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Abstract

Thermoresponsive polymers are used to produce nanoparticles or nanoaggregates for a wide range
of applications such as nanomedicine. However, low-toxicity, thermoresponsive polymers such as
methacrylate polymers with short oligo(ethylene glycol) side chains are not readily applicable to the
synthesis of nanoaggregates with both spherical and nonspherical morphologies. Here we report the
synthesis of a low-toxicity, thermoresponsive copolymer, P(DEGMA-co-HPMA), and describe its
application in the RAFT-mediated emulsion polymerization of styrene as a means to produce
nanoparticles with tuneable morphology (sphere, cylinder, vesicle and lamella). These
nanoaggregates offer considerable potential as a novel platform for the next generation of

nanotherapeutics with improved efficacy.

Keywords: Thermoresponsive polymers, nanoaggregates, nonspherical morphology, shape of

nanoparticles, toxicity, RAFT, nanomaterials, nanomedicine, and packing parameter.
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Introduction

Polymeric nanoparticles or nanoaggregates hold great promise for improving diagnostic and
therapeutic efficacy as well as reducing off-target accumulation and side effects.'” Since the first
clinical approval of nanoparticles for cancer drug delivery in 1995, a vast array of nanocarriers for
both diagnostic and therapeutic applications has been engineered.*® Nevertheless, despite a great
deal of effort, only a handful of nanotechnology-based therapeutic products are approved for
clinical use.”!" Due to the biological complexity and diversity of cancers and other diseases,
nanocarrier platforms still need substantial improvements for the effective delivery of therapeutics
with minimal side effects.'*'? As such the reliable synthesis of biocompatible nanoaggregates with

tuneable morphologies and adaptable surface chemistries is of great interest.'*'°

Morphology or shape plays a crucial role in influencing circulation time, biodistribution, cellular
uptake, intracellular trafficking and overall efficacy of nanocarriers.'”'® In particular, nonspherical
nanoaggregates such as cylinders (or “worm-like nanoparticles”, (WLN)) and lamella (i.e., self-
assembled polymeric membrane) exhibit longer circulation time than spherical nanoparticles.'!
The prolonged circulation of these nonspherical nanoparticles results in higher accumulation of
therapeutics at the targeted site of diseases (e.g., larger amounts of anticancer drugs in tumor),
thereby increasing drug efficacy and leading to fewer side effects.””* In addition, nonspherical
nanoparticles have been shown to penetrate through the cell membrane, escape from endosomal
compartments, and localise in the cell nucleus.?"*>?® On the other hand, spherical nanoparticles
have exhibited an enhanced rate of cell uptake when compared to their nonspherical counterparts.27'
3% Taken together, shape of a nanoaggregate significantly impacts its pharmacokinetics and the
likely utility of a nanotherapeutic formulation. Therefore, the synthesis of nanoaggregates based on

low-toxicity materials with both spherical and non-spherical shape would represent a significant

tool for both understanding nano-bio interactions and improving nanotherapeutic efficacy.
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Thermoresponsive polymers, an important class of the so-called “smart” materials, have been
widely employed as a component of amphiphilic copolymers for the synthesis of nanoparticles with
various morphologies.>'?* As a typical example, amphiphilic block copolymers incorporating
poly(N-isopropyl acrylamide) (PNIPAM) with hydrophobic polystyrene (PS), or hydrophilic
poly(N,N-dimethyl acrylamide) have been showed to form both spherical and non-spherical
nanoaggregates.*> Significantly, spherical shape has been most commonly obtained when using
these amphiphilic block copolymers. To form rarer nonspherical nanoparticles in water, PNIPAM
diblock copolymers have been synthesized by reversible addition fragmentation chain transfer
(RAFT) polymerisation in solution or emulsion, followed by a separate self-assembly or
morphological transition step.**** PNIPAM is the most studied thermoresponsive polymer for the
formation of nanoparticles in water. It displays a cloud point temperature (7, the temperature at
which there is a solution transition from transparent to opaque reflecting a change from soluble
chains to aggregates) in water around 32 °C (i.e., below and close to human body temperature).
This T¢, is relatively insensitive to environmental conditions.*** However, PNIPAM has been
shown to have appreciable toxicity and undergoes problematic interactions with proteins.***’
Therefore, novel classes of low-toxicity and thermoresponsive polymers are being developed as an

