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ABSTRACT

Methacrylate-based polymers are frequently used in the development of thermoresponsive smart materials for biomedical applications. Among all the routes to such
polymers, reversible addition fragmentation chain transfer (RAFT) copolymerisation is one of the most widely used. This paper reports the synthesis of thermor-
esponsive copolymers comprising oligo(ethylene glycol) methyl ether methacrylate with Mn of 300 (OEGMA3¢) and di(ethylene glycol) methyl ether methacrylate
(DiEGMA). Polymers of molecular weight up to 100 kDA were obtained via RAFT polymerisation, mediated by a dithiobenzoate chain transfer agent (CTA) at 70 °C.
An appropriate solvent, ratio of initiator to monomers, and minimum reaction polymerisation time were essential to provide optimum polymers. The synthesis of
homogenous p(OEGMA3go-co-DIEGMA) polymers with PDI of 1.1-1.2 was achieved in toluene with >10 h of reaction. Increasing the molecular weight of the p
(OEGMAg3(p-co-DiEGMA) polymers decreases the polydispersity index. p(OEGMA3go-co-DiEGMA) polymers with Mw of 50,000 Da were successfully synthesised with
lower critical solution temperatures (LCSTs) of 41.3 °C, 43.0 °C and >45 °C for OEGMA3((:DiEGMA molar ratios of 2:8, 3:7 and 4:6, respectively. Further, the LCST
was not found to be affected by the polymer molecular weight. The p(OEGMA300-co-DiEGMA) polymers showed no cytotoxicity to Caco-2 cells at a concentration of
1 mg mL™}, whereas a decrease of HDF cell viability by up to 26.5 % was seen. These polymers could be beneficial for several biomedical applications, such as

developing formulations for temperature-triggered drug delivery.

1 Introduction

Stimuli-responsive polymers change physically and/or chemically in
response to external stimuli, with examples including light, tempera-
ture, ultrasound and mechanical force [1]. Thermoresponsive polymers
(TRP) are designed such that at least one of their physico-chemical
properties depends on the solution temperature [2], and exhibit a
phase transition temperature at which a drastic change in the solubility
occurs. UCST (upper critical solution temperature) polymers are those
which are insoluble at lower temperature and undergo a phase transition
to become soluble upon reaching the critical temperature. Conversely,
polymers in aqueous solution which become insoluble upon heating
above a critical temperature are defined as exhibiting LCST (lower
critical solution temperature) behaviour [1,3]. Over the past decade, the
thermo-responsive properties of such polymers have been extensively
studied due to their potential applications in the biomedical and drug
delivery fields. Exemplar applications include nanogels [4,5], micro-
particles [6], tissue engineering [7]and nanoparticles [8,9].

Poly(N-isopropylacrylamide) (PNIPAM) is the most widely investi-
gated TRP, with an LCST transition at 32 °C - relatively close to
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physiological temperature [10,1,11,12,13]. However, non-reacted
NIPAM monomers and unwanted oligomers are found to be toxic to
cells [12,14], as well as being non-biodegradable in the body
[13,15,16]. There are thus some major drawbacks for biological appli-
cations. Recently, the alternative of poly(ethylene glycol methacrylate)
(PEGMA) systems has attracted researchers [14,17]. PEGMAs are
interesting due to their biocompatibility (both as monomers and poly-
mer structures), as well as their resistance to the absorption of proteins
[14]. PEGMA is principally constructed from poly(ethylene glycol)
(PEG; up to 85 % in weight), a polymer which has been commonly used
in pharmaceutical formulations and found to be non-toxic in vitro and in
vivo [18,19,20]. The molecular structure of the methacrylate monomers
used to construct PEGMA can be adjusted to provide a balance between
hydrophobic groups (from the polymer backbone) and hydrophilic
moieties (due to the ether oxygen of PEG on the branches), thus sta-
bilising hydrogen bonds with surrounding water molecules [17,21].
Methacrylate polymers with intermediate ethylene oxide side-chains (2
< ethylene oxide units < 10) exhibit LCST behaviour, with a higher
LCST obtained by using longer ethylene oxide side-chains [10,17]. The
thermosensitivity is thus tuneable by adjusting the ratio of the
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monomers that construct the polymer, as is the biodegradability. Hence,
PEGMA is a promising candidate for biological applications [17].

One of the most widely used polymerisation approaches is the RAFT
technique, a reversible deactivation radical polymerisation (RDRP)
process that provides continuous chain growth, giving a product with
low molar dispersity and high end group fidelity, and permitting access
to complex polymer architectures [22]. RAFT polymerisation allows the
controlled polymerisation of many monomers including (meth)acrylate,
(meth)acrylamide, styrene and vinyl monomers with an appropriate
choice of RAFT agent and reaction conditions [23,22,24]. However, to
date there are only a few examples of methacrylate polymers of high
molecular weight prepared by RAFT polymerisation. For instance, Becer
et al. [10] developed an oligo(ethylene glycol) methacrylate homopol-
ymer with Mn of 18 kDa and Constantinou et al. [25] synthesised
various methacrylate block-copolymers with Mw up to 12 kDa. In other
work, Emamzadeh et al. [8] developed thermoresponsive methacrylate
block-copolymers with Mw of 31 kDa. However, libraries of high-
molecular weight methacrylate copolymers beyond 60 kDa have not
been reported.

