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Abstract

Over the past few decades, deoxyribonucleic acid (DNA)-polymer conjugates have been
attracting interest as adaptable functional materials in various biorelated applications.
However, determining the optimal synthetic conditions of conjugating hydrophilic DNA
with hydrophobic polymers still presents a significant challenge and this limitation
currently constrains the progress of research in this field. In recent decades,
polymerization-induced self-assembly (PISA) has attracted significant attention for
constructing nano-objects with various morphologies such as vesicles, worms, and
spheres owing to the one-step nature of the process. To date, the most commonly utilized
polymerization technique in PISA is reversible-addition fragmentation chain transfer
(RAFT) polymerization due to its versatility and broad applicability.™ 2 In RAFT-
mediated emulsion PISA, a solvophilic macromolecular chain transfer agent (macroCTA)
and a solvent-miscible monomer are polymerized to generate solvophobic polymer and
create self-assembled nanostructures.® Thus, PISA could be a potential method for
producing amphiphilic DNA-polymer nanostructures. However, the high cost of DNA
necessitates the use of minimal reaction volumes in PISA procedures, which remains an
ongoing challenge due to limitations such as oxygen inhibition, low potential
reproducibility, and the requirement for special equipment. This Ph.D. project aims to
develop reproducible conditions for low-volume PISA reactions in an attempt to utilize a
deoxyribonucleic acid macromolecular chain transfer agent (DNA-macroCTA) and 2-
hydroxypropyl methacrylate (HPMA) monomer to generate DNA-decorated polymeric

nanostructures of various morphologies via PISA for future medical applications.



In chapter 2, poly(ethylene glycol) macromolecular chain transfer agent was synthesized,
and their corresponding synthetic diblock copolymers with HPMA monomer were
prepared via RAFT-mediated photoinitiated PISA. The optimalization of a low-volume
system was investigated through physical and chemical strategies to eliminate oxygen
inhibition in low-volume polymerization. Nitrogen glove bag method was applied for
curing in an oxygen-free atmosphere for physical strategy while glucose oxidase (GOXx)
in the presence of glucose, was applied in chemical strategy. Moreover, phase diagram
was investigated in the optimal low volume conditions. This optimal low volume
condition was applied with the DNA-macroCTA and the identical HPMA monomer in
chapter 3. This chapter was divided into two sections, each focusing on the generation of
DNA-PHPMA nanoparticles through different sources of synthesized DNA-macroCTA.
The first section utilized DNA-macroCTA received from the Sleiman group, our
collaborators while the second section involved DNA-macroCTA synthesized by our
group. Additionally, two methods for synthesizing DNA-macroCTA were highlighted,
involving both solution-based and solid support approaches. This chapter further explored
the impact of salts and hybridization with the DNA-polymer particles. In chapter 4, the
combination of PEG-macroCTA and DNA-macroCTA was investigated to facilitate
morphological transitions in DNA-decorated particles. Moreover, the utilization of
hybridization and hybridization chain reaction (HCR) was explored with the mixture

corona of PEG and DNA.
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1.1 Functional nanostructures and self-assembly

Functional nanostructures refer to materials or systems made of organised molecules in
the range of approximately 1 to 100 nm, which could be in the form of nanoparticles,
nanotubes, or nanofilaments.* The use of nanostructures has rapidly expanded in
popularity over the past few decades because these structures enable new functionalities,
either by themselves or by their incorporation in composites.* Nanomaterials are now
utilized across almost all fields of technology and are generally prepared through two
contrasting approaches for the fabrication and assembly i.e. “Top-down” strategy and
“Bottom-up” strategy.® The top-down approach involves commencing with a larger or
bulk material and employing various techniques to reduce it to the nanoscale. Common
techniques include lithography, grinding, and chemical etching which can offer excellent
control and precision over the final product's size, shape, and properties. However, scaling
down materials and structures to the nanoscale while preserving the desired properties
can be a formidable challenge, and this process may generate waste materials as a
byproduct while potentially causing imperfections in the surface structure. Bottom-up
methods, on the other hand, initiate with individual atoms, molecules, or nanoparticles,
and then proceed to construct larger and more complex structures through self-assembly,
which has the potential to create less waste. Self-assembly involves the spontaneous
organization of molecules driven by intermolecular interactions such as hydrogen
bonding, metal coordination, hydrophobic forces, van der Waals forces, n—r interactions,
or electrostatic forces, providing access to a wide range of morphologies.® These
assemblies can potentially be utilised in numerous fields ranging from drug delivery
systems,” nanoreactors,® and sensors,® to electronic components.’® Nanocomponents
prepared by self-assembly may be composed of a range of materials including metals and

alloys, semiconductors, biological macromolecules and polymers.t!
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1.2 Polymerization techniques

Polymers play a crucial role in nanotechnology, in particular, are highly appealing as
building blocks for self-assembled nanostructures, due to their ability to offer a
combination of advantages, including flexibility, processability, cost-effectiveness,
nanometer-scale dimensions, diverse functionalities, and the capability for microphase
separation.!? Polymers are macromolecules composed of small repeat units known as
monomers, which are mainly divided into two types based on their structure, i.e. natural
and synthetic polymers. Natural polymers can be ordinarily found in biological systems,
such as proteins and DNA, while synthetic polymers are man-made — polyethylene and
nylon are two well-known examples.?® Polymers can be composed of a single type of
monomer (homopolymers) or more than one type of monomers (copolymers).r® The
fundamental mechanisms of polymer formation are step-growth and chain-growth
polymerization. Step-growth polymerization, also known as condensation polymerization
or polycondensation, is a polymerization mechanism in which polymers are formed
through the sequential reaction of functional groups on monomers.}4%® Step-growth
polymerization involves the reaction between two different types of monomers, each
possessing reactive functional groups, which are able to react with each other, forming
covalent bonds and linking the monomers together. In step-growth polymerization,
monomers react with each other to initially form dimers, then combine again into longer
and longer oligomers and finally into long-chain polymers. The average molecular weight
of individual polymer chains remains comparatively low during the polymerization until
it approaches near-complete conversion (Figure 1.1A). In principle, polymers with high
molecular weights are primarily achieved at the final stages of the reaction, where near-
quantitative monomer conversions occur, and oligomers are able to undergo further

reactions with each other. This process typically produces numerous potential side-


https://www.merriam-webster.com/dictionary/synthetic
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products and corresponds with a broadening of the molecular weight distribution in the
resulting polymers. On the other hand, chain-growth polymerization proceeds between
monomers and active sites on the polymer chain involving initiation, propagation, and
termination steps. > The polymerization process begins with the initiation step, where an
initiator molecule or a reactive site on a monomer forms a reactive species called a "free
radical” or an "active center”. The active center reacts with a monomer molecule in
propagation step, forming a covalent bond and creating a new reactive site at the end of
the growing polymer chain. This process continues as monomers add one by one to the
chain end, leading to chain growth. Termination occurs when two active chain ends react
with each other, resulting in the formation of a covalent bond and the end of the
polymerization process. Chain termination can also happen if a radical reacts with a
terminating agent or if the initiator is depleted. Its main limitation is poor control over
polymer chain length due to rapidly proceed of polymerization at the very early reaction
stages and low monomer conversions making a challenge to control the reaction rate

(Figure 1.1B).

In 1956, Michael Szwarc initially coined the term of living polymerization, where the
chain termination reaction was entirely absent from a chain-growth polymerization
process.t’ It involves the polymerization process under specific conditions: (a) a linear
correlation between polymer molecular weight and monomer conversion exists (Figure
1.1C), (b) the polymer chains being synthesized remain active even after complete
conversion, thereby allowing further chain extension with subsequent monomer
additions, (c) the resultant polymers exhibit narrow molecular weight distributions, and
(d) the final polymer's degree of polymerization (DP) can be controlled by adjusting the
stoichiometric ratio of monomer to initiator.!” *® Examples of living polymerization are

anionic'® and cationic®® polymerization, and ring-opening metathesis polymerization
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(ROMP).2t Another key aspect of living polymerization lies in the considerably higher
initiation rate compared to the propagation rate, leading to uniform growth for all polymer
chains in terms of both timing and rate.?> Thus, polymers acquired through living
polymerization can possess controlled lengths and narrow dispersity.?®> Nonetheless, in
the majority of instances, living polymerization methodologies demand rigorously
controlled reaction conditions, such as the thorough elimination of oxygen and water from
the system, along with the utilization of costly specialized equipment which significantly

limits their applicability and potential.?*

(B) Chain-growth

(C) Living

Molecular Weight

(A) Step-growth

I v 1 Y 1 v I v I

M ||
0 20 40 60 80 100
% Conversion

Figure 1.1. Relationship between polymer molecular weight and increasing monomer
conversion for (A) step-growth polymerization, (B) conventional chain-growth

polymerization, and (C) living polymerization.
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1.2.1 Reversible-deactivation radical polymerization (RDRP) techniques

Reversible-deactivation radical polymerization (RDRP), more commonly recognized as
controlled radical polymerization (CRP), are a group of controlled polymerization
methods that allow for the synthesis of well-defined polymers with controlled molecular
weights, narrow molecular weight distributions, and specific architectures.® These
techniques involve a dynamic equilibrium between propagating active chains and
dormant species (inactive chains), by using suitable capping or chain transfer agents
(CTAS), leading to a decrease in early termination of the polymerization and an increase
in control over chain length.?® Active chains can either be reversibly trapped in a
deactivation/activation process as shown in Scheme 1.1a, or they can be involved in a
degenerative exchange process called ‘‘reversible chain transfer’” according to Scheme
1.1b.%8: 27 There are three main RDRP techniques that employ different types of chain
transfer agent (CTA), which are nitroxide-mediated polymerization (NMP),?® atom
transfer radical polymerization (ATRP),?® and reversible addition-fragmentation chain
transfer (RAFT).2® NMP and ATRP rely on the process of deactivation/activation
polymerization, whereas RAFT relies on reversible chain transfer polymerization. Further

details about these mechanisms are provided below.

a) kdeal:t

N kact
RN

b) AP Y+ AmP—X —_ A P + ~AP—X

Scheme 1.1. a) Deactivation/activation polymerization b) reversible chain transfer

polymerization. Adapted from ref. 26 .
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NMP involves the use of a nitroxide-mediated living free radical as a mediator to
reversibly deactivate the growing polymer chains, thus allowing control over the
polymerization rate. 3-** The polymerization is initiated using an initiator, alkoxyamines
(R-N-O-Ry"), which generates radical species (R" and R2'-N-O"), subsequently reacts
with the monomer (M), forming a radical (Pn’) that initiates the polymerization. As the
polymer chain grows, a nitroxide radical (R2'-N-O") is introduced as a mediator and
interacts with the growing polymer chain radical (Pn’), leading to a temporary
deactivation of the chain (Pn-N-O-R2") which reduces the polymerization rate. Over
time, the nitroxide radical (R2'-N-O") dissociates from the polymer chain radical (Pn°),
allowing the polymerization to reactivate and resume the controlled growth of the
polymer chain (Scheme 1.2a).2% 343 NMP is a catalyst-free polymerization technique,
well-defined molecular weights, narrow molecular weight distributions, and controlled
architecture; however, alkoxyamines initiators typically required elevated temperatures

(usually > 100 °C).

ATRP is also one of RDRP methods and has gained significant attention in polymer
science.’” 3 ATRP begins with the initiation step, where an initiator molecule (a
secondary or tertiary alkyl halide, R—X) undergoes a reversible redox reaction using a
transition metal complex (M*Ly, e.g., Cu'Cl) as the catalyst (or activator), generating an
active radical species (R’) and an oxidized catalytic species (X—-M**1L,). The active
radical (R") reacts with a vinyl-type monomer (M), forming a new radical on the monomer
and growing active polymer chain (Pn°). In the main equilibrium step, the active polymer
chain (Pn") can either continue to propagate by reacting with additional monomer or
reversibly react with the oxidized metal complex (X—M**1L,), leading to the deactivated
chain end (Pn—X) and initial catalyst (M*Ln). The deactivated polymer chain end (Pn—X)

can be reactivated by a catalyst (M*L»), allowing for the resumption of polymer chain
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growth (Pn") (Scheme 1.2b).%° This reversible deactivation is a key feature of ATRP and

prevents conventional termination reactions.

a) NMP b) ATRP
Initiation Initiation
kl
k" . act .
R-O-N —= R+ o-N R-X + WML, —=2 R™ + X-MiL,
R’ K'deact R’ K eact
. ki ;
. ki . R+ M — P,
R+ M — P,
Main Equilibrium Main Equilibrium }
act
) R Kact R Pn + X-M¥IL, ——_ P,-X + ML,
P, + IO'N. ——— P,=0-N, @)\ deact
@/ﬂ‘. R’ Kgeact R' k *s.
*. p ki ~
kp ki~ £
\ Pn_F'n
P,—P,

Scheme 1.2. Generic mechanism for (a) nitroxide-mediated radical polymerization
(NMP) and (b) atom transfer radical polymerization (ATRP) using a metal-ligand
complex and an alkyl halide initiator, along with rate constants in the main equilibrium.

Adapted from ref *° and ref 3 | respectively.
1.2.2 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization

Reversible addition-fragmentation chain transfer (RAFT) polymerization is one of the
most popular RDRP techniques due to the excellent control of polymer chain length that
can be achieved, its compatibility with a wide range of monomers, and the mild conditions
required.> ** RAFT proceeds via a reversible chain transfer mechanism while NMP and
ATRP are deactivation/activation mechanism. The technique involves the use of a RAFT
agent, also known as a RAFT chain transfer agent (CTA), which is a molecule that
mediates the polymerization process. The structure of a RAFT-CTA involves a
thiocarbonylthio or trithiocarbonate group to control free-radical polymerization via a
reversible chain-transfer process as shown in Scheme 1.3.3% %2 |n step 1, an initiating
radical (I') reacts with monomers (M) providing a propagating radical polymer chain

(Pn"). Then, the propagating radical polymer chain (Pn") attaches to the C=S group of
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the CTA (1) and an intermediate radical species (2) is generated. 2 can fragment either
back to the initial state (Pn" and CTA) or to 3 and a new initiating radical, R".
Subsequently, new propagating radical chains (Pm") are formed after reinitiation by R’
(step 3). In step 4, a rapid equilibrium is established between the dormant species (3) and
active chains (Pn" and Pm") giving equal opportunity for all chains to grow, leading to a
low dispersity polymer product. Finally, radical polymerization is inevitably terminated
in step 5. It is important to highlight that only one fragmentation can occur at a time,
meaning either Pn" or Pm" chain can propagate from this equilibrium. The equilibrium
constants indicate that kadd /k-add>> kp, suggesting that the addition of the growing chain
to the CTA occurs more rapidly than fragmentation and propagation. As a result, the
concentration of active growing polymer radicals remains low, effectively preventing
termination events (Step 5) (e.g., coupling of Pn" or Pm"). RAFT polymerization can be
employed not only for linear block copolymers but also for complex architectures, such

as comb-like, star, brush structures, and cross-linked networks.3°

1.initiation

initiator > | M, P

2. Reversible chain transfer/propagation

o k, —SS— k P —S<_2S
P'+R S S a _ Pg SYS R_™ . Fy Y"'R'

n ~

7 K aq Z Kg Z
M A, 1 2 3
3. Reinitation
ReM 5 p .

4. Chain equilibration/propagation
— —P k —
p_- +Pn—S S kuw _Pg SYS P _Kadds . P S\fs +P,

m
U z K.agap Z Kaueo Z
M _/, 3 4 3 M A,

5. Termination
I* R* P, P, —> termination

Scheme 1.3. Proposed Mechanism of Reversible Addition—Fragmentation Chain

Transfer Polymerization. Adapted from ref. [16].%°
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A RAFT agent typically consists of three main components: a reversible chain transfer
group (CTG, (C=S)-S), such as a thiocarbonylthio group, a leaving group (Z), and a
polymerizable unit (R), where nature of both R and Z groups affect their efficiencies to
achieve well-controlled RAFT polymerization (Figure 1.2).4>** The CTG is responsible
for mediating the chain transfer process, allowing for control over the polymerization.
The R-group should function as an effective homolytic leaving group from the
intermediate CTA-derived radical species relative to the growing polymer chain, ensuring
that R’ radical must be both proficient and stable in order to reinitiate the polymerization.
Additionally, the type of monomer (more activated monomers (MAMS) vs less activated
monomers (LAMSs)) also influences the addition-fragmentation stage, which can impact
the control of RAFT polymerization. The leaving ability of the growing Pn" is directly
influenced by the composition of the monomer, exhibiting a descending trend in the
sequence: methacrylates, methacrylamides >> styrenics, acrylamides, acrylates > N-vinyl
amides, vinyl esters.*> ¢ In contrast, the Z-group chemistry in a RAFT agent is
responsible for the reactivity of the C=S bond toward radical addition- fragmentation and
influences the stability of the CTA-derived radical intermediate. Therefore, the selection
of the Z-group must be appropriate to ensure that the intermediate radical species achieve
a suitable level of stability, but should also exhibit a controlled level of instability, which
facilitate fragmentation events to a certain degree in order to promote propagation. To
date, CTAs have been reported in four main categories based on the atom of the Z that is
connected to the thiocarbonylthio moiety composing of dithioesters (for C),
trithiocarbonates (for S), dithiocarbamates (for N), and xanthates (for O) (Figure 1.2).
The choice of Z-group can also affect the solubility of the RAFT agent in the reaction

medium and the compatibility of the RAFT agent with different monomers and reaction

10
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conditions, while a comprehensive guide for selection of CTA based on each monomer

type is shown in Figure 1.3.

S 7 S S S S
R z,..1 R
Z1AS‘ 2"‘?JLS' Z1\SJL3.R Z1-.NJLS¢R z1 sOJj\SeR
2, 3,
CTA dithioester trithiocarbonate  dithiocarbamate zanthate

Figure 1.2. Typical structures of chain transfer agents (CTAs) based on the functionality

of the Z— group. Reproduced from ref.2

a) R group
.|:_|-|3 H CH,4 CH; CH, CHs H
cn- [—p-h;r'—ph"I—Pn? }-cooEt >>|-CHy|-CH; ~ I—::w Fph= }-cH, |-crq I—F-n
CHy; CHy COOEICN  CHy CH; CHy CHy  CHs
MAMS MMA, HPAM e
MAMS St, MA, AM, AN -
WAC, NVE, NWVC
LF'ir'ﬂEp ....:....................................';.'.....'....I;......................—h-
b) Z group

o]

— M=
Ph == S-Nk*”@a M'MH -Mg-uN‘\g:\-? Nb;. OFh = QEt = M'M! - N'ME D-N[E"E

M
t' M
MAMS = L E o o A
4 / &
MAMS StMA AM AN e
= WVIE BV
LAMs B WAz, NVIP, NVC -

Figure 1.3. Comprehensive guidelines for selection of the R- and Z-group of RAFT
agents, presented in relation to the control of RAFT polymerization for diverse
monomers. The dashed lines represent limited polymerization control.

Abbreviations: MMA = methyl methacrylate, HPMAM = N-(2-
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hydroxypropyl)methacrylamide, St = styrene, MA = methyl acrylate, AM = acrylamide,
AN = acrylonitrile, VAc = vinyl acetate, NVP =N-vinylpyrrolidone, and NVC =

Nvinylcarbazole. Reproduced from ref.*2

By adjusting the concentration of the RAFT agent and the monomers, it is possible to
achieve precise control over the molecular weight, polymer architecture, and composition
of the resulting polymer. The use of RAFT polymerization and RAFT agents has gained
significant attention in recent years due to robustness and versatility, compatibility with
a wide range of monomers and solvent, requirement of relatively mild and metal-free
conditions, and their ability to produce polymers with controlled structures, including
block copolymers, star polymers, and more.*? 46 Additionally, there is increasing focus
on oxygen-tolerant, initiator/catalyst-free, and photoinitiated RAFT methodologies,
which can give complete monomer conversions and high degree of livingness with

specific relevance to biotechnological applications.*’#°
1.2.2.1 Photoinitiated RAFT Polymerization (Photo-RAFT)

Recently, significant research has been directed into exploring alternative approaches to
generate initiating radicals such as light, enzymes, microwaves, and redox species to
enable controlled RAFT polymerization, particularly for biological systems.®% 0
Specifically, over the last two decades, there has been substantial interest in photoinitiated
RAFT polymerization (photo-RAFT).%! This interest primarily stems from the need for
reaction conditions at ambient temperatures and the ability to exert spatiotemporal control
through a straightforward “ON/OFF” manipulation of the light source. In other words,
radical formation and polymerization proceed when the light source is turned “ON” and
energy is provided to the system, but they immediately stop when the source is turned

“OFF”. Furthermore, the ability to adjust externally controlled factors, such as the
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intensity and wavelength of incident light, has been shown to have a significant impact
on both the control and kinetics of polymerization, with photo-RAFT processes
demonstrating faster kinetics compared to thermally initiated processes.? % %2 Photo-
RAFT can be mediated using traditional photoinitiators, specialized photocatalysts, or the
initiator-free “iniferter” mechanism of CTAs, depending on the specific irradiation
wavelength chosen for the reaction.*> *0 Photoinitiators are compounds capable of
generating radicals with labile bonds that are susceptible to photolysis, similar to the way
radicals are produced through the thermolysis of temperature-sensitive molecules. They
typically operate in the low-wavelength UV-Vis region (A = 360 - 485 nm). From a
mechanistic perspective, the difference between thermally initiated RAFT polymerization
and photoinitiator-mediated RAFT is based on the homolytic initiator decomposition
step, as shown in Scheme 1.4a.%% °! 2 2-dimethoxy-2-phenylacetophenone (DMPA),
sodium  phenyl-2,4,6-trimethylbenzoylphosphinate  (SPTP), and 2-hydroxy-4'-2-
(hydroxyethoxy)-2-methylpropiophenone (PP-OH) are common photoinitiators

frequently used in photo-RAFT

Over recent years, the Boyer group and others utilized organic dyes (such as Eosin Y and
fluorescein) and metal complexes as photoredox catalysts (PC) for the activation of
photo-RAFT through a mechanism involving photo-induced electron/energy transfer
(PET).52%* In this process, visible light can be employed to excite a specific photoredox
catalyst, facilitated by the electron-accepting nature of CTAs. This excitation leads to
electron transfer to a thiocarbonylthio group, which subsequently undergoes reduction to
produce radicals (R* or Pn"), while the CTA itself forms a stable anion. As with
conventional RAFT polymerization, the produced radicals can either be used to initiate
polymerization, conduct pre- and main-equilibrium reactions, or react with the oxidized

catalyst to reactivate the original species and complete the catalytic process (Scheme
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1.4b). In addition, molecular oxygen (O2) can serve as an electron/energy acceptor to
produce oxygen radical anion (O2") leading to reduce the overall concentration of oxygen
in the system, thus PET-RAFT can also be conducted under the open-air vessels (Scheme

1.4C).55’ 56

Furthermore, the utilization of CTAs as iniferter molecules has been the subject of
comprehensive research as a straightforward and highly efficient method for radical
generation in controlled photo-RAFT, without the need of external photoinitiators or
photocatalysts.>” Otsu first introduced the concept of the iniferter (“initiator - transfer
agent - terminator”) in 1982, which refers to a molecule capable of functioning as an
initiator, transfer agent, and termination agent without requirement of an external radical
source.’” The CTA itself undergoes cleavage by light, leading to a homolytic dissociation
of the bond between the thiocarbonylthio and the R-group.® > The radical derived from
the R-group then initiates the polymerization process, while the more stabilized radical
from the thiocarbonylthio species is assumed not to directly interact with monomers. The
cycle is completed when this persistent thio-centered radical recombines with the active
chain end, resulting in a dormant chain. Upon further irradiation, this dormant chain can
once again dissociate and incorporate monomers (Scheme 1.4d). Crucially, it has been
demonstrated that control over photoiniferter RAFT polymerization is significantly
dependent on both the type of CTA employed and the intensity and wavelength of the
incident light. Due to the rapid degradation of the CTA end-group during UV irradiation,
UV irradiation generally results in limited polymerization control especially at high
conversions, whereas visible light generally results in well-controlled polymerization.? In
addition, low light intensity produces a low amount of active radical species, which

ensures good control of polymerization.®® Due to the simplicity of photoiniferter RAFT
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polymerization and its compatibility with sensitive biomacromolecules, such as enzymes,

peptides and DNA, this methodology was employed throughout the thesis.
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1.3 Block copolymer self-assembly in solution

As mentioned previously, RAFT polymerization represents excellent methodology to
synthesise well-defined block copolymers. Block copolymers are a class of polymers that
consist of two or more distinct polymer chains or "blocks™ covalently bonded together in
a single molecule.5% ®2 Each block can have different chemical or physical properties,
such as different monomer units, polarity, or solubility characteristics.®? These
differences in properties between the blocks lead to unique behaviours and self-
assembling properties, making block copolymers valuable materials in various scientific
and industrial applications.®® Block copolymer self-assembly in solution is a fascinating
phenomenon in materials science where block copolymer molecules spontaneously
organize into well-defined nanostructures when they are dissolved in a solvent.®* In the
RAFT process, the block copolymer synthesis process begins with the synthesis of a first
block polymer and then a second polymerization is performed by exploiting the active
chain end of the first polymer (using it as a macroCTA), generating a diblock copolymer.
When the diblock copolymer is suspended in a solvent in which only one of the blocks is
soluble, self-assembly is driven by aggregation of the insoluble blocks. The shape of the
assembly is determined by the relative volume fractions of the hydrophobic segment and
core-forming blocks, known as the packing parameter, p = v/aolc, where v is the volume
of the solvophobic segment, ao is the contact area of the solvophilic or called head group
area as presented in Figure 1.4.°* As a general guideline, the formation of spherical
micelles is favored when p < ', cylindrical micelles also known as “worm-like”or “rod-
like” micelles are favored when 5 < p <%, and finally hollow vesicles or polymersomes
are favored when % < p < 1.1 % However, it's important to note that calculating precise
p-values can be challenging, hence, relative solvophilic/solvophobic volume fractions of

the constituent block copolymers are often used to describe a given formulation.®
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Figure 1.4. Block copolymer self-assembly of various morphologies determined by the

packing parameter, p. Reproduced from ref.5

Generally, the self-assembly process occurs due to the immiscibility of the different
polymer blocks and the drive to minimize the system's free energy in a liquid medium.
Importantly, a wide-range of factors such as the extent of core-block stretching and its
solvophobicity, corona-forming chain repulsion, overall copolymer molecular weight,
copolymer architecture, and solvent composition can influence the self-assembly pathway
and, consequently, the resulting nanoparticle morphology. > % Examples of
morphologies resulting from block copolymer self-assembly in solution include spherical

and worm-like micelles, spherical vesicles, and tubular vesicles (Figure 1.5). 677
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Tubular Vesicles

Figure 1.5. Transmission electron microscopy (TEM) images of typical nanostructures arising

from amphiphilic block copolymer self-assembly in solution. Images reproduced from the
following references : spherical micelles,®” worm-like micelles,% spherical vesicles,®® and tubular

vesicles.”

Self-assembly has been employed to create nanostructures that can change shape or
colour in response to stimuli to make targeted drug carriers for soft lithography and in
many other areas.”* Nevertheless, synthetic block copolymers remains challenging to
replicate the intricate self-assembly behaviour observed in natural polymers, such as

proteins and DNA, using synthetic block copolymers.
1.4 DNA-Based Nanostructures and DNA Assembly

Deoxyribonucleic acid, or DNA, is a double-helical molecule responsible for storing and
carrying genetic information in biological organisms.” 73 It is composed of four different
bases: adenine (A), thymine (T), guanine (G), and cytosine (C) (Figure 1.6). The
backbone of this polymer consists of sugar-phosphates, which exist as anions at
physiological pH levels. DNA assumes a double-helical structure, held together by
hydrogen bonds between individual bases on opposite strands, known as Watson-Crick
base pairs. Specifically, adenine always pairs with thymine, while guanine pairs with
cytosine. As a result, only sequences that are complementary can pair together in an

antiparallel manner to create the characteristic double helix.
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Figure 1.6. A schematic representation of the DNA double helical structure, the chemical
composition of the sugar-phosphate backbone, and the specific Watson-Crick base pairs

(A-T and G-C) formed within the DNA molecule.

One of the most appealing aspects of DNA in the context of nanotechnology is its ability
to predict in sequence-specific binding of oligonucleotides, resulting in the formation of
duplex structures.”* ™ The stability of these resulting duplex structures relies on
interactions between strands, including hydrogen bonding and base stacking interactions,
which are primarily driven by hydrophobic and electrostatic forces. Base-stacking
interactions become higher at increased salt concentrations since the salt effectively

screens the repulsive negative charges along the phosphate backbone.”

DNA-based nanostructures are a fascinating class of nanoscale materials created by
harnessing the unique properties of DNA molecules.” These structures are typically

designed and constructed through DNA nanotechnology, which is an interdisciplinary
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field that combines biology, chemistry, physics, and engineering to manipulate DNA
molecules into diverse nanostructures with remarkable precision.” In the area of DNA
nanotechnology, DNA is taken out of its biological context and used as a non-biological
engineering material — its programmability has enabled revolutionary developments in
the molecular self-assembly field.”” The programmability of DNA refers to the ability to
design and engineer DNA molecules with precise sequences and structures to perform
specific functions or tasks. DNA is often referred to as the “molecular programming
language” because it can be manipulated and programmed to assemble into various
nanostructures and perform specific operations at the molecular level.”® Research in DNA
nanotechnology involves static structures such as two- and three-dimensional crystal
lattices,>® origami structures produced by the controllable nanoscale folding of DNA
(Figure 1.7a),3! nanotubes,® dynamic structures (Figure 1.7b),%% and hierarchical self-
assemblies (Figure 1.7¢).8* Precise assembly of nanostructures enables the creation of
materials with unique functions such as self-assembly of a nanoscale DNA box with a
controllable lid, and take advantage of the self-recognition properties of DNA to control
its folding into specific shapes by utilising a bottom-up approach.2> DNA assembly has
received this significant attention for various reasons including the predictable and
programmable interactions involved, specificity of binding sites, thermodynamic
stability, well-defined structure on the nanoscale, persistence length, capability of
synthesis and modification using automated methods, controllable adjustment of
structures and a large variety of DNA-acting enzymes for further structure modification.”
Nevertheless, despite the wide range of innovative nanostructures enabled by DNA
nanotechnology, a substantial limitation remains-the high cost of DNA. Thus,

combination of DNA with synthetic polymers may enable to retain the advantages of
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programmability while reducing the cost and gaining the additional functions of synthetic

polymers such as responsiveness and resistance to degradation.
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Figure 1.7. a) Scaffolded DNA origami b) dynamic structure of nanomechanical DNA c)

Self-assembly of a DNA four-way junction. All figures are adapted from ref.”®
1.5 DNA-polymer conjugates

DNA-polymer conjugates, also known as DNA-polymer hybrids or DNA-polymer
complexes, are bioconjugates formed by attaching synthetic polymer chains to DNA
molecules.®® These conjugates combine the unique properties of both DNA and polymers.
The DNA component provides programmability and sequence-specificity, while the
polymer component represents robustness and tunability, resulting in materials with

diverse applications ranging from nanotechnology to biomedicine.!?
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1.5.1 Synthesis of covalent DNA-Polymer Conjugates

Ordinarily, DNA and synthetic polymers form the covalent attachment of polymer chains
to functional groups on DNA. One common approach is to modify the DNA backbone or
bases with reactive groups, such as primary amines or thiols, which can then react with
polymer precursors or polymerization initiators.”-%° Alternatively, post-synthetic
modifications can be performed by attaching polymer chains to DNA using click
chemistry or other conjugation strategies. The first reports of DNA—polymer hybrids
started in the late 1980s when antisense oligodeoxynucleotides were conjugated to a
poly(L-lysine) (PLL) backbone employed in antiviral agents.8” Two general approaches
to couple between polymer and DNA are in solution phase and on solid phase method. In
the solution phase, the DNA and polymer components are chemically linked together in
solution, and generally compose of three common coupling reactions: 1) amide coupling
between carboxylic acid terminated polymers and amino-functionalised DNA (Scheme
1.5a).88 2) disulfide coupling by both terminal thiol-modified polymers and DNA
(Scheme 1.5b).%° 3) thiol-ene coupling between thiol-modified DNA and terminal
maleimide group on polymers (Scheme 1.5¢).*° For the solid phase, where the DNA and
polymer components are synthesized separately and then polymers are grafting onto DNA
on a solid support (Scheme 1.6).%* The choice of polymer can vary depending on the
desired properties and applications of the conjugate.®? % Synthetic polymers, such as
polyethylene glycol (PEG), polyacrylamide (PAA), or polystyrene (PS), are often used
due to their versatility, stability, and well-established synthesis methods. These polymers
can impart unique characteristics to the DNA, such as increased stability, enhanced
solubility, or improved biocompatibility. DNA-polymer conjugates have a wide range of
applications such as drug delivery, biosensor, and DNA-nanotechnology.®? Nonetheless,

most synthetic routes result in low yields, arising from the general difficulty of coupling
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macromolecules, and the challenge of finding conjugation conditions compatible with
contrasting properties between the DNA and polymer components. The straightforward
conjugation of a hydrophobic polymer with hydrophilic DNA remains challenging and

currently limits development of this research field. %2 %
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Scheme 1.5. Coupling reactions for the synthesis of DNA-polymer hybrids in solution:

a) amide coupling. b) Disulfide coupling c) thiol-ene coupling. Adapted from ref.%2
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1.5.2 Functionalities of DNA-Polymer Conjugates

DNA-polymer conjugates have been explored for targeted drug delivery, leveraging DNA
strands to specifically target diseased cells or tissues, while the polymer component
provides stability and enables control over the release kinetics of therapeutic payloads.®*
% Early research on DNA-polymer conjugates primarily focused on enhancing the
stability and cellular uptake of antisense oligonucleotides (AOs). AOs, short sequences
of ssDNA or ribonucleic acid (RNA) complementary to specific messenger RNA
(mRNA) sequences, have demonstrated efficacy in disrupting gene expression for various
diseases. However, AOs often exhibit poor cellular uptake due to enzymatic degradation
by nucleases.®” Park et al. illustrated that conjugating AOs with polyethylene glycol
(PEG) vyields a diblock copolymer, when combined with a cationic complex, self-
assembles into a polyelectrolyte complex micelle structure.®® Inside the core of the
micelle contains neutral DNA-complex leading to protect it from from nucleases, while

the hydrophilic shell enhances cellular uptake.

