymer/pDNA. As the 

hydrolyzable link in the polymer pendant starts degrading, the charge shift in the polymer 

has been observed from cationic to less cationic to anionic. These lbl constructs were 
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designed in order to achieve the extended long-term release of plasmid DNA (pDNA) 

from the surfaces [51, 52]. Nonetheless, the polymer backbone can still cause concerns in 

biological delivery systems; hence, radical polymerization might not offer the best 

solution for designing degradable polymer materials—although radical polymerization 

can be used to achieve sustained release as described herein. Similarly, radical 

polymerization was used to synthesize a series of polymer structures based on poly(N-2-

hydroxypropyl methacrylamide) (HPMA), as shown Figure 2.4. As discussed in the 

literature, the final degradation product, the pHPMA polymer, is biocompatible [53]. 

 

Figure 2.6 Different hydrolyzable functionalities. A) Esters hydrolyze easily in acidic or 
basic conditions. B) Acetals hydrolyze slower at pH 7 and faster at pH 5.5 C) Amides 
need very harsh conditions for hydrolysis (e.g., high temperature and high pH)  
 

Step growth polymerization is an effective route for achieving degradability in a 

polymer structure. The most straightforward step growth polymerization technique 

involves two different difunctional molecules which can react to afford long chain 

polymers. The reaction usually involves the formation of new functional groups, which 

can be predetermined depending on the hydrolysis properties it should provide to the 

polymer structure. For example, by incorporating a hydrolysable linkage in each repeat 
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unit, one can enhance the biodegradability of the polymer. As shown in Figure 2.6, ester 

and acetal functional groups enhance hydrolysis and thus are key functional groups for 

the design of biodegradable delivery vehicles [26, 54-58]. As discussed earlier, various 

polymers based on ester linkage have been synthesized and used in either DNA delivery, 

or in the controlled release of DNA from surfaces [51, 52, 59, 60]. Interestingly, the 

hydrolysis rate of acetals is pH dependant. Figure 2.7 shows the degradation product of 

the acetal-based polymers (1) (Figure 2.7 a) and the degradation rate (Figure 2.7 b) at pH 

7.4 (physiological pH), 6.5 (endosomal pH) and 5.5 (lysosomal pH) [26].   

 

 

Figure 2.7 Degradation products and degradation profile at different pH for acetal- 
(shown by the red ellipse) based polymer. Figure adapted from Tomlinson et al. 

 
 To enhance therapeutic effects, biomaterials have often been used for 

conjugatation with therapeutics. The release of therapeutics from conjugates with high 

selectivity over time and under a number of physiological conditions has been described 

for several materials with varying functionalities [61]. Biomaterials incorporating ester or 

acetal functionalities that undergo hydrolysis have been studied as biodegradable nucleic 

acid delivery and/or as controlled release vehicles [26, 51, 52, 59, 60].  However, the 
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hydrolysis rate of these biomaterials is highly dependent on pH, which can prove to be a 

disadvantage for certain systems. Conversely, amide functionality is very versatile due to 

ease of synthesis, in addition to the fact that it  and allows the incorporation of various 

other functional groups for selectivity and targeting. Amides are very stable, but require 

harsh conditions (e.g., high temperature and very low or high pH) for hydrolysis to occur 

(Figure 2.6 C). Therefore, very few studies have reported the hydrolysis of amide 

functionality groups under physiological conditions [62-65]. Typically, tertiary amides 

with highly stained structures fall into this category, while none of the other amides have 

been shown to hydrolyze under physiological conditions. In contrast, a new class of 

materials poly(glycoamidoamine)s (PGAAs) has displayed markedly different 

degradation chemistry [66, 67], as described in the following section. 

2.3 Polyglycoamidoamines (PGAAs): Efficient biodegradable therapeutic 

delivery vehicles 

Several different viruses, including adenoviruses and rhinoviruses, are proven 

DNA delivery vehicles. Specifically, viruses use a built-in molecular machinery called 

capsid to enter the cells, after which it can insert the foreign DNA sequence into the gene. 

Approximately 75% of clinical trials in the area of gene delivery have utilized viral 

vectors for the delivery of nucleic acids [68, 69], although various disadvantages such as 

immunogenicity [70], random genome integration, and systemic inflammatory response 

[71] have resulted in serious health concerns [69]. Nonetheless, some success has been 

reported with viral drug delivery—although the death of the patient to due to multiple 

organ failure [71] has delayed significant advances in this area. Despite that setback, that 

trial inspired the scientific community to further explore non-viral vehicles for similar or 
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improved results. For example, various cationic polymers have been used in the past for 

complexation with DNA for delivery to mammalian cells. Moreover, a large body of 

research can be found on the synthetic polymer, polyethyleneimene (PEI), and naturally 

occurring polysaccharide chitosan. Linear PEI (Figure 2.8) contains secondary amines in 

each repeat unit of the polymer. Studies have shown that one out of every two secondary 

amines is protonated at a physiological pH [72]. Due to the cationic behavior of PEI, it is 

shown to complex DNA in an efficient manner since it condenses DNA into 

nanoparticles. These polymer-DNA complexes, also known as polyplexes, show a high 

transgene expression upon incubating with different mammalian cell lines. These 

polyplexes, however, also show high cytotoxicity, which increased with increasing 

concentrations of PEI [23, 73]. 

 

Figure 2.8 Structures of linear polyethyleneimine and chitosan, two widely studied 
polymers for DNA delivery. 

 
Conversely, chitosan is a naturally occurring polymer that has been shown to be  

biocompatible in various applications [74-76]. Chitosan, which consists of a glucosamine 

group in each repeat unit, can complex with DNA [74]. Chitosan-based polyplexes 

exhibit very low toxicity at different concentrations of chitosan; however, these 

polyplexes also display very low transgene expression.  

After studying the structure-biological activity relationship of these two widely 

studied vehicles (i.e., PEI and Chitosan), Reineke and coworkers systematically designed 
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a polymer with a carbohydrate and an oligoethyleneamine moiety in the repeat unit that is 

linked via amide [20, 24, 73, 77] or triazole [78] functional groups. Inspired by previous 

reports on ammonolysis chemistry [79-84], a library of 16 different polymers—which are 

known as poly(glycoamidoamine)s (PGAAs)—were synthesized (Figure 2.9) by reacting 

four different oligoamines and four different “activated” diesters [20, 24, 73, 85]. 

Figure 2.9 Structures of four representative poly(glycoamidoamine)s from a series of 16 

differnt polymers. 

 
olymerization conditions were optimized to control the degree of polymerization (DP) 

in the range of 11 to 14 in order to eliminate any adverse structural effects on the 

biological activity of the PGAAs. The polymer and DNA were mixed based on the molar 

ratio of protonatable amines (N) to the molar ratio of the phosphate groups (P)—which is 

known as the N/P ratio. As shown in Figure 2.10, different interactions between the 

PGAAs and the pDNA enhanced their binding ability to form polyplexes. As we 

determined, PGAAs bind DNA at a low N/P ratio of three or less. Furthermore, dynamic 

light scattering (DLS) and transmission electron microscopy (TEM) revealed that the 

complexation of the DNA by PGAAs resulted in nanoparticles of ~100 nm. Zeta potential 

P
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measurements revealed a positive charge on the surface of the polymer-pDNA complexes 

(polyplexes). 

 

Figure 2.10 Schematic diagram of different interactions that can affect pDNA-PGAA 
binding. (a) Hydrogen bond between the polymer amine and base, (b) electrostatic 
interaction between the protonated amine and phosphate group, (c) hydrogen bond 
between the carbohydrate hydroxyl group and base, and (d) hydrogen bonds between 
base pairs [86]. Figure adapted from Prevette et al. 
 

The PGAAs were then characterized for binding with DNA via complexation at 

different N/P ratios. Subsequent biological characterization studies revealed high 

transgene expression with PGAAs while retaining high cell viability in different 

mammalian cell lines. These studies confirmed that the polymers with four secondary 

amines showed higher biological activity in terms of transgene expression and toxicity. In 

particular, Poly(galactaramidopetaethylenetetramine) (G4) and 

poly(tartaramidopentaethylenetetraamine) (T4) proved to be the most efficient and 

mostly easily synthesized compounds, which is why they are now commercially available 

(G4 = GlycofectTM ) from Techulon, Inc.  

2.4 Structure‐bioactivity relationship 

Second-generation PGAAs were synthesized in an attempt to further study the 

effects of increasing the number of secondary amines in the repeat unit of the polymer. 

Although the delivery vehicles in this study did not appreciably increase transgene 
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expression, the toxicity of the polyplexes was found to be higher than polymers 

synthesized previously [87]. Thus, very subtle changes in a polymer’s structure can affect 

its binding with biological macromolecules such as DNA or RNA. Moreover, structural 

changes can affect other biological mechanisms such as cellular uptake, transgene 

expression and cytotoxicity. As such, different chemical, physical or morphological 

aspects of the “expendable” polymer have to be taken under consideration in the design 

of a delivery vehicle. For example, the specific chemical behavior of the polymer will 

contribute to its affinity towards negatively charged DNA. This results in the packaging 

of the DNA, which can protect it from nucleases that are a part of the direct or indirect 

intracellular digestive system. Due to ionic interactions between the negatively charged 

DNA and the positively charged polymers, the rigidity of the DNA backbone attenuates 

[88] and smaller complexes (usually called polyplexes) can form—preferably in the 

range of 50 to 200 nm.  

 

Figure 2.11 Schematic representation of different stages or barriers for the DNA delivery 
involves polyplex formation, cellular uptake of the polyplexes and its cellular transport to 
release the DNA for translation and transcription. Figure adopted from Liu et al. 

 
The process of DNA delivery using cationic polymers involves specific processes 

(Figure 2.11). In order to describe these processes and the complex behaviors that each 

process involves, one typically classifies five different stages that polyplexes pass 

through: (1) binding of the polymer with DNA to form nanoparticle complexes (termed 

polyplexes), cellular internalization of the polyplexes via endocytic pathway, (3) 
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endosomal release of the polyplexes into the cytoplasm, (4) transport of the polyplexes to 

the nucleus, and (5) release of the DNA from the polyplexes to undergo transcription and 

translation to produce the required protein. Once the DNA is released from the polyplex, 

it is very important to determine the “fate” of the polymer, as well as ascertain 

mechanism it uses to either degrade in the cellular matrix or be recycled out of the 

cellular matrix. The degradation of the polymer is directly dependent on the availability 

of the hydrolysable linkage in its chemical structure. This is a very interesting aspect of 

the polymer, as well as a design feature that enhances degradation behavior in the 

physiological range of pH 7.4 and at a temperature of about 37⁰C. The degraded product 

can then be metabolized by either intracellular or extracellular mechanisms. 

Understanding each of these processes is vital for designing an ideal therapeutic delivery 

vehicle that can perform the abovementioned tasks in the most efficient manner. Another 

chemical property of the polymer can directly impact the efficacy of the therapeutic 

delivery system is the availability and accessibility of targeting groups for the intended 

cell or tissue type. Therefore, in order to synthesize next-generation polymers for use in 

drug delivery, one must understand their structure-bioactivity relationships. Also 

important to this process is a greater comprehension of the various related processes, such 

as DNA binding, cellular uptake, and release of DNA from the complexes. The studies 

described herein involved the extensive synthesis of functional monomers that could be 

used to generate polymers with subtle structural changes. Subsequent characterization of 

these second-generation polymers will be essential for comparing and contrasting the 

different biological processes for which they might be useful—and in particular for the 

efficient design of new delivery vehicle systems. 
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3.1	‐	Abstract	
Tartaramidoamines, a new class of biomaterials promote hydrolysis of amide bond 

selectively on one side under physiological conditions. An amine attached to β or γ carbon to the 

amidic nitrogen is necessary for the hydrolysis of amide bond. Increase in the proximity of 

tertiary amine from amidic nitrogen decreases the rate of hydrolysis of the amide bond. 

Methylation or absence of tertiary amines results in no hydrolysis. Rate of the hydrolysis can be 

controlled by varying the functional groups attached to the carbon α or β to the amide bond.  

 

 

Scheme 3.1 One side observed hydrolysis of the 1a at physiological condition. The hydrolysis 
begin in one hour following the pseudo first order kinetics and approaches completion in about 7 
days. 

 
Scheme 3.2 The asymmetric compound reveals the hydrolysis of amide on the opposite side. 

 

In order to understand the reason for the one side hydrolysis of the symmetric 

compounds, one tartarate based asymmetric compound with a tertiary amine end on one side and 

the amide end on the opposite side was synthesized and studied for the hydrolysis behavior under 
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similar conditions. Interestingly, it was discovered that the amine on one side of the asymmetric 

tartarate based compound assists in the hydrolysis of the amide on the opposite side. 

 The hydrolysis reaction follows pseudo first order kinetics and is independent on the 

concentration of the model compounds. Designed experiments in these studied models also 

reveal that the hydrolysis is a intramolecular phenomenon. 

keywords: Amide hydrolysis, polymer degradation, physiological conditions, controlled release, 

PGAA 
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3.2	‐	Introduction	
A smart design of biomaterials is very critical to achieve high selectivity in the delivery of 

therapeutics. In the area of drug delivery, a biodegradable linkage can facilitate the controlled 

release of a targeted drug over a longer period of time [1]. In the area of nucleic acid delivery, 

degradation of the vehicle complexed to the therapeutic DNA or siRNA could assist in the 

release of the cargo in the cytoplasm or the nucleus. In the area of tissue engineering, a 

controlled release of growth factors is preferred to increase the cell proliferation rate [2, 3]. This 

concept requires the incorporation of a cleavable linkage in a polymer or biomaterial without 

increasing the cytotoxicity [3, 4]. Also, cleavable linkages can assist in the selective targeting of 

therapeutics to specific tissue types, resulting in a decreased dosage of the therapeutic.  

Biomaterials incorporating ester or acetal functionalities that undergo hydrolysis are often 

used as biodegradable nucleic acid delivery and/or as controlled release vehicles [5-7]. Ester 

linkages can hydrolyze very quickly and may not prove sufficient for sustained release over a 

longer period of time. Hydrolysis of acetal functionality is promoted in lower pH of 4.5 over 

physiological pH of 7.4, and thus does not offer a good control over degradation rate promoting 

controlled or sustained release of therapeutics. Therefore, a hydrolyzable linkage under 

physiological conditions (pH 7.4 and 37 oC) whose hydrolysis rate can be tailored by altering the 

chemical structure would be very appealing. 

Inspired by previous reports on ammonolysis chemistry [8-13], poly(glycoamidoamine)s 

(PGAAs), synthesized from oligoamines and “activated” diesters[14-16], show remarkable 

transfection properties while making them non-toxic over other plasmid DNA (pDNA) delivery 

vehicles. Even though the oligoamine and carbohydrate moieties are attached via amide bonds in 

each repeat unit, PGAAs have been studied to be biodegradable under the physiological 

conditions.[17, 18] The degradation property of PGAAs was also explored to build the layer-by-
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layer constructs of poly(L-tartaramidopentaethylenetetramine) (T4) (Figure 3.3 a) and pDNA to 

demonstrate the controlled release of pDNA over the period of 11 days while retaining the 

integrity of the green fluorescent protein-pDNA (GFP-pDNA) to express GFP in HeLa cells 

[18].  
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Figure 3.1 Structures of a) poly(L-tartaramidopentaethylenetetraamine) (T4) and b) poly(meso-
galactaramidopentaethylenetetramine) (G4) 

 

The degradation of T4 was suspected to proceed via the hydrolysis of the amide linkages 

surrounded by different functional groups, such as amines and hydroxyls present on carbons α 

and β to the amide. Although enzymatic degradation of the amide bond under physiological 

conditions is common and under investigation [19-21], the non-enzymatic hydrolysis of amide 

bonds at physiological conditions has a half-life of over 7 years [22, 23]. A few studies, however, 

have shown faster hydrolysis of distorted [24, 25] amides, especially amides with sp3-like 

nitrogen [25]. It is this curiosity about the hydrolysis of T4, which led to the exploration of the 

hydrolysis chemistry in T4 utilizing model small molecules. For this purpose, we synthesized a 

library of molecules (Figure 3.3, 3.4, 3.5) mimicking the T4 repeat unit structure with varying 

functionalities on α, β, and γ carbon to the amide bond such as hydroxyl, amine, proximity of the 

amine to the amidic nitrogen and quaternary ammonium charges. A detailed study of the 

hydrolysis of these different compounds were done under the physiological conditions 

understand this chemistry. 
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Figure 3.2 Structures of different tartarate based small model compounds. 

 

Figure 3.3 Structures of different succinate, lactate, and glycolate based small model compounds. 

 

 

Figure 3.4 Tartarate based asymmetric small model compound with a tertiary amine functional 
group on one side and amide functional group on the other side. 
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3.3	‐	Materials	and	Methods	

3.3.1	General: Unless specified otherwise, all the chemicals were purchased from Sigma Aldrich 

Chemical Co. and were used without any further purification. NMR spectra were collected on an 

Inova MR-400MHz spectrometer and mass spectra were obtained on an IonSpec HiResESI mass 

spectrometer. Phosphate buffered-saline (PBS) was purchased from Invitrogen (Carlsbad, CA). 

Duetarated phosphate buffered-saline (D2OPBS) was prepared by freeze drying 20 ml of PBS to 

obtain white salt mixture, which was then redissolved while stirring slowly in to D2O to get the 

final volume of the solution to 20 ml.  

3.3.2	Synthesis	of	small	L‐tartarate	based	model	compounds		

(2R,3R)‐N1,N4‐bis(2‐(dimethylamino)ethyl)‐2,3‐dihydroxysuccinamide	 (1a): 3.5 g (19.9 

mmol) of dimethyl-L-tartarate (T) was weight out in a RBF and 25 ml of methanol was added to 

this RBF in order to dissolve T. Three times molar excess of N1,N1-dimethylethane-1,2-diamine 

(2) (119.4 mmol (10.5 g)) was added to this solution and was stirred at room temperature for 48 

hours. Methanol was then evaporated under reduced pressure to obtain yellowish oil. This 

product was then recrystallized from 50 ml of ethyl acetate to obtain 3.2 g (yield 56%) of white 

solid. The product obtained was then dried under vacuum and characterized with FT-IR, NMR 

and exact mass. FT-IR (neat) 3370, 3300, 2941, 2818, 2780, 1644, 1533, 1460 cm-1. 1H NMR 

(400 MHz, D2O) δ = 4.44 (s, 2H), 3.31 (t, 4H), 2.44 (t, 4H), 2.14 (s, 12H). 13C NMR δ = 173.59, 

72.19, 56.66, 43.77, 36.46. ESI-MS: calculated for (M+H)+ C12H27N4O4 291.2027 found  

291.2029. 

(2R,3R)‐2,3‐dihydroxy‐N1,N4‐bis(2‐(methylamino)ethyl)succinamide	 (1b): 100 mg (0.56 

mmol) of dimethyl-L-tartarate was dissolved in 25 ml of ethyl acetate and the solution (solution 

1) was brought to 4 oC. A solution (solution 2) (of 832 mg (20 x 0.56 mmol) of N1-methylethane-
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1,2-diamine in 25 ml of ethyl acetate was prepared separately and was also brought to 4 oC. 