The synthesises of polymers comprising OEGMA3(o and di(ethylene
glycol) methyl ether methacrylate (DiEGMA) monomers have been re-
ported previously in the literature, and their thermo-responsive behav-
iour is well known [26,27,8,28]. For instance, Ramirez-Jiménez et al.
[29] evaluated the thermo-responsive behaviour of copolymers con-
sisting of OEGMA3(¢ and DiEGMA monomers at various chain length in
water and phosphate buffered saline (PBS). However, there is to date no
study on how the polymerisation system affects polymer synthesis up to
100 kDa molecular weights, and how the choice of solvent and experi-
mental conditions influences the product of such reactions. These con-
ditions are critical in the RAFT polymerisation process [24], and thus we
sought to develop more insight into them here.

The key objective of this work is to produce p(OEGMA)—co-DiEGMA
copolymers from oligo(ethylene glycol) methyl ether methacrylate with
Mn of 300 (OEGMAg3go) and di(ethylene glycol) methyl ether methac-
rylate (DIEGMA) monomers by RAFT polymerisation, utilising a sys-
tematically solvent study to produce TRPs with Mw up to 100,000 Da for
biomedical applications. DIEGMA and OEGMA3q, homopolymers have
LCSTs of ~ 26 °C and ~ 64 °C respectively, and these species were thus
chosen as monomers to construct a family of copolymers with tuneable
LCST. The kinetics of the polymerisation process, and physicochemical
characteristics and cytotoxicity of the resultant polymers were studied.

2. Materials and methods
2.1 Materials

Materials were sourced as follows: ethanol (Sigma-Aldrich), 1,4-
dioxane (Sigma-Aldrich), hexane (Sigma-Aldrich), toluene (Sigma-
Aldrich), acetonitrile (Sigma-Aldrich), 2,2,2-trifluoroethanol (TFE,
Sigma-Aldrich), N,N-dimethylformamide (DMF, Sigma-Aldrich), tetra-
hydrofuran (THF, Sigma-Aldrich), dichloromethane (DCM, Sigma-
Aldrich), 2,2-azobis(2-methylpropionitrile) (AIBN; 98 %, Sigma-
Aldrich), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA;
CTA/RAFT agent, Sigma-Aldrich), oligo(ethylene glycol) methyl ether
methacrylate with Mn of 300 (OEGMAj3, Sigma-Aldrich), di(ethylene
glycol) methyl ether methacrylate (DIEGMA; 98 %, Sigma-Aldrich),
deuterated chloroform (CDCls, Sigma-Aldrich), Dulbecco’s modified
Eagle’s medium containing 4500 mg/L D-glucose, L-glutamine, and 110
mg/L sodium pyruvate (DMEM-HG, Sigma-Aldrich), MEM non-essential
amino acid solution (Sigma-Aldrich), penicillin (10,000 U/ml) — strep-
tomycin (10,000 pg/ml) solution (Gibco by Life Technologies), heat
inactivated fetal bovine serum (FBS, Gibco by Life Technologies), the
human dermal fibroblast cell line (HDF, Life Technonologies), the
colorectal carcinoma cell line Caco-2 (HTB-37, ATCC®), phosphate
buffered saline tablets (PBS, VWR), 0.05 % trypsin-EDTA (Gibco by Life
Technologies). All the chemicals were used as received without further
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purification. All the solvents used were analytical grade.
2.2 Copolymer synthesis

Production of a statistical copolymer was performed by RAFT poly-
merisation. OEGMA3q9, DiEGMA, CPPA as the RAFT agent, AIBN
(initiator) and a solvent were mixed in a round-bottomed flask equipped
with a stirrer bar. The molar ratio of OEGMA30o:DiEGMA was varied at
2:8, 3:7 and 4:6, aiming to give a degree of polymerisation (DP) reaching
targeted M, of 25,000, 50,000 and 100,000 Da. A standard procedure for
laboratory scale solution polymerisation of p(OEGMA3o-co-DiEGMA)
copolymer was employed. Taking polymer P1 (Table 1) as a represen-
tative example, for the reaction a solution comprising OEGMA3qg (3.5
mmol), DIEGMA (14.0 mmol), AIBN (7.1 x 1073 mmol), CPPA (7.1 x
102 mmol) and 4 mL of toluene was prepared in a round-bottomed flask
equipped with stirrer bar. For other polymer syntheses, the amount of
OEGMA3gp used was 3.5 mmol except for P3 where 7.0 mmol of
OEGMAg30o was used. The solvent volume was 4.0 mL for all procedures.

In all cases, the round bottomed flask was sealed with a rubber
septum and degassed with argon for ca. 20 min. Polymerisation was
initiated by placing the degassed flask in an oil bath at 70 °C. Reaction
was allowed to proceed for a maximum of 20 h under magnetic stirring,
and then terminated by opening the polymer solution to the air and
placing the flask in cool water. The separation of unreacted monomers
from the polymer solution was undertaken by precipitation via drop-by-
drop addition into excess hexane (20 times the polymer solution vol-
ume). Finally, the precipitated polymer was dissolved in ethanol and
dried under reduced pressure.

