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Abstract

Synthesis of Reductive Nanogels Cross-linked with Polyanions to Mimic

Oligonuceotides

Yuanfeng Wang

Gene therapy with nucleic acid-based therapeutic agents has emerged as a promising strategy
to treat various human diseases. However, the efficient delivery of nucleic acids faces a critical
challenge as they are susceptible to hydrolytic and enzymatic degradation during blood circulation
and in the body. The conventional delivery strategy for nucleic acids involves cationic polymers
which bind with the anionic phosphate groups of the nucleic acid by ionic interaction to form
polyplexes. These polyplexes are designed for effective endosomal escape of the nucleic acids
through the proton-sponge effect, leading to release of their cargos, resulting in excellent gene
transfection. However, the polyplex-based nanocarriers present critical drawbacks including
cytotoxicity of cationic polymers, the degradation of nucleic acids in polyplexes, and the

propensity to aggregate with serum proteins during blood circulation.

My MSc thesis focuses on the exploration of a new paradigm for nucleic acid delivery which
explores the design of reactive, but neutral hydrophilic copolymers and the use of nucleic acids as
therapeutics and cross-linkers. A poly(phosphonic acid) with terminal thiol groups to mimic
oligonucleotides is synthesized by reversible addition fragmentation chain-transfer
polymerization. Consequently, the poly(phosphonic acid) is covalently conjugated with a water-
soluble random copolymer bearing pendant pyridyl-disulfide functional groups through a thiol-
disulfide exchange reaction in aqueous solution, resulting in the formation of cross-linked nanogels
through the formation of new disulfide bonds. Consequently, the reductive cleavage of the
disulfide linkages in the fabricated nanogels has the potential to prompt the detachment of
therapeutic nucleic acids from the nanogel cores. The enhanced release of nucleic acids through
degradation (or destabilization) of nanogel cores can occur in the presence of glutathione inside

cells.
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Chapter 1 Introduction

1.1 Composition of Nucleic Acids

Nucleic acids are macromolecules consisting of nucleotide building blocks. Their typical types
that occur naturally include deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA was first
identified in the late 1860s by Friedrich Miescher [!l. Following Miescher's discovery, other scientists
figured out additional details about the DNA molecule, including its primary chemical components and
the ways in which they joined with one another 2. On 1953, Watson and Crick concluded that the DNA
molecule exists in the form of a three-dimensional double helix with the two strands connected by
hydrogen bonds. The DNA double helix is anti-parallel, which means that the 5' end of one strand is

paired with the 3' end of its complementary strand -6,

DNA is a polymer made of monomeric units called nucleotides as shown in Figure 1.1. A
nucleotide is composed of a 5-carbon sugar, 2'-deoxyribose, a nitrogenous base and one or more
phosphate groups. A DNA strand containing four nucleotides with the nitrogenous bases thymine (T),
cytosine (C), adenine (A) and guanine (G) respectively. The 3’ carbon of one nucleotide is linked to the
5" carbon of the next via a phosphodiester group. DNA is the genetic material that can replicate or
generate duplicates of itself which able the new cells include an identical replica of the DNA that found

in the old one when cells divide !,


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6822018/figure/F1/

nitrogenous base

phosphates

deoxyribose

nucleoside

nucleotide

Figure 1.1. Structure of a DNA nucleoside and nucleotide [,

RNA can convert the genetic code into protein to carry out cellular functions. RNA has some
chemical difference relative to DNA. The nucleotide of RNA contains a 5-carbon sugar ribose, a
phosphate and a nitrogenous base. The phosphate is attached to the 5’ carbon of the ribose and the
nitrogenous base to the 1’ carbon. RNA contains four bases adenine, guanine, cytosine, and uracil. Both
DNA and RNA are polyanionic as they are polymers of nucleotides with alternating sugars and

negatively charged phosphate groups in the backbone ",



1.2 Therapeutic Applications of Nucleic Acids

1.2.1 Nucleic acid based therapeutics

Nucleic acid-based therapies (called gene therapy) have emerged as attractive approaches to treat
a variety of human diseases *. Various forms of nucleic acid-based therapeutics have been used to
selectively act on proteins, transcripts, and genes that cannot be targeted by conventional small
molecules or proteins. Although various types of nucleic acid-based therapies exist, they share a
common mechanism of action based on sequence-specific recognition of endogenous nucleic acids

mediated by Watson-Crick base pairing -2,

In the past decades, several nucleic acid therapeutics have been approved and developed, such as
antisense oligonucleotides (ASOs), RNA interference (RNA1), splice-switching oligonucleotides (SSOs)
etc. 31 ASOs is a single stranded oligonucleotide that pairs with a complementary region on an RNA
via Watson—Crick H-bonds and then acts, for example, via a steric block, splice site shifting or RNase-
H mediated RNA degradation mechanism 4], RNAI is a promising therapeutic strategy mediated by
small interfering RNA (siRNA), which consists of synthetic RNA double-stranded bodies designed to
specifically target specific messenger RNA (mRNA) for degradation '), Effective siRNA delivery
leads to highly specific knockdown of genes, which reduce protein target expression effectively.
However, this and other recent genetic applications require successful and efficient transport of nucleic
acids into target tissues and organs to regulate gene expression. Meanwhile, natural or synthetic nucleic
acids are susceptible to hydrolysis and enzymatic degradation during blood circulation and in vivo.
Therefore, efficient delivery of nucleic acids that avoid enzymatic degradation in serum remains as the

big challenge for the success of nucleic acid-based therapies '],



A conventional delivery strategy that has been widely explored is the development of non-viral
carriers based on positively charged (or cationic) polymers that form complexes by ion complexation
with negatively charged nucleic acid phosphate groups ['”]. Upon reaching the target tissue, the nucleic
acid can be released from the intracellular complex, subsequently escaping from the intranuclear body
and finally transferring to the nucleus. Thus, most complexes are carefully designed to efficiently escape

nucleic acids from endosomes through the so-called proton sponge (or pH buffering) effect, resulting

18]

in excellent gene transfection |

t t
b 1',:\11}
L
Cationic
homopolymer
Nucleic
Polyplex acid

Figure 1.2. Schematic illustration of conventional polyplex model for delivery of nucleic acids.
Courtesy of Professor. Oh.