There are also used in the construction of nanoscale structures and devices as building
blocks for nanomaterials with programmable properties, such as DNA origami,®
nanoparticle assembly,'® and nanoscale patterning.'* In 2026, Tokura et.al. presented
using ATRP to enable polymerizations from DNA origami allowing reactions to occur
under aqueous conditions and at room temperature which are essential parameters for
working with DNA origami structures.’®® Under these controlled conditions,
polymerization of poly(ethylene glycol) methyl ether methacrylate (PEGMA)
successfully produced a polymer brush. Additionally, by incorporating copolymerization
with the cross-linker poly(ethylene glycol) dimethacrylate (PEGDMA), a densely cross-

linked polymer network was achieved.
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Moreover, conjugates incorporating fluorescent DNA and polymers enable the
development of advanced imaging probes which be able to target specific biomolecules
or cellular structures, providing high-resolution imaging in biological samples as well as
detecting biomolecules, pathogens, or genetic variations.%2-1% Besides, DNA-polymer
conjugates offer potential in gene delivery and gene editing applications that facilitate
cellular uptake and endosomal escape to improve the efficiency and safety of gene therapy

approaches.'%

1.6 Polymerization-Induced Self-Assembly (PISA)

As mentioned in section 1.3, traditional block copolymer self-assembly is a stepwise
process that begins with the synthesis of diblock copolymers, followed by purification,
and finally self-assembly in dilute concentration. This approach is complicated, demands
selective solvents, is time-consuming, and often results in low yields.1%: 7 Over the last
two decades, polymerization-induced self-assembly (PISA) has been developed to
overcome these limitations. PISA allows the direct construction of polymeric
nanoparticles of various morphologies, normally spheres, vesicles or worms, - 108 109, 110
Notable advantages of PISA are the capacity to simultaneously conduct polymerization
and self-assembly in one pot and the ability to produce nanoparticles at high
concentrations, with typical literature reports ranging between 5-30 w/w% solids in the
final concentrations.’! Armes and co-workers were the first to develop PISA under
RAFT polymerization conditions.!*? The principle behind PISA is the capability of
solvent-miscible monomers polymerized from a pre-formed solvophilic macroCTA to
form solvophobic polymers, leading to self-assembly in situ in a selective solvent
(Scheme 1.7). 111344 The resulting morphology in PISA formulations undergoes changes
based on the DP and the %solid concentrations and is frequently visualized through the

construction of a phase diagram.'2 The specific morphological outcomes are dictated by
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the packing parameter, p, akin to the principles governing conventional block copolymer

self-assembly techniques (discussed in section 1.3).
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Scheme 1.7. Schematic of RAFT-PISA conducted in aqueous media. Reproduced from
ref. A water-miscible monomer is polymerized using a water-soluble polymer
macroCTA via RAFT polymerization, initially to give a soluble diblock copolymer.
Further polymerization leads to an insoluble second block and subsequent self-assembly

into various morphologies determined by the packing parameter, p.

In general agueous PISA formulations, an increase in the length of the core-forming block
and solid content leads to a higher-order morphology transition, progressing from soluble
polymers to spheres, then to worms, followed by vesicles, and finally culminating in
multi-lamellae formation as shown in Figure 1.8.11 In the context of this thesis, PISA
could be a very useful tool for the creation of amphiphilic DNA-polymer nanostructures
because it removes the need to couple hydrophobic polymers with DNA, which as

detailed above has been shown to be challenging.

26



Chapter 1

<;,,-usoo 25% .‘
500 nmﬁ

10 12 14 16 18 20 22 24 26

500 o e e {500 | GuH
S+V
% 4004 o ° ° ° v e {400 |
< L L L o L ]
E 300 - S+W+V : ; W4V : 1300
o ° o o o o B
‘ ° o o [ « W °
2004 o ° ° ° S+W e 4200
o L J
L ] S L ] L ]
100 T T T { ] T T T T 100

10 12 14 16 18 20 22 24 26
Copolymer Conc. wiw %
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with its corresponding TEM images of different morphologies. Key: s = spheres, w =

worms, V = vesicles. Reproduced from ref.114
1.6.1 Photoinitiated PISA

The use of thermally initiated RAFT polymerization has been extensively used in aqueous
PISA reports;1°>118 however, a steadily increasing number of studies have focused on
photoinitiated PISA (photo-PISA) approaches. 119116 Photo-PISA mediated by visible
light-active photoinitiators and photoredox catalysts or by the "photoiniferter”
mechanism of CTAs, based on the initiation mechanisms described above for
conventional photo-RAFT polymerization. Compared to thermally initiated PISA,
photoinitiated PISA have increased reaction kinetics.''® As discussed in section 1.2.2.1,
photoinitiated species are activated by specific wavelengths of light, reducing the
complexity of the reaction composition and enabling reactions under milder conditions

(e.g. at room temperature).? > 119125 Without the need for high temperatures, the ability
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to perform these reactions at room temperature may be crucial when working with
temperature-sensitive components. The process is compatible with various types of

polymers and macroCTAs.? 124126

In 2015, our group pioneered a study that reported on the differences between photo-
PISA and thermally initiated PISA on nanoparticle morphology.? In this work, the phase
diagram of poly(ethylene glycol)113-b-poly(2-hydroxypropyl methacrylate)x (PEG113-b-
PHPMAX) from both techniques differed significantly due to differences in the
polymerization rate and end group fidelity. The results show that photo-PISA drives the
formation of higher order morphologies due to the loss of the end group caused by
extended periods of light irradiation. In the photo-PISA approach, detailed morphology
diagrams were constructed to determine the optimal total solids content and core-block
DP for the consistent production of pure PEG-b-PHPMA polymersomes via aqueous
photo-PISA at 37°C, using a 405 nm light. This temperature and light wavelength were
maintained throughout the experiments in this thesis. Moreover, a series of PEG113-b-
PHPMA00 polymersome nanoreactors were developed and a number of possibilities were
explored for their potential use as artificial cell-mimicking models.*?” Following a
subsequent report, the PHPMA polymersome membranes demonstrated their inherent
permeability toward small organic molecules, as well as their ability to efficiently retain
larger biomacromolecules such as green fluorescent protein (GFP), horseradish
peroxidase (HRP) and glucose oxidase (GOx) within the polymersomes, allowing the
encapsulated proteins to communicate through enzyme cascades within the internal

aqueous compartment of nanostructures.*?’
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1.6.2 Low-volume PISA

The typical reaction concentration in PISA is 10-20% solids content by weight, normally
ina 1 mL reaction. This scale is very high for expensive materials such as DNA-decorated
molecules, leading to the need for low-volume PISA.*?* 126 However, the main limitation
of working at low volumes is oxygen inhibition.1? Removing oxygen is challenging at
low volumes using traditional methods (e.g. N2 bubbling, freeze-pump-thaw) without
causing concentration changes, and the high surface area-to-volume ratio means oxygen
is reabsorbed quickly from the atmosphere into the reaction medium. Interestingly, Boyer
and co-workers explored photoinduced electron/energy transfer—reversible addition-
fragmentation chain transfer (PET-RAFT) polymerization by exposing reactions to yellow
light in photocatalytic ultralow volume polymerization (20 uL) in the presence of air
without deoxygenation (Figure 1.9a). 4% 2% 130 |n this work, a photocatalyst (5,10,15,20-
tetraphenyl-21H,23H-porphine zinc (ZnTPP)) could capture oxygen molecules and convert
them into singlet oxygen, which is captured by a quenching species (DMSO). However, this
mechanism requires specific solvents to act as trapping species, such as anthracenes or
sulfoxides. An alternative approach is to use an enzyme-assisted approach, such as glucose
oxidase, in small volume (40 pL) photo-PISA reaction to allow experiment under oxygen in
the open air as shown in Figure 1.9b.1% 131 However, the use of enzymes is perhaps limited
by their stability and poor tolerance to change in experimental conditions. Tanaka et.al. also
accomplished PISA at a scale of 2 pL by heating system at 100 °C in three minutes under
the air (Figure 1.9¢).*” This condition requires high temperature and careful cooling steps
which can affect the stability of reaction components and is probably not suitable for use with

fragile biomolecules.

Our group has been separately developing PISA®®: 124 126,127, 132134 and DNA-polymer

hybrids!3® for several years. This thesis investigated the use of DNA as a PISA macroCTA
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to provide direct access to amphiphilic DNA-polymer hybrid nanostructures without the
requirement for complicated and low-yielding synthesis and isolation of DNA-polymer
conjugates. The challenge is not only pioneering an uncomplicated method for making
DNA-polymer hybrids but also developing simple and reproducible conditions for

performing PISA at low volumes.
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1.6.3 DNA-polymer nanoparticles by RAFT-PISA

During this PhD, two publications were introduced to guide the preparation of DNA-
polymer nanoparticles using RAFT-PISA while we were working on this topic. In 2020,
Weil and coworkers demonstrated that DNA—polymer conjugates can self-assemble into
nano-objects by thermal RAFT PISA through the grafting from approach using N,N-
Dimethylacrylamide (DMA), 4-acryloylmorpholine (NAM), 2-hydroxyethyl acrylate
(HEA), and oligo(ethylene glycol) methyl ether acrylate (OEGA) as monomer (Scheme
1.8a).1%% This reaction relied on enzyme degassing with glucose, glucose oxidase, and
sodium pyruvate. The monomer to initiator ratio can be controlled precisely and provide
medium to high conversion (50-90 % conversions) and thus can allow the manipulation
of architectures. However, this method required ambient condition (using mixed t-
butanol/DPBS as a solvent at pH=6). The following year, Tan and coworkers modified a
photoinitiated chain transfer agent (photo-CTA) to perform the first aqgueous RAFT
photo-PISA of DNA-polymer nanostructures under enzyme assisted approach (Scheme
1.8b).1*® Sodium phenyl-2,4,6-trimethylbenzoylphosphinate (SPTP) was used as
photoinitiator and 2-hydroxypropyl methacrylate (HPMA) was used as monomer to
manipulate DNA-polymer nanostructure This work further applied resulting DNA-
PHPMA particles to enhanced nuclease resistance and cellular uptake. The details of these

two approaches are further discussed in Chapter 3
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Scheme 1.8. a) Schematic representation of the synthesis of a rhodamine B containing
DNA-—polymer conjugate (FP1) and its subsequent labelling with a complementary DNA
sequence containing Cy5 at its 3’-terminus. b) Design and construction of DNA-polymer
nanostructures by photo-PISA and further in vivo investigations of stability and cellular

uptake efficiency from DNA-polymer nanostructures. Adapted from ref.136: 137
1.7 Characterization techniques for polymer self-assemblies

Analysis of particle size and shape is crucial to understanding the mechanisms underlying
the self-assembly of polymers as well as the behaviour of these particles in solution. Data
discussed in the following chapters will be used to demonstrate how these techniques are
used throughout the thesis, however these techniques have been thoroughly reviewed

elsewhere,138-142
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1.7.1 Light scattering techniques

Light scattering techniques are analytical methods that utilize the scattering of light to
gain information about the physical and chemical properties of particles or materials.'%
These techniques are widely used in various scientific and industrial applications for
characterizing particles, macromolecules, and complex systems. Light scattering is an
important technique to determine the size, molar mass, and topology/morphology of a
polymer chain, or particle, as well as inter particle interactions, in a non-destructive
manner. In addition, scattering techniques can be performed in solution ensuring that the
structure being analyzed is not affected during sample preparation or analysis, as opposed
to certain microscopy techniques. Furthermore, factors such as the pH, temperature and
solvent composition can be easily adjusted to analyze the particles under a variety of

conditions, which is useful for analyzing stimuli-responsive systems.

The scattering technique used throughout this thesis is dynamic light scattering (DLS)
which is a non-invasive, non-destructive analytical technique used to measure the size
and size distribution of particles or molecules in a solution.*® It is particularly useful for
characterizing nanoscale particles or macromolecules, providing insights into the stability
and behavior of colloidal systems and nanomaterials. DLS is widely employed in various

fields, including chemistry, biology, materials science, and pharmaceuticals.

The principal of DLS is based on the random thermal motion of particles suspended in a
fluid, known as Brownian motion. These particles experience continuous collisions with
solvent molecules, leading to their random movement. In DLS, a laser beam is directed
through the sample containing these particles, and their Brownian motion scatters the
laser light. This scattered light interferes with each other, creating fluctuations in intensity

over time, which are recorded by a detector. These fluctuations are related to the
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movement of the particles. Larger particles move more slowly, resulting in slower
fluctuations, while smaller particles move faster, leading to faster fluctuations. The
intensity fluctuations are subjected to autocorrelation analysis. This analysis calculates
the time-dependent correlation of the intensity fluctuations, providing information about
the characteristic timescale of particle motion, and then uses to calculate the particle size
distribution. The diffusion coefficient of the particles is related to their size through the
Stokes-Einstein equation (equation 1). By analyzing the correlation data, the size of the

particles and the distribution of sizes in the sample can be determined.

kgT

= oD (equation 1)

H

Where kg is the Boltzmann constant (approximately 1.38x1072 J/K), T is the absolute
temperature, 7 is the dynamic viscosity of the solvent, D is the diffusion coefficient of the

particles and Ry is the hydrodynamic radius.

The hydrodynamic radius (Rn) is the theoretical radius of a perfect hard sphere as they
move through the solvent with the same translational diffusion coefficient (D) as the
particle being measured. Therefore, Ru is a good approximation for the radii of spherical
particles, for example spherical micelles and vesicles, but is of less relevance with
anisotropic particles such as worm-like micelles. Moreover, it takes into account not only
the physical size of the particles but also their interactions with the solvent molecules and
the solvent's viscosity. Thus, Ry is often reported from a DLS experiment as a relative

size of the particles in solution.

1.7.2 Electron microscopy

Unlike the scattering techniques discussed in the previous section, electron microscopy

(EM) is a powerful imaging technique that uses a beam of electrons to directly visualize
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the ultrastructure of samples with light microscopy. This provides significant advantages,
particularly when studying non-spherical particle morphologies, as it eliminates the need
to fit the data to a model (e.g., the hard-sphere model in DLS) to extract structural
information. The technique is crucial in various scientific and industrial fields, including
biology, materials science, and nanotechnology. The primary electron microscopy
techniques used throughout this thesis were transmission electron microscopy (TEM) and

cryogenic electron microscopy (cryo-TEM).

Transmission electron microscopy in the dry state

TEM involves transmitting a beam of electrons through an ultrathin sample, which allows
for high-resolution imaging of the sample's internal structure at nanoscale resolution. In
dry state, the process involves preparing samples by drying nanoparticles from a solution
onto a thin copper mesh grid coated with a layer of carbon, creating a thin layer of
nanoparticles. Polymer nanoparticles primarily consist of organic elements such as
carbon, hydrogen, and oxygen which have low atomic masses leading to low contrast
between the particles and the carbon coating (the background). It's important to note that
the electron scattering ability of an element increases with its nuclear charge, represented
as Z leading to more substantial electron scattering enhances the contrast observed in
TEM. To enhance contrast and visibility in TEM images, samples are commonly stained
with elements of high atomic number, such as molybdenum, tungsten, or uranium salts.
These heavy element stains scatter fewer electrons compared to organic elements. This
staining technique is referred to as "negative staining” because the stain is primarily
localized on the carbon coating, resulting in a darker background and lighter appearance
of the sample (Figure 1.10a). Conversely, positive staining is a method where particles
are made to appear darker against a lighter background leading to enhance the visibility

of the particles in TEM images (Figure 1.10b).
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Figure 1.10. Negative and positive staining techniques using heavy metal salts. a)

negative staining and b) positive staining. Reproduced from ref.14

While staining is valuable for enhancing contrast in electron microscopy, it also has the
potential to introduce artifacts stemming from the stain itself. These artifacts can manifest
as uneven background staining or the formation of stain crystals. In some cases, staining
can obscure the internal details of particles, such as membrane thickness. Recognizing
these limitations, research efforts have focused on developing thinner support materials
that enable the imaging of weakly scattering particles without the need for staining. An
example of such innovation is the use of graphene oxide (GO) grids. These grids were
introduced in 2009 and have proven effective in analyzing soft materials, especially when

low-contrast supports are employed.!4

When analyzing a sample using dry-state TEM, drying effects can be observed such as
dehydration of the particle corona, particle instability and changes in hollow particles:
Dehydration of the particle corona can lead to the appearance of a smaller particle size
compared to when the sample is in solution. This effect is commonly referred to as the

“drying effect”. Particle instability upon drying which the particles may become unstable
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during the drying process depending on the properties of the polymer used. This
instability can result in particle disassembly or morphological changes. For example, if
the core-forming blocks of the particles have a low glass transition temperature (Tg), film
formation can occur. Moreover, hollow particles, such as vesicles, may appear to have
collapsed or burst when subjected to the drying process under vacuum conditions. These
drying effects need to be considered when conducting dry-state TEM analysis, as they

can impact the interpretation of results and the accuracy of particle size measurements.

Cryogenic transmission electron microscopy (cryo-TEM)

For preserving the native structure and state of these samples, the preferred technique is
cryo-TEM, as it allows for the collection of images that closely resemble particles in
aqueous solution. In cryo-TEM, a thin layer of the sample in solution is deposited onto a
TEM grid. Afterward, blotting is performed to remove most of the solution, leaving only
a thin layer. The grid is then rapidly immersed in liquid ethane, causing the ice layer to
vitrify or freeze instantly. The frozen sample can be subsequently analyzed under vacuum
conditions at liquid nitrogen temperatures (approximately -173 °C). In contrast to dry-
state TEM, cryo-TEM eliminates the need for staining, and it enables the observation of
features like membrane thickness, making it a valuable technique for examining complex

structures in their native, hydrated state.

While cryo-TEM is an immensely versatile and valuable technique, it is known for being
time-consuming, often requiring up to an hour to image a single sample. Additionally, it
is not immune to certain artifacts, including ice crystallization, ethane contamination, or
the occurrence of empty vitreous ice (Figure 1.11). Furthermore, special attention must
be given to the intensity of the electron beam to avoid damaging the sample. High-

intensity electron beams can potentially melt the vitrified ice or even result in the
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destruction of the sample and the grid. This necessitates a cautious and precise approach

when utilizing cryo-TEM for sample analysis.

Figure 1.11. Examples of vitreous and non-vitreous ice observed in cryo-TEM imaging.
a) Empty, vitreous ice (Scale bar: 50 nm). b) Displays hexagonal ice crystals (Scale bar:
400 nm). c) Large ice crystals (indicated by the white arrow) (Scale bar: 400 nm). d) The

presence of ethane contamination (Scale bar: 200 nm). Reproduced from ref.142

Finally, the aim of this Ph.D. project is to establish reproducible conditions for low-
volume PISA reactions using a deoxyribonucleic acid macromolecular chain transfer
agent (DNA-macroCTA), polyethylene glycol macromolecular chain transfer agent
(PEG-macroCTA), and HPMA monomer to produce DNA-decorated polymeric
nanostructures of diverse morphologies via photo-PISA, with the intention of exploring

their potential for future medical applications.
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1.8 Summary

This chapter provides an overview of the fundamental key concepts that are explored in
the experimental chapters of this thesis. A briefly introduction to functional
nanostructures and self-assembly of nanostructures has been given. This was followed by
the fundamental concepts of polymers and the modern synthetic techniques used to
prepare them. The mechanistic insights of RAFT and photo-RAFT polymerization were
emphasized on delving into. Subsequently, the concept of amphiphilic block copolymer
self-assembly was discussed in detail, including the principles governing the resulting
nanoparticle morphology. Furthermore, DNA-based nanostructures, DNA assembly, and
DNA-polymer conjugates were introduced and discussed, including the limitations
encountered in the synthesis of DNA-polymer conjugates. In this context, the significant
topic of polymerization-induced self-assembly (PISA) was highlighted, which is central
to the themes of this thesis. PISA is a rapidly growing, one-pot procedure for synthesizing
block copolymer nano-objects with predictable morphologies. It was emphasized that
PISA can be initiated with light and conducted in low-volume conditions. The chapter
also presented examples of DNA-polymer nanoparticles synthesized using RAFT-PISA.
Finally, the chapter offered a brief overview of the analytical techniques used to study

polymer self-assemblies.
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2.1 Introduction

Synthetic polymers have drastically changed numerous aspects of present-day living. It
has played a major role in creating innovative materials, technologies, and products. Over
the last two decades, polymerization-induced self-assembly (PISA) has received
significant attention in the polymer field due to the method's simplicity,® ? versatility,
and diverse range of applications; which include drug delivery,* catalysis,® and sensing.
PISA combines block copolymer synthesis and self-assembly, resulting in well-defined
nanoparticles such as spherical micelles, worms, and vesicles with a high degree of

control over size, morphology, and functionality.”2

In recent years, photoinitiated polymerization-induced self-assembly (photo-PISA) has
been investigated because it enables a high degree of control over the dispersion
polymerization process by manipulating the wavelength and intensity of incident light
without the need of external heat.’*?! Photo-PISA introduces light to initiate or control
the polymerization process in PISA by incorporating photoactive species, such as
photoinitiators, photoiniferters, or photocatalysts. In general, photoactive species
generate radical species which can initiate the radical polymerization of vinyl monomers
to form a growing polymer chain. If the growing chains becomes increasingly
solvophobic, and contains a segregated solvophillic region, the resulting block
copolymers can self-assemble with one another, to form nanoparticles.?? The photo-PISA
process can be controlled temporally, which can further enhance the control over the
generated nanoparticles.!® 2 Furthermore, the use of mild room temperature
polymerization conditions in photo-PISA allows for the encapsulation of thermally
sensitive therapeutics without affecting the polymerization rate or their activities.'® 24
Finally, the effect of temperature on the self-assembly process and the morphological

evolution can be studied using photo-PISA.? Reversible addition-fragmentation chain
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transfer (RAFT) is commonly used in photo-PISA because it allows for the synthesis of
well-defined block copolymers with controlled molecular weights and low dispersities.?°
In 2017, our group investigated the differences between photo- and thermally initiated
PISA processes using the well-documented poly(ethylene glycol)-b-poly(2-
hydroxypropyl methacrylate) (PEG-b-PHPMA) PISA system.!? In this system, chain
transfer agent (CTA) derived from 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic
acid (CEPA) was applied without the addition of an external photoinitiator or
photocatalyst in the photo-PISA system, known as photoiniferter, allowing for the
synthesis of well-defined polymers with controlled molecular weight and low
polydispersity as discussed in Chapter 1. In this work, photoinitiated PISA offers
advantages over thermally initiated PISA, i.e. it allows for the formation of predictable
morphologies within minutes under very mild reaction conditions, whereas thermal PISA
typically requires elevated temperatures for hours. However, the loss of the end group in
photoinitiated PISA was shown to drive the formation of higher-order structures,
compared to thermally initiated PISA which led to higher end group fidelity. The
polymerization method therefore was shown to have a significant impact on the

morphology of the resulting polymer self-assemblies.

In this chapter, the established PEG-b-PHPMA by PISA system was studied since it is a
well-known copolymer and be able to compare with photo-PISA literature.'3
Poly(ethylene glycol) (PEG), which act as our solvophillic stabilizing block, is a
hydrophilic polymer known for its excellent biocompatibility and water solubility.?® It
possesses a flexible, hydrophilic chain of repeating ethylene glycol units. PEG has low
toxicity, resistance to protein adsorption, and the ability to reduce nonspecific interactions
with biological components, making it widely used in biomedical applications. Poly(2-

hydroxypropyl methacrylate) (PHPMA) is a synthetic polymer derived from methacrylic
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acid.?”° It contains hydroxyl groups along its polymer backbone, which contribute to its
hydrophilicity. PHPMA has good biocompatibility and can be easily modified to
introduce various functional groups or side chains.®° It shows favorable hydrophobic
properties when used as a diblock in self-assembly. By combining PEG and PHPMA in
a block copolymer, the resulting PEG-b-PHPMA diblock copolymers exhibit unique
properties that combine the advantages of both polymers. Though, both photo- and
thermal-initiated PISA of PEG-b-PHPMA has previously been reported, to date there are

no publications of this system in low volume.

As mentioned in Chapter 1, the main objective of this thesis was to a develop a versatile
method to synthesis uniform nanoparticles decorated with deoxynucleic acid (DNA). The
high-cost and small amounts of precise synthetic DNA produced for biomedical research
and commercially, proposes a problem for most PISA reactions. An ongoing challenge in
the area of low volume polymerization, is the question of how to remove oxygen which
can inhibit the polymerization. Furthermore, low reproducibility and special equipment
requirements are also key issues to resolved to conduct low volume PISA.3! The
traditional methods use inert gas bubbling and freeze-pump-thaw cycles to remove
oxygen; however, this can be extremely challenging to apply to low volume
polymerizations(<300 L) and cause significant changes in concentration. The aim of this
chapter was to develop reproducible conditions of low-volume photo-PISA reactions by
using PEG-macroCTA and HPMA monomer to generate polymeric nanostructures of
various morphologies. There are two strategies to investigate the optimal low-volume
RAFT-mediated photo-PISA condition, composed of physical and chemical strategies for
eliminating oxygen inhibition in polymerization. According to the physical strategy, the
nitrogen glove bag method was applied for curing in an oxygen-free atmosphere based

on the concept of a glove box. It should be noted that this method is a new method for
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low-volume photo-PISA. For chemical strategies in low-volume photo-PISA,
photoinduced electron/energy transfer-reversible addition-fragmentation chain transfer
(PET-RAFT)3*>3* and enzyme-assisted oxygen tolerance!’ *°-3 are most popular. In 2014,
Boyer and coworkers first described the use of low-energy visible light for PET-RAFT
polymerization by incorporating photoredox catalysts. 3 They also explored low volumes
(20 pL)*® and subsequently applied PISA in the same year.>® However, this method
required certain solvents to act as trapping species which react with singlet oxygen
produced during photoredox reaction; these solvents include anthracenes, sulfoxides, or
other supplementary reducing agents such as tertiary amines, ascorbic acid, anthracene,
limonene, thioethers, and so on.'> 32 3% 40 Thjs requirement arises from the
photosensitized generation of singlet oxygen, which is rapidly quenched by trapping
species. On the other hand, the enzyme-assisted oxygen tolerance method can be
performed in aqueous solution, including buffer solution.'” 35-3 Recently, some enzymes
such as glucose oxidase (GOXx),> 1% 4! pyranoseoxidase (P20x), 3" and formate oxidase
(FOX)®® in the presence of glucose have been used to assist oxygen tolerance in
polymerization, by using the intrinsic enzymatic activity to reduce oxygen. The exclusive
utilization of GOx in photo-PISA has been observed, driven by its established reputation
as an efficient enzyme at rapidly and consistently removing dissolved oxygen in the
solution.*” #? This unique capability facilitates the photo-PISA reaction within ambient
air environments. Tan et al. investigated GOx in photo-PISA in open batches and
multiwell-plates at room temperature.!” Using this approach, photo-PISA in the smallest
volume system (40 uL) could be conducted under open air environments exposed to blue
light at 405 nm. Moreover, Touve et al. employed UV-initiated PISA in a low-volume
system using a 96-well microplate, coupled with automated sampling of each well, along

with automated TEM and image analysis, to expedite the generation of phase diagrams.*?
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Samples chosen from these experiments were later scaled up, revealing that both
morphologies and sizes remained consistent with those observed in the low-volume

experiments.

In this chapter, the design and synthesis of low-volume photo-PISA of PEG-b-PHPMA
copolymer was investigated to develop an optimal low-volume methodology for the

application of DNA-RAFT agents in a robust and controlled manner.
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2.2 Results and discussion

2.2.1 Synthesis of poly(ethylene glycol) macro-chain transfer agent (PEG-

macroCTA)

To compare the results reported in the literature for similar structures, the reaction studied
in this project (Scheme 2.1) uses poly(ethylene glycol) macro-chain transfer agent (PEG-
macroCTA) with the same molecular weight (5.0 kg mol™, degree of polymerization
(DP) = 113) as the one used in the studies by the groups of Armes, Zhang'® and our
group®®. This CTA is a photoiniferter, as mentioned above. In order to synthesise the
PEGi13-macroCTA, 4-cyano-4-(ethylsulfonylthiocarbonyl) disulfide macro-chain
transfer agent (CEPA-CTA) was prepared by a substitution reaction. The synthetic
method followed our previous work, as shown in Scheme 2.2 in Experimental section and
purified by column chromatography, giving the desired CEPA-CTA in a yield of 36%.%3
The successful synthesis was confirmed by *H-NMR, 3C-NMR, FTIR and MS, as shown

in Figures 2.7, 2.8 and 2.9 in Experimental section, respectively.

The PEG113-macroCTA was synthesised by Steglich esterification of CEPA-CTA with a
poly(ethylene glycol) monomethyl ether (PEGi13-OH) homopolymer by NN'-
dicyclohexylcarbodiimide/4-(dimethylamino)pyridine (DCC/DMAP) coupling reaction.
(Scheme 2.3 in Experimental section). The esterification efficiency can be calculated by
'H-NMR spectroscopy from the area ratio of the signal at 4.25 ppm (m, 2H, C(=0)O-
CH_ from PEG section) and the signal at 2.64 ppm (m, 2H, CH>-C(=0)0O from CEPA-
CTA section), indicating that about 96% of PEGi113-OH is converted into PEGiis-

macroCTA (Figure 2.10 in Experimental section).
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Scheme 2.1. Photo-PISA reaction of PEG113-b-PHPMAuo.
2.2.2 Synthesis of PEG113-b-PHPMAu00 (Benchmark PISA Reaction)

In order to compare with our previous work,'* PEG113-b-PHPMAugo Was synthesised by
a benchmark photo-PISA reaction, as shown in Scheme 2.2. Hydroxypropyl methacrylate
(HPMA) was used as a monomer to polymerize with PEG113-macroCTA to form PEGu13-
b-PHPMAu0o via photoinitiated polymerization-induced self-assembly (photo-PISA).
HPMA monomer was chosen due to forming a strongly hydrophobic polymer block with
PEG113.* It should be noted that this monomer is a mixture of 2-hydroxypropyl
methacrylate (major), and 2-isopropyl methacrylate (minor), thus the HPMA block is a
copolymer of the two isomers.*® 1 mL aqueous RAFT-mediated photo-PISA of PEG13-
b-PHPMAuqo reaction occurred upon 405 nm visible light irradiation of the solution at 37
'C under N2 atmosphere. Almost complete monomer conversion (>99%) was achieved
after 2 hours of reaction, as determined by *H-NMR spectroscopy. Previously work from
our group which establishes a phase diagram for photoinitiated PISA of PEG113-b-
PHPMAX,®® reported well-defined unilamellar vesicles (ULVs) when targeting
DPHpma=400 at 10 %w/w HPMA (or 11 %w/w solids content). After the photo-PISA, a
change in the turbidity of the solution from transparent to opaque was observed,
indicating that the growth of a hydrophobic PHPMA block had led to the formation of
higher-order structures. As shown in Figure 2.1a, SEC analysis in DMF (with RI

detection) of PEG113-b-PHPMAu00 confirmed the successful chain-extension of HPMA.