2.3 Polymer characterisation

'H NMR spectra of the synthesised polymers were recorded using a
Bruker Ultrashield 400 MHz spectrometer. Samples of polymers were
prepared by dissolving 5 mg in 0.6 mL of deuterated chloroform
(CDCl3). For the kinetic study, 0.2 mL of the unpurified polymer solution
was added to 0.4 mL of CDCls. Two size exclusion chromatography
(SEC) instruments were used to measure the number-average molecular
weight (M,,), weight-average molecular weight (M,,) and polydispersity
index (PDI) of the polymers. The first was equipped with a solvent pump
(Viscotek VE 1121), a degasser (Viscotek VE 7510), a refractive index
(RI) detector (Viscotek VE 3580) and two Styragel columns (MGHHR-M
E0057 and MGHHR-M E0058). The system was calibrated with narrow
molecular weight poly(methyl methacrylate) polymers as standards,
and DMF used as the mobile phase. 100 pL of polymer solution in the
mobile phase (40 mg mL™!) was injected to the instrument at a rate of 1
mL min ! and the results presented as RI signal vs retention volume. The
second instrument consisted of a Polymer Labs PL50+ gel permeation
chromatography (GPC) system equipped with a differential RI detector
and autosampler. This instrument used Agilent Plgel mixed-D (300 x
7.5 mm) + Plgel (5 pm) guard columns. DMF containing 0.1 % w/v
lithium bromide was used as the mobile phase, with a flow rate of 1 mL
min™' at 50 °C. Calibration was performed using poly-
methylmethacrylate standards (Agilent EasyVials) between 2,220,000 —
700 g/mol. Measurements were performed using 100 pL of the polymer
solution in the mobile phase, giving a concentration of 2-5 mg mL ™.,

2.4 Determination of LCST

The synthesised polymer was dissolved in water or PBS (pH 7.4) at a
concentration of 5 mg mL™!. A volume of 200 L of each solution was
transferred into a 96-well-plate (Costar) and analysed with a
temperature-controlled plate reader (Spectramax M2e, Molecular De-
vices) at 550 nm over the temperature range from 25 to 45 °C, with
measurements taken every 1 °C. The well-plate was shaken for 1 min
prior to measurement at each temperature. Six independent samples
were investigated per polymer solution.
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2.5 Physicochemical characterisation

Fourier transfer infrared (FTIR) spectra were obtained in attenuated
total reflectance mode on a Perkin-Elmer Spectrum 100 instrument.
Spectra were collected over the range of 4000 — 650 cm ™" at a resolution
of 1 cm™!, with four scans collected. Differential scanning calorimetry
(DSC) studies were performed on a TA instruments Q2000 calorimeter.
Experiments were carried out with a temperature ramp of 10 °C min~!
under a 50 mL min~! flow of nitrogen. The sample mass was 2-5 mg per
measurement. For polymer analysis, the measurement was started by
cooling from room temperature to —70 °C, then heating to 110 °C, and
cooling again to —70 °C, all at a rate of 10 °C/min. The glass transition
temperature (Tg) was observed from the third segment (i.e., 110 °C to
—70 °C), as any solvents or impurities should have evaporated at in the
previous heating run. Thermogravimetric analysis (TGA) was conducted
using a Discovery instrument (TA Instruments). Each sample of 3-5 mg
was heated from 40 to 600 °C at a rate of 10 °C min~! in an open
aluminium pan. The instrument was purged with nitrogen gas at a flow
of 25 mL min~! during analysis. The data were processed using the
OriginLab software.

2.6 In-vitro cell toxicity

Human dermal fibroblast (HDF) cells and the colorectal adenocar-
cinoma cell line Caco-2 were cultured at 37 °C, under 5 % CO5 in DMEM-
HG supplemented with 10 % v/v heat inactivated foetal bovine serum
(FBS), 1 % v/v MEM non-essential amino acids, 1 % v/v L-glutamine and
1 % v/v penicillin-streptomycin. Cells were passaged at 70-80 %
confluence with 0.05 % trypsin-EDTA solution and reseeded at a con-
centration of 1.5 x 10° cells mL ™. The cytotoxicity study was performed
using the PrestoBlue™ viability assay, following the manufacturer in-
structions. The seeding density was 7.5 x 10* cells mL™! and 5 x 10*
cells mL™! for HDF and Caco-2 cells, respectively. 150 pL of the har-
vested cells was seeded in each well of flat-bottomed 96-well-plates
(Costar) and incubated for 24 h at 37 °C in a 5 % CO5 environment.
Solutions of the polymer in medium were filtered through a 0.22 um
filter and 30 pL of the solution was added to the each of the wells,
resulting in a final polymer concentration of 1 mg mL~}, followed by
incubation for a further 24 h. Three independent experiments were
performed with three replicates per plate.

3 Results and discussion

The RAFT polymerisation started with the reaction of OEGMA3(o and
DIiEGMA monomers with AIBN to form propagating radicals which
further reacted with CPPA until equilibrium with the propagating rad-
icals was reached and the reaction was terminated. After the reaction
was complete, the thiocarbonylthio was found to be retained as the end
group [23,30]. All the polymers synthesized were transparent violet
gels, with increased viscosity noted as the polymer molecular weight
increased and varied colour intensity due to the presence of the RAFT-
agent as the end-group (Supporting Information, Figure S1).