1.2.2. Endosomal escape for gene transfection in polyplex model

Complexes modified with ligand molecules are actively internalized by specific binding to cell
surface receptors (receptor-mediated endocytosis), which is considered as a more efficient method for
targeted gene delivery. Because endocytosed substances are destined to be localized in digesting
organelles, lysosomes, the endosomal escape function of the complexes should be the key to high
transfection efficiency !'°. Endosomal sorting of nanoparticles is described in detail in the following
paragraphs. A great number of endocytosed nanoparticles are first delivered to a focal point for

endosomal sorting, called early endosomes. The luminal pH of the early endosome is approximately



6.2-6.8 2%, significantly lower than the extracellular pH of 7.4. Once in the early endosome, most
nanoparticles are transported to the pre-lysosomal compartment, called the late endosome, and then
enter the lysosomal degradation pathway. In detail, nanoparticle sorting from the early endosome to the
late endosome typically begins with acidification of the early endosomal lumen, followed by movement
from the cell periphery to the perinuclear region on the microtubule track. The luminal pH in late
endosomes is approximately 5.0-5.5, which differs from that in the early endosomal and extracellular
environments. This decrease from a neutral extracellular pH to an acidic pH in late endosomes may be
important for the endosomal escape function of viral and nonviral vectors. Indeed, some viral proteins,
such as the pentamer in adenovirus and hemagglutinin in influenza virus, undergo structural changes
and become hydrophobic due to the decrease in pH 2!, As a result, these proteins can interact more
strongly with the endosomal membrane, leading to virion escape from the endosome by disruption or

fusion.

1.2.3 Examples and properties of cationic polymers

Cationic polymers having primary, secondary, and tertiary amine groups can form complexes
with nucleic acids through electrostatic interactions (entitled polyplexes). Figure 1.4 shows some
exemples of common cationic polymers including polyethyleneimine (PEI), poly(L-lysine) (PLL), and
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA). These polymers have been extensively

explored for the fabrication of polyplexes to transfer nucleic acids into the interior of cells %%,
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Figure 1.3. Chemical structures of typical cationic polymers explored for nucleic acid. delivery
including a) PEL b) PLL, and c) PDMAEMA.

One of the first cationic polymers explored for nucleic acid delivery was PLL as it has high
cationic charge density necessary for DNA condensation . However, since it could not transfect cells
on its own, it was soon realized that other compounds needed to be added to induce endosomal release

23] 1t was discovered that several

(e.g., chloroquine or fusion peptides that cause endosomal disruption) !
cationic polymers with significant buffering capacity below physiological pH (e.g., lipopolysamines
and polyamideamines) could achieve high transfection efficiency without the addition of such

membrane-disrupting agents 2%,

This observation led to investigation of the gene delivery potential of PEI, a synthetic cationic
polymer with high amine density and high buffering capacity *’!. PEI can complex with negatively-
charged nucleic acids or protein antigens to form small particles amenable to cellular uptake. PEI-based
polyplex in the endosomes can induce the influx of protons and their counter ions, thereby causing
osmotic swelling and rupture of endosome and helping the complex to escape the endosome, called the

proton-sponge effect [281,

PDMAEMA is an interesting vector for the design of a gene transfection system as it contains

only tertiary amines and reaches 90 % of the transfection efficiency of PEI. The PDMAEMASs


https://www.sciencedirect.com/topics/materials-science/nucleic-acids

with a molecular weight > 112 kDa are more efficient in transfection but at the expense of toxicity
(291 Cytotoxicity can be reduced by designing lower molecular weight cationic polymers. Therefore,
an optimum molecular weight showing acceptable efficiency and toxicity was required. Recently
this parameter was established by making different molecular weight PDMAEMAs by controlled

radical polymerization and shown it to be about 60 kDa [*°],

1.2.4 Challenges of polyplex-based gene delivery strategy

Polyplex-based therapeutic nucleic acid nanocarriers have key drawbacks that must be addressed.
One drawback is cytotoxicity. Cationic polymers are known to be highly toxic to cells. Some studies
have shown that cytotoxicity can be reduced by designing shorter chain cationic polymers, for example
PEL. However, complexes formed with shorter PEI chains exhibit reduced gene transfection Bl. A
second disadvantage is the degradation of nucleic acids in the complexes. Polymerization utilizes ionic
interactions between cationic polymers and nucleic acids. Such ionic complexes (amine-phosphate
complexes) can be exposed to serum proteins during blood circulation, leading to degradation of the

(321" A third disadvantage is the tendency to form aggregate with serum

complexes and nucleic acids
proteins during circulation. Most of the reported complexes usually have Zeta potentials > 10 mV, which
may be due to the presence of free cationic groups in the complexes. These cations can interact with
serum proteins during circulation, leading to unwanted aggregation in the blood **'. These drawbacks

are mainly attributed to the ionic complexation of the cationic polymer with negatively charged nucleic

acids.

