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Karina Kizjakina 

 

ABSTRACT 

 

The delivery of nucleic acids at the tissue and cellular levels remains one of the 

major hurdles in this scientific area. Since nucleic acids are bulky macromolecules and 

unstable in the presence of nucleases, vehicles are required to compact them into 

nanosized particles, offer protection from degradation in vivo, and release the therapeutic 

cargo at the desired location. Polycationic vehicles are good candidates for these 

purposes since they can be chemically modified to tune the desired properties in 

nanoparticle formulations.  

We designed a family of trehalose-oligoethyleneamine copolymers that showed 

promising plasmid DNA (pDNA) transfection results in the presence of serum proteins. 

A diazidotrehalose monomer was copolymerized with linear oligoethyleneamines of 

varying length and containing alkyne end-groups via step-growth Cu(I)-catalyzed azide-

alkyne cycloaddition polymerization resulting in a series of trehalose copolymers with a 

range of secondary amines (from 4 to 6) within the polymer backbone. Upon electrostatic 

complexation of the polycations and pDNA in aqueous medium, nanosized particles were 

formed, and their sizes and zeta-potentials were characterized via dynamic light 

scattering (DLS). The glycopolymers were tested for pDNA binding, toxicity, cellular 

uptake, and transfection efficiency in vitro. Characterization of these polymers revealed a 



iii 
 

significant influence of minor structural modifications on bioactivity. In general, all of 

the polymers efficiently bind pDNA at low nitrogen to phosphate (N/P) ratios forming 

nanoparticles below 100 nm in size and demonstrated cellular uptake and transfection. 

Polymers comprised of trehalose moieties and four secondary amines in the repeat unit 

showed the greatest promise in pDNA delivery in vitro. Because of its large hydration 

volume, we hypothesize that trehalose contributes to particle stabilization in serum.  

The trehalose-based polymers with four secondary amines (Tr4) were 

subsequently modified with PEG (5kDa). This modification lead to the development of 

well-defined polymeric structures with PEG moieties selectively incorporated at the ends 

of linear trehalose-oligoethyleneamine polycations. The study of the effect of this 

modification on bioactivity revealed that there were no significant difference in the 

toxicity profiles within this series of PEGylated and non-PEGylated materials; however, 

overall results suggest that both modified and unmodified trehalose-oligoethyleneamine 

copolymers have a great promise for stem cell-based and regenerative therapies. 
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Chapter 1: Introduction – Dissertation Overview 

 

 

 This dissertation summarizes the results of the projects that I was closely involved 

in, during my PhD track in Dr. Reineke’s research group at the Chemistry Department of 

the University of Cincinnati and later at the Chemistry Department of Virginia Tech. 

 Chapter 2 is a brief literature review in the field of non-viral gene delivery and 

covers the most relevant topics to the thesis work. This chapter gives an overview of the 

cationic polymers currently developed and used for the delivery of therapeutic nucleic 

acids, highlighting carbohydrate-oligoamine polycations and, in particular, trehalose-

containing systems. The biological properties and applications of these materials are 

discussed. Mentioned are some of the therapeutics, whose discovery evolved from this 

concept. 

 Chapter 3 of this dissertation covers the design, synthesis, and biological 

characterizations of trehalose-oligoethyleneamine “click” polymers. This polycationic 

system has been thoroughly studied in vitro in neonatal human dermal fibroblasts and rat 

mesenchymal stem cells and exhibits high potential for stem cell-based and regenerative 

therapies, outperforming most of the commercially available transfection reagents. 

 Further development of trehalose-containing “click” polymers toward successful 

future in vivo applications was accomplished by modifying the polymer structures via 

PEGylation and results of this project are described in Chapter 4. 
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 Finally, Chapter 5 discusses some future directions evolved from the projects 

described in this thesis. A few concepts and solutions are proposed and some preliminary 

studies are shown. 

 The supporting information includes the NMR, IR, and LC-MS characterizations 

of some of the synthesized compounds and is available in Appendix A and Appendix B. 
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Chapter 2: Non-Viral Gene Delivery Vectors 

 

 

2.1. Introduction 

With the Human Genome Project completed1, gene therapy holds much promise 

for the treatment and hopefully a cure for the vast majority of diseases and genetic 

disorders. Thus, the first NIH approved and reported foreign gene transfer trial on 

humans was performed in 1989 and was based on retroviral-mediated gene transduction 

to insert a therapeutic gene into tumor-infiltrating lymphocytes (TIL) and subsequent 

infusion of these lymphocytes into patients with metastatic melanoma.2 Since 1997, 

Edelstein et al. have been storing the global information on gene therapy clinical trials. 

Up to June 2010, over 1600 trials were approved, ongoing or completed worldwide 

(Figure 2-1) with 62% of all trials performed in the US alone.3-5 

Despite big safety concerns with viral vectors, adenoviruses and retroviruses are 

the most widely used vectors in gene therapy strategies – over 67% of all of the trials are 

viral vector-based therapies. Naked plasmid DNA (pDNA) was used in 18% of trials; 

among the rest of the trials, lipofection as a non-viral alternative was used in 6% of cases 

(Figure 2-2). 
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Figure 2-1. Worldwide approved gene therapy trials. (Figure adapted with permission 
from Ref. [5] Copyright © 2010 John Wiley & Sons, Ltd.) 
 

 

 

Figure 2-2. Vectors used in gene therapy clinical trials worldwide. (Figure adapted with 
permission from Ref. [5] Copyright © 2010 John Wiley & Sons, Ltd.) 
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In 1978, Levine and Levy published the first report on a human clinical trial with 

the drug Poly-ICLC, describing the polycation-mediated delivery of poly IC 

(polyinosine-polycytidylic acid – synthetic analog of double stranded RNA) stabilized 

with low molecular weight poly-L-lysine and carboxymethyl cellulose.6 This strategy 

was later taken over by Oncovir, Inc. that is producing Poly-ICLC and its various 

modifications for cancer treatments under the trade name Hiltonol™.7 

In April of 2010, Davis et al. reported the first human clinical trial involving the 

systemic administration of siRNA for the treatment of solid cancers (clinical trial 

registration number NCT00689065 – the first patient was treated in May of 2008).8,9 In 

this trial, siRNA was complexed with a cyclodextrin-containing polymer, functionalized 

with human transferrin as the targeting ligand (functionalization was achieved via the 

formation of non-covalent β-cyclodextrin inclusion complexes with adamantane-PEG and 

adamantane-PEG-transferrin) (Figure 2-3), and systemically administered to the 

melanoma patients on days 1, 3, 8, and 10 of a 21-day cycle by a 30-min intravenous 

infusion (Figure 2-4). 

The vast increase in studies of polycation- and lipid-mediated nanomedicine 

technologies improves the understanding of structure-property relationships and leads 

toward synthetically tailoring macromolecules with multi-task functionalities to improve 

their specific targeting, transfection efficiency, and toxicity profiles. Macromolecule-

based non-viral gene delivery is rapidly expanding and some products have reached 

Phase 1, Phase 2, and Phase 3 clinical studies (Table 2-1). 
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Figure 2-3. Composition of the targeted nanoparticle for siRNA delivery developed by 
Davis et al. a) The components of a delivery vector. b) Clinical formulation of siRNA 
delivery system (CALAA-01). (Figure adapted with permission from Ref. [9] Copyright 
© 2009 American Chemical Society.) 
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Figure 2-4. Schematic representation of the functions of targeted CALAA-01 during the 
patient treatment process. a) The formulation of CALAA-01. b) The i.v. infusion of a 
therapeutic to a patient. c) The representation of a tumor “leaky” vasculature. d) 
Transmission electron micrograph of CALAA-01 nanoparticles (50 nm in size) entering 
or inside the cancer cell. e) Interactions of the CALAA-01 nanoparticles with the cell 
surface that can stimulate cellular entry process. (Figure adapted with permission from 
Ref. [9] Copyright © 2009 American Chemical Society.) 
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Table 2-1. Some non-viral nucleic acid transfection agents used in clinical trials. 
Abbreviations: cyclodextrin (CD), nanoparticle (NP), polyethyleneimine (PEI) 
polyethyleneglycol (PEG). 
 
SPONSOR THERAPEUTIC DRUG/VECTOR TREATMENT YEAR STATUS REF. 
NIH Poly-ICLC Polyinosine-

polycytidylic acid 
stabilized with low 
molecular weight 
poly-L-lysine and 
carboxymethyl 
cellulose 

Solid tumors, 
acute leukemia 

1978 
(completed) 

Phase 1 
& 2 

6 

Vical Allovectin-7®  pDNA lipid NPs Head and neck 
cancers 

2002-2008 
(completed) 

Phase 2  10-12 

Vical Allovectin-7® pDNA-lipid NPs Metastatic 
melanoma 

2006 
(ongoing) 

Phase 3 10-12 

M.D. Anderson 
Cancer 
Center/NIH 

tgDCC-E1A pDNA-lipid 
carrier/paclitaxel 
NPs 

Platinum 
resistant 
ovarian cancer 

2005 
(ongoing) 

Phase 1 
& 2 

10,12 

BioCancell 
Therapeutics 
Ltd 

BC-819 pDNA-PEI NPs Unresectable 
pancreatic 
cancer 

2008-2010 
(completed) 

Phase 1 
& 2a 

10,12,13 

BioCancell 
Therapeutics 
Ltd 

BC-819  pDNA-PEI NPs Bladder cancer 2008 
(ongoing) 

Phase 2b 10,12,13 

BioCancell 
Therapeutics 
Ltd 

BC-819 pDNA-PEI NPs Ovarian cancer 2009 
(ongoing) 

Phase 1 
& 2a 

10,12,13 

Genetic 
Immunity 

DermaVir Patch 
(LC002) 

pDNA-PEI/mannose 
and dextrose NPs 

HIV/AIDS 
vaccine 

2008 
(ongoing) 

Phase 2 10,12,14 

Calando 
Pharmaceuticals 

CALAA-01 siRNA and CD-
based NPs 

Solid tumors 2008 
(ongoing) 

Phase 1 8,10,15 

Alnylam 
Pharmaceuticals 

ALN-VSP02 siRNA-lipid NPs Liver solid 
tumors 

2009 
(ongoing) 

Phase 1 10,16 

Gynecologic 
Oncology 
Group/NCI 

EGEN-001  pDNA and 
PEG/PEI/cholesterol 
lipopolymer NPs 

Ovarian and 
fallopian tube 
cancers 

2010 
(ongoing) 

Phase 2 10,12,17 

 

2.2. Cationic Polymers as Nucleic Acid Delivery Agents 

Although, still in its infancy, non-viral gene delivery has tremendous potential 

over the use of viruses, which have huge safety implications. Sophisticated synthetic 

modifications of macromolecules can yield “smart” materials – vehicles with 

multifunctional layers – and ultimately the ideal gene delivery platform with the 

capabilities for specific targeting, high transfection and gene expression, 

biodegradability, biocompatibility, non-immunogenicity, producibility in large quantities 

for low cost and stability for storage. 
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Described for the first time in 1995 by Bousiff et al.18, the non-viral gene carrier 

polyethyleneimine (PEI) has been by far the most commonly used and the best examined 

polycation for nucleic acid (NA) delivery. According to the reported PEI protonation 

profile19, only 11-15% of nitrogens are protonated under physiological conditions (pH 

7.4). During the cellular transfection process, PEI/NA complexes traffic from the 

cytoplasm to other intracellular compartments such as lysosomes and endosomes where 

the pH drops from 7.4 to 5.5. At this lower pH, the number of protonated nitrogens 

increases up to 45%, causing PEI to exhibit an extensive “proton sponge” effect that 

induces the increased influx of protons, counter-ions, and water molecules into the 

vesicle resulting in its swelling and rapture.18 Other widely used polycations are 

polylysine (PLL), chitosan, and poly(β-amino ester)s (Figure 2-5).20 

 

Figure 2-5. Structures of the most known polycations as gene delivery vectors. (Figure 
adapted with permission from Ref. [20] Copyright © 2003 Springer Berlin/Heidelberg.) 

poly(β-amino ester) 

chitosan 

polylysine 
branched polyethylenimine 
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Polycation-NA complexation is mainly due to electrostatic interactions between 

the positively-charged polymer and negatively-charged phosphates of nucleic acid, 

although non-electrostatic interactions, such as H-bonding,21,22 have been suggested to 

play a role. The mechanism of transfection by these complexes is beyond the scope of 

this chapter but a brief schematic representation of polyplex formation, endocytosis, 

endosomal rapture possibly induced by the “proton-sponge” effect and particle release 

into the cytoplasm is shown in Figure 2-6. 