Solution 1 was slowly added to solution 2 and temperature of the reaction was maintained 

between 4 oC – 10 oC for 6 hours. And then reaction was warmed up to room temperature and the 

reaction mixture was stirred overnight. Ethyl acetate was then evaporated under reduced pressure 

and to leave yellowish oil behind. The product which was sticky white solid was recrystalized 

from ethyl acetate. The product obtained was then dried under vacuum and characterized with 

FT-IR, NMR and exact mass. FT-IR (neat) 3316, 3257, 2906, 1632, 1444 cm-1. 1H NMR (400 

MHz, D2O) δ = 1H NMR (400 MHz, d2o) δ = 4.49 (s, 2H), 3.33 (dt, 4H), 2.79 (t, 4H).		

(2R,3R)‐N1,N4‐bis(2‐aminoethyl)‐2,3‐dihydroxysuccinamide	 (1c): 1.0 g (5.61 mmol) of 

dimethyl-L-tartarate was weighed out in a RBF and 50 ml of ethyl acetate was added to this in 

order to dissolve the dimethyl-L-tartarate. To this solution 16.86 g (50 x 5.61 mmol) of 

ethylenediamine was added to this solution. Reaction mixture was stirred 48 hours at room 

temperature. Methanol and ethylenediamine was evaporated under reduced pressure to leave 

white solid behind. White solid were dissolved in hot ethyl acetate and the product was 

recrystallized. 

(2R,3R)‐N1,N4‐bis(3‐(dimethylamino)propyl)‐2,3‐dihydroxysuccinamide(1d): 5.0 g (28.07 

mmol) of 2 was weighed out in a RBF and 40 ml methanol was added to this RBF to dissolve 2. 

To this solution 6.31 g (2.2 x 28.07 mmol) of N1,N1-dimethylpropane-1,3-diamine was added 

while stirring. The reaction mixture was stirred at room temperature for 48 hours. Methanol was 

then evaporated under reduced pressure to leave viscous oily yellowish liquid behind. About 100 

ml of hot ethyl acetate was added slowly while stirring to dissolve the viscous oil. 4.2 g (yield 

47%) of 1c was recrystallized from this solution. The product obtained was then dried under 

vacuum and characterized with FT-IR, NMR and exact mass. FT-IR (neat) 3409, 3350, 2940, 
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2862, 2768, 1652, 1519, 1433 cm-1. 1H NMR (400 MHz, D2O) δ = 4.37 (s, 2H), 3.19 – 3.08 (m, 

4H), 2.22 (t, 4H), 2.05 (s, 12H), 1.78 – 1.35 (m, 4H). 13C NMR  δ = 173.59, 72.18, 55.56, 43.65, 

37.21, 26.05. ESI-MS: calculated for (M+H)+ C14H31N4O4 319.2340 found 319.2347.  

(2R,3R)‐2,3‐dihydroxy‐N1,N4‐dimethylsuccinamide	(1e): 2.0 g (11.3 mmol) of 2 was weighed 

out in a dry RBF and 20 ml of Tetrahydrofuran (THF) was added to the RBF to completely 

dissolve 2. To this solution 20 ml of 4.0 N methylamine in THF was added and stirred for about 

5 minutes. White precipitate started to crash out of THF solution immediately after five minutes. 

About 10 ml of methanol was added to this mixture to redissolve everything back in the THF-

methanol mixture and to make sure the reaction goes to completion. After 48 hours of stirring 

methanol, THF and excess methylamine was evaporated under reduced pressure to leave 

yellowish sticky solid behind. Product was then washed with THF (2x20 ml) to get 1.9 g (yield 

96%) of white powder. The product obtained was then dried under vacuum and characterized 

with FT-IR, NMR and exact mass. FT-IR (neat) 3451, 3342, 3318, 3193, 1628, 1539, 1413 cm-1. 

1H NMR (400 MHz, D2O) δ = 4.45 (s, 2H), 2.71 (s, 6H). ESI-MS: calculated for (M+H)+ 

C6H13N2O4 177.087 found 177.0873.  

(2R,3R)‐2,3‐dihydroxy‐N1,N4‐bis(2‐hydroxyethyl)succinamide	 (1f): 500 mg (2.8 mmol) of T 

was weighed out in a RBF. 40 ml of methanol was added to this RBF to completely dissolve T. 

To this solution 514 mg (3 x 2.8 mmol) of 2-aminoethane was added while stirring. The reaction 

mixture was stirred at room temperature for 48 hours. Methanol was then evaporated under 

reduced pressure to leave viscous yellowish oil behind. About 100 ml of hot ethyl acetate was 

added slowly while stirring to dissolve the viscous oil. 411 mg (yield 62%) of product (1f) was 

recrystallized from this solution and characterized with FT-IR, NMR and exact mass. FT-IR 

(neat) 3319, 3139, 2940, 2819, 1645, 1534 cm-1.1H NMR (400 MHz, D2O) δ = 4.51 (d, 2H), 3.59 



39 
 

(t, 4H), 3.36 (t, 4H). 13C NMR  δ = 173.94, 72.33, 59.98, 41.26. ESI-MS: calculated for (M+H)+ 

C8H17N2O6 237.1087 found 237.1098. 

(2R,3R)‐2,3‐dihydroxy‐N1,N4‐bis(2‐methoxyethyl)succinamide	(1g): 500 mg (2.8 mmol) of T 

was weighed out in a RBF. 40 ml of methanol was added to this RBF to completely dissolve T. 

To this solution 632 mg (3 x 2.8 mmol) of 2-methoxyethanamine was added while stirring. The 

reaction mixture was stirred at room temperature. White precipitate was observed in the reaction 

mixture after 48 hours. Methanol was then evaporated under reduced pressure to leave off-white 

powder behind. About 50 ml of hot ethanol was added slowly while stirring to dissolve the off-

white powder. 310 mg (yield 42%) of product (1g) was recrystallized from this solution. The 

product obtained was then dried under vacuum and characterized with FT-IR, NMR and exact 

mass. FT-IR (neat) 3359, 3284, 2975, 2871, 2808, 1636, 1552 cm-1. 1H NMR (400 MHz, D2O) δ 

= 4.58 (s, 2H), 3.65 – 3.58 (m, 4H), 3.53 – 3.46 (m, 4H), 3.43 – 3.38 (m, 6H). 13C NMR  δ = 

173.85, 72.32, 70.26, 57.98, 38.59. ESI-MS: calculated for (M+H)+ C10H21N2O6 265.1400 found 

265.1411 

2,2'‐(((2R,3R)‐2,3‐dihydroxysuccinyl)bis(azanediyl))bis(N,N,N‐trimethylethanaminium)	

iodide	(1h): 1.0 g of 1b was dissolved in acetonitrile. To this 5 ml of methyl iodide was added to 

quaternize the terminal tertiary amines. The reacting mixture was stirred at 400C for 3 hrs. The 

precipitate was observed and which was filtered and washed 10 ml of Acetonitrile and 2 x 10 ml 

of methanol. The product obtained was then dried under vacuum and characterized with FT-IR, 

NMR and exact mass. FT-IR (neat) 3287, 1649, 1542, 1516, 1486 cm-1.1H NMR (400 MHz, 

D2O) δ = 4.49 (s, 2H), 3.71-3.64 (br m, 4H), 3.45 (t, 4H), 3.10 (s, 18H). 13C NMR δ = 174.15, 

72.48, 64.29, 53.65, 33.62. ESI-MS: calculated for M+2 (m/z) C14H32N4O4, 160.1206 found 

160.1207. 
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3.3.3	Synthesis	of	succinate,	glycolate	and	lactate	based	small	model	compounds		

N1,N4‐bis(2‐(dimethylamino)ethyl)succinamide	(2a): 1.0 g (6.4 mmol) of succinyl chloride (5) 

was weighed out and added to a dry RBF under nitrogen containing 20 ml of dry methylene 

chloride (CH2Cl2). A solution of 2.26 g (4x6.45mmol) of 3 in dry CH2Cl2 was added drop wise to 

the earlier prepared solution of 5 under nitrogen at 0o C over the period of 20 minutes. This 

reaction mixture was brought to room temperature and was stirred for four hours. CH2Cl2 was 

then evaporated under reduced pressure to leave dark orange oil behind. 20 ml of THF was 

added to this oily residue. The precipitate formed in this mixture was filtered out. This filtration 

was repeated (3-4times) until no residue was observed in the mother liquor. THF was then 

evaporated under reduced pressure and multiple recrystalizations in THF were carried out to 

obtain 110 mg (yield 7%) pure 1d. The product obtained was then dried under vacuum and 

characterized with FT-IR, NMR and exact mass. FT-IR (neat) 3249, 2601, 2512, 2485, 1651, 

1534, 1483 cm-1. 1H NMR (400 MHz, D2O) δ = 3.18 (t, 4H), 2.39 (s, 4H), 2.37 (t, 4H), 2.10 (s, 

12H).  13C NMR  δ = 173.31, 60.41, 49.82, 37.62, 32.16. ESI-MS: calculated for (M+H)+ 

C12H27N4O2 258.2056 found 258.2051. 

4‐((2‐(dimethylamino)ethyl)amino)‐4‐oxobutanoic	acid	(2b): 500 mg (5.0 mmol) of succinic 

anhydride was dissolved in 50 ml of dry DMF. 0.66 g (1.5 x 5.0 mmol) of N1,N1-

dimethylethane-1,2-diamine was added to this solution at room temperature and the solution 

mixture was stirred overnight at room temperature. DMF was then evaporated under reduced 

pressure to leave white powder behind. The desired product was recrystalized from ethyl acetate 

then dried under vacumm and characterized with FT-IR, NMR and exact mass. FT-IR (neat) 

3303, 2959, 2930, 2873, 1706, 1645, 1598, 1545, 1396 cm-1.1H NMR (400 MHz, D2O) δ = 3.53 
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(t, 2H), 3.23 (t, 2H), 2.85 (s, 6H), 2.41 (m, 4H).  13C NMR  δ = 173.81, 173.26, 60.41, 41.82, 

37.62, 32.26, 31.73. ESI-MS: calculated for (M+H)+ C8H17N2O3 189.1161 found 189.1171. 

(R)‐N‐(2‐(dimethylamino)ethyl)‐2‐hydroxypropanamide	(2c): 300 mg (2.88 mmol) of methyl-

D-lactate was dissolved in 50 ml of methanol. To this solution 279 mg (2.88 mmol x 1.1) of 

N1,N1-dimethylethane-1,2-diamine was added and the solution mixture was stirred overnight at 

room temperature. Methanol was then evaporated under reduced pressure to obtain yellow oil. 

This oil was dried under vacuum and then product was characterized with NMR and exact mass. 

1H NMR (400 MHz, D2O) δ = 4.11 (q, 1H), 3.29 (td, 2H), 2.57 (t, 2H), 2.25 (s, 6H), 1.21 (d, 3H). 

13C NMR  δ = 172.71, 67.21, 60.42, 46.76, 39.32, 19.37. ESI-MS: calculated for (M+H)+ 

C8H17N2O3 161.1290 found 161.1296. 

N‐(2‐(dimethylamino)ethyl)‐2‐hydroxyacetamide	 (2d): 300 mg (3.33 mmol) of methyl 

glycolate was dissolved in 50 ml of methanol. To this solution 323 mg (3.33 mmol x 1.1) of 

N1,N1-dimethylethane-1,2-diamine was added and the solution mixture was stirred overnight at 

room temperature. Methanol was evaporated under reduced pressure to obtain slight orange oil. 

Product  was dried under vacuum and characterized with NMR and exact mass. 1H NMR (400 

MHz, D2O) δ = 3.91 (s, 2H), 3.26 (t, 2H), 2.44 (m, 2H), 2.13 (s, 6H). 13C NMR δ = 168.61, 

61.61, 60.42, 46.76, 39.02. ESI-MS: calculated for (M+H)+ C6H15N2O3 147.1134 found 

147.1129. 

3.3.4	Synthesis	of	L‐tartarate	based	small	asymmetric	model	compounds	

(2R,3R)‐4‐((2‐(dimethylamino)ethyl)amino)‐2,3‐dihydroxy‐4‐oxobutanoic	 acid	 (3a): 400 mg 

of compound 1a was weighed out and was dissolved in 10 ml of PBS. This solution was stirred 

for 7 days at 37 oC. The solution was then flash frozen with liquid nitrogen and water was freeze 

dried to leave white powder behind. This mixture was then slowly dissolved in 10 ml of ethanol 
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and slowly 5 ml of ethyl acetate was added to this. A cloudy solution was obtained. Further 

addition of the ethyl acetate resulted in the white precipitate. Then ethanol ethyl acetate mixture 

was decanted and again this white precipitate was washed with ethanol ethyl acetate mixture. 

The product obtained was then dried under vacuum and characterized with FT-IR, NMR and 

exact mass. FT-IR (neat) 3274, 1598, 1533, 1366 cm-1. 1H NMR (400 MHz, D2O) δ = 3.91 (s, 

2H), 3.26 (t, 2H), 2.44 (m, 2H), 2.13 (s, 6H). 13C NMR  δ = 168.61, 61.61, 60.42, 46.76, 39.02. 

ESI-MS: calculated for (M+H)+ C8H17N2O5 221.1137 found 221.1139. 

(2R,3R)‐methyl	 4‐((2‐(dimethylamino)ethyl)amino)‐2,3‐dihydroxy‐4‐oxobutanoate	 (3b): 300 

mg of 3a was weighed out in a RBF and 50 ml of methanol was added to the RBF to partially 

dissolve the compound 3a. A drop of H2SO4 was added to this solution and refluxed overnight 

after 24 hrs the solution was clear and it was refluxed again for 24 more hours. Methanol was 

then evaporated under reduced pressure to leave white powder behind. The product obtained was 

then dried under vacuum and characterized with FT-IR, NMR and exact mass. FT-IR (neat) 

3316, 1714, 1647, 1534 cm-1. 1H NMR (400 MHz, D2O) δ = 4.74 (d, 1H), 4.53 (d, 1H), 3.82 (d, J 

= 1.4 Hz, 21H), 3.77 – 3.40 (m, 2H),  3.47 – 3.28 (m, 2H), 2.94 (s, 6H) ESI-MS: calculated for 

(M+H)+ C9H19N2O5 235.1294 found 235.1276.   

(2R,3R)‐N1‐(2‐(dimethylamino)ethyl)‐2,3‐dihydroxysuccinamide	 (3c): 100 mg of 3b was 

dissolved in 20 ml of methanol. To this solution 4 x 20 ml of 6.0 M ammonia in methanol was 

added every 4 hours and then reaction was stirred for 48 hours. Methanol was then evaporated 

under reduced pressure to obtain a off-white powder. Product was characterized with NMR and 

exact mass. 1H NMR (400 MHz, D2O) δ = 4.58 (m, 2H), 3.75 (s, 1H), 3.59 (t, 4H), 3.04 (t, 4H), 

2.66 (s, 6 H), ESI-MS: calculated for (M+H)+ C8H17N2O5 220.1297 found 220.1304. 
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3.3.5 Synthesis of galactarate based small model compounds 

(2R,3S,4R,5S)‐N1,N6‐bis(2‐(dimethylamino)ethyl)‐2,3,4,5‐tetrahydroxyhexanediamide	 (4a): 

100 mg (0.56 mmol) of dimethyl meso-galactarate (G) was weighed out in a RBF. 40 ml of 

methanol was added to this RBF to get a suspension. 74 mg (3 x 0.56 mmol) of N1,N1-

dimethylethane-1,2-diamine was added to the RBF and the reaction mixture was stirred at room 

temperature. The reaction mixture was then filtered and washed with 2 x 20 ml of methanol. The 

white powder obtained from the filtration was then dried under vacuum. 130 mg (yield 65%) of 

white powder was then characterized by NMR and ESI-MS. 1H NMR (400 MHz, D2O) δ = 4.32 

(s, 2H), 3.91 (s, 2H), 3.33 (t, 4H), 2.44 (t, 4H), 2.14 (s, 12H). ESI-MS: calculated for (M+H)+ 

C14H31N4O6 351.2244 found 351.2231. 

	N1,N6‐bis(2‐(dimethylamino)ethyl)adipamide	 (4b): 1.12 g (5 x 2.73 mmol) of N1,N1-

dimethylethane-1,2-diamine was weighed out in a round bottom flask. 100 ml of CH2Cl2 was 

added to the RBF in order to dissolve N1,N1-dimethylethane-1,2-diamine. The solution was 

brought to 0 oC and slowly 500 mg (2.73 mmol) of adipoyl chloride in 50 ml of CH2Cl2 was 

added to this solution drop wise while stirring over half an hour. The reaction mixture was stirred 

overnight and then CH2Cl2 was evaporated under reduced pressure to get yellowish powder. It 

was then dissolved in ethyl acetate and recrystallized to get the product. The product obtained 

was then dried under vacuum and characterized with NMR and exact mass. 1H NMR (400 MHz, 

D2O) δ = 3.22 (t, 4H), 2.50 (t, 4H), 2.21 (s, 12H), 2.12 (m, 1H), 1.43 (t, 4H). 

3.3.6 X-ray crystallography: (Characterization was done by Dr. Carla Slebodnick) 

A colorless plate (0.02 x 0.14 x 0.33 mm3) was centered on the goniometer of an Oxford 

Diffraction Gemini A Ultra diffractometer operating with MoK radiation. The data collection 

routine, unit cell refinement, and data processing were carried out with the program CrysAlisPro. 



44 
 

The Laue symmetry and systematic absences were consistent with the monoclinic space groups 

P21 and P21/m. The acentric space group P21 was chosen based on the E-statistics (|E2-1| = 

0.769). The Friedel pairs were merged during refinement and the absolute configuration assigned 

arbitrarily. The structure was solved using SHELXS-97[26] and refined using SHELXL-97 [26] 

via the OLEX2 Program System [27]. The final refinement model involved anisotropic 

displacement parameters for non-hydrogen atoms. A riding model was used for the alkyl and 

amide hydrogens. The hydrogen atom positions of the hydroxyl groups were located from the 

residual electron density map and refined independently. 

3.4	‐	Results	and	Discussion: 

3.4.	1	Synthetic	schemes		

As shown in scheme 3.3, a small model compound 1a was synthesized to mimic the 

structure of T4 repeat unit in order to study the hydrolysis phenomenon. Compound 1d, an 

analogous structure to 1a, with a propyl spacer (over an ethyl spacer in 1a) between the amidic 

nitrogen and the tertiary amine, was synthesized in order to examine the effect of the amide bond 

on the proximity of the tertiary amine to the amide nitrogen on the hydrolysis. Similarly, 

compound 1e was synthesized to study the effect of absence of amine on the carbon β to the 

nitrogen of the amide on its hydrolysis. 1f and 1g were synthesized to study the effect of 

replacing amine (as in compound 1a) functionality by hydroxyl and methoxy functionality 

respectively. In order to study the effect of hard charge such as quaternary ammonium groups 

compared to terminal amines on the hydrolysis, compound 1a was methylated to get compound 

1h.  
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Scheme 3.3. Synthetic scheme for tartarate based model compounds 

 
As shown in the Scheme 3.4, another series of small model compounds was synthesized. 

