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A B S T R A C T   

A series of biocompatible thermoresponsive copolymers were successfully synthesised via group transfer poly
merisation (GTP) from methoxy ethylene glycol methacrylate (MEGMA) and methoxy oligo (ethylene glycol) 
methacrylate (OEGMA, Mn = 300 g mol -1). Statistical and diblock copolymers with molar mass around 8100 g 
mol− 1 and various compositions were investigated. Specifically, the content in OEGMA and MEGMA was varied 
from 80 to 20, 70–30, 60–40, to 50–50 w/w%. The thermoresponsive and self-assembly behaviour of the co
polymers was investigated through visual tests, rheology, dynamic light scattering (DLS) and transmission 
electron microscopy (TEM). Interestingly, the diblock copolymers with higher MEGMA content were able to form 
gels at relatively low concentrations (as low as 5% w/w) when increasing the temperature, something that is 
reported for the first time for linear ethylene glycol based copolymers. A transition of spherical micelle to worm- 
like micelle was observed in these diblock copolymers that promotes gelation. Furthermore, these in-house 
synthesised polymers were mixed with Pluronic® F127. It was found that the gelation area of Pluronic® F127 
was broadened by the addition of the synthesised copolymers with one formulation, specifically a combination of 
12.5% w/w Pluronic® F127 and 12.5% w/w of a statistical OEGMA-co-MEGMA, forming a stable gel from 34 ◦C 
to 48 ◦C that is a desirable temperature range for biological applications. Finally, cell viability experiments were 
performed for the three most promising diblock copolymers and they were confirmed to be non-toxic.   

1. Introduction 

Smart materials which can respond to external stimuli, such as 
temperature, pressure, light, etc, have drawn much attention over the 
past decades [1-3]. Among these smart materials, thermoresponsive 
hydrogels are of great interest in biomedical applications, such as 
injectable gel [4-6], tissue engineering [7-9], drug delivery [10-13], and 
wound repair [14-16], because of the high water content, biocompati
bility and the thermoresponsive properties. The thermoresponsive 
hydrogels with 3-D networks formed by the physical crosslinks of 
thermoresponsive polymers can undergo reversible sol–gel transition as 
temperature changes. The polymers exhibiting lower critical solution 
temperature (LCST) are particularly attractive [17-19]. In this case, 
therapeutic agents, such as drugs, cell, or DNA can be simply blended 
with the aqueous polymer solutions at room temperature and injected 
into human body. The gelation can be triggered by the body temperature 
and achieve the controlled and local release of the therapeutic agents. 

The design criteria of the thermoresponsive polymers are: i) the 

polymer and the decomposition product (if any) of the polymer should 
be biocompatible and noncytotoxic; ii) the thermoresponsive properties 
can be easily tailored, for example the near body temperature gelation 
temperature; iii) the polymer solution at room temperature should 
possess low viscosity, thus offering easy injectability; and iv) rapid 
gelation upon injection. Recently, the oligo ethylene glycol (OEG) 
methyl ether methacrylate monomers have gained great attention 
because they can meet all the above design criteria [9,20-26]. This 
family of monomer provides many choices with a change in the length of 
the OEG side chains, from hydrophobic ones, e.g., methoxy ethylene 
glycol methacrylate (MEGMA) to hydrophilic ones, e.g., methoxy oligo 
(ethylene glycol) methacrylate (OEGMA, Mn = 300 g mol− 1) [20,27-29]. 
The polymers based on these monomers shows good anti-fouling prop
erties, no hysteresis, and are non-ionic therefore won’t disturb the ion 
balance in body fluid [30,31]. Besides, the thermoresponsive properties 
of these polymers can be easily tuned by changing the molar mass (MM), 
structure, and composition [21,22,32-34]. These monomers can be 
synthesised via a living polymerisation method called group transfer 
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polymerisation (GTP), which is less time consuming, cheaper, more 
efficient and easy to scale up than other living polymerisation methods 
[35-39]. 

In previous studies, people have extensively investigated the co
polymers of di(ethylene glycol) methyl ether methacrylate (DEGMA) 
and OEGMA (300 g mol− 1) [18,30,40-43]. The cloud point (TCP) of the 
OEGMA-DEGMA copolymer can be simply altered between 26 ◦C and 
75 ◦C by adjusting the composition, because DEGMA shows a TCP at 
around 26 ◦C and OEGMA exhibit a Tcp at 90 ◦C. Most of this research 
focused on the statistical polymer based on these two monomers. 
However, the statistical polymers lack the ability to form stable 3-D 
network and only present aggregation and precipitation at high tem
perature. Amphiphilic block polymers, however, are well known for 
their self-assembly ability in aqueous solutions [18,30,43-49]. These 
polymers can spontaneously self-assemble into a wide range of micelles 
with different morphologies, such as spheres, worms, vesicles, etc [50- 
55]. Some polymers can undergo the transition of one micelle 
morphology to another upon temperature changes. For example, 
Brotherton et al. [56], Raphael et al. [57], and Cunningham et al. [54], 
observed sphere-to-worm transition in diblock polymers. Ratcliffe et al 
observed sphere-worm-vesicle transition in poly(N-(2-hydroxypropyl) 
methacrylamide)-poly(2-hydroxypropyl methacrylate) (HPMAC-b- 
HPMA) diblock copolymer [58]. Several people reported the 
polymerisation-induced micelle transition [59-63]. Although OEGMA 
was extensively used as the thermoresponsive hydrophilic block in 
amphiphilic block polymers [41,43,64-68], very few studies investi
gated polymers where both the hydrophilic and hydrophobic monomers 
are based EG-based. In those studies, when linear polymers were 
investigated no gelation was observed. Interestingly, when star poly
mers based on OEGMA (475 g mol− 1 – roughly 9 groups of EG) and 
DEGMA monomers were investigated and gelation was observed around 
body temperature [26,69-71]. However, these star polymers were found 
to show cytotoxicity at the gelation concentration in the cell viability 
tests and thus their biomedical application was limited. 

