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Abstract of the Thesis
Preparation and characterization of stimuli-responsive
star-shaped triblock copolymers
for gene delivery
by
Tianyuan Wu

Doctor of Philosophy

in
Chemistry
Stony Brook University

2015

Amphiphilic block copolymers with both a hydrophobic domain and a hydrophilic domain
can thermodynamically self-assemble into ordered structures such as spherical micelles, worm-
like micelles or vesicles in selective solvents which have great potential for biomedical
applications such as drug/gene delivery. Stimuli-responsive amphiphilic block copolymers which
can change morphology in response to internal or external stimulus have great potential to achieve
controlled release of drugs or genes at specific sites. In this dissertation, two types of stimuli-
responsive star-shaped triblock copolymers PEO-S(CKn)-PLA and PEO-(PDEAmM)-PLA were
synthesized and studied.

Amphiphilic cationic star-shaped triblock copolymers with poly(ethylene oxide), poly(D,L-
lactide), and poly(L-lysine arms) (PEO-S(CK.,)-PLA) were synthesized by a combination of ring
opening polymerization (ROP) and arm coupling through a thiol-disulfide exchange reaction. The

morphology of PEO-S(Boc)-PLA diblock copolymers, PEO-S(CK.,)-PLA triblock copolymers,



and PEO-S(CK.,)-PLA /GFP DNA complexes were characterized by dynamic light scattering
(DLS) and small-angle X-ray scattering (SAXS). PEO-S(CKn)-PLA could effectively condense
DNA into nanosized complexes suitable for endocytotic cellular uptake and retard GFP DNA
migration in agarose gel electrophoresis at N/P ratios (ratio of moles of the primary amine groups
of cationic polymers to those of the phosphate groups of DNA) ) greater than 1. In vitro gene
transfection studies in the HeLa cell line showed that the amphiphilic structure could enhance gene
transfection when compared to the corresponding polylysine. Addition of chloroquine could
further enhance the gene transfection efficiency by interfering with the endocytosis process to
enhance endosomal escape of the complexes. The cytotoxicity of PEO-S(CK;)-PLA triblock
copolymers was studied in HeLa cells by MTS assay. PEO2k-S(CKao)-PLA2k triblock copolymers
showed almost no toxicity at all conditions examined while the corresponding polylysine PLL4o
and branched PEI showed relatively low toxicity at low concentrations but high toxicity at high

concentrations.
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Chapter 1 General Introduction

1.1 Nanomedicine

According to the definition given by the US National Nanotechnology Initiative:
“Nanotechnology is concerned with materials and systems whose structures and
components exhibit novel and significantly improved physical, chemical and biological
properties, phenomena and processes due to their nanoscale size.” [1] In general,
nanotechnology is regarded as the study and manipulation of single atoms, molecules and
other artificially-constructed matter in the size limits of 0.1-100 nm. Nanomedicine is an
important application of nanotechnology to healthcare, which requires the combination of
various disciplines such as biology, chemistry, physics, chemical and mechanical
engineering, material science and clinical medicine[2]. Nanomedicine has changed the
fundamental concepts of disease diagnosis, treatment and prevention because
nanomedicine is similar in scale to biologic molecules and systems and provides control
on the subcellular level [3]. Although nanomedicine seems to be a relatively recent field,
the basic scientific research of nanomedicine such as lipid vesicles [4], controlled release
polymeric  nanoparticles[5], stealth polymeric nanoparticles[6], quantum dot
bioconjugates[7, 8] and nanowire nanosensors[9] started several decades ago. Today,
nanomedicine has become a large subject area including metallic (e.g., gold nanoparticles),

atomic (e.g., fullerenes and carbon nanotubes), semiconductor (e.g., quantum dots),



organic (e.g., liposomes, polymeric nanoparticles, and dendrimers) and biological (e.g.,

engineered viral nanoparticles and nucleic acid based nanostructures) nanoparticles[10].

Some unique properties of these nanoparticles such as versatile modification possibilities,

high surface to volume ratio, and well controlled size and shape make nanomedicine more

attractive for a new generation of clinical applications when compared to macroscopic

materials[11]. Several nanomedicines have been approved by the Food and Drug

Administration (FDA) for use in humans or are in clinical trials or the proof-of-concept

stage in research labs. (Table 1-1)

Table 1-1. Examples of nanomedicines in clinical use, summarized in 2010.

with permission from [3], Copyright Massachusetts Medical Society.

Reproduced

Nanomaterial
Metallic

Iron oxide

Gold

Nanoshells

Semiconductor

Quantum dot

Organic
Protein

Liposome

Polymer

Dendrimer

Micelle

Trade Name

Feridex

Resovist

Combidex
NanoTherm
Verigene
Aurimmune
Auroshell
Qdots, EviTags,

semiconductor
nanocrystals

Abraxane

Doxil/Caelyx
Oncaspar
CALAA-OL
VivaGel

Genexol-PM

Application

MRI contrast

MRI contrast

MRI contrast
Cancer therapy
In vitro diag-
nostics
Cancer therapy
Cancer therapy
Fluorescent con-

trast, invitro
diagnostics

Cancer therapy

Cancer therapy
Cancer therapy
Cancer therapy
Microbicide

Cancer therapy

Target

Liver

Liver

Lymph nodes
Various forms
Genetic
Various forms
Head and neck
Tumars, cells,
tissues, and
molecular

sensing
structures

Breast

Various forms

Acute lymphoblas-

tic leukemia

Various forms
Cervicovaginal

Various forms

Adverse Effects

Back pain, vaso-
dilatation

None

None

Acute urinary
retention

Not applicable
Fever

Under investigation

Not applicable

Cytopenia

Hand—foot syndrome,
stomatitis

Urticaria, rash
Mild renal toxicity

Abdominal pain,
dysuria

Peripheral sensory
neuropathy,
neutropenia

Manufacturer

Bayer Schering

Bayer Schering

Advanced Magnetics
MagForce
Nanosphere
CytlImmune Sciences

Nanospectra
Biosciences

Life Technologies,
eBioscience,
Nanoco,
CrystalPlex,
Cytodiagnostics

Abraxis Bioscience

Ortho Biotech
Rhéne-Poulenc Rorer
Calando

Starpharma

Samyang

Current Status

FDA approved

FDA approved

In phase 3 clin-
ical trials

In phase 3 clin-
ical trials

FDA approved

In phase 2 clin-
ical trials

In phase 1 clin-
ical trials

Research
use only

FDA approved
FDA approved

FDA approved

In phase 2 clin-
ical trials

In phase 2 clin-
ical trials

For phase 4
clinical
trials




1.2 Stimulus-responsive polymeric nanocarriers

Engineered nanocarriers, especially polymeric nanocarriers, have drawn increased

attention in the nanomedicine field for transportation of active compounds such as small-

molecular drugs, imaging materials, peptides or genes. These polymeric nanocarriers can

enhance the solubility, bioavailability and prolonged circulation times of encapsulated or

conjugated active compounds and also can be easily tailored for specific targeting and

selective release at desired sites of action [12, 13]. Stimuli-responsive polymeric

nanocarriers are nanometer-sized active polymeric delivery vehicles containing functional

groups or blocks that are sensitive to internal or external stimulus. Chemical, biochemical

or physical stimulus can significantly change the morphology or structure of the polymeric

nanocarriers and thereby trigger the release of active species at specific sites. Figure 1-1

shows a general scheme of a stimuli-responsive nanocarrier to delivery active compounds.

— 1-200nm —

responsive nanocarrier

e.g. micelles, dendritic
architectures, nanogels, ...

properties: inactive, but

tuneable in terms of solubility,

selectivity, and stimuli
response

active compound
e ———r
conjugation or
complexation

active compound +
responsive nanocarrier
e.g. drug-loaded micelles,
drug conjugates, ...
properties: active, increased
bioavailability, selective, and
responsive

ﬁ

e

* T

released active compound +
triggered nanocarrier
e.g. drug release upon linker
cleavage, change of carrier
morphology, ...
properties: fulfills drug effect
specifically at desired site of
action

Figure 1-1 General scheme for delivery of an active compound from a stimuli-responsive

nanocarrier. Reprinted from [13], with permission from Elsevier.



1.2.1 pH-sensitive polymeric nanocarriers

In biological system, there are various pH differences on both cellular and systemic
levels in pathological states. Tumors and inflamed tissues are reported to be 0.5-1 pH units
lower than ordinary cells and tissue[14]. This property can be utilized for the targeted
stimuli-responsive delivery of drugs or genes to the diseased site. After the polymeric
nanocarriers have undergone cellular uptake, they go through various well-defined
pathological states with strongly different pH ranges. The endosomes (pH 6-6.8) as well
as lysosomes (pH 4-5) have a typical reduced pH compared to the physiological pH of 7.2-
7.4[15]. These pH differences provide a great localized trigger for the drug/gene release
from polymeric nanocarriers[16].

The pH-sensitive polymeric nanocarriers can be constructed from polymers with
ionizable functional groups such as amines or carboxylic acids. Polymeric nanocarriers
with amine groups are fabricated at a pH above the pKa of the amine groups. When the
external pH decreases below the pKa of the amine groups, the ionization will increase both
the hydrophilicity and electrostatic repulsion of the polymer block and will lead to the
destabilization to the polymeric nanocarriers and release of active compounds. Armes and
coworkers reported a pH-sensitive polymeric nanocarrier formed at physiological pH by
poly(2-(methacryloyloxy)ethylphosphorylcholine)-co-poly(2-(diisopropylamino)ethyl
methacrylate) diblock copolymers (PMPC-PDPA)[17]. When below pH 6, the vesicles
dissociate completely because of protonation of the tertiary amine groups on the PDPA
block. The polymeric nanocarrier fabricated by PMPC-PDPA was applied as a gene
delivery system [18]. The encapsulation and release of a DNA plasmid was achieved by

tuning the solution pH. In mildly acidic aqueous solution (pH=6), the PMPC-b-PDPA



block copolymer and DNA plasmid were dissolved, while when the pH was increased to
7.5 the PMPC-b-PDPA polymeric nanocarrier were formed with DNA plasmid
encapsulated. Poly(acrylic acid)-block-polystyrene-block-poly(4-vinylpyridine) (PAA2s-
b-PSge0-b-P4VP4o) triblock copolymers were reported to form different aggregated
morphologies ranging from vesicles, solid spherical aggregates, ellipsoidal aggregates, and
back to vesicles with pH changes from 1 to 14[19]. The reason for the morphology changes
was the difference in repulsive interactions inside the PAA or P4VP coronas at different
pH conditions. Bae and coworkers reported the preparation of one pH-sensitive polymeric
nanocarrier composed of poly(L-histidine)-b-poly(ethylene glycol) diblock copolymers
(polyHis5K—b—PEG2K) which could release anticancer drugs at relatively acidic
tumors[20]. An innovative pH-sensitive delivery system also reported by Bae’s group [21]
was formed by two block copolymers: poly(ethylene glycol)-b-poly(methyacryloyl
sulfadimethoxine) (PEG-b-PSD), which was pH sensitive, and poly(ethylene glycol)-b-
poly(I-lactic acid) (PEG-b-PLLA), which was conjugated to the TAT peptide (one group
of cell permeable peptides containing a specific sequence such as H - Gly - Arg - Lys - Lys
- Arg - Arg - GIn - Arg - Arg - Arg - OH). At neutral pH or physiological pH polyion
complexes which formed between a positively charged TAT chain and a negative charged
PSD block would be stable. At acidic pH/tumor pH, the complex would be destabilized
and expose the TAT on the surface to penetrate the target tumor cells.

Another type of polymeric nanocarrier was constructed with a biocompatible
nonresponsive polymer with pH-sensitive linkages between the active compound and
polymer backbone. Ulbrich et al. synthesized one polymeric nanocarrier composed of N-

(2-hydroxypropyl)methacrylamide (HPMA) conjugated with doxorubicin (DOX) via



hydrazone linkages [22]. The hydrazone linkage was cleaved upon the environment change
from blood circulation and extracellular environment (pH 7.4) to intracellular compartment

(pH~5-6) and enabled the pH triggered controlled release of DOX.

1.2.2 Redox sensitive polymeric nanocarriers

The intracellular and extracellular redox environments have a great difference: the
redox environment inside cells is slightly reducing and outside cells is slightly oxidizing.
Cysteine and glutathione are believed to be the main reducing agents that maintain both
intracellular and extracellular redox equilibria[23]. For example, in humans, the reduced
glutathione free thiol form is found at millimolar levels in the cellular fluids but only at
micromolar levels in other body fluids [24]. The glutathione levels are found to be 7-10
fold higher in tumor cells than normal cells in vitro. These differences provide an
opportunity for application of redox sensitive polymeric nanocarriers in programmed
delivery of drugs and genes.

Polymeric nanocarriers with disulfide bonds can either encapsulate or conjugate with
active genes and drugs outside the cell. Once the nanocarriers get into the cell, the disulfide
bonds are reduced by the excess of reduced glutathione (GSH), therefore the drugs and
genes present in the polymeric nanocarriers are released. Cavallaro and his coworkers [25]
have reported a polymeric nanocarrier for gene delivery based on the highly water-soluble
polymer a,B-poly(N-2-hydroxyethyl)-D,L-aspartamide (PHEA). Positively charged 3-
trimethylammonium chloride groups were conjugated to the PHEA backbone to complex
with negatively charged DNA and 3-(2-pyridyldithio)propionate groups were conjugated

to the backbone to allow for formation of disulfide linkages between polymer chains to



stabilize the complexes in the extracellular environment. The fabricated PHEA-EDA-PDP-
CPTA polymeric nanocarriers showed great stability in blood and selective DNA release
under intracellular reductive environment. Kataoka’s group [26] has synthesized PEG-SS-
P[Asp(DET)] diblock copolymers which had one cationic segment based on
poly(aspartamide) with a flanking diethylenetriamino group, P[Asp(DET)], conjugated to
PEG through disulfide bonds. Nanocarriers fabricated from PEG-SS-P[Asp(DET)]
exhibited stability with plasmid DNA and enhanced gene transfection efficiency and more
rapid onset of gene expression than corresponding PEG-P[Asp(DET)] without disulfide
bonds. Hubbell’s group [27] has reported the synthesis and application of amphiphilic
copolymer poly(ethylene glycol)-disulfide-poly(propylene sulfide) block copolymers
(PEG-SS-PPS). Polymeric nanocarriers formed from PEG17-SS-PPS3o could protect
biomolecules outside cells but burst suddenly in the presence of cysteine or glutathione
inside cells to release the encapsulated biomolecules, which could be useful in cytoplasmic
delivery of biomolecular compounds. Wang’s group [28] reported a polymeric nanocarrier
for doxorubicin (DOX) delivery composed of the single disulfide bond-bridged block
polymer of poly(e-caprolactone) and poly(ethyl ethylene phosphate) (PCL-SS-PEEP).
This PCL-SS-PEEP polymeric nanocarrier could achieve enhanced intracellular drug
release and higher drug accumulation and retention in multidrug resistance (MDR) cancer
cells. Another polymeric nanocarrier for DOX delivery based on poly(ethylene oxide)-b-
poly(N-methacryloyl-N'-(t-butyloxycarbonyl)cystamine)  (PEO-b-PMABC)  diblock
copolymers was reported by Gan’s group [29]. In the cell experiment, PEO-b-PMABC

nanocarriers encapsulating DOX were stable at physiological conditions and accomplished



faster drug release under reducing intracellular environment and higher anticancer efficacy

compared to the non-redox-sensitive control.