alternative to PNIPAM for biomedical applications.“&49

Recently, thermoresponsive methacrylate and acrylate polymers having short oligo(ethylene glycol)
side chains have been found to possess properties which are comparable with, and in some cases
superior to, PNIPAM.>*>? In particular, Lutz et al. have reported an interesting thermoresponsive
polymer, poly(di(ethylene glycol) ethyl ether methacrylate) (PDEGMA).”*”* PDEGMA has a lower
critical solution temperature (LCST, the lowest T¢,) in water around 28 °C that can be tuned to 32
°C (i.e., similar to PNIPAM) by the random copolymerization of DEGMA with 5 mole percent of
oligo(ethylene glycol) methacrylate.”>® Increasing the molar ratio of oligo(ethylene glycol)
methacrylate to DEGMA leads to further increases in the LCST of these copolymers.”’” Moreover,

the phase transition of PDEGMA exhibits no noticeable hysteresis (i.e., heating and cooling cycles
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are roughly comparable) due to the nature of its weak intermolecular associations.”® Importantly,
PDEGMA and its copolymers are low-toxicity, antifouling, and as such have been successfully used
to replace PNIPAM in a number of biomedical applications.’”* However, to date PDEGMA and all
other thermoresponsive methacrylate polymers having short oligo(ethylene glycol) side chains have

not been explored for the synthesis of biocompatible nanoaggregates with tuneable morphology.

Herein, we report the synthesis of a low-toxicity, thermoresponsive polymer based on PDEGMA,
and a hydrophilic monomer N-(2-hydroxypropyl) methacrylamide (HPMA), P(DEGMA-co-
HPMA), and its use in the RAFT-mediated emulsion polymerization of styrene to produce
nanoaggregates with various morphologies in water. Five thermoresponsive P(DEGMA-co-HPMA)
copolymers were synthesized by judiciously selecting the compositions and polymerization
conditions. The thermoresponsive behaviour and toxicity of these novel copolymers were
subsequently studied. Kinetics of the RAFT-mediated emulsion polymerization of styrene using the
P(DEGMA-co-HPMA) copolymer as a macro-molecular chain transfer agent (macro-CTA) was
investigated. This emulsion polymerization technique was then exploited to produce three
P(DEGMA 9-co-HPMAg)-b-PS, diblock copolymers suitable for the formation of nanoaggregates

with various morphologies in water.

Experimental Section

Materials

Ethanethiol (97%), carbon disulfide (>99.9%), p-toluenesulfonyl chloride (>99%), thiazolyl blue
tetrazolium bromide (MTT, 98%), sodium dodecyl sulfate (SDS, >99%), and dimethyl sulfoxide
(>99.9%, anhydrous) were purchased from Sigma-Aldrich and used as received. Potassium
hydroxide (pellet, AR grade) was obtained from ChemSupply and used as received. Di(ethylene
glycol)  methyl ether  methacrylate = (DEGMA, 95%, Sigma-Aldrich), N-(2-

hydroxypropyl)methacrylamide (HPMA, Polysciences) and styrene (>99%, Sigma-Aldrich) were
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passed through a column of basic alumina (activity I) to remove inhibitor prior to use. 4,4'-
Azobis(4-cyanopentanoic acid) (ACPA, 98%, Alfa Aesar) and azobisisobutyronitrile (AIBN) were
recrystallized twice in methanol prior to use. MilliQ water (resistivity > 18.2 MQcm'l) was
generated using a Millipore MilliQ Academic Water Purification System. All other chemicals and

solvents used were of at least analytical grade.

Synthesis of chain transfer agent (CTA), 4-cyano-4-(ethylthiocarbonothioylthio)pentanoic acid

(ECT). The synthesis of ECT was carried out as previously described.®*

Synthesis of macro-molecular chain transfer agents (macro-CTAs), P(DEGMA-co-HPMA)-
SC(=S)SC,Hs All polymerizations were carried out in 25 mL vials equipped with a magnetic stir
bar. Five macro-CTAs each incorporating a different molar percentage of HPMA (A1-AS5) were
synthesized by varying the initial ratio of HPMA to ECT. A typical polymerization to synthesize
macro-CTA (A3) was as follows: DEGMA (1.75 g, 9.30 x 10° mol), HPMA (0.667 g, 4.65 x 10°
mol), ECT (61 mg, 2.32 x 10 mol), and ACPA (5.2 mg, 1.86 x 10 mol) were dissolved in DMSO
(10 mL, anhydrous). The vial was sealed with a rubber septum and the solution was deoxygenated
by sparging with nitrogen for 30 min at room temperature (23 °C). After polymerizing for 7 h at 70
°C, the reaction was cooled to 0 °C by immersing the vial in an ice bath and exposed the solution to
air. A 50 pL aliquot of the solution was sampled to determine conversion by 'H NMR. The solution
was then dialyzed against acetone (200 mL) for 1 h to remove DMSO using a dialysis membrane
with molecular weight cut-off of 3.5 kDa. The polymer was recovered by precipitating into a large
excess of a diethyl ether / petroleum ether mixture (2:1 v/v), after which the precipitated polymer
was isolated by centrifugation and redissolved in acetone. This purification process was repeated
three times. The product was dried under high vacuum for 24 h to give a sticky yellow solid (0.78 g,

yield 53%).