Here, we report the synthesis of linear OEGMA-MEGMA copolymers 
via GTP. To the best of knowledge this the first time that diblock co
polymers based on these monomers has been investigated. The molar 
mass (MM) was kept constant, targeted 8100 g mol− 1 while the 
composition of the diblock copolymers was systematically varied. Spe
cifically, in order to investigate how the composition affects the ther
moresponsive properties of the polymers, the mass ratio of OEGMA to 
MEGMA was varied from 80 to 20, 70–30, 60–40, 50–50, 40–60, to 
30–70. One statistical copolymer (50–50 wt%) was also synthesised for 
comparison (as schematically illustrated in Fig. 1). The thermores
ponsive and self-assembled properties of the copolymers were studied in 
aqueous media with turbidimetry, dynamic light scattering (DLS), 

rheology and transmission electron microscopy (TEM), revealing some 
interesting temperature induced self-assembly restructuring. Finally, the 
thermoresponsive properties of the mixtures of the in house-synthesised 
copolymers with Pluronic® F127 were also studied. 

2. Materials 

The chemical structures of the two monomers used MEGMA, and 
OEGMA are shown in Fig. 1. MEGMA (MM = 144.17 g mol− 1, 99%) and 
OEGMA (average MM = 300 g mol− 1, contains 100 ppm MEHQ and 300 
ppm BHT as inhibitor), methyl trimethylsilyl dimethyl ketene acetal 
(MTS, 95%), tetrahydrofuran (THF, anhydrous, HPLC grade, ≥99.9%), 
basic aluminium oxide (Al2O3⋅KOH), calcium hydride (CaH2, ≥90%), 
2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH), thiazolyl blue tetrazo
lium bromide (HPLC, ≥97.5%), dimethyl sulfoxide (≥99.9%), branched 
polyethylenimine (PEI, 10000 g mol− 1), foetal calf serum (FCS, heat 
inactivated) and deuterated chloroform (CDCl3, 99.8 atom % D) were 
purchased from Sigma Aldrich, United Kingdom⋅THF (GPC grade), 
phosphate buffered saline (PBS, solution), Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F-12), and Penicillin- 
Streptomycin (10000 U/mL) were purchased from Fisher Scientific, 
United Kingdom. Ethanol, acetone, and n-hexane were purchased from 
VWR chemicals. AGS160 carbon film on 200 mesh grid copper were 
purchased from Agar Scientific Ltd, United Kingdom. ARPE-19 cells 
were obtained from Prof. Molly Stevens (Imperial College London, 
London, United Kingdom). 

Tetrabutylammonium bibenzoate (TBABB) was in house synthesised, 
following the procedure reported by Dicker et al. [72]. 

3. Experimental 

3.1. Synthesis of the polymers 

All the polymers in this work were synthesised via GTP. The mono
mers, MEGMA and OEGMA, were purified by passing through the col
umn with Al2O3⋅KOH twice to remove the inhibitor and acidic 
impurities. We used anhydrous THF as the solvent, MTS as the initiator 
and TBABB as the catalyst. MEGMA was freshly distilled at 45 ◦C on the 
day of synthesis. OEGMA was dissolved in anhydrous THF to prepare a 
50% vol solution. The aimed structures are diblock and statistical. The 
mass ratio of MEGMA and OEGMA was varied from 80:20, 70:30, 60:40, 
to 50:50. 

To synthesise the statistical polymer OEGMA13-co-MEGMA27, 10 mg 
of TBABB, 51.3 ml of THF, 9.9 ml of MEGMA and 18.8 ml of OEGMA 
solution was added to a 250 ml round bottom glass flask and stirred 
under argon. Then, 0.5 ml of MTS was added to the flask. An exotherm 
was detected and the reaction flask was then placed in water bath. The 
reaction was completed after 15 min. Samples were withdrawn for gel 
permeation chromatography (GPC) and nuclear magnetic resonance 
(NMR) analysis. 

Sequential monomer addition was used to synthesise the diblock 
polymers. For example, for OEGMA13-b-MEGMA27, 10 mg of TBABB, 
51.3 ml of THF and 0.5 ml of MTS were added to the flask and stirred 
under argon. 18.8 ml of OEGMA solution was then added dropwise to 
the reaction flask. An exotherm was observed. The mixture was allowed 
to react for 15 min to form the first block. Samples of the first block were 
withdrawn for GPC and NMR. Then 9.9 ml of MEGMA was added 
dropwise to the reaction flask and was allowed to react for another 15 
min. GPC and NMR were withdrawn after 15 mins when the exotherm 
was depleted. 

It should be noted that diblock polymers P1-4 were synthesised with 
OEGMA as the first block while diblock polymers P5 and P6 were syn
thesised with MEGMA as the first block. This is because when syn
thesised P5 and P6 with OEGMA first, the deactivation of the living 
polymer chain after the synthesis of the first block is not negligible. To 
address this problem, the sequence of the two blocks was altered. 

Fig. 1. Chemical structures, names, and abbreviations of the monomers and 
schematic illustration of the chemical structure of the copolymer synthesised in 
this paper. 
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All the successfully synthesised polymers were recovered by pre
cipitation in n-hexane and were dried under vacuum over a week at 
room temperature. 

3.2. Gel permeation chromatography (GPC) 

An Agilent Security GPC system, with a polymer standard service 
(PSS), and a MIXED-D column (PL1110-6504, particle size [μm]: 5 μm, 
dimensions [mm]: 300 × 7.5 mm), an Agilent guard column (PL1110- 
1520, particle size [μm]:5, dimensions [mm]: 50 × 7.5, an Agilent 1250 
refractive index (RI) detector and a “1260 Iso” isocratic pump was uti
lised to find out the molar mass (MM) and polydispersity index (Đ) of the 
precursors and the final products. 