1.2.3 Thermo-sensitive polymeric nanocarrier

At certain temperatures, thermo-sensitive polymers undergo phase-transitions and
exhibit changes in conformation, solubility and other properties [30]. Depending on the
different responses to heating, thermo-sensitive polymers can be divided into two kinds:
polymers that become soluble upon heating have upper critical solution temperature
(UCST); polymers which become insoluble upon heating have lower critical solution
temperature (LCST). The thermo-sensitive LCST polymers are hydrophobic above the
phase transition temperature while hydrophilic below the phase transition temperature. The
thermo-sensitive LCST fragments can be used as either hydrophobic blocks or hydrophilic
blocks upon morphology formation depending on temperature selection.

Developing thermo-sensitive polymeric nanocarriers for drug and gene delivery able
to respond to small changes in temperature has recently attracted great research interest. In
particular, poly(N-isopropylacrylamide) (PNIPAAmM) with an LCST in water around 32 €
has been investigated as one component of temperature-sensitive polymeric nanocarriers
[31, 32]. Discher, Yang and coworkers [31] synthesized narrowly distributed (PDI< 1.2)
PEO-b-PNIPAAmM block copolymers using reversible addition—fragmentation chain
transfer (RAFT) polymerization. The PEO-b-PNIPAAmM copolymers exhibited an LCST at
32 <C. The block copolymers could form vesicles and incorporate either hydrophilic (e.g.,
DOX) or hydrophobic drugs above the LCST at 37 <C, but were destabilized below the

LCST at 25 <C to allow temperature-controlled quick release. The reported phase-transition



window was quite narrow which made the fabricated PEO-b-PNIPAAmM nanocarriers quite
attractive for temperature-triggered drug and gene delivery. Wei et al. [32] have reported
the synthesis of a four-arm star block copolymer composed of a hydrophobic PMMA arm
and an average of three hydrophilic PNIPAAm arms. Below the LCST of PNIPAAmM
(34 <C), the star copolymers could self-assemble into thermo-sensitive polymeric
nanocarriers with PMMA as the core and PNIPAAm as the shell. PMMA-PNIPAAmM
nanocarriers loaded with the anti-inflammation drug prednisone acetate showed thermo-
responsive release behavior because of temperature-induced structural changes. At a
temperature (25 <C) below the PNIPAAmM LCST, the PMMA-PNIPAAM nanocarriers
released drug at a relatively low rate and retained 45 mol% of the initial drug loading after
240 h. At a temperature (40 <C) above the PNIPAAmM LCST, the PNIPAAmM arm became

hydrophobic and 90 mol% of the encapsulated drug was released after 240 h.

1.3 Passive targeting and active targeting

To design efficient polymeric nanocarriers, both passive targeting and active targeting
can be utilized depending on the chemical and biological properties of target sites. Figure
1-2 illustrates the basic concept of passive targeting and active targeting.

Passive targeting is based on the enhanced permeation retention effect (EPR) which
was first demonstrated by Maeda in the (styrene maleic acid) to neocarzinostatin
(SMANCS) systems [33, 34]. The poorly formed vasculature around cancer cells and large
gaps between the cells enhances permeation of large macromolecular drugs with sizes from
20 to 200 nm. Furthermore, tumor tissues lack effective lymphatic drainage due to the

abnormal growth of the tumor which results in macromolecular drugs being trapped in the



vicinity of tumor tissue. This phenomenon has been referred to as the enhanced permeation
retention (EPR) effect and has been found to be present not only in tumors but other
diseases such as chronic inflammation and infection. The EPR effect offers opportunities
for passive targeting simply by controlling the size of the macromolecular nanocarriers
without involvement of targeting ligands. In addition to the EPR effect, the size of
nanocarriers also influences the cellular uptake efficiency and pathway [35, 36].

Active targeting is to target diseased cells by introducing active targeting ligands such
as large antibodies or small molecule ligands to the nanocarriers for cell surface receptors
[37-40]. Reported successful examples of active targeting have usually had post assembly
surface functionalization of nanocarriers with targeting ligands, including TAT peptide
[37], hydrazide [38], adamantine-PEG and adamantine-PEG-human transferrin

conjugates[39, 40].
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Figure 1-2 The concept of passive targeting and active targeting. Reprinted from [12], with
permission from Elsevier.
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1.4 Scope of the Thesis

This research was devoted to the preparation and characterization of stimuli-
responsive star-shaped triblock copolymers, as well as their self-assembly in aqueous
solution and biological application for drug and gene delivery.

Chapter 2 describes several key instruments and technologies for the analysis of star-
shaped triblock copolymers and the complexes formed by the triblock copolymers and
DNA plasmids. Dynamic light scattering (DLS) and small angle X-ray scattering (SAXS)
were used to characterize the size of the nanoparticles formed by star-shaped triblock
copolymers; agarose gel electrophoresis was applied to check the DNA condensation
ability of the triblock copolymer; flow cytometry was used to quantitatively measure the
transfection efficiency of the complexes formed by triblock copolymer and DNA plasmid,
cytotoxicity assays were used to screen for cytotoxicity of the triblock copolymer.

Chapter 3 describes the synthesis of a redox-responsive triblock copolymer
poly(ethylene oxide)/polylactide/polylysine (PEO-S(CK;)-PLA) for gene delivery. A
series of triblock copolymers with different block lengths has been synthesized.

Chapter 4 describes the application of triblock copolymer PEO-S(CKG;)-PLA in gene
delivery. The complexes formed by PEO-S(CKn)-PLA and green fluorescent protein (GFP)
DNA plasmid were examined by DLS and agarose gel electrophoresis to study the DNA
condensation ability, and further applied to HelLa cells line for gene transfection in vitro.
The cytotoxicity of the triblock copolymer PEO-S(CK;)-PLA was tested and compared to
the corresponding polylysine and branched polyethylenimine (bPEI).

Chapter 5 contains conclusions and suggestions for future work.
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Chapter 2 Analytical Instrumentation

2.1 Dynamic light scattering (DLYS)

Dynamic light scattering (DLS) is an important technique to measure size and size
distribution of polymer or biomolecule dispersions because this method can quickly
generate results without changing or destroying the samples. DLS based on the time-
dependent scattered intensity became practical after the invention of the monochromatic
and coherent laser about five decades ago [1-4]. Figure 2-1 illustrates the main components
of atypical DLS system. The laser light is shot through a polarizer to define the polarization
of the incident beam and impinges on the sample cell. The scattered light (Rayleigh
scattering) then goes through an analyzer to select a given polarization and a detector to
measure the intensity of the scattered light. The position of the detector defines the
scattering angle 0. The intensity of scattered light is input to an autocorrelator to compare
the scattered light intensity at successive time intervals to monitor the time fluctuations in
the intensity of light scattered. The autocorrelation of the scattered intensity could be

further analyzed by software based on theoretical relationships.

In DLS, the intensity-intensity time correlation function GA(t) in the self-beating
mode is measured and the normalized distribution function of the characteristic line width

G(T') is obtained by using Laplace inversion [5, 6]. The line width I" could be expressed as

== De(1+ kaO)[L + f(Ryq) ] (2-1)
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where Dy is the translational diffusion coefficient, C is the solution concentration and q is

the wave vector defined as
q=""sin() (2-2)

where A is the incident laser wavelength, n is the refractive index of the sample and 0 is the

scattering angle.

When C— 0 and g— 0, T'/q? is approximately equal to D:. The hydrodynamic radius Rn

could be obtained by using the Stokes-Einstein equation

__ kT
- 6TNRp

(2-3)

t

where kg, T and n are the Boltzmann constant, the absolute temperature and the solvent

viscosity, respectively.

The application of DLS to measure sizes of polymeric nanoparticles in liquid
dispersion depends on the validity of the Stokes-Einstein relation for spherical particles
and its analogs for non-spherical particles. It requires the dispersion to be very dilute to
eliminate the correlations between the polymeric nanoparticles. Also because polymeric
nanoparticle dispersions are particles with a distribution of sizes and shapes, the
measurement of the hydrodynamic radius needs different mathematical analysis methods.
A program called “CONTIN” has been developed by Provencher [7], which finds the
smoothest simulation curve consistent with the data and noise in it and gives estimates for
the widths and peaks of unimodal distribution, even bimodal distribution with some

limitations.
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Figure 2- 1 A schematic representation of the dynamic light-scattering experiment.

The commercial DLS instrument (Brookhaven Instruments Corp. 90 Nanosizer) was
used to measure the size of diblock copolymer PEO-S-PLA and triblock copolymer PEO-
S(CK.)-PLA and the complexes formed by triblock copolymer PEO-S(CKn)-PLA and GFP

DNA plasmid.

2.2 Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) is one type of small-angle scattering (SAS)
technique that can be used to analyze the microscale or nanoscale structure of various
systems such as metal alloys, nanoparticles, biological macromolecules in solution,
emulsions, porous materials, and synthetic polymers in solution or in bulk [6, 8-13]. In a
scattering experiment with a polymer solution, X-rays with wavelength A typically around

0.15 nm are scattered by the polymer and the scattered intensity 1(Q) is recorded as a
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function of wavevector transfer Q (Q=4nsinf/A, where 20 is the angle between the incident
and scattered radiation). Figure 2-2 illustrates the main components of the SAXS

experiment.

solution X-ray

Primary X-ray beam, ko= 21/A detector

e

Scattered beam, k; = 217/A
solvent

S=k1'k0

S =417 SinB/A

Figure 2- 2 Schematic representation of a SAXS experiment. Reprinted from [13] with
permission from Elsevier.

In SAXS, the size of micelles formed in polymer solution can be estimated by the

radius of gyration Rg, which can be extracted using the Guinier Approximation
1 (Q) o exp(—Rg*Q?/3) (2-4)
Lnl (Q) ~ — Rs?Q%/3 (2-5)

in the low-q regime (RgQ < 1) of an SAXS profile [6].
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2.3 Agarose gel electrophoresis

Agarose gel electrophoresis is one type of gel electrophoresis used to separate DNA
or proteins in a matrix of agarose which has been widely used in biochemistry, molecular
biology, microbial genetics and clinical chemistry [14]. Agarose, a polysaccharide
consisting of 1,3-linked pB-D-galactopyranose and 1,4-linked 3,6-anhydro-o-L-
galactopyranose, can be dissolved in a suitable electrophoresis buffer at a concentration of
0.7-2% w/v to form an agarose gel which has a three-dimensional matrix with channels
and pores for biomolecules to pass through. The pore size of the agarose gel may vary with
different concentrations and the pore size of the commonly used 1% gel is roughly between

100 nm to 500 nm [15, 16].

When DNA is separated by agarose gel electrophoresis, the negative charge of its
phosphate backbone moves the DNA towards the positively charged anode. The migration
of DNA in agarose gel electrophoresis is affected by several factors such as size of the
DNA, conformation of DNA, gel concentration, voltage, the ionic strength of the buffer
and the concentration of the intercalating dye if used. In a specific agarose gel
electrophoresis experiment, factors other than size and conformation of DNA will be
adjusted to ideal values to make sure that DNA components can be separated by size and
conformation [17]. In general, the size of DNA affects DNA migration in such a way that
smaller DNA with a lower number of base pairs (bp) travels faster in the agarose gel than
larger DNA with a higher number of base pairs (bp). The effect of DNA conformation on
DNA migration is reflected by the fact that supercoiled DNA usually migrates faster than
relaxed DNA because the supercoiled DNA is tightly coiled and more compact, thus

travelling faster in the agarose gel.
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For standard agarose gel electrophoresis, a general procedure includes the casting of
gel, loading of samples, electrophoresis, staining and visualization. As described in the
previous paragraph, the agarose gel can be cast by dissolving agarose in a suitable
electrophoresis buffer at an appropriate concentration. A comb is usually placed to create
sample loading wells before the gel is completely set. After the gel has set, DNA samples
with loading buffer are added to the wells by pipette. Then the agarose gel slab is placed
in an electrophoresis tank submerged in buffer and the electrophoresis starts once the
voltage is applied. The visualization of DNA can be achieved either by UV staining (e.g.,

ethidium bromide) or non UV staining (e.g., crystal violet).

2.4 Flow Cytometry

Flow cytometry is a powerful tool to measure and distinguish cells with different
physical properties.[18-21] Flow cytometry has several advantages such as measuring
multiple parameters simultaneously, high-speed analysis of 100-1000 cells per second and
fluorescent based cell sorting [18]. In a typical flow cytometry test, the single cell
suspension is passed through the laser intercept in such a way that multiple laser light
signals are measured and recorded for each cell. The laser light signals could be divided
into two categories: scattered laser light signals and fluorescent signals. Forward-scattered
light (FSC) and side-scattered light (SSC) signals are usually used to count the total number
of tested cells. The fluorescent light (FL) signals could distinguish tested cells with
different fluorescent properties. Through combination of FSC, SSC and FL signals, the

percentage of specific fluorescent cells within the tested cells could be estimated.
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2.5 Cytotoxicity Assay

The cytotoxicity of compounds limits the potential pharmaceutical applications and
needs to be measured prior to any further clinical investigations. Cytotoxicity can be
measured by several methods such as assessing cell membrane integrity (e.g., LDH assay,
ATP assay), reducing potential (e.g., MTT assay, MTS assay, XTT assay and WST-1 assay)

and protease activity (e.g., GF-AFC assay)[22] .

The MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
tetrazolium reduction assay was the first homogeneous colorimetric assay developed [23-
25]. Yellow MTT can be reduced by viable cells with active metabolism to purple formazan
with an absorbance maximum near 570 nm. Because the formazan of MTT is insoluble in
culture media, selected solvents such as DMF need to be used to dissolve the formazan
form of MTT and the absorbance of resulted solution is measured.

The MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) reduction assay also been used for cytotoxicity tests[26-29].
Commercial MTS assays contain phenazine methyl sulfate (PMS) or phenazine ethyl
sulfate (PES) to enhance the cell penetration ability and stability of MTS. The formazan
form of MTS is water soluble with an absorbance maximum around 490 nm and can be

directly measured without any additional solvents by a plate-reader.
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Chapter 3 Synthesis of redox-responsive
amphiphilic PEO-S(CK.n)-PLA triblock

copolymers for gene delivery

3.1 Introduction
3.1.1 Amphiphilic block copolymers

Block copolymers containing multiple polymer blocks formed by different monomer
species can exhibit unique properties comparing to the homopolymers. Amphiphilic block
copolymers with hydrophobic blocks and hydrophilic blocks can self-assemble into various
structures such as spherical micelles, cylindrical micelles or vesicles (Figure 3-1) in

selective solvents due to the minimization of Gibbs free energy [1-4].

The different morphologies are determined by the inherent molecular curvature which

can be estimated by a dimensionless packing parameter p

v

p= (3-1

aolc
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where v is the volume of the hydrophobic chains, ao is the optimal area of the head group,
and I¢ is the length of the hydrophobic tail. As a general rule, amphiphilic polymers with p
< 1/3 favor spherical micelles, with 1/3 < p < 1/2 favor cylindrical micelles and with 72 <
p <1 favor enclosed membrane structures such as vesicles [5]. However, these three factors,
V, a0, and Ic are not well-established for all given polymers. Another simple factor used to
estimate the morphology is the hydrophilic mass fraction fpnilic. In general, amphiphilic
polymers with fonilic > 50% favor spherical micelles, with 40% < fphilic < 50% favor

cylindrical micelles and with fonilic < 40% favor enclosed membranes structures [6].

Amphiphilic block copolymer micelles and vesicles have great potential for
biomedical applications such as drug or gene delivery for the following reasons [7]: first,
drugs and nucleic acids can be encapsulated or conjugated inside the core of block
copolymer micelles or vesicles and transported at relatively high concentration. Second,
hydrophilic blocks, usually poly(ethylene oxide) PEO, can hydrogen-bond to surrounding
water molecules to make a shell to protect the micelles or vesicles core. Third, the sizes
and morphologies of the micelles and vesicles can be easily controlled by modifying the

chemical composition, molecular weight and block length ratio of the constituent polymers.
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Figure 3- 1 Schematic of spherical micelles, worm-like micelles and vesicles. Reprinted
from [3], with permission of John Wiley and Sons.

3.1.2 Gene Delivery

Gene delivery is the transport of foreign genetic materials (DNA, RNA, and other
nucleic acids) to cells for gene expression modifications [8]. Gene vectors based on
different type of materials have been studied and applied for gene delivery. Viral vectors
based on retroviruses have the natural ability to transfect cells and achieve high gene
transfection efficiency. However, the cytotoxicity and immunogenic response of viral
vectors became a huge obstacle for clinical applications [8]. There was a clinical gene
therapy trial involving retroviral vectors which was stopped after the observation of serious
adverse events in two patients who developed a monoclonal lymphoproliferative disease

during the treatment [9]. Nonviral vectors based on cationic lipids or polymers provide a
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promising alternative approach for gene delivery. Both natural cationic polymers [10] (e.g.,
chitosan) and synthetic cationic polymers (e.g. PLL, PEI and PAMAM) [8, 11-13] have
been studied as possible non-viral vectors for gene delivery. Natural cationic polymers
have advantages as being biodegradable, non-toxic and biocompatible but little control
over structure and homogeneity is possible [10]. Structure and homogeneity of synthetic
cationic polymers can be controlled but these polymers may be non-biodegradable, toxic
and non-biocompatible. Figure 3-2 shows structures of the most widely studied
commercially available synthetic cationic polymers used for gene delivery: polylysine,
polyethylenimine (PEI) and polyamidoamine (PAMAM). With an abundance of primary
amine groups, these cationic polymers can complex with negatively charged DNA by
electrostatic interactions and transport DNA. However, the free cationic groups also
interact with the cell membranes and extracellular matrix proteins which can lead to
cytotoxicity [14, 15]. The relatively low efficiency and cytotoxicity of synthetic cationic

polymer gene vectors still needs to be improved for clinical applications of gene delivery.
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Figure 3- 2 Structures of commercially available synthetic cationic polymers PLL, PEI
and PAMAM for gene delivery. Reprinted from [11] by permission from Macmillan
Publishers Ltd.
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3.1.3 Motivation and design of star-shaped triblock copolymer PEO-S(CKn)-PLA

To develop a new type of synthetic polymer gene delivery vector with enhanced gene
transfection efficiency and reduced cytotoxicity, an amphiphilic copolymer structure can
be introduced into the cationic polymer gene delivery system and the hydrophilic blocks
and hydrophobic blocks can stabilize the formed polymer/DNA complexes in both aqueous
and hydrophobic environments. The designed cationic copolymer contain three arms: (1)
a hydrophilic arm which can protect the DNA in aqueous solutions; (2) a biodegradable
hydrophobic arm which can stabilize the polymer/DNA complex in hydrophobic
environments; and (3) a cleavable positively charged arm which can complex with the
DNA and release it inside the cells with excess of reduced glutathione (GSH).. Figure 3-3
illustrates the basic structure of the tri-arm star triblock copolymer with cleavable cationic

segment.

hydrophilic hydrophobic
block block
cationic
segment

(w/ cleavable linkage)

Figure 3- 3 Structure of the amphiphilic tri-arm star triblock copolymer.
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Hydrophilic and biocompatible poly(ethylene oxide) PEO, also known as
poly(ethylene glycol) PEG, has been widely used in biomedical applications because of its
ability to hinder uptake of PEO-modified particles by the reticulo-endothelial system (RES)
[16], thus elongating the blood circulation time of the particles. Therefore PEO has often
been used as the hydrophiphilic block in amphiphilic copolymers to reduce interactions of
polymer assemblies with serum proteins and to increase the stability of assemblies [17, 18].
PEOs at different molecular weights with various terminal functional groups are
commercial available. In this thesis, amine terminated PEO with molecular weight 2

kg/mol or 5 kg/mol was used as the starting material.

Poly(lactic acid) (PLA) is a relatively hydrophobic, hydrolytic biodegradable and
biocompatible polyester which has been widely studied for biomedical applications [19].
Because PLA homopolymer is too brittle and hydrophobic for biomedical applications,
copolymers with PLA as the hydrophobic block are usually used as efficient drug/gene
delivery vectors [3, 20, 21] or porous scaffold materials [22]. The PLA block can be
synthesized by hydroxyl group initiated ring opening polymerization (ROP) of lactide
monomer by various catalysts such as tin octoate Sn(Oct), [23-25], thiourea-based
bifunctional organocatalysts [26-28] (e.g. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD), N-
methyl-TBD (MTBD), and 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU)) and others [29].
The living nature of the ring opening polymerization of lactide provides a method to
synthesize well-defined PLA blocks with narrow molecular weight distributions. The
molecular weight of the PLA block can be easily controlled by the ratio of monomer and

initiator in the ring opening polymerization.
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Amine-functionalized polymers including polyethylenimine (PEI) and its derivatives
[30-32], polylysine and its derivatives [33-35] and polyamidoamine (PAMAM) dendrimers
[36-38] are among the most widely applied cationic polymers in gene delivery systems.
Polylysine is a biodegradable poly(amino acid) with pendent amine groups that can
ionically interact with the negatively charged DNA backbone [33, 34]. Polylysine can be
easily synthesized from monomer Z-lysine-N-carboxyanhydride and act as the cationic

block in synthetic cationic copolymer system [39, 40].

Introduction of degradable linkages such as hydrolytically degradable ester,
phosphazene, or carbonate groups or bioreducible disulfide bonds into polymer backbones
or side chains has been adopted as a strategy for reducing toxicity and improving
biodegradability of cationic polymer gene vectors [41-44]. Among these degradable
linkages, disulfide bonds show great stability during storage, during systemic circulation,
and in extracellular environments, however, they are easily and quickly cleaved though a

thiol-disulfide exchange reaction with glutathione inside the cell [41].
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Figure 3- 4 Synthesis of amphiphilic tri-arm star copolymer for DNA delivery
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The synthetic route to amphiphilic tri-arm star copolymers for DNA delivery is
illustrated in Figure 3.4. The designed route to synthesize the tri-arm star triblock PEO-
S(CK.n)-PLA polymers started with the coupling of benzyloxycarbonyl (CBZ)-protected
serine with amine-terminated PEO to afford the hydroxyl-terminated polymer mPEO-S(Z)-
OH [45]. Then the mPEO-S(Z)-OH could be used to initiate the ring opening
polymerization (ROP) of lactide with an activating agent tin octoate to form the diblock
copolymer mPEO-S(Z)-PL Sn(Oct)2 [23-25]. After lactide polymerization, the CBZ group
was removed by either reaction with HBr/acetic acid [46] or hydrogenolysis by H. with
Pd/C [47] at room temperature to afford mPEO-S(NH>)-PLA. The amine group in mPEO-
S(NH2)-PLA reacted with N-succimidyl-3-(2-pyridyldithio)propionate (SPDP) to form
active disulfide intermediate mPEO-S(NH-PDP)-PLA [48-50]. Then the active mPEO-
S(NH-PDP)-PLA diblock copolymer was reacted with lysine oligomers with a cysteine

residue at the C-terminus (HS-CKp) to form the PEO-S(CK.,)-PLA star copolymers .

3.2 Experimental

Materials

Methoxy poly(ethylene glycol) amines (PEO2k-amine My, = 2170 g/mol, 98.8% and
PEO5k-amine M, = 5187 g/mol, 99.0%) were purchased from JenKem Technology
(Beijing, China). 3,6-Dimethyl-1,4-dioxane-2,5-dione  (D,L-lactide) and 1,8-
diazabicyclo[5,4,0Jundec-7-ene (DBU) (98%) were purchased from Sigma-Aldrich.
Carbobenzoxyl-D,L-serine (N-Cbz-D,L-serine) was purchased from TCI. Triethylamine

(TEA) (99%) was purchased from J. T. Baker. Trifluoroacetic acid (TFA) (99.5+ %), N-
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carbobenzoxyl-L-lysine (N-Cbz-L-lysine), 2-mercaptopyridine (98%) and dithiothreitol
(DTT) (98%) were purchased from Alfa Aesar. 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC<HCl) was purchased from Acros Organics.
Hydroxybenzotriazole monohydrate (HOBt*H,O) was purchased from Advanced
ChemTech (Louisville, KY). N-(tert-Butoxycarbonyl)-L-serine (Boc-Ser-OH) (99%),
Fmoc-O-tert-butyl-L-serine  (Fmoc-Ser-OH)  (99.5%) and S-trityl-L-cysteinamide

hydrochloride (NH2-Cys(Trt)-H) (97%) were purchased from Aapptec (Louisville, KY).

PEO2k-amine and PEO5k-amine were lyophilized from benzene before use. D, L-
lactide was recrystallized from THF and then sublimed under vacuum. The purified lactide
was stored in a No-filled dry box. Tin octoate was dissolved in toluene (~9 mg/mL) and
stored over 4 A molecular sieves. DBU was distilled from CaHa, dissolved in THF (20
mg/mL), and stored over 4 A molecular sieves under No. TEA was passed through a short
basic alumina column before use. NH2-Cys(Trt)-H was recrystallized from CHClz/MeOH

(1:1 v/v). Other reagents were used as received.

Instrumentation

Polymer average molecular weights (Mw and Mn) and molecular weight distributions
(B) were estimated by gel permeation chromatography (GPC) with tetrahydrofuran (THF)
as eluent at 40 T at a flow rate of 1.0 mL/min on a set of two PLgel Sum Mixed-D columns
and a PL-ELS 1000 evaporative light scattering detector (Polymer Laboratories). Data
were analyzed with Cirrus GPC software (Polymer Laboratories) based upon polystyrene

standards (EasiCal PS-2, Polymer Laboratories). Block copolymer compositions were
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estimated by NMR spectroscopy (Varian 300Hz, CDCIs). Dynamic light scattering (DLS)
experiments were carried out with a BIC 90 plus Particle Size Analyzer (Brookhaven
Instruments Corp.) at a wavelength of 659.0 nm and a constant angle of 90> Small angle
X-ray scattering (SAXS) experiments were performed on Beamline X9 in the National

Synchrotron Light Source (NSLS).

3.2.1 Synthesis of macroinitiator mPEO-(Boc)-OH

Macroinitiator mPEO-(Boc)-OH was synthesized by the coupling of amine-
terminated PEO and Boc-protected serine[45]. PEO2k-amine (1.01 g, 0.465 mmol), Boc-
Ser-OH (145 mg, 0.706 mmol), HOBt-H2O (74 mg, 0.484 mmol) and EDC-HCI (93 mg,
0.485 mmol) were dissolved in CH2Cl, (40 mL) and the resulting solution was cooled to
4 <T in an ice bath. Triethylamine (92 mg, 0.909 mmol) was dissolved in 5 ml CH2Cl. and
added to the above solution by syringe. The resulting solution was stirred at 4 <C for 2 h
and then allowed to warm up to 25 <C slowly. After 20 h, the reaction mixture was washed
with aqueous sodium bicarbonate (5%, 5 mL) once and then brine (5 mL) once. The organic
fraction was dried over MgSOsa, filtered and concentrated by rotary evaporation and
vacuum to afford a white solid (965 mg, 88%) after lyophilization from benzene, as

confirmed by *H NMR.

'H NMR (300 MHz, CDCls): § 4.0-3.4 (br, t, 4H per —-OCH,CH,- repeat unit), 3.4 (s,

3H, CH30-), 1.4 ppm (s, 9H, Boc protecting group).
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3.2.2 Synthesis of diblock copolymer PEO-S(Boc)-PLA

Lactide polymerization with Sn(Oct)2.[23, 25] In a typical procedure for synthesis of
PEO-S(Boc)-PLA, PEO5k-S(Boc)-OH (128.1 mg, 0.024 mmol) and D,L-lactide (156.5 mg,
1.08 mmol, 45 equiv) were dissolved in dry toluene (5 mL) in a Schlenk tube inside a N»-
filled dry box. Sn(Oct). solution in toluene (1.8 mL, 23.4 mM in toluene, 1.5 equivalent
relative to macroinitiator-OH chain ends) was added to the solution by syringe. The sealed
Schlenk tube was taken out of the dry box and the solution was stirred at 110 <C. The
polymerization was allowed to run for 2 h, after which the reaction mixture was removed
from heat and HCI in MeOH (0.25 mL, 0.1 M in MeOH, 10 mol equiv of HCI per
macroinitiator-OH chain ends) was added. The reaction mixture was evaporated to dryness,
redissolved in THF and precipitated twice into hexanes/EtOAc (19:1 v/v) to afford a white
solid (196 mg, ~70%), as confirmed by *H NMR (Figure A2) and GPC (M 5.7 kDa, DPI

1.15).

