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Thermoresponsive polymers based on oligo(ethylene glycol) (OEG) methyl ether methacrylate monomers

have drawn much attention in recent years. In this investigation, copolymers based on oligo(ethylene

glycol) methyl ether methacrylate (OEGMA, 300 g mol™) and di(ethylene glycol) methyl ether methacry-

late (DEGMA) or/and n-butyl methacrylate (n-BuMA) were successfully synthesised via group transfer

polymerisation (GTP). The experimental molar mass was around 10000 g mol™, while the OEGMA

content was varied from 80% w/w to 50% w/w. Three different structures, including diblock bipolymer,

diblock terpolymer and statistical copolymers, were synthesised and compared. The thermoresponsive

properties of the copolymers were investigated in deionised water and phosphate buffered saline (PBS),
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Introduction

“Smart” materials, the physical properties of which can
change in response to external stimuli such as pH, tempera-
ture, pressure, etc., have found a wide range of applications in
different areas. These include self-healing materials, monitors,
sensors, and biomedical devices and  healthcare
applications."® A special type of “smart” materials are thermo-
gels, which undergo a solution-gel (sol-gel) transition trig-
gered by the change of the temperature and have been exten-
sively  investigated for  biomedical  applications.”
Thermogels, also called thermoresponsive gels, with a lower
critical solution temperature (LCST) behaviour are preferred
for in vivo applications, such as drug delivery,"'™® gene
delivery,'®"® tissue engineering,""'>*° injectable gel,”'**'>*
etc., because the sol-gel transition happens upon increasing
the temperature.

An intriguing group of thermoresponsive polymers that
exhibit LCST behaviour are oligo(ethylene glycol) (OEG) based
(meth)acrylate polymers.**™*” These polymers, when compared
with other thermoresponsive polymers, present several advan-
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and in aqueous mixtures with Pluronic® F127. Interestingly, while the diblock polymers solutions based
on OEGMA and DEGMA were not able to form gels upon heating, these polymers were found to lower
the critical gelation concentration (CGC) of Pluronic® F127 from 15% w/w to 10% w/w and increase the
gelation temperature from room temperature to near body temperature.

tages. For example, there is a wide choice of the OEG-based
methacrylate monomers from hydrophobic ones, like mono
(ethylene glycol) ethyl ether methacrylate (MEGMA), to hydro-
philic ones, like nona(ethylene glycol) methyl ether methacry-
late (NEGMA)."?%2%38743 Moreover, the thermoresponsive pro-
perties of the OEG-based methacrylate polymers can be easily
tuned by changing the hydrophobic-hydrophilic balance of
the polymer using different comonomers. These polymers are
also non-ionic; thus, they will not affect the pH of the internal
environment of human body and in fact EG-based polymers
were found to be resistant to protein or cell absorption.'®***°
Crucially, there are also biocompatible and EG based polymers
in many FDA approved products.*”'*>*2%27:4¢ Therefore, poly-
mers based on OEG-methacrylate monomers were extensively
investigated. Oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) based polymers have been successfully synthesised
and  investigated for  contact lenses,*™’  tissue
engineering,"®*>>  drug  delivery,”>*™®  and  3-D
bioprinting.”>*"®* There were several papers focusing on the
OEGMA-co-DEGMA [where DEGMA stands for di(ethylene
glycol) methyl ether methacrylate] statistical copolymers.’*>"%°
To the best of our knowledge, no study has previously reported
the synthesis and investigation of diblock copolymers based
on OEGMA and DEGMA. Here, we report the synthesis of (i)
OEGMA-DEGMA copolymers, (ii) OEGMA based copolymers
where n-butyl methacrylate (n-BuMA), a hydrophobic, non-

This journal is © The Royal Society of Chemistry 2022
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ionic monomer was used for comparison, and (iii) terpolymers
based of these three monomers. Their self-assembly and
thermoresponsive properties were investigated. Furthermore,
formulations i.e., mixtures of these polymers with Pluronic®
F127 were investigated. Pluronic® F127 was chosen because it
is the most commonly used thermoresponsive polymer in pre-
clinical and clinical applications of thermoresponsive gels.’?

Pluronic®, also known as poloxamer, is a commercially
available thermoresponsive gelling system that consists of poly
(ethylene  glycol)-b-poly(propylene  glycol)-b-poly(ethylene
glycol) (PEG-PPG-PEG).">”°”7? The gelation temperature (Tye1)
of Pluronic® can be influenced by the concentration, the com-
position of Pluronic (the length of the PEG and PPG), and the
additives. The Pluronic® F127 specifically consists of EG at
70 mol% and PG at 30 mol%, with an average molar mass
(MM) of 12600 g mol~". Pluronic® F127 was reported with a
critical gelation concentration (CGC) of 15% w/w and a critical
gelation temperature (CGT) of 35 °C in deionised water.>*”>77¢
The Ty decreases as the concentration of Pluronic® F127
increases. Specifically, at a concentration of 20% w/w the Ty
decreases to room temperature. The high CGC and low Ty of
Pluronic® F127 is limiting its use in injectable applications
because it is difficult to handle and inject the formulation at
room temperature.

To improve the applicability of Pluronic, studies on trying
to tailor the CGC and CGT by adding salts have been
reported.””®* The addition of the salt can change the hydro-
gen bond formed between the Pluronic and water, and lead to
the decrease of the T, which is called “salting-out” effect, or
the increase of the Ty, which is called “salting-in” effect,
depending on the chemical nature of the salt. For example,
NaCl, KCI, MgSO, and Na;PO, cause the “salting-out” effect
on the Pluronic, while NaSCN and KI cause the “salting-in”
effect.”” %!