Cell viability assay. Cell viability in presence of the macro-CTA A3 was determined using an MTT

assay. HT1080 fibrosarcoma cells were seeded onto a 96-well plate at an initial density of 5 x 10°
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cells per well in 100 pLL of DMEM containing 10% FBS and were then incubated at 37 °C and 5%
CO, for 24 h. The macro-CTA A3 was dissolved in DMEM containing 10% FBS by vortexing for
10 min. The medium in each well was removed and replenished with 100 pL of fresh DMEM
medium containing 10% FBS along with different concentrations of the macro-CTA A3. The plates
were then incubated for 48 h at 37 °C and 5% CO,. The cells were then rinsed with 100 pL of fresh
medium, followed by the addition of 10 uL of MTT solution (5 mg/mL). The purple crystals were
allowed to form for a further 4 h at 37 °C, after which 100 pL of DMSO was added to dissolve the
crystals. The absorbance at 570 nm was measured for each well using a microplate reader. The
experiments were performed in triplicate, and relative cell viability was calculated as the percentage
viable compared to control cells in DMEM medium containing only 10% FBS (i.e., without the

addition of macro-CTA A3).

RAFT-mediated emulsion polymerization of styrene in water at 70 °C using P(DEGMA;9-co-
HPMA4)-SC(=S)SCoHs as macro-CTA. All emulsion polymerizations were carried out in 10 mL
Schlenk tubes equipped with a magnetic stirrer. Different chain lengths of polystyrene block were
synthesized by changing the ratio of styrene to the macro-CTA A3 (i.e., 30, 60, and 90 to 1). A
typical polymerization was as follows: Macro-CTA A3 (100 mg, 1.50 x 10 mol), and SDS (2.0
mg, 7.0 x 10 mol) were dissolved in MilliQ water (4 mL) in a Schlenk tube. The tube was sealed
with a rubber septum and the solution was deoxygenated by sparging with nitrogen for 25 min at
ambient temperature, and then heated to 70 °C for 5 min to form a latex under a nitrogen
atmosphere. AIBN (1.0 mg, 6.0 x 10 mol) was dissolved in styrene (0.4 mL) in a 1.5-mL vial. The
vial was sealed with a rubber septum and the solution was deoxygenated by sparging with nitrogen
for 10 min at room temperature prior to use. After 30 min, a portion of the deoxygenated styrene
(0.1 mL, 9.0 x 10 mol) was added into the Schlenk tube using a gas-tight syringe to start the
polymerization. After 4 h stirring at 70 °C and 700 rpm, the emulsion polymerization was stopped
by exposing the latex to air at 70 °C. For the kinetic study, approximately 0.1 mL of the emulsion

was sampled periodically during the polymerization using a gas-tight syringe. These samples were
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used to evaluate conversion (by 'H NMR), and molecular weight (by SEC) as a function of reaction

time.

Formation of nanoparticles with different morphologies from hot latexes after the RAFT-
mediated emulsion polymerization of styrene. 0.5 mL aliquots of hot latex from the Schlenk tube
were transferred to 1.5-mL vials each having a different amount of toluene (i.e., 10 uL, 20 pL, 40
ML, 80 pL). These vials were sealed, vortexed for 2 seconds, and then slowly cooled to room
temperature (23 °C) over 24 h by leaving these vials sit on the bench. To remove residual styrene
and the toluene and SDS additives, the latex was dialyzed against water (100 mL x 8) for 72 h using
a dialysis membrane with molecular weight cut-off of 12 kDa. To cut long WLN into short WLN by
ultrasound, the WLN solution was cooled to 0 °C in an ice bath, and cut into short nanorods using
an ultrasound probe (1.6 mm microtip, Q125, Qsonica) with a pulse sequence of 15 seconds on and

15 seconds off at 30% amplitude for a total of 5 min.

Characterization Techniques

"H Nuclear Magnetic Resonance (NMR). All NMR spectra were recorded on a Bruker Advance 111
400 MHz spectrometer using an external lock and referenced to the residual nondeuterated solvent.
A mixture of deuterated acetone and deuterated chloroform (5:5 v/v) was used in the analysis of
conversion of the emulsion polymerizations by 'H NMR.