H NMR (300 MHz, CDCls): § 5.2-5.0 (br, g, 1H per lactide repeat unit), 4.0-3.4 (br,
t, 4H per —-OCH,CHo>- repeat unit), 3.4(s, 3H, CH30-), 1.8-1.6 (br, d, 3H per lactide repeat

unit), 1.4 ppm (s, 9H, Boc protecting group).

Lactide polymerization with DBU [27, 28] In a typical procedure for synthesis of
PEO2k-S(Boc)-PLA, PEO2k-S(Boc)-OH macroinitiator (127.9 mg, 0.054 mmol) and D,L-
lactide (116.6 mg, 0.81 mmol) were dissolved in 5 mL THF in a Schlenk tube inside a N-
filled dry box. DBU solution in THF (0.06 mL, 0.13 M in THF, 1 mol% relative to

monomer) was added to the polymerization solution by syringe. The sealed Schlenk tube
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was taken out of the dry box, and the solution was stirred at 25 <C for 2 h, at which point,
benzoic acid (66.0 mg, 0.54 mmol) was added. The polymerization solution was
concentrated and precipitated into diethyl ether. The white precipitate was redissolved in a
minimal amount of THF and precipitated twice into hexanes/EtOAc (19:1 v/v) to afford a

white solid (172 mg, ~70%), as confirmed *H NMR and GPC (M, 4.5 kDa, DPI 1.06).

'H NMR (300 MHz, CDCls): § 5.2-5.0 (br, g, 1H per lactide repeat unit), 4.0-3.4 (br,
t, 4H per —-OCH,CHz>- repeat unit), 3.4 (s, 3H, CHz0-), 1.8-1.6 (br, d, 3H per lactide repeat

unit), 1.4 ppm (s, 9H, Boc protecting group).

3.2.3 Synthesis of triblock copolymer PEO-S(CKn)-PLA

Synthesis of PEO-S(NH2)-PLA. In a typical procedure, PEO2k-S(Boc)-PLA2k (200
mg, 0.045 mmol) was dissolved in CH2Cl> (2 mL). TFA (2 mL) was added, and the solution
was stirred for 50 min. The solvents were removed by rotary evaporation. The residue was
redissolved in THF and precipitated into isopropyl alcohol/EtzN (19:1 v/v). The suspension
was centrifuged at 6000 rpm for 15 min and the supernatant was discarded. The
precipitation and centrifugation processes were repeated twice, which afforded a white

solid (150 mg, 75%), as confirmed by *H NMR.

'H NMR (300 MHz, CDCls): § 5.2-5.0 (br, g, 1H per lactide repeat unit), 4.0-3.4 (br,
t, 4H per —-OCH2CH2- repeat unit), 3.4(s, 3H, CH30-), 1.8-1.6 ppm (br, d, 3H per lactide

repeat unit).
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Synthesis of PEO-S(PDP)-PLA. In a typical procedure, PEO2k-S(NH2)-PLA2k (120
mg, 0.028 mmol) was dissolved in CHCI3 (4 mL). SPDP (21.9 mg, 0.070 mmol) was added
and the solution was stirred at 30 <C for 1.5 h under air. A second portion of SPDP (21.9
mg, 0.070 mmol) was added and the solution was stirred for another 1.5 h. The solvent was
removed by rotary evaporation. The crude product mixture was separated by silica gel
chromatography using CHCIs/MeOH (40:1 followed by 10:1) as eluents. The product
PEO-S(PDP)-PLA was eluted out in the 10:1 mixture (Rf 0.7, yield: 60%~90%). The
degree of conjugation of PDP was quantified by measuring UV absorption (at 372 nm) of
2-mercaptopyridine cleaved from purified copolymers [51]. Briefly, a known amount of
polymer (~2 mg) was dissolved in DMF (2 mL). DTT solution (20 mg/mL in DMF, 20 pL)
was added, and the UV absorption of the solution was recorded every 2 minutes until it
became constant (within 10 minutes). The conversions, back-calculated from the amount
of 2-mercaptopyridine present in the sample solutions after cleavage for UV measurements,

were usually around 90% for PEO2k and 60% for PEO5K.

'H NMR (300 MHz, CDCls): & 8.6 (d, 1H, m-CsNHa-), 7.6-7.4(d, 1H, 0- CsNHa- ; dd,
1H, p-CsNHg4- ), 7.0(d, 1H, m- CsNHas-), 5.2-5.0 (br, g, 1H per lactide repeat unit), 4.0-3.4
(br, t, 4H per —-OCH>CHo>- repeat unit), 3.4(s, 3H, CH30-), 3.2 (t, 2H, -S-CH>), 2.8(t, 2H,

CH2>-CO-), 1.8-1.6 ppm (br, d, 3H per lactide repeat unit).

Synthesis of PEO-S(CKn)-PLA. In a typical procedure, PEO2k-S(PDP)-PLA2k (100
mg, 0.022 mmol) was dissolved in DMF (5 mL). (For longer CK, chains (n>30), mixtures
of DMF/H20 (2:1) were used as cosolvents due to low solubility in DMF). CK, oligomer
(116 mg, 0.022 mmol) was added, and the solution immediately turned yellow. The

solution was stirred for 20 min before it was dialyzed (MWCO=3500 Da) against Nanopure
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water. The extent of conjugated of CK, was quantified by measuring UV absorption (at
372 nm) of 2-mercaptopyridine present in crude product mixtures. A known amount of
crude product mixture (~3 mg) was dissolved in DMF (2 mL), and the UV absorption of
the solution was recorded. The conversions, back-calculated from the amount of 2-
mercaptopyridine present in the sample solutions for UV measurements, were usually

greater than 90% for PEO2k and 60% for PEO5kK.

'H NMR (300 MHz, CDCls): ): § 5.2-5.0 (br, g, 1H per lactide repeat unit), 4.8-4.6
(br, s,1H, NH-CO-),CH4.0-3.4 (br, t, 4H per -OCH>CH2- repeat unit), 3.4 (s, 3H, CH30-),
3.4-3.2 (t, 2H, CH2-NH), 1.8-1.4 ppm (br, d, 3H per lactide repeat unit; 6H per Lys side

chain)

3.2.4 Synthesis of key compounds

Preparation of 2-carboxyethyl 2-pyridyl disulfide (PDP)[51, 52]

s Acetic acid VR
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Figure 3- 5 Synthesis of 3-(2-pyridyldithio)propanoic acid (PDP)

2,2-Dipyridyldisulfide (DPDS) (2.5 g, 11.3 mmol) was dissolved in ethanol (20 mL)
and 3-mercaptopropanoic acid (0.6 g, 5.65 mmol) in acetic acid (0.7 mL) was slowly added

over a period of 10-15 minutes. The resulting yellow solution was left to stir at room
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temperature for 2 h. The reaction mixture was evaporated and dried under vacuum to afford
a pale yellow oil. The crude oil was then dissolved in dichloromethane/ethanol (3:2 v/v)
and eluted through an Al>O3 column (2cm x 24cm). The column was washed with
dichloromethane/ethanol (3:2 v/v) until all of the yellow color (2,2-dipyridyldisulfide and
2-mercaptopyridine) had been removed. The PDP product was then eluted with
CH2CIl»/EtOH/HOAC (60:40:4) and dried under vacuum, to afford a white solid (808.6 mg,
65% yield).

IH NMR (300MHz; DMSO-ds): & 8.4(dt, 1H), 7.8(dt, 2H), 7.2(m, 1H), 2.9 (t, 2H,

J=THz), 2.2 (t, 2H, J=TH2)

Preparation of N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) [51, 52]
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Figure 3- 6 Synthesis of N-succinimidyl 3-(2-pyridyldithio)propionate by DCC coupling

PDP (808.6 mg, 3.73 mmol) and NHS (519.0 mg, 4.51 mmol) were dissolved in
dichloromethane (10 mL) and the resulting mixture was stirred in an ice bath for 5 to 10
minutes. Then DCC (838.1 mg, 4.06 mmol) in dichloromethane (4 mL) was added
dropwise to the reaction solution and the reaction solution was left to stir in the ice bath for
3.5 h. After the reaction MgSO4 was added and the resulting mixture was stirred at room
temperature for a few minutes, cooled in an ice bath for a few minutes, then filtered to

remove the urea. The filtrate was concentrated and dried in a vacuum oven to afford a
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yellowish oil, which was then dissolved in ethanol (5-10 mL) (with some heating if needed,
about 40°C) and left in the freezer(~ -20°C) for about a day until a solid white precipitate
(Fluffy white balls) formed on the bottom of the vial. The solid was dried and then dissolved
with dichloromethane (~1 mL) and poured into isopropanol (~19 mL) and left in the freezer
for about a day until rod like crystals formed. This process was repeated twice, and afforded
the final product (236 mg, 20% yield).

'H NMR (300MHz, CDCls): & 8.5(dt, 1H), 7.6 (dt, 2H), 7.1(m, 1H), 3.1(m, 4H), 2.8

(s, 4H).

Preparation of CKn oligomer by peptide synthesis
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Figure 3- 7 Synthetic route for CKn oligomers (CK, CKK and CKKK) by peptide synthesis.
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CKn oligomers with with one to six lysine repeat units could be synthesized by
sequential peptide synthesis. Figure 3.7 illustrates the synthetic routes to CK, CKK and

CKKK utilizing the different protecting groups and their deprotection conditions.

For a typical synthesis procedure for CK-Fmoc, H-Cys(Trt)-NH; (3.89 g, 10.7 mmol),
Fmoc-Lys(Boc)-OH (5.53 g, 11.8 mmol), HOBt*H0 (1.73 g, 11.3 mmol) and EDC (2.16
g, 11.3 mmol) were dissolved in CH2Cl, (180 mL). The solution was stirred in an ice bath
for 15-20 mins. Triethylamine (1.09 g, 10.7 mmol) was then added to chilled solution by
syringe. The resulting solution was stirred at 4 <C for 2h and then allowed to warm up to
25 T slowly. After 20 h, the dark orange mixture was washed with brine (~150 mL) and
deionized water (~150 mL). The organic fraction was dried with MgSO4 and filtered,
concentrated by rotary evaporation to afford, an orange solid. That was purified by flash
chromatography (SiO2, 25:1 CHCIs/MeOH). The product was concentrated and dried
under vacuum to afford a light orange solid (7.69 g, 86%). Product formation was tracked
via TLC aided by UV and ninhydrin stain.

For a typical procedure to remove Fmoc protecting groups, CK-Fmoc (4.12g,
5.07mmol) and piperidine (10 mL) were dissolved in DMF (30 mL) and stirred for 3 hours
at room temperature in air. The reaction mixture was evaporated to dryness, redissolved
with 1 ml CH2Cl> and precipitated into 50 ml hexane twice , dried and purified by flash
chromatography (SiOz, 20:1 CHCIl3/MeOH) until all byproduct had been eluted off (3 spots
with Rt greater than 0.40, and was not stainable with ninhydrin with 10:1 CHCIs/MeOH).
Then, the deprotected product CK-NH> was washed out by CHCIs/MeOH/EtsN (20:1:0.5)

(TLC: Rf=0.18 in 10:1 CHCI3/MeOH, light brown with ninhydrin staining). The solution
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was concentrated by rotary evaporation and dried under vacuum to afford a white solid
CK-NH: (2.47qg, yield 82%).

For atypical procedure to synthesize CKK-(Trt, Boc), CK-NH> (1.445 g, 1.933 mmol),
Boc-Lys(Boc)-OH (0.7735 g, 2.126 mmol), HOBt*H>0 (0.3109 g, 2.0297 mmol) and EDC
(0.3892 g, 2.0297 mmol) were dissolved in CH2Cl (60 mL). The solution was stirred in an
ice bath for 15-20 mins. Triethylamine (0.1956 g, 1.933 mmol) was then added to the
chilled solution by syringe. The resulting solution was stirred at 4 <C for 2 h and then
allowed to warm up to 25 <C slowly. After 20 h, the reaction mixture was washed with
brine (~50 mL) and deionized water (~50 mL). The organic layer of dichloromethane was
dried with MgSOsand filtered, concentrated by rotary evaporation and dried under vacuum
to afford a slight yellow/white solid CKK-(Trt, Boc) (1.24 g, 59%). Product formation was
tracked via TLC aided by UV and ninhydrin stain.

For a typical procedure to remove Trt and Boc protecting groups, CKK-(Trt, Boc)
(253.2 mg, 0.2712 mmol) was dissolved in CH2Cl> (20 mL) and TFA (20 mL). After the
addition of triethylsilane (TESI) (159.3 mg, 1.356 mmol) in CH2Cl> (5 mL), the bright
yellow mixture solution became clear and colorless and was further stirred for 1 h at room
temperature in air, then concentrated by rotary evaporation and dried under vacuum. The
crude product was redissolved in 1 mL methanol and precipitated into 18 mL chloroform
twice to afford a clear solid CKK (98.6 mg, 96%).

IH NMR (300MHz, CD30D): 4.48(q, 1H), 4.39(q, 1H), 3.95 (t, 1H ), 2.80(m, 6H, 2H

per amino acid side chain), 1.97-1.35 (m, 12H, 6H per Lys side chain)
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CKn oligomers with three to six repeat units could be synthesized by similar
procedures, with additional lysine chain propagation steps achieved by repeating the
addition of Fmoc-Lys(Boc)-OH and deprotection of the Fmoc group. Addition of the
terminal lysine unit was followed by deprotection of all the Trt and Boc groups. However,
with the increase of the repeat unit number, the reaction system became very complicated

and purification became difficult.

Preparation of CK, oligomer by ring opening polymerization
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Figure 3- 8 Synthetic route for CK, oligomers (n > 10) by ring opening polymerization.

Preparation of Cysteine-capped poly(Z)lysine (Cys(Trt)-poly(Z)lysine) NHo>-
Cys(Trt)-H (10 mg, 0.028 mmol) was dissolved in dry DMF (10 mL) in a N>-filled dry box.

Z-Lysine-N-carboxyanhydride (345 mg, 1.13 mmol) was added to the solution. The
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solution was taken out of the dry box and stirred under active N2 flow at 40 <C for 2-4 days.
The DMF solution was concentrated and precipitated twice into diethyl ether to afford

Cys(Trt)-poly(Z)lysine as a white solid (280 mg, ~90%), as confirmed by *H NMR.