The GPC system was calibrated by poly(methyl methacrylate) 
(PMMA) standard samples with molar masses of 2000, 4000, 8000, 
20000, 50000, and 100000 g mol− 1. The mobile phase was pure GPC 
grade THF. To prepare the GPC samples, the samples withdrawn from 
the reaction flask was diluted in 1 ml of THF and then filtered by a 0.45 
μm PTFE syringe filter. 

3.3. Proton nuclear magnetic resonance (1H NMR) spectroscopy 

A Jeol 400 MHz spectrometer instrument was used for NMR analysis. 
To prepare the NMR samples, the withdrawn samples from the reaction 
were dried under vacuum for 2 days and then redissolved in 650 μl of 
CDCl3. 

3.4. Ultraviolet–visible (UV–vis) spectroscopy 

A Cary 3500 Compact Peltier UV–Vis System (Agilent) was used to 
determine the Tcp s of the 1% w/w solutions in DI water and PBS. The Tcp 
was determined as the temperature at which the transmittance of the 1% 
w/w solution dropped to 50%. The heating rate was controlled at 1 ◦C 
min− 1 and the data point was collected every 1 ◦C at the wavelength of 
550 nm. The samples were stirred at 600 rpm and held at each tem
perature point for 30 s. 

3.5. Dynamic light scattering (DLS) 

A Zetasizer Nano ZSP (Malvern) instrument was used to determine 
the hydrodynamic diameters of the polymers in 1% w/w DI water so
lutions. The samples were filtered through 0.45 μm nylon filter before 
the measurement. The measurement was conducted under room tem
perature (25 ◦C) and at a backscatter angle of 173◦. 

3.6. Transmission electron microscopy (TEM) 

All the images were recorded under a JEOL STEM 2100Plus and a 
JEOL STEM 2100Plus transmission electron microscope. The trans
mission electron microscope was operated at 80 kV with a 70 μm 
objective aperture. The samples were 1 % w/w solutions in DI water and 
PBS. The grids were glow discharged by NanoClean model 1070, 
Fischione before use. Around 30 μl of the polymer solution was pipetted 
on to the glow discharged grids and then negatively stained by one drop 
of 2% w/v uranyl acetate for 60 s. 

3.7. Visual test 

An IKA RCT basic stirrer hotplate and an IKA ETS-D5 temperature 
controller was used for the visual test plot the phase diagram of the 
polymer. Different concentrations, 1, 2, 5, 10, 15, 20 and 25% w/w of 
the solutions in DI water and PBS solutions were investigated. The 
temperature range was 20 ◦C to 80 ◦C and the data was collected every 
1 ◦C. 

3.8. Rheology 

A TA Discovery HR-1 hybrid rheometer with a geometry of 40 mm 
parallel plate was used to determine the rheological properties. A tem
perature ramp oscillatory test was conducted from 10 ◦C to 80 ◦C, with a 
heating rate of 1 ◦C min− 1, on the 15% w/w polymer solutions in DI 
water and PBS. The strain was 1% and the angular frequency was 1 rad 
s− 1. 

3.9. Cell test 

The cytotoxicity of the polymer was investigated in ARPE-19 cells by 
MTT assay. ARPE-19 cells were cultured at 37 ◦C and 5% CO2 using 
DMEM/F12 medium. The culture medium was supplemented with 10% 
foetal calf serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. 
Several concentrations of the polymer solutions (25, 50, 125, 250, and 
500 μg mL− 1) were prepared. ARPE-19 cells were seeded on 96-well 
plates, at a density of 1 × 10^(4)cells per well and then treated with 
the polymer solutions after 24 h. The cells were left to incubate for 
another 24 h. MTT solution (10%) was added to each well and left to 
incubate for 4 h. All wells were carefully aspirated, and crystals formed 
were solubilised with 100 μl of DMSO. Absorbance was read at 560 nm 
using a OPTImax microplate reader (Molecular Devices). Background 
absorbance was subtracted from readings to obtain final optical den
sities. PEI was used as positive comparison (cytotoxic control), the un
treated cells represent the negative control to which the cell viability 
was established as 100%. 

4. Result and discussion 

In this work to investigate the thermoresponsive polymers based on 
the OEG-methacrylate monomers, one statistical and six diblock poly
mers based on MEGMA and OEGMA were synthesised. The target molar 
masses were 8100 g mol− 1. Based on our previous research on OEG- 
methacrylate monomers, the MEGMA was chosen as the hydrophobic 
block in the polymer, while the OEGMA was chosen as the thermores
ponsive block. OEGMA is more hydrophilic at low temperature and is 
used to increase the solubility of the copolymer under room 
temperature. 

4.1. Molar mass and composition 

The molar masses and compositions of the polymers were confirmed 
by GPC and NMR and summarised in Table 1. The number average 
molar mass (Mn) of the diblock polymers (P1-6) are similar, in the range 
of 8000 to 9200 g mol− 1, slightly higher than the targeted Mn, as ex
pected and observed before. Specifically, in previous GTP studies, the 
fact that the experimental MM was higher than the theoretical MM was 
attributed to some deactivation during the synthesis [40,52,73-76]. The 
deactivation is attributed to 1) the humidity introduced into the reaction 
flask during the additions; 2) the impurity in the OEGMA monomer. The 
OEGMA monomer was not distilled before synthesis due to the high MM 
and viscosity and was purified like in previous published studies [77]. 
Besides, it may also contain some hydroxy (non methacrylated) de
rivatives, which is well documented that affects the polymerisation 
[27,78]. The experimental MM of statistical polymer synthesised in this 
study was 12000 g mol− 1, higher than the theoretical value (8100 g 
mol− 1). The synthesis of the statistical polymer was repeated for 3 times 
and similar results were obtained in each batch. The discrepancy be
tween the experimental MM of the diblock copolymers and the statistical 
copolymer was attributed to the water bath added to the reaction flask 
during the synthesis of the statistical copolymer in order to control the 
reaction’s exotherm. Specifically, since the synthesis is a simultaneous 
addition, the initiator was added after all the monomers were added to 
the reaction flask. To avoid evaporation of the solvent due to violent 
exotherm during the reaction, a water bath was added to the reaction 
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flask before the polymerisation, and thus the statistical polymer was 
synthesised in a more humid environment. As GTP is an anionic poly
merisation method, it is very sensitive to labile protons. Despite the 
higher MM, the Đ value is 1.17 lower than 1.25 which still indicates that 
a well-defined statistical copolymer was obtained and thus was further 
characterised in terms of its aqueous properties [79,80]. In fact, the MM 
dispersity was satisfactory for all synthesised copolymers since the Đ 
values ranged from 1.12 to 1.22 showing a narrow MM distribution for 
all copolymers. 