Other studies focused on adding polymers to Pluronic and
investigated how it affects the gelation behaviour of the CGT
and CGC.”"737%8378% The addition of PEG homopolymers in
Pluronic formulations was reported firstly by Gilbert et al.®* 1t
was reported that the addition of PEG homopolymers increase
the gelation temperature of Pluronic®F127. Following this,
many studies investigated mixing polymers  with
Pluronic®F127 and found that the polymeric additions could
either increase or lower the Ty and influence the gelation con-
centration (Cge) of Pluronic®F127 depending on the copoly-
mer added. For example, Pragatheeswaran and Chen’® investi-
gated the addition of PEG with different molar masses (200,
600, 1k, 2k, 10k, 20k, and 35k g mol™") to the 20% w/w
Pluronic®F127 solutions, and found that short-chain PEG
(MM < 1000 g mol™"') lowers the Ty, while long-chain PEG
(MM > 2000 g mol™") either increases the Ty or disrupts the
gel formation. In another study by Ricardo et al,”’ it was
found that the addition of PEG (MM = 6000, 35 000 g mol ") to
30% w/w Pluronic®F127 solutions, increased the Cg. The
addition of PEGgggo slightly decreases the Ty, while the
addition of PEGss5000 increases the Ty by 10 °C. It was also
reported that when adding copolymers to Pluronic
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solutions,?**®” the hydrophobic content of the copolymer could
enhance the sol-gel transition, decrease the C, and improve
the encapsulation of the hydrophobic drugs.

It would be interesting to study the effect of mixing the
PEG-methacrylate copolymers with Pluronic®F127 on the Ty
or/and Cye . Therefore, in this study it was investigated how the
composition, architecture, and the hydrophobic content influ-
ences the thermoresponsive behaviour of the copolymer based
on OEG-methacrylate monomer(s). Furthermore,
studied how the copolymer chemistry affects the thermogelling
of Pluronic®F127 when these copolymers are used as addi-
tives. The target molar mass of the copolymer was 8100 g
mol™', and the OEGMA content was varied from 80% to 50%.
The investigated architectures of the copolymers were statisti-
cal terpolymer, diblock bipolymer, and diblock terpolymer (AB
diblock where one block was a statistical copolymer).

it was

Experimental section
Materials

Fig. 1 shows the chemical structure and the abbreviations of
the monomers, and the initiator used in this paper. The
monomers: DEGMA (MM = 188.22 g mol ™', 95%), OEGMA
(average MM = 300 g mol™') and n-BuMA (MM = 142.20 g
mol ™", 99%) were purchased from Aldrich.

The calcium hydride (CaH,, >90%) and the free radical
inhibitor 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH), the
initiator, methyl trimethylsilyl dimethyl ketene acetal (MTS,
95%), and the polymerisation solvent, tetrahydrofuran (THF,
HPLC grade, >99.9%) were purchased from Aldrich.

The catalyst, tetrabutylammonium bibenzoate (TBABB), was
in-house synthesized, following the procedure reported by
Dicker et al.®®

For the characterisation, the Proton Nuclear Magnetic
Resonance (‘H NMR) samples of the precursors and the final
products were prepared in deuterated chloroform (chloroform-
d, 99.8 atom% D, Aldrich). The solvent in chromatography,
tetrahydrofuran (THF, GPC grade), and the visual test solvent,
phosphate buffered saline (PBS, solution) were purchased
from Fischer Scientific. The final products were precipitated in
n-hexane, which was purchased from VWR chemicals.

Lotesy

Di(ethylene glycol) methyl ether
methacrylate
(DEGMA)

X o
>of),
Oligo(ethylene glycol) methyl ether

methacrylate
(OEGMA)

\f \/( Sli/
o0 NN NGO

methyl trimethylsilyl dimethyl ketene
acetal (MTS)

n-Butyl methacrylate
(n-BuMA)

Fig. 1 Chemical structures and abbreviations of the monomers and the
initiator.
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Group transfer polymerisation (GTP)

All the polymers investigated in this paper were synthesised by
group transfer polymerisation (GTP). As shown in Fig. 2, three
different architectures were synthesised: diblock bipolymers,
diblock terpolymer and statistical terpolymers.

Monomer preparation. The monomers were purified by
passing through the column with basic aluminium oxide
(Al,O3-KOH, Aldrich) twice to remove the inhibitor and impuri-
ties. The calcium hydride and the free radical inhibitor DPPH
was then added to DEGMA and n-BuMA to dry the monomer
and prevent undesirable free radical polymerisation, respect-
ively. The DEGMA and BuMA monomers were distilled before
polymerisation to remove the inhibitor and impurities.
However, the OEGMA monomer was too viscous to pass
through the column, due to the high molar mass. Therefore, it
was prepared in a different way. Specifically, a 50% vol THF
solution of OEGMA was prepared and was passed through the
basic aluminium oxide column twice as the other monomers.
Then calcium hydroxide was added to the solution to remove
the humidity. The calcium hydride was removed by filtering
the solution through a 0.45 pm PTFE syringe filter during the
polymerisation.

Polymerisation. The diblock bipolymers OEGMA-b-DEGMA
and OEGMA-b-BuMA were synthesised via sequential
monomer addition. The synthesis of OEGMA,,-b-DEGMA, is
given as an example. Around 10 mg of TBBAB, the catalyst, was
added to a 250 mL round bottom glass flask. The flask was
then purged with argon to remove the air. Then 46 mL of anhy-
drous THF and 0.5 mL of MTS (0.0025 mol, 0.43 g) was added
to the flask. To synthesise the first block, 30 mL of OEGMA
solution (0.053 mol, 15.8 g) was filtered into the flask. The exo-
therm from 25 °C to 35 of the reaction abated within 10 min.
After around 15 min, when the temperature decreased to room
temperature, around 0.4 mL of the mixture was extracted from
the flask for Gel Permeation Chromatography (GPC) and 'H
NMR sample preparation. Then the second block was syn-
thesised by injecting 3.9 mL of DEGMA (0.021 mol, 3.94 g) to
the flask. The water bath was applied to the reaction flask
when the temperature reached 39 °C. After another 15 min,
the reaction was terminated by adding 1 mL of ethanol to the

OEGMA-b-DEGMA

206006
00000000000 OEGMA-b-BuMA
o o oo

OEGMA-b-(DEGMA-co-BuMA)

00 006 6 000 0000 6 & 00 40 & 00 # OEGMA-co-DEGMA-co-BuMA

® DEGMA @ BuMA OEGMA (300 g mol-')
Fig. 2 Schematic of the architectures of all the copolymers synthesised
in this paper. From top to the bottom: OEGMA-b-DEGMA diblock
polymer, OEGMA-b-BuMA diblock polymer, OEGMA-b-(DEGMA-co-
BuMA) diblock terpolymer and OEGMA-co-DEGMA-co-BuMA statistical
polymer. The dark red, blue, and brown represents the DEGMA, BUMA
and OEGMA repeated units, respectively.
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flask and around 0.4 mL of the mixture was then extracted for
GPC and NMR samples.