1.3 Stimuli-responsive degradation

Stimuli-responsive degradation (SRD) has been significantly explored as a promising platform in
the development of smart/degradable materials for biological and biomedical applications 43¢, SRD

involves the incorporation of labile bonds into the design of polymeric materials, and they are degraded



through chemical transition upon the cleavage of the labile bonds in response to external stimuli. Acidic
pH, light, and glucose as well as reductive, oxidative, and enzymatic reactions have been extensively

explored as stimuli (or triggers) for the development of smart nanomaterials 57421,

In particular, disulfide bonds (-SS-) are unique in that they can be cleaved in a reducing
environment (or in the presence of reducing agent) to corresponding thiols, which can be oxidized to
reform the corresponding disulfide bonds ). Glutathione (GSH) is a tripeptide consisting of a cystine
residue (bearing pendant SH group). GSH is found in millimolar concentration in an intracellular
compartment (0.1-10 mM). While its concentration is <10 uM in an extracellular compartment and
bloods, it is known to be 4-5 times greater in cancer cells and tumor tissues, compared with normal cells

and tissues [*4,

Due to these features, disulfide-based degradable chemistry has been extensively explored in the
development of gene delivery nanocarriers. A report describes the synthesis of a cationic diblock
copolymer consisting of a hydrophobic polylactide (PLA) block and a cationic PDMAEMA block. Both
blocks are covalently linked with reductively cleavable disulfide bonds. The synthesized PLA-ss-
PDMAEMA block copolymer self-assembled to form nanoassemblies with PLA cores surrounded with
PDMAEMA corona. The hydrophobic core can encapsulate DOX drugs and the cationic corona enabled
the formation of complex with nucleic acids, thus forming core/shell-type polyplexes. The cleavage of
disulfide bonds at the interfaces of core/corona allowed for the enhanced release of both DOX drugs
and nucleic acids. In absence of GSH, the encapsulated DOX is presumably confined in small micellar
cores as shown in Figure 1.5. In the presence of 10 mM GSH, DOX-loaded copolymer degraded and

enabled the enhanced release of DOX to aqueous solution as shown in Figure 1.5 4],
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Figure 1.4. Scheme for release of DOX from DOX-loaded micelles in 10 mM aqueous GSH
solution buffered with PBS, and aqueous PBS as a control 1,

Another report describes the synthesis of poly(ethylene glycol) (PEG)-based cationic block
copolymer with a cationic block of a random copolymer consisting of DMAEMA and a methacrylate
bearing pendant disulfide bond (called HmssEt). Both blocks are connected with an acid-labile acetal
(Ac) linkage, thus forming PEG-Ac-P(DMAEMA-co-HmssEt) as shown in Figure 1.6. The synthesized
block copolymer formed micelleplexes consisting of P(DMAEMA-co-HmssEt) cores that are
complexed with nucleic acids, which are surrounded with PEG corona. The cleavage of pendant

disulfide linkages in the presence of GSH enhanced the release of nucleic acids “°!,



A
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Figure 1.5. Scheme of a dual-location dual-acid/glutathione-responsive degradable block copolymer
[46]

Despite these advances, most disulfide-bearing gene delivery nanocarriers exhibiting enhanced
release of nucleic acids have been designed for gene encapsulation through ionic interactions of cationic

polymer blocks with nucleic acids.

1.4 Thermoresponsive polymers

Polymers that are responsive to change in temperature are known to be thermoresponsive
polymers that have been employed in various areas such as drug delivery, gene delivery and tissue
engineering. There are two main types of thermosensitive polymers; the first type exhibits a lower
critical solution temperature (called LCST), while the second type exhibits an upper critical solution

temperature (called UCST) [47),

Both LCST and UCST are the respective critical temperature points below and above which the
polymer and solvent are completely miscible. For example, a polymer solution at temperatures below

LCST is clear and homogeneous, while the polymer solution at temperatures at above LCST appears

10



48-30] 'Such change happens because

cloudy (resulting in the LCST also known as the cloudiness point) !
it is more energetically favorable. In particular, using the Gibbs equation AG = AH — TAS (G: Gibbs
free energy, H: enthalpy and S: entropy) to consider the free energy of the system, the reason why phase
separation is more favorable at increasing temperatures is mainly due to the entropy of the system.
Specifically, the main driving force is the entropy of the water, which is less ordered and higher when

the polymer is not in solution. This is also known as the “hydrophobic effect”. It is worth noting that

LCST is an entropy-driven effect, while UCST is an enthalpy-driven effect 1521,

A typical thermoresponsive polymer exhibiting LCST behavior includes poly(N-
isopropylacryamide) (PNIPAM). PNIPMA has its LCST close to the body temperature (32 °C).
However, a concern has been raised on its toxicity due to the presence of residual monomers

(53 Alternative is poly(oligo(ethylene oxide) monomethyl ether

remaining in PNIPAM materials
methacrylate) (POEOMA) which has been known to be biocompatible and less immune response.

Given its biocompatibility, the LCST of POEOMA could be adjusted by copolymerization of

OEOMA with different EO lengths ranging at 25 — 90 °C 3% 3],

Table 1.1. Properties of polymers prepared with oligo(ethylene glycol) methacrylates of
various length!®3],

Polymer Properties in aqueous environment | Commercial availability of the monomer
PMMA Hydrophobic Yes
PMEMA Slightly hygroscopic Yes

PMEO;MA LSCT ~ 26 °C Yes

PMEO;MA LSCT ~ 52 °C No

POEGMA ;00 LSCT ~ 64 °C Yes

POEGMA.47s LSCT ~ 90 °C Yes
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1.5 Scope of my master thesis

Conventional polyplex-based nanocarriers for nucleic-acid based therapy present critical
drawbacks including cytotoxicity of cationic polymers, the degradation of nucleic acids in polyplexes,
and the propensity to aggregate with serum proteins during blood circulation. Thus, we envisioned a
strategy to avoid the drawbacks and limitations of current nucleic acid delivery nanocarriers which was
designed based on complexes formed through ionic interactions between cationic copolymers and
negatively charged nucleic acid therapeutics. As illustrated in Figure 1.7, the strategy centers on the
design and synthesis of nucleic acids with functional groups that can act as both therapeutic and cross-
linking agents. In contrast to polymerization approaches, therapeutic nucleic acids could be covalently
bound to copolymers via reductive reactive degradable spacers as cross-links consisting of disulfide
bonds. This approach could lead to the formation of nanogels covalently cross-linked with therapeutic
nucleic acids. The reductive cleavage of the disulfide bond, in the presence of glutathione whose
concentration is = 10 mM within the cell, would trigger the separation of the therapeutic nucleic acid