65



Chapter 2

The resulting diblock copolymer had relatively narrow molecular weight distribution
(Mnsec uv = 78.6 kg mol, Dy = 1.49) and revealed the controlled character of the photo-
PISA process. Transmission electron microscopy (TEM) imaging revealed the successful
development of spherical unilamellar vesicles (ULVS) (Figure 2.1b), while DLS analysis

also confirmed a unimodal particle size distribution with D in the range of 400-500 nm

(Figure 2.2).
——PEG,,-CTA
—— PEG;3-PHPMA
a) 1o b)
M, = 4.97 kDa
2 osl w117
7 M, =78.6 kDa
ko D,,=1.49
£ 06- M
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Figure 2.1. a) SEC RI molecular weight distributions for PEGi13-macroCTA and
benchmark PEG113-b-PHPMAu0 along with the corresponding M, and Dwm values. My and
Pwm values were calculated from PMMA standards using 5 mM NHsBF4 in DMF as the
eluent. b) TEM images of PEGii3-b-PHPMA4o of high-volume benchmark

photoreaction.
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Figure 2.2. DLS a) size distribution and b) correlogram for benchmark PEGui13-b-

PHPMAu00 vesicles.
2.2.3 Synthesis of low-volume N2 glove bag PEGi13-b-PHPMAu400 in 96 well plate

Moving to a study of low volume, 50, 100, 150, and 200 uL reactions were investigated
in a standard 96 well plate in place of the scintillation vial used for larger scale
experiments and shaken at 200 rpm on top of a 405 nm LED array in the same UV
incubator as that used above. To avoid oxygen inhibition, a N2 glove bag was used while
preparing the polymerization mixture, the plate was then sealed, removed from the glove
bag, and transferred to UV incubator (Figure 2.3a). In contrast to the large volume
experiments, reactions performed under these conditions were observed to form solid
white gels after radiation exposure. The monomer conversion of these gels was observed
to be relatively low (63-84%) compared to benchmark scale as shown in Table 2.1. The
size of particle from DLS was also larger than observed in the benckmark reaction (431-
712 nm) and TEM revealed a mixed phased of unilamellar vesicles and worms (Figure
2.14 and 2.15 in Experimental section, respectively) as shown in Table 2.1. Relating to
our previous work that gel formation indicated low efficiency of creating pure
morphology,*® it was hypothesised that low conversion resulted from diffusion of residual

oxygen into the solution inhibiting the polymerization. To prevent this, the addition of

67



Chapter 2

mineral oil on top of the polymerization mixture was explored. However, gel formation
still occurred (Table 2.1). These results suggested that gel formation was not from residual
O2 from the head space. Another explanation for the gel formation and low conversion
was proposed to be the poor mixing of the polymerization solution. So, two methods for
mixing were investigated, i.e. pipetting and stirring. For the pipetting method, a
micropipette was used for mixing the mixtures in a glove bag before covering the plate
(Figure 2.3b). This was studied both with and without the addition of mineral oil
following mixing. Nevertheless, gelation was consistently observed. Moreover, these
experiments suffered from a lack of reproducibility, with some resulting in a white
solution while the majority turned to gels relating to varied conversions (60-90%) and
fluctuating particle sizes (400-630 nm) as shown in Table 2.1. For the stirring method, a
magnetic bar was used to stir the solution at 200 rpm to create a uniform solution (Figure
2.3c). Stirring was observed to result in white solutions, but poor to moderate conversions
were observed (27-65%). The stirring is likely accelerating the diffusion of oxygen into
the solution. Adding oil on top of the solution did increase conversions (76-85%), but it
should be noted that the HPMA monomer is able to dissolve in mineral oil. So, adding
mineral oil on top of the mixture in the stirring technique could accelerate the dissolution
of HPMA in oil, leading to a lack of conversion accuracy. These results indicated that the
N2 glove bag method was ineffective at removing oxygen, despite the fact that N2 gas was
cycled in and out of the bag three times before the preparation of the reaction solution.

Enzyme-mediated oxygen-tolerant PISA was therefore explored as an alternative.
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Figure 2.3. Strategies for preparing low-volume PISA reaction in N2 glove bag of
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Table 2.1. Characterization data of PEG113-b-PHPMAu00 by N2 glove bag method in 96

well plate.
o Volume Physical Conv. | Sizes Morpho-
Condition PDP
(nL) appearance (%)2 | (nm)P logy®
1 mL Benchmark PISA” 1000 White solution >99 403 0.0 v
50 White gel 63 431 0.3 w+v
without 100 White gel 82 712 0.3 w+v
oil 150 White gel 82 506 0.1 WV
do not 200 White gel, solution | 84 451 0.1 w+v
mixed 50 White gel N/A N/A | N/A N/A
100 White gel 90 759 0.3 -
with oil
150 White gel 87 632 0.2 -
200 White gel, solution | 86 451 0.1 %
Shaken
50 white solution 56 400 0.4 -
without 100 White gel 82 629 0.5 -
oil 150 White gel 84 592 0.4 -
mixed .
b 200 White gel 82 540 0.3 -
) Y 50 White gel 78 423 0.4 -
pipette
o 100 White gel 87 490 0.2 -
with oil
150 White gel 84 437 0.4 -
200 White gel 93 425 0.7 -
50 White solution 27 484 0.5 -
without 100 White solution 30 431 0.5 -
oil 150 White solution 54 135 0.2 w
) 200 White solution 65 569 0.4 WV
stirred : :
50 White solution N/A N/A | N/A N/A
100 White solution 76 439 0.4 -
with oil
150 White solution 85 411 0.1 -
200 White solution 80 579 0.3 -

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DLS.

70




Chapter 2

¢ Determined by TEM. Key: w = worms and v = vesicles.
*1 mL Benchmark PISA refers to a 1 mL volume of aqueous RAFT-mediated photo-

PISA reaction that is conducted under a N2 atmosphere.

2.2.4 Synthesis of low-volume enzyme-mediated oxygen-tolerant PEGiis-b-

PHPMAu00 in 96 well plate.

To increase conversion and prevent gel formation, PEG113-b-PHPMAu400 was synthesised
by oxygen-tolerant photo-PISA reaction, which followed previous work within the
group*® as shown in Figure 2.4. Initially, the mixed solution was clear and transparent but
after polymerization via enzyme-mediated oxygen-tolerant photo-PISA using mineral oil
on top of the solution for 2 hours to prevent diffusion of residual oxygen into the system
which would inhibit the polymerization., the clear solution changed to opaque and milky
white, indicating PHPMA polymerization. Nonetheless, conversions were between 83-
84% which were not significantly different from those observed with the N, glove bag
approach and were lower than those achieved in the high-volume benchmark PISA
reaction (Table 2). However, this method can be repeated with consistent results, whereas
the N2 glove bag method is not reproducible. From DLS data, the average size of the
PEG113-b-PHPMAu00 vesicles obtained at low volume was between 510-560 nm, which
is larger than those observed for the benchmark reaction (380 nm, Table 2.2, and. Figure
2.16). However, the sizes of particles were within the expected range (400-700 nm) based
on our group’s previous study.*® While unilamellar vesicles were observed for the 200 uL
reactions, other morphologies such as worms and jellyfish were observed at lower
reaction volumes (Table 2.2 and Figure 2.17 in Experimental section). SEC data revealed
a lower M, (62-66 kDa) for these reactions compared to benchmark, which may explain
the presence of additional morphologies such as worm-like structures (Table 2.2).

However, these data demonstrate that the oxygen-tolerant method achieves relatively
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high conversions, consistently produces the desired morphology especially in reactions

involving 200 pL, and results in narrower size distributions when compared to the N>
glove bag method.

PEG,,;5-macroCTA + HPMA

+ GOx + Glucose PEG,,5-b-PHPMA

,'C, Photo-PISA ,'(\7,'
\ :
;' } = ! ’
I 7 é 1 //
/ ]
Lo —) o
Ite 405 nm,37 °C, 2h, oil ISt
Shaken 200 rpm
96 well plate

Figure 2.4. Strategy for low-volume enzyme-mediated oxygen-tolerant of PEG113-b-

PHPMAu00in 96 well plate.

Table 2.2. Characterization data of PEG113-b-PHPMAu00 by oxygen-tolerant method in

96 well plate.
Volume of Physical Convers.2 D Mh Morpho-
sample (uL) | a leances (%) | (nrr:])b PD" | (x10%) | Bwm lo : d
ple(n pp 0 (g/mol)° gy
1000 White
> . . .
(Benchmark) solution 99 381 00 7863 |1.49 v
White ;
100 . 83 561 0.1 | 6256 | 1.61 | Undefined
solution
150 White 84 514 | 01| 6623 |157| w+v
solution
200 White 84 518 | 01 | 68.07 |156 v
solution

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DLS.
¢ Determined by DMF SEC with poly(methyl methacrylate) (PMMA\) standards.

d Determined by TEM. Key: w = worms and v = vesicles.
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2.2.5 Synthesis of low-volume enzyme-mediated oxygen-tolerant PEGuis-b-

PHPMAu00 in pointed base PCR plate.

To increase conversion, pointed based PCR plate was used in place of a typical 96 well
plate due to the lower surface area to volume ratio for the pointed base plates, which may
prevent heating/evaporation effects. Interestingly, in the case of changing the container
from a typical flat-bottomed 96 well plate to a pointed base PCR plate, conversion was
enhanced from 83-84% to 90-95% (Table 2.3). According to DLS data, the particle sizes
synthesized in the pointed base PCR plates ranged from 460 to 510 nm (Table 2.3 and
Figure 2.18 in Experimental section). TEM showed pure unilamellar vesicles in all
volume conditions, suggested this method was efficient (Figure 2.5). These data
suggested that using pointed base PCR plates improved the efficiency of low-volume

reactions.

Table 2.3. Characterization data of PEG113-b-PHPMAu00 by oxygen-tolerant method.

o Volume Physical Conv. Dn Morpho-
Condition PDP
(uL) appearance (%)2 | (nm)P logy®
1 mL Benchmark PISA* 1000 White solution >99 403 0.0 \
50 N/A N/A N/A | N/A N/A
100 White solution 83 561 0.1 | Undefined
96 well plates i i
150 White solution 84 514 | 0.1 WV
oxygen- 200 White solution 84 518 | 0.1
tolerant 50 White solution 90 462 0.1

pointed base 100 White solution 93 453 | 0.1

PCR plates 150 White solution 94 488 | 0.2

<| < <] <] <

200 White solution 95 509 0.1

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.
b Determined by DLS.

¢ Determined by TEM. Key: w = worms and v = vesicles.
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*1 mL Benchmark PISA refers to a 1 mL volume of aqueous RAFT-mediated photo-

PISA reaction that is conducted under a N2 atmosphere.

__4 2 7% $ k. a
— S . : p —
1000 nm : ﬂ

Figure 2.5. TEM images of oxygen-tolerant Photo-PISA of PEG113-b-PHPMAg0 in

pointed based plates in the total volume of the solution a) 50, b) 100, ¢) 150, and d) 200

pL.

The reaction conditions in the pointed base PCR plates were varied to explore if the results
could be further optimised. To begin with, the reaction time was extended from 2 to 3 h.
This extension in time was made to potentially enhance the conversion while maintaining
the concentrations of GOx (2 uM) and glucose (0.1 M) consistent. Nonetheless, the results
obtained after 3 h of reaction (87-94 % conversions and 435-699 nm) were not different
from those after 2 h (90-95 % conversions and 462-509 nm) in terms of conversions and
particle sizes, respectively (Table 2.4). Another condition involved increasing
concentration of GOx (5 uM) and glucose (0.2 M) to enhance oxygen-tolerant efficiency
resulting increase of conversions (92-97% and 94-98% for 2 and 3 hours of reaction time,
respectively) and good control of particle size (460-510 nm, Table 2.4). However, the

results obtained did not exhibit significant improvements in terms of conversions and
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morphology. Thus, to perform at the lowest volume and concentrations of GOx and
glucose in the low-volume system, the reaction with a volume of 50 pL and typical
concentrations of GOx (2 uM) and glucose (0.1 M) was selected for further investigation,
including the study of the phase diagram of PEG113-b-PHPMAx and its application in

DNA-polymer nanoparticles in the subsequent chapter.

Table 2.4. Characterization data of PEG113-b-PHPMAu00 by oxygen-tolerant method in

various conditions.

condions || o T o S T Voo
1 mL Benchmark PISA* | 1000 | White solution | >99 403 0.0 %
50 White solution 90 462 0.1 %
100 | White solution 93 453 0.1 Vv
[GOX] 2 UM, 2 150 | White solution 94 488 0.2 %
Glucose 0.1 M 200 | White solution 95 509 0.1 Vv
(typical 50 White solution 87 449 0.0 -
concentration) 100 White solution 91 444 0.1 -
3h 150 | White solution 93 699 0.2 -
200 | White solution 94 435 0.1 -
50 White solution 92 499 0.1 -
100 | White solution 95 459 0.1 -
2 150 | White solution 96 456 0.1 -
[GOX] 5 uM, 200 | White solution 97 471 0.1 -
Glucose 0.2 M 50 | White solution | 94 505 | 0.1 :
100 | White solution 96 468 0.1 -
3 150 | White solution 97 506 0.2 -
200 | White solution 98 459 0.0 -

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.
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b Determined by DLS.
¢ Determined by TEM. Key: v = vesicles.
*1 mL Benchmark PISA refers to a 1 mL volume of aqueous RAFT-mediated photo-

PISA reaction that is conducted under a N2 atmosphere.

2.2.6 Synthesis of low-volume enzyme-mediated oxygen-tolerant PEG113-b-PHPMAK

at various degree of polymerization (DP) in pointed base PCR plate.

To investigate the robustness of the conditions, a phase diagram constructed for PEG113-
b-PHPMAy was created at 50 pL scale (Figure 2.6). According to the literatures, the
amphiphile concentration can influence the particle morphology of polymers with
identical block ratios and molar mass distributions, potentially resulting in significantly
different morphologies.™ %" %8 Hence this parameter is represented on the x-axis as HPMA
monomer concentration (mg mL™). Based on a fixed PEG stabilizer block DP of 113,
systematic variation of the DP of the core-forming PHPMA block resulted in a series of
PEG113-b-PHPMA diblock copolymers, where y represents the targeted DP ranging from
100 to 500. The copolymer morphology was assigned by using TEM to construct the

phase diagram.

Phase diagram of enzyme-mediated oxygen-tolerant photo-PISA method was constructed
at different monomer contents and DPs under the following condition: glucose oxidase 2
MM, glucose 0.1 M, performing reaction for 2 h at volume 50 pL (Figure 2.6). Each of
the polymerizations used to construct the phase diagrams had relatively high conversions
(80-95 %conversions), as shown in Table 2.5. SEC analysis of a representative sample of
polymers showed that the molar mass distributions detected by the RI detector were
almost identical in each case (Figure 2.7 a) and b)). DLS data of the samples are also

shown in Table 2.5 and Figure 2.19 in Experimental section.
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Figure 2.6. Phase Diagram of mPEG113-b-PHPMAx formed by photo PISA, conducted
at 50 pL with degassing via GOx + glucose and a layer of mineral oil. Key: s = spheres,
w = worms, and v = vesicles. Scale bars = 200 nm. DP calculated from target DP *
reaction conversion. In the case of mixed phases, the predominantly observed phase is
listed first. The TEM samples were stained with an aqueous 1 wt% uranyl acetate (UA)

solution prior to imaging.
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Table 2.5. Characterization data of PEG113-macroCTA and PHPMA diblock copolymers

at various concentrations and DPs of HPMA.

[HPMA] | Targeted SizeP

owiw) op Conv.2 (%) (nm) PD® | Morphology®
5 100 87 36 0.10 S
5 200 89 39 0.07 S
5 300 87 56 0.05 S
5 400 79 59 0.04 S
5 500 82 79 0.05 S
10 100 93 38 0.03 S
10 200 94 206 0.39 W+S+V
10 300 95 392 0.35 W+S+V
10 400 91 462 0.10 v
10 500 91 460 0.08 v

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DLS.

¢ Determined by TEM. Key: s = spheres, w = worms, and v = vesicles. In the case of

mixed phases, the predominantly observed phase is listed first.
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Figure 2.7. SEC RI traces of PEG113-macroCTAs chain extended with different DP of
PHPMA, (a) at 5%w/w [HPMA] and (b) at 10%w/w [HPMA] (DMF + 5 mM NH4BF4

as eluent, PMMA standard.

When RAFT-mediated photo-PISA are conducted at a HPMA monomer concentration of
5% wi/w, only spherical nanoparticles were observed, regardless of the target DP of the
core-forming block. The Dh of these spherical nanoparticles increased from 36 to 79 nm
when the DPs of PHPMA block increased from 100 to 500 (Table 2.5). This concept is
commonly comprehended through the consideration of interfacial energy between the

solvent and the insoluble block, as typically studied in traditional self-assembly.*® This
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interfacial energy is influenced by two main factors which are the core-solvent interaction
parameter () and the DP of the core block. As the DP of the core block increases, the
aggregation number of the particles also increases in order to decrease the overall number
of particles in the solution, thus minimizing the interfacial area between the core
components and the solvent. Moreover, when investigating at monomer content of 10%
wi/w, as higher DPs are targeted, the morphologies evolved from pure spherical micelles
(s, spheres) at DP=100 to mixed spherical micelles/ worm-like micelles/ vesicular
nanostructures (s+w+v, spheres+worms+vesicles) at DPs = 200 and 300 until finally a
pure vesicular nanostructure phase (v, vesicles) at DPs = 400 and 500. This phenomenon
occurs when the aggregation number reaches a critical point, where the core chains reach
their limit in stretching ability, causing the particles to undergo morphological changes.*°
In the transition of copolymer morphologies throughout the PISA process, two spherical
micelles initially fuse to form a spherical dimer, leading to the formation of worm-like
micelles and then the creation of vesicles.™ 3 %0 Additionally, monomer concentration or
solid content also plays a crucial role that influencing morphology in the PISA process.
Higher monomer concentrations can promote the formation of higher-order morphologies
through the polymerization of the core chains and an increased density of particles in the

solvent.®®
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2.3 Conclusion

From the two techniques of low volume photo-PISA, N2 glove bag technique shows low
conversion and poor control of reproducibility, dispersity and morphology whereas the
enzyme-mediated oxygen-tolerant technique provides higher conversion, and reasonable
control of dispersity and morphology. Thus, enzyme-mediated oxygen-tolerant technique
was applied to enhance conversion by variation of GOx and glucose concentrations and
reaction time. High conversion (98%) of PEGaii3-b-PHPMA4 copolymers has
successfully been achieved with reasonable dispersity and particle size at 200 uL by using
[GOx] 5 uM and glucose 0.2 M under 405 nm light irradiation for 3 h. In order to perform
at the lowest reaction volume and concentrations of GOx and glucose in the low-volume
system, the reaction with a volume of 50 pL and typical concentrations of GOx (2 puM)
and glucose (0.1 M) in pointed based PCR plates was the optimal condition with
reasonable dispersity and particle size for further investigation such as the study of the
phase diagram of PEGai13-b-PHPMAX. Overall, this work helps set a precedent for
conducting low-volume and high-throughput PISA reactions to utilise a deoxyribonucleic
acid macromolecular chain transfer agent (DNA-CTA) and 2-hydroxypropyl
methacrylate (HPMA) monomer to generate DNA-decorated polymeric nanostructures of

various morphologies via PISA.
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2.4 Experimental section

2.4.1 Materials

Poly(ethylene glycol) methyl ether (average Mn=5,000 g mol-1, PEG-OH), carbon
disulfide (anhydrous, >99%), sodium ethanethiolate, N,N'-dicyclohexylcarbodiimide
(99%, DCC), 4-(dimethylamino)pyridine (>98%, DMAP), were purchased from Sigma
Aldrich and used without further purification.. lodine, Diethyl ether, dichloromethane
(DCM), and sodium chloride (NaCl) were purchased from Fisher Scientific. Ethyl acetate
was purchased from VWR Chemicals. n-Dodecylphosphocholine (DPC) was obtained
from Anatrace. 2-Hydroxypropyl methacrylate (mixture of isomers, 98%, HPMA) was
purchased from Alfa Aesar and was passed through a column of basic alumina to remove
inhibitor prior to use. Dry solvents used in the experiments were obtained by passing over
a column of activated alumina using an Innovative Technologies solvent purification

system. Formvar-coated copper grids were purchased from EM Resolutions.

2.4.2 Instrumentations and analysis

'H-NMR spectra were recorded at 400 MHz on a Bruker DPX-400 spectrometer using
chloroform-d (CDCI3) and methanol-d4 (CDsOD) as the solvent. Chemical shifts of
protons are reported as ¢ in parts per million (ppm) and are relative to tetramethylsilane

(TMS) at 6 = 0 ppm when using solvent residual peak (CH3OH, ¢ = 3.31 ppm).

Fourier transform-infrared (FT-IR) spectroscopy measurements were carried out using a
Perkin Elmer Spectrum 100 spectrometer, in the range of 600 to 4000 cm™.

Size Exclusion Chromatography (SEC) analysis was performed on a system composed of
a Varian 390-LC-Multi detector suite equipped with a VVarian Polymer Laboratories guard

column (PLGel 5 uM, 50 x 7.5 mm), two Mixed-C Varian Polymer Laboratories columns
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(PLGel 5 uM, 300 x 7.5 mm) and a PLAST RT auto-sampler. Detection was conducted
using a differential refractive index (RI) and an ultraviolet (UV) detector set to A = 309
nm. The mobile phase used was DMF (HPLC grade) containing 5 mM NH4BF4 at 50 °C
at a flow rate of 1.0 mL min-1. Poly(methyl methacrylate) (PMMA) standards were used
for calibration. Molecular weights and dispersities were determined using Cirrus v3.3

SEC software.

Hydrodynamic diameters (Dn) of particles was determined by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne 633 nm laser module
operating at 25 °C. Measurements were carried out at an angle of 173° (back scattering),
and results were analyzed using Malvern DTS 7.03 software. All determinations were
repeated 4 times with at least 10 measurements recorded for each run. Dy values were
calculated using the Stokes-Einstein equation where particles are assumed to be spherical,
while for cylindrical particles DLS was used to detect multiple populations and obtain

dispersity information.

Transmission Electron Microscopy (TEM) analysis was performed on a JEOL 2100
electron microscope at an acceleration voltage of 200 kV. All samples were diluted with
deionized water and then deposited onto formvar-coated copper grids. After roughly 1
min, excess sample was blotted from the grid and the grid stained with an aqueous 1 wt%

uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis.

The light source for the benchmark 1 mL photoinitiated PISA reactions (TruOpto
OSV5X3CACLE) was purchased from Rapid Electronics and had an output power of 800
mW at 12V DC operating at a wavelength of 400-410 nm. This was fitted to a custom-

built setup fitted with a dimmer switch for controlling the output light intensity.
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The LAD-1 LED array driver was purchased from Bio Research Centre Co., Ltd. The
array was composed of 405 nm LEDs which each output a light power of 20 mW at 13.5
V when measured with an LMP-100 light power sensor (sensor area: 5.5 mm x 4.8 mm),
placed directly above an array LED. For the Thermomixer setup, the LED-array was
suspended over the sample holder via a clamp stand. For the Incubator setup the LED-
array was placed upon a shaker plate, face up with a 96-microwell plate placed directly

upon it, into which 150 pL eppendorfs containing sample were placed.
2.4.3 Synthetic Method
Synthesis of 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (CEPA)

4-Cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid chain transfer agent
(CEPA-CTA) was synthesized according to a previously described process.>? Sodium
ethanethiolate (10.0 g, 0.119 mol, 1 eq) was suspended in 500 mL of dry diethyl ether at
0 °C. Carbon disulfide (7.74 mL, 0.131 mol, 1.1 eq) was subsequently added dropwise
over 10 min, resulting to the formation of a thick yellow precipitate of sodium S-ethyl
trithiocarbonate. After 2 h of stirring at room temperature, solid iodine (15.1 g, 0.059 mol,
0.5 eq) was added to the reaction medium. After 2 h, the solution was washed three times
with aqueous sodium thiosulfate (1 M), water and finally saturated NaCl solution. The
organic layer was thoroughly dried over MgSOs and the crude bis-
(ethylsulfanylthiocarbonyl) disulfide was then isolated by rotary evaporation (16.0g,

0.058 mol, 98%).

A solution of bis-(ethylsulfanylthiocarbonyl) disulfide (16.0 g, 0.058 mol, 1 eq) and 4,4'-
azobis(4-cyanopentanoic acid) (ACVA) (24.5 g, 0.087 mol, 1.5 eq) in 500 mL of ethyl
acetate was heated at reflux for 18 h under N2(g) atmosphere. Following rotary

evaporation of the solvent, the crude CEPA was isolated by column chromatography
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using silica gel as the stationary phase and 75:25 DCM-petroleum ether as the eluent. The
isolated product was precipitated out of solution by using hexane leaving a yellow-light
orange solid. The final product was collected and dried under reduced pressure to afford
pure CEPA-CTA (10.95 g, 0.042 mol, 36%). 'H-NMR (400 MHz, CDCls): & (ppm) 3.35
(g, 2H, S-CH,-CHj), 2.38-2.71 (m, 4H, CH»-CH>), 1.89 (s, 3H, C(CN)-CHs), 1.36 (t, 3H,
S-CH2-CHs). ®C-NMR (100 MHz, CDCls): § (ppm) 216.6 (Cc), 176.9 (Ci), 118.9 (C),
46.2 (Cd), 33.5 (Cg), 31.4 (Cb), 29.5 (Ch), 24.9 (Ce), 12.8 (Ca). FT-IR (neat): v (cm™)
1709 (C=0), 1073 (C=S) ), 810 (C-S). HR-MS: m/z [CoH13NO2Ss+Na]"* calc. 286.0001

g mol?, found 286.0001 g mol™.

1) CS,, 0°C, Et,0

A J

/\3_ Na+ /\SJLS’SY\

2)1,, 25°C, Et,0,2h S

2

Radical substitution

S CN
S
JL s 4, 4-azobis(4-cyanovaleric acid) /\SJLS,i\/\n,OH
g s” \n/\ > d
S

EtOAc, reflux, N,, overnight "
CEPA-CTA

Scheme 2.2. Synthesis of CEPA-CTA.

85



Chapter 2

Ly ]

p S CN 5
e_"~ /U\ OH
S S b
c (@]

e

d

CHl,
b b Lu__l_‘

S N o X 3

S &5 & 8§

N ™ v v o ™M

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Chemical shifts (ppm)

Figure 2.8. *H-NMR spectrum of CEPA-CTA in CDCls.
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Synthesis of poly(ethylene glycol)113-CEPA macroCTA (PEGii3-macroCTA)

PEG113-macroCTA was synthesized according to a previously reported method with
slight modification.'® Poly(ethylene glycol) methyl ether (average M,=5,000 g mol?,
PEG113-OH) (4.75 g, 0.98 mmol, 1 eq) was dissolved in 150 mL of dry DCM. The
resulting solution was then purged with N2(g) for 30 min. After complete dissolution,
CEPA CTA (1 g, 3.8 mmol, 4 eq), DCC (392 mg, 1.9 mmol, 2 eq) and DMAP (23 mg,
0.19 mmol, 0.2 eq) were added to the reaction mixture. The esterification reaction
proceeded with stirring at room temperature for 18 h under continuous N2(g) flow. After
this period, further DCC (392 mg, 1.9 mmol, 2 eq) and DMAP (23 mg, 0.19 mmol, 0.2
eq) were added to the reaction mixture and then stirred at room temperature for an
additional period of 6 h under continuous N2(g) flow. The solution was then filtered to
remove unreacted DCC and DMAP. The product was collected by 5 times of precipitation
using cold diethyl ether as non-solvent, redissolved in deionized water and dialyzed
against nanopure water using a 1,000 kDa MWCO membrane for 1 day (yield = 58%).
The received PEG113-macroCTA solution was lyophilized to give a light yellow powder
as the final product (2.90 g, 0.55 mmol, 58%).!H-NMR (400 MHz, CDCls): 6 (ppm) 4.25
(m, 2H, CO,-CHy), 3.44-3.82 (m, 2H, CH20), 3.36 (s, 3H, O-CH3), 3.34 (g, 2H, CHa-
CHy), 2.64 (M, 2H, CH2-CO3), 2.34-2.56 (m, 2H, C(CN)-CHy), 1.87 (s, 3H, CH3-C(CN)),
1.35 (t, 3H, CH3-CH2). SEC (5 MM NH4BF4 in DMF, A = 309 nm) M = 4.97 kg mol ™,

bDwv=1.17.

Steglich Esterification

CN S cN S
o HO DCC, DMAP
£oon + roypetlen Yooyt
o o

RT, dry DCM, N,, overnight

Scheme 2.3. Synthesis of PEG113-macroCTA.
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Synthesis of 1 mL PEGa13-b-PHPMAu0o diblock copolymer by photoinitiated PISA

in aqueous media (Benchmark reaction)

All photoinitiated PISA reactions were performed in a custom-built photoreactor setup.
This ensured the reaction mixture was only exposed to the light from the 400—410 nm

LED source placed under the sample.

A typical experiment, to achieve PEG113-b-PHPMAu400 nano-objects at 10 %w/w HPMA
(or 11% solids content) by aqueous RAFT-mediated photo-PISA was as follows.?
PEGi113-macroCTA (9.1 mg, 1.7 umol, 1 eq) and HPMA (100 mg, 0.69 mmol, 400 eq)
were dissolved in deionized water (or aqueous detergent solution of desired
concentration) (0.9 mL) in a sealed 20 mL scintillation vial with a stirrer bar. The solution
was degassed by purging with N2(g) for 15 min. The sealed vial was incubated at 37 °C
with magnetic stirring under 405 nm light irradiation for 2 h. After this time, the content
was exposed to air and allowed to cool to room temperature before conversion *H-NMR
and SEC analyses. *H-NMR in methanol-ds and SEC traces of the pure polymer were
obtained. TEM and DLS analyses were performed on samples after dilution to an
appropriate analysis concentration. *H-NMR (400 MHz, CD30D): & (ppm) 6.17 and 5.67
(s, 2H, vinyl protons of HPMA), 4.52 (s, 1H, OH), 3.92 and 3.76 (s, 3H, CH and CH: of
PHPMA side chain), 3.55 (s, 4H, CH2-CH.0 of PEG chain), 3.22 (s, 3H, O-CH3 of PEG
end group), 0.84-1.15 (m, 2H, CH> of PHPMA backbone), 0.84-1.15 (m, 3H, CH3s of

PHPMA backbone and CH3z of PHPMA side chain).
Photo-PISA

o
CN s o™~
forgoyr~psthe Y > fo'\a)°T(\’c|'N(*ﬁsj~5z\
e o Ca)

405 nm,37 °C, water,2 h e

OH

Scheme 2.4. Synthesis of PEG113-b-PHPMA00.
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Synthesis of low-volume N2 glove bag PEGi13-b-PHPMAu400 in 96 well plate

PEG113-macroCTA stock solution (44.6 mg/mL, 1 eq) and HPMA stock solution (187.5
mg/1.5 mL, 400 eq) were pipetted into 96 well plate followed the volume in the Table 2.6
(and added a stirrer bar in the case of stirring technique) in a glove bag which was blown
N2 in and out to the bag 3 times before final purged of N> into the bag. In case of mixing
by pipetted, 5 times of pipetting up and down was applied in this stage. Then, mineral oil
was added 100 pL on top of the mixture and the plate was covered by plate seal, and
transferred to LED array setup, which was contain in an incubator to maintain a
temperature of 37 °C, which was contained in an incubator to maintain a temperature of
37 °C. The solution was then exposed to 405 nm light for 2 hrs, resulting in the solution

turning opaque and milky white.