The other diblock polymers were synthesised in a similar
way. The amounts of the TBABB (~10 mg) and MTS
(0.0025 mol, 0.43 g) were kept the same for all the polymers.
The concentration of reagents in solution was kept constant at
25% w/w.

The synthesis of the diblock terpolymers, i.e., one of the
two blocks of the diblock copolymer is a random copolymer,
was similar to the diblock bipolymers reported above.

For example, OEGMA,,-b-(DEGMA,-co-BuMA;) was syn-
thesised via sequential GTP similar to the polymers above. The
first step, i.e., the homopolymerisation of OEGMA, was the
same, but the second step included the copolymerisation of
DEGMA and BuMA to form the second statistical block. The
simultaneous addition speed of both monomers was kept as
consistent as possible in order to allow random distribution of
the units in the second block.

The synthesis of the statistical polymer was performed via
simultaneous GTP of all three monomers. After the addition of
the TBABB and THF, the three monomers, BuMA, DEGMA and
OEGMA were added to the reaction flask. Then the polymeris-
ation initiator (MTS) was added to the flask.

In order to collect the polymers after the polymerisation,
the products were precipitated in n-hexane and then dried in
vacuum oven for a week under room temperature.

Characterisation

Gel permeation chromatography (GPC). The molar mass
and the molar mass distribution (MMD) of the precursors and
the final products were characterised by an Agilent, Security
GPC system, with a polymer standard service (PSS), and a
Mixed D column calibrated by poly(methyl methacrylate)
(PMMA) standard samples with molar masses of 2000, 4000,
8000, 20 000, 50 000, and 100 000 g mol .

The GPC samples were prepared by mixing 10 mg of the
precursors/the final products and 1 mL of GPC solvent. The
solvent was either pure THF or THF with 5% vol of triethyl-
amine. The samples were filtered through a 0.45 pm PTFE
syringe filter.

Proton nuclear magnetic resonance (1H NMR) spectroscopy.
The NMR samples were prepared by dissolving ~10 mg of the
precursors/copolymer in 650 pl of d-chloroform. The samples
were then tested by a Jeol 400 MHz spectrometer instrument.

Dynamic light scattering (DLS). The hydrodynamic diameter
of the polymers in water was determined by Zetasizer Nano
ZSP (Malvern) instrument. The sample was prepared at 1%
w/w in deionised water and was filtered through 0.45 pm nylon
filter before the measurement.

The measurements were conducted at room temperature
(25 °C) and over a temperature range from 20 °C to 80 °C. The
samples were allowed 3 min to equilibrate before each
measurement. During the temperature ramp mode, the
samples were measured with an increment of 5 °C first; more
temperature points (at every 2 °C) were obtained near their
respective cloud points for better accuracy.

This journal is © The Royal Society of Chemistry 2022
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Visual test. The gelation process of the copolymer was inves-
tigated visually between 5 °C to 80 °C. At each temperature
point was held for 30 seconds to enable the thermal equili-
brium. An IKA RCT basic magnetic stirrer heating plate and
IKA ETS-D5 temperature controller was used to control the
heating process.

Ultraviolet-visible (UV-vis) spectroscopy. The cloud points
of all the polymers were determined by UV-VIS, using a Cary
3500 Compact Peltier UV-Vis System (Agilent). The samples
were prepared at 1% w/w in deionised water solution and PBS.
The measurements were carried out at 550 nm, and the
heating rate was controlled at 1 °C min~". The samples were
stirred at 600 rpm. Each temperature point was held for 30
seconds before the measurement.

Rheological measurements. The mixtures of polymers and
Pluronic®F127 were also tested on a TA Discovery HR-1 hybrid
rheometer (TA Instruments, U.K.), using a 40 mm steel plate
with a Peltier temperature controller. The temperature was
increased from 10 °C to 80 °C with a ramp rate of 1 °C min™".
A solvent trap was used to prevent the evaporation of the
water. The strain and angular frequency were kept constant at
1% and 1 rad s, respectively. The gelation temperature was
determined by the temperature at which the loss modulus was
smaller than the storage modulus.

View Article Online
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Results and discussion

In this study, polymers based on BuMA, OEGMA and DEGMA
were successfully synthesised via GTP. The molar mass was
aimed at 8100 g mol™", which was chosen from the range of
the optimal molar mass for the gelation in similar thermogel-
ling systems.®* The OEGMA mass fraction was varied from
80% w/w, 70% w/w, 65% w/w, 60% w/w to 50% w/w. Three
different architectures including diblock bipolymer, diblock
terpolymer and statistical copolymer, as shown in Fig. 2, were
investigated.

Molar mass characterisation

As shown in Table 1, the theoretical molar mass and compo-
sition was compared to the number average molar mass (M)
given by GPC, and the composition given by NMR. From the
GPC results, we found that the dispersity (P) of all the final
products were smaller than 1.21, similar to previous reported
studies on OEGMA based polymers,**°°™** indicating a suc-
cessful synthesis of well-defined polymers. The M,s of the
final products were between 9400 ¢ mol™" and 11 800 g mol ™,
higher than the theoretical molar mass (8100 g mol™"). This is
typical for GTP synthesis as it is highly sensitive to any protic

Table 1 The theoretical and experimental molar masses (MMs) and compositions, and molar mass distributions (MMDs) of the copolymers and

their precursors

% w/w OEGMA-BuMA-

Molar mass (g mol ™) DEGMA

Sample no. Chemical structure® MMheoretical’ M,° (£250) D (+0.01) Theoretical 'H NMR?