from the nanogel core. Therefore, this strategy would not require a proton-sponge effect.
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Figure 1.6. General approach for (i) conjugation of oligonucleotide to the copolymer, (i1) cross-linking
between complementary oligonucleotides, (iii) glutathione triggered release of the duplex from the
copolymer. Courtesy of Professors Oh and Wilds.
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My MSc research has focused on the exploration of the strategy as a new paradigm for nucleic
acid delivery in order to overcome the drawbacks of conventional polyplex-based delivery. A
poly(phosphonic acid) terminated with thiol (SH) groups was synthesized by a combination of
controlled radical polymerization, aminolysis, and hydrolysis as a mimic to a functional oligonucleotide.
The formed homopolymer was covalently conjugated with a double hydrophilic, thermoresponsive
random copolymer bearing pendant pyridyl-disulfide functional groups through a thiol-disulfide
exchange reaction in aqueous solution. The formed nanogels crosslinked with disulfide bonds was
characterized using analytical techniques such as dynamic light scattering and further they were
examined for the reductive degradation upon the cleavage of disulfide linkages in the presence of
glutathione (cellular reducing agent). Consequently, such reductive degradation of the fabricated
nanogel could have the potential to prompt the detachment of therapeutic nucleic acids from the nanogel

COres.

The first goal of my MSc project was to synthesize and characterize the poly(phosphonic acid)
which serves as an oligonucleotide mimic, followed by quantification of terminal SH groups of the
poly(phosphonic acid) by Ellman Assay. As illustrated in Figure 1.8, the second goal involves the
synthesis and characterization of double hydrophilic random copolymer (called, PDSEMA-co-
OEOMA), followed by evaluation of its thermoresponsive properties. The third goal is to explore the
fabrication of nanogels from the reactive mixture of poly(phosphonic acid) with the random copolymer
through thiol-disulfide exchange reaction as well as to study reductive degradation of the formed

nanogels.

In the thesis, Chapter 2 contains an Experimental section, Chapter 3 the Results and Discussion,

and Chapter 4 the Conclusion /Future works.
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Figure 1.7. Synthetic scheme of a random copolymer as P(PDSEMA-co-OEOMA).
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Chapter 2 Experimental

2.1 Instrumentation

'"H NMR spectra were recorded using a 500 MHz Varian spectrometer. The CDCl;
singlet at 7.26 ppm and DMSO-ds quintet at 2.5ppm were selected as the reference standards.
Molecular weight and molecular weight distribution were determined by gel permeation
chromatography (GPC) equipped with a Viscotek VE1122 pump and a refractive index (RI)
detector. One Plgel mixed-C column was used with THF at room temperature at a flow rate of 1.0
mL/min. Linear poly(methyl methacrylate) standards from Fluka were used for calibration.
Aliquots of the polymer samples were dissolved in THF. The clear solutions were filtered using a
0.40 um PTFE filter to remove any THF-insoluble species. A drop of anisole was added as a flow
rate marker. Dynamic light scattering (DLS) was used to measure the size and size distribution of
a block copolymer in aqueous solution at a fixed scattering angle of 175° at 25 °C, conducting
with a Malvern Instruments Nano S ZEN1600 instrument equipped with a He-Ne laser operating
at 633 nm. UV/vis spectra on an Agilent Cary 60 UV/vis spectrometer were recorded using a 1 cm

wide quartz cuvette.

2.2 Materials

Methacryloyl chloride (MeCl, 97%), triethylamine (Et;N, >99.5%), 2,2’-dithiodipyridine
(Aldrithiol ™, 98%), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPDA), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC, >97%), azobisisobutyronitrile (AIBN),
butylamine (BuNH>, 98%), bromotrimethylsilane (TMSBr, 97%), ethylene glycol (EG, 99.8%),
5,5'-dithiobis(2-nitrobenzoic acid) (Ellman’s agent, DTNB, 99%) were from Sigma-Aldrich and

DL-dithiothreitol (DTT, 99%) from Acros Organics were purchased and used as received. Solvents
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used include dichloromethane (DCM), dimethylformamide (DMF), tetrahydrofuran (THF), ethyl
acetate (EA), hexane (H), and aqueous phosphate buffer solution at pH = 7.4 (PBS).
Oligo(ethylene glycol) monomethyl ether methacrylate (OEOMA) with MW = 950 g/mol and EO
units = 19 purchased from Aldrich was purified by passing through a column filled with basic

alumina to remove inhibitors.

2.3 Synthesis of monomers and EG-RAFT

2.3.1. (Diethoxyphosphoryl)methyl methacrylate (DEPMMA)

An organic solution containing diethyl (hydroxymethyl)phosphonate (8.8mL, 59.5 mmol)
and Etz:N (12.4mL, 89.2 mmol) dissolved in dried DCM (200 mL) was mixed with MeCl (13.7
mL, 65.4 mmol) in an ice-bath. The resulting mixture was stirred at room temperature for 24 hours.
After the formed solids byproducts were removed by vacuum filtration, the solution was washed
with an aqueous solution of sodium bicarbonate, dried with sodium sulfate, and then passed
through a basic alumina column. The solvent was removed by a rotary evaporation and the product

was dried in a vacuum oven at 70°C, yielding a colorless oil. Yield 12.04g (85.7%).

2.3.2. Pyridyldisulfide ethylmethacrylate (PDSEMA)

A solution containing HPDS (1.46 mL, 9 mmol) and Et;N (1.25 mL, 10 mmol) dissolved in
dry DCM (40 mL) was mixed with MeCl (1.36g, 10 mmol) dissolved in dry DCM (12 mL) in an
ice-bath and the resulting mixture was kept under stirring for 6 hours at room temperature. The
formed solids were removed by vacuum filtration and the product was washed with deionized
water (30 mL) and brine solution (50 mL) twice. The organic layer was collected and dried over

sodium sulfate. Solvent was removed by rotary evaporation to yield a yellow oil. The product was
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purified by column chromatography with a mixture of ethyl acetate/hexane (1.5/8.5 v/v). The
product was collected as the first of a total two bands from the silica gel column. Yield 0.79 g

(64%).