As shown in Fig. 2, the GPC traces polymer P1, 4 and 7 are plotted. As 
shown in Fig. 2(a) and (b) the peaks shift to higher molar mass indi
cating the successful sequential addition of the second monomer. The 

absence of the monomer peak confirms the full conversion of the 
monomers and the successful synthesis of the polymers. The GPC curves 
of other copolymers can be found in the supplementary information, 
Fig. S1. 

Since the characteristic peak of the methyl group on the end of 
OEGMA and MEGMA merged with each other, the compositions of each 
copolymer were calculated based on the GPC result and not from the 
NMR as it is the normal practice. The NMR spectra can be found in 
Fig. S2. 

Table 1 
Theoretical chemical structures, Molar masses (theoretical and as experimentally determined by GPC) and molar mass distribution of the copolymers.  

Sample No. Theoretical chemical structurea OEGMA content 
% 

MMc
theoretical 

(g mol− 1) 
GPC resultb 

Theoretical GPCb Mn 

(±250 gmol− 1) 
Đ 

P1 OEGMA21 80 77 6400 6500  1.18 
OEGMA21-b-MEGMA11 8100 8400  1.17 

P2 OEGMA19 70 73 5600 6700  1.14 
OEGMA19-b-MEGMA17 8100 9200  1.20 

P3 OEGMA16 60 63 4800 5800  1.14 
OEGMA16-b-MEGMA22 8100 9200  1.17 

P4 OEGMA13 50 55 4000 5000  1.12 
OEGMA13-b-MEGMA27 8100 9100  1.22 

P5 MEGMA33 40 33 4800 5300  1.11 
MEGMA33-b-OEGMA11 8100 8000  1.15 

P6 MEGMA38 30 28 5600 6300  1.09 
MEGMA38-b-OEGMA8 8100 8900  1.12 

P7 OEGMA13-co-MEGMA27 50 50 8100 12,000  1.17  

a MEGMA: ethylene glycol methyl ether methacrylate, OEGMA: oligo(ethylene glycol) methyl ether methacrylate. 
b As determined by GPC using poly(methyl methacrylate) PMMA standard samples. The compositions of each copolymer were calculated based on the GPC result 

and not from the NMR because the characteristic peaks of the methyl group on the end of OEGMA and MEGMA merged with each other. 
c The theoretical molar mass was calculated as MMtheoretical = MMmonomer × DP + 100 g mol− 1, here the MMmonomer was the molar mass of the monomer; the DP was 

the degree of polymerisation of the corresponding block; the 100 g mol− 1 was the MM of the fragment of the MTS initiator remaining on the polymer backbone. 

Fig. 2. GPC chromatogram of: a) P1 (OEGMA21-b-MEGMA11), the precursor (OEGMA21) is plotted in blue and the final diblock copolymer is plotted in black; b) P5 
(MEGMA33-b-MEGMA11), the precursor (MEGMA33) is plotted in orange and the final diblock copolymer is plotted in black; c) P7 (OEGMA21-co-MEGMA11), the final 
product is plotted in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Cloud points of 1% w/w polymer solutions in DI water and PBS determined by UV–vis.  

Sample No. OEGMA Content % Theoretical 
chemical structure 

Molar Mass 
(g mol-1)  

Cloud pointa (±1 oC) 

DI PBS 

P1 77 OEGMA21-b-MEGMA11 8400 59 55 
P2 73 OEGMA19-b-MEGMA17 9200 59 54 
P3 63 OEGMA16-b-MEGMA22 9200 55 50 
P4 55 OEGMA13-b-MEGMA27 9100 50 45 
P5 33 MEGMA33-b-OEGMA11 8100 52 49 
P6 29 MEGMA38-b-OEGMA8 8900 51 48 
P7 50 OEGMA27-co-MEGMA13 12,000 28 23  
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4.2. Thermoresponsive properties 

4.2.1. Cloud point 
The TCP) of 1% w/w polymer solution in DI water and PBS was 

determined by the UV–vis (Table 2). The UV–vis profiles can be found in 
Fig. S3. As shown in Table 2, the TCPs of the diblock polymers in DI water 
were in the range of 50–59 ◦C, while the TCP of the statistical polymer 
(P7) was 29 ◦C. The solution of the statistical polymer was slightly 
cloudy under room temperature (25 ◦C), indicating the presence of large 
aggregations in the solution. 

Several parameters affect the TCP, like the MM, the chemical struc
ture but also the polymer architecture [81]. For example, block poly
mers can form micelles to stabilise themselves in solution, while the 
statistical polymers tend to form large aggregations and precipitate 
easier (at lower temperatures) from the solution when the temperature 
is elevated. This was observed in previous studies and also in the present 
study [23,47,49,82]. 