1 OEGMA,, 6400 8300 1.15 80-0-20 80-0-20
OEGMA,,-b-DEGMA, 8100 10300 1.17

2 OEGMA 4 5600 7800 1.10 70-0-30 74-0-26
OEGMA,-b-DEGMA, 5 8100 10100 1.18

3 OEGMA 4 5200 7000 1.12 65-0-35 71-0-29
OEGMA, g-b-DEGMA, 5 8100 9500 1.20

4 OEGMA ¢ 4800 6200 1.11 60-0-40 64-0-36
OEGMA, -b-DEGMA, , 8100 10 000 1.13

5 OEGMA,, 6400 7600 1.15 80-20-0 79-21-0
OEGMA,,-b-BuMA, 8100 9600 1.15

6 OEGMA 4 5600 7600 1.14 70-30-0 75-25-0
OEGMA, 4-b-BuMA, , 8100 10200 1.14

7 OEGMA 4 5200 7300 1.17 65-35-0 68-32-0
OEGMA , g-b-BuMA,, 800 10700 1.19

8 OEGMA,, 4800 5700 1.18 60-40-0 64-36-0
OEGMA,,-h-DEGMs, 8100 10200 1.21

9 OEGMA,, 6400 7600 1.15 80-10-10 86-7-7
OEGMA,,-b-(BuMA4-co-DEGMA,) 800 9500 1.10

10 OEGMA 4 5600 6900 1.13 70-15-15 74-11-15
OEGMA 5-b-(BuMA,-co-DEGMA) 8100 9400 1.08

11 OEGMA 4 5200 6700 1.15 65-17.5-17.5 65-15-20
OEGMA 4-b-(BuMA, -co-DEGMAy) 8100 9600 1.20

12 OEGMA ¢ 4800 6400 1.15 60-20-20 55-20-25
OEGMA 5-b-(BuMA, ;-co-DEGMA,) 8100 10900 1.20

13 OEGMA, ;-c0-BUMA, ;-c0-DEGMA, ; 8100 11 800 1.17 50-25-25 53-21-26

“DEGMA: di(ethylene glycol) methyl ether methacrylate, OEGMA: oligo(ethylene glycol) methyl ether methacrylate, BUMA: n-butyl methacrylate.
> The theoretical molar mass was calculated as MMpeoretical = MMmonomer X DP + 100 g mol ™, here the MM, ,,onomer Was the molar mass of the
monomer; the DP was the degree of polymerisation of the corresponding block; the 100 g mol™" was the MM of the fragment of the MTS initiator
remaining on the polymer backbone. °As determined by GPC using poly(methyl methacrylate) PMMA standard samples. ¢ Calculated by the inte-
gration of the corresponding characteristic peak determined by the Jeol 400 MHz spectrometer.

This journal is © The Royal Society of Chemistry 2022
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—— OEGMA,,
- - - OEGMA 1g-b-(BuMA,-co-DEGMAG)

Normalised RI Signal

T
10000
Molar Mass (g/mol)

Fig. 3 GPC chromatograms: (i) the precursor (OEGMA,) in solid line
and (ii) the final product OEGMA;¢-b-(BuMAg-co-DEGMAg) in dashed
line.

impurities and in this case the OEGMA monomer was not able
to be distilled due to its high MM. This can also be attributed
to the difference in radius between OEGMA based polymers
and the PMMA standards that were used to calibrate the GPC.
The GPC chromatograms of OEGMA,y-b-(BuMAg-co-
DEGMAg) and its precursor (OEGMA,,) are shown in Fig. 3 in
dashed and solid lines, respectively. The GPC chromatograms
of rest of the polymers can be found in Fig. S1 (in the ESIT).
No monomer peaks were found in any of the chromatograms,
indicating full conversion of the monomers to the polymers.
The right shift of the peak confirms the addition of the
DEGMA and BuMA monomers to the growing chain during the
GTP. Both peaks are sharp and narrow, which is consistent
with the narrow MMD. The experimental composition in
Table 1 was calculated by using the integral of the character-
istic peaks of the 3 monomers. As shown in the NMR spectrum
(Fig. S2t), two peaks appeared at 3.28-3.36 ppm had each
singlet assigned to the methoxy proton from OEGMA and
DEGMA, respectively. Specifically, the peak at 3.32 ppm corres-

View Article Online
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ponds to the three methoxy protons from OEGMA; and the
peak at 3.34 ppm corresponds to the three methoxy protons
from DEGMA. The singlet at 3.88 ppm corresponds to the two
methylene protons next to the ester bond (-OCH,CH,CH,CH3)
of BUuMA. These 3 peaks were used to calculate the experi-
mental composition of the polymer. The deviation between
the theoretical and the experimental composition is satisfac-
torily small, with the hydrophobicity trend of the polymers
being followed experimentally.

Aqueous solution properties

Cloud point. The thermoresponsive properties and the self-
assembly of the polymers were investigated via UV-VIS, visual
test and DLS. The results are discussed in the following
sections.

The cloud point is a typical index to evaluate the thermore-
sponsiveness (if any) of polymers. It was determined as the
temperature at which the transmittance at the wavelength of
550 nm of the 1% w/w solution dropped to 50%. The cloud
points of the 1% w/w polymer solutions with various solvents
given by the UV-VIS are listed in Table 2. The cloud point of a

polymer can be influenced by the molar mass,*®
composition,**?*%7 structure,”®*°* architecture,®>°>*°* and
solvent, 03104

As shown in Fig. 4, the cloud points tested in PBS were
1 °C-3 °C lower than the ones in deionised water which agrees
with previous studies."**?*®%1% pye to the ions in the PBS,
the polar interactions between PEG moieties and water are sen-
sitive to the interference from these well-hydrated anions in
aqueous solutions, the cloud points of the polymer/PBS solu-
tions are consequently lower compared to the polymer/deio-
nised water solutions.