2.3.3. A difunctional RAFT mediator (EG-RAFT)

An organic solution containing CPDA (50 mg, 0.18 mmol), EDC (34.3 mg, 0.18 mmol) and
EtsN (18 mg, 0.179 mmol) dissolved in anhydrous DCM (80 mL) was mixed with EG (3.7 mg,
0.0597mmol) dissolved in anhydrous DCM (20 mL) on an ice-bath for 30 min. The resulting
mixture was kept at room temperature under stirring for 48 hours. After the removal of the solvents
by rotary evaporation, the product was purified by silica gel column chromatography with a
mixture of ethyl acetate/hexane (1/1 v/v) as an eluent. The product was collected as the first of a

total two bands from the silica gel column. Yield 0.03 g (57%).

2.4 Synthesis of a telechelic polymer labeled with terminal thiols (B4-P3)

2.4.1. RAFT polymerization to synthesize B4-P1

DEPMMA (1.0 g, 4.23 mmol), EG-RAFT (24.8 mg, 0.042 mmol) and AIBN (3.3 mg, 0.017
mmol) dissolved in anisole were placed in a Schlenk flask and purged with nitrogen for 45 min.
The resulting mixture was placed in an oil-bath preheated at 70 °C to start polymerization. After 5
hours, polymerization was stopped by cooling the Schlenk flask in an ice-bath and exposing it to
air.

For purification, the crude product solution was precipitated from hexane to remove

unreacted monomer and anisole. The precipitate was isolated and dried in a vacuum oven to yield

B4-P1.
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2.4.2. Aminolysis of P1 to synthesize B4-P2

The purified B4-P1 (0.9 g) in a nitrogen-purged THF (5 mL) was mixed with BuNH> (200
uL). The resulting mixture was stirred for 3 hours at room temperature until its red color turned to
yellow. The products were then precipitated from a mixture of THF/hexane=1/25 v/v three times
to remove excess BuNH> and cleaved phenylthiocarbonylthio species. Solvent was removed by

rotary evaporation and the product was dried in a vacuum oven for 12 hours, yielding B4-P2.

2.4.3. Hydrolysis of P2 to synthesize B4-P3

The purified, dried B4-P2 (0.8 g) dissolved in anhydrous DCM (100 mL) was mixed with
TMSBr (6 mL) under stirring for 3 hours at room temperature. Solvent was removed by rotary
evaporation. The formed residues were mixed with MeOH for 1 hour at room temperature. Then,
the solvent methanol was removed by rotary evaporation, and the concentrated solution was added
dropwise to hexane to precipitate the polymer. The formed polymer was dissolved in MeOH. Then,
the solvent was removed by rotary evaporation, and the formed polymer was dried in a vacuum

oven at 40°C for 12 hrs to yield B4-P3.

2.5 Ellman assay for quantitative analysis of thiols

2.5.1. Control experiment with DTT

Aqueous stock solutions were prepared with DTNB (2 mg) dissolved in PBS (1 mL) and
DTT (1.5 mg) dissolved in PBS (2 mL). For Ellman assay, Ellman reagent solution (25 puL) and
PBS (3 mL) were mixed with different volumes of DTT solution in test tubes. The resulting

mixtures were incubated at room temperature for 15 min for UV/Vis spectroscopic analysis.
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2.5.2. Experiments with B4-P3

Three aqueous solutions of DTNB (2 mg) dissolved in PBS (1 mL) were prepared and their
UV/Vis spectra were recorded. The purified, dried B4-P3 of different amounts (2, 3, and 11 mg)
were mixed with each solution and incubated at room temperature for 5 min. Their UV/vis spectra

were recorded.

2.6 Synthesis of random copolymer (RP) by RAFT polymerization

PDSEMA (107.8 mg, 0.42 mmol), OEOMA (3610 mg, 3.8 mmol), EG-RAFT (11.8 mg,
0.042 mmol) and AIBN (2.4 mg, 13 mmol) were dissolved in anisole and purged with nitrogen for
45 mins. The resulting mixture was placed in an oil-bath preheated at 70 °C to start polymerization.
After 7 hours, polymerization was stopped by cooling the Schlenk flask in an ice bath and exposing

it to air.

For purification, the as-synthesized solution was precipitated from diethyl ether to remove

unreacted monomers. The precipitates were collected and dried in a vacuum oven for 12 hours.

2.7 Thermoresponsiveness of PR in aqueous solution using DLS

The procedure described in the publication by the Dr. Oh’s laboratory was followed °%),
Specially, aliquots of the dried PR (15 mg) were dissolved in deionized water (10 mL) to form
clear aqueous solutions at a concentration of 1.5 mg/mL. The resulting solutions were filtered
through 0.45 um PES filters to remove large aggregates and dust. Their aliquots (1.2 mL) were

transferred into a quartz cuvette, which were sealed with a Teflon stopper. The change in light
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scattering intensity with temperature was then recorded from 20 to 90 °C at an increment of 1 °C.

The LCST was determined from the onset of increase in light scattering intensity.

2.8 Fabrication of crosslinked nanogels

An aqueous solution of B4-P3 (3 mg) was dissolved in deionized water (40 mL) and its pH
was adjusted to be pH = 7.5 by adding sodium bicarbonate. The resulting solution was mixed with
an aqueous solution of RP (6.3 mg) dissolved in deionized water (40 mL). The mixture was heated
to 60 °C overnight and allowed to cool down to room temperature to induce the thermoresponsive

formation of nanogels.