Compound 2a was synthesized to examine the effect of the absence of hydroxyls attached to the 

carbons α and β to the carbonyl of the amide on the amide hydrolysis. Three other small model 

compounds (2b, 2c, and 2d) were designed and synthesized to see the pattern of hydrolysis in the 
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compounds with one amide group per molecule as compared to the tartarate based series, which 

incorporate two amide groups per molecule. 

 

Scheme 3.4. Synthetic scheme for succinate, lactate and glycolate based model compounds 

 

Scheme 3.5 Synthetic scheme for tartarate based asymmetric compound.  

This series of compound based on the succinate, lactate and glycolate were designed in order 

investigate any intermolecular or intra molecular assistance for the hydrolysis  

Compound 3c was designed, as all the other compounds with two amides groups per molecule 

are symmetric compound and might not reveal the important characteristics of the amide 
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hydrolysis in the molecule due to symmetry. Thus an asymmetric compound upon hydrolysis can 

provide more information which could be helpful in the design of new biomaterials. Synthesis 

was done by simple esterfication of the compound 3a to get 3b. Compound 3b was then treated 

with ammonia to finally get compound 3c.  

 

 

Scheme 3.6 Synthetic scheme for galactarate and adipate based small model compounds. 

 
In order to study the amide hydrolysis of G4 (Figure 3.1) small model compounds 4a and 4b 

were synthesized. 4a mimics the repeat unit of G4 with galactarate moiety incorporated between 

amide groups which are connected to ethylamine functionality. In order to understand if there is 

any effect of hydroxyls present in the galactarate moiety α and β to the carboxyl of the amide on 

the its hydrolysis, compound 4b a non hydroxylated analogue of 4a was studied for hydrolysis 
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3.4.2	Fast	amide	hydrolysis: In an effort to examine, degradation behavior of T4, compound 

1a with terminal tertiary amines (as compared to secondary amines in T4) was synthesized. Due 

to the ease of synthesis and purification, tertiary amine ends were preferred over secondary 

amine ends. In order to study the amide hydrolysis, 1a was characterized using nuclear magnetic 

resonance (NMR) spectroscopy under physiological conditions.  

2.22.52.83.13.43.74.04.34.64.9
δ / ppm

t = 1 hr

t = 2 hr

t = 3 hr

t = 4 hr

t = 5 hr

t = 6 hr
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t = 11 hr

t = 12 hr

t = 13 hr

 

Figure 3.5 An in-situ array NMR carried in D2OPBS at 37 oC to take a proton NMR spectra every 
hour for compound 1a. The spetra shows key new peaks imphasized in red rectangle. 

  

To simulate physiological conditions, deuterated phosphate buffer saline (D2OPBS) was prepared 

as described in the methods and materials section, and the NMR spectrometer was regulated at 

37oC. A solution of 100 mg/ml of 1a in D2OPBS was prepared immediately prior to starting an 

NMR experiment set to record a spectrum every hour for 13 hours. As shown in Figure 3.5 the 
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development of new resonances in the amine region from 2.20 to 2.88 ppm, and carbohydrate 

region from 4.31 to 4.47 ppm were observed. The new resonances in the amine region are 

indication of an amide hydrolyzing to produce new amine. The appearance of the new 

resonances in the amine region as early as in the first hour is also an indication of an unusually 

fast hydrolysis of amide. The similar array experiments were run for two sets of compounds from 

1b-1h and 2a-2d and the results are reported in the Table 3.1. It is interesting to note that all the 

compounds that have amine (tertiary, secondary, primary) functionality at the ends show 

appearance of new peaks in the amine region indicating the hydrolysis of the starting material. 

As shown in Table 3.1, replacing the terminal amines, with hydroxyl (1f), methoxy (1g), and 

quaternary ammonium charge (Figure 3.9, 1h) or absence of terminal amines (Figure 3.8, 1e) do 

not show any indication of any new products over the longer periods of time implying that for 

the hydrolysis to occur presence of terminal amines is absolutely necessary. 

 

Table 3.1 Compounds 1a-1h and 2a-2d were characterized with an array experiment to take a 
spectra every one hour in duetarated PBS at 37 oC. Plus (+) sign indicates: observed amide 
hydrolysis and minus (-) sign indicates: no observed amide hydrolysis. 

Compound Hydrolysis of amide 
observed in an array 

experiment(±)  
1a + 
1b + 
1c + 
1d + 
1e - 
1f - 
1g - 
1h - 
2a + 
2b - 
2c - 
2d - 
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Figure 3.6 An in-situ array NMR obtained in D2OPBS at 37 oC to take a proton NMR spectra 
every hour for compound 1d. The spetra shows key new peaks imphasized in red rectangle. 

 
Figure 3.7 An in-situ array NMR obtained in D2OPBS at 37 oC to take a proton NMR spectra 
every hour for compound 2a. The spetra shows key new peaks imphasized in red rectangle. 
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Figure 3.8 An in-situ array NMR obtained in D2OPBS at 37 oC to take a proton NMR spectra 
every hour for compound 1g which lack terminal amines and do not show any change in the 
NMR over the time, implying no amide hydrolysis 

 

 

Figure 3.9 An in-situ array NMR obtained in D2OPBS at 37 oC to take a proton NMR spectra 
every hour for compound 1h which contain quateranary ammonium charge as compared to 
terminal amine in case of 1a. NMR indicates no amide hydrolysis.
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3.4.3	 X‐ray	 crystallography study to analyze the amide bond length and angles 

(Characterization was done by Dr. Carla Slebodnick): 

As explained in the introduction that few distorted amides reported before show hydrolysis due 

to the increased bond length or torsion angles. As studied before compound 1d shows the 

hydrolysis under physiological conditions while 1e does not show any hydrolysis in similar 

conditions. Therefore 1d and 1e were chosen for x-ray crystallography in order to analyze any 

available difference in the amide bond angle and bond length. The detailed results for these two 

compounds for bond angles and bond length are listed in the Tables 3.2 to 3.8. In summary, for 

compound 1d and 1e the amide bond angle (N-C-O) is around 123o and amide bond length (N-C) 

is around 1.338 Å (see Table 3.2 below) (Please note that for compound 1d, there are two 

molecules per unit cell resulting four amide bond values.) 

 

Table 3.2. Summary of Amide bond length and angle for compound 1d and 1e obtained by X-ray 
crystallography. Note that for compound 1d, there are two molecules in one unit cell resulting 
four amide bond values. 

Compound 1d(  ) Compound 1e (  ) 

Bond length(Å) Bond angle (o) Bond length(Å) Bond angle (o) 

N(2)-C(6) 1.3296(19) O(1)-C(6)-N(2) 122.88(13) N(1)-C(2) 1.331(3) O(1)-C(2)-N(1) 122.4(2)

N(3)-C(9) 1.338(2) O(4)-C(9)-N(3) 124.67(14) N(2)-C(5) 1.328(3) O(4)-C(5)-N(2) 123.8(2)

N(6)-C(20) 1.342(2) O(5)-C(20)-N(6) 122.94(15) - - - - 

N(7)-C(23) 1.339(2) O(8)-C(23)-N(7) 123.84(15) - - - - 
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Theta range for data collection 3.34 to 30.03°. 
Index ranges -17<=h<=17, -13<=k<=13, -

21<=l<=21 
Reflections collected 41477 
Independent reflections 5487 [R(int) = 0.0416] 
Completeness to theta = 30.03° 99.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5487 / 1 / 417 
Goodness-of-fit on F2 0.974 
Final R indices [I>2sigma(I)] R1 = 0.0337, wR2 = 0.0784 
R indices (all data) R1 = 0.0408, wR2 = 0.0802 
Largest diff. peak and hole 0.367 and -0.190 e.Å-3 
 

 

 

 
 
Table 3.4 Bond lengths [Å] and angles [°] for 1d. Values highlighed in yellow represents the 
bond lengths and values hilighed in red represents the bond anlges for the amides in 1d 1d 

_____________________________________________________________________________________________  

O(1)-C(6)  1.2435(18) 

O(2)-C(7)  1.4137(17) 

O(3)-C(8)  1.4119(17) 

O(4)-C(9)  1.2314(18) 

O(5)-C(20)  1.2293(19) 

O(6)-C(21)  1.4213(18) 

O(7)-C(22)  1.4199(19) 

O(8)-C(23)  1.2374(19) 

N(1)-C(1)  1.466(2) 

N(1)-C(2)  1.476(2) 

N(1)-C(3)  1.477(2) 

N(2)-C(6)  1.3296(19) 

N(2)-C(5)  1.4627(18) 

N(3)-C(9)  1.338(2) 

N(3)-C(10)  1.4514(19) 

N(4)-C(14)  1.457(2) 

N(4)-C(13)  1.472(2) 

N(4)-C(12)  1.474(2) 

N(5)-C(16)  1.459(2) 

N(5)-C(15)  1.463(2) 

N(5)-C(17)  1.467(2) 

N(6)-C(20)  1.342(2) 

N(6)-C(19)  1.458(2) 

N(7)-C(23)  1.339(2) 

N(7)-C(24)  1.449(2) 

N(8)-C(26)  1.467(2) 

N(8)-C(28)  1.467(3) 

N(8)-C(27)  1.471(2) 

C(3)-C(4)  1.522(2) 

C(4)-C(5)  1.515(2) 

C(6)-C(7)  1.5265(19) 

C(7)-C(8)  1.5353(19) 

C(8)-C(9)  1.526(2) 

C(10)-C(11)  1.526(2) 

C(11)-C(12)  1.524(2) 

C(17)-C(18)  1.526(2) 

C(18)-C(19)  1.519(2) 

C(20)-C(21)  1.526(2) 

C(21)-C(22)  1.528(2) 

C(22)-C(23)  1.531(2) 

C(24)-C(25)  1.524(2) 

C(25)-C(26)  1.521(2) 
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C(1)-N(1)-C(2) 109.51(12) 

C(1)-N(1)-C(3) 110.29(13) 

C(2)-N(1)-C(3) 108.28(12) 

C(6)-N(2)-C(5) 118.41(12) 

C(9)-N(3)-C(10) 122.20(12) 

C(14)-N(4)-C(13) 109.02(15) 

C(14)-N(4)-C(12) 111.33(13) 

C(13)-N(4)-C(12) 110.44(13) 

C(16)-N(5)-C(15) 108.98(15) 

C(16)-N(5)-C(17) 110.84(15) 

C(15)-N(5)-C(17) 110.66(13) 

C(20)-N(6)-C(19) 122.02(13) 

C(23)-N(7)-C(24) 123.33(14) 

C(26)-N(8)-C(28) 112.01(14) 

C(26)-N(8)-C(27) 110.01(14) 

C(28)-N(8)-C(27) 110.16(17) 

N(1)-C(3)-C(4) 114.29(12) 

C(5)-C(4)-C(3) 111.23(12) 

N(2)-C(5)-C(4) 112.34(12) 

O(1)-C(6)-N(2) 122.88(13) 

O(1)-C(6)-C(7) 118.97(13) 

N(2)-C(6)-C(7) 118.09(12) 

O(2)-C(7)-C(6) 111.34(11) 

O(2)-C(7)-C(8) 110.07(11) 

C(6)-C(7)-C(8) 106.22(11) 

O(3)-C(8)-C(9) 112.03(11) 

O(3)-C(8)-C(7) 108.18(11) 

C(9)-C(8)-C(7) 110.14(11) 

O(4)-C(9)-N(3) 124.67(14) 

O(4)-C(9)-C(8) 120.08(13) 

N(3)-C(9)-C(8) 115.25(12) 

N(3)-C(10)-C(11) 111.71(12) 

C(12)-C(11)-C(10) 111.54(12) 

N(4)-C(12)-C(11) 111.89(12) 

N(5)-C(17)-C(18) 112.93(13) 

C(19)-C(18)-C(17) 111.73(14) 

N(6)-C(19)-C(18) 113.05(13) 

O(5)-C(20)-N(6) 122.94(15) 

O(5)-C(20)-C(21) 120.31(14) 

N(6)-C(20)-C(21) 116.74(13) 

O(6)-C(21)-C(20) 112.52(12) 

O(6)-C(21)-C(22) 110.83(13) 

C(20)-C(21)-C(22) 108.56(12) 

O(7)-C(22)-C(21) 111.40(13) 

O(7)-C(22)-C(23) 111.18(13) 

C(21)-C(22)-C(23) 111.47(12) 

O(8)-C(23)-N(7) 123.84(15) 

O(8)-C(23)-C(22) 121.36(15) 

N(7)-C(23)-C(22) 114.72(14) 

N(7)-C(24)-C(25) 113.31(13) 

C(26)-C(25)-C(24) 109.93(13) 

 

 
Table 3.5 Torsion angles [°] for 1d 

_____________________________________________________________________________________________  

C(1)-N(1)-C(3)-C(4) 65.29(16) 

C(2)-N(1)-C(3)-C(4) -174.90(13) 

N(1)-C(3)-C(4)-C(5) 55.36(18) 

C(6)-N(2)-C(5)-C(4) 159.97(13) 

C(3)-C(4)-C(5)-N(2) 173.24(12) 

C(5)-N(2)-C(6)-O(1) 4.5(2) 

C(5)-N(2)-C(6)-C(7) -172.78(12) 

O(1)-C(6)-C(7)-O(2) 179.13(12) 

N(2)-C(6)-C(7)-O(2) -3.50(17) 

O(1)-C(6)-C(7)-C(8) -61.04(16) 

N(2)-C(6)-C(7)-C(8) 116.33(13) 

O(2)-C(7)-C(8)-O(3) 52.82(15) 

C(6)-C(7)-C(8)-O(3) -67.83(14) 

O(2)-C(7)-C(8)-C(9) -69.93(14) 

C(6)-C(7)-C(8)-C(9) 169.42(11) 

C(10)-N(3)-C(9)-O(4) -3.5(2) 

C(10)-N(3)-C(9)-C(8) 176.60(13) 

O(3)-C(8)-C(9)-O(4) 176.46(13) 

C(7)-C(8)-C(9)-O(4) -63.09(17) 

O(3)-C(8)-C(9)-N(3) -3.63(17) 

C(7)-C(8)-C(9)-N(3) 116.83(13) 

C(9)-N(3)-C(10)-C(11) -95.73(17) 

N(3)-C(10)-C(11)-C(12) -175.95(13) 

C(14)-N(4)-C(12)-C(11) 72.83(17) 

C(13)-N(4)-C(12)-C(11) -165.91(14) 

C(10)-C(11)-C(12)-N(4) 179.97(13) 
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Table 3.6 Crystal data and structure refinement for compound 1e 

Identification code  1e 
Empirical formula  C6H12N2O4 
Formula weight  176.18 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21 
Unit cell dimensions a = 8.6070(4) Å          = 90° 

b = 5.09176(17) Å      = 
112.097(6)° 
c = 10.5404(5) Å          = 90° 

Volume 428.00(3) Å3 
Z 2 
Density (calculated) 1.367 Mg/m3 
Absorption coefficient 0.115 mm-1 
F(000) 188 
Crystal size 0.33 x 0.14 x 0.02 mm3 
Theta range for data collection 3.86 to 28.28°. 
Index ranges -11<=h<=11, -6<=k<=6, -

14<=l<=14 
Reflections collected 8603 
Independent reflections 1176 [R(int) = 0.0559] 
Completeness to theta = 28.28° 99.7 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1176 / 1 / 117 
Goodness-of-fit on F2 0.964 
Final R indices [I>2sigma(I)] R1 = 0.0373, wR2 = 0.0758 
R indices (all data) R1 = 0.0512, wR2 = 0.0786 
Largest diff. peak and hole 0.263 and -0.181 e.Å-3 
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Table 3.7 Bond lengths [Å] and angles [°] for 1e. Values highlighed in yellow represents the 
bond lengths and values hilighed in red represents the bond anlges for the amides in 1d 1e 

__________________________________________________________________________________________  

O(1)-C(2)  1.236(2) 

O(2)-C(3)  1.431(2) 

O(3)-C(4)  1.414(3) 

O(4)-C(5)  1.239(3) 

N(1)-C(2)  1.331(3) 

N(1)-C(1)  1.450(3) 

N(2)-C(5)  1.328(3) 

N(2)-C(6)  1.455(3) 

C(2)-C(3)  1.517(3) 

C(3)-C(4)  1.533(3) 

C(4)-C(5)  1.531(3) 

 

 

C(2)-N(1)-C(1) 121.69(19) 

C(5)-N(2)-C(6) 122.47(19) 

O(1)-C(2)-N(1) 122.4(2) 

O(1)-C(2)-C(3) 121.12(19) 

N(1)-C(2)-C(3) 116.48(18) 

O(2)-C(3)-C(2) 109.96(17) 

O(2)-C(3)-C(4) 109.00(17) 

C(2)-C(3)-C(4) 109.12(18) 

O(3)-C(4)-C(5) 112.07(18) 

O(3)-C(4)-C(3) 107.96(17) 

C(5)-C(4)-C(3) 108.63(17) 

O(4)-C(5)-N(2) 123.8(2) 

O(4)-C(5)-C(4) 121.0(2) 

N(2)-C(5)-C(4) 115.2(2) 

_____________________________________________________________________________________________  

 

 
Table 3.8 Torsion angles [°] for 1e 

_____________________________________________________________________________________________  

C(1)-N(1)-C(2)-O(1) 5.8(4) 

C(1)-N(1)-C(2)-C(3) -173.2(2) 

O(1)-C(2)-C(3)-O(2) 179.3(2) 

N(1)-C(2)-C(3)-O(2) -1.7(3) 

O(1)-C(2)-C(3)-C(4) -61.2(3) 

N(1)-C(2)-C(3)-C(4) 117.8(2) 

O(2)-C(3)-C(4)-O(3) 74.7(2) 

C(2)-C(3)-C(4)-O(3) -45.4(2) 

 O(2)-C(3)-C(4)-C(5) -47.0(2) 

C(2)-C(3)-C(4)-C(5) -167.13(17) 

C(6)-N(2)-C(5)-O(4) 2.3(3) 

C(6)-N(2)-C(5)-C(4) -178.12(18) 

O(3)-C(4)-C(5)-O(4) -172.81(19) 

C(3)-C(4)-C(5)-O(4) -53.6(3) 

O(3)-C(4)-C(5)-N(2) 7.6(2) 

C(3)-C(4)-C(5)-N(2) 126.84(19) 
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3.4.4	One	side	amide	hydrolysis	
An in-situ array NMR for compounds 1a-1d and 2a indicate the initial hydrolysis., In case 

of compounds 1a-1d, evolution of two new peaks in the carbohydrate region (4.2 to 4.5 ppm) 

indicates breaking the symmetry of the starting molecules. To further understand this 

phenomenon, analysis of the hydrolyzed product was necessary. In order to analyze the 

hydrolyzed products, 400 mg of compound 1a was dissolved in 10 ml of PBS and stirred at 37 

oC. The hydrolysis was monitored via NMR to observe the disappearance of the carbohydrate 

proton resonance (singlet) at 4.5 ppm and appearance of two new  resonances (doublets) in the 

same region (4.2 to 4.5 ppm).  