Table 1
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3.1 Optimisation of polymerisation process

The choice of solvent is a crucial factor in RAFT polymerisation. A set
of random OEGMAj3g¢-co-DIEGMA co-polymers with expected M, of
50,000 was synthesized in various solvents with different polarity:
toluene, 1,4-dioxane, dimethylformamide, tetrahydrofuran, and aceto-
nitrile (Table 1). All the final polymers had a narrow polydispersity
index of ca. 1.1 — 1.2 after 20 h of reaction, indicating that well-
controlled polymerisation was obtained by the RAFT method (Fig. 1).
Although all reactions resulted in narrow PDI, the M,, of the final poly-
mers was generally found to decrease as the dielectric constant of the
solvent was increased. In toluene and 1,4-dioxane, which have dielectric
constants of 2.38 and 2.21 respectively, the polymer obtained after 20 h
reached > 80 % of the targeted Mn. The Mn of p(OEGMA3q-co-DiE-
GMA) synthesised in THF (dielectric constant of 7.58) was found to be
lower. When DMF or acetonitrile (dielectric constants of 36.71 and
35.94, respectively) were utilised in the polymerisation, the M, of the
resultant polymers was further decreased to 35,800 and 31,300 g/mol,
respectively. After 10 h of polymerisation, no further molecular weight
growth was observed in all solvents, indicating that the polymerisation
was complete. Based on this result, the optimum reaction time for
further p(OEGMA3(p-co-DiEGMA) polymerisation was set at maximum
of 16 h.

GPC chromatograms of the polymer prepared in toluene displayed
monomodal and symmetric peaks with a clear shift to higher molecular
weight over the polymerisation time (Fig. 1a). However, the polymer
synthesised in 1,4-dioxane, DMF, THF and acetonitrile showed similar
characteristics only over the first 6 h of polymerisation (Fig. 1b-e). After
16 h, high molar tailing was observed in the GPC chromatograms. This is
attributed to the coupling of radical chain ends, thus doubling the mo-
lecular weight of the unreacted polymer chains [31], although this was
not correlated with a significant change in the PDI. Further, 1,4-dioxane
and THF resulted in higher PDI than the other solvents (Table 1). Similar
results were obtained by Benaglia et al. [32] during the RAFT synthesis
of polymethylmethacrylate (PMMA). These authors found that PMMA
RAFT-polymerisation in DMF and acetonitrile was monomodal in the
first 2 h and the PDI started to increase after the fourth hour of the
process. Another report by Zhang et al. [33] showed that toluene was a
better solvent than 1,4-dioxane for the RAFT-polymerisation of N,N-
diethylacrylamide. Although the mechanism is not clear, this phenom-
enon could be owing to the aprotic characteristic of the solvents. In work
by Pan et al. [34], the RAFT polymerisation of N-(2-hydroxypropyl)
methacrylamide was negatively affected by aprotic solvents, which
resulted in low conversion percentages and higher polydispersity of the
polymer products. After 16 h of reaction, the monomer conversions of N-
(2-hydroxypropyl) methacrylamide only reached 41 % in the aprotic
solvents dimethylacetamide (DMAc), dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO), with the PDI of the resultant polymers lying
in the range 1.29-1.40. Improved results were observed in the protic
solvents methanol and water, with conversions up to 90 % and polymer
PDI of 1.20-1.37.

The monomer conversion (%) was calculated by comparing the in-

Results of trial p(OEGMA300-co-DIEGMA) RAFT polymerisation experiments in various solvents and with different molar ratios of AIBN: CPPA after 20 h of reaction.

Trial OEGMA30: DiEGMA (molar AIBN: CPPA (molar Solvent Dielectric M, (mol/g) PDI Monomer conversion
ti ti tant’ - %
ratio) ratio) constan Calculation  SEC (%)
1 2:8 1: 10 Toluene 2.38 50,000 45,000 1.18 73.56
2 2:8 1: 10 1,4-Dioxane 2.21 50,000 41,300 1.21  73.70
3 2:8 1: 10 Dimethylformamide  36.71 50,000 35800 1.17  70.15
4 2: 8 1: 10 Tetrahydrofuran 7.58 50,000 39,100 1.20 74.44
5 2:8 1: 10 Acetonitrile 35.94 50,000 31,300 1.15 71.42
6 2:8 1: 20 Toluene 2.38 50,000 - 1.25 -
7 2:8 1:5 Toluene 2.38 50,000 - 1.84 —

! values from [61].
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Fig. 1. (a) GPC traces of RAFT synthesised OEGMA300-co-DiEGMA co-polymer in (a) toluene (Trial 1); (b) 1,4-dioxane (Trial 2); (c) DMF (Trial 3); (d) THF (Trial 4)
and (e) acetonitrile (Trial 5) over 20 h of reaction; and kinetics of RAFT polymerisation of PCOEGMA300-co-DiEGMA) over 20 hours of reaction: (f) molecular weight
vs time; (g) monomer conversion vs time and (h) molecular weight vs monomer conversion. (f) molecular weight vs monomer conversion (R? refers to the linear

fitting coefficient for each set of data).

tegral area of the remaining unreacted monomers at § = 5.34 ppm ppm
to the methyl groups of the polymer backbone at § = 0.6 — 1.50 ppm after
20 h of polymerisation, using Equation 1:
1
1 ; Hy
HNMR monomer conversion = ————
H, + "Hp

x 100 (@)

where 1Hp and 'H,, represents the integral 1 proton value of the ob-
tained polymer and the unreacted monomers, respectively. The 'H NMR
monomer conversion calculated after 20 h is shown in Table 1. Plotting
polymer conversion as a function of time for trial 1-5 shows similar
results from both the NMR (Fig. 1f) and SEC data (Fig. 1g). Further, the
correlation between the monomer conversion and the molecular weight
remained linear during the polymerisation (Fig. 1h), confirming good
control over RAFT polymerisation of OEGMA3(y and DIiEGMA in all
solvents used, in agreement with the literature [35].