In terms of the chemical composition it has been previously reported, 
for polymers with similar chemistry, that the higher the hydrophobic/ 
hydrophilic ratio, the lower the TCP [27,52,85,91,104]. Furthermore in 
one study on statistical copolymers of the same chemistry the TCP de
creases as the OEGMA content decreased [40]. However in the present 
study where diblock copolymers are investigated, the TCP does not lin
early decrease as the OEGMA content decreases in the DEGMA-b- 
OEGMA diblock polymers. Specifically, a decrease was observed from 
P1 to P3 when the OEGMA content decreases from 77 to 63 wt% how
ever this trend does not continue when the OEGMA content is lowered 
further. We believe that this is due to the different shape/morphology of 
the micelles/aggregates that are being formed as the hydrophobic/hy
drophilic ration changes. This will be further discussed in the section of 
micelle morphology below. When comparing the TEM images taken 
under room temperature and TCP, it was found that polymer P5 and P6 
underwent micelle morphology transition from spherical micelles to 
worm-like micelles through micelle reassembly. This micelle reassembly 
was not observed in polymers with higher OEGMA content (P1-4). The 
micelle reassembly of P5 and P4 postpone the formation of the large 
aggregates and therefore retarded the precipitation. 

When comparing the TCPs in PBS to DI waster, the TCPs in PBS were a 
few degrees lower than the ones in DI water, in line with the previous 
studies [45,69,88,89]. The OEG moiety is sensitive to the hydrated ions 
in PBS, thus the solubility of the copolymer was reduced. Due to the 
presence of the salts in the solution, the polymer chains are preferen
tially “salted out” from the solution and thus favour the precipitation 
[74,90]. 

4.2.2. Micelle morphology 
The self-assembly of the diblock copolymers in water was examined 

by DLS and TEM. As shown in Table 3, the hydrodynamic diameters 
determined by DLS are compared with the theoretical calculations. The 
DLS histograms can be found in Fig. S4 in the supplementary informa
tion. The theoretical calculation was based on spherical micelles for the 
diblock polymer and on the random coil for the statistical polymer, as 
reported in our previous work [40,91]. For the diblock polymers, it is 
assumed that the MEGMA blocks overlapped to form the hydrophobic 
core and the OEGMA block formed the hydrophilic corona of the 
spherical micelles. Due to the lengthy side chain on OEGMA, the length 
of the side chain should be taken into consideration when calculating the 
diameter of the spherical micelle. The length of the EG group is 
considered as 1.5 times of the methacrylate and there are 4.5 EG groups 
on the side chain. Therefore, the converted DP of the OEG side chain is 
6.75 (1.5 × 4.5). There are two OEGMA end group in the corona, thus 
the 13.5 (2 × 6.75) was added to the DP when doing the calculation. 

The hydrodynamic diameter of P2-4 is very close to the theoretical 
calculation, confirming the self-assembly into spherical micelles of these 
polymers. The experimental result is slightly smaller than the calculated 
result, as expected, because the calculation is based on the assumption 
that all the polymer chains are fully stretched. P1 (OEGMA21-b- 
MEGMA11), the diblock polymer with the highest OEGMA content (77% 
w/w), was found to exist as unimers rather than spherical micelles under 
room temperature. This is attributed to: 1) the overall high hydrophi
licity of P1 due to the high OEGMA content; 2) the short MEGMA block 
which is not long enough to form a stable hydrophobic core. Since the 
micelle formation is a hydrodynamic process achieved by the assembly 
and the disassembly of the polymer chain, the stability of the micelle is 
dependent on the hydrophobic core. Therefore, the polymer chains of P1 
exists in the solution mainly as unimers rather than micelles because the 
MEGMA block of P1 is too short to maintain a stable micelle structure. 

P5 and P6, the diblock polymers with higher MEGMA content (67% 
w/w and 72% w/w), were found to form micelle clusters and bigger 
aggregates in DI water under room temperature. This observation is in 
agreement with the visual observation of the slightly cloudy solutions 
under room temperature and the clusters observed in the TEM images, as 
shown in Fig. 3. 

The micelle morphology of P4,5 and 6, at both room temperature and 
TCP was investigated under TEM. TEM images taken at room tempera
ture in both PBS and DI water and the TEM images taken at TCP in DI 
water are presented in Fig. 3. The polymer solutions were heated to the 
Tcp, and immediately dropped onto the TEM grids to secure the micelle 
morphology at that temperature. As shown in Fig. 3 (1st row), at room 
temperature, spherical micelles are observed for all three copolymers. In 
the TEM images of P5 and P6, micelles with different sizes and micelle 
clusters are observed, while in the TEM image of P4, micelles with 
similar sizes are observed. The average micelle diameters measured in 
the TEM images for P4-6 are 24.8 nm, 24.9, and 25.6 nm, respectively, 
which are in line with the hydrodynamic diameters obtained from DLS. 

Interestingly, at TCP, larger spherical micelles and micelle clusters 
are observed for P4, while worm-like micelles are observed for P5 and 
P6, as shown in Fig. 3 (3RD row). P5 and P6 undergo temperature trig
gered micelle morphology transition from spherical micelle to “worm- 
like” micelle at TCP. The co-existence of spherical micelles and “worm- 
like” micelles is observed in the TEM image of P5 taken at TCP. It is found 
that the average micelle size of the spherical micelle of P5 grows from 
24.9 nm to 49.2 nm. The diameter of the cross section of the “worm-like” 
micelles of P5 and P6 is 40.2 nm and 21.4 nm, respectively, which is 
similar to the diameter of the spherical micelle. Therefore, we assume 
the micelle morphology transition is achieved by the secondary assem
bly of the spherical micelles. This is supported by the observation of 
intermicellar branching junction in the TEM images of P5 and P6 taken 
at TCP. The temperature triggered micellar growth and micellar transi
tion was widely reported on PEG-derived surfactant, such as polyoxy
ethylene cholesteryl ether [92,93], polyoxyethylene alkyl ether [94,95], 

Table 3 
Theoretical hydrodynamic diameters calculated based on random coil assump
tion and micelle assumption and the experimental hydrodynamic diameters 
measured by DLS at 25 ◦C.  