'H NMR (300 MHz, DMSO-d®): & 7.4-7.0 (br, m, ArH), 5.0 (s, 2H, -CH2-Ar), 4.2 (s,
1H, NH-CH2-Ar), 3.8 (s, 1H, NH-CO-), 3.0 (t, 2H, CH>-NH), 1.9-1.2 ppm (br, m, 6H per

Lys side chain).

Preparation of Cys-Lysn (CKn) Cys(Trt)-poly(Z)lysine (200 mg, 0.018 mmol) was
dissolved in TFA (3 mL) and stirred for 20 min. The solution was chilled to 4 <C and
HBr/HOAc (5 mL) was added under N2 flow, which made the reaction vial fume
immediately. The solution was allowed to warm up to room temperature slowly and stirred
for another 45 min. The solution was added to isopropyl alcohol and the resulting
suspension was centrifuged at 5500 rpm for 15 min. The supernatant was discarded and
the solid was washed with isopropyl alcohol (20 mL>3) and dried under dynamic vacuum

to afforded polymer (78 mg, yield ~ 80%), as confirmed by *H NMR.

IH NMR (300 MHz, DMSO-d®): (4.2 (s, 1H, NH-CH,-Ar), 3.8 (s, 1H, NH-CO-), 3.0

(t, 2H, CH2-NH), 1.9-1.2 ppm (br, m, 6H per Lys side chain).
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3.3 Results and Discussion

3.3.1 Synthesis of macroinitiator mPEO-S(Boc)-OH

Boc-protected serine was adopted for the synthesis of macroinitiator mPEO-S(Boc)-
OH. After lactide polymerization, the Boc group could be removed by reaction with

TFA/CH2ClI; (1:1) in a quick and efficient way.

The macroinitiator PEO-S(Boc)-OH was synthesized by the coupling of Boc—
protected serine to amine-terminated PEO (PEO-NH>) [45]. Based on a comparison of the
'H NMR spectra for PEO-NH; and PEO-S(Boc)-OH (Figure 3-9), the disappearance of the
triplet peak (6 = 3.2 ppm) corresponding to the protons of the methylene group adjacent to
the terminal amine group of PEO-NH2 confirmed complete conversion to PEO-S(Boc)-OH.
The singlet peak (6 = 1.4 ppm) in the PEO-S(Boc)-OH spectrum corresponds to the methyl
group in the Boc protecting group, which also be considered as evidence of successful

coupling of Boc—protected serine to amine-terminated PEO (PEO-NH>).
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Figure 3- 9 Comparison between 1H NMR spectra of mPEO-amine (top) and mPEO-
S(Boc)-OH (bottom) from & 3.0-4.0 ppm.

3.3.2 Synthesis of diblock copolymer PEO-S(Boc)-PLA

The serine hydroxyl group of PEO-S(Boc)-OH was used to initiate the ring opening
polymerization (ROP) of lactide with an appropriate activating agent such as tin 2-
ethylhexanoate [25]or DBU [27, 28] to afford the diblock copolymer PEO-S(Boc)-PLA.
Tin 2-ethylhexanoate required a relatively high reaction temperature (110 <C) while DBU
could catalyze the polymerization at room temperature. However, an extra precipitation in
diethyl ether was needed in DBU polymerizations to remove the benzoic acid used to
terminate the polymerization. Regardless of the polymerization method used, the molecular
weight of the PLA block could be controlled by the ratio of lactide to macroinitiator PEO-
S(Boc)-OH. Peaks in the PEO-S(Boc)-PLA *H NMR spectrum at § 1.6-1.8 ppm (-CHs)

and 6 5.2-5.0 ppm (-CH-) result from polymerized D,L-lactide
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Table 3- ImPEO-S(Boc)-PLA prepared by tin octoate catalyzed polymerization.?

Sample Lactide/MI M, theory ° Mn.NMR © Mn.cpc @ Muw/Mp ¢
(kg/mol) (kg/mol) (kg/mol)

PEO5k-PLA1 45 11.2 10.6 5.7 1.15
PEOSk-PLA2 70 13.8 13.6 7.2 1.14
PEO5k-PLA3 90 16.6 16.1 8.5 1.16
PEO5k-PLA4 105 19.0 19.3 10.0 1.16

2 PEO5k-S(Boc)-OH macroinitiator (M), [MI] = 4.8 mM, [Sn(Oct):]/[MI]=1.5.
Polymerizations were carried out in toluene at 110 <C for 2 h.

b Mn, theory Was estimated by *H NMR of crude polymer sample. The conversion was
calculated based on the integration ratio of H peak corresponded to methyl group in
monomer and polymer and the Mn, theory Was calculated based on the conversion and
monomer feed ratio.

¢ MnnmrWas estimated by *H NMR of purified polymer sample. The MnnmrWas calculated
based on the integration ratio of H peak corresponded to methylene group in PEO and H
peak corresponded to methyl group in PLA.

4 Mncrc and Mw/M, were obtained from GPC vs polystyrene standards.
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Table 3- 2 PEO-S(Boc)-PLA prepared by DBU catalyzed solution polymerization. *

Sample Lactide/MI M, theory Mn,NMR Mn.cpc © Mw/M ©
(kg/mol) (kg/mol) (kg/mol)

PEO2k-PLA1 ) 3.1 3.1 3.2 1.06
PEO2k-PLA2 10 3.8 3.7 3.9 1.08
PEO2k-PLA3 15 4.4 4.5 4.5 1.06
PEO5k-PLAS 45 11.3 111 5.6 1.18
PEOSk-PLAG 75 15.1 14.6 7.8 1.17
PEOSk-PLA7 100 19.3 18.5 9.5 1.20

4 PEO2Kk-S(Boc)-OH or PEO5k-S(Boc)-OH macroinitiator (MI), DBU loading 1 mol%-
relative to lactide with PEO2k MI or 5 mol%-relative to lactide with PEO5k MI. [MI] =
10.8 mM with PEO2k MI; [MI] = 4.8 mM with PEO5k MI. Polymerizations were carried
out in THF at room temperature for 2 h.

b Mhn, theory Was estimated by *H NMR of crude polymer sample. The conversion was

calculated based on the integration ratio of H peak corresponded to methyl group in
monomer and polymer and the My, teory Was calculated based on the conversion and
monomer feed ratio.

¢ MnnmrWas estimated by *H NMR of purified polymer sample. The MnnvrWas calculated
based on the integration ratio of H peak corresponded to methylene group in PEO and H
peak corresponded to methyl group in PLA.

4 Mn,cpc and Mw/Mn were obtained from GPC vs polystyrene standards
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When the higher molecular weight macroinitiator PEO5k-S(Boc)-OH was used to
initiate the ring-opening polymerization of D,L-lactide with either Sn(Oct). or DBU, high
conversions were obtained with monomer feed ratios from 45 to 105 relative to
macroinitiator (Tables 3.1 and 3.2). The GPC chromatograms for macroinitiator PEO5k-
S(Boc)-OH and diblock copolymer PEO5k-S(Boc)-PLA showed narrow molecular weight
distributions and clear shifts when THF was used as GPC eluent (Figure 3.10). When the
low molecular weight macroinitiator PEO2k-S(Boc)-OH was used to initiate the ring-
opening polymerization of D,L-lactide with DBU (Table 3.2), high conversions and narrow
molecular weight distributions were obtained with monomer feed ratios from 5 to 15

relative to macroinitiator.
600—
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Figure 3- 10 GPC chromatogram of macroinitiator PEO5k-S(Boc)-OH and PEO5k-S-PLA
with THF as eluent.
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3.3.3 Size Characterization of diblock copolymer PEO-S(Boc)-PLA

The morphologies of PEO-S(Boc)-PLA amphiphilic diblock copolymers PEO5k-S-
PLA 5 (Mn 11.1k, DPI 1.18, f(EO)=0.45), PEO5k-S-PLA 6 (Mn 14.6k, DPI 1.17,
f(EO)=0.34), PEO5K-S-PLA 7 (Mn 18.5k, DPI 1.20, f(EO)=0.27) in dilute aqueous solution
with different concentrations were studied by SAXS (Figure 3-11, Table 3-3) and DLS

(Table 3-3).

As we discussed in Chapter 2.2, the Guinier approximation is a model-independent
approximation to estimate the radius of gyration Rqy in low-q regime [53, 54]. Typical
SAXS data (Figure 3-11a) and a Guinier presentation for the SAXS data (Figure 3-11b,
fitted by the solid lines) of PEO5k-S-PLA 5(Mn 11.1k, DPI 1.18, f(EO)=0.45) in aqueous
solution (concentration 1 mg/mL) are shown. The slope of the Guinier plot of SAXS data
was used to estimate the radius of gyration (Rg) of the copolymer micelles. The calculated
Ry values for micelles formed by PEO5K-S-PLA5, PEO5k-S-PLAG6 and PEO5k-S-PLA7
were 99.3 +0.7 A, 129.9 +2.3 A and 94.3 +0.8 A respectively at a concentration of 1
mg/mL in water. With the increase of solution concentration from 1 mg/mL to 10 mg/mL,

the micelle Rqvalues for each diblock polymer were almost unchanged.

In the DLS measurements, the hydrodynamic radius (Rn) of the micelles formed by
the three diblock copolymer samples PEO5k-S-PLA5, PEO5k-S-PLA6 and PEO5kK-S-
PLA7 were 277.245.3 A, 327.517.0 A and 235.245.4 A respectively at a concentration of

1 mg/mL in water.

For spherical micelles, the theoretical ratio of radius of gyration Rq to hydrodynamic

radius R is around 0.78[53, 54]. In our system, the ratio of Rq to Ry varied from 0.36 to
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0.40, which is lower than expected. A possible reason for this is the limitations of Guinier
approximation. The Guinier approximation is valid only in the low-q regime (RgQ < 1) and
the assumption that Lnl (Q) ~ — R¢?Q?/3 is only good for spherical structures. When we
processed the SAXS data, the proper selection of Q range for analysis was important to
obtain the radius of gyration Ry. Also we assumed that all the micelles to be spherical
structures in order to use the Lnl (Q) ~ — R¢?Q?%/3 relationship. If the formed micelles were
not well-defined spherical structures, the calculated radius of gyration Rg may not reflect

the real radius of gyration Rqy of the micelles.

The radii determined through both SAXS and DLS measurements in aqueous solution
(0.1-1 wt% polymer) suggested that the size of assemblies for copolymers PEO-S(Boc)-
PLA 5 and PEO-S(Boc)-PLA 6 increased with increasing molecular weight of the PLA
block. However, the observed assembly size decreased for diblock copolymer PEO-
S(Boc)-PLA 7, which has the highest molecular weight PLA block. These observations

indicated the possible morphology change from spherical micelles to other morphologies.
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Table 3- 3 SAXS and DLS results for radius of gyration Rg and hydrodynamic radius Rh

Sample Mhn f(EO)  Concentration SAXS DLS
(mg/ml) Ry (A) Ru (A)

PEO5K-PLAS 11.1k 0.45 1 99.340.7 277.245.3
(EO122-LAs4)

5 100.840.8

10 101.040.7
PEO5k-PLAG 14.6k 0.34 1 129.9+.3 327.547.0
(EO122-LA134)

5 129.942.3

10 128.4%2.2
PEOS5k-PLA7 18.5k 0.27 1 94.340).8 235.245.4
(EO122-LA192)

5 94.640.8
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Figure 3- 11 a) The SAXS data and b) Guinier presentation for the SAXS data (fitted by
the solid lines) of PEO5k-S-PLA 5 in aqueous solution at 1 mg/mL.
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3.3.4 Synthesis of triblock copolymer PEO-S(CKn)-PLA

A critical step in the synthesis of the star copolymer is the selective deprotection of
the amine group at the block junction of PEO-S(Boc)-PLA without degradation of the PLA
block. Initially, as described above, a Cbz-protected serine was used at the block junction.
After lactide polymerization, attempted cleavage of the Cbz group with HBr/ HOAC led to
an undesirable amount of hydrolysis of the PLA block as evidenced by NMR. The Boc-
protected serine residue was chosen for further experiments as it has been reported to be
selectively removable by treatment with TFA/CH2Cl2(1:1) at room temperature [55]. After
exposing PEO-S(Boc)-PLA samples to 1:1 TFA/CHCIy, selective removal of the Boc
group without degradation of the PLA block was observed. *H NMR spectra of the
deprotected polymers show disappearance of the peak corresponding to the Boc methyl

groups with little change in the integration ratio between PLA peaks and PEO peaks.

The free amine group was then treated with N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP)[51] to afford the active disulfide intermediate PEO-
S(NH-PDP)-PLA. In the *H NMR spectrum of PEO-S(NH-PDP)-PLA, the peaks at & 8.6,
7.6, and 7.0 ppm were attributed to the aromatic pyridyl protons and the peaks at & 2.8 and
3.2 ppm were attributed to the protons in the two methylene groups in the PDP segment.
The extent of conversion of the central amine group to 2-pyridyl disulfide units in PEO-
S(NH-PDP)-PLA was estimated by UV spectroscopy after the addition of excess
dithiothreitol [51]. The degree of conjugation of PDP was quantified by measuring the UV
absorption of 2-pyridinethiol (at 376.25 nm; 5.61x 10 Mtcm™ in THF, as measured from
standard solutions — Figure A) cleaved from the purified PEO-S(NH-PDP)-PLA

copolymers. The conversions, back-calculated from the amount of 2-mercaptopyridine
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present in the sample solutions for UV measurements, were usually around 90% for PEO2k

and 60% for PEO5K.

The target tri-arm star copolymer PEO-S(CK;)-PLA was obtained by the direct
reaction of PEO-S(NH-PDP)-PLA diblock copolymer with HS-CK, in DMF. 'H NMR
spectra of the resulting PEO-S(CKG,)-PLA star copolymers showed the appearance of peaks
from & 4.6-4.8 ppm and 6 3.2-3.4 ppm that can be attributed to backbone methine protons
and a-amino methylene protons in the polylysine block. The residual 2-pyridyl disulfide
content in PEO-S(CK,)-PLA was estimated by UV spectroscopy after adding excess

dithiothreitol. The conversions were usually above 90% for PEO2k and 60% for PEO5k.