The colour of the final products was also taken into consideration
when determining the optimum solvent (Figure S1). The ratio of CPPA
(the RAFT-agent at the end of polymer chain) to the monomers that
constitute the polymer block determines the intensity of the colour, from
dark to light violet for the shorter to the longer polymer chains. The p
(OEGMAj3(0-co-DiEGMA) polymer synthesised in toluene had a violet
colour whilst the polymers synthesised in other solvents were orange in
different hues. The latter observation indicated the detachment of RAFT
agent from the polymer end group occurred [36], while in toluene the
end group was retained. Based on these experiments, toluene was
selected as the optimum solvent and 16 h as the desired reaction time.

In the trial experiments 1, 6 and 7, a series of p(OEGMA3(-co-DiE-
GMA) copolymers with calculated M, of 50,000 Da was produced in
toluene with various ratio of initiator: RAFT agent. Fig. 2 shows the GPC
traces of the RAFT polymers with initiator: RAFT agent at 1:5; 1:10 and
1:20 after a reaction time of 16 h.
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Fig. 2. GPC traces of polymers obtained with ratios of [AIBN]: [CPPA] = 1:20
(green curve, Trial 6); [AIBN]: [CPPA] = 1:10 (blue curve, Trial 1) and [AIBN]:
[CPPA] = 1:5 (red curve, Trial 7) after 16 h of reaction in toluene. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

The concentration of initiator could significantly affect the poly-
merisation process, as the number of dead chains is determined by the
number of radicals generated from the initiator. Thus, reducing the
concentration of AIBN initiator would lead to a minimum of “dead”
polymer. However, lowering the initiator amount will also result in a
longer time being required for the chains to grow as a propagating
radical, and consequently a higher probability of a side reaction leading
to destruction of the radical chain end. This will stop the growth of the
chain and lead to the formation of dead polymer [24]. There is thus a
balance between these factors, and an appropriate amount of initiator
should be added.

The side reaction phenomena was seen with the polymerisation at
[AIBN]: [CPPA] = 1:20, where the PDI obtained was 1.25 at a retention
volume of 13.21 mL (Table 2). A small peak was observed in GPC at
higher molecular weight than the main polymer population as a result of
the formation of dead polymers due to prolonged reaction (Fig. 2, green
line). The RAFT polymerisation rate also decreases with an increase in
the RAFT agent: initiator ratio [37]. When the ratio of [AIBN]: [CPPA]
was increased to 1:10, the amount of the initiator was kept low while
allowing sufficient initiator concentration to provide continuous poly-
mer growth in the system and a narrow PDI was achieved (P = 1.13 at
retention volume of 13.09 mL; Fig. 2, blue line). Too much initiator will
result in early termination and dead polymer chains [23,38]. RAFT
polymerisation of OEGMA3po-co-DiEGMA with [AIBN]: [CPPA] = 1:5
resulted in two populations of polymers: the controlled polymers with
RAFT agents as the end-group, and dead polymers as a consequence of
AIBN over-supply in the polymerisation (D = 1.84 at retention volume of
12.88 mL; Fig. 2, red line). This results in a broadened distribution of
molecular weights that is less controllable and contains more dead

Table 2
M, PDI and retention volume of RAFT polymers prepared in toluene with
different [AIBN]: [CPPA] ratios, as determined by GPC analysis after 16 h of
reaction.

Trial [AIBN] : [CPPA] PDI Retention volume (mL) GPC shape
6 1: 20 1.25 13.21 Bimodal
1 1: 10 1.13 13.09 Monomodal
7 1:5 1.84 12.88 Bimodal
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polymer chains [38]. Therefore, the ratio of [AIBN]: [CPPA] = 1:10 was
optimal to use for further p(OEGMA3o-co-DiEGMA) polymerisation.

The ideal set of conditions for polymerisation thus appears to be
using toluene and a 1:10 ratio of AIBN: CPPA (Trial 1). The kinetics of p
(OEGMAj3(o-co-DiEGMA) formation under these conditions were probed
in more detail by NMR and SEC. Fig. 3a presents the NMR data. The peak
at § = 2.06 ppm (peak (i)) before polymerisation was attributed to the
methyl group of the monomers. Once the reaction has begun, the
monomers are gradually converted into polymer, resulting in the
disappearance of the methyl group at § = 2.06 ppm as it shifts to § =
1.70—1.00 ppm (peak (ii)) over the reaction time. Further, the C = C
group of the monomers becomes saturated to form the polymer back-
bone, resulting in a broad peak at § = 2.30—2.00 ppm (peak (iii)).

SEC data are depicted in Fig. 3b. The RAFT method provided
controlled polymerisation with monomodal molar mass distributions
throughout the course of the reaction. The dispersities were all narrow,
with b values varying from 1.14 to 1.22. The chain growth was rela-
tively slow in the first 5 h, followed by rapid polymerisation until Mn
reached the target weight.

Fig. 3c shows the calculated conversion of OEGMAj3(y and DIEGMA
co-polymer (determined from the 'H NMR plot) and the M, (from the
GPC traces) over 19 h of reaction. It can be observed that the polymer
growth was relatively slow in the first four hours, reaching only 20 %
monomer conversion. This was probably due to the inhibition phase of
the polymerisation. Upon the process reaching equilibrium, the propa-
gation started to occur rapidly, resulting in 63 % conversion in the
following four hours. Finally, as most monomers have been consumed
into the polymer chain, the growth rate became slower, and termination
reactions started to occur when the monomer conversion was above 70
% [38]. There is an approximately linear relationship between M,, and
monomer conversion (Fig. 3d).