Size Exclusion Chromatography (SEC). SEC analyses of polymer samples were performed using a
Shimadzu modular system comprising a DGU-12A degasser, an SIL-20AD automatic injector, a 5.0
um bead-size guard column (50 x 7.8 mm) followed by three KF-805L columns (300 x 8 mm, bead
size: 10 pm, pore size maximum: 5000 A), a SPD-20A ultraviolet detector, and an RID-10A
differential refractive-index detector. The temperature of columns was maintained at 40 °C using a
CTO-20A oven. The eluent was N, N-dimethylacetamide (HPLC grade, with 0.03% w/v LiBr) and

the flow rate was kept at 1 mL/min using a LC-20AD pump. A molecular weight calibration curve
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was produced using commercial narrow molecular weight distribution polystyrene standards with
molecular weights ranging from 500 to 2 x 10° g mol™. Polymer solutions at approx. 2 mg mL"
were prepared and filtered through 0.45 pm filters prior to injection.

Dynamic Light Scattering (DLS). Cloud point temperature (7.,) was identified by a sudden change
in particle size using DLS.®*” Dynamic light scattering measurements were performed using a
Malvern Zetasizer Nano Series running DLS software and operating a 4 mW He-Ne laser at 633
nm. Analysis was performed at an angle of 173° and a constant temperature of 25 °C. The sample
refractive index (RI) was set at 1.59 for polystyrene. The dispersant viscosity and RI were set to
0.89 Ns.m™ and 1.33, respectively. Macro-CTAs (Al to A5, 10 mg) were dissolved in cold MilliQ-
water (1 mL) by vortexing for 10 min. The measurements were carried out by slowly increasing the
temperature from 15°C to 60 °C using Standard Operating Procedures function of the DLS
software. The samples were incubated for 5 min at each temperature prior to measurement.
Transmission Electron Microscopy (TEM). TEM images were recorded without staining using a
Tecnai F20 or Tecnai F30 transmission electron microscope at an accelerating voltage of 200 kV at
ambient temperature. A typical TEM grid preparation was conducted as follow: a 2 pL aliquot of a
0.1 wt% solution was dropped onto a Formvar-film copper grid (GSCul00F-50, Proscitech), after

which samples were allowed to dry under air.

Results and discussion

Synthesis of thermoresponsive macro-CTAs. A series of five P(DEGMA-co-HPMA)-
SC(=S)SC,Hs copolymers with different proportions of HPMA (A1-AS5) were synthesized by
RAFT-mediated solution polymerization in anhydrous DMSO for 7 h at 70 °C (see Table 1 and
Scheme 1A). PDEGMA was chosen as the main component of this novel series due to its
aforementioned excellent thermoresponsive, antifouling properties and biocompatibility. The
hydrophilic component used for tuning the 7, of these thermoresponsive copolymers was HPMA

because the biocompatibility of PHPMA has been clinically tested; and the pendant hydroxyl
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functionality group can be used for subsequent bioconjugation.”* " ECT was selected as CTA for
the synthesis of these copolymers for a number of reasons: it has high stability in water, it is
suitable for controlling the RAFT polymerization of a wide range of monomers (e.g., methacrylates,
styrenics, etc.), and it possesses a relatively low-toxicity trithiocarbonate end group.3 LTLT2 1
addition, using a CTA with a trithiocarbonate functional group in the RAFT-mediated
polymerization of HPMA led to higher conversion (43%) compared to using a CTA with a
dithiobenzoate (6%), under otherwise identical conditions.” It is worth noting that all three
components of the novel polymers are well tolerated and commercially available. Table 1 shows the
feed ratios and characterization of all five macro-CTAs. The relatively low dispersities (P < 1.2),
and the symmetrical, unimodal molecular weight distributions (MWDs, see Fig. 1A) of all
copolymers synthesized indicates the ‘“controlled” characteristics expected under the RAFT
mechanism. The number-average molecular weights (M,) obtained using SEC were higher than
those expected from theoretical calculations because of differences in the hydrodynamic volume of
the polystyrene standards used for SEC calibration and that of the macro-CTAs.** The molar
percentages of HPMA units in the copolymers were varied from 0% to 34% by simply changing the
feed ratios of HPMA to ECT. The presence of HPMA units in the copolymer and the molar ratio to
DEGMA was further confirmed by 'H NMR (see Fig. 1B). These five copolymers incorporating
different molar percentages of HPMA were used to establish the relationship between the
hydrophilic repeating unit content and the T¢, of the copolymers. In short, five well-defined

copolymers were successfully synthesized by carefully selecting both components and

polymerization conditions.
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Table 1. SEC and 'H NMR data for the RAFT polymerization of DEGMA and HPMA with

different molar percentage of HPMA (A1-A5) at 70 °C in DMSO for 7 h using ACPA as initiator.