Furthermore, it can be clearly concluded that increasing
the content of the more hydrophilic OEGMA monomer in any
of the three different types of copolymers, the CP increases, as
it was expected and observed before."***®'% In Fig. 5, all
different copolymers are compared in DI water Fig. 5(a) and

Table 2 Cloud points of 1% w/w polymer solutions in DI water, PBS, and 20% EtOH/80% H,O

Cloud point” (+1 °C)

Sample no. Chemical structure DI water PBS 20% EtOH/80% H,0O
1 OEGMA,,-b-DEGMA, 58 56 —
2 OEGMA, o-b-DEGMA, 3 54 52 —
3 OEGMA4-b-DEGMA, 5 53 51 —
4 OEGMA5-b-DEGMA;, 51 50 91
5 OEGMA,,-h-BuMA,, 59 55 —
6 OEGMA, o-b-BuMA, , 57 53 —
7 OEGMA, 4-b-BuMA,, 55 51 —
8 OEGMA,,-h-BuMA;, 51 51 —
9 OEGMA,,-b-(BuMA4-co-DEGMA,) 59 56 —
10 OEGMA  o-h-(BuMA,-c0-DEGMAg) 58 55 —
11 OEGMA, g-b-(BuMA ,-c0-DEGMAy) 57 54 88
12 OEGMA, 5-b-(BuMA, ,-c0o-DEGMA,) 56 54 86
13 OEGMA 5-c0-BUMA, ,-c0-DEGMA, ; 26 26 25

“As determined by using a Cary 3500 Compact Peltier UV-Vis System (Agilent). The samples are 1% w/w DI solution in DI water, PBS, and 20%
of EtOH and 80% of water. The measurements were carried out at 550 nm, and the heating rate was controlled at 1 °C min.

2510 | Polym. Chem., 2022, 13, 2506-2518
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Fig. 4 The CPs measured by UV-VIS of 1% w/w DI water and PBS solu-
tions plotted against the OEGMA mass fraction. The black triangles and
white squares represent the CP in DI water and PBS, respectively: (a)
OEGMA-b-DEGMA; (b) OEGMA-b-BuMA; and (c) OEGMA-b-(BuMA-co-
DEGMA).

PBS, Fig. 5(b). The DEGMA containing diblock polymers at
lower OEGMA content always present lower cloud point than
the BUuMA or BuMA-co-DEGMA containing copolymers.

When comparing the OEGMA-co-BuMA-co-DEGMA (OEGMA
mass fraction of 53%) and the diblock terpolymer OEGMA-b-
(BuMA-co-DEGMA) (OEGMA mass fraction of 55%), the CP of
the statistical polymer (26 °C) was significantly lower than the
CP of the diblock terpolymer (56 °C). The CPs of OEGMA-co-
DEGMA statistical polymers reported in many
papers."®>¢71%7 According to Ramirez-Jiménez’s study, the
CPs of OEGMA-co-DEGMA statistical polymers were in the
range of 32-56 °C, while in our study, the cloud points of
OEGMA-b-DEGMA diblock polymers are in the range of
51-57 ©°C. Specifically, it was found that the OEGMA-co-

were

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The CPs of the copolymers tested in (a) DI water (up) and (b) PBS
(down). The black triangles, white squares and the half black stars rep-
resent the OEGMA-b-DEGMA, OEGMA-b-BuMA and OEGMA-b-(BuMA-
co-DEGMA), respectively.

DEGMA (with OEGMA mol fraction of 50%) exhibited a CP of
46 °C, while the diblock polymer OEGMA-b-DEGMA (with
OEGMA mol fraction of 49%) exhibited a CP of 51 °C. This
observation in consistent with other findings according to
which the statistical polymers present lower CP than their
corresponding block copolymers.®>'%® This is because amphi-
philic block copolymers can easily self-assemble to form
micelles in the solution and stabilise themselves at higher
temperatures, while the statistical polymers tend to precipitate
due to their inability to form stable micelles. Specifically, stat-
istical copolymers either do not form micelles and exist as
unimers or self-assembly is observed if long side groups are
present but the self-assembled structures have a different
internal structure compared to block copolymers and are not
as colloidally stable.

However, when comparing the OEGMA-b)-BuMA and
OEGMA-b-DEGMA diblock polymers with the diblock terpoly-
mer, OEGMA-b-(BuMA-co-DEGMA) of similar composition,
initially the OEGMA-b-(BuMA-co-DEGMA) had lower CP than
the two diblock bipolymers, but this trend changes when the
OEGMA content is increased above 75 wt%, as seen in Fig. 5.
For example, the CP of the OEGMA-)-DEGMA, OEGMA-b-
BuMA and OEGMA-b-(BuMA-co-DEGMA) when the OEGMA
mass fraction was 64%, the CP was 51 °C, 56 °C and 57 °C,
respectively, while above 75 wt% of OEGMA there is no differ-
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ence between the CPs within experimental error. This could be
attributed to the DEGMA block thermoresponsiveness. We
believe that if micelles are formed at room temperature, when
a permanently hydrophobic block is incorporated into the
structure (OEGMA-b-BuMA), then they are colloidally more
stable and thus precipitate at higher temperature compared to
micelles that are formed upon thermoresponse (OEGMA-b-
DEGMA). This was confirmed for the OEGMA-b-DEGMA copo-
lymers by performing DLS at different temperatures.

Specifically, the CPs of PEGMA-b-DEGMA diblock polymers
were confirmed by the temperature ramp on DLS. From the
result of DLS, we found that the temperature of the micelle for-
mation of PEGMA-b-DEGMA diblock polymers (with PEGMA
mass fraction of 74%, 71% and 64%) was 2-4 °C lower than
the CP given by the UV-VIS. This is discussed further in the
hydrodynamic diameter section that follows.

Hydrodynamic diameters. Table 3 includes the calculated
theoretical diameters and the experimental hydrodynamic dia-
meters measured at 20 °C. The experimental hydrodynamic
diameter was determined as the average hydrodynamic dia-
meters at the maximum intensity of 3 repeated tests. The
theoretical hydrodynamic diameters were calculated based on
two assumptions: random coil and micelle configuration (eqn
(1) and (2)), as shown in Fig. 6. The DP; refers to the degree of
polymerisation of the first block (OEGMA), the DP, refers to
the degree of polymerisation of the second block (BuMA, or
BuMA-co-DEGMA), and the DP.y, refers to the sum of the
degree of polymerisation of both blocks. The DP was calcu-
lated based on the experimental MM given by GPC and the
composition given by NMR. The length of the EG group on
OEGMA was included in the DPy,,. We considered the length
of the EG was 1.5 times of the length of the methacrylate.

View Article Online

Polymer Chemistry

®

*

Fig. 6 Schematic representation of left: random coil configuration;
right: micelle configuration. With red, yellow, and blue the DEGMA,
OEGMA and BuMA are represented, respectively.