Fig. 3e shows a plot of the natural logarithm of total monomer
conversion over 19 h of reaction time which showed a pseudo-first order
reaction. Some inhibition occurred during the first 4 h of the reaction,
followed by rapid chain growth until most of the monomers had been
consumed and then a plateau in the end of the reaction when the
monomer concentration was depleted. This is the common kinetic order
in RAFT polymerisation [39,40,11]. This observation shows that the
radical concentration remains constant during the polymerisation and
the growth of the polymer is under control [34,11,41]. Therefore, for
further experiments the polymerisation was stopped after 16 h of
reaction.

3.2 Polymer characterization

A family of p(OEGMA3zg-co-DIEGMA) copolymers was synthesised
under the optimum conditions of [AIBN]:[CPPA] = 1:10 in toluene to
obtain varied molar ratios of OEGMA3(o:DiEGMA and polymer chain
lengths, as detailed in Table 3. The aim here was to tune the LCST
behaviour for the target application.

Fig. 4 shows the 'H NMR spectrum of PEGMA and DiEGMA (Fig. 4a)
and p(OEGMAggo-co-DIEGMA) with calculated Mn of 50,000 Da and
molar ratio of OEGMAs3go: DIEGMA = 2:8 (polymer P1, Fig. 4b). In the
H NMR spectra of OEGMA3(y and DIEGMA monomers, twin peaks at
5.31 and 5.86 ppm are attributed to the vinyl -CHy group and the
resonance at 1.69 ppm arises from the vinyl -CH group [27]. Upon
coupling with other monomers to form the polymer chain, these peaks
disappear as seen in Fig. 4b [42].

In the 'H NMR spectra of p(OEGMAj3pp-co-DIEGMA), the CDCl3 peak
at 7.25 ppm was used as an internal standard [43]. The peaks around
7.60 ppm belong to the aromatic ring of the RAFT agent. These peaks are
very low intensity due to the low molar ratio between the RAFT agent
and the monomers that build the polymer chain. Further, the spectrum
of p(OEGMA3(p-co-DiEGMA) reveals signals at 1.63, 1.81 and 1.90 ppm
which are assigned to the saturated CHy groups on the polymer back-
bone. These peaks do not appear in the spectrum of the monomers,
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Fig. 3. Kinetic data from the conversion of OEGMAgzgo and DIEGMA monomers into a copolymer over 20 h of reaction in Trial 1. (a) Stacked 'H NMR plot (CDCls,
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conversion) and PDI vs reaction time.

which confirmed successful polymerisation. The peaks for the methyl
groups on the polymer backbone are observed at 0.88, 1.04 and 1.25,
1.42 ppm. The p(OEGMA3po-co-DIiEGMA) polymer architecture is knows
as a brush-structure polymer, where the monomers graft to form a main
backbone from the reactive group on the end of the monomers and side-

chains attached to the backbone (Fig. 4b) [12]. The H atoms on the
polymer brushes (side chains) gave signals at 3.55 and 3.66 ppm, while
the methylene groups next to the oxygen of the ester group in the
polymer side chain shows a chemical shift at 4.10 ppm. Lastly, the
methyl group at the end of the polymer brushes is observed at 3.30 ppm.
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Table 3
Properties of p(OEGMA3(-co-DIEGMA) copolymers prepared with varied chain
length and molar ratio of OEGMA3,, and DIEGMA.

Polymer OEGMA300: DIEGMA Mn (mol/g) PDI
larrati
(molarratio) Theoretical GPC
P1 2:8 50,000 44,900 1.23
P2 3:7 50,000 41,504 1.31
P3 4:6 50,000 44,045 1.20
P4 2:8 25,000 21,912 1.20
P5 2:8 100,000 61,085 1.27

The p(OEGMA3g¢-co-DIEGMA) polymers P2-P5 possess similar spectra
to that in Fig. 4a, and are presented in Figure S2.

The number average molecular weight (Mn) and polydispersity
index (PDI) of the p(OEGMAsgo-co-DIEGMA) polymer P1 — P5 were
analysed by GPC using poly(methyl methacrylate) (PMMA) as the cali-
bration standard (Fig. 4c). The final polymers were synthesised with
molecular weight of 50,000 Da and in three different ratio of OEGMAg3:
DIiEGMA, at 2:8, 3:7 and 4:6. p(OEGMA3(o:DiEGMA) polymers with
ratio of OEGMA3(y:DiEGMA = 2:8 were also synthesised with calculated
molecular weights of 25,000 and 100,000 Da. All the syntheses resulted
in narrow PDI in the range of 1.20—1.31 (Table 3). It is known that
controlled polymerisation using conventional RAFT technique is
achievable within the target molecular weight range of 1,000 to
100,000 Da depending on the reaction conditions [24]. In the case of P5,
it seems that the targeted Mn of 100,000 Da exceeded the limit of control
of RAFT polymerisation in this system. Although the PDI of P5 was
narrow, the resultant molecular weight achieved was only approxi-
mately 60,000 Da (Table 3).

The IR spectra of the monomers and p(OEGMAgyg-co-DiEGMA)
polymer P1 (as a representative example of the polymers) are shown in
Fig. 5a. The spectra of OEGMA3(o and DiEGMA show characteristic C =
C stretches at 1635 em ™, with —CH out-of-plane olefinic bends at 937
em ! and C-H in-plane bends at 1244 cm™!. The sharp peak at 1724
cm ! corresponds to C = O and the alkyl ether C-O stretch is present at
1167 cm ! and 1104 cm ™! [44,45]. The broad characteristic peak at
3000 — 2800 cm ! is attributed to the methyl —CHj stretch while the
methyl ~CH bend appears at 1482 — 1450 cm ™. The bands around 1321
— 1294 cm™! correspond to the skeletal C-C vibrations and at 1400 —
1350 cm™! the methylene —CH bend can be seen. The formation of the
polymer was confirmed by the disappearance of the monomer C = C
stretches at 1635 cm ™! and methylene C-H in-plane bend at 1250 cm ™!
(Fig. 5a). This finding is in agreement with other research [45]. The
CPPA RAFT agent bands could not be observed by FTIR due to the very
low concentration of CPPA in the polymer.