 

Figure 2-6. Schematic representation of polyplex formation, endocytosis, DNA release, 
and protein expression. (Figure adapted with permission from Ref. [20] Copyright © 
2003 Springer Berlin/Heidelberg.) 
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The properties of macromolecules can be tuned via synthetic modifications to 

yield stimuli-responsive nucleic acid delivery vectors. Some examples of these 

polycationic systems are summarized in Figure 2-7. Physical properties of polycation-

NA particles (size, zeta potential, the chemical composition of outer layers) can change 

with changes in the environment and therefore enhance the target-specific drug and gene 

delivery. These environment-responsive properties can be based on reactions triggered by 

pH changes23-28 (for example, the carrier will release the NA cargo if the pH of the 

environment drops), by changes in the red-ox potential29 (for example, disulfide bond 

cleavage in the presence of glutathione), by slight temperature changes that can cause 

changes in particle size and therefore influence transfection efficiency30, and also by a 

magnetic field if the carrier has paramagnetic properties31. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-7. Nucleic acid delivery with environment-responsive vectors. (Figure adapted 
with permission from Ref. [32] Copyright © 2009 WILEY-VCH Verlag.) 
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2.3. Carbohydrate-Oligoamine Containing Polymers 

In nano-medicine applications, polymeric nano-carriers have to perform many 

different functions to be able to deliver the very delicate therapeutic biomacromolecules 

to the tissues and cells of interest. Among other properties, discussed in the previous 

chapter, these materials have to coat nanoparticles with a protective layer that would 

ensure serum stability and prolonged particle blood circulation time for the purpose of 

systemic delivery of the drug to the organs of interest. Incorporation of carbohydrates 

into the structures of polycations has great potential in non-viral gene delivery. 

Carbohydrates are biocompatible (water soluble, nontoxic) and can be used to shield the 

nanoparticle surface charge by forming an outer layer of the particle leaving the NA 

inside its core. For these reasons, chitosan (Figure 2-5) has been studied extensively in 

the field. Other polysaccharides were chemically modified to introduce functionalities 

that can be protonated in the endosomal pH range. For example, dextran functionalization 

with different naturally occurring oligoamines (Figure 2-8) yielded a potential vector for 

gene delivery in vitro.  
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Figure 2-8. Dextran grafting with mixed spermine/spermidine oligoamines. (Figure 
adapted with permission from Ref. [33] Copyright © 2004 Elsevier B.V.) 
 

Davis and coworkers studied the effect of carbohydrate size and charge center 

type in carbohydrate containing polycations for gene delivery and created an extensive 

library of these materials (Figure 2-9).34,35 Studies of the structure-property relationship 

led to a discovery of a polycationic system for the first siRNA delivery administered 

systemically to a human.8 
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Figure 2-9. Carbohydrate-oligoamine polymers developed in the Davis group. (Figures 
adapted with permission from Ref. [34] Copyright © 2003 American Chemical Society.) 
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The Reineke group has developed a vast library of glycopolymers obtained via 

step-growth polycondensation and step-growth polymerization employing the “click” 

reaction. The structures of these materials are shown in Figure 2-10 and some of them 

are discussed in more details in the following chapters. 
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Figure 2-10. Glycopolymers developed in the Reineke group. a) Library of 
poly(glycoamidoamine)s.22,36-44 b) Trehalose “click” polymers.21,45,46 c) β-Cyclodextrin 
"click" polymers.47 (Figure adapted with permission from Ref. [47] Copyright © 2009 
Elsevier.) d) Galactosylated oligoamine polyamides for hepatocyte-targeted pDNA 
delivery.48 (Figure adapted with permission from Ref. [48] Copyright © 2010 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.) 

a) 

b) 

c) 

d) 



16 
 

2.4. Trehalose and Trehalose-Containing Polymers as Biomaterials 

α,α-Trehalose is a natural non-reducing disaccharide formed from two glucose 

units connected through an α,α-1,1-glucosidic bond. It is found in many organisms like 

plants, fungi, yeast, bacteria, insects, and nematodes; however, its biosynthesis in 

mammals is not known.49 Trehalose was discovered in 1832 by H.A.L. Wiggers50, but in 

1859, Marcellin Berthelot reported its isolation from trehala manna51, a substance made 

by weevils, and gave it the name “trehalose”. Some important physical properties of α,α-

trehalose are summarized in Figure 2-11. 

 

Figure 2-11. Physical properties of α,α-trehalose. (Figure adapted with permission from 
Ref. [49] Copyright © 2008 by the authors; licensee Molecular Diversity Preservation 
International, Basel, Switzerland.) 
 

Trehalose plays a very important role in nature. It has the unique property of 

protecting biological systems against damage by dehydration.52,53 Trehalose is also a 

known antioxidant.54,55 It also prevents the aggregation of proteins,56 a highly important 

issue in biotechnological applications. Another property of trehalose, widely known and 

exploited in industries, is the ability to preserve biological molecules during freeze-

drying and lyophilization.57 Yet the mechanisms for these processes are still under 
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debate. Some of the existing hypotheses about the topic include the water replacement 

hypothesis53, water-layer hypothesis (retention of water at the membrane interface), and 

mechanical-entrapment hypothesis58 (the formation of an amorphous sugar glass). 

Cremer group59 extensively studied the phenomena of anhydrobiosis at the chemical level 

and tested seven different carbohydrates (Figure 2-12) to understand in detail the 

mechanism involved in this process. 

 

Figure 2-12. Structure of the mono- and disaccharides tested in the anhydrobiosis study 
by the Cremer group. a) α,α-Trehalose. b) α,β-Trehalose. c) Maltose. d) α,α-
Galactotrehalose. e) Sucrose. f) Lactose. g) Glucose. (Figure adapted with permission 
from Ref. [59] Copyright © 2007 American Chemical Society.) 
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It became clear from their studies that the key to such anhydrobiotic preservation 

abilities is the α,α-1,1 bond of trehalose (Figure 2-12a) as α,α-trehalose had the best 

performance among other carbohydrates employed in this study. In a supporting 

experiment, α,α-galactotrehalose (maintaining the same α,α-1,1 linkage) (Figure 2-12d) 

performed similarly to trehalose, but at the same time α,β-trehalose (with an α,β-1,1 

linkage) (Figure 2-12b) afforded almost no anhydrobiotic protection. It was also 

interesting to see from their results that maltose (Figure 2-12c) was capable of 

preventing the disruption of lipid bilayers, however upon rehydration, the lipid material 

lost its mobility, which was an indication that the lipid bilayer was disrupted by air 

exposure, and this process was not prevented by the presence of maltose. The process of 

delamination of the membrane lipid-bilayer via dehydration, air-exposure with no 

lipopreservatives present, and its protection with lipopreservatives is illustrated in Figure 

2-13. 

 

Figure 2-13. The process of delamination of the membrane lipid-bilayer via dehydration 
and air-exposure with no lipopreservatives present (upper-right corner), and its protection 
by lipopresevatives such as trehalose (lower-right corner). (Figure adapted with 
permission from Ref.[59] Copyright © 2007 American Chemical Society. 
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Control experiments with glycolipids (Figure 2-14) revealed that their presence in the 

membrane does not ensure protection against damage when exposed to drying conditions. 

 

Figure 2-14. Structures of glycolipids used in control experiments by the Cremer group 
to study the mechanism of anhydrobiosis caused by trehalose. (Figure adapted with 
permission from Ref. [59] Copyright © 2007 American Chemical Society.) 

 

Despite the unique properties of trehalose observed in organisms, trehalose-

containing polymers are not well reported in the literature. In this chapter, only a few 

examples were found and are shown below. Due to its relatively high chemical and 

thermal stability in comparison with other carbohydrates and molecular symmetry, the 

synthesis of a bifunctionalized trehalose monomer for subsequent incorporation into the 

polymer backbone is straightforward. The two primary hydroxyls are the most reactive, 

and therefore are usually the first choice for functionalization. 

The first trehalose-based polymers were reported in the literature by Kurita et al. 

in 1979 (Figure 2-15).49 Although, in this concept authors assumed that the synthesized 
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polymers were linear, the possibility of branching (due to the low selectivity between 

primary and secondary hydroxyls) was not excluded. In 1994, the same group in a 

continuing effort to produce trehalose linear polymers, utilized a similar polymerization 

technique, but this time the same series of diisocyanates were polymerized with primary 

amine-functionalized trehalose to avoid branching (Figure 2-16).60 This series of 

polymers was susceptible to enzymatic degradation in the presence of trehalase or α-

amylase and therefore, at that time, exhibited potential as a novel class of biodegradable 

synthetic carbohydrate containing polymers. 

 

 

 

Figure 2-15. The trehalose-containing polyurethanes synthesized by Kurita et al. (Figure 
adapted with permission from Ref. [49] Copyright © 2008 by the authors; licensee 
Molecular Diversity Preservation International, Basel, Switzerland.) 
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Figure 2-16. The trehalose-containing polyureas synthesized by Kurita et al. 
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Such incorporation of trehalose residues into polyureas showed high material-

permeation of both urea and vitamin B12, although, the permeability of these compounds 

was lower for trehalose-based membranes when compared with cellulose-based 

membranes, but unlike cellulose, trehalose has an advantage of being more prone to 

biodegradation. Indeed, the enzymatic hydrolysis, which was monitored based by the 

change in turbidity of a suspension, showed high biodegradability potential for these 

trehalose-based materials in the presence of trehalase or α-amylase, indicating their 

potential in controlled-release drug delivery systems.60 

In the early 2000s, Teramoto et al. reported the synthesis and thermal properties 

of trehalose-based thermosetting resins containing trehalose and p-chloromethylstyrene 

residues (Figure 2-17). By varying the degree of substitution of trehalose hydroxyl 

groups (between 2 and 4), materials exhibited different physical properties.61 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-17. a) The synthesis of trehalose vinyl benzyl ether by Teramoto et al. b) 
Structure of trehalose vinylbenzyl ether and photograph of a molded resin. (Figure a) 
adapted with permission from Ref. [61] Copyright © 2003 Wiley Periodicals, Inc. Figure 
b) adapted with permission from Ref. [49] Copyright © 2008 by the authors; licensee 
Molecular Diversity Preservation International, Basel, Switzerland.) 

a) 

b) 
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To further advance this technology toward creating efficient coatings for 

electronics equipment and optical materials, trehalose cinnamoyl esters were synthesized 

by the same group and subsequently cross-linked via UV irradiation, which resulted in 

the formation of transparent films (Figure 2-18).62 

 

 

Figure 2-18. a) Structure of trehalose cinnamoyl esters. b) [2+2] cycloaddition reaction 
of cinnamate groups. (Figure adapted with permission from Ref. [62] Copyright © 2007 
John Wiley & Sons, Ltd.) 
 

 In 2000, Dordick et al. demonstrated enzymatic polymerization of trehalose 6,6’-

O-divinyladipate with 1,8-octanediol in a two-step process. The enzyme used in this 

process – Novozyme-435 – facilitated the synthesis of poly(trehalose-adipate) in an 

organic solvent, such as acetone, but under aqueous conditions (pH 7) catalyzed the 

degradation of the polymer by breaking the ester linkages (Figure 2-19).63 

a) 

b) 
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Figure 2-19. Dordick’s trehalose-based polyesters synthesized via enzymatic 
polymerization. (Figure adapted with permission from Ref. [49] Copyright © 2008 by the 
authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.) 
 

In 1999, Tokiwa’s group demonstrated the chemoenzymatic synthesis of 

polyethylene containing a trehalose moiety in a side chain (for the details see review from 

Teramoto et al.49). Similar polymers were also synthesized by Miura and Kobayashi 

(Figure 2-20).64 Two polymers – α,α-trehalose and α,α-galactotrehalose containing 

polymers – were obtained in this procedure and compared for their activity against Shiga-

toxin-1 (Stx-1), produced by the pathogen Escherichia coli. Authors have reported that 

the α,α-galactotrehalose functionality (α,α-1,1-D-galactopyranosyl-D-glucopyranoside; 

α,α-1,1-Gal-Glc) has a similar stereochemistry at the α,α-1,1 position to that of the α,α-

1,4 linkage in glycobiosyl Gb2 and Gb3 ceramides, which are the ligands of mentioned 

Shiga toxins. Based on this discovery, polymer containing α,α-galactotrehalose residues, 

showed the highest and significant inhibition activity against Stx-1 and therefore 

possesses high biological potential for the treatment of bacterial infections caused by Stx-

1 producing bacteria. 
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Figure 2-20. Chemoenzymatic synthesis of trehalose functionalized polyethylene. 
Conditions: (i) divinyl sebacate, pyridine, 60 °C, 72 h, and lipase; (ii) radical initiator 
(H2O2 and L-ascorbic acid) and H2O/DMSO. (Figure adapted with permission from Ref. 
[64] Copyright © 2004 Wiley Periodicals, Inc.) 
 

Teramoto and coworkers explored other ways – minimum chemical reaction 

involving and non-enzymatic – to produce trehalose-containing linear polymers with 

thermoplastic properties for industrial applications, processing, and recycling. Several 

examples of their materials and methods are shown in Figure 2-21 and include polyacetal 

formation by step-growth polymerization. Trehalose polymer containing 

dimethylsiloxane unit was prone to form a soft transparent film (Figure 2-21d) under 

specific conditions. This material has a potential for a good use in biotechnologies due to 

the biocompatability of trehalose and is still under investigation. 

 

 

 



25 
 

 

OR 

 

 

 

 

 

 

 
 

Figure 2-21. a) The synthesis of trehalose-containing polyacetals. (Figure adapted with 
permission from Ref. [49] Copyright © 2008 by the authors; licensee Molecular 
Diversity Preservation International, Basel, Switzerland.) b) The synthesis and a film of 
trehalose-containing silylated polymers. (Figure adapted with permission from Ref. [65] 
Copyright © 2010 by the authors; licensee Molecular Diversity Preservation 
International, Basel, Switzerland.) 

b) 

a) 
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 Another approach yielding similar materials was developed by the same Teramoto 

research group and employed the Diels-Alder reaction as a tool for the step-growth 

polymerization, where trehalose was first converted to a difurfurylidene derivative and 

subsequently polymerized with bismaleimidodiphenylmethane or biamaleimidohexane 

(Figure 2-22). The polymerization was generally achieved in 24-48 h at 40-70 °C. Both 

polymers were completely decomposed back into the starting monomers via retro-Diels-

Alder reaction after they were heated to 140 °C.66 

 

Figure 2-22. The synthesis of trehalose-containing polymers via Diels-Alder reaction. 
(Figure adapted with permission from Ref. [66] Copyright © 2010 by the authors; 
licensee Molecular Diversity Preservation International, Basel, Switzerland.) 
 