Since the OEGMA 300 has 4.5 EG groups, 6.75 (1.5 x 4.5)
should be added for each OEGMA end group. Thus, for
corona/shell micelle where the OEGMA is in the corona, 2 end
OEGMA group are assumed and thus 13.5 was added. For the
statistical copolymer, we assumed that since OEGMA reacts
more slowly one OEGMA group will be at one end and 6.75
was added to the DP. Consequently, the equations used for
these calculations were:

(dg)"? = 2 % (2 x 2.20 X (6.75 + DPoa) /3)"/? x 0.154 nm

(1)
(2)
It was found that the hydrodynamic diameters of OEGMA-

b-DEGMA diblock polymers were small (5.4-5.6 nm) which is
closer to the random coil theoretical calculation and suggests

d = (13.5+4 DP; + 2 x DP,) x 0.252 nm.

Table 3 Theoretical diameters calculated based on random coil assumption and micelle assumption and the experimental hydrodynamic diameters

measured by DLS at 20 °C

Dy, (nm)

Theoretical
Polymer no. Theoretical structure Micelle” Random coil? Experimental (by intensity, 20 °C + 0.5)
P1 OEGMA,,-h-DEGMA, 20.2 2.5 5.6
P2 OEGMA, ,-b-DEGMA, ; 19.7 2.5 5.6
P3 OEGMA, 4-h-DEGMA, 5 18.7 2.4 5.6
P4 OEGMA, ,-b-DEGMA,, 19.1 2.5 5.4
P5 OEGMA,,-h-BuMA,; 19.0 2.4 21.0
P6 OEGMA, o-h-BuMA,, 19.8 2.5 32.7
P7 OEGMA, 4-h-BuMA,, 20.4 2.5 114.0
P8 OEGMA,,-h-BuMA,, 19.2 2.5 52.7
P9 OEGMA,,-b-(BUMAg-co-DEGMA,) 18.9 2.4 16.5
P10 OEGMA, -b-(BUMA4-co-DEGMAG) 18.5 2.4 19.1
P11 OEGMA 5-b-(BUMA ,-c0-DEGMAg) 18.7 2.4 28.2
P12 OEGMA, -b-(BUMA,;-c0-DEGMA,) 20.3 2.6 37.8
P13 OEGMA, 3-c0-BuMA, --c0-DEGMA, — 2.9 18.2

“The theoretical diameter was calculated by assuming the polymer formed micelle in the solution based on the equation: d = (13.5 + DP; + 2 x
DP,) x 0.252 nm; here DP; and DP, is the degree of polymerisation of the first and second block, calculated based on the result of GPC and
NMR, 15 is the converted DP of the ethylene glycol groups on the side chain. ? The theoretical diameter was calculated by assuming the polymer
formed random coil in the solution based on the equation: (d,*)"? = 2 x (2 x 2.20 x (6.75 + DPyya)/3)"> X 0.154 nm; here DPyyqy is the total
degree of polymerization of both blocks, calculated based on the result of GPC and NMR.
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that the polymers are unimers and not self-assembling in a
micelle. This was expected as both blocks in the OEGMA-b-
DEGMA copolymers are hydrophilic at low temperatures, ie.,
below the CP of DEGMA. Once DEGMA becomes hydrophobic
at its CP, the diblock polymer is amphiphilic. Thus at 20 °C
the OEGMA-b-DEGMA copolymers are considered as hydro-
philic polymers, therefore the polymer exists as random coil in
the solution, as confirmed by DLS.

The experimental hydrodynamic diameters of OEGMA,,-b-
BuMA,; and OEGMAy-b-(BuMAy-co-DEGMAg) were close to the
theoretical values for micelles, confirming that the polymers
are amphiphilic due to the presence of the hydrophobic BuMA
and they form micelles. In some cases where the hydrophobic
content of BUuMA was higher, bigger aggregates were observed
by DLS and this was supported visually as the polymer solu-
tions appear slightly turbid at room temperature. The statisti-
cal copolymer was also not well soluble, so even though no
self-assembly is expected, the diameter by DLS is higher com-

—A— OEGMA,,-b-DEGMA,
—%— OEGMA,;-b-DEGMA, , %
#— OEGMA ;-b-DEGMA L
E 10007 @ OEGMA ;-b-DEGMA,;
£ "\'\.\-
5 B
©
£
8 2
2 e
£ w3
X
8 .
°© <
>
I
10 4 ]
| S S T
20 30 40 50 60 70

Temperature (°C)

Fig. 7 Hydrodynamic diameters measured at different temperatures.
The black triangles, red stars, blue squares, and the green circles rep-
resent the OEGMA-b-DEGMA with OEGMA mass fraction of 80%, 74%,
71% and 64%, respectively. The schematics of the random coils
(<10 nm), micelles (10 nm < d < 100 nm), and aggregates (>500 nm) are
also illustrated in the figure.
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pared to the random coil calculation. This is believed to be
due to the poor solubility of the polymer and because some
minor aggregation may be observed due to the OEG segments
of the OEGMA monomer. Furthermore, since all monomers
were polymerised simultaneously and the OEGMA monomer
polymerises slower this polymer may have more of a tapered
architecture where more OEGMA groups are at the end of the
polymer chain. In that case it is expected to self-assemble
similar to the OEGMA-b-(BuMA-co-DEGMA) architecture.

The DLS for the OEGMA-b-DEGMA series was also per-
formed at different temperatures. Interestingly, as temperature
increases, the increase of the hydrodynamic diameters of the
OEGMA-b-DEGMA polymers was observed, as shown in Fig. 7.
It was found that for all OEGMA-b-DEGMA polymers, the
hydrodynamic diameters increased from a few nanometres to
above 1000 nm as the temperature increases.