DSC traces of OEGMA3(0, DIEGMA and p(OEGMA3go-co-DiEGMA)
P1-P5 are depicted in Fig. 5b. The DSC curves show one glass transition
temperature (Tg), with details summarised in Table 4. The p(OEGMA3o-
co-DiEGMA) polymers showed a decrease in T, at an increased ratio of
OEGMAg3qp in the polymer chain P1-P3. Further, the T value was also
found to be lower with a longer polymer chain when the ratio of
OEGMA300: DIEGMA was constant, as depicted by P1, P4 and P5, which
might be owing to the incorporation of OEGMA3(o which causes there to
be longer side chains on the polymer. This is in agreement with research
by Szabo et al. [52], which revealed that the T; value of the P
(OEGMAj30p) homopolymer was —56.1 °C, and P(OEGMA;gg) homo-
polymer was —41.0 °C.

The TGA curves of the polymers are presented in Figure S3. The
CPPA RAFT agent started to decompose at ca. 130 °C, which is in
agreement with the literature [36]. All the polymers exhibit a small mass
loss below 100 °C, corresponding to the evaporation of absorbed water
and residual synthesis solvent. At temperatures between 140 °C to
270 °C, a second mass loss up to 20 % could be observed. Finally, the
main polymer chain started to decompose at 300 °C, resulting in com-
plete mass loss by ca. 400 °C. Similar TGA traces are also found in
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research related to the degradation of PNIPAAM-end groups [46]and
methacrylate derivative-grafted polymers [47].

Poly(methyl methacrylate) (PMMA) polymers are known to decom-
pose in two reaction steps involving terminal scission and a further
random C—C scission with first onset at around 220 °C [48]. However, at
longer polymer chain lengths, a lower temperature substep could be
observed due to degradation initiated at the backbone chain formed
during the termination reaction of the growing polymer chain [49]. To
observe the decomposition characteristics of p(OEGMA3o-co-DiEGMA),
DSC analysis of the polymer was conducted up to 250 °C. It can be seen
that the DSC trace showed a broad and noisy endotherm at ca. 140 °C,
hypothesised to be the initial degradation of the backbone (Figure S4),
resulting in fragmentation of the polymer and generating small gaseous
molecules such as methane and methanol [48,50].

Clear differences between the 'H NMR spectra before and after the
decomposition phase at 250 °C were observed (Figure S5). A pair of C =
C proton peaks at 5.57 and 6.13 ppm reoccurred after heating, con-
firming polymer chair scission and the reforming of unsaturated C = C
groups. Additionally, a decreasing intensity of methyl groups at the end
of the polymer brushes at 3.39 ppm and H atoms on the polymer brushes
at 3.55 and 3.66 ppm were also observed after heating, confirming the
shorter side chain length after decomposition [50]. Holland and Hay
[51] concluded that PMMA polymer (Mw > 12,900) decomposition
would result from elimination of methoxycarbonyl side-chains. This
could also be observed via the recurrence of H signals corresponding to
the methoxycarbonyl group —-COOCHy, in the decomposed side chain
[51,52].

3.3 LCST determination

The p(OEGMA3po-co-DiEGMA) copolymer was synthesised with
different ratios of OEGMA300:DIEGMA and degrees of polymerisation to
achieve a balanced copolymer with tuneable LCST. The homopolymers
of OEGMA3( and DiEGMA have LCST of ca. 64 °C and 26 °C, respec-
tively [17]. Fig. 6 shows P1 in aqueous solution below (left) and above
(right) the LCST.

Below its LCST, the copolymer in aqueous solution is fully soluble,
and hence a clear and transparent solution is formed. The ether oxygens
of PEG on the OEGMAj3(o and DiEGMA monomers form stabilizing H-
bonds with water while the backbone is hydrophobic, thus resulting in a
subtle balance between hydrophilicity and hydrophobicity of the poly-
mer in aqueous medium [17]. The equilibrium between the polymer-
—polymer and polymer-water interactions lies in favour of the polymer
being in solution. As the temperature increases, this balance is disrupted
and leads to weakened water-polymer hydrogen bonds and the poly-
mer-polymer interactions becoming more favourable, causing the
polymer to separate out from solution, becoming insoluble and giving a
cloudy suspension [2,21].

Turbidimetry measurements using UV-vis spectroscopy were used to
determine the LCST of p(OEGMAsg-co-DiEGMA) as presented in
Table 5. Fig. 7 presents plots of transmittance as a function of temper-
ature for the p(OEGMA3(o-co-DiEGMA) polymers. The LCST of 50,000
Da p(OEGMA3qo-co-DiEGMA) was determined to be 41.3 °C and 43.0 °C
for P1 and P2, prepared with a molar monomer ratio of 2:8 and 3:7,
respectively. The LCST of P3, with a 4:6 monomer ratio could not be
quantified: the maximum temperature attainable on the measurement
system is 45 °C, and at this temperature the P3 solution did not show any
turbidity. It could be seen that the LCST of the polymer was strongly
influenced by the OEGMA3o and DiEGMA fractions that construct the
polymer, where DiEGMA provides more hydrophilic characteristics (and
thus a higher LCST) and OEGMAj3 is more hydrophobic (lowering the
LCST).