 Inspired by the work of Davis and Reineke, Teramoto et al. expanded their 

trehalose-based polymer research and created polycationic derivatives for DNA-binding 

applications.67  Trehalose dibenzylidene acetal was converted to a diepoxide, which was 

subsequently polymerized with N,N'-dimethyl-1,6-diaminohexane (DMDAH) through 

the epoxide ring opening polymerization (Figure 2-23). Only the thermal properties of 

the polymers were analyzed (TGA and DSC). However, authors implied that possible 

biological characterization would be performed in the near future. 
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Figure 2-23. The synthesis of trehalose containing polymers via epoxide ring opening 
polymerization. (Figure adapted with permission from Ref. [67] Copyright © 2004 
Elsevier Ltd.) 
 

2.5. PEGylation of Biomaterials 

Chapter 4 of this dissertation describes the PEGylatyon of trehalose and 

oligoethyleneamine-containing polymers. First described in 1977 by Abuchowsky et 

al.68,69 and approved for clinical trials by FDA for the first time in March of 1990, 

PEGylation, by far, is one of the most developed and used techniques to enhance the 

therapeutic potential of drug and gene delivery materials. The advantage of PEG includes 

low toxicity, good solubility in both aqueous and organic media, high hydration that 

ensures the increased hydrodynamic volume of the PEGylated materials and water 

solubility of conjugated molecules, and also PEG can be produced with controlled 

molecular weights and low polydispersity indexes. In addition PEGylated materials 
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exhibit increased resistance to antibodies, proteolytic enzymes, and, because of the 

increase in molecular weight and size of the conjugates, they have longer retention times 

in the blood and slower renal clearance compared to a non-PEGylated materials.70 A 

schematic concept of the formation of the PEG-outer layer and drug encapsulation inside 

the polymeric micelle is shown in Figure 2-24. The main drawback of PEG polymers is 

their non-biodegradability in addition to easy degradation upon exposure to oxygen. 

 

 
 

Figure 2-24. The role of PEGylation in self-assembly of micelles. (Figure adapted with 
permission from Ref. [71] Copyright © 2009 American Association of Pharmaceutical 
Scientists.) 
 

A few successfully PEGylated drugs are summarized in Figure 2-25. Among them 

Adagen® (PEG-bovine adenosine deaminase) is the first FDA approved PEGylated drug. 

It was developed by Enzon, Inc., the company founded by Abuchowski, who is 

considered a pioneer in PEGylation research. 
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Figure 2-25. US FDA approved PEGylated proteins or oligonucleotides. (Figure adapted 
with permission from Ref. [70] Copyright © 2008 Adis Data Information BV.) 
 

2.6. Biological Properties of 1,2,3-Triazoles 

Chapter 3 of this thesis summarizes a study involving trehalose-oligoamine 

polymers that were synthesized via alkyne-azide “click” chemistry and therefore have 

1,2,3-triazole functionality. Strategically, this functional group was introduced to the 

structure of the polycation primarily as an efficient polymerization site; however, the 

triazole contribution to the formation of pDNA-polymer nanoparticle is not excluded. 

Note that the pKa of a protonated sp2-hybridized nitrogen atom on a 1,2,3-triazole ring is 

1.1 – 1.372,  thus the neutral triazole will not be protonated at physiological pH. 

Therefore, this functionality will not contribute to the electrostatic binding with 

negatively charged nucleic acids; however, it could have a role in H-bonding to nucleic 

acids. This chapter summarizes a few examples of biological properties of some 1,2,3-

triazole-containing small molecules. 

Compounds containing 1,2,3-triazole groups are found in the literature as classes 

with different pharmacological profiles. For example, 1,2,3-triazole analogs were 

reported as antiplatelet agents73 (inhibitors for thrombus formation), inhibitors of 

hemolytic profile of the Lachesis muta snake venom74, and dopamine D2 receptor 
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ligands75. 1,2,3-Triazole derivatives of nor-β-lapachone were investigated as an emerging 

class of compounds in drug development for Chagas disease.76 Some 1,2,3-triazole-

containing compounds0020 have been found to be active against Mycobacterium 

tuberculosis.77 Several difluoromethylene 1,2,3-triazoles demonstrated inhibition of 

growth of the parasite Leishmania amazonensis that causes severe skin sores in humans.78 

Triazole derivatives reported by Safonova et al. exhibited antiviral properties against 

FPV influenza virus in FCE cell culture, and one of the compounds showed the ability to 

inhibit the development of leukemia P-388 in mice.79 Various saccharidyl-triazole 

derivatives were tested as inhibitors of a panel of glycosidases.72 
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Chapter	3:	Trehalose-Oligoethyleneimine	Linear	“Click”	
Copolymers	as	Potent	In	Vitro	Gene	Delivery	Agents	for	
Stem	Cell-	and	Regenerative	Therapies* 
 
*Chapter adopted from: Kizjakina K.; Bryson J.M.; Grandinetti G., and Reineke T.M. in 
preparation for submission. 
 

 

3.1. Abstract 

 Trehalose-containing “click” polymers have previously demonstrated efficient 

pDNA delivery and transgene expression in the presence of serum proteins. Herein, we 

study the structure-property relationships within the series of trehalose-

oligoethyleneamine linear “click” copolymers in which the number of secondary amines 

within the polymer repeat unit is varied (from 4 to 6, Tr4, Tr5, and Tr6, respectively) 

and determine the optimal pDNA delivery conditions in both human primary cell types 

and progenitor cells in the presence of serum. The three glycopolymers bind to pDNA at 

an N/P ratio of 2 (based on gel electrophoresis shift assay) and form stable complexes 

with a diameter of 60-80 nm in nuclease-free water and of 300-350 nm at a multitude of 

N/P ratios tested in DMEM medium supplemented with 10% FBS. For genetic 

engineering of primary cells for immunological and genetic therapies, cells must be 

reliably transfected ex vivo under optimal culture conditions, such as in the presence of 

serum proteins and antibiotics, to insure robust cell health and minimal contamination. To 

demonstrate this feasibility with trehalose-containing “click” polymers, two primary cell 

types were used for full transfection evaluation in comparison to common commercially 

available transfection reagent controls. Neonatal human dermal fibroblasts (HDFn) and 
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rat mesenchymal stem cells (RMSC) were evaluated for expression of both luciferase and 

green fluorescent protein (GFP) transgenic reporters, using a variety of methods to 

quantify total gene expression, percent population expression, and cytotoxicity. Among 

these structures, Tr4 showed the greatest transfection efficiency in both cell lines tested. 

All three structures outperformed most of the commercially available transfection 

reagents, which may be a significant contribution to future regenerative and stem cell 

based therapies. 

3.2. Introduction 

With the mapping of the entire human genome having been completed,1 nucleic 

acids have the potential to yield customized therapies for a broad array of the most 

devastating human diseases. However, the delivery of nucleic acids in vivo and ex vivo to 

therapeutically-relevant cells remains the major hurdle towards realizing the full utility of 

this powerful therapeutic tool. Nucleic acids are bulky, charged macromolecules that are 

unstable in the presence of nucleases, thus vehicles are required to compact them into 

nanosized particles, protect them from degradation, carry them through cellular 

membranes, and release them at the desired locations within target cells. This has been 

demonstrated with both viruses2,3 and chemical reagent-based methods relying on 

calcium phosphate,4,5 lipids,6-8 and macromolecules.9-12 Chemical materials that fulfill 

these duties but interfere minimally with native cellular function and viability are 

continually refined and improved to offer tailored methods for nucleic acid 

administration; however, all delivery methods developed thus far have limitations in 

either delivery efficiency or toxicity. At the forefront of nucleic acid delivery are 

carbohydrate-oligoamine copolymers, which demonstrate a high propensity towards 
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nucleic acid delivery while exhibiting low toxicity and high stability in endogenous 

conditions.13-15 Indeed, polycationic carbohydrate-based synthetic polymers were recently 

used by Davis and coworkers for the first demonstration of systemic delivery of siRNA 

and the demonstration of RNAi in human subjects, a major milestone in nucleic acid-

based therapeutics.16 

To continue to advance the field of nucleic acid therapeutics, vehicles must be 

designed that can deliver nucleic acids both in vivo and ex vivo under a wide variety of 

conditions, including in the presence of serum proteins and antibiotics. This is a major 

limitation for many commercially-available transfection reagents formulated with both 

lipids and polymers.17 Compatibility with serum and antibiotics is especially important to 

researchers performing ex vivo genetic engineering of therapeutic cells, as these 

conditions permit cells being transfected to exhibit optimal growth, behave as they would 

in native environments, and remain free of bacterial contamination. These factors are 

essential for the success of cell-based therapies after cell reintroduction or engineered 

tissue implantation has occurred. Major cells of interest to the community include a wide 

variety of immunological,18-21 progenitor,22-24 and structural tissue-based cells.25,26 We 

have developed a new series of trehalose-oligoethyleneamine copolymers and 

demonstrated their ability to transfect neonatal human dermal fibroblasts (HDFn), which 

are of high therapeutic importance for their ability to be induced into pluripotent stem 

(iPS) cells.27 In addition, these polymers have efficiently transfected primary rat 

mesenchymal stem cells (RMSCs) in serum-containing medium, which demonstrates the 

ability of this new series of macromolecules to transfect progenitor-type cells. 



41 
 

Herein, we further expand the library of trehalose containing oligoamine “click” 

copolymers28-30 by increasing the number of secondary amines within the polymer 

backbone to 5 and 6. We also demonstrate that an integrated trehalose moiety contributes 

to particle stabilization in serum, making this a highly versatile transfection reagent. 

Polymers were synthesized in similar degrees of polymerization via step-growth Cu(I)-

catalyzed azide-alkyne cycloaddition polymerization, resulting in a series of trehalose-

containing copolymers with a range of numbers of secondary amines (from 4 to 6 per 

repeat unit) within the polymer backbone. These glycopolymers were tested for pDNA 

binding, cytotoxicity, cellular uptake, and transfection efficiency in vitro in primary and 

progenitor cells. This work contributes to our continuing efforts to design better nucleic 

acid carriers based upon structure-bioactivity relationships, in order to enable therapies 

aimed at important current clinical cellular therapeutic targets. 

3.3. Experimental Procedures 

3.3.1. General. All reagents and solvents used in the synthesis, if not specified 

otherwise, were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific Co. 

(Pittsburgh, PA). All reagents were used without further purification. Methanol, 

dichloromethane, and dimethylformamide (DMF) were purified with MBRAUN MB SPS 

solvent purification system. Compounds 6a and 6b, partially-Boc-protected 

tetraethylenepentamine and pentaethylenehexamine, respectively, were synthesized 

through a previously-published procedure.29,30 All the reactions were monitored to 

completion by thin layer chromatography (TLC) with ninhydrin staining for oligoamines 

and p-anisaldehyde staining for visualizing oligosaccharides along with UV light when 

possible. Ultrapure water was used in synthesis and dialysis. The dialysis membranes 
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were manufactured by Spectrum Laboratories, Inc. (Rancho Dominguez, CA). The liquid 

chromatography-mass spectra (LC-MS) were obtained with an Agilent system with a 

time-of-flight (TOF) analyzer coupled to a Thermo Electron TSQ-LC/MS ESI mass 

spectrometer. IR spectra were measured with a Perkin Elmer Spectrum One FT-IR 

spectrometer. 1H and 13C-NMR were recorded on a 400MR Varian-400 Hz spectrometer. 

The 1H NMR data are reported as follows: chemical shift (δ ppm), multiplicity, J 

coupling constant (Hz), and peak integration. Either CHCl3 (7.27 ppm) or HOD (4.79 

ppm) was used as an internal reference. 

Cell culture media and supplements were obtained from Gibco/Invitrogen 

(Carlsbad, CA). JetPEI solution was purchased from Polyplus Transfection™ (New 

York, NY). RMSC and HDFn cells were purchased from Invitrogen (Carlsbad, CA). 