Sample No. OEGMA 
Content % 

Theoretical 
chemical structure 

Dh 

(±0.5 nm) 

Theoreticala 

(nm) 

P1 77 OEGMA21-b-MEGMA11 6.8  17.8 
P2 73 OEGMA19-b-MEGMA17 15.7  19.2 
P3 63 OEGMA16-b-MEGMA22 15.7  19.2 
P4 55 OEGMA13-b-MEGMA27 19.6  19.1 
P5 33 MEGMA33-b-OEGMA11 50.7  18.9 
P6 29 MEGMA38-b-OEGMA8 32.7  17.3 
P7 50 OEGMA27-co-MEGMA13 348  3.3b  

a The theoretical diameter was calculated by assuming the diblock copolymer 
formed spherical micelles in the solution based on the equation: d = (13.5 + DP1 
+ 2 × DP2) × 0.252 nm; here DP1 and DP2 is the degree of polymerisation of the 
first and second block, calculated based on the result of GPC, 13.5 is the con
verted DP of the ethylene glycol (EG) groups on the side chain. 

b The theoretical diameter was calculated by assuming the statistical polymer 
formed random coil in the solution based on the equation: (dg)1/2 = 2 × (2 ×
2.20 × (6.75 + DPtotal)/3)1/2 × 0.154 nm; here DPtotal is the total degree of 
polymerisation of both monomers, calculated based on the result of GPC. 
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etc. The driven force of the micellar growth and the micellar transition of 
the PEG-derived surfactant is the dehydration of the PEG headgroup 
upon heating. During the heating process, the interfacial curvature of 
the spherical micelle or aggregate decreases due to the dehydration of 
the PEG headgroup, which leads to the micellar growth. Upon heating, 
due to the further dehydration of the PEG headgroup and the decrease in 
the interfacial curvature, spherical micelles start to merge to form rod- 
like micelles. These rod-like micelles are connected by the inter
micellar branching junctions to form infinitely long worm-like micelles. 
Similar explanation can be applied to the micelle morphology transition 
observed for P5 and P6. 

Gao et al reported polymerisation induced spherical to worm-like 
micelle transition on diblock polymer OEGMA-b-DAAM diacetone 
acrylamide (DAAM) and found that the micelle morphology is related to 
the DP of the hydrophobic group [59]. They found only diblock co
polymers with sufficient length of DAAM block can form “worm-like‘ 
micelles or vesicles while diblock polymers with short DAAM block only 
form spherical micelles. Besides, it was found that if switching the hy
drophilic block OEGMA15 with a more hydrophilic block OEGMA38, the 
sphere-sphere fusion was prevented. The micellar transition is governed 
by the overall hydrophobic/ hydrophilic balance of the polymer. Our 
diblock polymers exhibit similar behaviour, i.e., P4 with short MEGMA 
block only form spherical micelles while P5 and P6 form worm-like 
micelles at TCP. The micelle morphology is the result of the equilib
rium of the interactions between the polymer chains and water [96]. To 
avoid the interaction between the hydrophobic block and the water 
molecules, because this interaction is less energetically favourable, 
micelle structures with different interfacial curvatures are formed. The 
hydrophobic/ hydrophilic ratio between the two blocks controls the 
interfacial curvature and thus diblock copolymers with different hy
drophobic content self-assemble into different morphologies at. As a 
result of the hydrophobic/ hydrophilic balance between the two blocks, 
P4 undergo size growth while P5 and P6 undergo spherical to worm-like 
micelle transition at elevated temperature. 

Due to the formation of the “worm-like” micelles, the thermal 
responsive behaviour of P5 and P6 is different from P4. As discussed in 
the previous section, the TCP of P4 which has higher OEGMA content, is 
lower than the TCP of P5 and P6. We believe that the secondary assembly 
of the micelles formed by P5 and P6 at the Tcp prevents the formation of 

large aggregations at this temperature and therefore postpone the pre
cipitation (phase separation). The temperature triggered micelle 
morphology transition of P5 and P6 also leads to the difference in the 
hydrogel structure, which will be further discussed in the next section. 

4.3. Phase diagram of copolymers 

The phase diagrams of the copolymer solutions were plotted based 
on the visual observations of the polymer solutions in DI water and PBS 
with various concentrations (1, 2, 5, 10, 15, 20, 25 % w/w). As shown in 
Fig. 4, the solutions in DI water of the most hydrophobic diblock poly
mers, specifically, of P4, P5 and P6 with an OEGMA content of 55% w/ 
w, 33% w/w and 29% w/w form gels. The phase diagrams of the other 
copolymers and the phase diagrams in PBS, can be found in Figs. S5-9, 
which only show precipitation of the polymer as the temperature in
creases. In terms of the phases diagrams of P4-P6 in PBS similar obser
vations are made to the phase diagrams in DI water that are shown in 
Fig. 4. The main difference is that the Tgel in PBS was observed a few 
degrees lower than that observed in DI water due to the “salting out” 
effect [69]. 

Interestingly, P4 with the highest OEGMA content (55 % w/w) forms 
gel at lower concentration (5% w/w) than the other two copolymers (10 
and 15 % w/w). However, the gelation temperature window of the P4 is 
narrower than the other two copolymers. This is explained by the dif
ference of the micelle morphology between P4 and the other two 
polymers. Although they all form core–shell micelles under room tem
perature, due to the difference in the length of the OEGMA block, P4 
forms “star-like” micelles and P5 and P6 forms “crew-cut” micelles as 
shown in Fig. 5. We believe that the formation of physical entanglement 
between micelles is more likely to occur in “star-like” micelles that have 
a longer corona, compared to “crew-cut” micelles with a shorter corona 
(micelles with short hydrophilic chains around the corona). Besides, as 
discussed in the micelle morphology section, the micelle formed by P4 is 
less stable because MEGMA block of P4 is relatively short. It is 
hypothesised that the gelation happens when these unstable smaller 
micelles start bridging and this is undertaken at lower temperatures 
compared to the gelation temperatures of P5 and P6. On the other hand, 
the higher gelation temperatures, and broader gelation temperature 
windows of P5 and P6 are attributed to the micelle morphology 