As shown in Fig. 8, the intensity distribution of hydrodyn-
amic diameters of P4: OEGMA,,b-DEGMA,,; measured at 25,
48 °C (onset point) and 51 °C (CP) was plotted. From the com-
bination of Fig. 7 and 8, the process of the micelle formation
triggered by the temperature of the diblock polymers is self-
evident. At room temperature, the hydrodynamic diameter
measured at the highest intensity was 5.6 nm, indicating that
the polymer chains existed as random coils in the solution.
The other peak at around 300 nm was due to the smaller pres-
ence of some aggregates. At 48 °C, the hydrodynamic diameter
at the highest intensity was 18.2 nm, indicating that the poly-
mers self-assembled into micelles. At the CP of this diblock
polymer (51 °C), micelles (21 nm) and aggregates of various
sizes (531 nm and >1000 nm) were observed. Similar trends
were observed for the other two OEGMA-DEGMA diblock poly-
mers with intermediate OEGMA content. Similar observations
on systems that form micelles when increasing the tempera-
ture was made by Hoogenboom et al.***"*"?

On the other hand, for OEGMA,,-b-DEGMA,, which has the
highest OEGMA content (80%), the hydrodynamic diameter
was kept at 5.6 nm until the CP was reached. The hydrodyn-
amic diameter suddenly increased to 500 nm at the CP. No
intermediate micelle formation was detected during the temp-

a) 16 b)16 C)12
14l 25°C ial 48°C 51°C
104
124 124
10 10 g8
=2 2 2
= g = 8- = 6
5 @ @
£ 9] £ 5 € 41
41 44
24
2 24
0 : 04 : . 0 e . :
1 10 100 1000 1 10 100 1000 1 10 100 1000

Hydrodynamic diameter (nm)

Fig. 8

Hydrodynamic diameter (nm)

Hydrodynamic diameter (nm)

Intensity distribution for OEGMA;¢-b-DEGMAy, (a) at 25 °C (room temperature, random coils and aggregations coexisted); (b) at 48 °C

(onset temperature, micelles formed at this temperature); (c) at 51 °C (CP, micelles, aggregations, and precipitation coexisted).
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erature increase. Ramirez-Jiménez and co-workers' reported
similar observations on OEGMA-co-DEGMA statistical poly-
mers. They also reported the sudden increase of the hydrodyn-
amic diameter at the CP of the polymer. Thus, OEGMA,,-b-
DEGMA, behaved differently from other OEGMA-b-DEGMA
diblock polymers, like the statistical copolymers, due to its
higher OEGMA content. Since the micelle formation is a
thermodynamic process, and the stability of the micelle
depends on the interaction of the polymer chain inside the
hydrophobic core, the hydrophobic content of the polymer
chain is crucial. The high OEGMA content of OEGMA,,-b-
DEGMA, makes it difficult for this polymer to form stable
micelles in the solution, and thus the polymer chains aggregate
and collapse immediately when temperature reaches the CP.

For the ones able to form micelles during the heating
process, the onset point of the micelle formation (the lowest
temperature at which the hydrodynamic diameter starts to
increase) was 2-4 °C lower than the cloud point of the diblock

Fig. 9 Visual observations of (a) transparent solution, (b) slightly cloudy
solution, (c) cloudy solution, (d) transparent gel, (e) cloudy gel, and (f)
precipitation.
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polymer, and higher than the cloud point of the DEGMA
homopolymers (27-30 ©°C).*® For example, the OEGMA-b-
DEGMA (OEGMA mass fraction of 74%) showed a CP at 54 °C,
while the onset temperature was 50 °C. This observation con-
firms that the micelles self-assembled a few degrees before the
CP. While for the OEGMA-b-DEGMA (OEGMA mass fraction of
80%) and the OEGMA-co-DEGMA statistical polymers in
Ramirez-Jiménez’s study,' the onset point was very close
(0.3 °C lower) to the CP. This difference indicates the for-
mation of the micelles of our polymers. Since the statistical
polymers are not able to form micelles, the polymer chains
tend to entangle with each other due to the ‘hydrophobic
effect’. Therefore, the polymer chain aggregated more easily
and precipitated out of solution immediately. However, the
diblock polymers reported in this study were able to form
micelles to form a more stable system, thus broaden the temp-
erature window for the polymer to stay dissolved in the
solution.

Phase diagrams of copolymers in DI water

To investigate the effect of the concentration on the cloud
point, the phase diagrams of all the polymers were constructed
at the following concentrations: 2%, 5%, 10%, 15%, and 20%
w/w. The images shown in Fig. 9, from (a) to (f), demonstrated
what is visually observed when there is (a) a transparent solu-
tion, (b) a slightly cloudy solution, (c) cloudy solution, (d) a
transparent gel, (e) a cloudy gel and (f) precipitation.

The phase diagrams of OEGMA,;,-b-DEGMAy, OEGMA,,-b-
BuMA;; and OEGMA,,-b-(BuMA;-co-DEGMA,) were plotted
based on the observations of visual test as shown in Fig. 10.
The polymer solution undergoes visually observable changes
including transparent, slightly cloudy, cloudy and precipitation

c) OEGMA,,-b-(BuMA,-co-DEGMA,)
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Fig. 10 Phase diagrams of OEGMA,,-b-DEGMAy, OEGMA,,-b-BuMA;; and OEGMA,,-b-(BuMA;;-co-DEGMA,). The concentration of the solution
was varied from 1% w/w to 20% w/w. The transparent solution, slightly cloudy solution, cloudy solution, and precipitation was indicated by square,

triangle, circle, and green square respectively.
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(phase separation) sequentially in response to an increasing
temperature, with no gelation observed. The solutions of
OEGMA-b-BuMA diblock polymers with OEGMA content of
64% and 68% were slightly cloudy at room temperature due
the higher hydrophobicity of the BuMA monomers. From the
phase diagrams of all the copolymers, it was found that the
phase separation was not significantly affected by the
concentration.