3.3.2. Synthesis of the Trehalose Monomer. 

2,3,4,2’,3’,4’-Hexa-O-acetyl-6,6'-diiodo-6,6'-dideoxy-D-trehalose (2). Trehalose 

1 (10.0 g, 29.2 mmol) was dissolved in anhydrous dimethylformamide (DMF) (300 mL) 

and cooled to 0 ºC. Triphenylphosphine (48.9 g, 186 mmol) and then iodine (38.2 g, 150 

mmol) were added to that mixture, which was allowed to stir at 0 ºC for 10 min, after 

which the temperature was raised to 80 ºC and the reaction mixture was stirred for 

additional 3 h. The reaction mixture was concentrated under reduced pressure, cooled to 

0 ºC and ice-cold water (500 mL) was added under vigorous stirring to precipitate the 

triphenylphosphine oxide side product, which was removed via filtration. The remaining 

solution was evaporated under reduced pressure to yield a brown solid. This crude 

material was dried in vacuo, then dissolved in anhydrous pyridine (200 mL) and acetic 

anhydride was added (100 mL). The reaction mixture was stirred at room temperature 
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under N2 for 24 h. Then the mixture was concentrated via rotary evaporation and poured 

on ice (500 g) under vigorous stirring. Off-white precipitates were isolated by filtration, 

air dried and recrystallized from ethanol to yield the final product, 2,3,4,2’,3’,4’-hexa-O-

acetyl-6,6'-diiodo-6,6'-dideoxy-D-trehalose, as a white crystalline solid. Yield after 

recrystallization: 11.2 g (47%). 1H-NMR (CDCl3): δ = 2.02 (s, 6H, COCH3), 2.07 (s, 6H, 

COCH3), 2.15 (s, 6H, COCH3), 3.07 (dd, J = 2.3, 8.6 Hz, 2H, H−6), 3.23 (dd, J = 2.3, 

11.0 Hz, 2H, H−6), 3.95 (td, J = 2.4, 9.5 Hz, 2H, H−5), 4.90 (dd, J = 9.2 Hz, 2H, H−4), 

5.20 (dd, J = 3.9, 10.2 Hz, 2H, H−2), 5.42 (d, J = 3.9 Hz, 2H, H−1), 5.48 (dd, J = 9.2, 

10.2 Hz, 2H, H−3). 13C-NMR (CDCl3): δ = 2.61 (C–6), 20.79 (CH3CO), 20.85 (CH3CO), 

21.35 (CH3CO), 69.45 (C–2), 69.91 (C–3), 70.12 (C–5), 72.50 (C–4), 91.94 (C–1), 

169.58 (CH3CO), 169.72 (CH3CO), 170.05 (CH3CO). LC-ESI-MS (m/z): Theoretical 

(M+H)+ C24H33I2O15 = 814.99; Found = 814.85; Theoretical (M+NH4)+ C24H36I2NO15 = 

832.02; Found = 831.87. 

 2,3,4,2’,3’,4’-Hexa-O-acetyl-6,6'-diazido-6,6'-dideoxy-D-trehalose (3). To a 

solution of 2 (11.0 g, 13.5 mmol) dissolved in anhydrous DMF (100 mL), sodium azide 

(5.3 g, 81.5 mmol) was added. The heterogeneous mixture was then heated, while 

stirring, to 80 ºC and allowed to react for 24 h. The reaction mixture was then cooled, 

concentrated under reduced pressure and titrated with ice cold water (200 mL) to 

precipitate the crude product, which was filtered and dried in vacuo to yield 7.8 g (90%) 

of pure acetylated title product 3. 1H-NMR (CDCl3): δ = 2.03 (s, 6H, COCH3), 2.07 (s, 

6H, COCH3), 2.13 (s, 6H, COCH3), 3.18 (dd, J = 2.5, 13.3 Hz, 2H, H−6), 3.37 (dd, J = 

7.3, 13.3 Hz, 2H, H−6), 4.10 (ddd, J = 2.5, 7.3, 10.0 Hz, 2H, H−5), 5.00 (dd, J = 9.3, 10.2 

Hz, 2H, H−4), 5.09 (dd, J = 3.9, 10.3 Hz, 2H, H−2), 5.33 (d, J = 3.9 Hz, 2H, H−1), 5.48 
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(dd, J = 9.3, 10.3 Hz, 2H, H−3). 13C-NMR (CDCl3): δ = 20.60 (CH3CO), 50.95 (C–6), 

69.63 (C–3), 69.68 (C–4), 69.79 (C–2), 69.88 (C–5), 92.97 (C–1), 169.57 (CH3CO), 

169.60 (CH3CO), 169.92 (CH3CO). FT-IR: (cm-1) 2961, 2097, 1745, 1436, 1368, 1289, 

1212. LC-ESI-MS (m/z): Theoretical (M+H)+ C24H33N6O15 = 645.20; Found = 645.06. 

Theoretical (M+NH4)+ C24H36N7O15 = 662.23; Found = 662.09. 

3.3.3. Synthesis of the Oligoethyleneamine Monomers. 

N1,N5-bis(2-ethylphthalimido)-N1,N2,N3,N4,N5-penta(tert-butoxycarbonyl)-

tetraethylenepentamine (7a). N2,N3,N4-tri(tert-butoxycarbonyl)-tetraethylenepentamine30 

6a (4.0 g, 8.2 mmol) was dissolved in anhydrous dichloromethane (100 mL) under 

nitrogen atmosphere and cooled to 0 ºC. With stirring, a solution of 

phthalimidoacetaldehyde31 (3.8 g, 21 mmol) in dichloromethane (10 mL) was added 

slowly through a syringe to the solution of partially-protected oligoamine. The resulting 

solution turned from colorless to slightly yellowish, indicating formation of imine bond. 

The reaction mixture was stirred at 0 ºC for an additional 30 min, and subsequently 

concentrated into an oil, which was re-dissolved in anhydrous methanol (100 mL). 

Sodium triacetoxyborohydride (4.2 g, 20 mmol) was added to the reaction flask and the 

resulting heterogeneous mixture was stirred for 1 h at 0 ºC, then overnight at room 

temperature. The mixture was washed with saturated sodium bicarbonate solution (2 × 

100 mL) to neutralize the residual sodium triacetoxyborohydride, and then washed with 

distilled water (2 × 100 mL). The washed organic layer was retrieved, dried with sodium 

sulfate, filtered, and concentrated to yield a yellowish oil. This crude product was re-

dissolved in dichloromethane, and Boc-anhydride (3.9 g, 18 mmol) was added to this 

solution. The reaction was stirred for 6 h at room temperature, after which the solution 
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was concentrated to a viscous oil, which was purified by flash chromatography (ethyl 

acetate/hexane, 1/1 (v/v)). Fractions containing the product were isolated and 

concentrated under reduced pressure to yield a colorless oil, which, after stirring with 

cold diethyl ether, yielded a white amorphous solid. Yield: 3.9 g (46%). 1H-NMR 

(CDCl3): δ= 1.43-1.45 (m, 45H, (CH3)3CO), 3.23-3.38 (m, 20H, CH2), 3.45-3.53 (m, 2H, 

CH2), 3.78-3.87 (m, 2H, CH2), 7.65-7.86 (m, 8H, arom.). LC-ESI-MS (m/z): Theoretical 

(M+H)+ C53H78N7O14 = 1036.56; Found = 1036.64. Theoretical (M+Na)+ C53H77N7NaO14 

= 1058.54; Found = 1058.61. 

N1,N6-bis(2-ethylphthalimido)-N1,N2,N3,N4,N5,N6-hexa(tert-butoxycarbonyl)-

pentaethylenehexamine (7b). The compound was synthesized with the procedure 

described for the synthesis of 7a except N2,N3,N4,N5-tetra(tert-butoxycarbonyl)-

pentaethylenehexamine 6b (4.2 g, 6.6 mmol) was used in place of 6a with the other 

reagents in corresponding molar ratios. Yield: 3.1 g (40%). 1H-NMR (CDCl3): δ = 1.43-

1.46 (m, 54H, (CH3)3CO), 3.22-3.37 (m, 24H, CH2), 3.42-3.55 (m, 2H, CH2), 3.79-3.87 

(m, 2H, CH2), 7.66-7.87 (m, 8H, arom.). LC-ESI-MS (m/z): Theoretical (M+H)+ 

C60H91N8O16 = 1179.65; Found = 1179.71. Theoretical (M+Na)+ C60H90N8NaO16 = 

1201.64; Found = 1201.70. 

N2,N3,N4,N5,N6-penta(tert-butoxycarbonyl)-hexaethyleneheptamine (8a). 

Compound 7a (1.5 g, 1.4 mmol) was dissolved in methanol (20 mL) and reacted with 

hydrazine monohydrate (1 mL, d=1.032 g/mL, 21 mmol) under reflux conditions for 4 h. 

The progression of the reaction was monitored by TLC 

(dichloromethane/methanol/ammonia hydroxide, 100/10/1 (v/v/v)). Upon completion, the 

reaction mixture was cooled, causing the formation of a white precipitate, the side 
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product 2,3-dihydrophthalazine-1,4-dione. The reaction mixture was concentrated under 

reduced pressure to yield a white amorphous solid, which was dissolved in 

dichloromethane (30 mL) and washed with 4 M NH4OH solution (2 × 20 mL) and then 

with water (2 × 20 mL). The washed organic layer was collected, dried with sodium 

sulfate, filtered, and concentrated under reduced pressure to yield a colorless oil, which 

formed a white amorphous solid following the addition of 5 mL of diethyl ether and 

cooling for 1 h at -24 ºC. The crude solid was recrystallized from methyl tert-butyl ether 

(MTBE). Yield: 0.9 g (82%). 1H-NMR (CDCl3): δ = 1.45 (s, 45H, (CH3)3CO), 2.81 (t, 

4H, CH2NH2), 3.31 (q, 20H, CH2NBoc). LC-ESI-MS (m/z): Theoretical (M+H)+ 

C37H74N7O10 = 776.55; Found = 776.55. 

N2,N3,N4,N5,N6,N7-hexa(tert-butoxycarbonyl)-heptaethyleneoctamine (8b).The 

compound was synthesized according to the procedure described for the synthesis of 8a 

where, instead of 7a, 7b (1.2 g, 1.0 mmol) was used with the other reagents in 

corresponding molar ratios. Yield: 0.8 g (93%). 1H-NMR (CDCl3): δ = 1.45 (s, 54H, 

(CH3)3CO), 2.79-2.84 (m, 4H, CH2NH2), 3.22-3.37 (m, 24H, CH2NBoc). LC-ESI-MS 

(m/z): Theoretical (M+H)+ C44H87N8O12 = 919.64; Found = 919.64. 

N1,N5-bis(2-ethylpropynamido)-N1,N2,N3,N4,N5-penta(tert-butoxycarbonyl)-

tetraethylenepentamine (9a). A solution of N,N’-dicyclohexylcarbodiimide (DCC) (1.6 g, 

7.9 mmol) in anhydrous dichloromethane (20 mL) was cooled to 0 ºC under N2(g). A 

solution of propiolic acid (0.6 g, 8.6 mmol) in dichloromethane (3 mL) was then added 

dropwise through a syringe. The resulting heterogeneous mixture was stirred at 0 ºC for 

additional 30 min, then a solution of diamine 8a (1.4 g, 1.8 mmol) in dichloromethane (5 

mL) was added dropwise through a syringe. The mixture was stirred for 1 h at 0 ºC and 
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then overnight at room temperature. The insoluble side product, 1,3-dicyclohexylurea, 

was filtered from the reaction mixture. The remaining filtrate was concentrated under 

reduced pressure to yield a brown oil, which was purified via flash chromatography 

(ethyl acetate/chloroform, 2/1 (v/v)). The fractions with the desired product were 

combined and concentrated under reduced pressure to yield an off-white amorphous 

solid, which was recrystallized in ethyl acetate to yield the title product 9a. Yield: 0.9 g 

(57%). 1H-NMR (CDCl3): δ = 1.44-1.47 (m, 45H, (CH3)3CO), 2.71-2.76 (bs, 2H, C≡CH), 

3.25-3.46 (m, 24H, CH2). FT-IR: 3294, 3210, 2973, 2926, 2101, 1675, 1660, 1519, 1471, 

1418, 1362, 1235, 1155. LC-ESI-MS (m/z): Theoretical (M+H)+ C43H74N7O12 = 880.54; 

Found = 880.48. Theoretical (M+Na)+ C43H73N7NaO12 = 902.52; Found = 902.44. 

N1,N6-bis(2-ethylpropynamido)-N1,N2,N3,N4,N5,N6-hexa(tert-butoxycarbonyl) 

pentaethylenehexamine (9b). This compound was obtained following a similar procedure 

as the one reported above for 9a, with 8b (2.0 g, 2.2 mmol) used as a starting material. 

Yield: 1.3 g (58%). 1H-NMR (CDCl3): δ = 1.44-1.47 (m, 54H, (CH3)3CO), 2.72-2.76 (bs, 

2H, C≡CH), 3.25-3.46 (m, 28H, CH2). FT-IR: 3216, 2975, 2932, 2104, 1682, 1658, 1537, 

1471, 1415, 1365, 1244, 1158. LC-ESI-MS (m/z): Theoretical (M+H)+ C24H33N6O15 = 

1023.63; Found = 1023.55. Theoretical (M+Na)+ C24H36N7O15 = 1045.62; Found = 

1045.53. 

3.3.4. Synthesis of Tr4-Tr6 Polymers. 

General procedure for the polymerization. The diazido trehalose monomer 3 

(0.15-0.60 mmol), the equivalent molar amount of alkyne terminated 

oligoethyleneamines 9, 9a or 9b, and tert-butanol (1-2 mL) were mixed in a 5 mL vial 

and cooled to 0 ºC. To the cooled, stirred reaction mixture, 1 M copper sulfate (0.2 eq) 
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and 1 M sodium ascorbate (0.4 eq) aqueous solutions were added, after which water was 

added to a 1/1 (v/v) total ratio of tert-butanol/water. The mixture was heated to 50 ºC and 

vigorously stirred at that temperature for 2 h. The reaction was terminated by cooling the 

heterogeneous mixture with an ice bath. After cooling, the reaction mixture separated into 

a viscous yellow oily layer and a blue aqueous supernatant. The copper-containing 

supernatant was removed and the remaining viscous oily residue was dissolved in 1 mL 

of DMSO and precipitated by adding 4 M NH4OH (2 mL) solution. Precipitates were 

recovered via centrifugation, after which a fresh portion of 4 M NH4OH solution was 

added to the precipitant and the centrifugation was repeated. This cycle was repeated 

until no blue color was visually detectable in the NH4OH supernatant, indicating that 

copper (II) was removed from the “click” polymer product. The off-white precipitate was 

washed with water (2 × 2 mL) in a similar manner described for NH4OH and the resulting 

precipitates dried in vacuo and carried to the deprotection steps. 