 

Figure 3.12 Compound 1a shows one side hydrolysis to produce compound 3a. 

 

The hydrolysis product was isolated from the reaction mixture as explained in the materials and 

methods section. The NMR characterization of the hydrolyzed product shows two different 

resonances (HA and HB, Figure 3.13) in the carbohydrate region indicating loss of symmetry. 

Also the exact mass of the compound was found (M+H)+1 = 221.1139 and the calculated exact 

mass for the compound 3a (one side hydrolyzed 1a) is 221.1137. Characterization strongly 

suggests the hydrolysis of 1a on one side. This is intriguing chemistry as the selectivity on one 

side hydrolysis can trigger new designs of biomaterials for very specific application involving 

selectivity. Compounds 1b-1d and 2a were characterized for the similar chemistry and the 

positive results for all above metioned compounds were found for the one side hydrolysis.  
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In order to further investigate the rate of hydrolysis of the amide bonds, compounds 1a, 1d, 1e, 

1f, 1h and 2a were incubated under physiological conditions and were monitored over 7 days 

with NMR. It was noted that 1a starts to undergo amide hydrolysis as early as 30 minutes but 1d 

and 2a did not undergo hydrolysis in first 30 minutes of incubation. As shown in Figure 3.14, the 

rate of hydrolysis of 1a was faster, with about 70% of 1a undergoing hydrolysis in 48 hours. It is 

interesting to note that in Figure 3, only about 35% of the amide bonds were shown to be 

hydrolyzed as each molecule have two amide bonds and there is selective amide hydrolysis on 

one side of the compounds 1a, 1d, and 2a. Compounds 1d and 2a show slower hydrolysis and up 

to 50% of the molecules show hydrolysis in 48 hours. The hydrolysis of 1d is approximately 

94% after ~ 14 days. These experiments reveal that as the distance between terminal tertiary 

amine and the nitrogen of the amide increases from an ethyl spacer to propyl spacer, the 

hydrolysis rate decreases dramatically. This discovery can be very important in tailoring the 

controlled and selective cleavage of amide linkages over an extended period.  

In case of 2a, the rate of hydrolysis is slower in the first 48 hrs as compared to 1a and 1d 

and achieves about 50% amide hydrolysis of molecules (25% of total amides present) but it was 

observed that the rate of hydrolysis increases after 50% hydrolysis of molecules and the rate 

increases and hydrolysis becomes faster after than hydrolysis rate of 1d and achieves about 90% 

of in about 7 days as compared to about 98% hydrolysis of 1a in 7 days and about 80% of 

hydrolysis of 1d. This study reveals that the presence of hydroxyls attached to the carbons α and 

β to the carboxyl of the amide has an effect on the rate of hydrolysis and the rate is slower for 2a 

over 1a. This study also indicates that in case of compounds 1f, and 1g where the terminal 

amines are replaced by the hydroxyls and methoxy groups respectively did not show any 

hydrolysis of the amides. In case of compound 1e that lacks the terminal amines as compared to 
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the compound 1a, the compound 1e did not show any hydrolysis. The presence of quaternary 

ammonium charges replacing the terminal amines in case of 1h did not result in any hydrolysis 

of amides either. We further investigated this phenomenon by taking 0.66 mg of 1a in 660 μl of 

D2O (not D2OPBS) and adding a drop of DCl to this mixture (pH 1.0 or less). This compound, 

when studied for the amide hydrolysis for 14 days, did not show any significant development of 

new resonances (Figure 3.23, appendix section). Hence the studies show that protonating the 

terminal tertiary amines can either stop or significantly reduce the hydrolysis of the amides.  

The analysis was also useful to determine kinetics of amide hydrolysis. More specifically, 

the rate constants, order of the reaction and half-life of the amide hydrolysis can be determined 

from the NMR data for the amide hydrolysis. From the NMR studies, the ratio of concentration 

of the starting material and the hydrolyzed product was calculated for different time points and 

were fit to the different kinetic equations. As shown in Figure 3.16 the reaction coordinates fit 

for the pseudo first order reaction for the amide hydrolysis. Higher slope of the plot is an 

indication for the faster amide hydrolysis. 

  

3.15 Kinetic study show the reaction of one side amide hydrolysis follows the pseudo first order 
kinetics. 
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Table 3.9 Rate constants and half life of the amide hydrolysis values for different small model 
compounds. 

Compound k x 103 
(h-1)

t1/2 
(h)

Selective amide hydrolysis 
on one side (±)

1a 13.5 51 + 
1c 8.3 83 + 
1d 5.5 126 + 
1e 0 - - 
1f 0 - - 
1h 0 - - 
3c 97 7 + 

 
From the half-life (t1/2) and the rate constant (k) data (Table 3.9) calculated from the kinetic 

study plot in the Figure 3.15, it can be extrapolated that the rate of hydrolysis for compound 1a is 

~2.5 times faster than 1d due to the proximity of amine from the amidic nitrogen. In addition, the 

rate of hydrolysis of the compound with the terminal primary ends was slower over the terminal 

tertiary ends and the detailed studies to understand this phenomenon are underway. Similar 

results of no hydrolysis for the compounds 1e, 1f, 1g, and 1h as conclude from the in-situ array 

NMR experiment were observed for longer period. These studies confirm that the presence of the 

terminal amines in these compounds is of utmost importance for the amide hydrolysis to occur. 

One side hydrolysis of the compounds is evident from these studies and it is very 

interesting, that such high selectivity without the use of specific enzymes is possible. It is this 

reason an asymmetric compound 3c (Figure 3.16) was also characterized for the amide 

hydrolysis to find out if the amide which have the ethylamine attached (Amide 1) hydrolyzes or 

the other side amide (amide B) which does not have any substituent show the hydrolysis. As 

shown in Figure 3.16 and 3.17, the in-situ array NMR study for 3c show the hydrolysis for the 

amide B. The hydrolysis rate as shown in Table 3.9 is very fast as compared to the other studied 

compounds as this is verified from the Figure 3.15 and 3.17.  
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Figure 3.16 Asymmetric compound with a twodifferent amides to analyze which amide 
undergoes the hydrolysis 
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Figure 3.17 An in-situ array NMR of compound 3c obtained in D2OPBS at 37 oC. One NMR 
spectum was taken every hour for 16 hours. The red arrows indicate the disappearnce of the 
peaks for the 3c and green arrows indicate the appearance of the new peaks for the hydrolyzed 
product.  

As shown in Figure 3.17 the evolution of two new peaks in the carbohydrate region is a classic 

one side hydrolysis as studied earlier in this chapter. The peaks in the amine and amide region 

show a shift indicating formation of new molecule although resonance the amide region (3.6 

ppm) which comes from the methylene protons adjacent to amide A (indicated by * in Figure 

Amide A Amide B 

*

*
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3.16 and 3.17) does not subside. This implies that there is no hydrolysis of the amide A. The 

hydrolyzed product when characterized by the ESI-MS for exact mass shows resonance for the 

hydrolyzed compound 3a and does not show any resonace for starting material (compound 3c). 

ESI-MS calculated for C8H17N2O5 221.1137. Found 221.1122 (Mass spec shown in Figure 3.22 

in the Appendix section) 

3.4.5	Intramolecular	versus	intermolecular	hydrolysis	
The one side hydrolysis of 1a raises the question, if the reaction is an intermolecular 

hydrolysis or an intramolecular hydrolysis phenomenon. To investigate this raised concern two 

different experiments were designed. 

Effect	 of	 concentration	 on	 the	 hydrolysis	 rate	 of	 1a: The kinetics of the reaction were 

investigated and it was found that the rate of the reaction fits the pseudo first order kinetics and 

from the first order kinetics law the rate constant (k) should be independent of the concentration 

of the starting material. In addition, if the rate of the reaction or rate constant is dependent on the 

concentration of the reaction then it can indicate the intermolecular hydrolysis phenomenon. In 

order to investigate the effect of concentration on the rate of the reaction four different samples 

with varying concentration of the compound 1a were prepared as shown in the Table 3.10. The 

concentrations under investigation were 5 mg/700 l, 10 mg/700 l, 20 mg/700 l and 40 

mg/700 l. Four different NMR tube were loaded with the samples and then incubated at 37 oC. 

Samples were characterized with NMR at different time points and then analysis was done in 

order to investigate the ratio of concentration of 1a to concentration of hydrolyzed 1a for each 

time point and plot as shown in the Figure 3.18 was obtained. The rate constant (k) was derived 

for each sample and is reported in the Table 3.10. It was found that there is no significant 

difference in the k and the plots for all the samples are similar indicating no effect of 
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concetration on the rate of the reaction. This result indicates that the amide hydrolysis in case of 

1a is not a intermolecular phenomenon. 

 

 Table 3.10 Compound 1a characterized for the effect of concentration on the rate constant of the 
reaction. 

Sample name for the compound 1a Concentration 

(mg/700 l) 

Rate constant 

(k x103 h-1) 

VT6019A 5 16.5 

VT6019B 10 15.9 

VT6019C 20 15.3 

VT6019D 40 14.5 

 

 

Figure 3.18 Four different sample of the compound 1a with different concentration analyzed for 
the effect of concentration on the rate constant (k). 
 

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 50 100

ln([C]0

t/ hr

VT6019A
VT6019B
VT6019C
VT6019D

࢔࢒
ሾ࡯ሿ૙
ሾ࡯ሿ࢚

 



67 
 

An investigation of the hydrolysis pattern of the lactate and glycolate based compounds. 

After the one side hydrolysis of the 1a, the hydrolyzed product was again characterized 

for the hydrolysis under physiological conditions. Although the product did not show any further 

hydrolysis on the other side, it could be a stretch to conclude that the amide hydrolysis is a 

intramolecular phenomenon as the compound (3a) has a carboxyl functionality and an amine 

functionality in the chemical structure, which can potentially form a zwitorionic complex. 

Although the pH of the reaction can be changed to disrupt the zwitterionic complex but the 

investigation in different pH is not comparable as the rate of amide hydrolysis decreases as the 

pH is lowered. For this purpose we investigated the lactate (2c) and glycolate (2d) based models 

which has only one functionality of each amide, amine and hydroxyl groups in its chemical 

structure. Upon the studies for amide hydrolysis of compounds 2c, and 2d under the similar 

conditions as 1a, compounds 2c, and 2d did not show any amide hydrolysis up to the 14 days. 

This result indicates that the amide hydrolysis of series of compounds (1a-1d, 2a) studied earlier 

is an intramolecular phenomenon. 

3.4.6	Investigation	of	the	hydrolysis	mechanism	in	the	galactarate	based	models.	
As described earlier, the tartarate based models show a different hydrolysis pattern for the 

amides as compared to the regular amide functionality.  

 

 

Figure 3.19 Galactarate based model (4a) and adipate based model (4b) to understand the 
hydrolysis pattern in the galactarate based polymers G4 
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The degradation of G4 was an inspiration to follow the similar study in the galactarate-based 

model (4a) and another model (4b) which is a non-hydroxylated analogue of 4a. This study was 

undertaken to find if there is any effect of the hydroxyl groups attached to the carbon α and β to 

the carbonyl of the amide group. Compound 4a was characterized for the hydrolysis of amide 

with earlier described in-situ NMR Figure 3.19. The evolution of new peaks in the amine region 

and carbohydrate region were observed indicating the hydrolysis of amides. On the other hand 

the compound 4b which lack hydroxyl groups as compared to compound 4a do not show 

evolution of new peaks (Figure 3.21) any region for when incubated for 14 days under 

physiological conditions  

 

 
Figure 3.20 An in-situ array NMR of compound 4a obtained in D2OPBS at 37 oC. One NMR 
spectum was taken every hour for 16 hours. The evolution of new peaks are highlighted by the 
red arrows  
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.  

Figure 3.21 NMR spectra of 4b obtained in D2OPBS at 37 oC.  The bottom spectrum taken after 7 
days incubation and the top spectrum taken after 14 days of incubation and do not show 
evolution of any new peaks indicating that compound 4b does not go under hydrolysis 
 

This implies that there could be an electron withdrawing effect due to the hydroxyl groups 

attached to the carbon α and β to the carbonyl of the amide group but in order to confirm this 

hypothesis more detailed studies are needed 

3.5	‐	Conclusion	 	

In conclusion, the degradation of T4 and G4 has led to very interesting studies revealing that the 

tartarate based small model compounds with terminal amine ends show hydrolysis of the amide 

selectively on one side. The asymmetric small model compound reveals that the amine on one 

side of the tartarate moiety assists the hydrolysis of the amide on the other side of the tartarate 

moiety. Replacing amine with hydroxyl, methoxy, and quaternary ammonium charges do not 

result in the hydrolysis of the compounds. In addition, removing the amine group from the small 
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3.23 NMR spectra of 1a obtained in D2O (one drop of DCl). The bottom spectrum was taken 
after 24 hours of incubation and top spectrum was taken after 7 days of incubation for protonated 
1b. In presence of DCl compound 1b do not show any amide hydrolysis. 
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4.1 ­ Abstract 

Localized controlled-release of nucleic acid therapeutics could be an effective way to reduce 

the extracellular barriers associated with systemic delivery. Herein, we have used the layer-by-

layer film deposition approach to construct ultra thin multilayer assemblies for in-vitro 

controlled-release of plasmid DNA (pDNA). Layer-by-layer assemblies containing alternate 

layers of cationic poly(L-tartaramidopentaethylenetetramine) (T4), and anionic pDNA were 

fabricated. The film thickness and the absorbance at 260 nm for different T4/pDNA multilayer 

assemblies were characterized by ellipsometry and UV-visible spectrophotometry respectively. 

The results indicated an increased loading capacity of pDNA with respect to an increase in the 

number of T4/pDNA bilayers deposited. For the controlled-release studies we incubated the 

bilayers coated on quartz slides in phosphate buffered saline (PBS) at 37 ºC and collected the 

media at different incubation time points. The collected PBS samples were characterized for 

pDNA release by complexing solutions containing the released pDNA with Lipofectamine 2000 

and following cellular pDNA uptake via flow cytometry and GFP gene expression assays with 

HeLa cells. The study showed that the multilayer films started to release pDNA after 1 day of 

incubation and increased after 7 days of incubation. Assays monitoring green fluorescent protein 

(GFP) expression in HeLa cells indicated that about 20% of the cells were positive for GFP 

expression at all sample time points up to 11 days. Although an increase in cells positive for 

Cy5-pDNA was found as the incubation time increased, the number of cells positive for GFP 

expression remained constant over the same time frame.  

Keywords: Multilayer assembly; glycopolymer; gene delivery; controlled release; polymer 

degradation.  
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4.2 ­ Introduction 

Research in the fields of nucleic acid therapeutics [1, 2] and tissue engineering [3, 4] has 

rapidly developed over the last three decades [5-8] and yielded many promising results [9, 10]. 

Although approximately 75% of clinical trials in the area of gene therapy utilize viral vectors for 

the delivery of nucleic acids [6, 11], disadvantages such as immunogenicity [2], random genome 

integration, and systemic inflammatory response [12] have caused serious health concerns [11] 

and increased the use of non-viral delivery techniques [13]. Cationic polymers, an important 

class of non-viral delivery vehicles, are being widely studied in this area [14] and have shown an 

outstanding capacity to bind and compact nucleic acids into nanoparticles with similar sizes and 

morphologies to viral vectors. Cationic polymers have also shown to exhibit low toxic and 

immunogenic effects [15], are biodegradable, and can help nucleic acid therapeutics survive the 

different extracellular and intracellular pathways during cellular uptake and intracellular 

trafficking [16, 17]. For this purpose, many studies have been completed with a variety of 

polymer structures such as polyethylenimine (PEI), poly-L-lysine (PLL), and chitosan to gain an 

understanding of the different extracellular and intracellular mechanisms involved in the delivery 

with non-viral vehicles [18, 19].  

Our group has developed and explored a new and promising class of polymeric delivery 

vehicles, termed poly(glycoamidoamine)s or PGAAs [20-22]. This polymer class was designed 

to have both oligoethyleneamine (for binding and compacting DNA) and carbohydrate moieties 

(for reducing toxicity) within the repeat unit. The extensive previous work conducted by our 

group on these PGAA vehicles have revealed that the structures with four secondary amines in 

the oligoethyleneamine moiety yield the highest transfection efficiency (comparable to PEI) 
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within the group of structures (that contained between 1-4 ethyleneamines) without the 

cytotoxicity associated with PEI-like structures [20, 21].   

A major issue with systemic delivery of nucleic acids with polymeric vehicles is that the 

polymer-DNA complexes (termed polyplexes) spend a considerable amount of time in the 

extracellular environment prior to cellular internalization and uptake. During this time, the 

polyplexes can bind to different plasma proteins, cause erythrocyte aggregation in the blood, and 

be cleared by the reticuloendothelial system (RES) [6, 7, 23, 24]. For this reason, these 

complexes typically have a short circulation half-life and after only 10 minutes, typically less 

than 2% of the therapeutic complexes remain in circulation [7]. Coating polyplexes with 

polyethylene glycol (PEG) groups has been used to overcome this problem, shield the 

therapeutic complexes from non-specific binding, and avoid RES clearance [23, 24]. Cell-

specific targeting groups such as antibodies [25] and carbohydrates have also been added to the 

ends of PEG chains to help increase specificity and efficacy of tissue-specific delivery [16, 26, 

27]. 

Localized and controlled-release of therapeutics from devices and/or surfaces also has the 

potential to innovate DNA delivery [28, 29]. For example, implanting devices coated with 

therapeutic DNA adjacent to specific tissues can provide a direct means of targeting and 

controlled-release of the therapeutic to avoid unwanted toxicity.  This method also avoids the 

issues related to systemic injection of DNA therapeutics in-vivo. Drug delivery with controlled-

release systems are indeed quite useful for engineering the drug/gene release rate adjacent to the 

targeted tissue [28, 30].  For example, the approach of layer-by-layer (LBL) deposition of films 

containing therapeutics onto devices has been utilized for the localized delivery of heparin for 

the repair of blood vessels in vivo [31]. Also, related techniques have been used to create tissue 
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engineering scaffolds from poly(lactide-co-glycolide) and plasmid DNA encoding tissue-

inductive proteins; elution of pDNA from these scaffolds were shown to enhance matrix 

deposition and tissue growth around the materials as compared to direct pDNA injection, which 

did not enhance tissue formation [32].  

Previous work in the field of gene delivery from LBL assemblies show successful 

transfection of cells both with and without secondary transfection agents [33, 34]. Here, we have 

examined the LBL method to coat substrates with pDNA and a successful transfection reagent 

developed in our laboratory, T4 (Figure 1a). In this study, we have utilized this polymer for 

another purpose, to form LBL assemblies with pDNA on substrates as we reveal that this 

polymer is degradable and has the ability to release naked pDNA from the LBL assemblies into 

solution.  As shown in Figure 1b, degradation studies reveal that T4 degrades and hydrolyzes 

faster at physiological pH (pH = 7.4) as compared to a lower pH environment (pH = 5.0). This 

property is advantageous for preparing the multilayer assemblies with the cationic 

polyelectrolyte at lower pH, which improves its ionic strength (cationic character) at pH 5.0 and 

enhances the electrostatic interaction with the polyanion (pDNA) without degrading polymer T4.  