Fig. 3. TEM images of P4 (OEGMA13-b-MEGMA27), P5 (MEGMA33-b-OEGMA11) and P6 (MEGMA38-b-OEGMA8) in 1 % w/w DI water at room temperature (1st row), 
in 1 % w/w PBS at room temperature (2nd row) and, in 1 % w/w DI water at cloud point (3rd row). 
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transition. As discussed, P5 and P6 undergo temperature triggered 
transition from spherical micelle to “worm-like” micelle through while 
P4 only forms spherical micelles. Therefore, there is a difference in the 
gel structure between P4 and the other two copolymers. The hydrogel 
formed by P4 is through the close packing of the spherical micelles 
[33,97] while the hydrogel formed by P5 and P6 is through the entan
glement of “worm-like” micelles [33,54,62,63]. Since the micellar lat
tice of the hydrogel formed by P4 is connected by the interactions 
between the PEGMA corona, the micellar lattice can be disrupted by the 
collapse of the PEGMA corona due to the “hydrophobic effect” at 
elevated temperature. While the hydrogel formed by P5 and P6 is con
nected by the intermicellar branching junctions and the physical 
entanglement between the worm-like micelles and thus the 3-D network 
stays stable until both connections are disrupted by the dehydration of 
the OEGMA block. Therefore, the gelation temperature window of P4 is 
relatively narrower than the other two copolymers. 

No temperature triggered gelation was observed for the statistical 
polymer because the statistical polymer was not able to self-assemble to 
form micelles. As temperature increases, the polymer chains coil and 
form large aggregates to decrease the interaction with water molecules 
due to the increase of the hydrophobicity of the OEGMA. Therefore, the 

statistical polymer tends to precipitate from the solution rather than for 
hydrogel network as temperature is elevated. Diblock polymers with 
OEGMA content higher than 55% w/w (P1-3) failed to undergo sol–gel 
transition due to the insufficient length of the hydrophobic block. The 
thermal gelling behaviour of the diblock polymer is highly dependent on 
the hydrophobic / hydrophilic balance of the hydrophobic block 
(MEGMA block) and the thermoresponsive block (OEGMA block). As 
observed in the DLS result, P1 exists in water solutions as unimers rather 
than micelles due to the high OEGMA content. Therefore, P1 behaves 
similar to the statistical polymer. Although micelle formation is 
observed for P2 and P3, the micelle structure is less stable when 
compared with the copolymers with longer MEGMA block. Due to the 
insufficient length of the MEGMA block of P2 and P3, the hydrophobic 
core is loosely packed due to the lack of entanglement between the 
MEGMA blocks and thus micelles with a less compacted structure are 
formed. Therefore, at elevated temperature, the micelles of P1-3 readily 
collapse and precipitate from the solution rather than forming a 3-D 
connected network through close packing. 

4.4. Phase diagram of the mixture with Pluronic® F127 

The mixtures of the copolymers P4-7 with Pluronic® F127 was also 
investigated visually. The total concentration of the mixture was kept 
the same at 25% w/w. The concentration of Pluronic® F127 was varied 
from 5% w/w, 10% w/w, 12.5% w/w, 15% w/w to 20% w/w. As shown 
in Fig. 6, the phase diagrams of the mixtures were compared. 

We found that all the copolymers broadened the gelation area of 
Pluronic® F127 by lowering the gelation concentration and increasing 
the upper boundary of the gelation region. The diblock polymers, P4 and 
P5 lowered the gelation concentration of Pluronic® F127 to 5% w/w. 
The gel formed at 5% w/w of Pluronic® F127 stayed stable until up to 
80 ◦C. On the other hand, OEGMA38-b-MEGMA8 only lowered the 
gelation concentration to 12.5% w/w. In our previous study, the sta
tistical polymer OEGMA-co-BuMA-co-DEGMA was not soluble when 
mixed with Pluronic® F127. Interestingly, in this study the statistical 
copolymer P7, although it doesn’t form gel on its own, seems to assist 
the gelation of Pluronic F127, by lowering the critical gelation 

Fig. 4. From left to right, the phase diagrams of P4 (OEGMA13-b-MEGMA27), P5 (MEGMA33-b-OEGMA11) and P6 (MEGMA38-b-OEGMA8) in DI water. The con
centration of the solution was varied from 1% w/w to 25% w/w. The transparent solution, slightly cloudy solution, cloudy solution, cloudy viscous solution, stable 
cloudy gel, stable transparent gel, gel syneresis and precipitation was indicated by square, triangle, circle, red circle, blue circle, blue triangle, brown square, and 
green square, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Schematic illustration of star-like micelle and crew cut micelle.  
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concentration of Pluronic® F127 from 15% w/w to 12.5% w/w with a 
gelation window from 34 ◦C to 48 ◦C. It was found that by mixing the 
Pluronic® F127 with reverse poloxamer (PPO-PEO-PPO), the gelation 
temperature could be lowered by decreasing the “effective” concentra
tion of Pluronic® F127 [98-100]. The PEO group in the reverse polox
amer can associate with the water molecules and decrease the water 
content around Pluronic® F127. The Pluronic® F127 is more “concen
trated” with the presence of the reverse poloxamer and thus sol–gel 
transition happens at lower temperature. The effect of reverse polox
amer with higher PEO content on the gelation behaviour of Pluronic® 
127 is more profound due to the more significant water association. 
Similarly, diblock copolymers with higher OEGMA content (P4 and P5) 
can lower the gelation concentration further than the diblock polymer 
with lower OEGMA content (P6). It appears that these diblock polymers 
can bridge the micellar lattice formed by Pluronic® 127. 

4.5. Rheology 

Oscillatory temperature ramp test was conducted to investigate the 
gelation behaviour of the 15% w/w polymer solutions of P4, P5, and P6 
in PBS and DI water. As shown in Fig. 7, the loss modulus (viscous 
modulus) and storage (elastic modulus) modulus was plotted against the 
temperature. The rheological curve of DI water solutions can be found in 
Fig. S10 in the supplementary information. The rheological Tgel and 
visual Tgel are compared in Table 4. 