General Procedure for the Deprotection of Acetyl and Boc. The hydroxyl-

protecting acetyl groups were removed from each of the polymers by dissolving each 

polymer from the polymerization step in 2 mL of sodium methoxide solution in dry 

methanol (0.05 g/mL). This solution was then stirred overnight at room temperature, 

dialyzed against methanol with 1000 MWCO membrane to remove NaOMe, and then 

dried under vacuum. The resulting deacetylated polymer was dissolved in 1 mL of a 

solution of 4 M HCl in dioxane and stirred at room temperature for 4 h to remove the Boc 

protecting groups. The HCl/dioxane was removed under vacuum yielding a solid product 

which was re-dissolved in ultrapure water and purified via dialysis with 3500 MWCO 

membrane against ultrapure H2O for 48 h (water changes: 3 × 4 L; at 8, 24, and 36 
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hours). The final deprotected polymers (10, 10a, and 10b) were lyophilized to dryness to 

yield a white fluffy solid. 

Tr4. Poly[(trehalose-ditriazolamido)pentaethylenetetraamine] (10). Yield in 3 

steps: 105 mg, (51%). 1H-NMR (D2O): δ = 3.11-3.28 (m, 18H), 3.47-3.52 (m, 2H), 3.75 

(t, J = 5.7 Hz, 4H), 3.84 (t, J = 9.4 Hz, 2H), 4.19 (t, J = 7.8 Hz, 2H), proton signals 

overlapping with HOD peak, 8.49 (s, 2H). FT-IR: (cm-1) 3235, 2921, 1654, 1577, 1510, 

1435, 1346, 1246. 

Tr5. Poly[(trehalose-ditriazolamido)hexaaethylenepentaamine] (10a). Yield in 3 

steps: 156 mg, (61%). 1H-NMR (D2O): δ = 3.01-3.05 (m, 8H), 3.19-3.27 (m, 10H), 3.36 

(t, J = 5.4 Hz, 4H), 3.48 (dd, J = 3.6, 10.0 Hz, 4H), 3.78-3.84 (m, 6H), 4.18 (t, J = 8.0 Hz, 

2H), proton signals overlapping with HOD peak, 8.49 (s, 2H). FT-IR: (cm-1) 3280, 1651, 

1575, 1512, 1435, 1372, 1244. 

Tr6. Poly[(trehalose-ditriazolamido)heptaethylenehexaamine] (10b). Yield in 3 

steps: 96 mg, (79%). 1H-NMR (D2O): δ = 2.88-3.64 (m, 26H), 3.65-4.11 (m, 8H), 4.12-

4.23 (m, 2H), proton signals overlapping with HOD peak, 8.51 (s, 2H). FT-IR: (cm-1) 

3270, 2920, 2842, 1646, 1572, 1509, 1453, 1433, 1365, 1244. 

3.3.5. Polymer and Polyplex Characterization. Gel Permeation 

Chromatography (GPC). The resulting Tr4 (10), Tr5 (10a), Tr6 (10b) “click” polymers 

were characterized by aqueous GPC utilizing an eluent of 1 wt% acetic acid/0.1 M 

NaSO4 (aq) at a flow rate of 0.3 mL/min at 25 ºC with an injection volume of 100 µL, 

Eprogen, Inc. CATSEC columns (100, 300, and 1000 Å), Waters 2489 UV/vis detector (λ 

= 274 nm), Wyatt Optilab rex refractometer (λ = 658 nm), and Wyatt DAWN Heleos-II 
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multiangle laser light scattering (MALLS) detector (λ = 662 nm). See Supporting 

Information for GPC chromatograms. 

Gel Electrophoresis Shift Assays. The ability of the polymers Tr4, Tr5, and Tr6 

to bind pDNA was measured by gel electrophoresis at 65 V. Agarose gel (0.6%, w/v) 

containing ethidium bromide (0.06%, w/v) was prepared in TAE buffer (40 mM Tris-

acetate, 1 mM EDTA). Each polymer was dissolved in nuclease-free water (Gibco, 

Carlsbad, CA). Plasmid DNA (10 µL, 0.075 µg/µL) was mixed with the same volume of 

polymer solution at N/P ratios between 0 and 20 (N = moles of secondary amine groups 

on polymer backbone; P = moles of phosphate groups on the pDNA) and incubated for 

45 min at room temperature before addition of loading buffer (2 µL of Blue Juice, 

Invitrogen, Carlsbad, CA). An aliquot (10 µL) of each sample was loaded into the well of 

the gel. A stable polymer-pDNA complex is shown by the lack of the migration of the 

pDNA in the electrophoretic field. 

Dynamic Light Scattering and Zeta Potential Measurements. Polyplex sizes and 

zeta potentials were measured on a Zetasizer (Nano ZS) dynamic light scattering 

instrument (Malvern Instruments, Malvern UK). The instrument employs a 4.0 mW He-

Ne laser operating at 633 nm with a 173° scattering angle. The polyplexes were formed at 

five different N/P ratios in triplicate (20, 10, 7, 5, and 3) by adding an aqueous solution of 

a polymer (150 µL) to an aqueous solution of pDNA (pCMVβ) (150 µL, 0.075 µg/mL), 

gently mixing with a pipette tip, and incubating at room temperature for 45 min. Prior to 

the measurement, polyplex solutions were diluted either with nuclease-free water (700 

µL) or DMEM supplemented with 10% FBS (700 µL). The particle diameter was 

analyzed based on the particle distribution by both volume and intensity (the readings 
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were very close) for the measurements performed in water, and particle distribution by 

intensity only was used when measuring particle size in DMEM (two large extra peaks at 

around 10 and 40 nm are always present and correspond to the serum proteins). Zeta 

potentials were measured with the same polyplex solutions in nuclease-free water only. 

Luciferase and BCA Potein Assay. Prior to transfection, either primary neonatal 

human dermal fibroblast cells (HDFn, Invitrogen, Carlsbad, CA) or rat mesenchymal 

stem cells (RMSC, Invitrogen, Carlsbad, CA) were plated on 24-well plates at a density 

of 100,000 cells per well, with approximately 70% confluency. HDFn cells were 

incubated in Medium 106, supplemented with 2% FBS, hydrocortisone (1 µg/mL), 

human epidermal growth factor (1 ng/mL), basic fibroblast growth factor (3 ng/mL), and 

heparin (10 µg/mL), for 24 h at 37 ºC in a 5% CO2 environment. RMSC were incubated 

in Mesanpro RS medium (Invitrogen) supplemented with 2% FBS. For both cell lines, 

medium was changed 30 minutes prior to transfection. Stock solutions at N/P 20 for each 

polymer were prepared and diluted to lower N/P ratios (10, 7) so that equal volume of 

polymer solution (V = 13.33 µL) and pDNA ([pDNA] = 0.075 mg/mL, Vt = 13.33 µL) 

could be combined to form the polyplex solution for each well (total pDNA per well = 1 

µg). Positive controls - Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA), 

Lipofectamine™ LTX with Plus™ (Invitrogen, Carlsbad, CA), jetPEI™ (Polyplus 

Transfection™, New York, NY), and Glycofect™ (Techulon Inc., Blacksburg, VA) - 

were formulated with pDNA based upon their recommended protocols. Solutions of 

transfection reagent-pDNA (gWiz-Luciferase, Aldevron, Fargo, ND) complexes for each 

N/P were added in triplicate to the corresponding wells. Plates were swirled to ensure 

homogenous solution formation and incubated for 4 h, after which more medium (500 
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µL) was added to each well. Cells were incubated for additional 20 h, followed by a 

medium change and 24 h of additional incubation time (48 h total). Medium was 

removed from wells and cells were lysed in 100 µL Cell Lysis Buffer (Promega, 

Madison, WI). Cell lysates were deposited on 96-well plates and analyzed for luciferase 

activity and total protein concentration. Protein concentration was analyzed relative to 

controls to determine cell viability. 

MTT Assay. Cells were prepared and transfected using the same methodology as 

reported above under the luciferase and Lowry assays. However, at the 47 h time point, 

medium was removed from each well and replaced with medium containing 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, [MTT] = 0.5 mg/mL). 

Cells were incubated for an additional 1 h then washed with PBS and lysed in 250 µL 

DMSO. Sample cell lysates were analyzed via absorbance vs. negative control lysate 

absorbance to determine cell viability. 

GFP Analysis via Flow Cytometry. Cells were plated and polyplexes were formed 

by the same methods reported above with a plasmid encoding enhanced green florescent 

protein (EGFP-C1). Transfection and medium change conditions are consistent with 

those reported above; however, cells were only subjected to complexes at a single charge 

ratio, N/P=20. After 48 h, cells were trypsinized, washed with PBS twice, and suspended 

in 500 µL of PBS. Flow cytometry analysis of each sample provided mean fluorescence 

intensity as well as the percentage of cells positive for EGFP. 

GFP Analysis via Microscopy. Cells were plated and polyplexes were formed by 

the same methods described for Section 4.5. After transfecting cells for 48 h, each well 

was washed twice with PBS buffer and treated with 4% para-formaldehyde solution in 
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PBS. After 20 min, each well was washed with PBS. Each well was then imaged with a 

Nikon TE2000U widefield microscope equipped with a GFP excitation/emission filter set 

and liquid-cooled CCD camera. Wells were imaged with consistent exposure time and 

normalized to control backgrounds. 

3.4. Results and Discussion 

Herein, we present a series of trehalose-oligoethyleneamine linear copolymers 

containing a varying number of secondary amines within the polymer backbone that 

demonstrate the propensity to enable highly efficient transfection of therapeutically-

relevant primary cells. This work expands upon the characterization of structure-property 

relationships in carbohydrate-containing copolymers previously reported by our group.28-

30 Furthermore, this work is intended to demonstrate reagent-based solutions for primary 

tissue transfections in the presence of serum and antibiotics, an area where commercially-

available transfection reagents fall short. Accomplishing this goal would enable ex vivo 

cellular engineering to be carried out more efficiently, with better cellular viability, and 

free from bacterial contamination, all critical constraints in translating engineered cellular 

therapies to the clinic. 

Previously, Reineke et al. have designed and synthesized trehalose-

oligoethyleneamine copolymers containing 1 to 4 secondary amines that have shown 

promising plasmid DNA (pDNA) transfection results for HeLa and H9c2 cell lines in the 

presence of serum proteins.29,30,32-37 Upon electrostatic complexation of the polycations 

and pDNA in aqueous media, nanosized particles were formed, and their sizes and zeta-

potentials were characterized via dynamic light scattering (DLS). In general, trehalose-

oligoethyleneamine polymers efficiently bind pDNA at low nitrogen to phosphate (N/P) 
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ratios forming nanoparticles of 60-100 nm diameter in water and 300-400 nm diameter in 

serum medium, demonstrate cellular uptake and transfection in HeLa and H9c2 cell lines, 

and appear to be relatively non-toxic. Polymers comprised of trehalose moieties and four 

secondary amines in the repeat unit showed the greatest promise in pDNA delivery in 

vitro. In order to find out the optimal length of the oligoethyleneamine for the polymer 

repeat unit to achieve the highest transfection efficiency with low toxicity, we needed to 

further expand these polymer series. We synthesized two new polymers — containing 5 

and 6 ethyleneamine units, respectively — along with the trehalose moiety in the polymer 

backbone and studied whether further increase of amine density will concomitantly 

influence the transfection efficiency and toxicity profiles. 

Trehalose-oligoethyleneamine copolymers were synthesized via step-growth 

Cu(I)-catalyzed “click” chemistry in order to examine how the amine density within a 

polymer backbone influences the efficiency of pDNA delivery to sensitive primary cell 

types. Our previous studies indicate that increasing density of protonatable secondary 

amines (from 1-4 per repeat unit) within a polymer backbone of a series of 

glycopolymers, the poly(glycoamidoamine)s,33,35-37 resulted in significant increase in 

transfection efficiency, without any significant reduction in cellular viability. However, 

with a further increase in secondary amines (5 and 6), gene expression plateaued and 

cytotoxicity increased.32 Transfection efficiency and serum stability within trehalose 

copolymer series also seems to increase as the number of secondary amines within the 

polymer repeat unit increases. 

Synthesis and Characterization of Polymers. Trehalose diazido monomer was 

synthesized by utilizing a slight modification from the previously-published method30 as 
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shown in Scheme 3-1. We first exchanged both primary hydroxyls with iodo groups by 

triphenylphosphine-mediated substitution as described in a previously-published 

procedure38 and all secondary hydroxyl groups were acetylated with acetic anhydride in 

pyridine to yield compound 2, which was purified by recrystallization from ethanol. (In 

the case of incomplete iodine substitution, monoiodotrehalose, along with the 

peracetylated trehalose as side products, can be removed from the product mixture via 

column chromatography with a mixture of 5% diethyl ether in dichloromethane as 

eluent). Purified compound 2 was then converted to 3 via substitution of iodines with 

azido groups in a similar manner to previously reported methods.39,40 
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Scheme 3-1. Synthesis of trehalose monomer. Conditions: a) Ph3P, I2, DMF, 80 ºC, 3 h; 
b) Ac2O:Py (1:2), 24 h, RT, c) NaN3, DMF, 80 ºC, 24 h. 