3.3.5 Synthesis of key compounds

Preparation of N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP)[51, 52]
N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) is a heterobifunctional
crosslinker which was used to allow disulfide bonding to the polymer [41, 56]. SPDP was
synthesized by a literature procedure [51, 52] and confirmed by *H NMR spectroscopy
(Figure 3-12). The three peaks in the range from 8.4 to 7.2 ppm with an integration ratio
of 1:2:1 correspond to the four aromatic protons of SPDP. The multiplet at 3.12 ppm
corresponds to the four protons of the methylene groups between the disulfide bond and
the ester carbonyl group. The singlet at 2.8 ppm represents the four protons of methylene

groups in the succinimidyl ring.
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Figure 3- 12 '"H NMR spectrum of SPDP in CDCl;

Preparation of CK, oligomer

CKn oligomers with n = 1-6 were synthesized by peptide synthesis [57, 58]. CK,
oligomer synthesis started with the Trt protected cysteine and lysine chain growth was
achieved by the repeated addition of Fmoc-Lys(Boc)-OH and deprotection of Fmoc group.
The terminal lysine unit was added by addition of Boc-Lys(Boc)-OH, followed by
deprotection of all the Trt and Boc groups by reaction with TFA and HBr/HOAc under N
flow. The successful synthesis of oligomers CK, CKK and CKKK was confirmed by ‘H

NMR spectroscopy.

In the NMR spectra of CKK (Figure 3-13), there are three peaks in the range from
4.5 to 3.9 ppm with an integration ratio of 1:1:1 corresponding to backbone methine

protons (a, Figure 3-13), overlapping multiplets at 2.8 ppm with an integration around 6
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corresponding to methylene protons adjacent to the thiol and amine groups (b, Figure 3-
13), and three multiplets from 2.0 to 1.4 ppm with an integration around 12 corresponding

to the aliphatic protons of the lysine chain (c, Figure 3-13).

Figure 3- 13 'H NMR spectrum of CKK in CDCl;

In the NMR spectra of CKKK (Figure 3-14), there were three peaks in the range from
4.5 ppm to 3.9 ppm with integration ratio of 1:2:1 corresponding to backbone methine
protons (a, Figure 3-14), overlapping multiplets at 2.8 ppm with an integration around 8

corresponding to methylene protons adjacent to the thiol and amine groups (b, Figure 3-
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14), and three multiplets from 2.0 ppm to 1.4 ppm with an integration around 18

corresponding to the aliphatic protons of the lysine chain (c, Figure 3-14).

Figure 3- 14 "H NMR spectrum of CKK in CDCl3

CK: oligomers with n>10 were synthesized by ring opening polymerization [39, 40].
The polylysine block with one cysteine residue at the C-terminus (HS-CK,) was
synthesized in two steps. First, NH2>-Cys(Trt)-H was used to initiate ring-opening
polymerization of Z-lysine-N-carboxyanhydride to afford the Trt-cysteine-ended

poly(Z)lysine. Based on the integration of aromatic protons (6 7.2 ppm) and methylene
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protons adjacent to the benzene ring (6= 5.0 ppm) in *H NMR spectra of the resulting
polymers, the conversion of Z-lysine-N-carboxyanhydride could be estimated, typically
ranging from 85-90 %. The overall yield of the polymers was about 70% after purification.
The GPC of unprotected polylysine (Figure 3-15) also provided evidence for the
polymerization of Z-lysine-N-carboxyanhydride though poor solubility of the polymer in
the solvent systems examined (THF, THF:water 90/10 v/v) limited the intensity of the GPC

signal.
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Figure 3- 15 GPC chromatography of Trt-cysteine-terminated poly(Z)lysine (HS-CK.,,
n=40) with THF/water (90/10 v/v) as eluent.

In a subsequent step, the Trt and Cbz protecting groups were removed by treating the
polymer sequentially with TFA and HBr/HOAc under N2 flow. The disappearance of the
aromatic peaks and the benzylic methylene peaks in the 1H NMR spectra of the deprotected

polymer indicated the successful removal of all the protecting groups.
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Chapter 4 Characterization and gene
delivery application of complexes of PEO-

S(CKn)-PLA and GFP DNA plasmid

4.1 Barriers to gene delivery for non-viral vectors

As discussed in previous chapter, gene therapy has gained great research interest as a
potential method for treating genetic diseases such as combined immunodeficiency [1],
cystic fibrosis[2], Parkinson’s disease [3] or cancer [4]. Gene delivery is a multistep
process with barriers in each step (Figure 4.1) [5]. Viral vectors possess natural abilities to
overcome cellular barriers and immune defense mechanisms, therefore they demonstrate
higher transfection efficiency compared to non-viral vectors. It is of great importance to
take these barriers into account to improve current non-viral gene vectors or design new

non-viral gene vectors.

At the formulation level, the synthetic non-viral gene vectors need to be cost-efficient;
nontoxic and nonimmune-responsive for FDA approval; and convenient to manufacture,

store, and transport [5]. At the organism level, serum stability and cell-specific targeting
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ability of synthetic nonviral gene vectors are required to achieve high gene transfection
efficiency [5-7]. At the cellular level, synthetic nonviral gene vectors need to be provided
with functionality to allow them to overcome barriers including cellular uptake, endosomal

escape, cytosol transport and nuclear entry [5-7].

Formulation level Organism level Cellular level
L7 Cell
,7  membrane
/ o 7
Synthetic ;. Plasmid / 5/' N 8 N
vector DNA ' 4 © \
I
1" 21 3 / NJ 8\ 8
Nanoscale o Ce— o,
DNA-delivery | (~100 nm) \ N |
system G \\ Nucleus
s .
\
AN *Numbers refer
S to the specific barriers
T in Table B2
. '
~50 cm ~10 um
Barriers / challenges / needs
Formulation Organism Cellular
Economically viable Prolonged circulation time Transport to cell surface
FDA-approvable Stability in blood circulation Cellular internalization
Acceptable shelf-life Access to target tissue/cells Intracellular transport
Elimination from body Enzymatic degradation
Mininal toxicity Nuclear entry

Figure 4- 1 Barriers to gene delivery for non-viral synthetic gene vectors. Numbers 1-8
represent: 1) transport to cell surface, 2) association with cell membrane, 3) cellular uptake,
4) endosomal escape, 5) avoiding transport to lysosome, 6) cytosol transport, 7)
dissociation of complexes, 8) nuclear internalization. Reprinted from [5] by permission
from Macmillan Publishers Ltd.
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4.1.1 Serum stability

Free DNA is not stable in serum due to nuclease degradation[8]. Complexation of
polymer and DNA by electrostatic interactions between the positively charged polymer
and the negatively charged DNA leads to charge neutralization and DNA condensation.
The stability of polymer/DNA complexes depends on the polymer structure and
polymer/DNA charge ratio (N/P ratio, the ratio of moles of the primary amine groups of
cationic polymers to those of the phosphate groups of DNA) [6]. The surface charges of
the polymer/DNA complexes, which are also affected by the N/P ratio, have influence on
the stability. Neutral polymer/DNA complexes in serum will quickly aggregate and
become ineffective. Positively charged polymer/DNA complexes are usually stable in
serum but with the tendency to absorb serum albumin and other negatively charged proteins
to form large aggregates which will be cleared by phagocytic cells and the
reticuloendothelial system [9, 10] . The polymer/DNA complexes modified with
hydrophilic blocks such as polyethylene oxide (PEO) [11, 12] could reduce interactions
with plasma proteins and prevent the formation of erythrocyte aggregates which lead to

prolonged circulation in the blood.

4.1.2 Cellular Uptake

The cellular uptake of polymer/DNA complexes can be divided into two categories:
cationic polymers with or without targeting ligands. The polymer/DNA complexes formed
by cationic polymers with targeting ligands such as asialoglycoprotein [13], TAT peptide

[14], epidermal growth factor (EGF) [15], and others [16] can be internalized by clathrin-
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dependent endocytosis. Therefore, larger complexes with more targeting ligands in the
surface have favored cellular uptake. The polymer/DNA complexes formed by cationic
polymers without targeting ligands can be internalized via adsorptive pinocytosis [17] with
sizes of the complexes affecting on the cellular uptake efficiency [18-20]. The uptake of
complexes formed by PLGA copolymer and DNA in Caco-2 cells depended upon the
diameter of the complexes as reported by Amidon et al. [18]. The 100 nm diameter
PLGA/DNA complexes exhibited 2.5 fold greater cellular uptake on a weight basis than 1
m diameter complexes and 6 fold greater than 10 pm diameter complexes. Similar results
were also obtained by Labhasetwar et al. [19]. The transfection efficiency of smaller-sized
PLGA/DNA complexes (diameter = 70 =2 nm) was 27-fold higher than that of the larger
sized PLGA/DNA complexes (diameter = 202 £9 nm) in the COS-7 cell line while 4-fold
higher in the HEK-293 cell line. A different type of complex formed by polyethyleneimine
nanogels (M-PEIs) and DNA also showed size-dependent properties for gene delivery in
cancer cells [20]. In the six samples of complexes with different sizes (38, 75, 87, 121,
132 and 167 nm), the two complexes with size 75 nm and 87 nm had the highest gene

transfection efficiency in all four cell lines (A549, Bel7402, BGC-823 and Hela cells).

4.1.3 Endosomal Escape

After cellular uptake, the polymer/DNA complexes have to escape from the
endosomal pathway to release DNA into the cytoplasm [6, 8, 21]. In general, the
polymer/DNA complexes are first trapped in early endosomes which become acidic (pH

5~6) as they mature into late endosomes due to the action of an ATPase proton-pump

71



enzyme. If the polymer/DNA complexes cannot escape from endosomes, the complexes
will be trafficked into lysosomes (pH 4~5) which contain various degradative enzymes and
DNA in the complexes will be degraded. It is very important for polymer/DNA complexes

to escape from endosomes into cytoplasm to reach the nucleus.

“Proton-sponge” polymers [22-26] such as polyethyleneimine (PEI) and
polyamidoamine (PAMAM) dendrimers, which have abundant secondary and tertiary
amines with pKa values between physiological and lysosomal pH, can escape from
endosomes through a unique mechanism described by “the proton-sponge hypothesis”. The
protonation of “Proton-sponge” polymers during endocytic trafficking prevents
acidification of endosomes and cause the ATPase to pump more protons into the endosome
to reach the desired pH. The accumulation of protons in endosomes requires an influx of
counter ions to balance charge which in turn increases ion concentration and leads to
osmotic swelling and endosome membrane rupture [6, 8]. Another hypothesis called “the
umbrella hypothesis” describes the volumetric expansion of polymers during endosomal
acidification. In the formation of polymer/DNA complexes, both polymer and DNA have
been condensed into small particles because of electrostatic interactions. After cellular
uptake and trafficking into the endosomal pathway, the tertiary amines of the polymers are
protonated by the excess of protons in the endosome, which causes electrostatic repulsion
between neighboring charged amine groups and results in the extended conformations of
terminal polymer branches [21]. Cationic polymers with tertiary amine groups (pH 5-7)
and a highly flexible structure capable of volume expansion after protonation can enhance
the endosomal escape of complexes because of both the proton-sponge effect and the

umbrella effect. Figure 4-2 illustrates the endosomal escape of “Proton-sponge”

72



polymer/DNA complexes as the results of both the proton-sponge effect and the umbrella

effect.

cytoplasmic release
of polyplexes

ATP ATP ATP

nucleic acid/polymer complex swelling of endosome rupture of endosome
in endosome

endosomal acidification

Figure 4- 2 Endosomal escape of “Proton-sponge” polymers/DNA complexes as the results
of a) the proton-sponge effect and b) the umbrella effect. Reprinted with permission from
[21]. Copyright (2012) American Chemical Society

Other strategies also have been used to enhance the endosomal escape such as treating
cells with chloroguine [27-29] during the transfection step. Chloroquine is a well-studied
compound which can interfere with the endocytosis process in several ways such as raising
the luminal pH of endosomes [30-32], hindering complex delivery to lysosomes [33-35],

and reducing intracellular degradation by lysosomal enzymes [36, 37].
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4.1.4 Cytoplasmic mobility

After endosomal escape, the polymer/DNA complexes must move through the
cytoplasm to the nucleus. Unlike the viral gene vectors which can travel through the
cytoplasm by microtubule (MT)-mediated transport [38, 39], synthetic non-viral vectors
generally do not undergo MT-mediated transport and need to utilize the directional
endosomal pathway, in which endosomes undergo MT-mediated transport toward the
nucleus. Even though endosomes could carry the non-viral gene delivery vectors toward
the nucleus and release them upon endosomal escape, there are still several disadvantages
associated with relying on endosomal transport such as uncontrollable endosomal escape
timing and location, lack of MT-mediated transport after endosomal escape, and slow
passive diffusion through cytoplasm due to the relatively large size of the complexes[21].
The highly viscous cytoplasm with a high concentration of proteins not only hinders the
passive diffusion of relatively large size polymer/DNA complexes but also leads to
destabilization of complexes and degradation of DNA [40]. In order to achieve gene
delivery to the nucleus by passive diffusion, the sizes of polymer/DNA complexes need to
be decreased to increase the passive diffusion speed. Gene vectors with diameters less than

30 nm are able to diffuse in the cytoplasm independently of the MT network [41, 42].

To transport genes from solution to the cell nucleus, synthetic non-viral vectors must
overcome several extracellular and intracellular barriers. Inefficiencies for any obstacle
will result in an inefficient gene vector. In the following section, tri-arm star copolymers
PEO-S(CKGn)-PLA designed and synthesized in Chapter 3 were studied as gene vectors to
deliver green fluorescence protein (GFP) DNA to cells. Two triblock copolymers, PEO5k-

S(CK3)-PLA5kK and PEO2k-S(CKao)-PLAZ2K, formed complexes with GFP DNA plasmid
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at various N/P ratios. For comparison, one diblock copolymer PEO2k-S(CKzo) was also
used to form complexes with GFP DNA plasmid at various N/P ratios. In vitro gene
transfection efficiency of these complexes and cytotoxicity of the star triblock copolymers

were measured in Hela cells.

4.2 Experimental

4.2.1 Preparation of triblock copolymer/GFP DNA complexes

Preparation of triblock copolymer/GFP DNA complexes with different N/P ratios
(ratio of moles of the primary amine groups of cationic polymers to those of the phosphate
groups of DNA), were based on the calculated mass ratio of the tri-arm star copolymer to
GFP DNA in each complex [43, 44]. In a typical procedure to prepare PEO2k-S(CKao)-
PLA2k/GFP DNA complex, GFP DNA plasmid (4700bp) was diluted to 100 ng/uL in
deioinized water. Complexes with different N/P ratios were prepared by adding solutions
of PEO2k-S(CKa0)-PLAZ2k in deionized water solution at various concentrations (42-1250
ng/uL) (Table 4-1) to equal volumes of plasmid solution by pipet and incubating the
resulting solution at 37 <C for 30 min before characterization by DLS and agarose gel
electrophoresis. For the transfection and cytotoxicity tests, DMEM buffer was used instead

of deionized water.
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Table 4- 1 Calculated mass ratios of polymer to DNA for preparation of PEO2k-S(CK40)-
PLA2k/GFP DNA complex with different N/P ratios.