SEC* '"H NMR
lt/?;er [DE(:;Il\éléai][:I-IIII;MA] M, » Conversion (%) Repeating unit (n) % . Mn,themyg
(g/mol) DEGMA’ HPMA® DEGMA’ HpMA® HPMA (g/mol)
Al 480:480:12:1 11,200 1.15 83 43 33 17 34 8,898
A2 480:360:12:1 10,000 1.14 87 47 35 14 29 8,845
A3 480:240:12:1 8,800 1.16 72 32 29 6 17 6,573
A4 480:120:12:1 8,400 1.18 72 30 29 3 9 6,144
AS 480:0:12:1 8,100 1.16 78 0 31 0 0 6,091

* SEC data measured in DMAc + 0.03 wt% of LiBr solution and using PS standards for calibration.
Conversions of DEGMA were calculated by the integral area of a peak at 6.0 ppm (I5¢) and a peak in the
range 3.9-4.2 (I50.4,) using the following equation: Conversion of DEGMA = 100 x 2 X Iy / T304, ©
Conversions of HPMA were calculated by the integral area of a peak at 5.3 ppm (I5 ;) and a peak in the range
4.6-4.7 (144.47) using the following equation: Conversion of HEAA =100 x I53/ I, 5.47. d Repeating units of
DEGMA were calculated using the following equation: n = conversion / 100 x [DEGMA] / [ECT]. ¢
Repeating units of HPMA were calculated using the following equation: n = conversion /100 x [HPMA] /
[ECT]. T o4 HPMA were calculated using the following equation: % HPMA = 100 x ngpma / (Npeoma +

Npma)- * My meory Were calculated using the following equation: M, seory = Nprgma X 188 + nppya X 143 + 263.

0
A ~_S SNO ACPA \/s
TS( CN o O DMSO, 70°C Yy
HN o] HN\/O /Og
OH 0 OH
2’
6 o]
B\/s s . AIBN, SDS “_S._S
T y X oN OH Water, 70°C r . y OH
OH [o) /g
°5 %

Scheme 1. (A) Synthesis of P(DEGMA-co-HPMA)-SC(=S)SC,Hs macro-CTAs. (B) RAFT-

mediated emulsion polymerization of styrene in water.
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Figure 1. (A) MWDs of P(DEGMA-co-HPMA)-SC(=S)SC,Hs macro-CTAs with different molar
ratios of HPMA (A1-A5) polymerized at 70 °C in DMSO for 7 h. (B) 'H NMR of macro-CTA A3

in DMSO-ds.

Cloud point temperature and in vitro toxicity of thermoresponsive copolymers. The well-defined
P(DEGMA-co-HPMA)-SC(=S)SC,;Hs copolymers were then examined for thermoresponsive
behaviour and in vitro toxicity. Firstly, the T¢, for these copolymers was determined by identifying
a sudden change in particle size using Dynamic Light Scattering (DLS).’ Interestingly, the T cp
linearly increased with the increasing content of HPMA which could be explained by the enhanced
hydrophilicity of its copolymers (see Fig. 2A). The ether oxygens in the di(ethylene glycol) units
form stabilizing H-bonds with water which compete with the hydrophobic effect of the carbon-

carbon backbone.™®™”> This competition creates a hydrophobic-hydrophilic balance (or
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amphiphilicity) and thermoresponsive behavior of PDEGMA. The incorporation of the hydrophilic
HPMA component to PDEGMA increases the mixing enthalpy of its copolymer and shifts the
balance to more hydrophilic.”®”” Thus, a higher temperature is needed to increase the Gibbs free
energy of mixing to a positive value (AGpixing > 0) and to change the solution behaviour of the
copolymer from water-soluble chains to aggregal‘ces.76’78 The linear relationship between 7, and the
hydrophilic component provides a useful handle for generating thermoresponsive P(DEGMA-co-
HPMA)-SC(=S)SC,Hs copolymers with tunable T¢,. Further, the 7, of these copolymers can be

easily predicted using equation 1.

Tep=28 1+ 0.7 x % HPMA (°C) (1)
where %HPMA is the molar percentage of HPMA in the copolymer; and T, is the cloud point
temperature of P(DEGMA-co-HPMA)-SC(=S)SC,Hs copolymer at specific molar percentage of

HPMA.