Table 2.6. Volume of used stock solutions in low volume reaction

Chemicals Volume (pL)

50 100 150 | 200

macroCTA stock 10.2 204 30.6 | 40.8

solution (20 mg mL™?)

HPMA stock solution | 39.8 79.6 | 119.4 | 159.2

(10 mg mL™?)

Total 50 100 150 | 200

92



Intensity (%)

(]
—_—

Inmtensity (%)

—— Intensity
——Volume
—— Nurrber

T
0*

D, (nrm)

[ b
S
. “—\ d

)

Intensity (%)

)

Irtensity (%)

—— Intensity
—Wolume
——Number

Chapter 2

Figure 2.15. DLS data of low volume Photo-PISA of PEG113-b-PHPMAuw0 by N2 glove

bag method in the volume of a) 50, b) 100, ¢) 150, and d) 200 pL.
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Figure 2.16. TEM images of low volume Photo-PISA of PEG113-b-PHPMAug0 by N2

glove bag method of PEG113-b-PHPMAuqo in the volume of a) 100, b) 150, and c¢) 200

uL.
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Synthesis of low-volume enzyme-mediated oxygen-tolerant PEG113-b-PHPMAu00

PEG113-macroCTA (250.5 pL, 20 mg mL™?, 1 eq) was added in a vial containing HPMA
(54.9 mg, 400 eq). Then, glucose solution (72 pyL, 0.84 M), DI water (69.3 puL) and GOx
solution (96 pL, 12.5 uM) were added into the mixing vial, respectively. The mixture was
shaken via vortexer to produce a clear colourless solution which was then transferred
50,100,150, and 200 pL to 96 well plate (or pointed base PCR plate). Mineral oil was
added around 200 pL on top of the mixture and the plate was covered by plate seal, and
placed in LED array setup, which was contain in an incubator to maintain a temperature
of 37 °C, which was contained in an incubator to maintain a temperature of 37 °C. The
solution was then exposed to 405 nm light for 2 h (or 3 h), resulting in the solution turning
opaque and milky white. In case of increase of concentration, amount of PEG11s-
macroCTA and HPMA were similar to typical oxygen-tolerant method. However,

glucose solution (129.2 pL, 0.84 M) and GOx solution (108.5 pL, 25 puM) were modified.
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Figure 2.17. DLS data of low volume oxygen-tolerant Photo-PISA of PEGii3-b-

PHPMAu00 in 96 well plates in the volume of a) 100, b) 150, and c) 200 uL.
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Figure 2.18. TEM images of oxygen-tolerant Photo-PISA of PEG113-b-PHPMAuq in 96

well plates in the volume of a) 100, b) 150, and ¢) 200 uL.
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PHPMAu00 in pointed based plates in the volume of a) 50, b) 100, ¢) 150, and d) 200 pL.

96



a) 30

Intensity (%)

35 4

b) 304

254

Intensity (%)

30 4

c)

254

Intensity (%)

%
d) 30

254

Intensity (%)

e)

Intensity (%)

204

204

204

— Intensity - f
—— Volume 3 )
—— Mumber o
Totmos <
‘©
=
2
=
T0 100 1000 10000
Dy (nm)
—— Intensity .
—— Violume i
—— Number u g)
=
i ptet . =
" W
c
z
=
Wb I 1Db0 10600
Dn (nm
Intensity
Volume : h)
Number
; e <
=
B
c
@
=
Wb 1Db0 10600
Dn (nm}
Intensity )
Volume i)
—— Number i,
£
P =
‘@
c
@
=
10 100 1000 10000
Dy, (nm)
— Intensity i
—— Volume E -
——Number : j)
=
]
c
@
E
100 10‘00 10600
Dy, (nm)

354

30 4

254

204

Chapter 2

Intensity
Volume
Number

T T T |
10 100 1000 10000

Dy, (nm)

Intensity
Volume
Number

T T 1
10 100 1000 10000
Dy (nm)
Inte nsity
Volume

Number

10 100 1000 10000

60 D, (nm)
Intensity
= Volume
MNumber
40
30
20
10 4
0
100 1000 10000
Dy, (nm)
30
— Intensity
259 ——Volume
—— Mumber
20
15
10
5
(1]
1000 10000
n("”'”}

Figure 2.20. DLS data of low volume oxygen-tolerant Photo-PISA of PEGiis-b-

PHPMAX in pointed based plates in the volume of 50 uL at a-e) [HPMA]=5 %w/w and

f-j) [HPMA]=10 %w/w for aand e), band g), cand h), d and i), and e and j) DPprpma=100,

200, 300, 400, and 500, respectively.
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3.1 Introduction

As mentioned in Chapter 1, the combination of deoxyribonucleic acid (DNA) and
synthetic polymers in DNA-polymer conjugates is intriguing due to the programmability
and structural diversity of DNA, along with the functional properties of synthetic
polymers.t This unique combination enables the creation of complex nanostructures with
specific properties and functions, with potential applications in a wide range of fields,
including drug delivery, biosensing, and nanoelectronics.>* The use of DNA during
polymer synthesis provides precise control over the size, shape, and composition of the
resulting  DNA-polymer nanostructures.>® For instances, Liu and coworkers
demonstrated the DNA-templated polymerization of peptide nucleic acid (PNA) aldehyde
tetramer or pentamer building blocks with multiple side chains, revealing efficient and
sequence-specific polymerization.® Additionally, evaluation of 20 different PNA
aldehyde pentamer building blocks demonstrated that most combinations of side-chain
structures and stereochemistry supported efficient DNA-templated polymerization,
paving the way for utilizing functionalized PNA-based building blocks in synthetic
polymer evolution efforts with non-nucleic acid backbones. Sleiman’s group also
reported a straightforward and versatile approach for synthesizing sequence-defined
polymers linked to oligonucleotides.® By sequentially coupling short, precisely defined
oligomers to a DNA strand on a solid support, they achieve high yields and precise control
over the length and sequence of the monomer units in the resulting monodisperse DNA-
polymer conjugates, incorporating both hydrophilic and hydrophobic components.
Furthermore, the complementary base pairing of DNA allows for the development of
hybrid materials post synthetically with improved stability and specificity.>! For
instance, Ding et al. investigated the alteration of DNA-b-poly(propylene oxide) (PPO)

block copolymer micelles’ structural properties through hybridization, converting the
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single-stranded nucleic acid shell into double-stranded DNA using Watson—Crick base
pairing.t* However, there are several challenges known to achieve the successful
synthesis of DNA-polymer conjugates in high yields and purity. One of the challenges is
the contrasting properties between the hydrophilic DNA and hydrophobic polymer
components.*> 3 DNA is a highly ionic molecule requiring an aqueous environment
which is readily compatible with hydrophilic monomers and polymers, while
hydrophobic monomers and polymers require a solvent mixture to enable solubility,
which can complicate the optimization of the conjugation reaction. In recent years,
polymerization-induced self-assembly (PISA) has been utilized to solve this problem by
polymerization of a hydrophobic monomer in the presence of DNA stabilizer as a
hydrophilic block copolymer.4® The polymerization process is able to generate a high
concentration of growing polymer chains, which can interact with the stabilizer to form a
variety of nanostructures, including spherical micelles, vesicles, and worm-like micelles
in situ. The size and shape of the nanostructures depends on the composition and
molecular weight of the block copolymer which can be controlled by adjusting the
polymerization conditions, such as the monomer concentration, initiator concentration,
and reaction temperature. Thus, PISA is a versatile and scalable method for the synthesis
of DNA-polymer conjugates, which is easily adaptable and can be used for a several

applications.

As mentioned in Chapter 1, Lickerath et. al. pioneered applying thermally initiated
reversible addition-fragmentation chain transfer (RAFT) - mediated PISA in DNA-
polymer conjugates in 2020.* They introduced PISA as a new method for synthesizing
DNA-polymer nanostructures of various shapes at low-volume reaction (50 pL). The
single-stranded DNA (ssDNA) was grafted to form polymer chains and self-assemble to

form isotropic and anisotropic nanostructures which was controlled by varying the length
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of the polymer block. The resulting DNA-polymer conjugates was further functionalized
by hybridization with complementary ssDNA (cDNA). This work involves high
temperatures and a large number of components, such as monomer, thermal initiator,
glucose oxidase (GOx), glucose, sodium pyruvate, as well as complicated solvent
conditions, including N,N-dimethylformamide (DMF), Dulbecco’s phosphate-buffered

saline (DPBS) buffer, and mixed tert-butanol/DPBS.

While we were working on photoinitiated polymerization-induced self-assembly (photo-
PISA) in DNA-polymer conjugates, Yang et al. published the first photo-PISA in DNA-
polymer conjugates in 2021, resulting into nanostructures including micelles, rods, and
short worms.'® They discussed photo-PISA as a new approach to synthesize three-
dimensional functional nucleic acids (FNA) nanostructures that offer higher nuclease
resistance, greater cellular uptake efficiency, and increased bioactivity. In terms of the
applied PISA method, this work required photoinitiator (Sodium phenyl-2,4,6-
trimethylbenzoylphosphinate, STPT), long reaction times (6 h) and a constant argon flow
through the system. The solid content or monomer concentration of this system can be
seen as concerning, as the solid content and total volume of samples were not fixed, which

would adversely affect the control in the PISA system.’

As discussed in the previous chapter, aqueous low-volume RAFT-mediated photo-PISA
under enzyme-mediated oxygen-tolerant technique enhanced the conversion of
poly(ethylene glycol) block poly(2-hydroxypropyl methacrylate) (PEG113-b-PHPMAu00)
copolymers (>90%conversion) with reproducible results and showed well-controlled
polymerizations. The lowest volume ensuring high conversion and reasonable dispersity
condition is 50 puL by using [GOx] 2 uM and glucose 0.1 M under 405 nm light irradiation
for 2 h. Therefore, this condition was set as a precedent for conducting low-volume photo-

PISA reactions by utilising a deoxyribonucleic acid macromolecular chain transfer agent
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(DNA-macroCTA) and 2-hydroxypropyl methacrylate (HPMA) monomer for generating

DNA-corona polymeric nanostructures.

This chapter aimed to investigate the utilization of DNA-macroCTA in an optimal low-
volume photo-PISA system obtained from Chapter 2. It was subdivided into two parts. In
the first part, SSDNA1s-macroCTA from our collaborator the Sleiman group (McGill
University, Canada) was used to synthesize ssDNAuwus-b-PHPMAXx at various solid
contents and degree of polymerizations (DP) of poly(2-hydroxypropyl methacrylate)
(PHPMA). Afterwards, the effect of salts and DNA hybridization on the resulting DNA-
polymer particles were investigated. The second part contains the synthesis and
evaluation of our DNA-macroCTA to create ssDNAwus-b-PHPMAX at varying solid
contents and DP of PHPMA. This section compares ssDNA14-macroCTAs synthesized
by an in-solution method and a solid support method, and contains an additional
comparison with the DNA-macroCTA synthesized by the Sleiman group. A study of how
salts affect the DNA-polymer particles after and during performing PISA reactions was

also conducted in this chapter.
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3.2. Results and discussion

Part 1 Synthesis of sSDNA14-b-PHPMAXx by using DNA-macroCTA from Sleiman

group.

3.2.1 Synthesis of DNA—Polymer Conjugates by photoinitiated polymerization-

induced self-assembly (Photo-PISA)

In order to compare the results from our study in Chapter 2 and a previous MSci thesis,
18 HPMA was chosen as a monomer to polymerize from the ssDNA14-macroCTA to form
sSDNA14-b-PHPMAx via optimal low-volume photo-PISA condition as shown in
Scheme 3.1. HPMA monomer was originally chosen due to numerous literature precedent
and forming a hydrophobic polymer block with hydrophilic polymer chain such as
PEG113.2° It should be noted that this monomer is a mixture of 2-hydroxypropyl
methacrylate (major) and 2-isopropyl methacrylate (minor), thus the HPMA block is a

copolymer of the two isomers.?°
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Scheme 3.1. ssDNAws-b-PHPMAX diblock copolymer nano-objects produced via RAFT

aqueous emulsion photo-PISA of HPMA.

A series of ssDNA1s-b-PHPMAX conjugates were prepared by using 14-mer ssDNA (5'-

SAMMC12-TGTAGCGTTGTTGC-3") equipped with a 4-cyano-4-
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(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic acid group (CEPA) at its 5' terminus
(ssDNAz14-macroCTA) (Figure 3.1a), which provided approximately 1 pmol by the
Sleiman Group, McGill University, Canada. This CTA is a photoiniferter, which
cleavages under 405 nm irradiation without the need for additional initiators or heat as
discussed in chapter 1. A low-volume system (50 pL), which was discussed in Chapter 2,
was introduced in the aqueous RAFT-mediated Photo-PISA to reduce the cost of
synthetic oligonucleotides. Thus, this work is the first report of initiating DNA-polymer

via low-volume PISA without adding external photoinitiator or photocatalyst.

The purity of the ssDNA1s-macroCTA was investigated by reversed phase-high
performance liquid chromatography (RP-HPLC), with UV-vis detection at 260 nm (the
maximum absorbance of the DNA bases). Nucleic acids have a strong absorption peak at
260 nm due to the heterocyclic rings within the nucleotide structure. Therefore,
monitoring the absorbance at 260 nm over time using a UV chromatogram is a reliable
method for evaluating the presence of DNA-containing species. The area under the peak
attributed to the macroCTA (Figure 3.1b, red) was compared with the area under all other
peaks (Figure 3.1b, yellow). From these data, it was estimated that approximately 70% of
the DNA strands in the sample contained the CTA group, which is considered essential
for the for successful polymerization. LC-MS: m/z [C159H211N50091P14S3-H] calc.

4807.900 g mol, found 4807.389 g mol™.
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Figure 3.1. a) 5’ to 3’ structure of the ssDNAis-macroCTA and b) RP-HPLC
chromatogram at 260 nm of ssDNA1s-macroCTA. Products eluted with a gradient of
buffer A, 0.1 M triethylammonium acetate (TEAA), in a 95:5 mixture of H.O and
acetonitrile and buffer B, 0.1 M TEAA, in a 30:70 mixture of H,O and acetonitrile. Purity
of ssDNAws-macroCTA (red) was estimated by taking the area under the peak of interest

and dividing it by the area under all DNA-containing peaks (yellow).

Then, low-volume aqueous RAFT-mediated photo-PISA of HPMA was attempted at 405
nm visible light irradiation of the solution at 37 °C applying enzyme degassing, i.e.
glucose oxidase, to facilitate the complete degasification of the very small reaction
volume based on other reports?® 22 while the final concentrations were set to [glucose] =
0.1 M and [GOx] = 2 uM (Scheme 3.4 in Experimental section). Mineral oil was added
on top of the 50 L reaction solution to prevent diffusion of residual oxygen into the

system which would inhibit the polymerization.?3
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Almost complete monomer conversion (>99%) was achieved after 2 h of reaction, as
determined by 'H-NMR spectroscopy (Table 3.1 and Figure 3.17 in Experimental
section). The targeted degree of polymerization (DP) of the PHPMA block and the
concentration of monomer were varied to investigate shape and size of the DNA-polymer
particles. sSDNA-macroCTA was initially assumed 100% purity which calculated the
targeted DP of PHPMA= 200, 300, and 400. However, RP-HPLC chromatogram (Figure
3.1b) showed the actual ssDNA1s-macroCTA was estimated ~70% purity leading to
recalculate the actual DP of PHPMA = 286, 429, and 571, respectively. Size exclusion
chromatography (SEC) analysis in DMF (with RI detection) of ssSDNA14-b-PHPMAX
confirmed the successful chain-extension of PHPMA (Figure 3.2). The polymer lengths
(DP=286,429, and 571) could be simply adjusted by altering the monomer to SSDNA14-
macroCTA ratio. The size exclusion chromatograms revealed shifts towards higher
degree of polymerization. In the case of 10% w/w HPMA content, PHPMA were
successfully polymerized with significant increase in dispersity (Table 3.1 and Figure
3.2b). The observed relatively high dispersity when targeting DPs more than 429 at 10%
w/w HPMA content is well-documented®*?® and is actually as a consequence of the
presence of a small amount (<0.3 mol %) of dimethacrylate in the HPMA monomer,
rather than loss of RAFT control. This impurity inevitably leads to light branching as
longer PHPMA chains are targeted.?”?® When HPMA content was 5% w/w, the
polymerization could be well-controlled for all targeted DP of PHPMA from 286 to 571

(Figure 3.2a).
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Figure 3.2. SEC Rl traces of ssSDNA14-b-PHPMAg6 (green line), SSDNA14-b-PHPMAu429

(orange line), ssSDNA1s-b-PHPMAs71 (red line) a) 5%w/w HPMA (solid line) and b)

10%w/w HPMA (dash line) as measured by DMF SEC using poly(methyl methacrylate)

(PMMA) calibration standard with R1 detector.

Table 3.1. Polymerization from sSDNA1s-macroCTA via RAFT-mediated photo-PISA

under oxygen tolerant conditions.

[HPMA] | TargetDPof | Actual DP | Conv. | M o | M, g Pwmd

(Yow/w) PHPMA | of PHPMA® | (%)° | (pay | (kDa)?
5 200 286 >99 46.2 25.2 1.35
5 300 429 >99 66.6 39.1 1.31
5 400 571 >99 87.1 56.9 1.23
10 200 286 >99 46.2 38.1 1.51
10 300 429 >99 66.6 67.0 1.73
10 400 571 >99 87.1 73.5 1.98

& Actual DP of PHPMA was alculated from %purity of actual sSSDNA14-macroCTA via

RP-HPLC.

b Monomer conversion was calculated from *H NMR spectroscopy (400 MHz) in MeOD.

¢ MIl v Was calculated from monomer conversions®..
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d M_..and DBm were determined by DMF SEC with poly(methyl methacrylate) (PMMA)

standards.

After the photo-PISA reaction, a change in the turbidity of the solution from transparent
to opaque indicated the growth of hydrophobic PHPMA. TEM imaging revealed the
successful development of spherical particles (Figure 3.3), while DLS analysis also
confirmed a unimodal particle size distribution with Dy in the range of 60-200 nm (Figure
3.9). Cryo-TEM was also applied for imaging the particles; however, the particle was
imaged 7 months after polymerization due to the COVID-19 pandemic. Cryo-TEM
images of sSSDNAw-b-PHPMAX which x = 286, 429, and 571 at 10%w/w HPMA (Figure
3.4) revealed various sizes and morphologies — spherical particles, compartment(s) in the
particles and large aggregates. These are presumably as a result of reorganisation of the
particles over the storage period which has been previously observed to spontaneously
occur in a self-assembly system.3%-22 |t should be noted that the cryo-TEM images were
measured by Marjolaine Thomas, our ex-group member, at the university of Warwick as
I mentioned in declaration of authorship. Due to reorganization of particles, it would not
worth to investigate the remaining polymers by cryo-TEM. From the particle size in table
3.1 and EM imaging, the morphology of particles was presuming spherical micelles. In
order to confirm exact morphology, static light scattering (SLS) or small-angle x-ray
scattering (SAXS) study is required. However, the limitation of this project is the amount
of samples. Each reaction was performed at 50 puL while SLS involved varying
concentrations of the sample solutions and DnDc is required to calculate particle
morphology. As a differential refractometer, DnDc 1260, requires samples of at least five
concentrations at 5 mL, which is a relatively high volume compared to the total samples
we had. Additionally, the particles reorganized their shapes during storage and

aggregated. Therefore, SLS and SAXS were not investigated.
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Table 3.2. Polymerization from ssDNAzs-macroCTA via photo-RAFT PISA under

oxygen tolerant conditions.

[HPMA] | Actual DP Dh | PD° | Drem Dcryo | Morphology®®
(%ow/w) | of PHPMA? | (nm)P (nm)° (nm)d

5 286 66 0.11 6148 N/A S

5 429 78 0.07 61+7 N/A S

5 571 106 | 0.05 | 95+13 N/A S

10 286 76 0.07 | 67£12 | 11064 S

10 429 159 | 0.10 | 137426 | 115+69 s

10 571 170 | 0.10 | 128+28 | 141+59 S

& Calculated from %purity of actual sSSDNA14-macroCTA via RP-HPLC.

b Hydrodynamic diameter and polydispersity (PD) were determined by DLS at
concentration 0.50 mg-mL™.,

¢ Dtem and Morphologies were determined by dry state TEM.

d Morphologies were determined by cryo-TEM. s = spherical micelles.
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Figure 3.3. Representative TEM images of particles of different DP and [solids] along

with their corresponding diameters measured over at least 100 particles using image J.
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Figure 3.4. Representative cryo-TEM images of vesicles of different DP and [solids]

along with their corresponding diameters measured over at least 100 particles using

The accomplishment of self-assembly polymerizations of DNA-polymer conjugate was

also characterized by 15% native polyacrylamide gel electrophoresis (PAGE) gel. Native

PAGE gel is primarily used for separating and analyzing proteins or nucleic acids based

on their size and charge.®® The principle of PAGE gel electrophoresis is based on the

migration of charged molecules through a gel matrix when an electric field is applied.

The gel matrix is composed of polyacrylamide, a porous material that forms a network

when polymerized, creating a sieving effect that separates molecules based on their size.

Smaller molecules can move more easily and faster through the pores, while larger
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molecules encounter more resistance, move more slowly and remain closer to the top of
the gel. The PAGE gel revealed after SYBR Gold staining that ssDNA14-b-PHPMAXx
conjugates staying on the top of the gel (Figure 3.5). SYBR Gold is a widely used
fluorescent nucleic acid stain in electrophoresis gels, primarily employed for visualizing
and detecting DNA or RNA molecules in the context of molecular biology research. 3 %
This stain is highly sensitive and offers several advantages, including low background
fluorescence and the ability to detect small amounts of nucleic acids.®® From Figure 3.5,
the top bands with extremely low mobility of sSDNA14-b-PHPMAX in each lane indicated
successful polymerization-induced self-assembly.'® Minor leftover bands corresponding
to unreacted-ssDNA functionality, such as sSSDNA-NH2 and DNA dimer, suggesting that
some left over unreacted-ssDNA mixed in the system and these correspond with the

obtained RP-HPLC trace of ssSDNA14-macroCTA (Figure 3.1b).
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Figure 3.5. sSDNA14-macroCTA and the sSSDNA1s—polymer conjugates analysed by 15%
native PAGE after SYBR Gold stain visualized using the SYBR Gold channel on the gel
imager (BioRad). L: DNA ladder; lane 1. ssDNA1s-macroCTA; lane 2: ssSDNAus-

PHPMA:ss; lane 3: SSDNA14-PHPMA29 ; lane 4: sSDNA1s-PHPMAGs71.
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3.2.2 Screening effect of salts (NaCl and MgCl2)

In order to study DNA hybridization on the DNA-polymer particle surface, the system
was required to perform under buffer solution containing salt to improve the stability of
the double strand nucleic acid. Thus, screening effects of salt on particles have been
investigated before performing DNA hybridization on the particle corona to ensure
particles were stable in the presence of salts. The screening effect refers to the influence
of added salt on the strength of the electrostatic attraction between anionic DNA and
cationic species. *® This effect arises from the presence of positive counterions, introduced
by ionic salt in the solution, which shield the negatively charged phosphate groups on
DNA strands and reduce the electrostatic repulsion between each DNA strand. In this
study, sodium chloride (NaCl) and magnesium chloride (MgCl,) were used to study
screening effects of mono- and divalent salts, respectively, via DLS. NaCl and MgCl;
were chosen to investigate the stability of the self-assembled particles since there are well-
known to stabilize double stranded DNA (dsDNA).3" %8 DLS was employed to investigate
particle stability in a solution following the addition of salts. In this study, a DNA-b-
PHPMAU29 solution (10 mM) was monitored via DLS at different concentration of salts
(10 mM and 100 mM). Table 3.3 shows that the NaCl and MgCl; salts do not affect the
size of particles at salt concentrations of 10 mM. On the other hand, at 100 mM MgCl;
caused aggregates in solution while NaCl did not affect the size of particles at the same
concentration. These results indicate that the concentrations of Mg?* had an influence on
the self-assembly process and that high Mg?* concentrations were detrimental to the

stability of DNA self-assemblies.®
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Table 3.3. DLS data of screening effect of salts (NaCl and MgCl.)

NacCl MgCl2
Condition
Dn (nm) PD Dn (nm) PD
Before adding salts 192 0.12 192 0.12
At 10 mM 205 0.09 204 0.11
At 100 mM 201 0.13 ERROR | ERROR

Key: ERROR = poor quality result from DLS.
3.2.3 A study of Hybridization

Hybridization of DNA is a fundamental process in many biological and biotechnological
applications, such as DNA sequencing,*> *! polymerase chain reaction (PCR),*>“* and
DNA microarray analysis.** DNA is intrinsically functional and can be post-modified by
DNA hybridization. Hybridization of DNA was used to functionalize the DNA-polymer
nanostructures by attaching dye-labeled cDNA to the surface of the nanostructures. This
allowed for the characterization and detection to assist confirmation of DNA-attachment
on the surface of particle and functionalised particle by hybridization. Hybridization of
DNA refers to the process of forming a double-stranded DNA molecule by pairing two
complementary single-stranded DNA molecules.*® During this process, the two strands
of DNA form an anti-parallel double helix structure through the formation of hydrogen
bonds between the complementary base pairs (adenine-thymine and guanine-cytosine).*-
49 DLS, gel electrophoresis, and confocal fluorescence microscopy were applied using
14-mer ssDNA sequence 5’-GC AAC AAC GCT ACA-3’as a complementary DNA
strand (cDNA) and 5>-TGT AGC GTT GTT GC-3’ as a noncomplementary DNA strand
(ncDNA) to investigate the interaction of DNA-polymer particles with non-matching

DNA, serving as a negative control.
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Effect of cDNA to ssDNA-b-polymer particle was investigated by adding cDNA to
sSDNA14-b-PHPMAu429 solution at different ratios of cDNA to the DNA-polymer chain in
the solution. Table 3.4 illustrates DLS data of a mixture of DNA-Polymer nanoparticles
and ssDNA at different ratios. After conducting experiments with ratios of [SSDNA14-b-
PHPMA29] to [cDNA], it was observed that a ratio of 0.25 cDNA did not result in any
significant changes in the size of the particles. Above this ratio, the quality of the DLS
data deteriorated indicating particle disassembly and/or aggregation. This suggested that
the cDNA hybridized with the DNA-polymer particles, causing a decrease in curvature
and an increase in particle size until it reached a critical point where the particles became
unstable and could no longer be detected by DLS. In contrast, ncDNA did not affect to
the size and the stability of sSDNA14-b-PHPMA29 particles, implying that hybridization
did not occur (Table 3.4). This provided first evidence of successful hybridization
between DNA-PHPMA49 and cDNA. However, DNA-polymer system has
approximately 30% of left over unreacted-ssDNA which could hybridize with the added
cDNA, so further analysis and investigation is necessary to fully understand the

hybridization process on the DNA-particle corona.
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Table 3.4. DLS data of mixture between DNA-Polymer particles and ssDNA (cDNA

and ncDNA) at different ratios.*

Ratio of sSSDNA: | ssSDNA14-b-PHPMA429+cDNA | sSDNA14-b-PHPMA429+NncDNA
DNA-Polymer D (nm) PD D (nm) PD
0.00 195 0.12 194 0.14
0.10 206 0.13 194 0.10
0.11 210 0.13 192 0.09
0.13 219 0.13 190 0.10
0.14 211 0.11 190 0.10
0.17 206 0.12 194 0.10
0.20 207 0.12 194 0.10
0.25 246 0.12 193 0.08
0.33 812 0.14 190 0.11
0.50 ERROR ERROR 192 0.09
1.00 - - 193 0.11

Key: ERROR = poor quality result from DLS.
*1t should be noted that in DNA-polymer system has approximately 30% of left over

unreacted-ssDNA

Additionally, 15% Native PAGE gel was used to study the hybridization process of
SSDNAu14, SSDNA1s-macroCTA, ssDNA14-b-PHPMA29 by mixing each sample with
fluorescent complementary DNA strand (TAMRA-5’GC AAC AAC GCT ACA3’ or
TAMRA-cDNA) at ratio 1:1 except SSDNA14-b-PHPMA429 prepared at ratio [SSDNA14-
b-PHPMA429]:[TAMRA-cDNA)] 1:0.08 and 0.17 (Figure 3.6). The selection of ratios
0.08 and 0.17 was based on their determined by their representation of one-quarter and
one-half, respectively, of the ratio (0.33) at which the sample began to exhibit instability,
as mentioned above in the DLS analysis (Table 3.4). The faint fluorescent bands in the

wells in lane 8 and 9 of the gel indicate hybridization occurred with the particles. It should
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be noted that leftover ssDNA band was also able to hybridize with cDNA as shown in
lane 4, 8 and 9. However, the faint fluorescent bands in the wells did not strong evident
to proof the successful hybridization of cDNA with sSDNA14-b-PHPMA429 0n the surface
of the particles. Thus, the particles at a cDNA ratio of 0.17 were further imaged using

confocal fluorescence microscopy (Figure 3.7).

L 1 2 3 4 5 6 7 8 9 . 1 .
S \ —— DNA-b-PHPMA | particle hybridized with TAMRA-cDNA
LN S
——— DNA dimers hybridized with TAMRA-cDNA
- functional DNA C12 amino linker hybridized with TAMRA-cDNA
- - — TAMRA-cDNA

Figure 3.6. The hybridization between ssDNA/DNA-macroCTA/DNA-polymer and
fluorescent complementary DNA analysed by 15% native PAGE. L: DNA ladder; lane 1:
sSDNAu4; lane 2: TAMRA-cDNA,; lane 3: ssSDNA1-macroCTA; lane 4: Mixture of
[ssSDNA1s-macroCTA]:] TAMRA-cDNA]J=1:1; lane 5: Mixture of [sSDNA1]:[ TAMRA-
cDNA]=1:1; lane 6: sSDNA14-b-PHPMA429; lane 7: Mixture of [SSDNA14-b-PHPMA429]
[ssDNA14]=1:0.17; lane 8: Mixture of [sSDNA1-b-PHPMA9]:[ TAMRA-

cDNAJ=1:0.09; lane 9: Mixture of [sSDNA14-b-PHPMA429]:. TAMRA-cDNA]=1:0.17

3.2.4. Evaluation of successful DNA hybridization via confocal fluorescence

microscopy

To provide clear evidence of hybridization between cDNA and ssDNA14-b-PHPMA 429
on the surfaces of DNA-decorated nanoparticles, confocal laser scanning microscopy

(CLSM) was utilized to image the fluorescent cDNA hybridized with DNA particles.
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CLSM, also known as confocal spectroscopy, is an advanced imaging technique that
offers high-resolution (around 180 nm), three-dimensional views of both biological and
non-biological specimens.® Confocal microscopy typically involves the use of
fluorescence to visualize and study samples, with specific molecules or structures within
a sample being labeled using fluorescent dyes or fluorophores.®® The confocal
spectroscope employed in this thesis is also able to capture bright field images, where the
specimen is illuminated with white light, and the entire field of view is observed
simultaneously. It should be noted that the confocal microscope has a detection limit of
around 200 nm,%? which means that it can only visualize aggregates rather than single
particles. The sample preparation was carried out at the specific ratio of 0.17 cDNA to
ensure the DNA particles remained stable in solution. Using mixture of cDNA and
ssSDNA as a control, the confocal fluorescence microscope cannot capture particles in the
bright field due to the small size of DNA molecules, but fluorescent specks in the
fluorescence was observed which can occur when dye molecules dry and aggregate
known as a background (Figure 3.7a). For ssSDNA14-b-PHMPA429 alone, particles were
observable in the bright field images but not in fluorescence. (Figure 3.7b). On the other
hand, mixture of TAMRA-cDNA and ssSDNA14-b-PHMPA429, particles were clearly
observed in both the bright field and fluorescence images (Figure 3.7c). This suggests
that cDNA has interacted and hybridized with the DNA on the surface of particles
successfully. To confirm that cONA was not entangle but has hybridized on the surface
of DNA-polymer particles, PEG113-b-PHPMAu429, synthesized from the low volume photo
PISA in Chapter 2, was used to compare with SSDNA14-b-PHPMA429 PEG113-b-
PHPMA429 particle was clearly captured in bright field but does not show particle on

fluorescent field due to non-interact between PEG and cDNA(Figure 3.7d). Thus,
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Confocal imaging confirmed the presence of DNA at the particle surface and its ability

to hybridize with a complimentary strand.

ssDNA,, + TAMRA-cDNA

ssDNA,, — PHPMA,,,

d)

Figure 3.7. Confocal images of hybridization of DNA-polymer micelles as using a ratio
of 0.17 TAMRA-cDNA a) ssDNA14+TAMRA-cDNA , b) ssDNA1s-b-PHPMA29, C)

SSDNA-b-PHPMA4290+ TAMRA-cDNA, and ¢) PEG113-b-PHPMA400+ TAMRA-cDNA
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Part Il Synthesis of sSSDNA14-b-PHPMAX by using DNA-macroCTA from our group.