 

In order to synthesize trehalose copolymers with additional amine units, higher-

order oligoamine precursors had to be synthesized, leading to the creation of alkyne-

functionalized oligoethyleneamines with 5 and 6 secondary amines, as shown in Scheme 

3-2. Briefly, primary amines of either tetraethylenepentamine or pentaethylenehexamine 

were selectively protected with trifluoroacetyl groups, followed by tert-butoxycarbonyl 

(Boc) protection of the secondary amines, and subsequent deprotection of triflouroacetyl 

groups in basic conditions, thus liberating the primary amine end groups and obtaining 

compounds 6a and 6b as we reported before.30 The additional amines were introduced to 

the molecule via reductive amination, in reaction of 6a and 6b with 
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phthalimidoacetaldehyde 531 and subsequently using sodium triacetoxyborohydride as a 

mild reducing agent to convert formed imine bonds to the amines following a slightly 

modified procedure from Abdel-Magid et al.41 Newly-formed secondary amines were 

then protected with Boc groups to yield 7a and 7b. Phthalimido groups were 

subsequently removed in reaction with hydrazine, yielding terminal diamines 8a and 8b. 

Alkyne functionalities were further introduced via DCC coupling of the primary amines 

of 8a and 8b with propiolic acid. In general, synthesis of these protected oligoamines is 

quite challenging because of multiple synthetic steps, low yields at each step and tedious 

purification, as is common with amines. The detailed scheme of all the routes employed 

for the synthesis of these oligoethyleneamines is available in Appendix B. 

 

 

Scheme 3-2. Synthesis of oligoethyleneamine monomers. Conditions: a) TFA, DCM, 12 
h, 0 ºCRT;31 b) 5, DCM, 0 ºCRT, 30 min; c) Na(OAc)3BH, MeOH, 12 h, RT; d) 
Boc2O, MeOH, 6 h, RT; e) N2H4·H2O, MeOH, 3 h, reflux; f) DCC+propiolic acid, DCM, 
0 ºCRT, 12 h. 
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Polymerization was carried out in a tert-butanol:water mixture (1:1) in the 

presence of Cu(I), which was generated in situ via Cu(II) sulfate reduction with sodium 

ascorbate. This highly-reported “click” procedure42-44 yielded polymers with protected 

secondary amines and hydroxyls to avoid chelating of copper. Upon completion of the 

polymerization reactions, copper was removed via multiple washes of the protected 

polymers with aqueous NH4OH. Protecting groups were subsequently deprotected with 

sodium methoxide in methanol and 4 M HCl in dioxane, as described in Scheme 3-3. The 

final materials were dialyzed against water to narrow their respective polydispersity 

indexes, which are intrinsically larger in step-growth based polymerization procedures. 

 

Scheme 3-3. Synthesis of Tr4-Tr6 polymers. Conditions: a) CuSO4 (0.2 eq), sodium 
ascorbate (0.4 eq), tBuOH/H2O (1/1), 50 ºC, 2 h; b) 0.1 g/mL NaOMe in MeOH, RT, 12 
h; c) 4 M HCl in dioxane RT, 4 h. 
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The conditions of polymerization established previously29 lead to a library of 

polymers with similar degrees of polymerization. This permits valid comparison within 

the Tr4-Tr6 series. The weight-average molecular weight and degree of polymerization 

for each of the purified polymers, along with their respective polydispersity indexes, were 

determined by gel permeation chromatography analysis (Figure 3-1) and results are 

summarized in Table 3-1. Polymer structures were also characterized and confirmed with 

1H-NMR and IR (see Appendix A). 

 
 
Table 3-1. Characterizations of Tr4-Tr6 polymers: weight average molecular weight 
(Mw), polydispersity (Mw/Mn), and degree of polymerization (DPw) obtained from GPC 
analysis and the N/P ratios of polymer-pDNA binding and charge neutralization (N/P) 
obtained from gel electrophoresis assay. 
 
 

Polymer Mw (kDa) Mw/Mn DPw N/P 
Tr4 24.5 1.4 33 2 

Tr5 23.0 1.1 30 2 

Tr6 25.9 1.1 32 2 
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Figure 3-1. GPC chromatograms for Tr4-Tr6 polymers. 
 

Polymer-pDNA Binding, Particle Size, and Zeta Potential. Gel electrophoresis 

shift assays revealed that all the polymers (Tr4, Tr5, and Tr6) were able to inhibit 

pDNA migration in the electrophoretic field at a very low N/P ratio of 2 (Figure 3-2). 

Indeed, all three polymers formed stable nanoparticles (polyplexes) with pDNA in 

nuclease-free water at an N/P ratio of ≥3 as confirmed with dynamic light scattering 

(DLS) experiments. This data indicates that polyplex sizes are in a size range of 60-80 

nm with the zeta potential increasing in correlation with polyplex N/P ratio increase 

(Figure 3-3). After diluting the polyplex solution in medium supplemented with 10% 

FBS, the particles increase in size over time indicating polyplex aggregation with serum 

proteins is occurring and, thus, some formulations of the Tr4-Tr6 series (particularly N/P 

Tr5 

Tr6 

Tr4 
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3 and 5) are not ideal for serum transfections. For higher N/P ratios, increased particle 

stability in the presence of serum proteins is observed based on the small particle size 

increase after 4 h in serum solution. It is also worth mentioning that, at N/P ratios above 

20, we started to notice multimodal peak distributions in DLS analysis, which suggests 

that at these high ratios polyplex sizes are not monodisperse and unbound trehalose 

polymer is likely present in the solution. Based on these observations, N/P ratios of 7, 10, 

and 20 were chosen for further cell culture experiments. 

 

 

Figure 3-2. Gel binding for Tr4-Tr6 polymers. 
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Figure 3-3. Zeta potential in water and particle diameter in water and serum containing 
media for corresponding polyplex formulations at N/P 3, 5, 7, 10, and 20. Polyplexes 
were incubated at RT for 45 min prior to dilution with water (followed by immediate 
DLS and zeta potential measurements) or with DMEM (followed by DLS measurements 
in time intervals from 0 min after dilution to 4 h). a) Tr4. b) Tr5. c) Tr6. 

 

Cellular Delivery and Toxicity Studies. Transfection efficiency and cytotoxicity 

were measured in two therapeutically-relevant cell types — implantable cells used in 

regenerative therapies, human dermal fibroblasts (HDFn), and progenitor-type cells, rat 

mesenchymal stem cells (RMSC). Transfection efficiency was determined with both 

luciferase reporter gene expression assay and GFP detection via flow cytometry and 

fluorescence microscopy. The primary cell lines were transfected with reporter gene 

plasmids formulated with Tr4, Tr5, or Tr6 polymers, at N/P ratios of 7, 10, and 20. At 

48 h post-transfection, luciferase activity was measured in cell lysates with a 
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luminometer plate reader and reported as relative light units (RLU) and relative light 

units per milligram of protein (RLU/mg). The results were compared with commercially 

available transfection reagent positive controls: Lipofectamine™ 2000, Lipofectamine™ 

LTX with Plus™, jetPEI™, and Glycofect™ Transfection Reagent. In HDFn cells 

(Figure 3-4a), Tr4 and Tr5 polymers showed similar transfection efficiency at N/P 20 

and 10, but, at N/P 7, Tr5 transfected more efficiently than Tr4. Tr6 generally showed 

lower transfection efficiency than either Tr4 or Tr5; this is likely an artifact imparted by 

relying on N/P ratio formulation as opposed to weight/weight formulation, as a lower 

molar amount of Tr6 polymer is used at similar N/P ratios compared with Tr4 and Tr5. 

All three polymers showed higher transgene expression than jetPEI™, though jetPEI™ 

transfection was carried out at a lower N/P ratio (at N/P 5) per manufacturer’s 

recommendations. Glycofect™ gives very high total gene expression; however, the 

protocol for use of Glycofect™ mandates transfection to be carried out in serum-free 

conditions for the first four hours. In RMSCs (Figure 3-4b) we saw a similar trend within 

the trehalose polymer series and we were encouraged to see extremely high efficacy for 

Tr4, indicating that this polymer may be an effective tool for new cellular therapies. In 

general, in both primary cell types, Tr4 mediated the highest transgene expression, 

followed by Tr5; Tr6 showed the poorest transfection efficiency. Again, this is likely 

attributable to the decrease in molar amount of polymer used as the degree of secondary 

amine quantity increases. 
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Figure 3-4. Luciferase gene expression observed with polyplexes formed with pDNA 
and Tr4-Tr6 series at N/P 7, 10, and 20. Positive controls (Lipofectamine™ 2000, 
Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) were formulated with pDNA 
based upon their recommended protocols. The gene expression values are shown as 
relative light units (RLU) and as relative light units per milligram of protein (RLU/mg). 
The data are reported as the mean ± standard of deviation of three replicates. a) HDFn. b) 
RMSC. The experiment was performed by Joshua M. Bryson. 
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To gain information about cell viability under luciferase transfection conditions, 

both MTT and BCA protein assays were performed in parallel. Both assays indicate 

similar toxicity profiles within the Tr4-Tr6 polymer series. Increased toxicity was 

observed for the entire polymer series, at N/P 20, in both cell lines (below 60% survival 

for Tr4 and Tr5) (Figure 3-5). Tr6 polymer appeared to be less toxic at N/P 20, which 

again can be explained by the lower molar ratio of this higher-order polymer. 

Nevertheless, at N/P 7 all the polymers were relatively non-toxic to the tested cell lines 

with the cellular survival at 80% and above, which is a crucial property the transfection 

reagent should have and is still lacking in several commercially available products. 
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Figure 3-5. MTT and BCA protein assays for Tr4-Tr6 series. Polyplexes were formed 
with pDNA and Tr4-Tr6 series at N/P 7, 10, and 20. Positive controls (Lipofectamine™ 
2000, Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) were formulated with 
pDNA based upon their recommended protocols. The data are reported as the mean ± 
standard of deviation of three replicates. a) HDFn. b) RMSC. The experiment was 
performed by Joshua M. Bryson. 
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 To quantify transfection efficiency on a per-cell basis, cells were transfected with 

a plasmid encoding enhanced green florescent protein (EGFP) under the same conditions 

used in the cellular assays described above. After 48 h, flow cytometry analysis was 

performed and reported as the percentage of cells positive for EGFP. In general, Tr4 

showed the greatest GFP transgene expression per cell (Figure 3-5) (16% in HDFn and 

20% in RMSC) among the series of trehalose polymers. Tr4 also showed significantly 

higher gene expression on a per cell basis compared with all of the positive controls. In 

fact, the only standard that elicited significant gene expression in HDFn cells was 

Glycofect™ with 12% positive for EGFP expression. In RMSCs, all EGFP expression 

was quite low; however, the trehalose series showed high transgene expression relative to 

the other controls. Fluorescence microscopy (Figure 3-6) further demonstrates the trends 

observed in the FACS experiments. We observed detectable numbers of EGFP-positive 

cells via fluorescence microscopy upon transfection with each of the commercially-

available transfection reagents. While this may appear to contradict the FACS results, we 

believe it is the result of differences in the procedures employed for these two methods, 

including selection of only live cells for assessment of EGFP expression via FACS. This 

selectivity is not achievable with the fluorescence microscopy method that we utilized. 
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Figure 3-6. EGFP expression observed via flow cytometry with polyplexes formed with 
pDNA and Tr4-Tr6 series at N/P 20. Positive controls (Lipofectamine™ 2000, 
Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) were formulated with pDNA 
based upon their recommended protocols. The data is shown is % of EGFP positive cells. 
(a) HDFn. (b) RMSC. The experiment was performed by Joshua M. Bryson. 

0

5

10

15

20

25

E
G

FP
 P

os
iti

ve
 C

el
ls

, %

a)

0

5

10

15

20

25

E
G

FP
 P

os
iti

ve
 C

el
ls

, %

b)



69 
 

a) 

b) 

 

 

 

Figure 3-7. EGFP expression observed via fluorescence microscopy with polyplexes 
formed with pDNA and Tr4-Tr6 series at N/P 20. Positive controls (Lipofectamine™ 
2000, Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) were formulated with 
pDNA based upon their recommended protocols. a) HDFn. b) RMSC. The experiment 
was performed by Joshua M. Bryson. 
 