The aim of this work is to use the thermoresponsive P(DEGMA-co-HPMA)-SC(=S)SC,Hs as a
hydrophilic component or corona of nanoparticles at 37 °C (i.e., human body temperature).
Therefore, the macro-CTA A3 having T¢, of 40 °C was chosen for all further studies. In the next
phase of work, the in vitro cytotoxicity of the copolymer A3 was evaluated over a wide range of
concentration (from 1 pg/mL to 10 mg/mL) using an MTT assay. Although all three components of
the copolymer are well-tolerated, it is still necessary to confirm the low toxicity of the copolymer,
especially at a very high concentration of 10 mg/mL. Figure 2B shows that the P(DEGMA,9-co-
HPMA)-SC(=S)SC,Hs is well-tolerated across the range of tested concentrations. The cell viability
remained close to 100% compared to the control (without added copolymer), and only reduced to
about 80% at the extreme concentration of 10 mg/mL. The morphology of cells at this highest

concentration remained similar to that of the control (data not shown). In short, the
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thermoresponsive macro-CTA A3 is a very promising candidate for the synthesis of biocompatible

nanoaggregates with tunable morphologies.
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Figure 2. (A) Cloud point temperature (7¢,) of P(DEGMA-co-HPMA)-SC(=S)SC,Hs macro-CTAs
incorporating different molar percentages of HPMA (A1-AS5). (B) Relative cell viability values for
HT1080 cells evaluated by MTT assay after incubation with the macro-CTA A3 at various

concentrations for 48 h.

Kinetic study of RAFT-mediated emulsion polymerizations of styrene using thermoresponsive
macro-CTA A3. To test whether P(DEGMA9-co-HPMA)-SC(=S)SC,Hs can be used as a macro-
CTA for the RAFT-mediated emulsion polymerization of styrene, the kinetics of this

polymerization were first studied. It is important to note that we chose emulsion polymerization as a
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technique to synthesize the diblock copolymers with PS because of the following advantages: (i) the
polymerization is fast, (ii) the reaction proceeds to high conversion, (iii) there are minimal side
reactions, (iv) there is no use of organic solvents, and (v) the final product is a nanoparticle.* In
addition, PS is selected as the hydrophobic component in this work for the following reasons: (i) the
phenyl rings of PS provide high contrast in TEM characterization; (ii) the glassy styrenic cores

16,42 and

ensure that the morphologies of nanoaggregates are stable in both solution and dry state;
(ii1) nanoparticles with stable styrenic cores have previously been used for in vivo drug delivery
applications.'®** To conduct the emulsion polymerization (see Scheme 1B), the macro-CTA A3 was
first dissolved in MilliQ water with a small amount of added SDS. The concentration of SDS was
1.75 mM, well below its critical micelle concentration (8 mM); and hence, SDS could not self-
assembly into micelles.” After 25 min sparging with nitrogen, the solution of macro-CTA A3 was

80-82 The latex was then stirred at 70 °C

heated to 70 °C to form nanoaggregates stabilized by SDS.
for 5 min to ensure the majority of the macro-CTA chains self-assembled into nanoaggregates
before styrene was added to commence the emulsion polymerization. Noteworthy, deoxygenating
styrene in a separate vial ensured the precise amount of styrene at the start of the polymerization.**
Table S1 and Figure 3 summarize the polymerization kinetics, as characterized by "H NMR, and
SEC. The reaction was nearly complete (i.e., conversion reached 95%) after only 4 h (see Fig. 3A).
The accelerated rate of this reaction is a typical feature of emulsion polymerization due to
compartmentalization or confined space effect.”* The excellent agreement between the M,
determined by SEC and that predicted from theory (see Table S1), and the linear increase in M,
with conversion (see Fig. 3B) indicate the well-controlled character of the emulsion polymerization
under the RAFT mechanism. In addition, the MWDs shift to higher molecular weight with
increasing conversion, confirming a good “controlled” RAFT polymerization and successful chain
extension (see Fig. 3C). A small, high molecular weight shoulder appeared in the MWD after 3 h

and 4 h, which is likely caused by bimolecular coupling at very high conversion. That said, the

dispersities still remain relatively low (P < 1.21), which is very important for reproducibly yielding

Page 14 of 25



Page 15 of 25 Polymer Chemistry

uniform morphologies.'®®®  Altogether, these results suggest that P(DEGMA,o-co-HPMA)-

SC(=S)SC;,Hs is a suitable macro-CTA for the synthesis of thermoresponsive polystyrene diblock

copolymers via RAFT-mediated emulsion polymerization.
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Figure 3. (A) Kinetics plot, (B) molecular weight evolution, and (C) MWDs for the RAFT-mediated
emulsion polymerization of styrene in water at 70 °C using P(DEGMA;¢-co-HPMAg)-

SC(=S)SC;,Hs (A3) as macro-CTA and AIBN as initiator.