Due to the limiting amount and purity of DNA-macroCTA from Sleiman group, the
synthesis of DNA-macroCTA was investigated by our group with two methods
composing of an in solution method and a solid support methods. The total amount of
DNA-macroCTA from the Sleiman group was approximately 1000 nmol, and about 100-
200 nmol was used in each PISA reaction leading to limitation of the ability to repeat the
reaction or perform any additional experiments, even in small-volume reactions (50 uL).
Moreover, the purity of the sSDNA1s;-macroCTA was investigated using RP-HPLC
equipped with a UV-vis detector to monitor the eluted DNA solution at 260 and 309 nm,
corresponding to the maximum absorbance of DNA and the trithiocarbonate group,
respectively (Figure 3.8). The DNA-macroCTA exhibited second and third signals at 309
nm, indicating the presence of impurities from the trithiocarbonate group. These
impurities could lead to uncontrolled polymerization and potentially affect the actual DP
of PHPMA. In this part, both an in solution method and a solid support method involved
a substitution reaction of the carboxylic acid group from CEPA with the amine group
from ssDNA-NH:z to investigate the most effective approach for synthesizing DNA-

macroCTA.
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Figure 3.8. RP-HPLC chromatograms of DNA-macroCTA synthesized by the Sleiman
group. The chromatograms were investigated at detector wavelength 309 nm (dash line)
and detector wavelength 260 nm (solid line). Products eluted with a gradient of buffer A,
0.1 M triethylammonium acetate (TEAA), in a 95:5 mixture of H,O and acetonitrile and

buffer B, 0.1 M TEAA, in a 30:70 mixture of H2O and acetonitrile.

DNA modification carried out applying the in solution method refers to the chemical
modification of DNA molecules using various reagents and reaction conditions in a
solution. This approach allows the introduction of specific modifications to DNA
sequences, such as adding functional groups, labeling with fluorescent dyes, or attaching
other molecules of interest. There are several commonly used in solution methods for
DNA modification,>® including: 1. Chemical modification utilizes reactive compounds to
covalently modify the DNA molecule.> For example, DNA can be modified by reaction
with specific chemical reagents like alkylating agents, acylation agents, or nucleophilic
reagents.> These reactions can introduce various functional groups onto the DNA, such

as methyl, amino, carboxyl, or biotin groups.>® %° 2. Enzymatic modification utilizes
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specific enzymes to introduce modifications to DNA. For instance, DNA
methyltransferases can be used to add methyl groups to specific nucleotide bases, such as
cytosine, resulting in DNA methylation.>® 3. Click chemistry refers to a set of highly
selective and efficient reactions that can be used for DNA modification.>” One popular
example is the copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC), which involves
the reaction between an azide-modified DNA molecule and an alkyne-modified molecule,
resulting in a stable triazole linkage.®® Click chemistry offers versatility and
bioorthogonality, allowing for precise and specific DNA modifications.®’ 4.
Photocrosslinking method utilizes photoactive compounds or photoreactive DNA probes
that can form covalent linkages upon exposure to specific wavelengths of light.%
Photocrosslinking can be used to covalently attach functional groups or molecules to
specific DNA sequences or to crosslink neighboring DNA strands. These methods enable
researchers to tailor DNA molecules for various applications, such as DNA sequencing,°
gene expression analysis,%! %2 DNA-protein interaction studies,% and the development of
DNA-based nanotechnology.®* It's worth noting that the choice of specific method
depends on the desired modification, experimental conditions, and the specific goals of

the research.

DNA solid-phase functionalization by solid support involves attaching specific chemical
groups or ligands to DNA molecules while they are immobilized on a solid support.®>
This method is used to introduce functional groups onto DNA strands for various
applications, such as conjugation to other molecules, surface attachment, or the creation
of modified DNA probes.5” Here is a general outline of the process:®® 1) Prepare the solid
support: The DNA molecules are initially immobilized on the solid support, typically
through bonding between the DNA and the solid support. The solid support is then

washed to remove any unbound DNA and other contaminants. 2) Functionalization
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reaction: 2a) Prepare functionalization reaction mixture: Prepare a solution containing the
functionalization reagents and any necessary reaction buffers or co-factors. The choice of
functionalization reagents relies on the specific chemical modification being targeted. 2b)
Incubate with solid support: Apply the functionalization reaction mixture to the solid
support containing the immobilized DNA. Ensure that the entire surface is covered with
the functionalization solution. 2c) Incubation: Allow the functionalization reaction to
proceed for a specific period at an appropriate temperature. The reaction time and
temperature will vary depending on the functionalization reagents used and the desired
degree of modification. 3) Washing: Wash the solid support thoroughly with appropriate
buffers or solvents to remove unreacted functionalization reagents, and reaction by-
products. It should be noted that effective washing is essential to minimize background
signal or contamination. 4) Elution: Detaching the modified DNA from the solid support
while preserving the introduced chemical groups with appropriate elution buffers. 5)
Analysis or application: The functionally modified DNA can be used for various
applications, depending on the introduced chemical groups. For example, it can be
conjugated to other molecules (e.g., proteins or nanoparticles), immobilized on surfaces,

or used as probes in assays.

The specific choice of functionalization reagents and solid support depends on the desired
modification and the intended application. DNA solid-phase functionalization is a
versatile technique used in molecular biology, bioconjugation, and the development of
functionalized DNA-based materials for a wide range of biotechnological and biomedical

applications.587°
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3.2.5 Synthesis of deoxyribonucleic acid macromolecular chain transfer agent

(ssDNA14-macroCTA) by in solution method and solid support method

In this approach, 14-mer ssDNA (5-5AmMMC12-TGTAGCGTTGTTGC-3") equipped
with a CEPA at its 5’ terminus (ssDNA1s-macroCTA) (Figure 3.1a) by a substitution
reaction of the carboxylic acid group from CEPA with the amine group from ssDNA-NH>
using N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-

hydroxysuccinimide as coupling reagents.

For the in solution method, the conjugation of the RAFT agent to DNA was accomplished
by amide conjugation with the activated NHS ester of the RAFT agent in a mixture of
water and DMF (1:1), which was necessary to ensure sufficient solubility of all reagents
(Scheme 3.2 in Experimental section). Due to the presence of competitive hydrolysis
reactions in a partially aqueous medium, the activated ester was added in a significant
excess (500 eq.) along with N,N-diisopropylethylamine (DIPEA) as an auxiliary base to

increase the reactivity of the amine moiety.

With the utilization of a solid support method, DNA is selectively immobilized on an
inert solid support, i.e. diethylaminoethanol (DEAE) Sepharose. Subsequently, a
chemical reaction takes place in pure DMF, and the DNA is eventually eluted from the
solid support without the necessity for additional purification steps ((Scheme 3.3 in
Experimental section)). This method follows the solid support steps discussed in the

previous section.

The purity of the sSDNA1s-macroCTA was investigated using RP-HPLC with a UV-vis
detector that monitored the eluted DNA solution at 260 and 309 nm, corresponding to the
maximum absorbance of DNA and the trithiocarbonate group, respectively. High

conversion and purity (>95%) of the targeted ssDNA14-macroCTA strand were achieved
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using the solid support method, as evidenced by the presence of a single DNA-species
signal at both detector wavelengths of 260 nm and 309 nm (Figure 3.9). LC/MS further
confirmed the successful formation of the desired product. LC-MS: m/z
[C159H211N50091P14S3-H] " calc. 4807.900 g mol?, found 4807.314 g mol™. In
contrast, the in solution method exhibited a second signal at 309 nm, indicating the
presence of impurities from the trithiocarbonate-group containing starting material which
may result in uncontrolled polymerization, potentially impacting the actual DP of
PHPMA. To achieve comparable purity, additional purification steps, including HPLC
purification, spin filtration, and ethanol precipitation, were necessary. These time-
consuming purification procedures may not be feasible, particularly when high quantities

of ssDNA14-macroCTA are needed.

------ 309 nm Solution

"

'd' ---------------------------------------------------------- S A %
—— 260 nm Solution
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—— DNA NH2

6'£:l1'0'1'5'2'0'215'3'o

Retention Time (min)

Figure 3.9. RP-HPLC chromatograms of DNA-macroCTA synthesized by in solution
method (blue line), solid support method (red line) using NH2-ssDNA as a starting

material (black solid line). The chromatograms were investigated at detector wavelength
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309 nm (dash line) and detector wavelength 260 nm (solid line). Products eluted with a
gradient of buffer A, 0.1 M triethylammonium acetate (TEAA), in a 95:5 mixture of H,0O

and acetonitrile and buffer B, 0.1 M TEAA, in a 30:70 mixture of H2O and acetonitrile.

3.2.6 Synthesis of DNA—Polymer Conjugates by Photoinitiated polymerization-

Induced Self Assembly

As well as the DNA-polymers conjugation performed in Part I, a series of DNA-
copolymers bearing the same targeted DPs of PHPMA (300, 400, and 500) and monomer
concentrations (5%w/w and 10%w/w) but with different batch of sSDNA14-macroCTA
which synthesized by solid support method. The low-volume aqueous RAFT-mediated
photo-PISA was also repeated the condition in part I. Low-volume aqueous RAFT-
mediated photo-PISA of HPMA was undertaken under 405 nm visible light irradiation at
37 °C using an enzyme degassing approach, i.e. glucose oxidase.?! 22 (Scheme 3.2 in

Experimental section)

Interestingly, moderate monomer conversions (62-87%) were achieved after 2 hours of
reaction, as determined by *H-NMR spectroscopy (Table 3.5). The targeted DPs of the
PHPMA block and the concentrations of monomer were varied within the ranges of 300
to 500 DPs and 5 to 10% w/w [HPMA], respectively, to explore the shape and size of the
DNA-polymer particles. SEC analysis in DMF (with RI detection) of ssSDNA1s-b-
PHPMAXx confirmed the successful chain-extension of PHPMA (Figure 3.10). The
polymer lengths (DP=300, 400, and 500) could be simply adjusted by altering the
monomer to SSDNAz14-macroCTA ratio. It should be noted that the monomer HPMA at
targeted DP=300 showed very poor solubility in high monomer concentration (10 w/w
%), so this condition was not performed. The size exclusion chromatograms revealed

shifts towards higher degree of polymerization and the polymerization was well-
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controlled for all targeted DP of PHPMA from 300 to 500 (Figure 3.10). However, due

to the moderate conversions from polymerization, the further condition was required to

investigate for achieving higher conversion.

Table 3.5. Characterization data of sSDNA1s-b-PHPMAXx nanoparticles obtained from

RAFT-mediated photo-PISA at different monomer concentrations and DPs.

Targeted Actual Conv. Size
Sample PDP | Morphology®
DP Dp? (%) (nm)®P
5%w-DP300 300 234 78 63 |0.28 S
5%w-DP400 400 288 72 63 |0.21 S
5%w-DP500 500 310 62 63 |0.21 S
10%w-DP400 400 320 80 90 |0.12 S
10%w-DP500 500 435 87 154 |0.12 S

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DLS.

¢ Determined by TEM. Key: s = spherical micelles

5%w-DP300
5%w-DP400
5%w-DP500

10%w-DP400

——10%w-DP500

Retention time (min)

T
14

Figure 3.10. SEC Rl traces of the ssSDNA14-b-PHPMAXx polymer conjugates as measured

by DMF GPC using polymethylmethacrylate (PMMA) calibration standards with RI

detector.

134



Chapter 3

After the photo-PISA reaction, a change in the turbidity of the solution from transparent
to opaque indicated the growth of hydrophobic PHPMA. Similar to part I, TEM imaging
revealed the successful development of only spherical particles (Figure 3.11), while DLS
analysis also confirmed a unimodal particle size distribution with Dn in the range of 60-
154 nm (Figure 3.20 in Experimental section). The shape and size of particles were nearly
identical to the DNA-polymer nanoobjects achieved using DNA-macroCTA from the
Sleiman group. The assumption that spherical micelles were achieved is likely due to
electrostatic repulsion from the negative charge on DNA strands, preventing the merging
of micelles to form worms or vesicles, thus avoiding morphology transition. This
phenomenon is also commonly observed in electrostatically stabilized nanoparticles
produced through the PISA technique.’t In polyelectrolyte-stabilized particles, the
transition of higher-order morphologies is restricted due to electrostatic repulsion among

ionic units.”1-74

X1 0%w/w-DP400

e
o

Figure 3.11. TEM images of ssSDNA14-b-PHPMAX diblock copolymers.
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It should be noted that the cryo-TEM images were measured by Marjolaine Thomas, our
ex-group member, at the university of Warwick as | mentioned in declaration of
authorship. Due to the time-consuming nature of the technique, cryo-TEM imaging was
investigated in only one sample, specifically a sample obtained from the 10%w/w and
DPrrpma=400, which served as a representative for all the obtained spherical particles.
(Figure 3.12). From the particle sizes listed in Table 3.5, EM imaging, and the existing
literature on polyelectrolyte-stabilized particles,’?’# the achieved particle morphology is

potentially spherical micelle.

Figure 3.12. Cryogenic transmission electron microscopy (Cryo-TEM) images of

SSDNA14-b-PHPMA400 at 10%w/w monomer concentration.

To improve the conversion of DNA-polymer conjugates, 5% w/w [HPMA] with a
targeted DPHpma 0f 500 was chosen for investigation under various conditions through
RAFT-PISA method due to having the lowest conversion among all monomer
concentrations and DPs of HPMA. Firstly, the reaction time was increased from 2 h to 6
h while maintaining typical concentration of GOx (2 uM) and glucose (0.1 M). A reaction
time of 6 h corresponds with the timeframe described in Yang's report,'® thereby
extending the polymerization duration in the synthesis of DNA nanoparticles through
photo-PISA reaction. The results obtained after 6 h of reaction showed a significantly

increased conversion from 60 to 80% as well as the size of particles increased from 60
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nm to 70 nm (Table 3.6). Another condition to improve polymerization conversion
involved increasing the concentration of GOXx (5 uM) and glucose (0.2 M) while maintain
reaction time at 2 h to enhance oxygen-tolerant efficiency resulting almost completed
conversion (>99%) and good control of particle size (60 nm, Table 3.6). Interestingly,
SEC analysis in DMF (with RI detection) of ssSDNA14-b-PHPMAso from each sample
did not reveal chain-extension of PHPMA as conversion increased (Figure 3.13 in
Experimental section). Instead, a small shoulder peak with a lower retention time
occurred, indicating a higher molecular weight. The observed small shoulder peak at high
MW when targeting high DPs (DPrpma>400) is well-documented?*28 and is actually as a
consequence of the presence of a small amount (<0.3 mol %) of dimethacrylate in the
HPMA monomer, rather than loss of RAFT control. This impurity inevitably leads to

light branching as longer PHPMA chains are targeted.?’-?°

Table 3.6. Characterization data of 5%w/w SSDNA14-b-PHPMAso nanoparticles

obtained from RAFT-mediated photo-PISA at different conditions.

[HPMA] | Targeted | Reaction | [GOX] | [Glucose] | Actual | Conv. | Size -
(Yow/w) DP time (h) | (UM) (M) DP2 | (%)?2 | (nm)P
5 500 2 2 0.1 310 62 63 0.21
5 500 6 2 0.1 405 81 71 0.32
5 500 2 5 0.2 500 >99 63 0.26

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DLS.
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Figure 3.13. TEM images of 5%w/w ssDNA14-b-PHPMAsqo nanoparticles using a) 2 uM
[GOx] at 2 h reaction time b) 2 uM [GOx] at 6 h reaction time, and ¢) 5 uM [GOx] at 2

h reaction time.

To compare the DNA-polymer particles synthesized using sSSDNA14-macroCTA from our
group with those from the Sleiman group, it was evident that the Sleiman group achieved
significantly higher conversions (>99%) compared to the conversions obtained with
DNA-macroCTA from our group (62-87%). This could be due to the presence of
trithiocarbonate impurities in the DNA-macroCTA from the Sleiman group (Figure 3.8),
which may have also contributed to RAFT polymerization. Interestingly, the morphology
and shape of the particles were identical, and the size of the particles did not differ
significantly. This could potentially be a result of electrostatic repulsion from the DNA
strands on the corona, as mentioned above. To achieve nearly complete conversion
(>99%) in the synthesis of DNA-polymer by DNA-macroCTA from our group, GOx (5
puM) and glucose (0.2 M) for 2 h was applied. This condition not only achieved high

conversion but also provided good control over polymerization and particle size.

3.2.7 Screening effect of salts (NaCl and MgCl2)

The screening effect of salts on particle stability was also investigated in this part,
following a similar approach in part I. NaCl and MgCl. were also utilized to investigate
the screening effects of monovalent and divalent salts, respectively, via DLS and TEM.

A 10 mM solution of ssDNA14-b-PHPMAs00 was monitored by DLS and TEM after the
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addition of salts to achieve a final concentration of 10 mM. DLS and TEM images
indicated that NaCl did not affect the size of particles and particle morphology of DNA-
polymer (Figure 3.14a) while MgCl. caused aggregates and morphology deformation in
solution (Figure 3.14b). These results indicate that Mg?* impacts the self-assembly
process and the stability of DNA-polymer nanoparticles leading to detrimental to the
stability of DNA self-assemblies.®® Due to the instability of DNA-corona nanoparticles
in 10 mM MgCl_, which is typically used in hybridization studies, the hybridization study
was unable to be investigated in this part. Interestingly, this unstable particle behaviour
led to the idea of adding salt before conducting the RAFT-PISA to investigate the effect
of salts on the PISA process. Some literature suggests that salt could affect electrostatic
polymers in PISA reactions by reducing the charge on the electrostatic macroCTA."7
Moreover, the DNA-polymer particles tend to aggregate and disassemble in 1xTAE
buffer leading to difficulty in studying DNA hybridization on the particle surface. (Figure

3.24 in Experimental section)

t~3 days

a)Nacl
10mmM

ia ®

b)mgcl,
10mMm

Figure 3.14. TEM images of sSDNA14-b-PHPMAs particles in 10 mM salt solution a)

NaCl and b) MgClo.
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3.2.8 Study effect of salts (NaCl and MgCl2) during sSDNA1s-PHPMAsw PISA

reaction

As mentioned earlier, salt has the potential to influence the particle morphology of
electrostatic polymers in PISA reactions by reducing the charge on the electrostatic
macroCTA.”™ ™ Thus, NaCl and MgCl., representing monovalent and divalent salts,
respectively, were used to study the particle morphology from the PISA polymerization
in salt solution. The final concentrations of both NaCl and MgCl. were set to [Salts] = 10
mM and 20 mM. Low-volume aqueous RAFT-mediated photo-PISA of HPMA was
attempted at 405 nm visible light irradiation of the solution at 37 °C applying [glucose] =
0.1 M and [GOx] = 2 uM with mineral oil was added on top of the 50 pL reaction solution,
which was the same condition in the previous topic, 3.2.10. 5% w/w [HPMA] with a
targeted DPprpva Of 500 was chosen for investigating polymerization in salt solution
conditions because it required the lowest amount of DNA-macroCTA and featured the
longest hydrophobic chain length from PHPMA, which is more likely to transition to

higher-order morphologies.

Almost complete monomer conversion (>99%) was achieved after 2 hours of reaction, as
determined by 'H-NMR spectroscopy (Table 3.7). After the photo-PISA reaction, a
change in the turbidity of the solution from transparent to opaque indicated the growth of
hydrophobic PHPMA. The final concentrations of salts i.e., NaCl and MgCl> solutions,
were adjusted to 10 mM and 20 mM to investigate shape and size of the DNA-polymer
particles under different salt concentration. SEC analysis in DMF (with RI detection) of
sSDNA1s-b-PHPMAse confirmed the successful chain-extension of PHPMA (Figure

3.21 in Experimental section).
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TEM images of ssSDNA14-b-PHPMAGsw at 5%w/w HPMA from NaCl solution revealed
only spherical micelles in both 10 mM and 20 mM NaCl solutions (Figure 3.15a), while
DLS analysis also confirmed a unimodal particle size distribution with Dy in the range of
60-80 nm (Table 3.7 and Figure 3.27a and b in Experimental section), which is similar to
TEM image and Dy (63 nm) from the PISA reaction without added salt using the same
procedure. In contrast, TEM images of sSSDNA14-b-PHPMAs0 at 5%w/w HPMA from
MgClI> solution revealed the successful development of short worms (Figure 3.15b),
corresponding with the increased Dn in the range of 100-126 nm (Table 3.7 and Figure
3.27c and d in Experimental section). These results are presumably due to the fact that
Mg?*, as a divalent ion, has a stronger charge compared to the monovalent ion Na+ and,
therefore, has a greater ability to reduce the electrostatic repulsion between DNA chains
resulting in the fusion of spherical micelles into short worm-like micelles. Another
assumption of morphology transition from sphere to short worm is that divalent ions were
potentially capable of bringing two DNA strands closer together and promoting the
transition to higher-order morphology. The aggregate and deformation of DNA-particles

also occurred when MgCl> was added as previously explained in topic 3.2.9.
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v

Salts concentrations/mM

Figure 3.15. Schematic TEM images of ssSDNA1s-b-PHPMAsq nanoparticles in salt

solutions a) NaCl and b) MgCl. with different salts concentration.

Considering the formation of short worms with the addition of MgCl,, it is possible that
higher concentrations of MgCl. could induce a transition to higher-order morphologies.
Therefore, the effects of MgCl» at final concentrations of 50 mM and 100 mM were also
investigated using the same low-volume PISA reaction at 50 pL. In these systems, DLS
showed poor data quality in these two samples, as indicated by the "ERROR" in Table
3.7. Interestingly, long wormlike aggregates were investigated in a 50 mM MgCl;
solution and rodlike aggregates with a potential hollow cavity were also observed under
the same condition (Figure 3.16). Thus, DNA1s-b-PHPMAX particles was driven to higher

order morphology transition with increasing salt concentrations.
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Table 3.7. Characterization data of 5%w/w SSDNA14-b-PHPMAso nanoparticles

obtained from RAFT-mediated photo-PISA at different concentrations of salt solutions.

[Salt] | Targeted | Actual | Conv. Size
Sample PD® | Morphology®
(mM) DP DP? (%)2 | (nm)P
No Salt 0 500 500 >99 63 0.28 s
NaCl-10 10 500 500 >99 74 0.31 S
NaCl-20 20 500 500 >99 62 0.17 S
MgCl»-10 10 500 500 >99 126 0.16 sw
MgCl»>-20 20 500 500 >99 100 0.11 swW
MgCl2-50 50 500 500 >99 | ERROR | ERROR Iw
MgCl>-100 | 100 500 480 96 ERROR | ERROR r

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DLS.

¢ Determined by TEM. Key: s = spherical micelles, sw = short wormlike micelles, Iw =

long wormlike aggregates, and r= rodlike aggregates.

Key: ERROR = poor quality result from DLS.

MgCl, concentrations/mM

Figure 3.16. Schematic TEM images of sSSDNA14-b-PHPMAseo nanoparticles at different

MgCl, concentration.
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3.3 Conclusion

In conclusion, the first SSDNA-macroCTA has been introduced for the fabrication of
DNA-polymer nano-objects without the addition of an external photoinitiator or
photocatalyst via low-volume RAFT-mediated photo-PISA under enzyme-assisted
degassing conditions. The synthesis of DNA-macroCTA was studied using both in
solution and solid support methods to determine the most suitable approach for obtaining
high purity, high yield, and scalable amounts of DNA-macroCTA without requiring
HPLC purification. DNA-macroCTA synthesized by both the Sleiman group and our
group successfully enabled the synthesis of a series of DNA—polymer conjugates with
high conversion, narrow molecular weight distributions, and narrow particle size
distributions. Furthermore, DNA-corona particles synthesized using the DNA-
macroCTA from the Sleiman group were functionalized with TAMRA-cDNA and then
imaged using confocal fluorescence microscopy to confirm both hybridization and the
presence of DNA on the particles. However, the DNA-corona particles synthesized by
DNA-macroCTA from our group did not exhibit stability in the same salt solution
conditions as those used for the DNA-particles from the Sleiman group. This led to the
idea of studying polymerization in salt solutions using NaCl and MgCl». Finally, the
DNA-decorated nanoparticles in the presence of MgCl, can transition from small
spherical micelles (60 nm) to higher-order morphologies, including short wormlike
micelles (100 nm), long wormlike aggregates, and large rodlike aggregates with a hollow
cavity. Considering the successful conjugation of DNA with block copolymers in low-
volume RAFT-mediated photo-PISA reactions and the subsequent characterization, we
anticipate that this strategy will broaden the application scope of DNA-polymer

nanoobject in PISA.
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3.4 Experimental section

3.4.1. Materials

2-Hydroxypropyl methacrylate (mixture of isomers, 98%, HPMA) was purchased from
Alfa Aesar and was passed through a column of basic alumina to remove inhibitor prior
to use. sodium chloride (NaCl) and magnesium chloride (MgCl>) were purchased from
Fisher Scientific. Formvar-coated copper grids were purchased from EM Resolutions.
SYBR™ Gold Nucleic acid gel stain (10,000X concentrate in DMSO) was purchased
from ThermoFisher. Tris-acetate-EDTA (TAE) buffer was purchased from Sigma-
Aldrich and contains 0.4 M Trisacetate and 0.01 M EDTA. Oligonucleotides were
purchased from Integrated DNA technologies, Inc. and resuspended in 18MQ H>O to a
concentration of 100 pM before use. Concentrations were calculated from the absorbance

values at 260 nm using the reported extinction coefficients.

Extinction coefficient (L
Name Sequence (5’- 3’)
(mole-cm)™)
sSDNA14 TGTAGCGTTGTTGC 128,400
cDNA GCAACAACGCTACA 139,600
TAMRA-cDNA | /56-TAMN/GCAACAACGCTACA 168,700
ncDNA TGTAGCGTTGTTGC 128,400

3.4.2. Instrumentations and analysis

'H-NMR spectra were recorded at 400 MHz on a Bruker DPX-400 spectrometer using
chloroform-d (CDCI3) and methanol-d4 (CDsOD) as the solvent. Chemical shifts of
protons are reported as ¢ in parts per million (ppm) and are relative to tetramethylsilane

(TMS) at 6 = 0 ppm when using solvent residual peak (CH3OH, ¢ = 3.31 ppm).
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Reversed Phase High Performance Liquid Chromatography (RP-HPLC) analysis of
oligonucleotides was performed on a modular Shimadzu instrument with the following
modules: CBM-20A system controller, LC-20AD solvent deliver module, SIL-20AC HT
autosampler, CTO-20AC column oven, SPD-M20A photodiode array UV-Vis detector,
RF-20A spectrofluorometric detector and a FRC-10 fraction collector. Chromatography
was performed on a Waters XBridge™ OST C18 2.5 uM column heated to 60 °C. Flow
rate was set at 0.8 mL min™ using buffers A and B: buffer A, 0.1 M triethylammonium
acetate (TEAA, pH 7.0), in a 95:5 mixture of H20 and acetonitrile; buffer B, 0.1 M TEAA
(pH 7), 30:70 mixture of H.O and acetonitrile. The buffer gradient for analysis and
purification was 1% buffer B for 5 minutes, 1% to 30% B over 15 minutes, 30% to 95%

B over 5 min, 95% to 1% B over 1 min and finally 1% B for 3 min.

Liquid Chromatography-Mass Spectrometry (LC-MS) analysis of oligonucleotides was
performed on an Agilent 1200 HPLC system coupled to a Bruker AmazonX high
resolution ion trap, in negative ion mode. The desalted oligonucleotide samples were
eluted through a XBridge oligonucleotide BEH C18 column (130 A, 2.5 um, 4.6 x 50
mm) using a 5 vol% MeOH, 10 mM ammonium acetate (buffer A) and a 70 vol% MeOH,
10 mM ammonium acetate (buffer B) solvent system at 0.8 mL/min flow. The data was
processed using Compass Data Analysis (Bruker) v.4.1 software, and the MaxEnt
integrated deconvolution algorithm. Alternatively, LCMS analysis was performed on a
Waters ACQUITY UPLC system coupled to a Xevo G2-XS QToF mass spectrometer in
negative ion mode. The oligonucleotides were eluted through an AQUITY UPLC
oligonucleotide BEH C18 column (130 A, 1.7 pum, 2.1 x 50 mm) using a 75 mM
triethylammonium acetate (TEAA, pH 7.0) solution in H2O (buffer A) and a 75 mM
TEAA solution in MeCN (buffer B) at 60 °C and a 0.2 mL/min flow. Leucine enkephalin

was used as the reference for the LockSpray correction. The raw continuum data was
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deconvoluted to produce zero charge mass spectra using ProMass HR for MassLynx

(Novatia) software.

Gel Electrophoresis - Native polyacrylamide gel (15%) was prepared by mixing 2.5 mL
30% 29:1 acrylamide:bisacrylamide, 4.25 mL H20, 0.75 mL 10xTAE, 75 pL 10% (w/v)
ammonium persulfate (APS), and 7.5 pL tetramethylethylenediamine (TEMED).
Different percentage gels were prepared by varying the proportions of acrylamide and
water. After removing well combs, wells were rinsed with running buffer (1xTAE) using
a pipette before loading 2 pL samples typically diluted to 200 nM in loading buffer
(1xTAE, 50% glycerol). Native polyacrylamide gels were run at room temperature in
1xTAE buffer at 180 V using a vertical nucleic acid electrophoresis cell connected to a
PowerPack basic power supply (BioRad). Samples were combined with 20% loading
buffer (0.05% bromophenol blue, 25% glycerol, 1XTAE) prior to running. Non-
fluorescent DNA was stained using a 1:1000 aqueous SYBR® Gold nucleic acid gel stain
(ThermoFisher) and visualized using a BioRad ChemiDoc™ MP Imaging system. The

images were processed using ImageLab software v 6.0.1.

Agarose gel (10%) was run at room temperature in 1XTAE buffer at 75 A using Bio-Rad
Mini-Sub® Cell GT System apparatus connected to a PowerPack basic power supply
(BioRad). Samples were combined with 20% loading buffer (0.05% bromophenol blue,
25% glycerol, 1XTAE) prior to running. Non-fluorescent DNA was stained using a 1:1000
aqueous SYBR® Gold nucleic acid gel stain (ThermoFisher) and visualized using a
BioRad ChemiDoc™ MP Imaging system. The images were processed using ImageLab

software v 6.0.1.

1xTAE buffer consisted of 40 mM Tris-acetate and 1 mM EDTA. 1xTBE buffer

consisted of 89 mM Tris-borate and 2 mM EDTA. 1xTAE buffer consisted of 10 mM
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Tris-HCI and 1 mM EDTA. The native loading buffer consisted of 25 % glycerol and

0.05 % bromophenol blue in 1xTAE buffer, and was diluted five-fold before use.

Size exclusion chromatography (SEC) analysis was performed on a system composed of
a Varian 390-LC-Multi detector suite equipped with a VVarian Polymer Laboratories guard
column (PLGel 5 uM, 50 x 7.5 mm), two Mixed-C Varian Polymer Laboratories columns
(PLGel 5 uM, 300 x 7.5 mm) and a PLAST RT auto-sampler. Detection was conducted
using a differential refractive index (RI) and an ultraviolet (UV) detector set to A = 309
nm. The mobile phase used was DMF (HPLC grade) containing 5 mM NH4BF4 at 50 °C
at a flow rate of 1.0 mL min-1. Poly(methyl methacrylate) (PMMA) standards were used
for calibration. Molecular weights and dispersities were determined using Cirrus v3.3

SEC software.

Hydrodynamic diameters (Dn) of particles were determined by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne 633 nm laser module
operating at 25 °C. Measurements were carried out at an angle of 173° (back scattering),
and results were analyzed using Malvern DTS 7.03 software. All determinations were
repeated 4 times with at least 10 measurements recorded for each run. Dy values were
calculated using the Stokes-Einstein equation where particles are assumed to be spherical,
while for cylindrical particles DLS was used to detect multiple populations and obtain

dispersity information.