3.5. Conclusions 

Ultimately, transfection solutions need to be developed for gene transfer to 

sensitive cells in robust cell culture environments; such materials would further enable 

regenerative medical procedures based on ex vivo engineered cells. In an attempt to 

achieve this goal, trehalose-oligoethyleneamine “click” copolymers were designed and 

synthesized to demonstrate the high binding affinity and delivery efficiency associated 

with an incorporated short polyethyleneamine (PEI) unit coupled with the 

biocompatibility and serum stability provided by the trehalose unit. We have 

demonstrated that higher order trehalose-based polymers, with an increased number of 

secondary amines (4-6 per repeat unit), show promise for transfection of primary 
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neonatal human dermal fibroblasts and rat mesenchymal stem cells in conditions 

requiring the presence of serum. Tr4 showed the most promising results for delivering 

pDNA and mitigating transgene expression of reporters in these primary cells. Indeed, 

future therapies may rely on polymers derived from this structure. 
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Chapter	4:	Controlled	PEGylation	of	Trehalose-
Oligoethyleneamine	“Click”	Copolymers	for	Increased	
Serum	Stability	and	Prolonged	Blood	Circulation	Time 
 

 

4.1. Abstract 

Trehalose-oligoethyleneamine “click” polymers described in Chapter 3 exhibit 

pDNA binding affinity, transfection efficiency, and pDNA uptake and EGFP expression 

in HDFn and RMS cell lines under serum-containing conditions. These polymers have 

high promise for regenerative and stem cell based therapies. Among the three 

investigated structures, Tr4 appeared to be the most promising candidate – it had the best 

biological properties and, in addition, the synthesis of Tr4 was the least complicated. In 

an effort to achieve even better performance of Tr4 for nucleic acid delivery, PEGylated 

analogs of the polymer were synthesized and tested for toxicity and cellular transfection, 

in both HDFn and RMSC. In addition, Tr4 was synthesized with a greater degree of 

polymerization, to see whether the molecular weight affects the transfection profile. The 

results revealed that the increase in molecular weight of Tr4 polymer did have significant 

impact on transfection efficiency as a significant increase in EGFP expression was 

noticed. The PEGylation of Tr4 did not significantly change the in vitro transfection 

profiles as compared to the non-PEGylated analogs. However, in vivo studies are 

necessary to evaluate the full biological potential of these materials. 
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4.2. Introduction 

The library of trehalose-oligoethyleneamine “click” polymers1 is further expanded 

by designing and synthesizing the PEGylated analogs of Tr4. The PEG (5 kDa) moiety 

was selectively incorporated at both ends of the linear trehalose-containing polycation. 

With this modification, the resulting structure becomes an A-B-A block copolymer where 

A (PEG) is a neutral block and does not contribute to the electrostatic binding with 

negatively charged phosphates of nucleic acids unlike the polycationic B block (Tr4) 

(Figure 4-1). We hypothesized that the Tr4 block bound to the pDNA is the core of the 

polyplex, while PEG is displayed on the outer layer of the particle, therefore partially 

shielding the positive surface charge and increasing the hydrodynamic radius. This would 

provide additional protection against aggregation with serum proteins and other undesired 

interactions with the components of physiological systems. In addition, PEG 

functionalities can be used in the future as linkers for the incorporation of other 

functionalities, like targeting ligands, MRI contrast agents, and radiotracers for the 

development of multifunctional systems for both gene delivery and imaging.2-4 
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Figure 4-1. Structures of end-capped Tr4 polymers. 
 

4.3. Experimental Procedures 

4.3.1. General. All reagents and solvents used in the synthesis, if not specified 

otherwise, were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific Co. 

(Pittsburgh, PA) and used without further purification. PEGs were obtained from NOF 

America Corporation. Methanol, dichloromethane, and dimethylformamide were purified 

with MBRAUN MB SPS solvent purification system. All the reactions were monitored to 

completion using thin layer chromatography (TLC) with ninhydrin staining for 

oligoamines and p-anisaldehyde staining for visualizing oligosaccharides along with UV 

light when possible. Ultrapure water was used in synthesis and dialysis. The dialysis 

membranes were manufactured by Spectrum Laboratories, Inc. (Rancho Dominguez, 
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CA). The liquid chromatography-mass spectra (LC-MS) were obtained with an Agilent 

system with a time-of-flight (TOF) analyzer coupled to a Thermo Electron TSQ-LC/MS 

ESI mass spectrometer. 1H and 13C-NMR were recorded on a 400MR Varian-400 Hz 

spectrometer. The 1H-NMR data are reported as follows: chemical shift (δ ppm), 

multiplicity, J coupling constant (Hz), and peak integration. Either CHCl3 (7.27 ppm) or 

HOD (4.79 ppm) were used as an internal reference. 

Cell culture media and supplements were obtained from Gibco/Invitrogen 

(Carlsbad, CA). JetPEI solution was purchased from Polyplus Transfection™ (New 

York, NY). RMSC and HDFn cells were purchased from Invitrogen (Carlsbad, CA). 

4.3.2. Synthesis of end-groups for Tr4a-Tr4d polymers. mPEG-CO-CH2CH2-

CO-NH-CH2C≡CH (12a). To a solution of mPEG-NHS (11a) (1.00 g) in 7 mL of 

chloroform, propargylamine (0.30 g) dissolved in 3 mL of chloroform was added. The 

resulting mixture was stirred at room temperature for 44 h. After that, solvent was 

evaporated and a the yellowish oily residue was redissolved in methanol (10 mL), 

transported to a 1000 MWCO membrane and dialyzed against methanol (1 L) for 24 h 

(water changes: 3 × 1 L; at 2, 5, and 22 h). The dialyzed compound was concentrated and 

the resulting oily residue was precipitated by adding cold diethyl ether (5 mL). The white 

amorphous precipitate was filtered and dried under vacuum to yield solid alkyne-

terminated methoxy-PEG 12a. Yield: 0.80 g (80%). 1H-NMR (CDCl3): δ = 2.20 (t, J = 2.6 

Hz, 1H, C≡CH), 2.46 (t, J = 6.8 Hz, 2H), 2.67 (t, J = 6.8 Hz, 2H), 3.34 (s, 3H, OCH3), 

3.43 (m, 4H,), 3.61 (m, 364H, O–CH2CH2–O), 3.78 (m, 4H), 4.00 (dd, J = 2.6, 5.3, 2H), 

4.21 (m, 2H). 
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mPEG-O-CO-NH-CH2C≡CH (12b). The compound was synthesized as described 

in the procedure above for 11b, except 0.50 g of mPEG-NHS 12a (dissolved in 5 mL of 

chloroform) and 0.06 g of propargylamine was used and the reaction was stopped at 24 h. 

Yield: 0.40 g (80%). 1H-NMR (CDCl3): δ = 2.24 (t, J = 2.5 Hz, 1H, C≡CH), 3.38 (s, 3H, 

OCH3), 3.46 (m, 4H), 3.64 (m, 364H, O–CH2CH2–O), 3.82 (m, 4H), 3.96 (m, 2H), 4.24 

(m, 2H). 

2,2,2-Triphenyl-N-(prop-2-yn-1-yl)acetamide (14). A solution of 2,2,2-

triphenylacetic acid (5.00 g, 17.3 mmol) in anhydrous dichloromethane (20 mL) was 

cooled to 0 °C. The solution of DCC in 20 mL of anhydrous dichloromethane was added 

dropwise and the reaction mixture was stirred at 0 °C for 1 h. Then propargylamine (0.87 

g, 15.7 mmol) solution in 10 mL of anhydrous methylene chloride was added to the 

reaction mixture and it was stirred for an additional hour at 0 °C, then at room 

temperature overnight. The insoluble white precipitate that formed in the course of the 

reaction was filtered and the filtrate evaporated to yield a slightly off-white solid, which 

was subjected to flash chromatography (ethyl acetate/hexane:1/1). The fraction with the 

Rf = 0.4 was isolated to obtain the title product, 2,2,2-triphenyl-N-(prop-2-yn-1-

yl)acetamide (14). Yield: 2.81 g (50%). 1H-NMR (CDCl3): δ = 2.18 (t, J = 2.6 Hz, 1H, 

C≡CH), 4.12 (dd, J = 2.6, 5.3, 2H, NHCH2), 5.94 (bs, 1H, NH), 7.21-7.36 (m, 15H, 

arom.). 13C-NMR (CDCl3): δ = 29.97, 67.62, 71.53, 71.93, 127.05, 127.48, 127.89, 

128.33, 130.44, 130.85, 143.21, 173.25. LC-ESI-MS (m/z): Theoretical (M+H)+ 

C23H20NO = 326.15; Found = 326.04. Theoretical (M+NH4)+ C23H23N2O = 343.18; 

Found = 343.06. 
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3.3.3. Synthesis of Tr4-PEGa, Tr4-PEGb, Tr4-c, and Tr4-d Polymers. 

General procedure for the polymerization. The diazido trehalose monomer 3, the 

equivalent molar amount of alkyne terminated oligoethyleneamine 9, and tert-butanol 

were mixed in a 10 mL vial and cooled to 0 ºC. To the cooled, stirred reaction mixture, 1 

M copper sulfate (0.2 eq) and 1 M sodium ascorbate (0.4 eq) aqueous solutions were 

added, after which water was added to a 1/1 (v/v) total ratio of tert-butanol/water (the 

concentration of each of the monomers should be about 5wt% in the mixture). The 

mixture was heated to 50 ºC and vigorously stirred at that temperature for 1 h. Then 

additional 0.2 eq of trehalose monomer 3 was added to the mixture to end-cap the formed 

polymer product, and it was stirred for 1 h at the same temperature. The reaction was 

terminated by cooling the heterogeneous mixture with an ice bath. After cooling, the 

reaction mixture separated into a viscous yellow oily layer and a blue aqueous 

supernatant. The copper-containing supernatant was removed and the remaining viscous 

oily residue was dissolved in 1 mL of DMSO and precipitated by adding 4 M NH4OH (2 

mL) solution. Precipitates were recovered via centrifugation, after which a fresh portion 

of 4 M NH4OH solution was added to the precipitant and the centrifugation was repeated. 

This cycle was repeated until no blue color was visually detectable in the NH4OH 

supernatant, indicating that copper (II) was removed from the “click” polymer product. 

The off-white precipitate was washed with water (2 × 2 mL) in a similar manner 

described for NH4OH and the resulting precipitates dried in vacuo and carried to the 

deprotection steps. 

General Procedure for the End-Capping of Tr4. The batch of the fully protected 

Tr4 polymer from the previous step was separated in 4 parts: A, B, C, and D. Parts A and 
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be were further functionalized with PEG groups resulting in the protected polymers 15a 

and 15b, part C was end-capped with the 2,2,2-triphenyl-N-(prop-2-yn-1-yl)acetamide 

(14) and resulted in protected 15c. Part D was carried on to the deprotection steps without 

further modifications. 

General Procedure for the PEGylation of Tr4. Parts A and B were each mixed 

with the corresponding PEG agent (Tr4:PEG/100:25 wt.%) and tert-butanol/water 

mixture following the same procedure as described for the polymerization of the Tr4 

polymer. Copper(II) sulfate (1 M, 0.3 eq) and sodium ascorbate (1 M, 0.6 eq) were added 

to the reaction mixture and it was stirred overnight at 70 °C. After the completion of the 

reaction the product was isolated the same way as described in the procedure for the 

polymerization of Tr4. The solid product was redissolved in methanol, transported to a 

1000 MWCO membrane and dialyzed against methanol (1 L) for 12 h (methanol was 

changed after 6 h). A small amount of Tr4 (part C) was also end-capped with the 

triphenylacetamide 14 in a similar manner to yield protected 15c. 

General Procedure for the Deprotection of Acetyl and Boc. The deprotection of 

the acetyl and Boc groups was achieved by the same method as described in Chapter 3. 

Tr4-PEG-a. mPEG-Tr4-mPEG (15a). Yield: 120 mg, (53%). 1H-NMR (D2O): δ 

= 2.94-3.08 (m, 14H), 3.23 (t, 2H), 3.45-3.60 (m, 6H), 3.74 (s, 3H), 3.81 (t, 2H), 4.16 (t, 

2H), proton signals overlapping with HOD peak, 8.41 and 8.44 (2 s, 2H). 

Tr4-PEG-b. mPEG-Tr4-mPEG (15b). Yield: 98 mg, (46%). 1H-NMR (D2O): δ = 

2.79-2.93 (m, 14H), 3.08 (t, 2H), 3.32-3.60 (m, 6H), 3.74 (s, 3H), 3.81 (t, 2H), 4.16 (t, 

2H), proton signals overlapping with HOD peak, 8.41 and 8.44 (2 s, 2H). 
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Tr4-c. Tr4 terminated with triphenylacetamides. (15c). Yield: 19 mg, (48%). 1H-

NMR (D2O): δ = 2.94-3.08 (m, 14H), 3.23 (t, 2H), 3.45-3.60 (m, 6H), 3.74 (s, 3H), 3.82 

(t, 2H), 4.18 (t, 2H), proton signals overlapping with HOD peak, 8.44 and 8.47 (2 s, 2H). 

Tr4-d. Tr4 terminated with trehalose azide. (15d). Yield: 97 mg, (63%). 1H-NMR 

(D2O): δ = 2.87-3.00 (m, 14H), 3.23 (t, 2H), 3.44-3.61 (m, 8H), 3.82 (t, 2H), 4.16 (t, 2H), 

proton signals overlapping with HOD peak, 8.44 (s, 2H). 

4.3.4. Polymer and Polyplex Characterization. GPC, gel electrophoresis shift 

assays, DLS and zeta potential measurements, luciferase and Lowry assay, MTT assay, 

GFP analysis via flow cytometry, GFP analysis via microscopy. The procedures for these 

experiments were performed as described in Chapter 3 of this dissertation. 