2.9 Reductive-degradation of fabricated disulfide-crosslinked nanogels

Aliquots of the above nanogel dispersions were mixed with GSH (4 mg) under stirring for 1

day and DLS and UV/vis analysis were conducted to follow the reductive degradation.
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Chapter 3 Results and Discussion

3.1 Synthesis of RAFT mediator and monomers

3.1.1. EG-CPDA RAFT mediator

As depicted in Figure 3.1a, EG-CPBA was synthesized by a facile carbodiimide coupling
reaction with EDC for EG and CPBA at 1/3 mole ratio (equivalent to 2/3 mole equivalent of
OH/COOH) in DCM at room temperature. The product was purified by column chromatography.
"H NMR spectrum in Figure 3.1b shows the characteristic peaks at 4.3 ppm corresponding to the
methylene protons adjacent to the ester bonds and peaks at 7.3-8.0 equivalent to aromatic protons.

Their integrals are quantitative to the numbers of their protons, confirming the successful synthesis

of EG-CPDA.
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Figure 3.1. (a) Synthetic scheme and (b) '"H NMR spectrum in CDCl; of EG-CPBA. Courtesy of
Xiaolei Hu (a former MSc student in Dr. Oh’s laboratory)
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3.1.2. Methacrylate monomers

DEPMMA  was synthesized by a reaction of MeCl with diethyl
(hydroxymethyl)phosphonate in the presence of Et3N as a base catalyst, as depicted in Figure 3.2a.
'"H NMR in Figure 3.2b shows the characteristic peaks and their integrals are quantitative,

confirming the synthesis of DEPMMA.
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Figure 3.2. (a) Synthetic scheme and (b) '"H NMR spectrum in DMSO-ds of DEPMMA. Courtesy
of Dr. Nellepalli (a former postdoctoral fellow in Dr. Oh’s laboratory).
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PDSEMA was synthesized by two steps, as depicted in Figure 3.3a. The first step was the
reaction of aldrithiol with mercaptoethanol in the presence of glacial acetic acid. After purification
of the HPDS by column chromatography, the second step involved the reaction of the formed
HPDS with MeCl in the presence of EtsN. The 'H NMR in Figure 3.3b-c confirms the synthesis

of both HPDS precursor and PDSEMA.
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Figure 3.3. (a) Synthetic scheme and 'H NMR spectra in DMSO-ds of (b) HPDS and (c)
PDSEMA.
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3.2 Synthesis of B4-P3

Figure 3.4 illustrates our approach to synthesize B4-P3 bearing terminal thiol groups,

consisting of the synthesis of B4-P1, its aminolysis to B4-P2, and its hydrolysis to B4-P3.
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Figure 3.4. Reaction scheme for synthesis of telechelic poly(phosphonic acid) (PPA, B4-P3) with
terminal thiol groups.

The first step involves the reversible addition fragmentation chain transfer (RAFT)
polymerization for DEPMMA in the presence of EG-RAFT, initiated with AIBN, an azo initiator, in
anisole solvent at 70 °C (Figure 3.5a). Under the initial mole ratio of [DEPMMA]¢/[EG-
RAFT]o/[AIBN]o = 100/1/0.4, the target degree of polymerization (DP) was set to be 100. The formed
PEPMMA (B4-P1) was purified by precipitation from hexane and the composition of the purified
polymer was determined using 'H NMR spectroscopy. Figure 3.5b shows 'H NMR spectrum of B4-P1.
Peaks at 6.8 and 7.2 ppm correspond to aromatic protons in the RAFT moieties; the peaks at 4.35 ppm
(C) and 4.12 ppm (b) correspond to the methylene protons adjacent to ester groups; the peak at 1.65

ppm (d) corresponds to the methyl groups in the phosphate group; and the peaks 1.2-0.7 ppm
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correspond to the methyl group on PDEPMMA. Using the integrals of these peaks, the DP of

DEPMMA unit was determined to be 28.
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Figure 3.5. (a) Synthesis by RAFT polymerization and (b) '"H NMR spectrum in DMSO-ds of B4-
P1.
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The second step is the aminolysis of the phenylthiocarbonylthiol terminal groups of B4-P1 in the
presence of BuNHa, as a typical amine catalyst in THF shown in Figure 3.6a. Figure 3.6b shows the 'H
NMR spectrum of B4-P2. The peaks at 6.8 and 7.2 ppm that correspond to aromatic protons in the

RAFT moieties disappeared, confirming the removal of terminal phenylthiocarbonylthio groups.
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Figure 3.6. (a) Aminolysis of B4-P1 and (b) '"H NMR spectrum of B4-P2 in DMSO-de.
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Figure 3.7 shows the UV/vis spectrum of B4-P2, compared with B4-P1. The absorption at 305

nm [56]

corresponding to the phenylthiocarbonylthio group completely disappeared after the treatment
with BuNH,. These results obtained from 'H NMR and UV/vis spectroscopic analyses confirm the

synthesis of B4-P2 through efficient aminolysis in the presence of a primary amine.
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Figure 3.7. UV/Vis spectrum of B4-P2, compared with B4-P1 precursor in solvent, after
aminolysis.

The last step is the hydrolysis of the pendant phosphate groups in B4-P2 in the presence of
bromotrimethylsilane as an effectively selective reagent to the corresponding phosphoric acid groups.
Figure 3.8 shows the 'H NMR spectrum of B4-P3 in D,0O. The complete disappearance of the peak (c)
can be expected upon the complete hydrolysis. Our 'H-NMR analysis indicates that 88% of alkyl
phosphonate groups were converted to phosphonic acid groups, meaning 12% of alkyl phosphonate

groups remain in B4-P3.
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Figure 3.8. (a) Hydrolysis of B4-P2 and (b) "H NMR spectrum of B4-P3 in D-0.

3.3 Analysis of terminal thiol groups in B4-P3

UV/Vis spectroscopy was used to qualitatively analyze the concentration of terminal thiol groups
in B4-P3. As shown in Figure 3.9, a strong absorption at 265 nm corresponds to the terminal thiol groups

in B4-P3. Although the absorption was blue shifted by 10 nm, compared to B4-P2 precursor (containing
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phosphate pendants) in THF, such absorption confirms the terminal thiol groups are intact during

hydrolysis.
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Figure 3.9. UV/Vis spectrum of B4-P3 in water, compared with B4-P2 in THF.