It should be noted that the pH in early endosome rapidly reaches to 6.0 and can go as low as 4.6 

[35, 36]. Thus, forming the LBL assemblies at a pH = 5.0 should not have an effect on the pDNA 

on the substrate. Among the many different PGAA structures created in our laboratory with 

various carbohydrates, polycation T4 was selected for this study because it has the easiest 

synthetic route (can obtain multi-gram quantities easily) and strongly binds to pDNA when 

compared to the other PGAA structures we have created.  These features are desirable for device 

fabrication and the creation of stable and compact bilayer assemblies. Herein, silicon or quartz 

slides were dip-coated via LBL methods with polycation T4 and polyanionic pDNA. The 
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thickness of these LBL models was found to be between 3-8 nm depending on the number of 

layers coated on the slides. Some of the models were built with Cy5-labled pDNA to monitor the 

cellular uptake of pDNA released into solution (after complexation with Lipofectamine 2000), 

by measuring the average cellular fluorescence increase.  Another LBL model was built by using 

pDNA that expresses green fluorescent protein (GFP), to monitor gene expression. The results 

represent our first examination of using our degradable PGAA polymers for controlled-release of 

pDNA from solid substrates and demonstrate that T4 has potential to be further studied and 

engineered for localized delivery of nucleic acids. 
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0-5 days. 
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4.3 ­ Experimental 

 Polymer T4 was synthesized by copolymerization of dimethyl L-tartarate (T) with 

pentaethylenehexamine in methanol, as previously described [21]. Sodium acetate buffer (100 

mM) was made by dissolving sodium acetate in 18MΩ Millipore water and titrating the solution 

to pH 5.0 with glacial acetic acid. Plasmid DNA (pDNA) [gWiz-GFP and pCMVβ] were 

purchased from Aldevron (Fargo, ND) and PlasmidFactory (Bielefeld, Germany), respectively.  

pCMVβ was labeled with a LabelIT-Cy5 nucleic acid labeling kit (Mirus, Madison, WI), and 

purified with a QIAquick PCR purification kit (QIAGEN, Valencia, CA).  Heparin was 

purchased from Sigma (St. Louis, MO) in the form of heparin ammonium salt from porcine 

intestinal mucosa. Dulbecco's Modified Eagle Medium (DMEM), reduced serum medium 

(OPTI-MEM), supplements, nuclease-free water, and phosphate-buffered saline (PBS) were 

purchased from Invitrogen (Carlsbad, CA). HeLa cells were purchased from ATCC (Rockville, 

MD) and cultured according to ATCC specifications in DMEM (supplemented with 10% FBS, 

100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin) in 5% CO2 at 

37 ºC.  

 The quartz slides (1.5 cm in diameter) and silicon slides (2.0 cm × 1.0 cm), used as the 

substrates in the LBL formation, were purchased from Fisher (Pittsburgh, PA). It should be noted 

here that both of these materials have a SiO2 surface (after treatment with NaOH) and should 

have similar LBL deposition properties. These two different model substrates were used due to 

their differing properties for characterization of the multilayer films. The silicon substrate was 

used for the characterization of the thickness of the deposited multilayer films using ellipsometry 

and for uniformity measurements with AFM.  For all other experiments and characterization, the 

fabrication of the multilayer films was completed on the quartz substrate. 
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4.3.1 Gel Permeation  Chromatography  (GPC)  of Hydrolyzed T4. Polymer T4 was 

incubated in pH 5.0 and pH 7.4 buffers at 37 °C in a number of vials. At the desired time points 

(0, 0.5, 1, 2, 3, and 5 days), a vial containing each incubated mixture (at both pH=5 and pH=7) 

was flash frozen with liquid N2 and stored at -80 °C until further analysis. The change in 

polymer molecular weight as a function of incubation time and pH was analyzed with a 

ViscoGel PC-MBLMW-3078 column at a flow rate of 0.8 mL/min. The mobile phase used for 

the analysis was a solution of water/methanol/acetic acid (55/40/5, v/v/v) . 

4.3.2  Preparation  of  the  Polyelectrolytes. Solutions of the polyelectrolytes were 

prepared at two different concentrations. To fabricate the multilayer models on the quartz 

substrates, a 0.5 mM solution of T4 (based on the molecular weight of the repeat unit) was 

prepared in fresh 100 mM (pH adjusted to 5.0) sodium acetate solution. The anionic 

polyelectrolyte was prepared by diluting pDNA or heparin to 0.2 mg/mL with DNAse and 

RNAse-free water. Similarly, to fabricate the multilayer models on the silicon substrates, a 5 mM 

solution of T4 and a 1 mg/mL solution of pDNA was prepared and used to fabricate the 

multilayer films.  When the same concentration of polyelectrolytes were used to fabricate films 

on the silicon substrate, the resulting multilayer thin films were difficult to characterize due to 

limitations in the instruments utilized.  For these experiments the concentrations were slightly 

increased for this characterization technique (vide infra).  

4.3.3  Fabrication  of  the Multilayered  Films. Two different models were fabricated 

based on the substrates of quartz and silicon, again, for characterization purposes. To prepare the 

substrates, the slides were first rinsed and washed in methylene chloride, methanol, and finally 

ultrapure water to remove any organic or water soluble impurities from the surface of the 

substrates. The substrates were then dipped in a 1 M sodium hydroxide solution for 15 min to 



83 
 

treat the surface of the substrate to form a uniform surface layer of SiO2. The substrates were 

then thoroughly rinsed with ultra pure water and dried overnight (in a laminar flow biosafety 

cabinet). To form the multilayer films, the substrates were then dipped in the cationic (T4) 

polyelectrolyte solution for 3 minutes and rinsed with 2 washes of ultrapure water. To then 

deposit one bilayer on the substrates, the slides were then dipped in the pDNA polyelectrolyte (or 

heparin) for 3 minutes and then rinsed with 2 washes of ultrapure water to remove the excess 

anionic polyelectrolyte. This procedure of dip coating was repeated until the desired number of 

T4/pDNA bilayers was deposited on the substrate.  

4.3.4 Thickness Measurements by Ellipsometry. The silicon substrate-based models 

were used to measure the correlation between the number of T4/pDNA bilayers and the 

thickness of the multilayer films. The thickness of the film was determined using a variable angle 

spectroscopic ellipsometer (VASE, J. A. Woolam Co.). Optical parameters (Δ and Ψ) were 

collected from 300 to 1000 nm at 10 nm intervals and for the angles of incidence between 60-75 

degrees, at 5 degree intervals. The computer program WVASE32 was used to fit a mathematical 

model to the experimental data. The data was reported as the average and standard of deviation 

of triplicate measurements recorded at three different locations on the substrates. Each reading 

taken was corrected for the thickness of the oxide layer formed due to the treatment of the silicon 

substrate with the 1 M NaOH solution.   

4.3.5  Absorbance  Measurements. An Agilent 8453 (Model G1103A) UV-visible 

spectrophotometer was used to measure the UV absorbance of the multilayer films deposited on 

the quartz substrate due to the UV transparency. The absorbance at 260 nm, which is the 

characteristic absorbance for double stranded DNA, showed the deposition of the pDNA in the 

deposited multilayer films and the absorbance increased as a function of bilayer thickness. 
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4.3.6 Ethidium Bromide Intercalation for LBL Film Imaging.  Quartz slides containing 

eight bilayers of T4/pDNA or T4/heparin were dipped in an aqueous ethidium bromide solution 

(100 μg/mL) for 15 min. The slides were then each rinsed by dipping the slide in ultra pure water 

and photographed under an excitation wavelength of 254 nm. 

4.3.7  AFM  Imaging  of  LBL  Film  Uniformity.  A Vecco MultiMode Atomic Force 

Microscope was used to analyze the topology of a 8 bilayer (T4/pDNA) film fabricated on a 

microscope slide. The image of the 5 μm X 5 μm area was obtained in a tapping mode using a 

silicon cantilever. 

4.3.8 Incubation of LBL Films and Release of pDNA. The quartz slide coated with eight 

bilayers of T4/pDNA were incubated in 5 mL of PBS buffer at 37 ºC. Due to the 

hydrolysis/degradation of polymer T4, naked pDNA is released from the slides (two different 

LBL film models were created with Cy5-pDNA and gWiz-GFP for a range of analysis 

techniques). At certain time points (0, 1, 3, 5, 7, 9, and 11 days), 200 µL of the slide incubation 

solution was aliquotted and frozen at -80 ºC until experimental completion, when all of the 

solutions could be analyzed together for transfection efficiency (procedure described below).  

4.3.9 Cell Transfection Assays. In 12-well plates, HeLa cells were seeded with a density 

of 100,000 cells/well in 2 mL of DMEM and cultured for 24 h in 5% CO2 at 37 ºC. Then, 200 µL 

of the final transfection solution (described below) was added directly to each well with 400 µL 

of Opti-MEM.  The final transfection solution was prepared by mixing 100 µL of the slide 

incubation solution containing the released pDNA (Cy5-labeled pDNA or gWiz-GFP) from the 

coated quartz slides (removed after each incubation time point of 0, 1, 3, 5, 7, 9, and 11 days) 

with 100 µL of a diluted Lipofectamine 2000 solution (Invitrogen, Carlsbad, CA, 5 µL stock 
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diluted into 95 µL of water).  The solutions were mixed and allowed to sit for 30 minutes before 

adding the mixture to the HeLa cells for transfection efficiency analysis [34].   

Four hours after initial transfection, the cells exposed to the Cy5-pDNA/Lipofectamine 2000 

mixtures were rinsed with PBS buffer three times, trypsinized, pelleted, and resuspended in PBS 

containing 2% FBS. The cells were then analyzed via flow cytometry analysis. A FACSCanto II 

(Becton Dickenson, San Jose, CA) equipped with an helium-neon laser used to excite Cy5 (633 

nm) was utilized in the analysis. Ten thousand events were collected in duplicate for each 

sample.  

Forty-eight hours after initial transfection, the cells exposed to the gWiz-GFP-Lipofectamine 

2000 mixtures were imaged and photographed using a Nikon inverted microscope TE2000-U 

with the software MetaMorph. These cells were then rinsed with PBS buffer three times, 

trypsinized, and the amount of expressed GFP was quantified via flow cytometry with an argon 

ion laser (488 nm).  The number of cells positive for GFP was established by first removing 

autofluorescence (by gating a negative control of untransfected cells such that less than 1% of 

cells was defined as positive) so these parameters could be more accurately quantified via flow 

cytometry. 

 

4.4 ­ Results and Discussion 
4.4.1 Multilayer Film Fabrication. In our previous studies we have demonstrated that the 

PGAAs (T4, G4, D4, M4) developed in our laboratory have the ability to condense pDNA into 

nanoparticles and deliver pDNA into a variety of cell types with high efficacy and low toxicity 

[20, 21]. In particular, polycation T4, consistently yields high efficiency and is the easiest model 

to synthesize.  Also, T4 has been shown to yield higher binding affinity with DNA as compared 

to the  M4 and D4 analogs [37].   Also, it has been shown in our earlier studies that almost 50% 
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of amines along the backbone of T4 are protonated at pH 5.0 [38], which may assist in the 

adsorption of multilayers by electrostatic interactions for LBL deposition. For these reasons we 

hypothesized that T4 was an excellent candidate to create stable and ultrathin multilayer films 

via LBL deposition of polyanions and polycations on various substrates. 

 Fabrication of the multilayer thin film models by the LBL method takes about 1 to 3 

hours depending upon the number of T4/pDNA bilayers. Hence, it is important that during the 

fabrication process of these multilayer films, the polymer structure is not altered and/or the 

polymer does not start to degrade during this process [39]. As shown in Figure 1b, degradation 

studies of T4 reveal that this polymer degrades faster at physiological pH (7.4) than at a lower 

pH of 5.0 (vide infra). This property of T4 is potentially very useful and may offer unique 

release properties for the multilayer models when compared to polyester-based polycations 

previously used in similar studies [34, 39]. 

For the fabrication of the LBL films, two different types of substrates, silicon and quartz, 

were used. These two different models were used to increase the degree of characterization of the 

deposited multilayer films on the substrates. As previously stated, both the silicon and quartz 

substrates have a SiO2 surface after treatment and the physical and chemical properties of the 

deposited films by the LBL method on both the substrates should be quite similar. The silicon 

substrate was used for the characterization of thickness of the deposited multilayer films using 

ellipsometry.  For all other experiments and characterization, the fabrication of the multilayer 

thin films was completed on the quartz substrate. 

Ellipsometry was used to characterize the thickness of the multilayer films deposited on 

the silicon substrate. Multilayer films up to 8 nm thick could be deposited with the 

concentrations utilized in this experiment. Figure 2 shows the thicknesses of the multilayer films 
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on the silicon substrate for 2, 4, 6 and 8 T4/pDNA bilayers. As the number of T4/pDNA bilayers 

increased from 2 to 8, the thickness of the multilayer thin film increased from about 3 nm to 

about 8 nm. The data shows a linear correlation between the number of T4/pDNA bilayers and 

the thickness of the multilayer films indicating that the amount of pDNA incorporation increases 

with the bilayer thickness. 

 

Figure 4.2 The thickness of the multilayer thin films on the silicon substrate measured via 
ellipsometry for 2, 4, 6, and 8 T4/pDNA bilayers. Each measurement represents the average and 
standard of deviation of 3 measurements taken on three different locations of the substrate (the 
measurements have been corrected for the oxide layer formed initially to make the silicon 
substrate surface anionic). 

 

 
UV-Vis spectrophotometry was used to support the above data of that the amount of 

pDNA incorporated into the films increases as a function of multilayer (Figure 3). The 

characteristic absorbance of double stranded DNA at 260nm was used for this analysis. Although 

the absorbance increased with the increase in the T4/pDNA bilayer, a linear correlation was not 

observed. It should be noted that this UV-Vis characterization technique on these multilayer 

films deposited on the quartz substrates is semiquantitative [40] due to change in orientation of 
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the molecules with every layer adsorbed [41], which likely plays a role in the orientation of the 

next layer of adsorbed macromolecules (and can affect the absorbance profile). 

 

Figure 4.3 Plot of the absorbance of pDNA at 260 nm verses the number of T4/pDNA bilayers 
adsorbed on the quartz substrates. 

 
To support the coating of the pDNA multilayers on the slides, we used ethidium bromide 

(intercalates into DNA) to detect the presence of pDNA on the slides. The observed fluorescence 

of the ethidium bromide on the T4/pDNA coated slide with 8 bilayers (Figure 4 (a)) 

demonstrates that pDNA has been coated on the slide. As a negative control, we also imaged a 

slide coated with 8 bilayers of T4/Heparin (Figure 4(b)).  As shown in Figure 4a, the films do not 

appear to be uniform, which can occur with the LBL coating method.  To observe the surface 

topology of these films, we performed AFM analysis to further observe the surface roughness 

(Figures 4c and 4d).  This technique revealed that the films do not have a uniform surface 

topology, which also can affect the degradation profiles of the LBL assemblies and release of 

pDNA into solution. 
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Figure 4.4 (a) Fluorescence images of a quartz slide coated with 8 bilayers of T4/pDNA(b) 
Fluorescence images of a quartz slide coated with 8 bilayers of T4/heparin as a negative control. 
(c) Tapping mode atomic force microscopy image of a 5 μm X 5 μm area of a microscope slide 
coated with a film consisting of 8 T4/pDNA bilayers. 

 
 
 

4.4.2 Analysis of the Released pDNA by Transfection in HeLa cells.   To evaluate the 

release of pDNA from the multilayers deposited on the quartz slides, the slides were incubated in 

aqueous PBS buffer.  At various time points between 0 to 11 days, 200 µL aliquots of the PBS 

solution were removed and stored until all of the solutions could be analyzed together in the 

cells.  After the degradation experiments were completed, Lipofectamine 2000 was added to 

complex the released pDNA in each solution before adding the final transfection solutions into 

the HeLa cells.  It should be noted that in this experiment, Lipofectamine 2000 was used as a 

(b) (a) 

(c) (d) 
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transfection vector to complex the naked pDNA released from the multilayers and aid cellular 

internalization. It should also be highlighted here that T4, used to form the multilayer assemblies 

only with pDNA and is being hydrolyzed during the incubation in PBS (for pDNA release).  Due 

to this degradation (Figure 1b), T4 will not act as a transfection vehicle (only as a material to 

promote the controlled-release of pDNA, see Figure 5 time point 11*) [16].  Also, it should be 

mentioned that we tried to grow the cells directly on the multilayered substrates, however, the 

cells would not attach to the coated slides. This result could be beneficial for applications that 

require implantation of devices for controlled release of nucleic acid drugs to avoid scar tissue 

formation on the device, inflammation, and other problems such as immune response.  

Flow cytometry was used to evaluate the cellular internalization of the multilayers formed 

with T4 and Cy5-pDNA.  Four hours after transfection, the number of cells that take up the 

pDNA, as well as the average intensity of fluorescence (relative amount of pDNA) in the cells 

were detected by flow cytometry.  The flow histograms of HeLa cells and the quantified number 

of cells positive for Cy5 are shown in Figure 5. After 1 day of incubation in PBS at 37 ºC, the 

quartz slide coated with 8 bilayers released some pDNA into solution as shown by the increased 

cellular Cy5 intensity compare to the control sample (at incubation time = 0 days) (Figure 5a). 

As shown in Figure 5b, the amount of pDNA taken up into the HeLa cells did not change 

significantly between 1-7 days (percentage of positive cells about 18-25%). However, with 

further incubation, the Cy5 peak in the histograms shifted to the right (higher intensity). These 

data indicate that, after 9 days of incubation, the T4/pDNA coated quartz slide released more 

pDNA into solution (43% of HeLa cells were positive for Cy5) than during the initial 7 day 

incubation period. A further increase (to 70%) in the amount of HeLa cells positive 
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Figure 4.5 (a) Flow histograms of transfected HeLa cells after exposure to each solutions of 
Cy5-pDNA  aliquotted during the bilayer release of the quartz slides at time points of 0-11 days.
Lipofectamine 2000 was added to each solution to aid cell internalization, except for 11*.  The 
11* control signifies incubation for 11 days and transfection as previously described, however, 
Lipofectamine was not added to the solution prior to transfection. (b) The percentage of cells 
positive for Cy5 fluorescence. The positive fluorescence level was established by visual 
inspection of the histogram of cells transfected with non-incubated solution such that less than 
1% appeared in the positive region. 
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for Cy5 fluorescence (Figure 5b) after 11 days was also noted. 