Synthesis of polystyrene diblock copolymers and formation of nanoaggregates with various
morphologies in water. Having confirmed that the thermoresponsive copolymer A3 is low-toxicity
and suitable for the RAFT-mediated emulsion polymerization of styrene, P(DEGMA,9-co-HPM Ag)-
b-PS, diblock copolymers were synthesized and applied for the formation of nanoparticles having
different morphologies (see Table 2). By appropriate variation of the ratio of styrene to macro-CTA,
three different molecular weight PS blocks (B1, B2, B3) were obtained after 3.5 h, 4 h, 4.5 h,
respectively. The polymerization time from B3 to Bl was reduced to minimize bimolecular
coupling at very high conversions (> 93%). Importantly, the high conversion is essential to
reproducibly produce nanoparticles with uniform morphologies because the presence of excess
styrene affects the formed morphologies. All three well-defined diblock copolymers have relatively
low dispersities and excellent agreement between the M, determined by SEC and that calculated
from "H NMR (see Table 2). The presence of phenyl ring protons in a typical "H NMR of B3 (see
Fig. S1) and the shift in the MWDs to higher molecular weights (see Fig. S2) confirm the success of
all three emulsion polymerizations. It is worthwhile to note that when using deuterated chloroform
for the '"H NMR of the diblock copolymers, all protons of the HPMA units do not appear in these
spectra due to low solubility of HPMA moieties in this solvent. As such, the repeating units of
styrene are calculated without the interference of overlapping peaks from HPMA. These repeating

unit values are further confirmed by those values estimated from SEC (see Table 2).

After successfully obtaining three P(DEGMA9-co-HPMAg)-b-PS, diblock copolymers as hot milky
solutions (70 °C), these latexes were slowly cooled to room temperature (23 °C, below the T, of
thermoresponsive copolymer A3) with or without added toluene. When cooling from 70 °C to room
temperature, the thermoresponsive block A3 changes in amphiphilicity (from hydrophobic to

hydrophilic, or aggregated to water-soluble), and hence drives the restructuring of the diblock
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copolymer assemblies to different morphologies (see Scheme 2).***! For example, Figure 4 shows
the restructuring from spherical nanoaggregates (with no added toluene) to long WLN (with 20 and
40 pL/mL of added toluene), a mixture of WLN and vesicles (with 80 uL/mL of added toluene),
and vesicles (with 160 uL/mL of added toluene). The morphology of spherical nanoaggregates with
no added toluene is similar to that at 70 °C (see Figure S3). While spherre (at 70 °C or with no
added toluene) is the typical shape of nanoaggregates with a DEGMA component, WLN is a rare
morphology that can only be observed in the presence of a plasticizer.84 Toluene was chosen as the
plasticizer to tune the morphology of P(DEGMAj9-co-HPMAg)-b-PS, copolymers due to its
suitable solubility parameter (3). The PS cores and toluene have very similar solubility parameters
(i.e., dps = 16.6—20.2, and Jioene = 18.2) leading to a large proportion of the added toluene being
sequestered in the PS cores and the increasing in the volume of hydrophobic chains (v).**
Equation 2 describes the packing parameter (p) which is widely used for the prediction and

explanation of diblock copolymer morphology.***

p=vlal (2)

where p is the packing parameter; v is volume of hydrophobic chains; a is effective interfacial area

at the hydrophobic-water interface; and / is the length of hydrophobic chains.

From this equation, an increase of v leads to a higher value of p and the morphological transition
from cylindrical to vesicle (see Fig. 4).”"’! A similar trend of temperature-induced morphological
transformation (i.e., cylindrical to lamella) was also observed for nanoaggregates derived from Bl
(see Fig. S4). Interestingly, the morphological transition of nanoaggregates derived from B3 is
different to that for those using B1 and B2. Figure 5 shows the transformation from large spheres

(diameter ~ 1.3 um, with no added toluene) to small spheres (diameter ~ 15 nm, with 20 and 40
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pL/mL of added toluene), a mixture of small spheres and short WLN (with 80 pL/mL of added
toluene), and long WLN (with 160 pL/mL of added toluene). While the transition from spherical
(with 20 and 40 pL/mL of added toluene) to cylindrical morphology (with 160 uL/mL of added
toluene) with increasing toluene is still associated with increasing of v and p for B3, the shapes of
nanoaggregates derived from B3 were different to those from B1 and B2 because of B3’s longer
hydrophobic chain length (/). For the same amount of added toluene (e.g., 40 uL/mL or 160
pL/mL), B3 has higher / and lower p than B1 and B2. Thus, the value of p for B3 shifts from ~ 1/3
(sphere) to ~ 1/2 (cylinder) while the value of p for Bl and B2 changes from ~ 1/2 (cylinder) to ~ 1
(vesicle or lamella).” It should be noted that at the concentration of 160 pL/mL, a very thin layer of
toluene is observed on the top of all latexes (Bl to B3) indicating that nanoparticle cores are

effectively saturated with added toluene.