As observed in the rheological curve, at low temperatures, the 

polymer exists in the solution as micelles and thus the viscosity of the 
solution is low. Upon heating, an elastic 3-D network is formed in the 
mixture, thus the elastic modulus becomes larger than the viscous 
modulus. The crossover point of the viscous modulus and the storage 
modulus is defined as the gelation point [101]. The gelation points given 
by the rheology tests are in good agreement with the visual tests within 
the error of the technique (±1 oC) as shown in Table 4. A second 
crossover of the two moduli was observed a few degrees after the 
gelation point, due to the shrinkage and collapse of the 3-D network. 
This was confirmed by the gel syneresis followed by precipitation at 
higher temperature observed during the visual test. The mechanical 
strength of the hydrogel formed by P5 and P6 is slightly lower than P4. 
This is due to the difference between the gel structure of P4 and P5, 6. As 
discussed previously, the gel structure of P4 is an ordered lattice formed 
by the close packing of the core–shell micelles while the gel structure of 
P5,6 is a 3-D network connected by the intermicellar branching junc
tions and the entanglements of the “worm-like” micelles. Since the 
intermicellar junctions can slide over the “worm-like” micelles and thus 
the hydrogel formed by P5 and P6 is softer than P4. 

4.6. Cytotoxicity 

The cytotoxicity of three diblock copolymers with thermal respon
sive gelation behaviour identified in this study was investigated in 
ARPE-19 cells by MTT assay. MTT assay was used to evaluate the effects 
of polymer on metabolic activity of the cells because of its high 

Fig. 6. The phase diagrams in DI water for the binary mixtures of Pluronic® F127 with copolymer, from left to right, P4 (OEGMA13-b-MEGMA27), P5 (MEGMA33-b- 
OEGMA11), P6 (MEGMA38-b-OEGMA8) and P7 (OEGMA27-co-MEGMA13). The total concentration of the solution was kept at 25% w/w; the concentration of Pluronic 
F127 was varied from 5% w/w to 20% w/w. The transparent solution, slightly cloudy solution, cloudy solution, cloudy viscous solution, stable cloudy gel, stable 
transparent gel, gel syneresis and precipitation was indicated by square, triangle, circle, red circle, blue circle, blue triangle, and green square, respectively. (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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sensitivity, reliability of quantitation and ease of use. PEI, known for the 
toxicity was used as a positive (cytotoxicity) control [102]. As shown in 
Fig. 8, the cell viability was plotted against the concentration of the 
polymer solution. The cell viability of the polymer was calculated 
relative to the cell viability of the untreated cell, which was kept at 
100%. 

There were no significant differences in cell viability in the presence 
of these polymers with the untreated cells. Therefore, the polymers 
tested showed good cell viability with ARPE-19 cells for the time (48 h) 
and concentrations (25, 50, 125, 250, and 500 μg mL− 1) tested. As ex
pected, the PEI control group was proved toxic to the ARPE-19 cells with 
a loss in cell viability up to 90% at the 3 highest concentrations. It seems 
that P4 showed higher cell compatibility than the other copolymers. As 
reported in a review by the O’Reilly’s group [103], the correct overall 
hydrophilic/ hydrophobic balance of the copolymer is crucial to the cell 
viability. It was found that copolymer with insufficient hydrophobic 
content could prevent the protein attachment and cell adhesion, while 
copolymers with too high hydrophobic content could result in dena
turation and difficulties in protein release. Therefore, P4 was found to 
have the most beneficial hydrophilic/ hydrophobic balance for cell 
viability among all three diblock copolymers. 

5. Conclusion 

In conclusion, we successfully synthesised statistical and diblock 
thermoresponsive copolymers based on OEGMA and MEGMA with good 
cell compatibility. All copolymers were investigated in terms of their 
thermoresponsive properties. The Tcp of the OEGMA-b-MEGMA diblock 
polymer doesn’t have a linear relationship with the OEGMA content as 
reported in the statistical polymer. This was due to the transition of the 
spherical micelles to the worm-like micelles which happened in diblock 
polymers with higher MEGMA content as temperature increased. The 
TEM pictures recorded at Tcp confirms the micelle morphology 

Fig. 7. Loss modulus (blue triangle) and storage modulus (red diamond) as a function of temperature of the copolymer solutions in PBS at 15% w/w. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
The gelation temperature of 15% w/w copolymer in DI water solutions deter
mined by visual test and rheometer.  

Sample Theoretical 
Chemical structure 

Tgel (℃) 

Visual (±2) Rheometer (±1)a 

P4 OEGMA13-b-MEGMA27 46 47 
P5 MEGMA33-b-OEGMA11 52 51 
P6 MEGMA38-b-OEGMA8 46 47  

a The gelation point is determined as the temperature at the first crossover of 
storage modulus and loss modulus. 

Fig. 8. Relative ARPE-19 cell viability as a function of polymer concentration. 
The P4 (OEGMA17-b-MEGMA28), P5 (MEGMA33-b-OEGMA11), P6 (MEGMA38-b- 
OEGMA8) and PEI is coloured in red, blue, green, and orange, respectively. (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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transition. It’s assumed that the micelle morphology transition is 
through the secondary assembly of the spherical micelles. Interestingly, 
the diblock copolymers with the lowest OEGMA content formed gels and 
to the best of our knowledge is the first time that PEG-based linear co
polymers are reported to form gels. In addition, the mixtures of the 
copolymers and Pluronic® F127 were also investigated. The copolymers 
broaden the gelation window of Pluronic® F127, among which, the 
statistical polymer lowered the gelation concentration of Pluronic® 
F127 to 12.5% w/w with a Tgel at 34 ◦C. This formulation mixture shows 
promise for applications like drug delivery and in tissue engineering as 
an injectable gel. 
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