N/P ratio Mass ratio of PEO2k-S(CKao)-PLA2K GFP DNA plasmid

polymer to DNA ) .
Concentration (ng/pL) Concentration (ng/pL)

0.5 0.42 42 100
1 0.83 83 100
2 1.67 167 100
5 4.18 418 100

15 12.5 1250 100

4.2.2 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to check the DNA condensation ability of
the triblock copolymer. In a typical procedure for PEO2k-S(CKao0)-PLA2k/GFP DNA
complexes, 10 ul of each PEO2k-S(CKa0)-PLA2k/GFP DNA complex solution prepared
in section 4.2.1 was mixed with 2 ul 6xloading buffer and loaded into a 0.8 wt% Agarose
gel containing 0.5 pg/ml ethidium bromide. Electrophoresis was set up in 1< TEA buffer

at 95 V and run for 30 min. DNA retardation was analyzed with a UV illuminator.
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4.2.3 Transfection

In a typical procedure for gene transfection of MC3T3 cells with PEO5k-S(CK3)-
PLAS5K/GFP DNA complexes, 1x10° MC3T3 cells were resuspended in 500u] oMEM and
then added into each well of a 24-well plate one day prior to transfection. On the day of
transfection, 40 pL of a suspension of PEO5k-S(CK3)-PLASk/GFP DNA complexes in
deionized water was added into each well and mixed with the cells gently. The medium
containing the PEO5k-S(CK3)-PLASk/GFP DNA complexes was removed after 4 h
incubation at 37 T in a humidified atmosphere (95% air, 5% CO2) and 0.5 ml fresh
complete culture medium oMEM (pH 7.4) containing 10% FBS was added. The cells were
further incubated at 37 <C in a humidified atmosphere (95% air, 5% CO>) for 48 h. Each
transfection condition experiment was carried out in triplicate. The transfection results

were observed using a fluorescence microscope.

In a typical procedure for gene transfection of HelLa cells with PEO2K-S(CKao)-
PLA2k/GFP DNA complexes, 1<10° HeLa cells were plated into each well of a 24-well
plate one day prior to transfection. On the day of transfection, the medium was removed
and 0.5 ml of a DMEM solution containing the PEO2k-S(CKa0)-PLA2k/GFP DNA
complex with or without 100 uM chloroquine was added to each well. The medium with
PEO2k-S(CKa0)-PLA2k/GFP DNA was removed after 4 h incubation at 37 < in a
humidified atmosphere (95% air, 5% CO2) and 0.5 ml fresh complete culture medium (pH
7.4) containing 10% FBS was added. The cells were further incubated at 37 <C in a
humidified atmosphere (95% air, 5% CO.) for 48 h. Each transfection condition

experiment was carried out in triplicate. The transfection results were observed using a
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fluorescence microscope. Gene transfection of PEO2k-S(CK30)/GFP DNA complexes in

Hela cells was carried out in the same protocol.

4.2.4 Flow Cytometry

After being observed using a fluorescence microscope, the HelLa cells were washed
twice and resuspended, and then the analysis of transfection efficiency was performed
using a FACS 440 flow cytometer (BD Bioscience, Mountain View, CA, USA). An
excitation wavelength of 488 nm was used with fluorescence emission measured at 530
15 nm through fluorescence channel 1 (FL1). A minimum of 10,000 cells per sample were
collected and the transfection efficiency was calculated by the ratio of number of collected
fluorescence cells to number of total collected cells. Each transfection condition

experiment was carried out in triplicate.

4.2.5 Cytotoxicity Assay

The cytotoxicity of polymers against HeLa cells was evaluated using the MTS assay.
Before testing, cells in 100 pL. of complete DMEM were seeded into 96-well plates at a
density of 5000 cells/well. After incubation at 37 <C in a humidified atmosphere (95% air,
5% CO) for 24 h, 100 pL solutions of polymers in complete DMEM (pH 7.4) at different
concentrations were added into the wells separately and the cells were further incubated
for 24 h. Nearly 20 uL of MTS solution was added to each well and the cells were allowed

to incubate for another 2 h. Cells without addition of MTS were used as blank to calibrate
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the microplate reader to zero absorbance. The absorbance of the solution in each well at
490 nm was measured with the microplate reader. Untreated cells were taken as a control
with 100% viability. The relative cell viability was calculated as a percentage relative to

untreated control cells. Each cytotoxicity condition experiment was performed in triplicate.

4.3 Results and Discussions

4.3.1 Size Characterization by DLS

The sizes of triblock copolymer PEO5k-S(CK3)-PLASK assemblies, triblock
copolymer PEO2k-S(CKao)-PLA2k assemblies, diblock copolymer PEO2k-S(CKazo)
assemblies, and naked GFP DNA plasmid in deionized water were analyzed by a BIC 90
plus Particle Size Analyzer (Brookhaven Instruments Corp.) at a wavelength of 659.0 nm

and a constant angle of 90<(Figure 4.3).

The measured hydrodynamic radii (Rn) of triblock copolymer PEO5k-S(CK3)-PLASk
assemblies, triblock copolymer PEO2K-S(CKao)-PLA2k assemblies, and diblock
copolymer PEO2k-S(CKszo) assemblies at a concentration 1 mg/mL in deionized water
were 126.7 1.3 nm, 122.2+1.2 nm, and 146.7+3.0 nm, respectively. The electrostatic
repulsion of positive charges in polylysine segments prevent the PEO5k-S(CKn)-PLASK
triblock copolymers and PEO2k-S(CKz) diblock copolymer from forming compact
structures. Ry of the naked DNA plasmid with concentration 0.1 mg/mL was 297.2 +26.5

nm.
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a) PEO5K-S(CKG3)-PLASk (Mean Eff. Diam. 253.3 £2.7 nm, Rh=126.7 £1.3 nm)
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c) PEO2k-S(CK3o) (Mean Eff. Diam. 293.4 +6.0 nm, Rh=146.7+3.0 nm)
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d) Naked DNA plasmid (Mean Eff. Diam. 594.5 +52.9 nm, Rh=297.2426.5 nm)
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Figure 4- 3 DLS histograms of a) triblock copolymer PEO5k-S(CK3)-PLAS5k, b) triblock
copolymer PEO2k-S(CK40)-PLAZ2k, ¢) diblock copolymer PEO2k-S(CK30), and d) naked

GFP DNA plasmid in deionized water.
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Complexes with different N/P ratios (from 0.5 to 15) were prepared by adding
solutions of PEO2K-S(CKa40)-PLA2K in deionized water at various concentrations (42
ng/mL to 1250 ng/mL) to equal volumes of plasmid solution (100 ng/mL) and incubating
at 37 <C for 30 min. The hydrodynamic diameters of PEO2k-S(CKao0)-PLA2k /GFP DNA
complexes were measured by DLS. The triblock copolymer PEO2k-S(CKao)-PLAZ2k could
condense GFP DNA plasmids into complexes with Rn from 65 nm to 110 nm (Figure 4-

4a) which were appropriate for endocytotic cellular uptake.

The hydrodynamic diameters of PEO2k-S(CKaz0)/GFP DNA complexes of different
N/P ratios (from 1 to 20) were also measured by DLS. The diblock copolymer PEO2k-
S(CK3op) could condense GFP DNA plasmids into complexes with Ry from 47.2 nm to 78.3

nm (Figure 4-4b) which were appropriate for endocytotic cellular uptake.
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a) Triblock copolymer PEO2K-S(CKao)-PLA2k/GFP DNA complexes
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Figure 4- 4 DLS particle size measurements of a) triblock copolymer PEO2k-S(CK40)-
PLA2k/GFP DNA complexes b) diblock copolymer PEO2k-S(CK30)/GFP DNA
complexes in deionized water at various N/P ratios. N/P = 0 corresponds to the DNA
plasmid without any additives. Error bars represent the mean standard deviation (n = 5).
Relatively small mean standard deviations (< 2.5 nm) are not visible due to the large Y
scale.
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4.3.2 Agarose gel electrophoresis

Agarose gel electrophoresis of triblock copolymer PEO2k-S(CKao)-PLA2k was
performed at various N/P ratios (ranging from 0 to 15) to study the condensation capability
of PEO2k-S(CKa40)-PLA2k with DNA. As shown in Figure 4-5, the naked plasmid DNA
migrated toward the positive electrode in two bands. DNA with supercoiled morphology
migrated further toward the positive electrode than DNA with open circular morphology.
Once the triblock copolymer PEG2Kk-S(CKao)-PLA2k was added (N/P = 0.5), mobility of
DNA associated with the copolymer was retarded while free DNA moved to the positive
electrode similar to the control DNA. At N/P ratios greater than or equal to 1, the mobility

of the plasmid was retarded completely and free DNA bands were not visible.

Agarose gel electrophoresis of diblock copolymer PEO2K-S(CKsz) was also
performed at various N/P ratios (ranging from 0 to 20) to study the condensation capability
of PEO2k-S(CKao) with DNA. As shown in Figure 4-6, the naked plasmid DNA with open
circular and supercoiled morphologies migrated at different speeds toward the positive
electrode resulting in two visible bands in the gel. Once the diblock copolymer PEO2k-
S(CK3p) was added, the mobility of DNA was retarded. At N/P ratios greater than or equal
to 1, the mobility of the plasmid was retarded completely and free DNA bands were not

visible.
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ladder plasmid =15 =5 =2 =1 =0.5

Figure 4- 5 Agarose gel electrophoresis images of triblock copolymer PEO2k-S(CK40)-
PLA2Kk/GFP complexes at various N/P ratios with positive electrode on the bottom. Lane
1: DNA ladder; Lane 2: Naked DNA plasmid; Lane 3: triblock copolymer PEG2k-
S(CK40)-PLA2k; Lanes 4-8: PEG2k-S(CK40)-PLA2k/DNA complexes at N/P ratios of 15,
5,2, 1, and 0.5, respectively.

85



N/P N/P  N/P N/P
3 10 20

DNA ladder DNA plasmid

Figure 4- 6 Agarose gel electrophoresis images of diblock copolymer PEO2k-
S(CK30 )/GFP complexes at various N/P ratios with positive electrode on bottom. Lane 1:
DNA ladder; Lane 2: Naked DNA plasmid; Lane 3-6: PEG2k-S(CK30)/DNA complexes at

N/P ratios of 1,3,10, and 20 respectively.
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4.3.3 In vitro gene transfection

Gene transfection with triblock copolymer PEO5K-S(CK3)-PLASk/GFP DNA
complexes was first studied in MC3T3 cells. For comparison, MC3T3 cells were also
transfected with lysine oligomer PLL4o/GFP DNA complexes under the same transfection
conditions. In initial attempts, different transfection conditions were not screened for the
different complex systems and a standard gene transfection protocol was adopted for
MC3T3 cells. MT3C3 cells transfected by PLL4o/GFP complexes and PEO5k-S(CK3)-
PLASk/GFP complexes at various N/P ratios (N/P ratios 3, 5, 10) were studied and
compared as shown in Figure 4-7. Triblock copolymer PEO5k-S(CK3)-PLASk/GFP DNA
complexes exhibited no enhanced gene transfection efficiency compared to the PLL4o/GFP
DNA complexes at all the N/P ratios (N/P ratios 3,5,10) examined. One possible reason for
the low gene transfection was that the charge of the short lysine oligomer segment CK3
would be shielded by the relatively long PEO polymer block resulting in inefficient
condensation of GFP DNA plasmid. Another possible reason was the extremely high mass
ratios between the triblock copolymer PEO5k-S(CK3)-PLA5k and the GFP DNA plasmid
at normal N/P ratios which led to high triblock copolymer PEO5k-S(CK3)-PLA5kK

concentrations in the medium and high solution viscosity at the transfection stage.
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a) PLLo N/P=3 b) PEO5K-S(CK3)-PLASK, N/P=3

c) PLLao N/P=5 d) PEO5k-S(CKs)-PLASK, N/P=5
e) PLLao N/P=10 f) PEOS5k-S(CKa)-PLASK, N/P=10

Figure 4- 7 Fluorescence images of MT3C3 cells transfected by PLL40/GFP complexes
and PEO5k-S(CK3)-PLASk/GFP complexes at various N/P ratios.
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Triblock copolymer PEO2K-S(CKao)-PLA2k with a longer CKao lysine oligomer
segment and relatively short PEO polymer chain was investigated next for gene transfer
efficiency in HelLa cells. Several transfection variables such as N/P ratio, medium pH,
addition of chloroquine, and DNA concentration were screened to find the optimal
transfection protocol for the triblock copolymer PEO2k-S(CKas0)-PLA2k/GFP DNA
complexes. Flow cytometry data for HeLa cells transfected by PEO2k-S(CKao)-

PLAZ2k/GFP complexes in different transfection conditions are summarized in Table 4-2.

Table 4- 2 Flow cytometry data for HeLa cells transfected by PEO2k-S(CK40)-
PLA2k/GFP complexes. Each transfection condition was carried out in triplicate.

1 (%)° 2 (%)° 3 (%)° Avg (%)
N/P=3, pH=7.4 0.33 0.42 0.34 0.360.05°
N/P=5, pH=7.4 0.49 0.35 0.44 0.4340.07
N/P=10,pH=7.4 0.30 0.23 0.35 0.2940.06
N/P=5, pH=7.0 0.37 0.57 0.54 0.4840.11
N/P=5, pH=7.2 0.83 0.76 0.75 0.780.04
N/P=5, pH=7.6 0.32 0.35 0.66 0.4420.19
N/P=5, pH=7.4 2.33 1.67 1.24 1.7540.55

with Chloroquine

a. Gene transfection efficiency for each transfection condition is reported by percentage
of the total number of cells counted showing green fluorescence.

b. The error range represent the mean standard deviation (n=3).
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The PEO2k-S(CKa0)-PLA2k/GFP DNA complexes with different N/P ratios had
different sizes in deionized water which were measured in Section 4.3.1. The N/P ratio
together with other factors such as polymer ionization [45] affect the sizes of PEO2k-
S(CK40)-PLA2K/GFP DNA complexes in media. The N/P ratios also affect the surface
charge density of the polymer/DNA complexes. As discussed in Section 4.1, the
nanoparticle size and surface charge have a great effect on cellular uptake and gene
transfection. For the PEO2k-S(CKa0)-PLA2k/GFP DNA complexes with N/P ratios from
3 to 10, the highest gene transfection efficiency 0.43% £0.07% was obtained at an N/P
ratio of 5, compared to 0.36% +0.05% at an N/P ratio of 3, and 0.29% +0.06% at an N/P

ratio of 10.