One drawback of the analysis on the cellular uptake of released Cy5-pDNA (via flow 

cytometry), is that this method directly measures the cellular uptake of Cy5 into cells but does 

not indicate whether the pDNA is degrading. We attempted to evaluate the integrity of the 

released pDNA into solution via gel electrophoresis, however, due to the very low concentrations 

of released pDNA, we were not able to detect pDNA within the gel experiment. Thus, to 

evaluate the integrity of the pDNA that is released upon T4 hydrolysis within the multilayers, we 

also performed transfection experiments in HeLa cells with a similar procedure as the previous 

cellular uptake experiment. The HeLa cells were similarly transfected with the slide incubation 

solutions (after mixing with Lipofectamine 2000) and the expression of pDNA containing a GFP 

reporter gene was monitored via flow cytometry and fluorescence microscopy. In this 

experiment, if the pDNA was damaged during the incubation and release from the multilayers, 

GFP will not be expressed properly. As shown in Figure 6a-f, all the samples revealed a 

significant amount of GFP expression. Flow cytometry assays of the isolated cells showed that 

about 20% of the HeLa cells were positive for GFP expression at all sample time points (Figure 

6g). These data were consistent to the Cy5-pDNA uptake experiments, which showed that about 

18 - 25% of HeLa cells were positive for Cy5 fluorescence between 1 - 7 days. These data 

combined indicate that the pDNA released from the slides during this time period is mostly 

constant and the pDNA is also in tact and competent for expression. It should be noted here that 

for sample time points at 9 and 11 days, we observed an increase in release of pDNA from the 

coated slides as indicated by the increased Cy5-labeled pDNA uptake (Figure 5b), however, in 

the GFP expression experiment, we did not observe an increase in GFP expression level at these 

two time points.  At this point, we do not understand this discrepancy but it could be related to
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Figure 4.6 (a) – (f) Fluorescence microscopy images showing relative levels of green fluorescent 

protein (GFP) expression in HeLa cells. Cells were transfected with gWiz-GFP released from the 

coated quartz slide, using lipofectamine 2000 as the delivery vector. The collection time points 

for the pDNA released solutions are (a) 1, (b) 3, (c) 5, (d) 7, (e) 9, (f) 11 days. (g)  The quantified 

percentages of HeLa cells positive for GFP in the samples analyzed by flow cytometry.  Please 

note that without Lipofectamine 2000, GFP gene expression was not observed via microscopy 

and was not observed in the flow cytometry experiments. 
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to the intracellular barriers for gene trafficking to the nucleus and other intracellular barriers that 

are directly related to pDNA release from our LBL assemblies. 

4.5 ­ Summary 
Layer-by-layer deposition (LBL) of poly(L-tartaramidopentaethylenetetramine) (T4) and 

pDNA was carried out to fabricate ultrathin polycation and polyanion multilayer models on 

silicon and quartz substrates. Different models that contain an increasing number of T4/pDNA 

bilayers were constructed and the layer thickness was measured with ellipsometry. Stable 

multilayer models with 8 T4/pDNA bilayers showed a thickness of about 8nm and the thickness 

of theses models increased linearly with increase in number of T4/pDNA bilayers (between 2 - 8 

bilayers). To support the incorporation of pDNA in the multilayer deposited films, an assay was 

performed which showed the direct intercalation of ethidium bromide in the pDNA as compared 

to models coated with T4/Heparin bilayers. Incorporation of pDNA was also monitored by 

characterizing the multilayer models built on the quartz substrates by UV-Vis 

spectrophotometry. An increase in the characteristic absorbance at 260nm for double stranded 

pDNA implied the increased incorporation of pDNA with the increase in the number of 

T4/pDNA bilayers.  

Slides containing the multilayer models (8 bilayers) fabricated with a low concentration 

of pDNA (0.2 mg/ml) and T4 were incubated in PBS at physiological conditions and aliquots of 

the media were collected at regular time intervals. This media containing the released pDNA was 

complexed with Lipofectamine 2000 and was then used to carry out the cellular uptake and 

transfection studies in HeLa cells. The flow cytometry analysis showed that between 18-25% of 

HeLa cells were consistently positive for Cy5-pDNA between time points of 1-7 days. The 

number of cells positive for Cy5-pDNA increased up to 70% on day 11. Similar multilayer 

models incorporating pDNA encoding GFP were used to evaluate the integrity of pDNA for gene 
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expression. The transfection studies show that about 20% cells were positive for GFP expression 

between 1-7 days. These results are consistent with the transfection studies completed with the 

Cy5-labeled pDNA for the first 7 days. However, after day 7, the results were inconsistent with 

the Cy5-pDNA uptake where only about 20% of cells were positive for GFP expression. 

Here, the T4-pDNA multilayer films studied herein have shown to be a promising model 

for the controlled-release of pDNA from surfaces. Because the degradation of T4 yields different 

kinetics than polyesters (particularly at lower pH), T4 offers an alternative material with unique 

characteristics for controlled drug release from various surfaces.  Current studies are aimed at 

further examining this material and our other PGAA structures for release kinetics, integrity, 

degradation mechanism, and for coating on more medically-relevant surfaces for drug elution. 
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Chapter 5 

Poly(glycoamidoguanine)s: Novel guanidine 
containing polymers show pDNA delivery 

efficiency in non-toxic manner	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  



5.1 - Abstract 

In this study we have synthesized a new polymer series, 

poly(glycoamidoguanidine)s (PGAGs), in which each repeat unit contains a guanidine 

moiety attached to a carbohydrate moiety via amide bond on the backbone. PGAGs were 

also strategically designed to study the effects of the guanidine charge type on the 

biological performance as compared to the previously studied DNA delivery vehicles, 

poly(glycoamidoamine)s (PGAAs) which contain secondary amine (protonatable site) as 

charge type on the polymer backbone. The guanidine moiety on the polymer backbone 

facilitates the binding of PGAGs with the negatively charged plasmid DNA (pDNA) at 

low polymer/pDNA charge (N/P) ratio 1.5 to 2.5 and form stable polymer-pDNA 

complexes (polyplexes) around 100 nm at N/P ratio 5 and above. PGAGs when 

complexed with Cy5 labeled pDNA (Cy5-pDNA) at N/P ratio 10 and 25 show 80% to 

95% cells positive for Cy5 fluorescence in HeLa cell line. Only 75% cells positive for 

Cy5 fluorescence were noted for PGAA complexes in the same experiment. Toxicity of 

both PGAA and PGAG polyplexes was studied with MTT assay and over 95% cell 

survival was observed at N/P ratios 5, 10,15, 20, 25 and 30 in HeLa cell line exhibiting 

non-toxic behavior. The transgene expression was studied with lucifarase assay at 

different N/P ratio and PGAGs show similar transgene expression as compared to the 

PGAAs. This series of guanidine containing polymers show non-toxic behavior in HeLa 

cell line as compared to earlier reported guanidine containing DNA delivery vehicles, and 

they also, show a high cellular uptake and high transfection efficiency. Despite the fact 

that PGAGs lack in the buffering capacity due to the guanidine hard charge in the 
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chemical structure in the endosomal environment, the transgene expression in the 

lucifarase assay in case of PGAGs refutes the proton sponge hypothesis. 

KEYWORDS 

Charge type, guanidine, buffering capacity, cellular internalization and proton sponge 

hypothesis 



5.2 - Introduction 
Nucleic acid delivery has gained enormous attention by scientists due to promising results in the 

field of medicine [1]. However, in order to overcome various cellular barriers so that therapeutic 

DNA can be transported to targeted cells or tissues, researchers have typically used viruses as 

DNA delivery vehicles. Although viral vehicles are the current clinically used candidates as the 

DNA delivery vehicles but it also show severe immunogenicity, discouraging its use in the 

clinical trials. Different cationically charged macromolecules are under investigation as non-viral 

DNA delivery vehicles—principally because they can bind with the DNA and assist its cellular 

uptake and transport to the nucleus where the DNA can express the protein for which it was 

encoded. In addition to the low immunogenic response of these new compounds, non-viral DNA 

delivery vehicles are also easy to synthesize and can be designed to carry a high therapeutic load. 

Amongst various cationically charged macromolecules that have been proposed as non-viral 

delivery vehicles thus far, polyethyleneimine (PEI) shows high transfection efficiency; however, 

it also exhibits high toxicity. Conversely, chitosan, which is a naturally occurring polymer that 

incorporates a carbohydrate unit in the repeat unit, shows low transfection efficiency and low 

toxicity as a DNA delivery vehicle. Therefore, a novel series of polymers, 

poly(glycoamidoamine)s (PGAAs), were strategically designed and synthesized to incorporate 

oligoamine and carbohydrate moieties in their repeat unit. Several comprehensive studies using 

different mammalian cell lines have shown that PGAAs exhibit similar transfection efficiency as 

PEI, but has also displayed significantly reduced toxicity [2-5]. Moreover, earlier studies have 

shown that the carbohydrate group in PGAAs provides biocompatibily to the polymer and also 

facilitates the degradation of the polymer through hydrolysis of the amide bond [6, 7]. Among 

the PGAAs we studied, the compounds with four secondary amines in the oligoamine unit 

exhibited the best biological results amongst this wide library of glycopolymers. In PGAAs at a 
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physiological pH, about 20% (T1) of the amines were found to be protonated, which facilitates 

binding with pDNA to afford polymer/pDNA complexes. The interaction of these complexes 

with the glycosaminoglycans (GAGs) on the cell surface has been shown to be essential for the 

internalization of these polyplexes. After internalization, the polyplexes must escape from the 

endosomes before they are recycled out to the cell membrane or are degraded via the lysosomes.  
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Figure 5.1 Structures of different guanidine containing polymers and amine containing polymers 
studied in this chapter. The polymers also incorporate the galactarate or tartarate moiety in the 
structure. 
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Although PGAAs show high transfection efficiency and non-toxic behavior, a thorough 

understanding of the complex factors needed to design better DNA delivery vehicles is essential.  

The processes/parameters that must be investigated include how polymer-DNA complexation 

results in nanoparticles (termed polyplexes), the internalization and cellular uptake of the 

polyplexes, the release of polyplexes in the cytoplasm, the transport of these polyplexes to the 
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nucleus, and the release of DNA from the polyplexes into the nucleus. In addition to the various 

advantages discussed earlier, non-viral vehicles can also be chemically altered for studying the 

effects of different functional group on delivery mechanisms [2]. In summary, a systematic 

investigation of structure-bioactivity relationships is critical for the design of more efficient 

delivery vehicles for therapeutic compounds.  

 

Figure 5.2 Schematic representation of proton sponge theory which explains the release of the 
polyplexes from the endosomes into the cytoplasm. Figure adapted from Medina-Kauwe et al. 

 

One of the essential biological processes in DNA delivery involves the release of the polyplexes 

from the endosome to the cytoplasm. Endosomolysis, which can be a critical barrier to efficient 

delivery of macromolecules such as nucleic acids, is involved in the release of different 

bioconjugates from the endosomes.  A variety of theories have been proposed for this process, 

including pore formation [8, 9], the fusion and/or flip-flop [10] mechanism and the proton 

sponge hypothesis [11], which is associated with the endosomal escape of the polyplexes so that 
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they can release their cargo into the cytoplasm. Different polymers and dendrimers based on 

amino functionality have protonatable amines on the polyplexes. During the acidification of the 

early endosomes, the protonation of these amines can provide high buffering capacity. The 

subsequent influx of H+ ions from proton pumps on the endosomes to reduce the pH of these 

vesicles also causes high influx of Cl- ions in the endocytic vesicles. As a result of this osmotic 

imbalance across the endosomal membrane, water rushes in and swells the endosomes, which 

eventually rupture and release their cargo into the cytoplasm. Although this theory has been 

widely studied, it is nonetheless debated in the scientific community [12-14]. Guanidine group is 

cationically charged at physiological pH and can electrostatically bind to the negatively charged 

pDNA. Although some polymers have been reported in the past with guanidine functionality, 

these polymers contain either guanidine groups hanging as the pendant of the backbone, or 

guanidine groups grafted at the ends of the polymer or the dendrimers. These polymers are 

capable of forming small particles with pDNA—thereby facilitating its internalization but have 

also been shown to be very toxic. 

In this study, we have synthesized novel group of polymers, poly(glycoamidoguanine) 

(PGAGs) with guanidine functionality in the backbone and each repeat unit along with a sugar 

moiety, which to our knowledge is a unique materials based upon its functionality. These 

polymers with guanidine groups were strategically designed as the analogues of intensively 

studied PGAAs [2-7, 15-19] replacing the secondary amines in the polymer backbone. These 

polymers were developed in order to study structure-property relationships and on the different 

mechanisms involved in nucleic acid delivery—particularly with respect to the effects of changes 

in amine (PGAAs) versus guanidine (PGAGs) charge type present on the polymer backbone. As 

discussed earlier, subtle changes in the chemical structures of a delivery vehicle can affect its 

complexation with DNA, and thus the biological activity of the complex. 
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As we determined, the low molecular weight PGAGs completely retard the migration of 

pDNA at N/P 4 or less as verified by gel electrophoresis. In addition, at N/P 5 or higher, PGAGs 

could form stable complexes with pDNA (polyplexes) in the range of 60 to 200 nm. Biological 

assays in HeLa cells revealed that the polyplexes formed with PGAGs displayed higher cellular 

uptake over PGAA polyplexes. The presence of guanidine groups in the polymer backbone of 

the PGAGs may provide an artificial transduction domain (ATD) [20] to the PGAG polyplexes, 

which could promote cellular internalization. The guanidine group has high pKa and is 

protonated at the physiological pH, and thus provides no buffering capacity to the PGAG 

polyplexes in endosomes or lysosomes. Despite this lack of buffering capacity, studies have 

shown that these polymers have good transfection efficiency in HeLa cells. Moreover, research 

has indicated that PGAG polyplexes exhibit non-toxic behavior studied at all the different 

polymer to DNA ratio and are the only guanidine containing polymers reported to show such non 

toxic behavior. 
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5.3 - Materials and Methods 
5.3.1 General: Unless specified otherwise, all the chemicals were purchased from Sigma Aldrich 

Chemical Co. and were used without any further purification. NMR spectra were collected on an 

Inova MR-400MHz spectrometer and mass spectra were obtained on an IonSpec HiResESI mass 

spectrometer. Cell culture media and supplements were purchased from Gibro/Invitrogen 

(Carlsbad,CA). pCMVβ was labeled with a Cy5 nucleic acid labeling kit (Mirus, Madison, WI), and 

purified by QIAquick PCR purification kit (QIAGEN, Valencia, CA). HeLa cells were purchased 

from ATCC (Rockville, MD). The luciferase assays were completed with a Promega Luciferase 

Assay Kit (Madison, WI). The toxicity assays were performed with a Bio-Rad DC Protein Assay Kit 

(Hercules, CA). 

5.3.2 Synthesis of small compounds 
Tert­butyl 2,2'­thiocarbonylbis(azanediyl)bis(ethane­2,1­diyl)dicarbamate (2): 200 ml of dry 

methylene chloride was added to a 3 neck flask and was brought to -78oC. 1.665 ml (21.84 

mmol) of thiophosgene was added carefully to this flask under nitrogen. A mixture of 

monobocprotected ethylenediamine (1) (7g, 43.68 mmol) and diisopropylethylamine (DIPEA) 

(5.6 g, 43.68 mmol) in 200 ml of methylene chloride was added slowly and very carefully to the 

dark orange thiophosgene in methylene chloride over a period of two hrs. This reaction was 

carried out for two hrs and brought to room temperature. It was stirred for two hrs at room 

temperature and then was refluxed for two hrs. This reaction mixture was washed with water and 

the organic layer was dried over Na2SO4. Methylene chloride was evaporated under reduced 

pressure to leave sticky yellow soild. 100 ml of ethyl acetate was added to this residue and was 

sonicated for half an hour. A white precipitate was filtered out. This product was washed with 

cold ethylacetate, dried and characterized. Yield (64%). 1H NMR (400 MHz, CDCl3, TMS): δ = 

1.44 (s, 18H, C(CH3)3), 3.33 (m, 4H,  CH2NHCO), 3.54 (m, 4H, CH2NHCS), 5.14 (br, 2H, 
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NHCO), 6.70-7.06 (br, 2H, NHCS). 13C NMR (CDCl3): δ = 28.26, 39.73, 44.78, 79.88, 157.18, 

181.99. ESI-MS [C15H31N4O4S]+: m/z observed 363.2065, calcd 363.2061. 

1,3­bis(2­(tert­butoxycarbonylamino)ethyl)­2­methylisothiouronium  iodide  (3): 2 was 

dissolved in acetonitrile in a RBF and then methyl iodide was added in excess to this reaction 

mixture. This reaction mixture was stirred at 50oC for 8 hrs. Acetonitrile and excess methyl 

iodide were evaporated under reduced pressure and pure product was dried and characterized. 

Yield (92%). 1H NMR (400 MHz, CDCl3, TMS): δ = 1.42 (s, 18H, C(CH3)3), 2.75(s, 3H, CH3S), 

3.43-3.56 (m, 6H,  CH2CH2NHCO), 3.54 (m, 2H, CH2
+NH=CS), 5.58, 5.72 (2 x s, 2H, NHCO), 

8.74, 8.98 (2 x s, 2H, +NH=CS(CH3)NH). 13C NMR (CDCl3): δ = 15.27, 28.33, 38.25, 39.30, 

45.94, 79.74, 80.59, 156.65, 158.28, 168.28. ESI-MS [C16H34N5O4 - I]+: m/z observed 377.2216, 

calculated 377.2222. 

 1,3­bis(2­(tert­butoxycarbonylamino)ethyl)­2­methylguanidinium iodide (4): 3 was dissolved 

in chloroform and was stirred at 50 C. To this 2 ml of 2 M methylamine in tetrahydrofuran 

(THF) was added every 4 hrs. After 20 hrs low boiling compounds were evaporated under 

reduced pressure to leave very viscous colorless oil. 1H NMR (400 MHz, CDCl3, TMS): δ = 1.43 

(s, 18H, C(CH3)3), 2.99 (s, 3H, CH3
+NH=C), 3.39 (q, 4H,  CH2NHCO), 3.51 (m, 4H, 

CH2NHCS), 5.78 (t, 2H, NHCO), 7.30 (s, 2H, NHCS), 7.32 (s, 1H, +NH=CS). 13C NMR 

(CDCl3): δ = 28.32, 28.67, 39.24, 43.27, 80.31, 155.00, 157.95. ESI-MS [C16H34N5O4 - I]+: m/z 

observed 360.2615, calculated 360.2610. 

1,3­bis(2­(tert­butoxycarbonylamino)ethyl)­2­guanidinium  iodide  (5): 3 was dissolved in 

chloroform and was stirred at 40C. To this 2 ml of 7 N ammonia in methanol was added every 

four hrs. After 20 hrs low boiling compounds were evaporated under reduced pressure to leave 

very viscous colorless oil. 1H NMR (400 MHz, CDCl3, TMS): δ = 1.44 (s, 18H, C(CH3)3), 3.33 

(m, 4H,  CH2NHCO), 3.40 (m, 4H, CH2NHCS), 5.44 (s, 2H, NHCO), 7.02 (s, 2H, NHCS), 7.68 
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(s, 2H, +NH2=CS). 13C NMR (CDCl3): δ = 28.36, 39.37, 41.92, 80.21, 156.38, 157.19. ESI-MS 

[C15H32N5O4 - I]+: m/z observed 346.1934, calcd 346.2449. 