4.4. Results and Discussion 

Polymer Synthesis and Characterization. The 5 kDa NHS-activated mPEG 

molecules 11a and 11b were functionalized with alkyne end-group by reaction with an 

excess of propargylamine, therefore preparing the “click” chemistry-ready conjugation 

site (Scheme 4-1). To remove the excess of propargylamine, the products were dialyzed 

against methanol, resulting in a slight loss of material and reducing the yield to 80%. The 

molecular weight of the compounds was analyzed with GPC and MALDI (Figure 4-2 

and Table 4-1). GPC analysis also proved the absence of mPEG showing just one peak 

on a chromatogram (corresponding to 15a or 15b respectively), thus indicating that all 

residual mPEG was removed from the reaction mixture via dialysis. PEGylated Tr4 

polymer 15a contains an amide bond, another polymer 15b – a less stable carbamate 

bond between the PEG and Tr4 moieties. Different linkages between the PEG and Tr4 

blocks were chosen to see whether this slight modification would have any impact on 
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biological properties of the polymers. In addition, non-PEGylated Tr4 (15d), is end-

capped with trehalose functionality, and a small amount of this material was further end-

capped with the triphenylacetamide group to yield 15c for number average molecular 

weight determination using 1H-NMR by comparing the integration of phenyl groups with 

any individual sugar peak or a triazole peak integration. The synthesis of the 

triphenylacetamide end-group is shown in Scheme 4-2. 

 
 
Scheme 4-1. Synthesis of PEGs for end-capping of Tr4 to yield 15a and 15b.  
 
 
 

 
 
 
Scheme 4-2. Synthesis of triphenyl-N-(propargyl)acetamide for end-capping of 15d to 
yield 15c. 
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Figure 4-2. MALDI of the PEG-alkynes. a) 12a (MW = 5921 Da). b) 12b (MW = 5731 
Da). 
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GPC analysis of the final polymers (15a-15d) revealed the molecular weight of the 

polymers and therefore the loading of the PEG functionality per polymer molecule was 

calculated. These results are summarized in Table 4-1. The PEGylated Tr4 polymers 

each contained about 10wt% of the incorporated PEG functionality, and all the materials 

were based on Tr4 with the degree of polymerization of 100. The measured 

polydispersities are common for step-growth polymerization. 

 
Table 4-1. The molecular weights, polydispersity (Mw/Mn), percentage of PEG loading in 
Tr4a-Tr4d polymers, and degree of polymerization of the Tr4 block measured by GPC. 
(The molecular weight of PEG in 15a and 15b was rounded to 5 kDa. Polymers 15c and 
15d have no PEG in their structures.) 
 

Polymer Mw, 
kDa 

Mn, 
kDa 

Mw/Mn 
(Tr4-PEG) 

%wTr4 %wPEG %nTr4 %nPEG DPw 
(Tr4) 

DPn 
(Tr4) 

15a 103.6 58.3 1.78 90% 10% 83% 17% 128 66 
15b 95.7 81.6 1.17 90% 10% 88% 12% 118 98 
15c 77.8 64.7 1.20 100% 0% 100% 0% 107 89 
15d 72.1 65.4 1.10 100% 0% 100% 0% 99 90 

 

Polymer-pDNA Binding, Particle Size, and Zeta Potential. The PEGylation of 

the Tr4 did not affect both the polymer-pDNA binding affinity (Figure 4-3) and the 

particle size that was measured by DLS (Figure 4-4). 

 

Figure 4-3. The agarose gel binding for the 15a-15c polymers. a) 15a. b) 15b. c) 15c. 
 

 

a) 

b) 

c) 
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Figure 4-4. Particle size in water and serum containing media for corresponding polyplex 
formulations at N/P 3, 5, 7, 10, and 20. Polyplexes were incubated at RT for 45 min prior 
to dilution with water (followed by immediate DLS measurements) or with DMEM 
(followed by DLS measurements in time intervals from 0 min after dilution to 4 h). a) 
15a. b) 15b. c) 15c. d) 15d. 
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Cellular Delivery and Toxicity Studies. 

Transfection efficiency and cytotoxicity were measured in two therapeutically-

relevant cell types — implantable cells used in regenerative therapies, human dermal 

fibroblasts (HDFn), and progenitor-type cells, rat mesenchymal stem cells (RMSC). 

Transfection efficiency was determined with both luciferase reporter gene expression 

assays, EGFP detection via flow cytometry, and fluorescence microscopy. Cellular 

toxicity was measured via MTT and protein assays. All cell culture experiments were 

performed in the same manner as described in Chapter 3. Results revealed that in the 

HDFn cell line, transfection (gene expression) was noticed only at N/P ratio of 20 

without causing toxicity effect. In RMSC all three tested N/P ratios (7, 10, and 20) 

exhibited good transfection efficiency; however a slightly higher toxicity profile (cell 

survival 60%) was noticed (Figure 4-5 and Figure 4-6). No visible difference on 

transfection efficiency was seen in PEGylated vs. non-PEGylated polymers. However, 

significant increase in EGFP expression in rat mesenchymal stem cells was noticed in 

flowcytometry experiments with 15a-15d polymers with comparing to Tr4-Tr6 series 

discussed in Chapter 3 (Figure 4-7). This could be explained with the increase in 

molecular weight of the Tr4 polymer (DP around 30 in Tr4-Tr6 series vs. DP around 100 

in 15a-15d analogs). EGFP expression was also observed in RMSC via fluorescence 

microscopy with polyplexes formed with pDNA. Note that the differences in the 

procedures employed for these two methods, including selection of only live cells for 

assessment of EGFP expression via FACS result in slightly contradicting results. 
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Figure 4-5. Luciferase assays for Tr4a-Tr4d (15a-15d) series. Polyplexes were formed 
with pDNA and Tr4a-Tr4d series at N/P 7, 10, and 20. Positive controls 
(Lipofectamine™ 2000, Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) 
were formulated with pDNA based upon their recommended protocols. The data are 
reported as the mean ± standard of deviation of three replicates. a) HDFn. b) RMSC. The 
experiment was performed by Giovanna Grandinetti. 
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Figure 4-6. MTT and BCA protein assays for Tr4a-Tr4d (15a-15d) series. Polyplexes 
were formed with pDNA and Tr4a-Tr4d series at N/P 7, 10, and 20. Positive controls 
(Lipofectamine™ 2000, Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) 
were formulated with pDNA based upon their recommended protocols. The data are 
reported as the mean ± standard of deviation of three replicates. a) HDFn. b) RMSC. The 
experiment was performed by Giovanna Grandinetti. 
 

b) 

a) 
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Figure 4-7. EGFP expression in RMSC observed via flow cytometry with polyplexes 
formed with pDNA and Tr4a-Tr4d (15a-15d) series at N/P 20. Results are compared 
with Tr4-Tr5 EGFP expression (Figure 3-5b). Positive controls (Lipofectamine™ 2000, 
Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) were formulated with pDNA 
based upon their recommended protocols. The data is shown is % of EGFP positive cells. 
The experiment was performed by Joshua M. Bryson and Giovanna Grandinetti. 
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Figure 4-8. EGFP expression observed in RMSC via fluorescence microscopy with 
polyplexes formed with pDNA and 15a, 15b, and 15d series at N/P 20. Positive controls 
(Lipofectamine™ 2000, Lipofectamine™ LTX, jetPEI™ at N/P 5, and Glycofect™) 
were formulated with pDNA based upon their recommended protocols. Scale bar is 50 
µm. The experiment was performed by Giovanna Grandinetti. 
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4.5. Conclusions 

In vitro characterizations of PEGylated and unmodified Tr4 and pDNA 

complexes provided only limited conclusions about the effect of PEGylation on in vivo 

transfection. Although, there is no significant difference in transfection profiles within 

this series of modified Tr4 polymers, there is a possibility that PEGylated and non-

PEGylated trehalose-polycations can have different cellular internalization and 

intracellular trafficking mechanisms. In support of this hypothesis, similar cases were 

discussed in the literature before.5 Further experiments need to be performed in order to 

better examine the effect of PEGylation of trehalose-oligoethyleneamine “click” 

polymers. However, the results of the in vitro characterizations described here, suggest 

that both modified and unmodified Tr4 polymers have a great promise for stem-cell 

based and regenerative therapies. In addition, PEG-functionality can be further modified 

to yield polyplexes, with incorporated targeting ligands, MRI agents, or radiotracers 

toward the development of multifunctional “smart” vehicles for successful gene delivery 

treatment and diagnostic applications. 
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Chapter	5:	Suggested	Future	Work:	Degradable	Maltose-
Oligoethyleneimine	“Click”	Copolymers	for	Nucleic	Acid	
Delivery 
 

 

5.1. Introduction 
 

Polycation-based gene delivery research in the Reineke group is oriented towards 

the discovery and development of a high performance vector for the delivery of 

therapeutic nucleic acids. To achieve this goal a series of glycopolymers were designed 

and synthesized (Figure 2-10, Chapter 2). The structure-property relationships are being 

established by studying the effects of the variation of several parameters in the polymer 

structures, namely, stereochemistry and molecular weight of the carbohydrate moiety, the 

number of secondary amines, and degree of polymerization of a polymer on a bioactivity. 

In addition, dendritic structures are being compared to polymers.1 Among the 

investigated materials by the Reineke group thus far, the trehalose-oligoethyleneamine 

“click” polymers have high potential for in vivo applications. They are relatively non-

toxic, have satisfactory cellular uptake and transfection efficiency, can help prevent 

polyplexes from aggregating in serum, and can be easily modified with other 

functionalities selectively at the polymer ends, allowing incorporation of imaging agents, 

PEG groups, and targeting agents for targeted delivery and diagnostics. Enzymatic 

degradation of trehalose is mentioned in Chapter 2; however, trehalose polymers do not 

easily degrade in aqueous media (pH 5.5 and 7.4 for 24 h) (Appendix B). By substituting 

the trehalose moiety with maltose, we can investigate how the disaccharide affects both 
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the delivery and toxicity profile. Maltose differs from trehalose in that it is linked via a 

α,α-1,4 glycosidic bond (Figure 5-1), which affords a degradable linkage. In addition, 

because of such a difference in stereochemistry, maltose is prone to degradation in acidic 

conditions, which potentially would yield biodegradable analogs of trehalose “click” 

polymers. This project has been started and will be continued in the future with a 

colleague, Sneha Kelkar, a current PhD student in the Reineke group. The efforts toward 

the synthesis of these new materials, and preliminary characterizations are described. 

 

. 
Figure 5-1. The stereochemistry of trehalose vs. maltose. Figure adapted with permission 
from Ref.2 Copyright © 2005 American Chemical Society. 
 

5.2. Experimental Procedures and Preliminary Results 

Since Tr4 polymer exhibited the best biological properties among the series of 

trehalose “click” polymers, for preliminary studies we have chosen to prepare its maltose 

analog containing four secondary amines. The synthesis of Malt4 polymer is described in 

Scheme 5-1. The oligoamine monomer 9 was synthesized following the procedure 

described in Chapter 3. The maltose monomer 16 was synthesized in a one-pot reaction 
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from maltose following the previously published procedure.3 The 1D and 2D NMR 

spectra of 16 are included in Appendix A. 
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Scheme 5-1. The synthesis of Malt4 polymer. Conditions: 16:9 – 1 eq:1 eq; copper(II) 
sulfate:sodium ascorbate – 0.2 eq:0.4 eq; 60 °C; 16 h. Yield: 13%. 
 

 Due to the high susceptibility of maltose to acidic hydrolysis (and methanolysis), 

the deprotection step should be carried out very carefully (in nitrogen and acid free 

atmosphere), to avoid the degradation of the polymer. The development of GPC 

conditions for MW characterizations is still in progress. 

 The preliminary pDNA-Malt4 agarose gel binding experiments revealed a drastic 

difference in comparison to Tr4. Unlike trehalose polymers that usually already inhibit 

the electrophoretic mobility of polymer-pDNA nanoparticle at N/P (nitrogen to 

phosphate) ratio of 2 (Figure 3-2, Chapter 3), the maltose polymer showed the binding 

between N/P 10-15 (Figure 5-2). 

 

Figure 5-2. Agarose gel binding for Malt4. 
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To understand the possible degradation mechanism of a maltose “click” polymer, 

a small-molecular model compound needs to be synthesized and the process of 

degradation can be studied via 1H-NMR experiments. The proposed, partially completed 

synthesis of the model compound is shown in Scheme 5-2. 

 

Scheme 5-2. The proposed and partially completed synthesis of the maltose model 
structure for the degradation studies. 
 

The understanding of the kinetics of the degradation of the proposed maltose-

containing model will yield a better insight into the conditions of the synthesis of the 
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polymers, and their degradation in aqueous media (of various pH levels) can be studied 

by GPC. In addition, biological characterizations of these polymers could be performed 

and compared with trehalose analogs. 
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Appendix	A:	Important	NMR	and	Mass	Spectra 
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Appendix	B:	Other	Supporting	Information 
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The synthetic routes utilized for the synthesis of oligoethyleneamine monomers. 

Route 1: The original synthesis of oligoethyleneamines of shorter length (with 1 to 4 

secondary amines). 

Route 2: The synthetic scheme used by the former group member, Chen-Chang Lee, and 

slightly modified towards the desired goal products. The scheme has too many steps and 

gives very low total yields. 

Route 3: This route failed since no conditions were found for the alkylation of the 

carbamates on the ends of fully Boc-protected oligoethyleneamines. 

Route 4: The current route used for the synthesis of oligoethyleneamine monomer of 

extended length (with 5 and 6 secondary amines). 
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