Transmission Electron Microscopy (TEM) analysis was performed on a JEOL 2100
electron microscope at an acceleration voltage of 200 kV. All samples were diluted with
deionized water and then deposited onto formvar-coated copper grids. After roughly 1
min, excess sample was blotted from the grid and the grid stained with an aqueous 1 wt%

uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis.
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Cryogenic Transmission Electron Microscopy (Cryo-TEM) imaging was performed on a
JEOL JEM-2100 plus microscope operating at an acceleration voltage of 200 kV.
Samples for cryo-TEM were prepared on lacey carbon grids (EM Resolutions). After 200-
fold dilution with deionized water, 8 puL of sample were deposited onto the grid followed
by blotting for approximately 5 s and plunging into a pool of liquid ethane, cooled using
liquid nitrogen in order to vitrify the samples. Then, transfer into a pre-cooled cryo-TEM

holder using liquid nitrogen, was performed prior to the microscopic analysis.

Confocal Laser Scanning Microscopy (CLSM) was performed on FV3000 (Olympus)
confocal microscope and the 60x oil lens was used for imaging. Images were acquired
using the 488 nm (green channel) and the 561 nm (red channel) excitation wavelengths.
Freshly prepared and purified solutions of FAM-H2 (green-emitting dye), TAMRA-
cDNA (red-emitting dye) and mixed 50% DNA14-PHPMAu400 copolymer nano-objects at
100-fold dilution were deposited on a glass slide before imaged by CLSM. Images were
processed using cellSens (Olympus) and ImageJ image processing software. The LAD-1
LED array driver was purchased from Bio Research Centre Co., Ltd. The array was
composed of 96 405 nm LEDs which each output a light power of 20 mW at 13.5 V when
measured with an LMP-100 light power sensor (sensor area: 5.5 mm x 4.8 mm), placed
directly above an array LED. For the Thermomixer setup, the LED-array was suspended
over the sample holder via a clamp stand. For the Incubator setup the LED-array was
placed upon a shaker plate, face up with a 96-microwell plate placed directly upon it, into

which 150 pL eppendorfs containing sample were placed.

The LAD-1 LED array driver was purchased from Bio Research Centre Co., Ltd. The
array was composed of 405 nm LEDs which each output a light power of 20 mW at 13.5
V when measured with an LMP-100 light power sensor (sensor area: 5.5 mm x 4.8 mm),

placed directly above an array LED. For the Thermomixer setup, the LED-array was
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suspended over the sample holder via a clamp stand. For the Incubator setup the LED-
array was placed upon a shaker plate, face up with a 96-microwell plate placed directly

upon it, into which 150 pL eppendorfs containing sample were placed.

3.4.3. Synthetic Method
Synthesis of ssSDNA1s-macroCTA by in solution approach

Amine-modified oligonucleotide (sSDNA14-NH2) (1 mM, 1 pl, 1 eq.) was mixed with
borate buffer pH 7.5 (45 pl), then mixed with CEPA (0.5 M, 20 pL, 500 eq.), EDC-HCI
(1 M, 10 pl, 500 eq), NHS (1 M, 10 pul, 500 eq), and DIPEA (1 M, 10 pl, 500 eq) in DMF
at 21 °C 400 rpm overnight. Residual chemicals were removed via ethanol precipitation
by adding 300 vol% ethanol to the reaction mixture and incubating the samples at -20 °C
for 6 hours. After centrifugation at 15000 rpm for 30 min at 4 °C the supernatant was
removed, and the DNA pellet washed with ice-cold 70% ethanol followed by a repeated
centrifugations using the same settings as described above. The supernatant of the

washing solution was removed and the DNA pellet was dried on air.

CEPA, EDC-HCI, NHS, DIPEA CN s

H
WWO NH, \/\/—\/\/_o N A~
‘("):2 Borate buffer/DMF (1:1) '(\'}1'2 ‘g/\/i\s S

Scheme 3.2. Synthesis of sSSDNA14-macroCTA by in solution approach.

Synthesis of ssDNA14-macroCTA by solid support approach

250 pL of DEAE Sepharose suspension was used as solid support and pipetted into an
empty Glen Research column housing and washed with 20 ml of H20 followed by 12 ml
of DEAE binding buffer (10 mM acetic acid and 0.005% Triton X-100) using a syringe.
The DNA-NH: (10 uM, 1 ml, 1 eq) was loaded onto the column after dissolving in 1 ml
of DEAE binding buffer. The column was then washed with 3 ml of DEAE binding

buffer, followed by 1 mL of H.O and 4 ml of DMF to switch the solvent system from
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water to DMF. At least 50 nmol of oligonucleotide can be loaded onto one 250-uL DEAE
Sepharose column. The activated ester solution was composed of CEPA (0.5 M, 100 pL,
500 eq), EDC-HCI (1M, 50 pL. 500 eq), NHS (1 M, 50 pL. 500 eq), and DIPEA (1 M,
50 pL. 500 eq) in solvent (DMF) and was incubated at 21 °C for 30 min before use. The
CEPA active ester solution was loaded onto the solid support column in 1 ml of DEAE
bind buffer and incubated for 10 min. After the reaction was completed, the column was
washed with 4 ml of the reaction solvent (DMF) followed by 3-5 ml of DEAE binding
buffer. Finally, the DNA was eluted with 4 ml of DEAE elution buffer (1.5 M NaCl, 50
mM Tris-HCI [pH 8.0], and 0.005% Triton X-100) using a syringe. Product formation
was verified via LC-MS: m/z [C159H211N50091P14S3-H] calc. 4807.900 g mol-1,

found 4807.314 g mol™.

i) DEAE bind buffer
ii) CEPA, EDC-HCI, NHS,DIPEA in DMF
ili) DEAE elute buffer H CN S

\/\/\/\/_OH?HZ W\/\/—o,(v),n A~

12 0

Scheme 3.3. Synthesis of sSDNA-macroCTA by solid support approach.

Synthesis of of ssSDNAw-b-PHPMAX conjugates by photoinitiated polymerization-

induced self-assembly

SSDNA1s-macroCTA (250.5 pL, 20 mg/mL, 1 eq) was added in a centrifuge tube
containing HPMA (2.5 mg for 5%w/w, 5 mg for 10%w/w, 200,300,400 eq). Then,
glucose solution (6 pL, 0.84 M), nanopure water (8.4 pL) and GOx solution (8 pL, 12.5
M) were added into the mixing vial, respectively, resulting in a total volume of 50 L.
The mixture was shaken via vortexer to produce a clear colourless solution which was
then transferred to pointed base PCR plate. Mineral oil was added around 200 pL on top
of the mixture and the plate was covered by plate seal, and placed in LED array setup,

which was contain in an incubator to maintain a temperature of 37 °C. The solution was

151



Chapter 3

then exposed to 405 nm light for 2 h, resulting in the solution turning opaque and milky
white.

Photo-PISA

H CN s H CN |, s
\/\/\/\/_0,(\/)::'\3/\/1\3),\3/\ > \/\/\/\/_OHN".M\ ‘\SJLS/\

405 nm,37 °C, 2 h, water

Scheme 3.4. Synthesis of ssDNA14-b-PHPMAX.

H, MeOH

Chemical shifts (ppm)

Figure 3.17. 'H-NMR spectrum of ssSDNA14-b-PHPMAz9 in MeOD
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Figure 3.18. DLS data of ssSDNA14-b-PHPMAXx a) sSDNA14-b-PHPMAgs, b) sSSDNA14-

b-PHPMA\29, and c) SSDNA14-b-PHPMAs71 at condition 5%w/w [HPMA], d) SSDNA14-

b-PHPMAuss, €) SSDNAws-b-PHPMAuz, and f) ssDNA14-b-PHPMAs7 at condition

10%w/w [HPMA]
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Figure 3.19. a-c TEM images of ssSDNA14-b-PHPMAX at condition 5%w/w [HPMA]. d-
f TEM images of sSSDNA14-b-PHPMAX at condition 10%w/w [HPMA]. Different degrees

of polymerization were targeted: DP,=286 (a, d), 429 (b, e), 571 (c, f).
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Screening effect of salts study (NaCl and MgCl.)

Nanopure water (177 or 159 pL) was added into NaCl or MgCl> (2 or 20 pL, 1M),
SSDNA14-PHPMA429 (1 pL, 100 mg/ml), TAE (20 pL, 10x) to prepare SSDNAuws-
PHPMAu429 solution under buffer/salts condition (10 or 100 mM, respectively) in a
centrifuge tube. The eppendoff was shaken at room temperature at least 30 min and then
transferred to DLS microcuvette. DLS was used to investigate particle size and size

dispersity.
Hybridization study

cDNA (varied amount, 100uM, varied eq.) was added to mixture of sSSDNA14-PHPMA429
(1 puL, 100 mg mL?, 1 eq.), TAE (20 pL, 10x), MgCl, (2uL, 1M) and nanopure water
(177 pL) in a centrifuge tube. The centrifuge tube was shaken at room temperature at

least 30 min before investigation by DLS.
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Figure 3.20. DLS data of ssDNA1s-b-PHPMAXx where a) x=300, b and d) x=400, and ¢
and d) x= 500, which performed at monomer concentration a-c) 5%w/w and d-e) 10
%ow/w.

——[GOX]2puM-2h

—— [GOX]2uM-6h
—— [GOx]5uM-2h

10 12 14 16 18
Retention time (min)

Figure 3.21. SEC RI traces of sSSDNA1s-b-PHPMAsoo perform under different [GOx]s
and reaction times at 5%w/w [HPMA] as measured by DMF SEC using PMMA

calibration standard with RI detector.
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Figure 3.22. DLS data of sSDNA14-b-PHPMAsq0 synthesized from a) [GOx]=2 uM at 6

h reaction time and b) [GOx]=2 uM at 6 h reaction time at 5%w/w [HPMA]
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Figure 3.23. DLS data of ssSDNA14-b-PHPMAsq in 10 mM NaCl solution.
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Figure 3.24. TEM images of ssSDNA14-b-PHPMAsqo particles in 1xTAE buffer solution.
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Figure 3.25. SEC RI traces of SSDNAuw-b-PHPMAse under different NaCl
concentrations at 5%w/w [HPMA] as measured by DMF SEC using PMMA calibration

standard with RI detector.
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Figure 3.26. SEC RI traces of SSDNAus-b-PHPMAsw under different MgCl2
concentrations at 5%w/w [HPMA] as measured by DMF SEC using PMMA calibration

standard with RI detector.
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Figure 3.27. DLS data of sSSDNA14-b-PHPMAsq synthesized in salt solution a and b)

NaCl, and ¢ and d) MgCl. performed at monomer concentration 5%w/w.
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RAFT-mediated photoinitiated
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4.1. Introduction

As outlined in the introduction, DNA-polymer hybrids are adaptable functional materials
with numerous applications ranging from nanotechnology to biomedicine.! So far, most
synthetic routes have resulted in low yields, mainly due to the general difficulty of
coupling macromolecules and the challenge of finding conditions compatible with both
the DNA and polymer segments. The direct extension of DNA strands with polymers has
recently been reported using reversible addition-fragmentation chain-transfer mediated
polymerization-induced self-assembly (RAFT mediated PISA) to overcome these
limitations.? PISA allows the direct construction of polymeric nanoparticles of various
morphologies, normally spheres, vesicles, or worms.! Yang et al. showed that DNA-
poly(2-hydroxypropyl methacrylate) (DNA-PHPMA) worms and vesicles had enhanced
nuclease resistance and increased cellular uptake.* Previous Chapter, the direct extension
of DNA strands with polymers has been reported using RAFT-mediated PISA allowing
the direct construction of polymeric nanoparticles of two morphologies, which are
spherical micelles and worms. The study observed that the pure corona DNA on DNA-
polymer particles exhibited instability in the presence of salts and buffer solutions,

resulting in a hindered ability to study the hybridization of the DNA-polymer particles.

Most natural DNA forms a double helix structure with its complementary DNA (cCDNA)
through hybridization, which is used in vivo for storing and transmitting genetic
information. Due to the high sequence-specificity of DNA hybridization, it is possible to
construct even large and complicated DNA structures, making precise DNA sequence
design the key to unlocking structure- and/or sequence-driven DNA-based materials in
nanoscience. The advantage of an increased cellular uptake and nuclease resistance make

DNA-polymer hybrids the perfect candidate for the development of a new class of a
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responsive bio-compatible material. However, not much is known about the ability to
build DNA structures in situ after DNA-polymer assembly and how DNA hybridization

impacts the size and/or morphology of the DNA-polymer particles.

Over the past decade, signal amplification using nucleic acids has become an attractive
tool in biotechnology. Among DNA signal amplification techniques, hybridization chain
reaction (HCR) is a simple yet powerful molecular tool with various applications in
biosensing, bioimaging, bioanalysis and biomedical research.® The concept behind HCR
is a multi-hybridization event between two species of DNA hairpins which are initiated
by an initiator sSSDNA, yielding into a nicked DNA duplex with repeating units X. In the
past, HCR products were obtained with variety of functional moieties such as
fluorophores,® gold nanoparticles (NPs),” and electrochemical reagents® to achieve
biosensing, signal transduction, or transforming input molecules. As we know, corona
modification of nanoparticles influences the surface characteristics and properties of the
nano-objects. To the best of our knowledge, HCR on DNA-polymer nano-objects has not
been investigated before and represents an important step towards responsive DNA-
polymer hybrids. Hence, here we aim to apply HCR to DNA-particles to prove the
possibility to build larger DNA constructs on top of a short starting sequence covalently
bound to the particle as a response to the availability of the initiator DNA to produce a
fluorescence read-out and signal amplification. We believe this represents not only key
knowledge to achieve interactive DNA particles to act as biosensor, but moreover we
show that DNA-polymers can be used as foundation for larger DNA constructs without

disturbing particle morphology.

Interestingly, the DNA-b-PHPMA particles obtained in chapter 3 formed only spherical

micelles, which were proved to be unstable in salts/buffer solutions leading to unstable to
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hybridize with cDNA due to the repulsive force of the negative charge from DNA on
particle surface. Even when attempting to add salt during performing PISA, the resulting
pure DNA block copolymer was also found to be unstable. To address this limitation, we
propose the idea of reducing the repulsive charge on the particle surface through the
addition of a non-ionic block copolymer. Trithiocarbonate-based poly(ethylene glycol)
(PEG113) macroCTA was chosen as a non-ionic macroCTA due to its biocompatible
properties being extensively studied in vivo to protect DNA from degradation, and its

similar molecular weight to ssDNA 14-macroCTA.’

In this chapter, the combination of trithiocarbonate-based sSDNA14-macroCTA and PEG-
macroCTA was firstly reported for the novel fabrication of binary mixtures of DNA14-b-
PHPMAu00 and PEG113-b-PHPMAu00 corona nanomaterials without addition of external
photoinitiator or photocatalyst via low-volume RAFT-mediated photo-PISA under
enzyme-assisted degassing approach. Systematic variation of the relative proportions of
sSDNA14 and PEGi13-macroCTAs resulted in the formation of diblock copolymer
spheres, lumpy rod, or vesicles, where decreasing the ratio of DNA led to the formation
of higher order morphologies and more stable particles in salt/buffer solutions. Moreover,
the resulting particles were further hybridized with TAMRA-cDNA. In addition, HCR
was firstly applied to hybrid nanoparticles to enhance DNAs amount on particle surface

without disturbing particles morphology obtaining a fluorescence signal.
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ABSTRACT: DNA-polymer hybrids have been attracting interest Photo-PISA
as adaptable functional materials by combining the stability of @
polymers with DNA nanotechnology. Both research fields have in ‘
common the capacity to be precise, versatile, and tunable, a x~\ AN A
prerequisite for creating powerful tools which can be easily tailored .
and adapted for bio-related applications. However, the conjugation 7 {00 varyxandy .
of hydrophilic DNA with hydrophobic polymers remains "3
challenging. In recent years, polymerization-induced self-assembly ’
(PISA) has attracted significant attention for constructing nano- s i\
. . . . ® = L ~fels~
objects of various morphologies owing to the one-step nature of ¥
the process, creating a beneficial method for the creation of
amphiphilic DNA-polymer nanostructures. This process not only allows pure DNA-polymer-based systems to be produced but also
enables the mixture of other polymeric species with DNA conjugates. Here, we present the first report of a DNA-PEG corona nano-
object’s synthesis without the addition of an external photoinitiator or photocatalyst via photo-PISA. Furthermore, this work shows
the use of DNA-macroCTA, which was first synthesized using a solid-support method resulting in high yields, easy upscaling, and no
need for HPLC purification. In addition, to the formation of DNA-polymer structures, increasing the nucleic acid loading of
assemblies is of great importance. One of the most intriguing phenomena of DNA is the hybridization of single-stranded DNA with a
second strand, increasing the nucleic acid content. However, hybridization of DNA in a particle corona may destabilize the
nanomaterial due to the electrostatic repulsive force on the DNA corona. Here, we have investigated how changing the DNA volume
fraction in hybrid DNA-polymer self-assembled material affects the morphology. Moreover, the effect of the corona composition on
the stability of the system during the hybridization was studied. Additionally, the hybridization chain reaction was successfully
applied as a new method to increase the amount of DNA on a DNA-based nano-object without disturbing the morphology achieving
a fluorescence signal amplification.
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B INTRODUCTION Luckerath et al. suggested that DNA—polymer conjugates can
self-assemble to nano-objects by thermal RAFT PISA through
the grafting from approach.® This reaction was performed in a
low volume system, relying on enzyme degassing using glucose,
glucose oxidase, and sodium pyruvate to get rid of oxygen in
the system which would hinder the polymerization. This
resulted in high monomer conversions in a system where the
monomer to initiator ratio could be precisely controlled,
allowing the manipulation of architectures formed. Yang et al.
modified a photochain transfer agent (photo-CTA) to perform
the first aqueous RAFT photo-PISA of functional DNA-
polymer nanostructures under an enzyme-assisted approach.8

DNA-polymer hybrids are adaptable functional materials with
numerous applications ranging from nanotechnology to
biomedicine." Both solution phase and solid support synthesis
approaches have been used to create DNA-polymer
hybrids.zf5 Unfortunately, so far, most synthetic routes have
resulted in low yields, arising from the general difficulty of
coupling macromolecules. Additionally, it is often challenging
to find conditions compatible with both the DNA and polymer
segments. Recently, to overcome these limitations the direct
extension of DNA strands with polymers has been reported
using reversible addition-fragmentation chain transfer-medi-
ated polymerization-induced self-assembly (RAFT-mediated
PISA) has been developed.® PISA allows the direct Received:  July 4, 2023 ‘ﬁg‘“‘-}:'“
construction of polymeric nanoparticles (NP) of various Revised:  September 25, 2023 -
morphologies, normally spheres, vesicles, or worms.” Control Published: October 16, 2023
over particle composition, morphology, and functionality can

be achieved by varying the monomer, macromolecular chain

transfer agent (macroCTA), and concentration. In 2020,
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Scheme 1. Concept for photoPISA from ssDNA,, or PEG,;;”
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“CEPA-functionalized ssDNA,, and CEPA-PEG, ; served as the macroCTAs in RAFT-PISA polymerization for the generation of functional DNA-
copolymer conjugates. DNA—polymer nanostructures of various shapes were obtained by altering mole ratio of DNA,,-macroCTA and PEG;3-
macroCTA, establishing a new platform technology toward functional DNA—polymer nanostructures. Moreover, hybrid vesicles were used in

hybridization and HCR.

2-hydroxypropyl methacrylate (HPMA) was used as a
monomer to manipulate the DNA-polymer nanostructure.
This work showed that DNA-poly(2-hydroxypropyl methacry-
late) (DNA-PHPMA) particles had enhanced nuclease
resistance and increased cellular uptake.

Most natural DNA forms a double helix structure through
hybridization, which is used in vivo for storing and transmitting
genetic information. Hybridization is promoted by the
formation of hydrogen bonds between the nucleobases of
single-stranded DNA (ssDNA) with its complementary DNA
(cDNA). Due to the high sequence-specificity of DNA
hybridization, it is possible to construct even large and
complicated DNA structures. Thus, precise DNA sequence
design is the key to unlocking structure and/or sequence
driven DNA-based materials in nanoscience. The advantage of
an increased cellular uptake and nuclease resistance make
DNA-polymer hybrids the perfect candidate for the develop-
ment of a new class of a responsive biocompatible material.
However, not much is known about the ability to build DNA
structures in situ after DNA-polymer assembly and how DNA
hybridization impacts the size and/or morphology of the
DNA-polymer particles. Over the past decade, signal
amplification using nucleic acids has become an attractive
tool in biotechnology. Among DNA signal amplification
techniques, hybridization chain reaction (HCR) is a simple
yet powerful molecular tool with various applications in
biosensing, bioimaging, bioanalysis, and biomedical research.”
The concept behind HCR is a multihybridization event
between two species of DNA hairpins which are initiated by
an initiator ssDNA, yielding a nicked DNA duplex with
repeating units x. In the past, HCR products were obtained
with a variety of functional moieties such as fluorophores,'’
gold NPs,'' and electrochemical reagents12 to achieve
biosensing, signal transduction, or transforming input mole-
cules. As we know, corona modification of NPs influences the
surface characteristics and properties of the nano-objects. To
the best of our knowledge, HCR on DNA-polymer nano-
objects has not been investigated before and represents an
important step toward responsive DNA-polymer hybrids.

2008

Hence, here we aim to apply HCR to DNA-particles to
prove the possibility of building larger DNA constructs on top
of a short starting sequence covalently bound to the particle.
The presence of the initiator DNA to gives a fluorescence read-
out and signal amplification. We believe this represents not
only key knowledge to achieve interactive DNA particles to act
as biosensor, but moreover we show that DNA-polymers can
be used as foundation for larger DNA constructs without
disturbing particle morphology.

In this work, we report the first synthesis of trithiocarbonate-
based ssDNA,,-macroCTA by solid support synthesis,
resulting in high yields, scalability, and high purity without
the need for further high-performance liquid chromatography
(HPLC) purification. This macroCTA has been combined
with trithiocarbonate-based poly(ethylene glycol) (PEG)
macroCTA for the novel fabrication of binary mixtures of
PEG,,;-PHPMA,,, and DNA,,-PHPMA,, nanomaterials. No
additionl external photoinitiator or photocatalyst was required
and the synthesis was undertaken via low-volume RAFT-
mediated photo-PISA using enzyme-assisted degassing.
Systematic variation of the relative proportions of PEG;
and ssDNA,, macroCTAs resulted in the formation of diblock
copolymer spheres, lumpy rods, or vesicles, where increasing
the ratio of PEG,;; led to the formation of higher order
morphologies and more stable particles in salt/buffer solutions.
Moreover, the resulting particles were further hybridized with
TAMRA-cDNA. In addition, HCR was first applied to hybrid
NPs to enhance the amount of DNA on the particle surface
without disturbing particle morphology obtaining a fluores-
cence signal (Scheme 1).

B RESULTS AND DISCUSSION

In order to synthesize the DNA-loaded particles, a high
yielding, easily scalable, and simple method for synthesizing
DNA-macroCTA was needed. The ssDNA,;, macromolecular
chain transfer agent (ssDNA,,-macroCTA) was formed by the
conjugation of ssDNA,,-NH, (5'-SAmMCI12-
TGTAGCGTTGTTGC-3') with a 4-cyano-4-(dodecylsulfa-
nylthiocarbonyl) sulfanyl pentanoic acid group (CEPA) at its

https://doi.org/10.1021/acs.bioconjchem.3c00293
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Figure 1. (a) Reaction scheme for the synthesis of ssDNA-macroCTAs via solid support synthesis, (b) reaction scheme for the low-volume photo-
PISA for the synthesis of x DNA,—PHPMA,,, and y PEG,;3;—PHPMA,, diblock copolymer mixtures, and (c) schematic TEM images of mixed
DNA and PEG based particles with different percentages of DNA in the corona.

S’ terminus via solution or solid support approaches (Figure
1a). By using a solid support, DNA is selectively bound to an
inert solid support, i.e., diethylaminoethanol (DEAE) sephar-
ose, followed by chemical reaction in pure N,N-dimethylfor-
mamide (DMF) and is finally eluted from the solid support
without the need for further purification. The solid support-
mediated synthesis is separated into four stages. During stage
1, ssDNA,,-NH, was bound to the solid support. In stage 2,
the small molecule was added as activated ester to the
adsorbed DNA in DMF. In stage 3, the excess small molecules
including degraded side products were removed by washing
with DMF, while the modified DNA remained adsorbed to the
solid support. During the final stage the modified DNA was
eluted using a water-based elution buffer."?

The purity of the ssDNA,,-macroCTA was confirmed by
using HPLC equipped with a UV—vis detector monitoring the
eluted DNA solution at 260 and 309 nm as the maximum
absorbance of the DNA and trithiocarbonate group,
respectively. High conversion and purity (95%) of the targeted
ssDNA,,-macroCTA strand was achieved with the solid
support approach, represented by the occurrence of one
DNA-species signal at both detector wavelengths 260 and 309
nm (Figure S1). LC/MS furthermore confirmed the successful
formation of the desired product. Meanwhile, the solution
approach shows a second signal at 309 nm, indicating an
impurity from the trithiocarbonate-group-containing starting
material. Additional HPLC purification and extensive
purification steps including spin filtration and ethanol
precipitation were required to obtain a comparable purity.
Such time-consuming purification steps are not feasible
especially if high amounts of ssDNA,-macroCTA are required
(Figure S1). Our results show that the solid support-mediated
synthesis of the desired macroCTA-modified DNA is not only

2009

superior in terms of yield and purity but is moreover easy to
apply to large-scale DNA reactions (up to 100 nmol) without
the need of further purification, while the solution method is
limited to 2 nmol DNA in each reaction batch. Thus, we
accomplished the synthesis of the ssDNA,,-macroCTA in a
few hours with the large quantities, high yields, and purity,
needed for further utilization in a DNA nano-object PISA
reaction.

A series of PEG,;3-PHPMA,,, and DNA,,-PHPMA,,
diblock copolymer NPs were synthesized by systematically
varying the PEG, ; and ssDNA;, macroCTAs mole fractions
via low-volume RAFT-mediated photo-PISA. These CTAs are
photoiniferters, which can be cleaved by light at 405 nm to
generate a thiocarbonylthio radical.'"*™'® This radical sub-
sequently serves the dual roles of initiating the polymerization
of a monomer and acting as a RAFT agent, eliminating the
requirement for additional initiators or catalysts. Thus, this is
the first report of DNA-polymer nanostructures produced via
low-volume PISA (50 uL) without adding an external
photoinitiator or photocatalyst. PEG,;;-macroCTA was chosen
due to its biocompatible properties being extensively studied in
vivo to protect DNA from degradation, and its similar
molecular weight to ssDNAj,-macroCTA."” HPMA was
chosen due to the literature precedent for forming a
hydrophobic polymer block with hydrophilic polymer chain
such as PEG."® Low-volume aqueous RAFT-mediated photo-
PISA of HPMA was undertaken under 405 nm visible light
irradiation at 37 °C using an enzyme degassing approach, i.e.,
glucose oxidase.'””” Mineral oil was added on top of the 50 uL
solution to prevent diffusion of residual oxygen into the
solution, which inhibits the polymerization.

Table S1 summarizes the targeted diblock copolymer
compositions, HPMA monomer conversions, molecular weight
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Figure 2. Hybridization study of DNA containing NPs. (a) Hydrodynamic radius of S0% (black) and 10% (red) DNA containing particles
measured by DLS with the increase in quantity of additional DNA added. (b—e) TEM images of 10% DNA containing structures with the increase
in additional DNA content. (f—i) TEM images of 50% DNA containing structures with the increase in additional DNA content. (j) Confocal
images in the fluorescent field. Scale bar: 3 ym. Images are shown for 50% DNA corona NPs mixed with cDNA-functionalized TAMRA.

data, dynamic light scattering (DLS) data, and morphological
assignments. High monomer conversions (>70%) were
achieved after 2 h of reaction, as determined by 'H NMR
spectroscopy. It is important to note that the targeted degree
of polymerization for PHPMA is 400. However, incomplete
polymerization conversion might have an effect on the
resulting morphology of the self-assembled nanostructure.
PHPMA was successfully polymerized with a significant
increase in molecular weight confirmed by size exclusion
chromatography analysis (in DMF) (Figure S2). Zeta
potentials have been applied to measure the surface electrical
charge of particles. The zeta potential of 100% DNA-
PHPMA 4y, was found to be around —32.4 + 9.7 mV revealing
the presence of negative charge from DNA on the outer surface
of particles, whereas pure PEG,;;-PHPMA,,, exhibited a
nearly neutral surface charge (—0.6 + 3.1 mV). The 50%
DNA-PHPMA,, displayed a negative charge of approximately
—28.6 = 7.0 mV, which falls between the values of the 100%
DNA and PEG,;-PHPMA,,, systems. This rationally
indicated that the negative charge from DNA on the particle
surface decreases when the fraction of DNA is reduced.

The morphology of the self-assembled nanostructures was
determined by transmission electron microscopy (TEM) and
cryogenic TEM (Cryo-TEM) images of each diblock
composition was used to assign the copolymer morphology,
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as shown in Figures lc—e and S3, respectively. When 100%
ssDNA,,—PHPMA,, diblock copolymer chains self-assembled
only spherical particles formed (Figure 1c). This morphology
is most likely due to the strong repulsive electrostatic forces of
the DNA block on the corona, as also previously reported with
anionic corona of block copolymers.”’ When 90% of the DNA
based diblock copolymer was used, a mixture of spheres, lumpy
rods, and vesicles was observed (Figure S4a). Interestingly, for
all systems with 50% DNA copolymer or less DNA content,
only vesicles were observed. This morphology transition was
observed because increasing the mole fraction of the PEG,;-
macroCTA reduces the electrostatic repulsion from DNA
chains in the corona. Thus, as the proportion of the PEG,,;-
macroCTA is increased, the volume fraction of electrostatic
chains in the coronal layer is gradually reduced, which means
that the volume fraction of the hydrophobic PHPMA block
required to access the lumpy rods or vesicles is correspond-
ingly lower. DLS was used to measure the hydrodynamic
diameter (D,), where the 100% ssDNA,,—PHPMA,,,
copolymer displayed a unimodal particle size distribution
with Dy, approximately 90 nm (Figure SSa), the 90% DNA
system had a multimodal particles size distribution (Figure
S5b). In the 50, 10, and 0% DNA systems, unimodal particle
size distributions were observed with the Dy increasing from
150 to 460 nm as the DNA content decreased (Table S1 and
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Figure 3. HCR study of S0% DNA corona NPs particles. (a) Schematic cartoon of HCR on particle. (b) Hydrodynamic radius of particles
measured by DLS. (c—f) Cryo-TEM images. Scale bar: 200 nm. (g—j) Overlay of confocal images acquired using the 488 and 561 nm excitation
channels. Scale bars: S ym. Images are shown for (c,g) 50% DNA corona NPs, (d,h) particles at the HCR 1 cycle, (e,i) particles at the HCR S cycle,

and (f;j) particles at the HCR 10 cycle.

Figure SSc—e). This increase in hydrodynamic diameter is
consistent with the formation of higher order polymeric
morphologies, as the bilayer structure of the vesicles increases
the size of the nanomaterial.

DNA hybridization technology allows for the postmod-
ification of DNA due to its intrinsic functional property. In this
work, DLS was used to primarily investigate the hybridization
of ssDNA on different NPs. A salt/buffer solution is required
to study hybridization in order to screen the effect of DNA.
When 100 and 90% DNA corona composition systems were
investigated, the DLS could not detect particles in salt/
buffered solution due to aggregation as confirmed by TEM
images. This may be due to the influence of magnesium ions
(Mg*") from the salt solution on the self-assembly process
(Figure S6).”* As expected, when the mole fraction of DNA on
particles decreased, the screening effect had less of an effect,
and particles are more stable. Subsequently, the DNA
functionality for hybridization of NPs with varying DNA
content (50 and 10%) was probed by DLS using a
complementary DNA strand (cDNA) (5'-GCA ACA ACG
CTA CA-3). For NPs with S0% DNA, the size of particles
gradually increased until a cDNA ratio = 0.4 at which point the
quality of the DLS data deteriorated, indicating aggregation as
also confirmed by TEM (Figure 2f—i). At the decreased
volume fraction of DNA corona of 10%, the NPs were more
stable when adding ¢cDNA, until a 1.2 mol-ratio where
aggregation was observed (Figure 2a). PEG chains are
uncharged, and thus, positively charged salts in solution
cannot interact with the PEG chains, lowering the cross-system
interaction between the negatively charged DNA strands and
positively charged salts which are very likely responsible for
aggregation. Additionally, when the mole fraction of DNA in
the corona is decreased, the DNA density on the particle
surface is also decreased, while the PEG density is higher,
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leading to more flexible space on the particle’s surface. Thus,
the relative amount of cDNA that can hybridize with the DNA
in the particle corona increases when a decreasing DNA mole
fraction is used. This results in relatively more stable particles
due to less charge repulsion and salt interactions.