Further, the Ellman essay was performed in an attempt for the quantitative analysis of terminal
thiol groups in B4-P3. In this assay, the DTNB having an aromatic disulfide bond is conjugated with a
thiol through disulfide-thiol exchange reaction as shown in Figure 3-10. The generated NTB anion is
UV-active and its absorbance at 412 nm can be used to determine the concentration of SH groups, along

with the molar extinction coefficient of NTB ion which is 13,600 M'em™ at 412 nm.
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Figure 3.10. Schematic illustration of Ellman assay through the disulfide-thiol exchange reaction of
DTNB with a thiol.

First, to get an insight into how the Ellman assay works and to determine the optimal
concentration of thiols by the Ellman assay, a control experiment was conducted with DTT (a small
molecule thiol) whose structure shown in Figure 3-8. The amount was varied as the mole ratio of
DTT/DTNB to be 0.75/1, 1/1, and 1.4/1. Figure 3.11 shows the UV/Vis spectra of the three mixtures,
compared with DTNB in water. DTNB had its absorption at 320 nm. When DTT was added, the
absorption at 320 nm significantly decreased, while the absorption at 415 nm increased, confirming the

occurrence of disulfide-thiol exchange, generating NTB ions.

Table 3.1 summarizes the characteristics and quantitative analysis with DTT. The trend observed
revealed that when the amount of DTT is greater than 1 equivalent to DTNB, a reduced amount of thiol
appeared to be detected by Ellman assay. Based on our results, 0.8/1-0.85/1 of thiol/ DTNB could be

optimal ratio for Ellman assay.
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Figure 3.11. UV/Vis spectra of mixtures of DTNB with different amounts of DTT, compared with
DTNB, in PBS.

Table 3.1. Characteristics and Quantitative analysis of thiol groups in DTT by Ellman
assay using UV/vis spectroscopy.

DTT/DTNB mole ratio 0.75/1 171 1.4/1
DTT solution volume (pL) 25 35 45
DTT calculated in recipe (10”7 mol) 1.22 1.70 2.19
Absorbance at A =415 nm 0.612 0.714 0.829
DTT determined by Ellman assay (107 mol) 1.30 1.52 1.76
Deviation (%) 6 -10.9 -19.7

Next, the amount of thiol groups for B4-P3 was examined by the Ellman assay. Given the results
with DTT, the mole equivalent ratio of DTNB/thiol group of 0.85/1 was initially chosen. However, no
absorption at 415 nm was detected. The mole equivalent ratio (e.g. the amount of B4-P3) was increased
up to 15/1. As seen in Figure 3.12, still no significant absorption at 412 nm was observed for the mixture

of B4-P3 with DTNB. The reasons are not clear at this point, but plausibly it could be due to the nature
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of terminal thiols groups attached to relatively long chains of B4-P3 polymer which makes the folded

terminal thiol hard to interact with DTNB agent (see Table 3.2).
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Figure 3.12. UV/Vis spectra of mixtures of DTNB with different amounts of B4-P3, compared

with DTNB, in PBS.

Table 3.2. Characteristics and Quantitative analysis of Termina thiol group in B4-P4 by

Ellman assay using UV/vis spectroscopy.

Mole equivalent of SH/DTNB 8/1 12/1 16/1
B4-P3 mass (mg) 8 11 15

SH mole equivalent (10°° mol) 2.74 3.77 5.14
Absorbance at A =410 nm 0.084733 | 0.135288 | 0.177847
SH determined by Ellman assay (10 mol) 0.002 0.003 0.004

3.4 Synthesis of P(PDSEMA-co-OEOMA) random copolymer (RP)

As illustrated in Figure 3.13a, RAFT polymerization was employed for a mixture of PDSEMA

and OEOMA at 9/1 mol ratio, in the presence of CPDA RAFT agent. The polymerization was initiated

with AIBN, an azo initiator, in anisole solvent at 70 °C, under the initial mole ratio of

[OEOMA]o/[PDSEMA]o/[CPDA]o/[AIBN]o = 90/10/1/0.3 with the targeting DP = 100 at complete

monomer conversion. Figure 3.13b shows the 'H NMR spectrum of RP in DMSO-ds. The peaks at 7.2-
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8.5 ppm correspond to aromatic protons of pyridyl moieties in PDSEMA units. The peaks at 3.5 ppm

correspond to OE protons in pendant OEO groups in OEOMA units and the peaks at 0.7-1.2 ppm

correspond to the methyl groups on the backbones of both PDSEMA and OEOMA units. Using

the integral ratios of these peaks, the mole% of PDSEMA units in the copolymer was determined

to be 14% and the OEOMA units on copolymer was 86%.
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Figure 3.13. (a) Synthetic scheme and (b) 'H NMR spectrum in DMSO-ds of RP random

copolymer.
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3.5 Investigation of thermoresponsive property of random copolymer

The synthesized random copolymer was examined for its thermoresponsiveness. The DLS
technique was used to measure light scattering intensity or diameter of the RP over temperature in
aqueous solution. Figure 3.14 shows the typical result as the evolution of diameter for a
temperature ranging of 25 — 95 °C at 1.5 mg/mL. Because the diameters were scattered and did
not show any trends, the results did not allow us to determine the lower critical solution
temperature (called LCST) of RP in aqueous solution. Our further attempts with decreasing

concentrations of RP ranging at 1.0-0.1 mg/mL did not appear to show its LCST as shown in

Figure 3.15.
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Figure 3.14. Typical example of evolution of diameter of RP in aqueous solution at concentration
of 1.5mg/mL over temperature ranging at 25-90 °C in an attempt to determine its LCST.
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Figure 3.15. Evolution of diameter of RP in aqueous solution at the concentrations of (a) 1.0
mg/mL (b) 0.5 mg/mL (c¢) 0.2 mg/mL d) 0.1mg/mL over temperature ranging at 25-90 °C.