1,3­bis(2­aminoethyl)­2­methylguanidine  trihydrochloride  (6): 4 was dissolved in 10 ml of 

trifluroacetic acid (TFA) and stirred at room temperature. After two hours the TFA was 

evaporated under reduced pressure. The dark brown oil was obtained. This oil was dissolved in 

20 ml of ethanol and to this 2 ml of concentrated hydrochloride was added. The white precipitate 

crashed out of the mixture which was then filtered and washed with cold ethanol. This white 

precipitate was then dried and characterized. Yield 59%. 1H NMR (400 MHz, D2O): δ = 2.82 (s, 

3H, CH3N), 3.19 (CH2NHC), 3.53 (CH2NH2). 13C NMR (CDCl3): δ = 27.81, 38.07, 38.66, 

155.52. ESI-MS [C6H18N5 - Cl]+: m/z observed 160.1554, calculated 160.1562. 

1,3­bis(2­aminoethyl)­2­guanidine  trihydrochloride  (7): 5 was dissolved in 10 ml of 

trifluroacetic acid (TFA) and stirred at room temperature. After two hours the TFA was 

evaporated under reduced pressure. The dark brown oil was obtained. This oil was dissolved in 

20 ml of ethanol and to this 2 ml of concentrated hydrochloride was added. The white precipitate 

crashed out of the mixture which was then filtered and washed with cold ethanol. This white 

precipitate was then dried and characterized. Yield 63%. 1H NMR (400 MHz, D2O): δ = 3.19 

(CH2NHC), 3.53 (CH2NH2). 13C NMR (CDCl3): δ = 38.06, 38.74, 156.26.  ESI-MS [C5H16N5 - 

Cl]+: m/z observed 146.1402, calcd 146.1406. 

5.3.3 Polymer synthesis 

Poly(L­tartaramidodiethyleneamine) T1 (control): 0.1 g (0.9698 mmol) of diethylenetriamine 

was weighed out in a round bottom flask. To this 0.96 ml (2.0 M) of methanol was added to 

dissolve diethylenetriamine. 0.1727 g (0.9698 mmol) of dimethyl L-tartarate was weighed out 

carefully and was added to the roundbottom flask. This mixture was stirred for 24 hrs at room 

temperature and 5 ml of water was added to this reaction mixture after 24 hrs. The reaction 
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mixture was completely dissolved in the 5 ml of water. This reaction mixture was then dialyzed 

in 1000 Da molecular weight membrane against the ultrapure water to get rid of relatively 

smaller molecular weight compounds. The reaction mixture in water was then lyophilized to 

dryness. Polymer was then characterized with GPC 

Poly(galactaramidodiethyleneamine) G1  (control): 0.3 g (2.909 mmol) of diethylenetriamine 

was weight out and was dissolved in 58.1 ml (0.1 M) methanol. 0.693 g (2.909 mmol) of 

dimethyl meso-galactarate was added to this reaction mixture. This reaction mixture was stirred 

for 24 hrs. Methanol was evaporated under reduced pressure to leave white solid in the flask. To 

this 10 ml of ultrapure water was added and the white solid was dissolved in water. This mixture 

was transferred in a 1000 Da molecular weight membrane and was exhaustively dialyzed against 

ultrapure water to remove relatively smaller molecular weight compounds. This mixture was 

then flash frozen in a scintillation vial and the water was lyophilized to live white fluffy solid 

behind. Polymer was then characterized with GPC 

Poly(galactaramidodiethylenemethylguanine)  GGme: 150 mg (0.556 mmol) of Compund 6 

was weighed out and was added to 2 ml of methanol. To this 400 μl (5 x 0.556 mmol) of 

triethylamine (TEA) was added. This mixture was stirred for 15 minutes until a homogeneous 

mixture was obtained. To this mixture 132.4 mg (0.556 mmol) of dimethyl meso-galactarate was 

added. This reaction mixture was stirred at room temperature for 48 hrs. 5 ml of ultrapure water 

was added to this reaction mixture to dissolve any precipitated solids. This mixture was 

transferred in a 1000 Da molecular weight membrane and was exhaustively dialyzed against 

ultrapure water to remove relatively smaller molecular weight compounds. This mixture was 

then flash frozen in a scintillation vial and the water was lyophilized to leave sticky white solid 

behind. Polymer was then characterized with GPC 
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Poly(L­tartaramidodiethylenemethylguanine)  TGme: 150 mg (0.556 mmol) of compound 6 

was weighed out in a 5 ml round bottom flask (RBF). 1 ml of methanol was added to this RBF. 

400 μl (5 x 0.556 mmol) of triethylamine was added to this mixture and stirred for 15 min to 

obtain a homogeneous mixture. To this reaction mixture 99.1 mg (0.556 mmol) of dimethyl L-

tartarate was added and the reaction mixture was stirred for about 3 minutes to observe Dimethyl 

L-tartarate to dissolve. The reaction mixture was then stirred for 120 hrs and then methanol was 

evaporated under reduced pressure to leave white solid behind. 5 ml of ultrapure water was 

added to this reaction mixture to dissolve any precipitated solids. This mixture was transferred in 

a 1000 Da molecular weight membrane and was exhaustively dialyzed against ultrapure water to 

remove relatively smaller molecular weight compounds. This mixture was then flash frozen in a 

scintillation vial and the water was lyophilized to leave sticky yellowish solid behind. Polymer 

was then characterized with GPC 

Poly(galactaramidodiethyleneguanine) GG: 100 mg (0.393 mmol) of compound 7 was weighed 

out in a RBF and to this 2 ml of methanol was added. To this 275 μl (5 x 0.393 mmol) of 

triethylamine (TEA) was added. This mixture was stirred for 15 minutes until a homogeneous 

mixture was obtained. To this mixture 94.0 mg (0.393 mmol) of dimethyl meso-galactarate was 

added. This reaction mixture was stirred at room temperature for 48 hrs. 5 ml of ultrapure water 

was added to this reaction mixture to dissolve any precipitated solids. This mixture was 

transferred in a 1000 Da molecular weight membrane and was exhaustively dialyzed against 

ultrapure water to remove relatively smaller molecular weight compounds. This mixture was 

then flash frozen in a scintillation vial and the water was lyophilized to leave sticky white solid 

behind. Polymer was then characterized with GPC 

Poly(L­tartaramidodiethyleneguanine)TG: 150 mg (0.59 mmol) of compound 7 was weighed 

out in a 5 ml round bottom flask (RBF). 1 ml of methanol was added to this RBF. 425 μl (5 x 



 114

0.59 mmol) of triethylamine was added to this mixture and stirred for 15 min to obtain a 

homogeneous mixture. To this reaction mixture 105.5 mg (0.59 mmol) of dimethyl L-tartarate 

was added and the reaction mixture was stirred for about 3 minutes to observe Dimethyl L-

tartarate to dissolve. The reaction mixture was then stirred for 120 hrs and then methanol was 

evaporated under reduced pressure to leave off-white solid behind. 5 ml of ultrapure water was 

added to this reaction mixture to dissolve any precipitated solids. This mixture was transferred in 

a 1000 Da molecular weight membrane and was exhaustively dialyzed against ultrapure water to 

remove relatively smaller molecular weight compounds. This mixture was then flash frozen in a 

scintillation vial and the water was lyophilized to leave sticky yellowish solid behind. Polymer 

was then characterized with GPC. 

5.3.4 Polymer characterization 

 The molecular weight, and polydispersity were characterized with Viscoteck GPCmax equipped 

with a GMPWXL column coupled to a triple detector (static light scattering, viscometry and 

refractive index).  A solution of 0.5 M sodium acetate in 80:20 water to acetonitrile was used as 

mobile phase. pH of the mobile phase was adjusted to pH 7 by adding acetic acid. Sample prep 

was done by dissolving about 2 mg of polymer sample in 1 ml of mobile phase, and injected onto 

the column (100 μl) and eluted at 0.6 ml/minute. 

 

5.3.5 Polyplex characterization 

Gel  electrophoresis: The binding between GG, GGme, GT and GTme polymers and DNA is 

tested by gel electrophoresis under 60 V for 60 minutes. Ethidium bromide (0.6 μg/ml) contained 

agarose gel (0.6 % w/v) was made with pure agarose, 10 mg/ml ethidium bromide solution and 

1X TAE buffer. Plasmid DNA (pCMV-lacZ) was diluted into 0.1 mg/ml stock solution with 

Gibco nuclease-free water. Different guanidine polymers are dissolved in Gibco nuclease-free 
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water to make N/P 50 (N = number of guanidine groups on polymer, P = number of phosphate 

groups on DNA) stock solution. Then different polymer solutions with different concentration 

(N/P 0 to 50) were made by diluting polymer stock solution. 10 μl polymer solution was then 

added into 10 μl DNA solution to form polyplexes at different N/P ratios and incubated for 60 

min before adding 2 μl loading buffer (Blue Juice). 15 μl solution of each sample was loaded to 

the gel for testing. 

Dynamic Light Scattering: Polyplexes at different Polyplex sizes were measured at 633 nm on a 

Zetasizer (Nano ZS) dynamic light scattering instrument (Malvern Instruments, Malvern, UK). 

Polyplexes (N/P 2 to 30) were formed by incubating each aqueous polymer solution (150 µL in 

H2O) with pCMVβ (150 µL, 0.02 µg/ µL in H2O) for 40 min.  The particle size of polyplexes 

was characterized by with a detection angle of 173° in triplicate in water at 25 °C with and the 

average size and standard deviation are reported for each polyplex solution. 

Transmission Electron Microscopy: Polymer-pDNA complexes were prepared at N/P = 20 as 

described above for the dynamic light scattering studies.  Samples (5 μL of the polyplex solution 

in water) were applied in duplicate to 400-mesh carbon-coated grids (EMS, Fort Washington, 

PA) and incubated for 60 s. Excess liquid was removed by blotting with kimwipe.  Samples were 

negatively stained with uranyl acetate (2%, w/v) for 90 s and again blotted with kimwipe.  TEM 

images were recorded with a JEOL JEM-1230 transmission electron microscope operated at 60 

kV. 

5.3.6 Cell Culture Experiments  

HeLa (human cervix adenocarcinoma) cells are purchased from ATCC. Cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) with 10 % fetal bovine serum (FBS) and 1 % 

antibiotics in 5 % CO2 at 37 oC. All the experiments used identical passage of cells and same 
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batch of reagents; all samples were prepared with Gibco nuclease-free water and all materials 

were autoclaved or treated under UV light for 15 min to make results reproducible. 

 Luciferase Assay  in Serum­free Medium: HeLa cells were cultured in a 24-well plate with a 

density of 5x104 cells/well and incubated for 24 hours prior to transfection. 150 μl GG, GGMe, 

TG, TGMe, G1, T1, poly-L-arginine and glycofectTM were added into 150 μl luciferase DNA 

(0.02 mg/ml) at N/P ratio 5, 10, 15, 20, 25 and 30 at room temperature. A 60-minute incubation 

time was given before 600 μl serum-free medium (Opti-MEM) was added. HeLa cells were 

washed with 0.5 ml PBS and 300 μl polyplex solution (containing 1 μg DNA and different 

amount of polymer) was added to cells in each well. Untranfected cells and cells transfected with 

DNA only were used as negative controls. Experiments were done in triplicate. Four hours after 

transfection, 800 μl 10% FBS DMEM solution was added to each well. Twenty-four hours after 

transfection, medium was replaced with 1 ml 10% FBS DMEM solution in each well. Forty-

eight hours after transfection, cells were washed with PBS and lysed with cell culture lysis buffer 

(Promega). Bio-Rad DC protein assay kit was used to determine the amount of protein in cell 

lysates. For luciferase activity, cell lysates were analyzed with luciferase substrate. 

Luminescence was measured over 10 s with a luminometer (GENios Pro, TECAN US, Research 

Triangle Park, NC). 

MTT Assay: HeLa cells were cultured in a 24-well plate with a density of 5x104 cells/well and 

incubated for 24 hours prior to transfection. 150 μl GG, GGMe, TG, TGMe, G1, T1, poly-L-

arginine and glycofectTM were added into 150 μl pCMV-lacZ DNA (0.02 mg/ml) at N/P ratio 5, 

10, 15, 20, 25 and 30 at room temperature. A 60-minute incubation time was given before 600 μl 

serum-free medium (Opti-MEM) was added. HeLa cells were washed with 0.5 ml PBS and 300 

μl polyplex solution (containing 1 μg DNA and different amount of polymer) was added to cells 
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in each well. Untranfected cells and cells transfected with DNA only were used as negative 

controls for cytotoxicity. Experiments were done in triplicate. Four hours after transfection, 800 

μl 10% FBS DMEM solution was added to each well. Twenty-four hours after transfection, cells 

were washed with 0.5 ml PBS. Then 0.5 ml 0.5 mg/ml MTT in 10% FBS DMEM solution was 

added to each well. After incubated at 37 oC for 1 h, cells were washed with 0.5 ml PBS and 

lysed with 600 μl DMSO. An aliquot of 200 μl cell lysate was loaded to a 96-well plate for 

colorimetric measurement. Samples were measured with a spectrophotometer (GENios Pro, 

TECAN US, Research Triangle Park, NC) with wavelength 570 nm. Cell viability profiles were 

characterized by the absorbance. Cell viability of transfected cells was normalized to that of 

untransfected cells. 

Flow Cytometry: HeLa cells were cultured in a 6-well plate with a density of 2.5x105 cells/well 

and incubated for 24 hours prior to transfection. 250 μl GG, GGMe, TG, TGMe, G1, T1, poly-L-

arginine and glycofectTM were added into 250 μl Cy5 (excited at 633 nm) labled pCMV-lacZ 

DNA (0.02 mg/ml) at N/P ratio 10 and 25 at room temperature. A 60-minute incubation time was 

given before 1 ml serum-free medium (Opti-MEM) was added. HeLa cells were washed with 1 

ml PBS and 1.5 ml polyplex solution (containing 5 μg DNA and different amount of polymer) 

was added to cells in each well. Untranfected cells and cells transfected with DNA only were 

used as negative controls for cellular uptake. Experiments were done in duplicate. Two hours 

after transfection, cells were rinsed with PBS several time to remove polyplexes bound to cell 

membrane. 1 ml 10% FBS DMEM was then added to allow further endocytosis for 30 min. Four 

and half hours after initial transfection, cells were washed with PBS, trypsinized, pelleted, the 

supernants were removed, and cells were resuspended in PBS for fluorescent active cell sorting 
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(FACS) analysis. Cells were measured with a FACSCanto II (Becton Dickenson, San Jose, CA). 

Twenty thousand events were recorded. 

5.4 - Results and Discussion  
This study is an attempt towards understanding the structure-bioactivity relationship of earlier 

studied poly(glycoamidoamine)s (PGAAs). Chemical structure of repeat unit of PGAAs 

incorporates a carbohydrate moiety and secondary amines. PGAAs promote the binding with 

DNA due to the protonated secondary amines present as charge type on the polymer backbone. 

Here we have synthesized another polymer series, poly(glycoamidoguanine)s (PGAGs), 

analogues to the PGAAs with guanidine or methylguanidine as a charge type. The guanidine 

group has high pKa value of around 12.5 (dependant on the substituent) and are always 

protonated at physiological pH as compared to about 50% sencondary amines protonated at 

physiological pH in case of PGAAs (T1) [18]. As the subtle changes in the chemical structure 

[21, 22] of the delivery vehicle can have a high effect on the biological properties of the 

polymer, the different charge types in the PGAAs and PGAGs can show different binding 

affinity towards the pDNA and thus can affect the polyplex formation, cellular uptake of the 

polyplexes, its release from the endosome, release of the DNA in the nucleus which collectively 

can affect the transgene expression. Also, according to proton sponge hypothesis the PGAGs in 

the polyplexes wouldn’t provide any buffering capacity in the endosome resulting in no 

endosomal release of the polyplexes. The transgene expression, if resulting from the luciferease 

assay will be an indication of refuting the proton sponge hypothesis.  

5.4.1 Monomer and polymer synthesis  
Poly(glycoamidoguanine)s (PGAGs) were designed based on the similar ammonolysis chemistry 

used before for the synthesis of PGAAs. The diamine with a guanidine moiety in the architecture 

is commercially not available and was designed from the Sambrook et al [23]. As shown in 
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scheme 5.1, mono-boc-protected ethylenediamine synthezed from the earlier reported procedure 

[24] was reacted carefully with thiophosgene at -78 oC in presence of diisopropylethylamine 

(DIPEA), the reaction mixture was warmed up to room temperature and then refluxed. 
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Scheme 5.1 Synthetic scheme for the synthesis of the guanidine containing monomers. i) 
Thiophosgene, DIPEA, -78 oC-reflux, CHCl3 ii) methyl iodide, 50 oC, Acetonitrile. iii) 4.0 N 
methylamine (4) in THF, 6.0 N ammonia (5) in methanol. iv) TFA, ethanol (0.5 % HCl) wash 
 

  After purification a thiourea (2) compound was obtained and this compound was then reacted 

with methyliodide to result into methyl thiourea (3). The methyl thiourea was then treated with a 

nucleophile such as ammonia or methyl amine in order to get guanidine (5) or methyl guanidine 

(4) compound. Both the guanidine incorporating compounds were then treated with 

trifluoroacetic acid (TFA) in order to deprotect the amine groups by removing the boc groups. 

The final guanidine (7) or methyl guanidine (6) containing compounds were then dissolved in 
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ethanol and concentrated HCl was added to this solution and guanidine containing diamines with 

HCl salt were precipited out, dried and characterized. 

 

Scheme 5.2 Synthetic scheme for polymerization. a) TEAm MeOH 

 

Step growth polymerization between diamines and dieaster as explained in the PGAAs synthesis 

was used for the PGAGs synthesis. The PGAG polymer series was synthesized using diamines 

incorporating guanidine (7) or methylguanidine (6) moieties with dimethyl meso-galactarate or 

dimethyl-L-tartarate to yield four different polymers. G and Gme were dissolved in methanol in 

presence of TEA and then reacted with dimethyl meso-galactarate for 48 hrs to synthesize the 

galactarate series. Similarly the tartarate series was synthesized by reacting G and Gme with 

dimethyl-L-tartarate in similar conditions for 120 hours. The reaction mixture was then dialyzed 

with 1000 kDa molecular weight membrane against ultrapure water in order to separate the low 
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molecular weight molecules and to get low polydispersed polymers. PGAG polymer series was 

then characterized with gel permeation chromatography (GPC) and different batches of PGAGs 

were used to obtain the degree of polymerization in the range four to five. Although a very small 

degree of polymerization of around five (oligomers) was obtained for this series which due to the 

nature of the monomer and the precipitation of the polymer from the reaction mixture. 