Mixtures of OEGMA based copolymers with Pluronic F127

Currently the only formulations of thermoresponsive gels that
are in clinical trials involve Pluronic F127.° In these formu-
lations, Pluronic F127 is the main component but often other
polymers are present too. Here we wanted to investigate the
effect of adding the new synthesised polymers in Pluronic
F127 formulations since these are of great interest.
Specifically, to investigate how the copolymers influence the
gelation behaviour of Pluronic®F127, visual tests were carried
out across a range of temperatures and concentrations. In par-
ticular, the concentrations were varied in 2 ways: (1) the total
concentration of the mixture was kept the same at 25% w/w,
while the concentrations of Pluronic®F127 were varied from
5% wiw, 10% w/w, 12.5% w/w, 15% w/w to 20% w/w; (2) the
concentration of the copolymer was kept the same at 5% w/w,
while the concentrations of Pluronic®F127 were varied from
5% wiw, 10% w/w, 15% w/w and 20% w/w. The gelation temp-
eratures were also confirmed by rheometer. The rheological
curves can be found in ESI (Fig. S3, Tables S1 & S2%). One
diblock copolymer from each different series OEGMA-b-
DEGMA, OEGMA-b-BUuMA and OEGMA-h-(BuMA-co-DEGMA)
was mixed with Pluronic®F127 and the phase diagrams are
shown in Fig. 11. To summarise the main results, the Tges of

a) OEGMA,,-b-DEGMA, / F127

Concentration of polymer (% w/w)
225 20 175 15 125 10 75 5 225 20 175 15

b) OEGMA,,-b-BuMA,, / F127
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Fig. 12 Effect of different copolymers on the Ty of Pluronic®F127.
The black triangles, white squares, and black stars represent the
OEGMA-b-DEGMA, OEGMA-b-BuMA, and OEGMA-b-(BuMA-co-
DEGMA), respectively.

the mixtures were plotted against the concentration of
Pluronic®F127 and this are shown in Fig. 12.

The statistical polymer OEGMA-co-BuMA-co-DEGMA was
also mixed with Pluronic®F127, however, the results are not
presented in these figures and tables. This is because only the
mixtures with (1) 5% w/w OEGMA-co-BuMA-co-DEGMA and 5%
w/w Pluronic®F127; and (2) 5% w/w OEGMA-co-BuMA-co-
DEGMA and 10% w/w Pluronic®F127, formed homogeneous
solutions. The others spontaneously phase separated after
standing for about half an hour and did not form homo-
geneous solutions even at low temperature (4 °C). The visual
tests were carried out on the two homogenous mixtures and
no gelation was observed.
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Fig. 11 Phase diagram of the mixtures of the copolymers and Pluronic®F127. The concentration of the Pluronic®F127 in the solution was varied
from 5% w/w to 20% w/w, with the overall concentration was kept constant at 25% w/w. The transparent solution, cloudy solution, precipitation,
stable transparent gel, and stable cloudy gel was indicated by square, circle, green square, blue triangle, and blue circle, respectively.
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As reported in previous studies, the minimum gelation con-
centration Cge of Pluronic®F127 is 15% w/w with a gelation
temperature window from 32 °C to 41 °C.>*** In our study, we
found that the addition of our copolymers to the mixture
lowers the C,. and broadens the temperature window of the
stable gel. In the phase diagrams with the same total concen-
tration (25% w/w, shown in Fig. 11), we found that OEGMA-b-
BuMA and OEGMA-b-(BuMA-co-DEGMA) exhibited similar
influence on the gelation of Pluronic®F127. When increasing
the Pluronic®F127 concentration, the first gel was formed at
12.5% w/w Pluronic®F127, with a temperature window from
31 °C to 47 °C. Furthermore, at 20% w/w Pluronic®F127 on its
own without an additive will form gels that will collapse when
the temperature exceeds 55 °C. When 20% w/w Pluronic®F127
was mixed with 5% w/w of the copolymers of this study on the
other hand, the gel formed stays stable at higher temperatures.

The mixture of diblock polymer OEGMA-b-DEGMA and
Pluronic®F127 behaved differently from the other diblock
polymer mixtures discussed above. It was found that OEGMA-
b-DEGMA can lower the Cge to 10% w/w with a temperature
window from 42 °C to 58 °C. In general, the Ty of OEGMA-b-
DEGMA and Pluronic®F127 mixture was a few degrees higher
than the other mixtures with similar concentrations. It is
worth noting that the gel of the mixture with 10% w/w of
OEGMA-b-DEGMA and 15% w/w of Pluronic®F127 was formed
at body temperature 37 °C and stayed stable as high as 74 °C.
The other mixtures also exhibited Ty s either slightly lower or
higher than the body temperatures (34 °C-42 °C), which are
potential candidates for injectable gel or drug delivery. The
fact that the copolymer chemistry had such an effect on the
thermogelling of the copolymer/Pluronic mixture is very inter-
esting. It seems that the OEGMA-)-DEGMA copolymers that
are hydrophilic and only form micelles at higher temperatures
enhance gelation, decrease the Cg. and shift the Ty at higher
temperatures more than the amphiphilic counterparts. This
demonstrates how the mixing with the right copolymer can be
used to tailor both the Cg and Ty of a thermogelling
formulation.

Conclusions

Thermoresponsive polymers based on the BuMA, DEGMA and
OEGMA monomers were successfully synthesised via GTP.
Three architectures: diblock bipolymer, diblock terpolymer
and statistical terpolymer were investigated. The mass fraction
of the OEGMA was varied from 50% to 80%. The CPs increased
by increasing the OEGMA composition in the copolymer. The
architecture also affected the CPs. The statistical copolymer
was less water soluble and presented a lower CP than all other
copolymers. The copolymers that are hydrophilic at room
temperature, thus they do not form micelles (i.e., OEGMA-b-
DEGMA), present lower cloud points when compared to the
amphiphilic copolymers, which form micelles at room temp-
erature (i.e.,, OEGMA-b-BuMA and OEGMA-b-(BuMA-co-
DEGMA)).
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Interestingly, the DLS investigation revealed that depending
on the OEGMA composition there are some intermediate
temperatures, close to the DEGMA CP, where micelles are
formed before the polymer phase separates. Furthermore, the
synthesised copolymers were used as an additive to control the
gelation temperature (Ty) and concentration (Cge) of
Pluronic®F127. It was demonstrated that by mixing with the
appropriate copolymers both Ty and C, can be tailored. The
OEGMA-b-DEGMA copolymer was especially promising when
mixing with Pluronic®F127, as the Cg. was reduced and the
Ty shifted towards body temperature, so the polymer formu-
lation could be injected at room temperature and be a gel at
body temperature. The above observations give directions for
further applications in drug delivery, tissue engineering, and
Sensors.
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