Research by Lutz et al [53] and Becer et al. [10] shows that the LCST
is not significantly influenced by polymer chain length, but the polymer
molecular weight investigated in their work was a maximum of ~
12,000 g/mol. Figure 7a shows that P1, P4 and P5 exhibit similar LCST
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Table 4
Glass transition temperature (Tg) of p
(OEGMA3(p-co-DiEGMA) systems P1 — P5.

Polymer Ty (°C)
P1 —-18.1
P2 —-18.8
P3 -21.0
P4 -17.7
P5 —20.2

values at 41.3 °C, which confirms that the LCST is not significantly
influenced by polymer chain length even at much higher molecular
weight values.

The LCST of the polymers with OEGMA300:DiEGMA = 2:8 was also Fig. 6. Photographs of P1 in aqueous solution below (left) and above (right)
measured in PBS at pH 7.4 (0.01 M) (Figure 7b). The LCST in PBS was the LCST.
40.3 °C and 39.6 °C for P1 and PS5, respectively. The LCST of the polymer
in PBS is lower than in water due to the presence of salt in the buffer. The
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Table 5
LCST values of p(OEGMA3¢p-co-DiEGMA) P1 - P5 in water
and PBS.
Polymer in solution LCST (°C)
P1 in water 41.3
P2 in water 43.0
P3 in water > 45.0
P4 in water 41.3
P5 in water 41.3
P1 in PBS 40.3
P5 in PBS 39.6

resultant ions can interact with both the water and polymer, and hence
the interactions between water and the polymer are disrupted [28,54].

3.4 Polymer cytotoxicity

PEG-based methacrylate derivative polymers have been reported to
be non-toxic for biological applications [55,56,57]. However, the RAFT
agent in the p(OEGMA3((-co-DiIEGMA) polymer end group may alter its
toxicity. Previous studies of the RAFT agents alone revealed a wide
range of responses from non-toxic to toxic depending on the specific
structure of the RAFT agents and the cell lines used [58,59]. Research
conducted by Pissuwan et al. [59] showed that dithiobenzoate-ended
polymers did not cause any significant toxicity over 24 h for CHO-K1,
NIH3T3, and RAW264.7 cells. It was concluded that the toxicity of the
RAFT polymers is not only dependant on the RAFT agent used during the
synthesis, but also on the cell line used for the study as well as the
functional units present in the polymer.

The toxicity of 2:8 ratio p(OEGMA3(p-co-DiEGMA) with Mn 25,000
(polymer P4), 50,000 (P1) and 100,000 Da (P5) was studied on Caco2
and HDF cell lines. Fig. 8 illustrates the viability of the cells after 24 h of
treatment at a concentration of 1 mg/mL. The Caco2 cell viability was
101.7 + 24.2 %, 91.3 &+ 16.9 % and 100.0 + 9.8 % for P4, P1 and P5,
respectively. In the HDF cell line, the cell viability was found to be
lower, at 73.5 + 16.6 %, 87.8 &+ 21.5 % and 74.9 + 18.0 % for P4, P1
and P5, respectively (Fig. 8). The copolymers clearly have no toxicity
against the Caco-2 cells, whereas there is some toxicity to HDF cells.
However, it should be noted that the polymer concentration applied was
much higher than the average concentration used for common biological
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applications. This indicates the high cytocompatibility of the p
(OEGMAj300-co-DiEGMA) polymers generated in this work. Similar re-
sults for the biocompatibility of p(DiEGMA)-based nanofibres on L929
cells have been reported previously [60].

4 Conclusions

A series of high-molecular weight thermoresponsive polymers
comprising oligo(ethylene glycol) methyl ether methacrylate with Mn of
300 (OEGMA3g0) and di(ethylene glycol) methyl ether methacrylate
(DIEGMA) monomers has been successfully synthesised via the RAFT
approach. The synthesis of homogenous p(OEGMAsgo-co-DIEGMA)
polymers with PDI of 1.1-1.2 was achieved in toluene with > 10 h of
reaction. p(OEGMA3o-co-DiEGMA) polymers with Mw of 50,000 Da
possessed an LCST of 41.3 °C, 43.0 °C and above 45 °C for OEGMAg3(:

140 4

Il in Caco2
I in HDF

120 +

Viability compared to control (%)

Polymer P4 Polymer P1 Polymer P5 Control

Fig. 8. Cytotoxicity of p(OEGMA3g-co-DiEGMA) at Mn of 25,000 (P4); 50,000
(P1) and 100,000 Da (P5) on the Caco-2 (blue) and HDF (red) cell lines at 1 mg
mL ™. Three independent experiments were performed with triplicate wells in
each. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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DiEGMA monomer ratios of 2:8, 3:7 and 4:6, respectively. The molecular
weight of the polymer was not found to have a marked effect on the
LCST. Further, the LCST of the polymers lowered in PBS (pH 7.4) due to
the presence of ionic species. In terms of toxicity, the synthesised p
(OEGMA3g-co-DiEGMA) polymers showed no cytotoxicity to Caco2
cells at a concentration of 1 mg mL™, whereas a decrease of HDF cell
viability by up to 26.5 % was seen after incubation with the polymers.
These systems with targeted LCST could be beneficial for several
biomedical applications, such as developing formulations form
temperature-triggered drug delivery.
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