 

Table 5.1 Different guanidine and amine containing polymers 

Polymer Mw (kDa) Mw/Mn n 

GG 1.3 1.2 4 

GGme 1.3 1.3 4 

TG 1.3 1.2 5 

TGme 1.4 1.2 5 

G1 1.3 1.3 5 

T1 1.1 1.3 4 

 

The PGAAs with one secondary amines with either galactarate or tartarate moieties (G1 and T1) 

were resynthesized to get similar  DP in order to see the effect of the charge center on the 

binding with pDNA and the biological activity of the polyplexes. Table 5.1 shows the different 

polymers synthesized and the degree of polymerization of the corresponding polymers. 

 

5.4.2 Polyplex characterization 
Gel	Electrophoresis	Shift	Assay: After the synthesis of the PGAGs series, its binding with the 

pDNA was characterized using gel electrophoresis assay in order to observe the inhibition of 

pDNA migration with increased N/P or polymer ratio. Different polyplexes with increasing N/P 
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ratio from zero (pDNA only) to 30 were prepared by adding the appropriate concentration of 

polymer solution to pDNA solution and incubating the mixture solution for 60 minutes to form 

the complexes. As observed in Figure 5.3 at N/P zero (pDNA only) the DNA migration towards 

the positive electrode is observed. The increase in the polymer ratio influences the binding of 

polymer with pDNA and decreases the pDNA migration towards the positive electrode. 

 

Figure 5.3 Gel electrophoresis shift assay for the PGAGs complexed with pDNA in different N/P 
ratios from 0 (pDNA only) to 30. a) shows retardation of DNA migration implying binding of 
polymer GGme with pDNA at N/P 2. b) shows the binding of polymer TGme at N/P 2.5. c) 
shows the binding of polymer GG with pDNA at N/P 1.5 d) shows the binding of polymer TG at 
N/P 2. 

 

The Figure 5.3 shows that all the PGAGs bind the pDNA at the N/P ratio 2.5 or less as compared 

to the amine containing polymers G1 and T1 which show the retardation of the DNA migration 

at around N/P 10 exhibiting higher affinity of the guanidine containing polymers (PGAGs) 

towards the pDNA binding over amine containing polymers (PGAAs). Galactarate based 

guanidine containing polymers (GG N/P = 1.5, GGme N/P = 2) bind pDNA at a lower N/P ratio 

as compared to the tartarate based polymers (TG N/P = 2, TGme N/P=2.5) implying role of 

higher number of hydroxyl groups in galactarate moiety may have role in the increased binding 

affinity. Also, the PGAGs with methyl guanidine group exhibit lower binding affinity with 

pDNA over the PGAGs with guanidine group which implies that there might be less binding 
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interaction as with increased substituents on the guanidine moiety contributing to increased 

sterics. However, all PGAGs show higher binding affinity with pDNA and completely retard the 

migration of the DNA on the gel electrophoresis at lower (2.5 or less) N/P ratio as compared to 

the PGAAs (G1 and T1) which show complete retardation of the DNA at N/P around 10. 

Polyplex size: The gel shift assay shows that the PGAGs are capable of binding with pDNA at 

lower N/P ratio. It is then important to know the size of the polyplexes and charge on the 

polyplex surface as this is previously has been studied to affect the cellular uptake of the 

polyplexes and further biological activity. The characterization of the polyplexes for its size was 

done using the dynamic light scattering (DLS) at N/P 2 to 30 (Figure 3.5). It was observed that 

all the PGAGs show stable polyplex formation at the N/P ratio 5 and above. The polyplexes 

average size at N/P ratio 2 was about a micron and was not reproducible. The polyplex size at 

N/P 5 was reproducible and was in the range from 70-300 nm for all the polymers in PGAG 

series although the polyplex size reduced to about 70 nm at N/P 10 and showed a very small 

error bar. Further increase in the N/P ratio did not result in further compaction of the polyplexes 

and the polyplex size attains the plateau after N/P 10. The transmission electron micrograph 

(Figure 5.4 f) for GGme at N/P 20 also supports  the polyplex size ~70 nm. G1 and T1 are the 

when characterized for the particle size shows particle size of about 500 nm at higher N/P ratios. 

This is due to the fact that both PGAAs and PGAGs are short polymers and lack the 

cooperativity effect for the binding with pDNA as compared to longer polymers. But in case of 

PGAAs with secondary amine as a soft charge center which may not assist enough binding at 

lower N/P ratio. On the other hand the PGAGs are protonated at the physiological pH and thus 

have higher charge density and thus provide higher affinity towards the binding with pDNA.  
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Figure 5.4. The polyplex size of the poly(glycoamidoguanine) polymer series when complexed 
with pDNA at different N/P ratio from 0 (pDNA only) up to 30 (increasing the polymer ratio) 
and then incubated for 40 minutes. a) The polymer GGme shows polyplex formation at N/P 2 
although the size of the polyplexes formed is not reproducible and indicates that the polyplex 
formed are not stable. At N/P 5 the polymer shows polyplex of size ~200 nm and the size further 
reduces for ~70 nm at N/P 15 and higher. Zeta potential reveal similar trend and shows positive 
zeta potential around between N/P 2 and 5 and higher. Zeta potential also attains a plateau after 
N/P ratio 10. b), c), d) similar trends and show formation of stable polyplexes for TGme, GG and 
GT at N/P 5 and above. e) Representation of the all four PGAGs complexedwith pDNA at N/P 5 
and 20 and shows that at N/P 20 polymers form smaller polyplex size of ~70 nm and also have 
positive charge on the suface. f) A transmission electron microscopy image of the GGme 
polymer complexed with pDNA at N/P 20 and shows that the polyplexes formed are around ~70 
nm 
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Zeta	potential: As shown in Figure 5.4 the zeta potential of the PGAG polymers in the aqueous 

solution results in the positive surface charge on the polyplexes. The zeta potential measurement 

show that the PGAG polyplexes formed at N/P ratio five show positive value and it increases as 

the N/P ratio increased to 10 but attains a plateau similar as the particle size. It is interesting to 

find both particle size and the zeta potential attains a plateau after N/P about 10 and is an 

indication that the polyplexes formed are thermodynamically stable at N/P 10 and there is no 

further effect of additional polymer on the polyplexes in the solution. 

5.4.3 Cellular uptake and transgene expression studies 

In order to study the cellular uptake of the PGAGs (GG, GGme, GT, GTme) based polyplexes, 

flowcytometry assay was carried out to investigate both, the number of cells that are positive for 

Cy5-labeled pDNA and the average intensity of Cy5 florescence in the cells. PGAG polyplexes 

were formed at N/P 10 and 25 and HeLa cells were incubated with each polyplex solution for 2 

hours. Before characterization of the cells positive for Cy5 fluorescence, the cell surface bound 

polyplexes were washed with PBS in order to get the accurate characterization. The cells were 

then incubated with polyplexes and for 2 hours of transfection the cells were trypsinized and 

pelleted before its analysis with the FACS. The analyzed data as shown in the Figure 5.5 for per 

cent cells positive for the Cy5 fluorescence and the mean fluorescence intensity is represented in 

Figure 5.5. Only 20 % of the cells were positive for the Cy5 fluorescence in negative control 

(DNA only). Both the polymer series PGAGs and PGAAs show increase in the uptake of the 

DNA by HeLa cells and about 90 % of cells are positive for the Cy5 fluorescence for the PGAGs 

(except . It is also interesting to note that, PGAGs show similar cellular uptake of pDNA as the 

positive control GlycofectTM and show higher cellular uptake than the other analogues PGAAs 

(G1 and T1). The increased cellular uptake in case of PGAGs over PGAAs may be because of 

the guanidine groups present on the polymer backbone which may provide PGAGs an artificial 
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transduction domain (ATD). ATD provided by the guanidine groups have been shown to be 

responsible for the cellular uptake of the macromolecules in to the cells [20]. This is an 

important aspect of this delivery vehicle as the guanidine groups on the backbone of the 

polymers not only assists in the polyplex formation but also can assists in the cellular uptake 

making it a smart delivery vehicle. 

 

 

Figure 5.5 Cellular uptake of Cy-5 labeled PGAG and PGAA polymer series complexed with 
pDNA at N/P ratio 10 and 25 in HeLa cells. Cells only and DNA only are used as negative 
controls. GlycofectTM (N/P 25) was used as positive control. Poly-l-arginine (PLA) was also used 
as another positive control as this is a guanidine containing commercially available polymer. The 
bars represent the per cent cells positive for Cy-5 fluorescence and line represents mean 
fluorescence intensity of the cells.  
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Figure 5.6 Luciferase gene expression observed with polyplexes formed with PGAG, PGAA 
series and Glycofect, poly-L-arginine (positive controls). The polyplexes are formed at different 
N/P ratios from 5 to 30. The gene expression values are shown as relative light units (RLU). The 
data is reported as the mean standard of deviation of three replicates. 

 

Figure 5.7 Luciferase gene expression observed with polyplexes formed with PGAG, PGAA 
series and Glycofect, poly-L-arginine (positive controls). The polyplexes are formed at N/P ratio 
10 and 25. The gene expression values are shown as relative light units per milligram of protein 
(RLU/mg). The data is reported as the mean standard of deviation of three replicates. 
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Luciferase reporter gene expression assay were carried out in order to characterize how 

efficiently guanidine containing polymers can deliver pDNA to HeLa cells, and is quantified by 

the amount of luciferase gene expression of cells for each polymer. The luciferase assay carried 

in the serum (Figure 5.6) shows that PGAGs increase the luciferase with increase in the N/P 

ratios from 5 to 30. Within all N/P ratios, 10 and 25 are the most representative results. 

Compared to low molecular weight G1 and T1, GG, GGme and TGme have similar gene 

expression level. However, TG barely showed gene expression at N/P ratio 10, and showed a 

lower expression level at N/P ratio 25 compared to other guanidine containing polymers, G1 and 

T1. It is also interesting that GG has a higher gene expression level than GGme, while, a reverse 

trend was observed for the tartarate based guanidine containing polymer (TGme better than TG). 

GlycofectTM, as a positive control for gene expression, showed much higher gene expression at 

all N/P ratios. Poly-L-arginine (PLA) showed decreasing expression level due to its high 

cytotoxicity.  For gene expression studies done in serum medium at N/P 10 and 25 (Figure 5.7), 

the protein assay shows that all polyplexes are non-toxic. For expression results, GlycofectTM 

showed highest and similar gene expression results. While G1, T1, GGme and TG barely 

showed any luciferase expression. It is noticeable that GG shows increasing luciferase 

expression from N/P 10 to 25. Also, at N/P 25, GG gave a competitive result compared to 

GlycofectTM. 

Cell viability of the all the polymers were characterized by MTT assay with HeLa cells. As 

shown in Figure 5.8, both PGAG and PGAA series exhibit a non-toxic behavior and more than 

90 % of the cells are viable at all the N/P ratio from 5 to 30 over the 48 hours of transfection. 

The positive control GlycofectTM shows the similar high non-toxic behavior as the PGAGs. Poly-

L-Arginine (PLA) is a commercially available polymer which incorporates guanidine group in 

the each repeat unit as pendant and also have been studied as the DNA delivery vehicle in the 
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previous studies as shown in the literature. In this study PLA was shown to be very toxic and it 

shows about 80 % cell viability at N/P ratio 5 and the cell viability drastically decreased to about 

16 % as the N/P ratio increased to 20 and above. In addition, the guanidine containing polymers 

used as the DNA delivery vehicle in the literature also show a very toxic behavior. The 

incorporation of the carbohydrate group in addition to the guanidine group in each repeat unit in 

case of PGAGs results in very low toxicity.  

 

 

Figure 5.8 Fraction of cell survival in HeLa cells transfected with polyplexes formed with pDNA 
and each Poly(glycoamidoguanine)s (PGAGs) and PGAAs, Glycofect, and poly-L-arginine at 
different N/P ratio from 5 to 30 in the absence of serum. The fraction cell survival is normalized 
to the untransfected cells. DNA only was also used as the positive control. 

5.5 Conclusions 
Poly(glycoamidoamine)s (PGAAs) synthesized before show high pDNA delivery in non-toxic 

manner in mammalian cell lines. This series is rationally designed to incorporate one oligoamine 

and carbohydrate unit in the repeat unit. In order to design new materials, it is important to 
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understand the reasons for the high efficiency of the delivery vehicles. For this purpose, we are 

interested in synthesizing second generation PGAAs to understand the structure-bioactivity of 

the delivery vehicles. Lee et al. in past have shown that increase in the number of secondary 

amine in the repeat unit of PGAAs does not further increase the transgene expression but 

increases the toxicity [2]. In this study we have synthesized a analogues series of polymers 

poly(glycoamidoguanine)s (PGAGs), which contain guanidine as a charge type as compared to 

the amine as charge type in the PGAAs. As guanidine group is protonated at the physiological 

pH, incorporation of the guanidine groups in the polymer chain was assumed to have different 

affinity towards pDNA. The polyplexes from PGAGs show binding at low N/P ratio and form 

~100 nm particles when complexed with pDNA as characterized from gel electrophoresis shift 

assay and DLS and the results are consistent with the previously reported guanidine containing 

polymers [25, 26]. The previously reported guanidine containing polymer in the literature show 

high toxicity although incorporation of the carbohydrate unit attached to the guanidine moiety 

via amide bond in the PGAGs make the polyplexes absolutely non-toxic as characterized from 

the MTT assay. 

 PGAGs show high cellular uptake in the HeLa cells as compared to the amine containing 

analogues (G1 and T1). The higher cellular uptake of PGAGs can be attributed to the guanidine 

groups on the polymers as the guanidine groups can assists the polyplex endocytosis as reported 

earlier [25, 26]. The higher cellular uptake of PGAG polyplexes than PGAAs only results in the 

comparable transgene expression PGAGs with PGAAs, suggesting barrier to the nuclear 

transport of PGAG polyplexes. A delivery vehicle which can provide barrier to the transport of 

the polyplexes to the nucleus can be efficiently used as a siRNA delivery vehicle. Also, PGAGs 

do not provide any buffering capacity to the polymers as the guanidine groups are hard charges 

on the polymer backbone. PGAG polyplexes, according to proton sponge hypothesis should not 
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escape the endosomes although the comparable transgene expression of PGAGs to PGAAs 

suggests that the PGAG polyplexes escape the endosome and are released in the cytoplasm and 

are transported to the nucleus.  
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5.6 - Useful NMRs and mass spectrum 

 
 
 

 

 
Figure 5.9 1H, 13C NMR and ESI-MS for 2 
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Figure 5.111H, 13C NMR and ESI-MS for 4 
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Figure 5.12 1H, 13C NMR and ESI-MS for 5 
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Figure 5.141H, 13C NMR and ESI-MS for 7 
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Chapter 6 

Future Directions 
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6.1 ­ Introduction 
This dissertation attempts to contribute to the scientific community, specifically interested in the 

advanced biomaterials. This chapter is devoted to the detailed research and applications that can 

be derived from the science explored here. 

6.2  ­  Exploring  the  hydrolysis  phenomenon  in  the  galactarate  based 
compounds. 
As motioned in the chapter 3, meso-galactarate based polymers such as G4 also show 

degradation. The degradation of few key meso-galactarate based models have been studied as a 

part of this dissertation and the observed hydrolysis of these key models are different in 

comparison with the tartarate based models. Model a shows hydrolysis on both sides in contrast 

to one side hydrolysis observed in model d. Model b does not show any hydrolysis in contrast to 

hydrolysis observed in model e. In case of galactarate based models, c shows very slow 

hydrolysis, in contrast, tartarate based analogue f do not show any hydrolysis over 500 hours.  

 

Figure 6.1 Structures of small models based on galactarate and adipate in comparison with small 
model based on tartarate and succinate models. 1) Model a shows hydrolysis on both sides in 
contrast to one side hydrolysis observed in model d; 2) Model b does not show any hydrolysis in 
contrast to hydrolysis observed in model e; 3) In case of galactarate based models, c shows very 
slow hydrolysis, in contrast, tartarate based analogue f do not show any hydrolysis. Observation 
are based upon the time period of 500 hours. 
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The results imply that the amide hydrolysis mechanism for the galactarate based models is 

different as compared to the other amide hydrolysis studied in this dissertation and it is important 

to explore this interesting chemistry also. Figure 6.2 shows different models that can be studied 

for its hydrolysis as explained for the tartarate based compounds. The results from this study can 

give insights into the design of new experiment in order to understand the mechanism. This 

mechanism upon understood can be applied in various systems for better designs. 
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Figure 6.2 Structures of galactarate based small molecule models with varying functionality with 
respect to the amidic nitrogen in the models 
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6.3 ­ New controlled depolymerizing systems in the physiological conditions 
Auto Lysing Intramolecular Amide Substrates (ALIAS) are interesting subset of the biomaterials 

and one of the significant discovery from this dissertation. The chemistry explained in this 

dissertation can be used to make new polymeric system which can be depolymerized in a very 

controlled fashion from the terminal ends to produce one small molecule. This systems can be 

used in the for the controlled release of therapeutics in the biological systems. 

As shown in Figure 6.1 dimethyl-L-tartarate can be reacted with ethylenediamine to give 

tartarate based hydroxylated nylons. These nylons are linear polymers.  

 

 

 

 

 

 

 

 

Figure 6.3 Tartarate based hydroxylated nylons (THN) 
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End capping THN with ester or any other functionality except the amines: The ends of these 
polymers can either be capped with esters functionality such as lactate or glycolate to yield a non 
degradable polymer. 

  

 

 

 

  

 

 

 

 
Scheme 6.1 Synthetic scheme for the non-degradable hydroxylated nylons 

 

Self immolating polymers: 
Self immolating polymers are a very interesting concept due to its ability to depolymerize [1]. 

Depolymerization is a very elegant process utilized by the biological systems in order to break 

down the long chain protein into its amino acids. Also depolymerization can occur in two 

different ways.  

Random degradation: In case of polyesters the hydrolysis can start at any ester bond which will 

break the polymer into small molecules at random sites on the backbone.  

Controlled depolymreization: A straight chain polymer with zero degree of branching if starts 

degrading at the ends to give two small molecules and the new polymer with two reduced repeat 

unit with terminal ends which are capable of introducing the same chemistry to degrade the 

polymer can produce the self immolating polymer 
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End capping THN with amine functionality  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

  

 

 

 

  

 
Scheme 6.2 Synthesis and mechanism of self immolating hydroxylated nylons 
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Figure 6.4 Bioconjugates protected with PEG groups in order to increase the therapeutic 
efficiency 

 

 

 

 

 

 

 

Figure 6.5 Bioconjugates protected with THN 
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Figure 6.6 self immolating polymer to increase the protection of the bioconjugates as well as the 
increasing the bioavailability of the bioconjugates in the controlled fashion 
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As shown in the above Figures and Schemes, a self immolating hydroxylated nylon has a 

potential of controlled depolymerization . Depolymerization can further controlled by using 

different starting materials such as 1,3-diaminopropane instead of ethylenediamine. This 

property can have numerous applications. one of the most important application is depicted in 

the Figure 6.6 and Scheme 6.2, where these polymers can be used to protect the bioconjugates 

from getting cleared from the reticuloendothelial system (RES) but also provides ability for these 

polymers to depolymerize to increase the bioavailability of the bioconjugates. 
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