To confirm that hybridization of cDNA was occurring on
the surface of the NPs, confocal fluorescence microscopy was
used; this method directly images the fluorescent cDNA-
particles hybridized on the DNA-corona which means the
turbidity or the effect from photobleaching of fluorophores is
negated. The 50% DNA system was selected to study
hybridization with fluorescent TAMRA-cDNA by confocal
fluorescence microscopy, as it has a high DNA mole fraction
but is still stable. A mixture of TAMRA-cDNA and DNA
containing NPs were clearly observed as stable dots in the
fluorescence images (Figure 2j). Conversely, a mixture of
cDNA and ssDNA, as a control, resulted in fluorescent specks
being observed, which can happen when dyed molecules
aggregate (Figure S7a). For DNA containing NPs alone,
particles had no observable fluorescence (Figure S7b). To
confirm that cDNA was not entangled but hybridized on the
surface of DNA-polymer particles, we mixed PEG;-b-
PHPMA,o, with TAMRA-cDNA. PEG,;-b-PHPMA,y, par-
ticle were not observed in the fluorescent field; therefore
confirming that there is no interaction between PEG and
cDNA (Figure S7c). Thus, confocal imaging confirmed the
presence of DNA at the particle surface and its ability to
hybridize with a complementary strand. This means DNA-
polymer particles can simply be functionalized after the
assembly process by adding fluorophore-labeled ¢cDNA with
a maximum 0.4:1 mol ratio of cDNA to the 50% DNA corona
containing NPs. However, if greater loadings of nucleic acid
are required for larger DNA constructs the system becomes
destabilized and alternative strategies are required.
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To quantify the amount of DNA that could be function-
alized on each particle, static light scattering (SLS) was used to
obtain aggregation numbers (N,g,) for the 50% DNA corona
NPs. Here, for this mixed DNA and PEG based system, each
particle consists of approximately 2700 chains (see Figure S8).
Therefore, DNA constitutes about 1350 chains per particle.
From the hybridization study, approximately 500 cDNA chains
were able to hybridize with DNA on the surface of particle
without negatively impacting the colloidal stability of the
system. This means that less than half of the DNA chains on
the surface of the particle can be hybridized before the system
destabilizes.

To increase the amount of nucleic acid loading on the
particle corona, we investigated using HCR to increase DNA
content while also producing a fluorescence read-out signal,
which is desired for the adaptation of DNA-polymers as
biosensors. HCR is an interesting approach because of its
enzyme-free nature, use of isothermal conditions, uncompli-
cated protocols, and exceptional amplification efficiency.”
Furthermore, the initiator strand can be seen as a target
sequence for future biosensor applications. Again we
investigated using a 50% DNA corona NP as it is stable in
salt/buffer conditions and shows vesicle nanostructure which
could be investigated by confocal microscopy using fluo-
rescently labeled DNA hybridization technology. HCR was
carried out using the ssDNA,, chain on the particle surface by
hybridization with the SOmer initiator sequence (I) in step 1,
followed by the addition of hairpin 1 (H1) and hairpin 2 (H2)
representing 1 cycle of HCR (Figure 3a), whereas the DNA
sequences are shown in Table S2. Initiator I was added with a
ratio of 0.2 relative to the ssDNA covalently bound on the
particle surface to ensure that all of I hybridized with the
particle surface, and the particles do not form aggregates. It
should be noted that the two hairpin species (H1 and H2) can
only hybridize in the presence of the initiator DNA (I) on the
particle surface (Figure S8) noting that only the one addition
of I is necessary. To increase the number of performed HCR
cycles, H1 and H2 were added stepwise up to 10 cycles,
forming linear duplex DNA chains on the particle surface.
Successful hybridization on the toehold of the added hairpin
triggers the unfolding or opening of the hairpin structure
revealing the next available single stranded DNA for hybrid-
ization in a staggered pattern. HCR study was investigated by
DLS, Cryo-TEM, and confocal fluorescence microscopy. DLS
data show Dy, increase significantly from approximately 150 to
300 nm (Figure 3b). Interestingly, Cryo-TEM images show
that the particle size does not significantly change. The
distinction between these outcomes arises from the funda-
mental disparity in how the two techniques quantify particle
dimensions. Since the diameter of double-helix DNA is
approximately 2 nm, Cryo-TEM primarily images the size of
the phase-separated core material, while it is unable to visualize
the solvated corona due to limitations in machine resolution.
Consequently, the size of the particles remained constant when
the HCR process was employed to extend the corona. In
contrast, DLS determines the Dy of particles, measuring not
only the particle core size but also any surface structure or
solvated corona. Thus, D}, undergoes a significant change when
the corona length is extended through the HCR process.
Moreover, this evidence suggested that the stability of 50%
DNA-PHPMA,y, NPs was maintained even when a substantial
amount of DNA was added to their surface. To confirm
successful multicycle HCR on the particle surface, TAMRA-
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labeled initiator (TAMRA-I) and FAM-labeled hairpin 2
(FAM-H2) were used and investigated by confocal fluorescent
spectroscopy in merged fluorescent channel. As expected, the
starting material particles did not show any fluorescence
(Figure 3g). After the addition of TAMRA-I the particles show
a red fluorescence from the TAMRA dye due to hybridization
between TAMRA-I with the particles (Figure S9). Particle
fluorescence changed to yellow when H1 and FAM-H2 were
hybridized to particle-I after 1 HCR cycle caused by a
combination of the fluorescence emission from TAMRA-I
(Aem: 580 nm) with the fluorescence emission from FAM-H2
(Aem: 517 nm) at an equal ratio (Figure 3h). When the number
of HCR cycles increased, the particles exhibit higher fractions
of green fluorescence due to increased ratios of FAM-H2
(Figure 3ij). The relative fluorescence intensity in the 488 nm
excitation channel versus HCR cycles is reported in Figure
S10; fluorescence values were calculated for each particle from
the CLSM images in Figure 3g—j. The data showed an increase
in fluorescence intensity as the HCR cycles increased,
providing quantitative confirmation of the extension of DNA
chains on the DNA-polymer NPs and a successful fluorescence
signal amplification. Hence, this confirms that DNA-polymer
particles were successfully functionalized on its surface by
HCR for up to 10 cycles without aggregation and disturbing
particle morphology. To predict the quantitative DNA chains
on particle that are able to form HCR, SLS data were applied
to investigate if ~270 DNA strands per particle were able to
form HCR.

B CONCLUSIONS

In conclusion, we have introduced the first synthesis of
trithiocarbonate-based ssDNA,,-macroCTA by solid support
synthesis, resulting in high yields, easy upscaling, and purity
without the need for further purification. With the use of low-
volume RAFT-mediated photo-PISA under enzyme-assisted
degassing conditions, this ssDNA ,-macroCTA has been
combined with trithiocarbonate-based PEG, ;-macroCTA to
fabricate the first mixture of PEG and a DNA hybrid. Crucially,
the particles were further applied with hybridization and HCR
techniques with the simple addition of complementary DNA
strands. This provides a convenient route for the synthesis of
ssDNA-macroCTA, performing simple PISA in the con-
struction of complex DNA—PEG polymer architectures, and
straightforward applications with hybridization for bioimaging.
HCR was first applied with DNA—PEG polymer architectures
as a tool obtaining a large DNA construct on the particle
surface without disturbing the particle’s morphology while
producing a fluorescence read-out. These methods could
address the challenges of applying DNA nanotechnology to
engineer on polymer surfaces for constructing responsive
nanomaterials.
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Chapter 4
4.3. Experimental section

4.3.1 Materials

Poly(ethylene glycol) methyl ether (average Mn=5,000 g mol-1, PEG-OH), carbon
disulfide (anhydrous, >99%), glucose oxidase from Aspergillus niger (100 000—-250 000
U/g), sodium ethanethiolate, N,N’-dicyclohexylcarbodiimide (99%, DCC), 4-
(dimethylamino)pyridine (>98%, DMAP), were purchased from Sigma Aldrich and used
without further purification. lodine, D-Glucose, Diethyl ether, dichloromethane (DCM),
and Magnesium chloride (MgCl2) were purchased from Fisher Scientific. Ethyl acetate
was purchased from VWR Chemicals. 2-Hydroxypropyl methacrylate (mixture of
isomers, 98%, HPMA) was purchased from Alfa Aesar and was passed through a column
of basic alumina to remove inhibitor prior to use and stored at 4 °C. Dry solvents used in
the experiments were obtained by passing over a column of activated alumina using an
Innovative Technologies solvent purification system. Formvar-coated copper grids were
purchased from EM Resolutions. SYBR™ Gold Nucleic acid gel stain (10,000X
concentrate in DMSQO) was purchased from ThermoFisher. Tris-acetate-EDTA (TAE)
buffer was purchased from Sigma-Aldrich and contains 0.4 M Trisacetate and 0.01 M
EDTA. Oligonucleotides were purchased from Integrated DNA technologies, Inc. and
resuspended in 18 MQ H»O to a concentration of 100 pM or 1 mM before use.
Concentrations were calculated from the absorbance values at 260 nm using the reported

extinction coefficients.
4.3.2 Instrumentations and analysis

'H-NMR spectra were recorded at 400 MHz on a Bruker DPX-400 spectrometer using

chloroform-d (CDCI3) and methanol-d4 (CDsOD) as the solvent. Chemical shifts of
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protons are reported as ¢ in parts per million (ppm) and are relative to tetramethylsilane

(TMS) at 6 = 0 ppm when using solvent residual peak (CH3OH, ¢ = 3.31 ppm).

Reversed Phase High Performance Liquid Chromatography (RP-HPLC) analysis of
oligonucleotides was performed on a modular Shimadzu instrument with the following
modules: CBM-20A system controller, LC-20AD solvent deliver module, SIL-20AC HT
autosampler, CTO-20AC column oven, SPD-M20A photodiode array UV-Vis detector,
RF-20A spectrofluorometric detector and a FRC-10 fraction collector. Chromatography
was performed on a Waters XBridge™ OST C18 2.5 uM column heated to 60 °C. Flow
rate was set at 0.8 mL min using buffers A and B: buffer A, 0.1 M triethylammonium
acetate (TEAA, pH 7.0), in a 95:5 mixture of H20 and acetonitrile; buffer B, 0.1 M TEAA
(pH 7), 30:70 mixture of H-.O and acetonitrile. The buffer gradient for analysis and
purification was 1% buffer B for 5 minutes, 1% to 30% B over 15 minutes, 30% to 95%

B over 5 min, 95% to 1% B over 1 min and finally 1% B for 3 min.

Liquid Chromatography-Mass Spectrometry (LC-MS) analysis of oligonucleotides was
performed on an Agilent 1200 HPLC system coupled to a Bruker AmazonX high
resolution ion trap, in negative ion mode. The desalted oligonucleotide samples were
eluted through a XBridge oligonucleotide BEH C18 column (130 A, 2.5 um, 4.6 x 50
mm) using a 5 vol% MeOH, 10 mM ammonium acetate (buffer A) and a 70 vol% MeOH,
10 mM ammonium acetate (buffer B) solvent system at 0.8 mL/min flow. The data was
processed using Compass Data Analysis (Bruker) v.4.1 software, and the MaxEnt
integrated deconvolution algorithm. Alternatively, LCMS analysis was performed on a
Waters ACQUITY UPLC system coupled to a Xevo G2-XS QToF mass spectrometer in
negative ion mode. The oligonucleotides were eluted through an AQUITY UPLC
oligonucleotide BEH C18 column (130A, 1.7 pum, 2.1 x 50 mm) using a 75 mM

triethylammonium acetate (TEAA, pH 7.0) solution in H2O (buffer A) and a 75 mM
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TEAA solution in MeCN (buffer B) at 60 °C and a 0.2 mL/min flow. Leucine enkephalin
was used as the reference for the LockSpray correction. The raw continuum data was
deconvoluted to produce zero charge mass spectra using ProMass HR for MassLynx

(Novatia) software.

Gel Electrophoresis - Native polyacrylamide gel (10%) was prepared by mixing 2.5 mL
30% 29:1 acrylamide:bisacrylamide, 4.25 mL H20, 0.75 mL 10xTAE, 75 pL 10% (w/v)
ammonium persulfate (APS), and 7.5 pL tetramethylethylenediamine (TEMED).
Different percentage gels were prepared by varying the proportions of acrylamide and
water. After removing well combs, wells were rinsed with running buffer (1xTAE) using
a pipette before loading 2 uL samples typically diluted to 200 nM in loading buffer
(1xTAE, 50% glycerol). Native polyacrylamide gels were run at room temperature in
1xTAE buffer at 180 V using a vertical nucleic acid electrophoresis cell connected to a
PowerPack basic power supply (BioRad). Samples were combined with 20% loading
buffer (0.05% bromophenol blue, 25% glycerol, 1XTAE) prior to running. Non-
fluorescent DNA was stained using a 1:1000 aqueous SYBR® Gold nucleic acid gel stain
(ThermoFisher) and visualized using a BioRad ChemiDoc™ MP Imaging system. The

images were processed using ImageLab software v 6.0.1.

1XTAE buffer consisted of 40 mM Tris-acetate and 1 mM EDTA. 1xTAE buffer
consisted of 10 mM Tris-HCI and 1 mM EDTA. The native loading buffer consisted of
25 % glycerol and 0.05 % bromophenol blue in 1xTAE buffer, and was diluted five-fold

before use.

Size Exclusion Chromatography (SEC) analysis was performed on a system composed of
a Varian 390-LC-Multi detector suite equipped with a VVarian Polymer Laboratories guard

column (PLGel 5 uM, 50 x 7.5 mm), two Mixed-C Varian Polymer Laboratories columns
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(PLGel 5 uM, 300 x 7.5 mm) and a PLAST RT auto-sampler. Detection was conducted
using a differential refractive index (RI) and an ultraviolet (UV) detector set to A = 309
nm. The mobile phase used was DMF (HPLC grade) containing 5 mM NH4BF4 at 50 °C
at a flow rate of 1.0 mL min-1. Poly(methyl methacrylate) (PMMA) standards were used
for calibration. Molecular weights and dispersities were determined using Cirrus v3.3

SEC software.

Zeta potential was measured by the technique of microelectrophoresis, using a Malvern
Zetasizer Nano ZS instrument, at room temperature at 633 nm. All reported zeta potential
values were the average of at least three runs with at least 40 measurements recorded for
3 runs. Zeta potential was calculated from the corresponding electrophoretic mobilities
(LE) by using the Henry’s correction of the Smoluchowski equation (LE = 4n €0 er

(1+xr)/6m ).

Hydrodynamic diameters (Dn) of particles were determined by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne 633 nm laser module
operating at 25 °C. Measurements were carried out at an angle of 173° (back scattering),
and results were analyzed using Malvern DTS 7.03 software. All determinations were
repeated 4 times with at least 10 measurements recorded for each run. Dy values were
calculated using the Stokes-Einstein equation where particles are assumed to be spherical,
while for cylindrical particles DLS was used to detect multiple populations and obtain

dispersity information.

Static Light Scattering (SLS). For the particles in deionized water, light scattering data
was collected over the whole angular range, 30 < 6 < 50° with the sample maintained at
25°C. Autocorrelation functions calculated by the ALV LSE-5004 correlator unit were

recorded at each (6, c) and the REPES algorithm was used to determine relaxation times,

183



Chapter 4

(6, ). The data set t(d, ¢) was then analyzed to estimate the mean translational diffusion
coefficient according to the Stokes-Einstein equation. An empirical measurement was
made of the refractive index increment for the polymer in deionized water using a
differential refractometer, model DnDc1260 supplied by PSS GmbH. The light scattering
experiments were conducted at 0.01, 0.02, 0.05, 0.10 and 0.20 mg-mL™ to account for
concentration effects. Following Andersson et al.!®, a Zimm plot was constructed using
the Debye method (Equation 1 and Equation 2) to determine the Rq of the nanoparticles.
To do this, the Re/Kc versus g? data were plotted and a third order polynomial model was
used to extrapolate g — 0. The fit’s intercept provided the molecular mass according to
light scattering (Mcs) while the slope at g2 = 0 can be utilized to retrieve Ry at the different

concentrations. A first order model was utilized for the ¢ — 0 extrapolation yielding Ry

and Ms.
2
D=2 M Q)
Kc 3
d Ry/Kc MR,? )

The mean translational diffusion coefficient (Dapp) Was calculated from the relaxation
times at each angle, 1(#, ¢) determined from the autocorrelation functions at each angle
(@, c) by the REPES algorithm. The Stokes-Einstein equation was used to determine the
hydrodynamic radius (Rn) of the particles. The Ry/Rn ratio gives information about the
inside of the spherical particle. A value of 1 indicates a hollow sphere with all the mass
in the outer shell (i.e. vesicle). The 50%DNA-PHPMA400 nanoparticles have a Rg/Rn ratio
of 1.02. The aggregation number (Mw,meo/MLs) Was calculated to be 2.73 x 102 which is

in line with a vesicle morphology.?°
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Transmission Electron Microscopy (TEM) analysis was performed on a JEOL 2100
electron microscope at an acceleration voltage of 200 kV. All samples were diluted with
deionized water and then deposited onto formvar-coated copper grids. After roughly 1
min, excess sample was blotted from the grid and the grid stained with an aqueous 1 wt%

uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis.

Cryogenic Transmission Electron Microscopy (Cryo-TEM) imaging was performed on a
JEOL JEM-2100 plus microscope operating at an acceleration voltage of 200 kV.
Samples for cryo-TEM were prepared on lacey carbon grids (EM Resolutions). After 200-
fold dilution with deionized water, 8 puL of sample were deposited onto the grid followed
by blotting for approximately 5 s and plunging into a pool of liquid ethane, cooled using
liquid nitrogen in order to vitrify the samples. Then, transfer into a pre-cooled cryo-TEM

holder using liquid nitrogen, was performed prior to the microscopic analysis.

Confocal Laser Scanning Microscopy (CLSM) was performed on FV3000 (Olympus)
confocal microscope and the 60x oil lens was used for imaging. Images were acquired
using the 488 nm (green channel) and the 561 nm (red channel) excitation wavelengths.
Freshly prepared and purified solutions of FAM-H2 (green-emitting dye), TAMRA-
cDNA (red-emitting dye) and mixed 50% DNA-PHPMAu00 copolymer nano-objects at
100-fold dilution were deposited on a glass slide before imaged by CLSM. Images were

processed using cellSens (Olympus) and ImageJ image processing software.

The LAD-1 LED array driver was purchased from Bio Research Centre Co., Ltd. The
array was composed of 405 nm LEDs which each output a light power of 20 mW at 13.5
V when measured with an LMP-100 light power sensor (sensor area: 5.5 mm x 4.8 mm),
placed directly above an array LED. For the Thermomixer setup, the LED-array was

suspended over the sample holder via a clamp stand. For the Incubator setup the LED-
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array was placed upon a shaker plate, face up with a 96-microwell plate placed directly

upon it, into which 150 pL eppendorfs containing sample were placed.
4.3.3 Synthetic Method
Synthesis of 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (CEPA)

CEPA was synthesized using procedures similar to the previous literature.*® Description

of the protocol can be found in the experimental section of Chapter 2.

Synthesis of poly(ethylene glycol)113-CEPA macro-CTA (PEGi13-macroCTA)

PEG113-macroCTA was synthesized using procedures similar to the previous literature.°

Description of the protocol can be found in the experimental section of Chapter 2.
Synthesis of sSDNA1s-macroCTA by solid support approach
Description of the protocol can be found in the experimental section of Chapter 3.

Synthesis of PEG113-b-PHPMAu400 and ssDNA14-b-PHPMAu00 diblock copolymer by

photoinitiated polymerization-induced self-assembly

SSDNA1s-macroCTA (varied amount, 20 mg/mL, varied eq) and PEG113-macroCTA
(varied amount, 40 mg/mL, varied eq) was added in a centrifuge tube containing HPMA
(5 mg, 400 eq). Then, glucose solution (6 pL, 0.84 M), nanopure water (varied amount)
and GOx solution (4 pL, 25 uM) were added into the mixing vial, respectively, resulting
in a total volume of 50 uL. The mixture was shaken via vortexer to produce a clear
colourless solution which was then transferred to pointed base PCR plate. Mineral oil was
added around 200 pL on top of the mixture and the plate was covered by plate seal, and
placed in LED array setup, which was contain in an incubator to maintain a temperature
of 37 °C. The solution was then exposed to 405 nm light for 2 h, resulting in the solution

turning opaque and milky white.
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Photo-PISA
P H CN S ~ H CN s
XN Ny ~ps s ™ XN NNy~ A s s
12 9 2 0
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Scheme 4.1. Synthesis of DNA—polymer conjugates by photo-PISA.

In order to study the DNA hybridization of the particle surface, a 10 mM MgCl. in 1XTAE
solution was used as a buffer to provide optimal DNA hybridization conditions. The
surface hybridisation of nano-objects formed using different ratios of ssDNA and
PHPMA containing diblock copolymers was investigated. Nanopure water (177 or 159
pL) was added into MgCl2 (2 uL, 1M), nano-object solution (1 pL, 100 mg/ml), TAE (20
pL, 10x) to prepare the particle solution under buffered condition (10 mM) in 1.5 mL
tube. The tube was shaken at room temperature at least 30 min and then transferred to a
DLS microcuvette. DLS was used to investigate particle size and size dispersity.
Subsequently, varying systematic amounts of cDNA (100 pM) was added to the
centrifuge tubes, containing the nano-objects with varying ratios of sSDNA. The
centrifuge tube was shaken at room temperature for at least 30 min before investigation

by DLS, TEM and confocal microscopy.

Hybridization chain reaction (HCR) study

The HCR reaction was performed under the same conditions for the free sSDNA and for
the ssDNA containing nano-object systems. Before performing HCR, hairpinl (H1) (50
UM, 5 pL) and hairpin2 (H2) (50 uM, 5 pL) were incubated at 95 °C for 2 min then
guenched at -20 °C for 1 min. The initiator (1) (0.2 eq), H1 (varied eq.), and H2 (varied
eg.) were added to the ssSDNA or ssDNA containing nano-object systems (10 uM, 1 eq)

under 10 mM MgClz in 1xTAE condition in a 1.5 mL tube at room temperature for 30
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min. The ssDNA samples were analyzed by native PAGE. ssDNA containing nano-object

systems were also analysed by DLS, TEM, Cryo-TEM and confocal microscopy.

Table 4.1. List of ssDNA-copolymer nanoparticles obtained from RAFT aqueous

dispersion photo-PISA and summary of characterization data

Targeted | Actual | Convers.2 Mhn P Dr¢ Morpho-
Sample PwmP PD¢
DP Dp2 (%) (kg-mol™?) (nm) logy®
DNA — PHPMA00 400 320 ~80 123 15 90 | 0.12 S
90% DNA-PHPMAuq0 400 288 ~712 108 1.9 | 219 | 042 | S+LR+V
50%DNA—- PHPMA 00 400 385 ~96 137 15 | 154 | 0.04 Vv
10%DNA]-PHPMA00 400 356 ~89 54 15 | 186 | 0.09 Vv
PEG113— PHPMAu400 400 352 ~88 68 14 | 459 | 0.03 Vv

2 Calculated from *H NMR spectroscopy (400 MHz) in deuterated MeOD.

b Determined by DMF SEC with poly(methyl methacrylate) (PMMA) standards.

¢ Determined by DLS using z-average data.

d Determined by TEM. S = Spheres, LR = Lumpy Rod, and V = Vesicle.
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Extinction coefficient

CCTCAAGAAAGAATGC

Name DNA sequence (5’- 3’)
(L (mole:cm)?)
SSDNA14 TGTAGCGTTGTTGC 128,400
SSDNA14-NH> /ISAMMC12/ TGTAGCGTTGTTGC 128,400
cDNA GCAACAACGCTACA 139,600
TAMRA- cDNA /56-TAMN/GCAACAACGCTACA 168,700
ncDNA TGTAGCGTTGTTGC 128,400
| GAGGAGGGCAGCAAACGGGAAGAGTCTTC 496,900
CTTTACGGCAACAACGCTACA ,
/56-TAMN/

TAMRA-I GAGGAGGGCAGCAAACGGGAAGAGTCTTC 526,000
CTTTACGGCAACAACGCTACA
CGTAAAGGAAGACTCTTCCCGTTTGCTGCC

H1 CTCCTCGCATTCTTTCTTGAGGAGGGCAGC 677,600
AAACGGGAAGAG
GAGGAGGGCAGCAAACGGGAAGAGTCTTC
H2 CTTTACGCTCTTCCCGTTTGCTGCCCTCCTC 678,200
AAGAAAGAATGC
[FAM/GAGGAGGGCAGCAAACGGGAAGAGT
FAM-H2 CTTCCTTTACGCTCTTCCCGTTTGCTGCCCT 688,200
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——100% DNA
——90% DNA
——50% DNA
——10% DNA
0% DNA

- - -PEG-mCTA

Retention time (min)

Figure 4.1. SEC RI traces of PEG-macroCTA (dot line) and the DNA/PEG polymer
conjugates (solid lines) as measured by DMF GPC using polymethylmethacrylate

(PMMA) calibration standards.

Figure 4.2. Cryogenic transmission electron microscopy (Cryo-TEM) images of a) DNA
— PHPMAG00, b) 50%SSDNA1s — PHPMA400, and ¢) PEG113— PHPMA4oo assign the

copolymer morphology.
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Figure 4.3. Transmission electron microscopy (TEM) images of a) and b) 90%DNA-

PHPMAu00 and c) 10% DNA-PHPMAuqo diblock copolymer.
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Figure 4.4. Dynamic light scattering (DLS) of mixed DNA and PEG based objects with

different percentages of DNA in the corona a) 100% DNA, b) 90% DNA, c) 50% DNA,

d) 10% DNA, and €) 0% DNA.
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Figure 4.5. TEM images of a) DNA-PHPMAuqo particles and b) 50%DNA-PHPMA400

particles aggregated when salt/TAE buffer was added.

PEG,3-PHPMA,,,

chA-TAMRA b) 50%DNA-PHPMA c) s el At
+c -

Figure 4.6. Confocal images of hybridization studying which a) TAMRA-cDNA, b)
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- HCR

Figure 4.7. Native poly(acrylamide) gel electrophoresis (10%) of hybridization chain

reaction (HCR) study utilizing the ssDNA (SC). The ratios of initiator’s concentration to

hairpin DNA’s concentration (I:H) were 1:1, 1:2, and 1:10 with a constant final

concentration of 5 uM hairpin DNAs. H1 and H2 do not hybridize before triggered by I,

so no reaction is observed (lane 5). HCR products are only formed when I is present (lane

6). Effect of I:H ratio on HCR amplification (Lanes 7-9): three different ratios of I:H

(1:1, 1:2, and 1:10) in a 5 uM mixture of sSSDNA(SC), I, H1 and H2 were tested. Before

mixing, H1 (50 uM, 10 pL) and H2 (50 uM, 10 pL) were incubated at 95 °C for 2 min

then quenched at -20 °C for 1 min.
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[0.5DNA+0.5PEG,;]-PHPMA 0+ I-TAMRA

Figure 4.8. Confocal images of hybridization chain reaction studying of 50%DNA -

PHPMA,,+ TAMRA-L
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Figure 4.9. Fluorescence intensity analysis at different HCR Cycles. The presented
values were calculated for each particle using the CLSM images from Figure 3g-j,

obtained through ImageJ analysis of the CLSM images in the green channel.
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Figure 4.10. 'H-NMR spectra of different mole fractions of DNA/PEG polymer

conjugates in MeOD

195



Chapter 4

4.5. References

1. Mai, Y.; Eisenberg, A., Self-assembly of block copolymers. Chemical Society
Reviews 2012, 41 (18), 5969-5985.

2. Luckerath, T.; Koynov, K.; Loescher, S.; Whitfield, C. J.; Nuhn, L.; Walther,
A.; Barner-Kowollik, C.; Ng, D. Y. W.; Weil, T., DNA-Polymer Nanostructures by
RAFT Polymerization and Polymerization-Induced Self-Assembly. Angew Chem Int Ed
Engl 2020.

3. Warren, N. J.; Armes, S. P., Polymerization-Induced Self-Assembly of Block
Copolymer Nano-objects via RAFT Aqueous Dispersion Polymerization. Journal of the
American Chemical Society 2014, 136 (29), 10174-10185.

4. Yang, L.; Liang, M.; Cui, C.; Li, X.; Li, L.; Pan, X.; Yazd, H. S.; Hong, M.;
Lu, J.; Cao, Y. C.; Tan, W., Enhancing the Nucleolytic Resistance and Bioactivity of
Functional Nucleic Acids by Diverse Nanostructures through in Situ Polymerization-
Induced Self-assembly. Chembiochem 2021, 22 (4), 754-759.

5. Bi, S.; Yue, S.; Zhang, S., Hybridization chain reaction: a versatile molecular tool
for biosensing, bioimaging, and biomedicine. Chemical Society Reviews 2017, 46 (14),
4281-4298.

6. Huang, J.; Wu, Y.; Chen, Y.; Zhu, Z.; Yang, X.; Yang, C.J.; Wang, K.; Tan,
W., Pyrene-excimer probes based on the hybridization chain reaction for the detection of
nucleic acids in complex biological fluids. Angew Chem Int Ed Engl 2011, 50 (2), 401-4.
7. Liu, P.; Yang, X.; Sun, S.; Wang, Q.; Wang, K.; Huang, J.; Liu, J.; He, L.,
Enzyme-free colorimetric detection of DNA by using gold nanoparticles and

hybridization chain reaction amplification. Anal Chem 2013, 85 (16), 7689-95.

196



Chapter 4

8. Hou, T.; Li, W.; Liu, X.; Li, F., Label-Free and Enzyme-Free Homogeneous
Electrochemical Biosensing Strategy Based on Hybridization Chain Reaction: A Facile,
Sensitive, and Highly Specific MicroRNA Assay. Anal Chem 2015, 87 (22), 11368-74.

9. Jeong, J. H.; Kim, S. W.; Park, T. G., Novel Intracellular Delivery System of
Antisense Oligonucleotide by Self-Assembled Hybrid Micelles Composed of DNA/PEG
Conjugate and Cationic Fusogenic Peptide. Bioconjugate Chemistry 2003, 14 (2), 473-

479.

197



Supporting Information

Surface hybridization chain reaction of binary mixture DNA-
PEG corona nanostructures produced by low-volume RAFT-

mediated photopolymerization-induced self-assembly.

Siriporn Chaimueangchuen,’ Jennifer Frommer,” Calum T. J. Ferguson,” and Rachel K.
O’Reilly™f
TSchool of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

*Corresponding Authors: r.oreilly@bham.ac.uk (R.K.O.R.)

S1



Experimental Procedure
Chemicals

Poly(ethylene glycol) methyl ether (average Mn=5,000 g mol-1, PEG-OH), carbon
disulfide (anhydrous, >99%), glucose oxidase from Aspergillus niger (100 000-250 000 U/g),
sodium ethanethiolate, N,N’-dicyclohexylcarbodiimide (99%, DCC), 4-
(dimethylamino)pyridine (=98%, DMAP), were purchased from Sigma Aldrich and used
without further purification. lodine, D-Glucose, Diethyl ether, dichloromethane (DCM), and
Magnesium chloride (MgCl,) were purchased from Fisher Scientific. Ethyl acetate was
purchased from VWR Chemicals. 2-Hydroxypropyl methacrylate (mixture of isomers, 98%,
HPMA) was purchased from Alfa Aesar and was passed through a column of basic alumina
to remove inhibitor prior to use and stored at 4 °C. Dry solvents used in the experiments were
obtained by passing over a column of activated alumina using an Innovative Technologies
solvent purification system. Formvar-coated copper grids were purchased from EM
Resolutions. SYBR™ Gold Nucleic acid gel stain (10,000X concentrate in DMSO) was
purchased from ThermoFisher. Tris-acetate-EDTA (TAE) buffer was purchased from Sigma-
Aldrich and contains 0.4 M Trisacetate and 0.01 M EDTA. Oligonucleotides were purchased
from Integrated DNA technologies, Inc. and resuspended in 18 MQ H,O to a concentration of
100 uM or 1 mM before use. Concentrations were calculated from the absorbance values at

260 nm using the reported extinction coefficients.
Methods

'H-NMR spectra were recorded at 400 MHz on a Bruker DPX-400 spectrometer using
methanol-d4 (CD;0D) as the solvent. Chemical shifts of protons are reported as ¢ in parts per
million (ppm) and are relative to tetramethylsilane (TMS) at 6 = 0 ppm when using solvent

residual peak (CH;OH, 6 = 3.31 ppm).