3.5 Fabrication of disulfide-crosslinked nanogels in water

The synthesized RP contains pyridyldisulfide pendants and B4-P3 is labeled with terminal thiol

groups. As illustrated in Figure 3.16, the pendant pyridyldisulfide groups can react with the terminal

thiol groups to form the corresponding disulfide bonds through thiol-disulfide exchange reactions,

eliminating pyridine2-thiolate. Such reaction can be achieved for the mixture of RP with B4-P3 in water,

yielding disulfide-crosslinked polymers in the form of nanometer-sized hydrogel (called nanogel).
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Figure 3.16. Scheme to illustrate the fabrication of disulfide-labeled reduction-degradable nanogels
through the disulfide-thiol exchange reaction of RP having pyridyldisulfide pendants with B4-P3 having
terminal thiol groups in water.

A challenge for the procedure is that the optimal concentration of RP and B4-P3 in water must be
found in order to avoid the formation of large aggregates or even standing gel. Thus, their concentrations
were varied from 0.002 — 0.12 mg/mL as the mole equivalent ratio of pyridyldisulfide (in RP)/thiol (B4-
P3) = 1/1 was kept. DLS was used to follow the formation of nanogels. Figure 3-17 shows the size
distribution of random copolymer over different parameters such as various concentration of aqueous
solution, participation of catalyst and pH value. The result from DLS measurement over the various

parameters cannot confirm the formation of nanogel, therefore reductive degradation was attempted.
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Figure 3.17. Evolution of size distribution of RP in aqueous solution over different parameters

3.6 Reductive degradation of disulfide-crosslinked nanogels

The formed nanogels containing disulfide bonds should undergo degradation in the presence of
glutathione (GSH) through thiol-disulfide exchange reactions. As a preliminary examination of such a
response by GSH, the formed nanogels were incubated with excess GSH in water and DLS was used to

follow any changes of the nanogels.

UV spectrum of the mixture of RP with B4-P3 in water shows no significant absorption at 280
nn, which corresponds to the absorption of RP and B4-P3. However, it exhibits a small absorption at
300 — 320 nm, which appears to be characteristic for a disulfide bond. These results could suggest the

possible occurrence of thiol-disulfide exchange reactions of pyridyldisulfide pendants of RP with
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terminal thiols of B4-P3, resulting in the formation of crosslinked polymers in water. However, no
absorption at 343 nm was observed which corresponds to pyridothione that can be generated from
pyridyldisulfide groups as byproduct at 343 nm P’ GSH can react with a disulfide-containing
compound and therefore detach the cross-linked nanogel. After adding GSH to the aqueous solution, a

shift in the peak of the mixture is observed in the UV spectrum as shown on Figure 3.18.

Concentration of 0.002mg/mL in H20 Mixture of RDCO and PPA without GSH

Mixture of RDCO and PPA after addition of
GSH

1.0+

Evidence for the occurrence of thiol-disulfide
exchange reaction

0.5+

Absorbance

0.0 R \_y

200 300 400
Wavelength (nm)

Figure 3.18. UV/Vis spectrum of a mixture of RP+B4-P3, compared with individuals of RP and
B4-P3, in water, mixture before and after addition of GSH.

The DLS technique was examined to follow any change in average size and size distribution of
the nanogels upon the addition of GSH. Figure 3.19 shows the slight increase in their average

diameter from 595nm to 576nm, which might indicate the degradation of nanogels to some degree.
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Figure 3.19. Comparison of size distribution (a) before and (b) after addition of GSH by DLS
measurement.
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Chapter 4 Conclusion and Future Work

EG-RAFT agent was synthesized by a facile coupling reaction of CPDA RAFT agent with EG.
The RAFT polymerization for DEPMMA in the presence of EG-RAFT generated B4-P1. Aminolysis
and hydrolysis was proceeded with B4-P1 to generate poly-phosphonic acid B4-P3 bearing terminal
thiol groups with > 88% conversion. UV/vis spectroscopy was used to qualitatively analyze the
presence of terminal thiol groups in B4-P3 and the absorption at 265 nm in the spectrum confirms the
terminal thiol groups are intact during hydrolysis. Further, the Ellman essay was performed in an attempt
for the quantitative analysis of terminal thiol groups in B4-P3. Unfortunately, the detected quantity of
NTB anion does not increase proportionally with the increase in the amount of polymer due to the nature
of terminal thiols groups attached to relatively long chains of B4-P3 polymer. RAFT polymerization
was employed for a mixture of PDSEMA and OEOMA at 9/1 mol/mol ratio to synthesize
P(DSEMA-co-OEOMA) with 14 mol% of PDSEMA units and 86 mol% OEOMA units. The
synthesized random copolymer was examined for its thermoresponsiveness utilizing DLS.
However, the lower critical solution temperature (called LCST) of RP cannot be determined as the

diameters were scattered and did not show any trends.

Theoretically, RP polymer bearing pendant pyridyldisulfide groups can react with the
terminal thiol groups from B4-P3 to form the corresponding disulfide bonds through thiol-disulfide
exchange reactions yielding disulfide-crosslinked polymers in the form of nanogel. The result form DLS
measurement over various parameters could not confirm the formation of nanogels. The reductive
degradation experiment was performed as the nanogels containing disulfide bonds could be degraded
in the presence of GSH through thiol-disulfide exchange reactions, UV/vis and DLS detected the change
before and after the addition of GSH. Based on the UV-vis spectrum, the by-product pyridothione that

was generated from pyridyldisulfide was not observed at 343 nm, and the peak representing the mixture
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is shifted after the addition of GSH. The result from DLS measurement gave another clue for the

occurence of degradation of cross-linked nanogel as the particle size distribution shifted.

Future work consists of 1) further characterization of cross-linked nanogel in aqueous solution
as well as the corresponding reductive degradation of nanogel over different parameters such as pH,
concentration or catalyst; ii) the experiments exploring the conjugation of P(DSEMA -co-OEOMA) with
the oligonucleotides with terminal SH groups, and the reductive degradation of that carrier and finally

ii1) in vivo experiments of nanogels that are carriers of oligonucleotides.
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