In addition to the N/P ratio, the medium pH could also affect the sizes and surface
charge densities of the PEO2k-S(CKao)-PLA2k/GFP DNA complexes, which in turn could
change cellular uptake and gene transfection. In the investigated pH range from 7.0 to 7.6,
the gene transfection efficiency showed a peak of 0.78% +0.04% at pH 7.2 but otherwise

remained around 0.4%.

The important roles of chloroquine in enhancing gene transfection have been
discussed in Section 4.1.3. Generally, chloroquine diphosphate can increase endosomal
escape of DNA/polymer complexes by raising pH in endosomes and lysosomes, reducing
the trafficking of complexes to lysosomes, and protecting complexes from degradation by
lysosomal enzymes [27-37]. Addition of 100 pM chloroquine diphosphate to the HelLa
cells at the time of transfection resulted an enhancement of gene transfection efficiency
from 0.43% +0.07% to 1.75% =£0.55% for PEO2k-S(CKa0)-PLA2k/GFP DNA complexes

with an N/P ratio of 5 in DMEM buffer (pH = 7.4).
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The effect of DNA concentration in each well on gene transfection efficiency was also
studied. At a constant N/P ratio, the higher GFP DNA concentration would also result in
higher triblock copolymer PEO2K-S(CKao)-PLA2k concentration and an increased amount
of triblock copolymer PEO2k-S(CKao)-PLA2k/GFP DNA in each well. Figure 4-8 shows
the fluorescence images of HelLa cells transfected by PEO2k-S(CKa40)-PLA2k/GFP DNA
complexes at constant N/P ratio of 5 with different GFP DNA concentrations (4 ng/pL, 10
ng/JL and 16 ng/pL) in DMEM buffer (pH=7.4). The highest transfection efficiency (0.43%
+0.07%) in these studies was obtained at a GFP DNA concentration of 4 ng/pL. The
possible reason for this observation was that the increased amount of polymer/DNA
complexes did not enhance the cellular uptake of polymer/DNA complexes but the
relatively larger complexes structures formed at high concentration could have hindered

the cellular uptake of polymer/DNA complexes.
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a) N/P=5, 4 ng/pL

b) N/P=5, 10 ng/pL

c) N/P=5, 16 ng/pL

Figure 4- 8 Fluorescence images of Hela cells transfected by PEO2k-S(CK40)-
PLA2k/GFP DNA complexes at constant N/P ratio of 5 in DMEM buffer (pH=7.4) with
different GFP DNA concentrations: a) 4 ng/uL, b)10 ng/uL, and ¢) 16 ng/pL.
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For comparison, HelLa cells were also transfected by diblock copolymer PEO2k-
S(CK30)/GFP DNA complexes and PLL40o/GFP complexes under the same transfection
conditions. Based upon fluorescence microscopy, triblock copolymer PEO2k-S(CKao)-
PLA2k/GFP DNA complexes appears to show higher gene transfection activity than
PLL4o/GFP DNA complexes and diblock copolymer PEO2K-S(CKzo)/GFP DNA
complexes (Figure 4-8a, 4-8c and 4-8e). This increase in transfection efficiency might be
explained by enhanced gene protection and transport properties of the star block copolymer

PEO2k-S(CKuo)-PLA2K.

Chloroquine diphosphate, which is known to interfere with the endocytosis process,
was added to enhance cell transfection of PLL4/GFP DNA complexes, PEO2k-
S(CK30)/GFP DNA complexes, and PEO2Kk-S(CKao)-PLA2k/GFP complexes (Figure 4-8b,
4-8d, 4-8f). For all three complex systems, enhancement of transfection efficiency by
chloroquine could also be observed. For the PEO2k-S(CK40)-PLA2k/GFP complexes, the
fluorescence micrographs (Figure 4-8f) were in good agreement with the chloroquine-

enhanced transfection results from the flow cytometry data (Table 4-2).
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a) PLLa4o, N/P=5 b) PLL4o, N/P=5, with chloroquine

c) PEO2Kk-S(CKsp), N/P=5 d) PEO2k-S(CK30), N/P=5, with chloroquine

e) PEO2Kk-S(CKa0)-PLA2k, N/P=5 f) PEO2K-S(CKa40)-PLA2K, N/P=5, chloroquine

Figure 4- 9 Fluorescence images of HeLa cells transfected by PLL4o/GFP DNA complexes,
PEO2k-S(CK30)/GFP DNA complexes, and PEO2k-S(CKu40)-PLA2k/GFP complexes at
N/P ratio 5 and pH 7.4.
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4.3.4 Cytotoxicity

Evaluation of the cytotoxicity of cationic polymers is essential prior to their
application in gene and drug delivery systems. The cytotoxicity of PEO2k-S(CKao)-PLA2k
tri-arm star triblock copolymers was evaluated by the MTS assay in HeLa cell lines at
various concentrations, and compared with the corresponding polylysine PLL4o and
branched polyethyleneimine (PEI, Mw=25000), which is a commonly used transfection

platform[22, 26, 46].

Table 4-3. The concentrations of PEO2k-S(CKu40)-PLA2k triblock copolymers and
corresponding polylysine PLL4o and branched PEI studied in cytotoxicity.

N/P ratio Triblock Polylysine PEI concentration
concentration concentration
(mg/mL)
(mg/mL) (mg/mL)

3 0.01 0.00518 0.00156
5 0.0167 0.00864 0.0026
10 0.334 0.01728 0.0052
30 0.1 0.0518 0.0156
60 0.2 0.104 0.0312
120 0.4 0.207 0.0624

PEO2k-S(CKao)-PLA2K triblock copolymers showed almost no toxicity at all
conditions examined while the corresponding polylysine PLL4o and branched PEI showed
relatively low toxicity at low concentrations (N/P ratios of 3 to 10: 5.18-17.3 pg/mL for

polylysine, 1.56-5.2 pg/mL for PEI) but increased toxicity at higher concentrations (N/P

95



ratios of 30 to 120: 51.8-207 pg/mL for polylysine, 15.6-62.4 pg/mL for PEI) (Figure 4-

10).

From the optical micrographs in Figure 4-11, the cells treated with triblock copolymer
PEO2k-S(CKao)-PLA2K were quite healthy from N/P ratios of 3 to 120. The cells treated
with PLL4o or PEI were healthy at an N/P ratio of 3, but became less healthy as N/P ratio
was increased, and were almost entirely dead at an N/P ratio of 120, demonstrating the
much higher cytotoxicity of these systems. The low cytotoxicity of triblock copolymer
PEO2k-S(CKao)-PLA2K may be explained by the relatively low positive surface charge

resulting from a PEO shielding effect [47].
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Figure 4- 10 In vitro cytotoxicity of triblock copolymer PEO2k-S(CK40)-PLA2k against
HeLa cells using poly(lysine)40 (PLL) and branched polyethyleneimine (PEI, average
Mw=25000) as references. Error bars represent the mean standard deviation (n = 3).
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Control PEO2k-S(CKao)-PLA2K PL
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e)----
f)----

Figure 4- 11 Optical micrographs of cells from cytotoxicity tests of triblock copolymers,
PLL and PEI at N/P ratio from 3, 5, 10, 30, 60 to 120 in HeLa cells (Scale bar = 200 pm).
a) N/P=3,b) N/P =35, ¢) N/P =10, d) N/P =30, e) N/P = 60, f) N/P = 120.
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Chapter 5 Concluding Remarks and Future

Challenges

5.1 Concluding remarks

The work summarized in this thesis has centered on the synthesis and characterizations of
stimuli-responsive amphiphilic star-shaped triblock copolymers and their biomedical applications

for drug/gene delivery.

In chapter 3, redox-responsive amphiphilic star-shaped triblock copolymers PEO-S(CKj)-
PLA have been synthesized. The ring opening polymerization (ROP) of lactide using either
Sn(Oct). or DBU as a catalyst was used to synthesize PEO-S(Boc)-PLA diblock copolymers with
well-controlled molecular weights and narrow molecular weight distributions. The morphologies
of PEO-S(Boc)-PLA diblock copolymers in dilute aqueous solution were studied by SAXS and
DLS. The radii determined through both SAXS and DLS measurements suggest that the PEO-
S(Boc)-PLA diblock copolymers examined assemble into micelles in the dilute regime in aqueous
solution (0.1-1 wt% polymer). The cationic oligo- or polylysine segment was synthesized by
peptide synthesis or ROP of Z-lysine-N-carboxyanhydride. The cationic oligo/polylysine

segments were coupled to the diblock copolymer PEO-S(NH.)-PLA through a thiol-disulfide
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exchange reaction with SPDP as the linkage agent. The extent of conjugated cationic segment CKy
was quantified by measuring UV absorption of 2-mercaptopyridine (present in crude product
mixtures. PEO-S(CKn)-PLA triblock copolymers with different block ratios were successfully
synthesized. Two specific triblock copolymers, PEO5k-S(CK3)-PLASk and PEO2k-S(CKao)-
PLAZ2k, were selected for gene delivery studies in Chapter 4.

In Chapter 4, the PEO5k-S(CK3)-PLA5Sk and PEO2k-S(CKao)-PLAZ2K triblock copolymers
were used to form complexes with GFP DNA plasmid. The hydrodynamic diameters of triblock
copolymer PEO2K-S(CKao)-PLA2k and PEO2k-S(CKao)-PLA2k/GFP DNA complexes were
measured by DLS. The triblock copolymer PEO2k-S(CKao)-PLA2k could condense GFP plasmids
into complexes with diameters appropriate for endocytotic cellular uptake (from 130 nm to 220
nm) at different N/P ratios. The DNA condensation ability of PEO2k-S(CKao)-PLA2k triblock
copolymers was also confirmed by agarose gel electrophoresis of PEO2k-S(CKao)-PLA2k/GFP
DNA complexes at different N/P ratios. GFP DNA migration was completely retarded at N/P ratios
above 1. The in vitro gene transfection of PEO5k-S(CK3)-PLASk/GFP DNA complexes in MT3C3
cells exhibited low activity at all the N/P ratios examined. The possible explanation was the strong
shielding effect of relatively long PEO blocks with relatively short lysine oligomers.

In vitro gene transfection studies of PEO2k-S(CKa0)-PLA2k/GFP DNA complexes in HeLa
cells under different transfection conditions were carried out to study the effect of N/P ratio,
medium pH, addition of chloroquine, and DNA concentration on transfection efficiency. The gene
transfection results for PEO2k-S(CKa40)-PLA2k/GFP DNA complexes were compared to the gene
transfection results for PEO2k-S(CKz0)/GFP DNA complexes and PLL4o/GFP DNA complexes
under the same transfection conditions. In the fluorescent micrographs of transfected HelLa cells,

enhanced gene transfection activites were observed for PEO2k-S(CKaso)-PLA2k/GFP DNA
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complexes comparing to PEO2k-S(CK30)/GFP DNA complexes and PLL4o/GFP DNA complexes.
The enhancement of gene transfection efficiency might be explained by enhanced gene protection
and transport properties of the star block copolymer. The cytotoxicity of PEO2k-S(CKao)-PLA2k
triblock copolymers was evaluated by the MTS assay in HelLa cells at various concentrations, and
compared with the corresponding polylysine PLLs and branched polyethyleneimine (PEI,
Mw=25000), which is a commonly used transfection platform. The low cytotoxicity of the triblock
copolymer PEO2k-S(CKa0)-PLA2k may be explained by the relatively low positive surface charge

due to PEO shielding effects.

5.2 Future Challenges

Although the amphiphilic cationic star-shaped tri-arm PEO2k-S(CKao)-PLAZ2k triblock
copolymer exhibited an enhanced gene transfection efficiency and low cytotoxicity comparing to
corresponding polylysine PLLuao, it is still far away from clinical gene therapy applications because

of the relatively low transfection efficiency compared with commercially available gene vectors.

The amphiphilic character and PEO shielding effect can efficiently enhance serum stability
and cellular uptake of the PEO-S(CK;)-PLA/GFP DNA complexes. After cellular uptake of PEO-
S(CK.)-PLA/GFP DNA complexes and the disulfide cleavage, the linear polylysine CK./GFP
DNA complexes have to escape from endosomes, be transported through the cytoplasm, and enter
the nucleus. Further investigations could be directed towards the enhancement of endosomal
escape, cytoplasmic mobility, and nuclear internalization. Changing the structure of polylysine
from linear to hyperbranched [1] would be an interesting way to attempt to help the complexes to

escape from endosomes and lysosomes because of the hydrogen sponge effect and the umbrella
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effect. To enhance cytoplasmic mobility, further studies could either introduce ligands to the
polylysine segment with high affinity for motor proteins such as dynein [2, 3] to mediate active
transport along MTs or to reduce the size of polylysine/GFP DNA complexes so they are small

enough (diameter < 30 nm) to efficiently migrate in the cytoplasm by passive diffusion[4, 5].
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Appendix 1: Beer’s Law slope of pyridine-2-thione

In order to obtain the molar absorptivity of pyridine-2-thione in DMF solution, a set of
pyridine-2-thione DMF solutions with various concentrations have been prepared and measured

under UV at 376.25 nm (Table Al).

Table A- 1 UV absorbance of different pyridine-2-thione DMF solutions at 376.25 nm

Concentration (mmol/L) Absorbance
0 0
0.0248 0.185
0.0296 0.203
0.0368 0.236
0.0495 0.343
0.0593 0.380
0.0737 0.445
0.124 0.784
0.148 0.893
0.157 0.927
0.184 1.009
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Figure A- 1 Beer’s Law slope of pyridine-2-thione in DMF at 376.25 nm.
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Appendix 2: Selected NMR spectrum
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Figure A- 2 1H NMR spectrum of mPEO-S(Boc)-OH in CDCl3
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Figure A- 3 IH NMR spectrum of mPEO-S(Boc)-PLA crude product in CDCl;
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Figure A- 4 1H NMR spectrum of mPEO-S(Boc)-PLA purified product in CDCl;
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Figure A- 5 TH NMR spectrum of mPEO-S(NH2)-PLA in CDCl;s
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Figure A- 6 1H NMR spectrum of mPEO-S(NH-PDP)-PLA in CDCl3
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Figure A- 7 IH NMR spectrum of mPEO-S(CK.,)-PLA in CDCl;3
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Figure A- 8 1H NMR spectrum of PDP in DMSO-d®.
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Figure A- 9 1H NMR spectrum of Z-lysine N-anhydride in CDCls.
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Figure A- 10 1H NMR spectrum of Cys(Trt)-poly(Z)lysine 50 in DMSO-d®.
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Figure A- 11 1H NMR spectrum of deprotected CKsoin DMSO-d®.

130