Additionally, long WLN were successfully cut to short WLN using ultrasound, a technique first
reported by Winnik et al (see Fig. S5).* These short WLN may be more useful for drug and gene
delivery applications.'®*® Further, all morphologies produced from copolymers B1-B3 were
retained under dialysis for three days in water to remove impurities (i.e., toluene and SDS, see Fig.
S6 and S7). The excellent stability of these morphologies at room temperature is attributed to the
glassy PS cores (T, ~ 100 °C).” Interestingly, the latex of long WLN after dialysis was able to form
a free-standing physical hydrogel when heated to 50 °C (i.e., above the T¢, of A3), which is the
typical and useful property of long WLN (see Fig. S8).94 The morphology of long WLN is also
retained at 50 °C (see Figure S9). In summary, by manipulating the volume (v) and length (/) of
hydrophobic chains (through adding a plasticizer and controlling the degree of polymerization),
nanoaggregates with different morphologies were synthesized in water via the RAFT-mediated
emulsion polymerization and subsequent temperature-induced morphological transformation using

a low-toxicity, thermoresponsive P(DEGM A,9-co-HPMA)-SC(=S)SC,Hs.
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Table 2. "H NMR and SEC data of the RAFT-mediated emulsion polymerization of styrene in water

at 70 °C using AIBN as initiator and A3 as a macro-CTA.

'"H NMR SEC!
[Styrene] Time
Copolymer :[Macro- (h) Conv® M . M
CTA]:[I onv b n,theo n,SEC e
1:01] (%) Nsty,NmR (g mol) (g mol') Nsty sec b

Bl 30:10:1 35 93 24 11,317 11,300 24 1.19
B2 60:10:1 4.0 98 55 14,478 14,200 52 1.20
B3 90:10:1 4.5 97 78 16,954 17,100 80 1.25

* Conversions of styrene were calculated by the integral area of a peak at 5.7 ppm (I5 ;) and a peak in the
range 6.3-7.5 (I53.73) using the following equation: Conversion of styrene = 100 x 5 x 15,/ I53.7.3. b Repeating
units of styrene calculated from "H NMR of purified product (Nsrynvr) Were calculated by a peak in the
range 3.5-3.8 (I;5.;5) and a peak in the range 6.3-7.3 (I5..73) using the following equation: Nty nmr = l63.7.5 /
L3535 X 174/ 5.° My theory Were calculated using the following equation: M, heory = 104 X Nsry amr + 8,800. d
SEC data measured in DMAc¢ + 0.03 wt% of LiBr solution and using PS standards for calibration. °
Repeating units of styrene calculated from SEC (Nsrysgc) were calculated using the following equation:

Nstry sec= (M, sec— 8,800) / 104.

70°C

23°C

_

Scheme 2. Production of nanoaggregates with different morphologies in water from

thermoresponsive and low-toxicity P(DEGMAjo-co-HPMAg) by RAFT-mediated emulsion

polymerization of styrene, followed by temperature-induced morphological transformation.
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Figure 4. Representative TEM images of the latexes of diblock copolymer B2 in water after 4 h of
polymerization, and after adding different amounts of toluene (A) 0 uL/mL, (B) 20 uL/mL, (C) 40

uL/mL, (D) 80 uL/mL, (E) 160 pL/mL, and then cooling to room temperature (23 ° C) for 24 h.

Figure 5. Representative TEM images of the latexes of diblock copolymer B3 in water after 4.5 h of
polymerization, and after adding different amounts of toluene (A) 0 uL/mL, (B) 20 uL/mL, (C) 40

pL/mL, (D) 80 uL/mL, (E) 160 pL/mL, and then cooling to room temperature (23 ° C) for 24 h.
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Conclusion

Five well-defined thermoresponsive copolymers based on DEGMA and HPMA components were
successfully synthesized by RAFT-mediated solution polymerizations. The cloud point temperature
of these copolymers could be predictably tuned by changing the HPMA content. The P(DEGMA ;-
co-HPMAG)-SC(=S)SC,Hs is low-toxicity and suitable for the RAFT-mediated emulsion
polymerization of styrene. By regulating the amount of plasticizer and feed ratio of styrene to
macro-CTA, nanoaggregates with tunable morphologies were successfully produced in water. The
ability to produce nanoaggregates from low-toxicity materials with both spherical and non-spherical
shape will enable further fundamental studies of morphological effects on the interactions between
nanoparticles and biological systems. Moreover, these novel nanoparticles have high potential as a

platform for the next generation of nanotherapeutics with improved clinical outcomes.
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