Reversed Phase High Performance Liquid Chromatography (RP-HPLC) analysis of
oligonucleotides was performed on a modular Shimadzu instrument with the following
modules: CBM-20A system controller, LC-20AD solvent deliver module, SIL-20AC HT
autosampler, CTO-20AC column oven, SPD-M20A photodiode array UV-Vis detector, RF-
20A spectrofluorometric detector and a FRC-10 fraction collector. Chromatography was
performed on a Waters XBridge™ OST C18 2.5 uM column heated to 60 °C. Flow rate was
set at 0.8 mL min! using buffers A and B: buffer A, 0.1 M tricthylammonium acetate
(TEAA, pH 7.0), in a 95:5 mixture of H,O and acetonitrile; buffer B, 0.1 M TEAA (pH 7),
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30:70 mixture of H,O and acetonitrile. The buffer gradient for analysis and purification was
1% buffer B for 5 minutes, 1% to 30% B over 15 minutes, 30% to 95% B over 5 min, 95% to

1% B over 1 min and finally 1% B for 3 min.

Liquid Chromatography-Mass Spectrometry (LC-MS) analysis of oligonucleotides
was performed on an Agilent 1200 HPLC system coupled to a Bruker AmazonX high
resolution ion trap, in negative ion mode. The desalted oligonucleotide samples were eluted
through a XBridge oligonucleotide BEH C18 column (130 A, 2.5 pm, 4.6 x 50 mm) using a 5
vol% MeOH, 10 mM ammonium acetate (buffer A) and a 70 vol% MeOH, 10 mM
ammonium acetate (buffer B) solvent system at 0.8 mL/min flow. The data was processed
using Compass Data Analysis (Bruker) v.4.1 software, and the MaxEnt integrated
deconvolution algorithm. Alternatively, LCMS analysis was performed on a Waters
ACQUITY UPLC system coupled to a Xevo G2-XS QToF mass spectrometer in negative ion
mode. The oligonucleotides were eluted through an AQUITY UPLC oligonucleotide BEH
C18 column (130A, 1.7 um, 2.1 x 50 mm) using a 75 mM triethylammonium acetate (TEAA,
pH 7.0) solution in H,O (buffer A) and a 75 mM TEAA solution in MeCN (buffer B) at 60
°C and a 0.2 mL/min flow. Leucine enkephalin was used as the reference for the LockSpray
correction. The raw continuum data was deconvoluted to produce zero charge mass spectra

using ProMass HR for MassLynx (Novatia) software.

Gel Electrophoresis - Native polyacrylamide gel (10%) was prepared by mixing 2.5
mL 30% 29:1 acrylamide:bisacrylamide, 4.25 mL H,0, 0.75 mL 10xTAE, 75 pL 10% (w/v)
ammonium persulfate (APS), and 7.5 pL tetramethylethylenediamine (TEMED). Different
percentage gels were prepared by varying the proportions of acrylamide and water. After
removing well combs, wells were rinsed with running buffer (1xTAE) using a pipette before
loading 2 pL samples typically diluted to 200 nM in loading buffer (1XTAE, 50% glycerol).
Native polyacrylamide gels were run at room temperature in 1xXTAE buffer at 180 V using a
vertical nucleic acid electrophoresis cell connected to a PowerPack basic power supply
(BioRad). Samples were combined with 20% loading buffer (0.05% bromophenol blue, 25%
glycerol, 1x TAE) prior to running. Non-fluorescent DNA was stained using a 1:1000
aqueous SYBR® Gold nucleic acid gel stain (ThermoFisher) and visualized using a BioRad
ChemiDoc™ MP Imaging system. The images were processed using ImageLab software v

6.0.1.

S3



1 x TAE buffer consisted of 40 mM Tris-acetate and | mM EDTA. 1 x TAE buffer
consisted of 10 mM Tris-HCI and 1 mM EDTA. The native loading buffer consisted of 25 %
glycerol and 0.05 % bromophenol blue in 1 x TAE buffer, and was diluted five-fold before

use.

Size exclusion chromatography (SEC) analysis was performed on a system composed
of'a Varian 390-LC-Multi detector suite equipped with a Varian Polymer Laboratories guard
column (PLGel 5 uM, 50 x 7.5 mm), two Mixed-C Varian Polymer Laboratories columns
(PLGel 5 uM, 300 x 7.5 mm) and a PLAST RT auto-sampler. Detection was conducted using
a differential refractive index (RI) and an ultraviolet (UV) detector set to A =309 nm. The
mobile phase used was DMF (HPLC grade) containing 5 mM NH4BF4 at 50 °C at a flow rate
of 1.0 mL min-1. Poly(methyl methacrylate) (PMMA) standards were used for calibration.

Molecular weights and dispersities were determined using Cirrus v3.3 SEC software.

Zeta potential was measured by the technique of microelectrophoresis, using a Malvern
Zetasizer Nano ZS instrument, at room temperature at 633 nm. All reported zeta potential values
were the average of at least three runs with at least 40 measurements recorded for 3 runs. Zeta
potential was calculated from the corresponding electrophoretic mobilities (LE) by using the

Henry’s correction of the Smoluchowski equation (LE = 4x €0 er  (1+xr)/67 ).

Hydrodynamic diameters (Dy) of particles were determined by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne 633 nm laser
module operating at 25 °C. Measurements were carried out at an angle of 173° (back
scattering), and results were analyzed using Malvern DTS 7.03 software. All determinations
were repeated 4 times with at least 10 measurements recorded for each run. Dy, values were
calculated using the Stokes-Einstein equation where particles are assumed to be spherical,
while for cylindrical particles DLS was used to detect multiple populations and obtain

dispersity information.

Static Light Scattering (SLS). For the particles in deionized water, light scattering
data was collected over the whole angular range, 30 < 8 < 50° with the sample maintained at
25°C. Autocorrelation functions calculated by the ALV LSE-5004 correlator unit were
recorded at each (0, c¢) and the REPES algorithm was used to determine relaxation times, ©(6,
¢). The data set 1(6, ¢) was then analyzed to estimate the mean translational diffusion
coefficient according to the Stokes-Einstein equation. An empirical measurement was made

of the refractive index increment for the polymer in deionized water using a differential
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refractometer, model DnDc1260 supplied by PSS GmbH. The light scattering experiments
were conducted at 0.01, 0.02, 0.05, 0.10 and 0.20 mg-mL-! to account for concentration
effects. Following Andersson ef al.!, a Zimm plot was constructed using the Debye method
(Equation 1 and Equation 2) to determine the R, of the nanoparticles. To do this, the Ry/Kc
versus g data were plotted and a third order polynomial model was used to extrapolate g —
0. The fit’s intercept provided the molecular mass according to light scattering (Mys) while
the slope at g> = 0 can be utilized to retrieve R, at the different concentrations. A first order

model was utilized for the ¢ — 0 extrapolation yielding R, and M; s (Table S5).

RO MRg*
Re=—3 4 M)
d R6/Kc MRg?
a—qZ:_ 3 (2)

The mean translational diffusion coefficient (D,,,) was calculated from the relaxation times at
each angle, ©(0, c) determined from the autocorrelation functions at each angle (6, ¢) by the
REPES algorithm. The Stokes-Einstein equation was used to determine the hydrodynamic
radius (Ry) of the particles. The R,/Ry, ratio gives information about the inside of the spherical
particle. A value of 1 indicates a hollow sphere with all the mass in the outer shell (i.e.
vesicle). The 50%DNA-PHPMA 4, nanoparticles have a Ry/Ry, ratio of 1.02. The aggregation
number (M, ;.o/Mys) was calculated to be 2.73 x 103 which is in line with a vesicle

morphology.?

Transmission Electron Microscopy (TEM) analysis was performed on a JEOL 2100
electron microscope at an acceleration voltage of 200 kV. All samples were diluted with
deionized water and then deposited onto formvar-coated copper grids. After roughly 1 min,
excess sample was blotted from the grid and the grid stained with an aqueous 1 wt% uranyl

acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis.

Cryogenic Transmission Electron Microscopy (Cryo-TEM) imaging was performed
on a JEOL JEM-2100 plus microscope operating at an acceleration voltage of 200 kV.
Samples for cryo-TEM were prepared on lacey carbon grids (EM Resolutions). After 200-
fold dilution with deionized water, 8 pL of sample were deposited onto the grid followed by
blotting for approximately 5 s and plunging into a pool of liquid ethane, cooled using liquid
nitrogen in order to vitrify the samples. Then, transfer into a pre-cooled cryo-TEM holder

using liquid nitrogen, was performed prior to the microscopic analysis.

S5



Confocal Laser Scanning Microscopy (CLSM) was performed on FV3000 (Olympus)
confocal microscope and the 60x oil lens was used for imaging. Images were acquired using
the 488 nm (green channel) and the 561 nm (red channel) excitation wavelengths. Freshly
prepared and purified solutions of FAM-H2 (green-emitting dye), TAMRA-¢DNA (red-
emitting dye) and mixed 50% DNA 4-PHPMA 499 copolymer nano-objects at 100-fold
dilution were deposited on a glass slide before imaged by CLSM. Images were processed
using cellSens (Olympus) and Image] image processing software. The LAD-1 LED array
driver was purchased from Bio Research Centre Co., Ltd. The array was composed of 96 405
nm LEDs which each output a light power of 20 mW at 13.5 V when measured with an LMP-
100 light power sensor (sensor area: 5.5 mm x 4.8 mm), placed directly above an array LED.
For the Thermomixer setup, the LED-array was suspended over the sample holder via a
clamp stand. For the Incubator setup the LED-array was placed upon a shaker plate, face up
with a 96-microwell plate placed directly upon it, into which 150 uL eppendorfs containing

sample were placed.
Experimental Procedures

Synthesis of 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid
(CEPA)

4-Cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid chain transfer agent
(CEPA CTA) was synthesized according to a previously described process.? Sodium
ethanethiolate (10.0 g, 0.119 mol, 1 eq) was suspended in 500 mL of dry diethyl ether at 0
°C. Carbon disulfide (7.74 mL, 0.131 mol, 1.1 eq) was subsequently added dropwise over 10
min, resulting to the formation of a thick yellow precipitate of sodium S-ethyl
trithiocarbonate. After 2 h of stirring at room temperature, solid iodine (15.1 g, 0.059 mol, 0.5
eq) was added to the reaction medium. After 2 h, the solution was washed three times with
aqueous sodium thiosulfate (1 M), water and finally saturated NaCl solution. The organic
layer was thoroughly dried over MgSO, and the crude bis-(ethylsulfanylthiocarbonyl)
disulfide was then isolated by rotary evaporation (16.0g, 0.058 mol, 98%).

A solution of bis-(ethylsulfanylthiocarbonyl) disulfide (16.0 g, 0.058 mol, 1 eq) and
4,4'-azobis(4-cyanopentanoic acid) (ACVA) (24.5 g, 0.087 mol, 1.5 eq) in 500 mL of ethyl
acetate was heated at reflux for 18 h under N,(g) atmosphere. Following rotary evaporation
of the solvent, the crude CEPA was isolated by column chromatography using silica gel as

the stationary phase and 75:25 DCM-petroleum ether as the eluent. The isolated product was

S6



precipitated out of solution by using hexane leaving a yellow-light orange solid. The final
product was collected and dried under reduced pressure to afford pure CEPA CTA (10.95 g,
0.042 mol, 36%). 'H-NMR (400 MHz, CDCl3): & (ppm) 3.35 (q, 2H, S-CH,-CH3), 2.38-2.71
(m, 4H, CH,-CH,), 1.89 (s, 3H, C(CN)-CH3), 1.36 (t, 3H, S-CH,-CHj3;). *C-NMR (100 MHz,
CDCl): 6 (ppm) 216.6 (Cc), 176.9 (Ci), 118.9 (Cf), 46.2 (Cd), 33.5 (Cg), 31.4 (Cb), 29.5
(Ch), 24.9 (Ce), 12.8 (Ca). FT-IR (neat): v (cm™!) 1709 (C=0), 1073 (C=S) ), 810 (C-S). HR-
MS: m/z [CoH3NO,S;+Na]* calc. 286.0001 g mol-!, found 286.0001 g mol-!.

S
-+ i) CS,, 0 °C, Et,0
2 /\S Na e SJL s’ S
i) 1,, 25 °C, 2 h, Et,0 S
S S CN
4, 4’-azobhis(4-cyanovaleric acid) OH
S Ethyl acetate, reflux, N,, overnight 0

Scheme S1. Synthesis of CEPA-CTA.

Synthesis of poly(ethylene glycol);13-CEPA macro-CTA (PEG;;3 macroCTA)

PEG 3 macroCTA was synthesized according to a previously reported method with
slight modification.* Poly(ethylene glycol) methyl ether (average M,=5,000 g mol"!, PEG;3-
OH) (4.75 g, 0.98 mmol, 1 eq) was dissolved in 150 mL of dry DCM. The resulting solution
was then purged with Ny(g) for 30 min. After complete dissolution, CEPA CTA (1 g, 3.8
mmol, 4 eq), DCC (392 mg, 1.9 mmol, 2 eq) and DMAP (23 mg, 0.19 mmol, 0.2 eq) were
added to the reaction mixture. The esterification reaction proceeded with stirring at room
temperature for 18 h under continuous Ny(g) flow. After this period, further DCC (392 mg,
1.9 mmol, 2 eq) and DMAP (23 mg, 0.19 mmol, 0.2 eq) were added to the reaction mixture
and then stirred at room temperature for an additional period of 6 h under continuous N,(g)
flow. The solution was then filtered to remove unreacted DCC and DMAP. The product was
collected by 5 times of precipitation using cold diethyl ether as non-solvent, redissolved in
deionized water and dialyzed against nanopure water using a 1,000 kDa MWCO membrane
for 1 day (yield = 58%). The received PEG,3 macroCTA solution was lyophilized to give a
light yellow powder as the final product (2.90 g, 0.55 mmol, 58%)."H-NMR (400 MHz,
CDCls): 6 (ppm) 4.25 (m, 2H, CO,-CH,), 3.44-3.82 (m, 2H, CH;0), 3.36 (s, 3H, O-CHj),
3.34 (q, 2H, CH;3-CH>), 2.64 (m, 2H, CH,-CO,), 2.34-2.56 (m, 2H, C(CN)-CH_), 1.87 (s, 3H,
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CH;-C(CN)), 1.35 (t, 3H, CH;3-CH,). SEC (5 mM NH,BF, in DMF, A = 309 nm) M, = 4.97
kg mol™!, Dy =1.17.

'(O\/i?s” . M JL DCC, DMAP {O /\‘}O M J'L

Dry DCM, RT, overnight, N,

Scheme S2. Synthesis of PEG;;3 macroCTA.

Synthesis of ssDNA;4 macroCTA by solution approach

Amine-modified oligonucleotide (ssDNA4,-NH;) (1 mM, 1 pl, 1 eq.) was mixed with
borate buffer pH 7.5 (45 ul), then mixed with CEPA (0.5 M, 20 uL, 500 eq.), EDC-HCI (1
M, 10 pl, 500 eq), NHS (1 M, 10 ul, 500 eq), and DIPEA (1 M, 10 pul, 500 eq) in DMF at 21
°C 400 rpm overnight. Residual chemicals were removed via ethanol precipitation by adding
300 vol% ethanol to the reaction mixture and incubating the samples at -20 °C for 6 hours.
After centrifugation at 15000 rpm for 30 min at 4 °C the supernatant was removed, and the
DNA pellet washed with ice-cold 70% ethanol followed by a repeated centrifugations using
the same settings as described above. The supernatant of the washing solution was removed

and the DNA pellet was dried on air.

CEPA, EDC-HCI, NHS, DIPEA CN S

WWO NH, WW
(\/);2 Borate buffer/DMF (1:1) ‘n’vi‘

Scheme S3. Synthesis of ssDNA 4 macroCTA by solution approach.

Synthesis of ssDNA 4 macroCTA by solid support approach

250 uL of DEAE Sepharose suspension was used as solid support and pipetted into an
empty Glen Research column housing and washed with 20 ml of H,O followed by 12 ml of
DEAE binding buffer (10 mM acetic acid and 0.005% Triton X-100) using a syringe. The
DNA-NH, (10 uM, 1 ml, 1 eq) was loaded onto the column after dissolving in 1 ml of DEAE
binding buffer. The column was then washed with 3 ml of DEAE binding buffer, followed by
I mL of H,O and 4 ml of DMF to switch the solvent system from water to DMF. At least 50
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nmol of oligonucleotide can be loaded onto one 250-uL. DEAE Sepharose column. The
activated ester solution was composed of CEPA (0.5 M, 100 pL, 500 eq), EDC-HCI (1M, 50
pL. 500 eq), NHS (1 M, 50 uL. 500 eq), and DIPEA (1 M, 50 pL. 500 eq) in solvent (DMF)
and was incubated at 21 °C for 30 min before use. The CEPA active ester solution was
loaded onto the solid support column in 1 ml of DEAE bind buffer and incubated for 10 min.
After the reaction was completed, the column was washed with 4 ml of the reaction solvent
(DMF) followed by 3-5 ml of DEAE binding buffer. Finally, the DNA was eluted with 4 ml
of DEAE elution buffer (1.5 M NaCl, 50 mM Tris-HCI [pH 8.0], and 0.005% Triton X-100)
using a syringe. Product formation was verified via LC-MS: m/z [C159H211N50091P14S3-
-H] calc. 4807.900 g mol-1, found 4807.314 g mol-'.

i) DEAE bind buffer

ii) CEPA, EDC-HCI, NHS,DIPEAin DMF
iii) DEAE elute buffer H CN S

AV Va Vo Vet WWOHN‘Q/\/'\S)LSA

Scheme S4. Synthesis of ssDNA 4, macroCTA by solid support approach.

Synthesis of DNA—Polymer Conjugates by Photopolymerization-Induced Self Assembly

ssDNA 4;-macroCTA (250.5 pL, 20 mg/mL, 1 eq) was added in a centrifuge tube
containing HPMA (2.5 mg for 5%w/w, 5 mg for 10%w/w, 200,300,400 eq). Then, glucose
solution (6 pL, 0.84 M), nanopure water (8.4 uL) and GOx solution (8 pL, 12.5 uM) were
added into the mixing vial, respectively, resulting in a total volume of 50 uL. The mixture was
shaken via vortexer to produce a clear colourless solution which was then transferred to pointed
base PCR plate. Mineral oil was added around 200 uL on top of the mixture and the plate was
covered by plate seal, and placed in LED array setup, which was contain in an incubator to
maintain a temperature of 37 °C. The solution was then exposed to 405 nm light for 2 h,

resulting in the solution turning opaque and milky white.

Photo-PISA
H CN S ~ ) H CN s
X NN Ny~ As s PV Ve Va VoL trstts~
12 0 v 2.0 g
+ N s 405 nm, 37 °C, 2 h, water + N s
y '(‘o’\‘):)3 sHs~ y (‘0’\‘},?31(\4\ s A
0 o o~
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Scheme S5. Synthesis of DNA—Polymer Conjugates by Photopolymerization-Induced Self
Assembly.
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In order to study the DNA hybridization of the particle surface, a 10 mM MgCl, in
IXTAE solution was used as a buffer to provide optimal DNA hybridization conditions. The
surface hybridisation of nanoobjects formed using different ratios of ssDNA and PHPMA
containing diblock copolymers was investigated. Nanopure water (177 or 159 uL) was added
into MgCl, (2 uL, 1M), nanoobject solution (1 uL, 100 mg/ml), TAE (20 pL, 10x) to prepare
the particle solution under buffered condition (10 mM) in 1.5 mL tube. The tube was shaken
at room temperature at least 30 min and then transferred to a DLS microcuvette. DLS was
used to investigate particle size and size dispersity. Subsequently, varying systematic
amounts of cDNA (100 uM) was added to the centrifuge tubes, containing the nanoobjects
with varying ratios of ssDNA. The centrifuge tube was shaken at room temperature for at

least 30 min before investigation by DLS, TEM and confocal microscopy.
Hybridization chain reaction (HCR) study

The HCR reaction was performed under the same conditions for the free ssDNA (SC)
and for the ssDNA containing nanoobject systems. Before performing HCR, hairpinl (H1)
(50 uM, 5 pL) and hairpin2 (H2) (50 uM, 5 uL) were incubated at 95 °C for 2 min then
quenched at -20 °C for 1 min. The initiator (I) (0.2 eq), H1 (varied eq.), and H2 (varied eq.)
were added to the ssDNA (SC) or ssDNA containing nanoobject systems (10 uM, 1 eq) under
10 mM MgCl, in 1XTAE condition in a 1.5 mL tube at room temperature for 30 min. The
ssDNA samples were analyzed by native PAGE. ssDNA containing nanoobject systems were

also analysed by DLS, TEM, Cryo-TEM and confocal microscopy.
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Table S1. List of ssDNA-copolymer nanoparticles obtained from RAFT aqueous dispersion

Photopolymerization-Induced Self Assembly and Summary of Characterization Data

Targeted | Actual | Conversion? M,P D¢ Morpho-
Sample Dy PD¢
DP DP2 (%) (kg.mol!) (nm) logy4
DNA — PHPMA 490 400 320 ~80 123 1.5 90 | 0.12 S
90% DNA-PHPMA 4 400 288 ~72 108 1.9 | 219 | 042 | S+LR+V
50%DNA—- PHPMA 4 400 385 ~96 137 1.5 | 154 | 0.04 A%
10%DNA]-PHPMA 499 400 356 ~89 54 1.5 186 | 0.09 \Y
PEG;3— PHPMA 4y 400 352 ~88 68 1.4 | 459 | 0.03 A%

a Calculated from "H NMR spectroscopy (400 MHz) in deuterated MeOD.
b Determined by DMF SEC with poly(methyl methacrylate) (PMMA) standards.
¢ Determined by DLS using z-average data.

d Determined by TEM. S = Spheres, LR = Lumpy Rod, and V = Vesicle.
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Table S2. DNA sequences

Name

DNA sequence (5’- 3°)

Extinction coefficient

(L (mole-cm)™1)

CCTCAAGAAAGAATGC

ssDNA 14 (SC) TGTAGCGTTGTTGC 128,400
ssSDNA 1,-NH, /5AmMC12/ TGTAGCGTTGTTGC 128,400
cDNA GCAACAACGCTACA 139,600
cDNA-TAMRA /56-TAMN/GCAACAACGCTACA 168,700
ncDNA TGTAGCGTTGTTGC 128,400
1 GAGGAGGGCAGCAAACGGGAAGAG 196,900

TCTTCCTTTACGGCAACAACGCTACA ’

/56-TAMN/

I-TAMRA | GAGGAGGGCAGCAAACGGGAAGAGTCTTC 526,000
CTTTACGGCAACAACGCTACA
CGTAAAGGAAGACTCTTCCCGTTTG

HI CTGCCCTCCTCGCATTCTTTCTTGAGGAGG 677,600
GCAGCAAACGGGAAGAG
GAGGAGGGCAGCAAACGGGAAGAGTCTTC
H2 CTTTACGCTCTTCCCGTTTGCTGCCCTCCTC 678,200
AAGAAAGAATGC
/FAM/GAGGAGGGCAGCAAACGGGAAGAGT
H2-FAM CTTCCTTTACGCTCTTCCCGTTTGCTGCCCT 638,200
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Figure S1. RP-HPLC chromatograms of DNA macroCTA synthesized by solution method
(blue line), solid support method (red line) using NH,-ssDNA as a starting material (black solid
line). The chromatograms were investigated at detector wavelength 309 nm (dash line) and
detector wavelength 260 nm (solid line). Products eluted with a gradient of buffer A, 0.1 M
triethylammonium acetate (TEAA), in a 95:5 mixture of H,O and acetonitrile and buffer B, 0.1
M TEAA, in a 30:70 mixture of H,O and acetonitrile.

S14



—— 100% DNA
——90% DNA
—— 50% DNA
—— 10% DNA
0% DNA

- - -PEG-mCTA

Retention time (min)

Figure S2. GPC traces of PEG-macroCTA (dot line) and the DNA/PEG polymer conjugates
(solid lines) as measured by DMF GPC using polymethylmethacrylate (PMMA) calibration

standards.

200 nm

5 200 nm

Figure S3. Cryogenic transmission electron microscopy (Cryo-TEM) images of a) DNA —
PHPMA4()0, b) 50%SSDNA14 — PHPMA400, and C) PEG113— PHPMA400 assign the copolymer
morphology.
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Figure S4. Transmission electron microscopy (Cryo-TEM) images of a) and b) 90%DNA —
PHPMA 4oy and b) 10% DNA — PHPMA 4 diblock copolymer.
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Figure SS. Dynamic light scattering (DLS) of mixed DNA and PEG based objects with

different percentages of DNA in the corona a) 100% DNA, b) 90% DNA, c) 50% DNA, d)
10% DNA, and e) 0% DNA.



Figure S6. TEM images of a) DNA-PHPMA 4 particles and b) 50%DNA-PHPMA 4 particles
aggregated when salt/TAE buffer was added.
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Figure S7. Confocal images of hybridization studying which a) TAMRA-cDNA, b) 50%DNA-

PHPMA,, and ¢) PEG,,;-PHPMA -+ TAMRA-cDNA.
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Figure S8. Native poly(acrylamide) gel electrophoresis (10%) of hybridization chain reaction
(HCR) study utilizing the ssDNA (SC). The ratios of initiator’s concentration to hairpin
DNAs’ concentration (I:H) were 1:1, 1:2, and 1:10 with a constant final concentration of 5
uM hairpin DNAs. H1 and H2 do not hybridize before triggered by I, so no reaction is
observed (lane 5). HCR products are only formed when I is present (lane 6). Effect of I: H
ratio on HCR amplification (Lanes 7-9): three different ratios of I: H (1:1, 1:2, and 1:10) in a
5 uM mixture of ssDNA(SC), I, H1 and H2 were tested. Before mixing, H1 (50 uM, 10 uL)
and H2 (50 uM, 10 pL) were incubated at 95 °C for 2 min then quenched at -20 °C for 1 min.
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Figure S9. Confocal images of hybridization chain reaction studying of 50%DNA - PHPMA,,
+ I-TAMRA.
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Figure S10. Fluorescence intensity analysis at different HCR Cycles. The presented values
were calculated for each particle using the CLSM images from Figure 3g-j, obtained through
ImagelJ analysis of the CLSM images in the green channel.
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Figure S12. "H-NMR spectrum of PEG;3-macroCTA in CDCl;,
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The overall aim of this thesis was to develop low-volume reversible addition-
fragmentation chain transfer (RAFT)-mediated photoinitiated polymerization-induced
self-assembly (photo-PISA) for the synthesis of DNA-corona polymeric nanostructures.
The DNA-polymer nanoparticles were achieved by using a poly(ethylene glycol)
macromolecular chain transfer agent (PEGi13-macroCTA), a deoxyribonucleic acid
macromolecular chain transfer agent (DNA-macroCTA), and 2-hydroxypropyl

methacrylate (HPMA) monomer.

Chapter 1 introduced polymer and DNA self-assembly, discussed various polymerization
methodologies, including reversible addition-fragmentation chain transfer (RAFT)
polymerization and polymerization-induced self-assembly (PISA), and delved into the
topics of photo-PISA and low-volume PISA. A brief overview of the DNA
nanotechnology, DNA assembly, and DNA-polymer hybrids was presented including a
discussion on the important method of achieving morphology and size control

nanostructures.

Chapter 2 explored the optimal conditions for low-volume RAFT-mediated photo-PISA,
employing a PEG113-macroCTA and HPMA as the core-forming monomer. Two methods
(nitrogen glove bag and enzyme-mediated method) were investigated. Here, the reaction
was conducted in a 50 uL volume using pointed base PCR plates with final concentrations
of 2 uM glucose oxidase (GOx), and 0.1 M glucose was identified as the optimal
condition with reasonable reaction time, conversion, particle size, and dispersity of
polymerization. In contrast, the nitrogen glove bag method yielded low conversion and
showed irreproducibility. We therefore undertook further investigations such as the study
of the phase diagram of PEG113-b-PHPMAx which revealed higher-order morphologies

with increased DP or solid contents.
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In Chapter 3, DNA-macroCTA was utilized as a macroCTA in the optimal low-volume
RAFT-mediated photo-PISA under enzyme-assisted degassing from Chapter 1. This
chapter was divided into two parts, each focusing on the source of synthesizing DNA-
macroCTA i.e., from the Sleiman group and from our group. Part I, DNA-macroCTA
from the Sleiman group, synthesized a series of DNA-polymer conjugates derived from
HPMA monomers, resulting in high conversion, narrow molecular weight distributions,
and narrow particle size distributions. Moreover, the resulting DNA particles were further
studied by screening effect from salt, hybridization capability, and functionalization with
a fluorescent complementary DNA (cDNA) and imaged by confocal fluorescence
microscopy to clearly confirm both hybridization and the presence of DNA on the particle
surface. Part Il of this chapter focuses on the synthesis of high-purity DNA-macroCTA,
as impurities in the DNA-macroCTA can have a large impact on the actual DP of
secondary polymer blocks. Part Il demonstrates that the synthesis of DNA-macroCTA
using solid support methods resulted in high purity, a high yield, and scalability without
the requirement for HPLC purification, rendering it a more suitable method when
compared to the in-solution method. Nonetheless, the DNA-polymer nanoparticles
obtained from high-purity DNA-macroCTA were not stable in salt solutions i.e., MgCl,
which prevented the study of hybridization under the same conditions as in Part I. The
aggregation and deformation of DNA-polymer particles caused by Mg?* inspired the idea
of conducting photo-PISA in a salt solution. Interestingly, the results demonstrated a
transition in morphologies to higher-order structures, including spherical micelles, short
wormlike micelles, long wormlike aggregates, and large rodlike aggregates with hollow

cavities, as the salt concentrations increased.

In Chapter 4, the combination of PEG-macroCTA and DNA-macroCTA was investigated

to facilitate morphological transitions in the mixed corona of DNA and PEG particles.
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The lower DNA proportion on the corona results in reduced electrostatic repulsion on the
particle surface, leading to the formation of higher-order morphologies, such as vesicles,
and enhancing stability of nanoparticles in salts and buffer solutions. Furthermore, the
utilization of hybridization and hybridization chain reaction (HCR) was explored with the

mixed corona of PEG and DNA particles.

Compared to the 1 mL benchmark PISA reaction, the low-volume PISA reaction
minimizes the usage of high-cost DNA-macroCTA. This low-volume method has the
potential to produce reproducible diblock copolymer nanoparticles and DNA-decorated

nanoparticles through a simple one-step photoPISA reaction.

Further research efforts may be directed towards exploring their potential applications in
the fields of drug delivery and DNA nanotechnology. The selectivity and
programmability of DNA, the variety of functional cDNAs or hairpin DNAs, and the
stability of vesicular particles produced through PISA could serve as a potent and easily
synthesized tool in drug delivery and various bio-related applications. Given the
programmable surfaces of these assemblies on particles, they could also serve as a
valuable tool for investigating biologically relevant interactions. An intriguing concept
that arises is the utilization of a binary mixture of corona DNA-PEG nanoparticles to
carry drugs to the targeting point where a drug has released precisely in the body.
Utilizing the HCR concept, functional hairpins like aptamer cDNA designed for cancer
cells could be incorporated into the particles. This would enable the particles to target
specific cells capable of hybridizing or interacting with the aptamer. Potential directions
of exploration could include their utilization in the investigation of self-assembled
systems that respond to various stimuli, such as light or changes in pH. In the scenario
where the responsive corona was modified with dyes exhibiting a solvochromatic shift or

a hydration-dependent ON/OFF fluorescence response, these particles could potentially
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be employed to detect changes in physiological conditions. The next stages of exploring
the therapeutic potential of these particles would involve evaluating their in vivo
biodistribution and assessing cell toxicity and the stability of particles within cells.
Moreover, if therapeutic proteins are encapsulated within the particles, it would be

intriguing to investigate the therapeutic proteins process.

224



