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Abstract: Our group has recently invented a novel series of thermoresponsive ABC triblock ter-
polymers based on oligo(ethylene glycol) methyl ether methacrylate with average My 300 g mol !
(OEGMA300, A unit), n-butyl methacrylate (BuMA, B unit) and di(ethylene glycol) methyl ether
methacrylate (DEGMA, C unit) with excellent thermogelling properties. In this study, we investigate
how the addition of OEGMA300x homopolymers of varying molar mass (MM) affects the gelation
characteristics of the best performing ABC triblock terpolymer. Interestingly, the gelation is not
disrupted by the addition of the homopolymers, with the gelation temperature (T,) remaining
stable at around 30 °C, depending on the MM and content in OEGMA300, homopolymer. Moreover,
stronger gels are formed when higher MM OEGMA300, homopolymers are added, presumably due
to the homopolymer chains acting as bridges between the micelles formed by the triblock terpolymer,
thus, favouring gelation. In summary, novel formulations based on mixtures of triblock copolymer
and homopolymers are presented, which can provide a cost-effective alternative for use in biomedical
applications, compared to the use of the triblock copolymer only.

Keywords: thermoresponsive gel; mixtures; triblock copolymer; homopolymers

1. Introduction

Stimulus-responsive polymers are polymers that respond to an external stimulus [1,2].
When this stimulus is temperature, the polymers are called thermoresponsive or temperature-
responsive [3-7]. In some cases, when the temperature is varied, a polymer network is
formed, which is called thermoresponsive gel. Of particular interest in the biomedical
field are the lower-critical solution temperature (LCST) polymers, and, especially, the LCST
thermoresponsive gels, which exist in a solution state at low temperature, but assemble into
a physical three-dimensional (3D) network as the temperature rises [8-12]. This transition,
known as sol-gel transition, should ideally occur between room temperature and body
temperature to ensure that: (i) gelation will occur quickly at body temperature e.g., post
injection, and (ii) gelation will not occur at room temperatures; thus, the sample can
be easily injected. Thermoresponsive gels have received much attention and have been
investigated as injectable gels in tissue engineering [3,12-15] and in drug delivery [16-19],
and as 3D (bio-)printable materials [20-25].

Several studies have investigated the effect of additives on the thermoresponsive
properties of the polymers, with major focus on Pluronic® F127 (poloxamer 407) [26,27].
Pluronic® polymers are ABA triblock copolymers, where A and B consist of ethylene
glycol (EG) and propylene glycol (PG), respectively [12]. Several Pluronic® polymers are
commercially available differing in the total molar mass (MM) and the ratio of EG/PG.
Pluronic® F127 has an EG content of approximately 70% and a total MM of approximately
12600 g mol~1, and it has gained much attention due to its interesting thermogelling
properties and commercial availability [12]. Polymeric additives in solutions of Pluronic®
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F127, such as alginate [28-30], poly(ethylene glycol) (PEG) [27,31-35], poly(acrylic acid)
(PAA) [27,36], and carbopols, i.e., crosslinked PAA [37], poly(vinyl alcohol) [27,38], and
hyaluronic acid [39,40], have been investigated. Poloxamers as polymeric additives in
solutions of Pluronic® F127 have also been studied [19,41-48]. For example, mixtures of
Pluronic® F127 and Pluronic® F68, EG content 80% and total MM 8350 g mol 1 [12], were
tested for suitability in drug delivery [19,27,44,46-50]. In two of these studies, increasing
the content in Pluronic® F68 while keeping the content in Pluronic® F127 constant lowered
the gelation time at body temperature and drug diffusion kinetics were improved when
this formulation was applied in drug delivery [46,47]. However, when the total polymer
concentration was kept constant and the concentration of the two polymers was varied,
it was observed that increasing the content in Pluronic® F68 increased the gelation tem-
perature (Tg) [49]. Finally, in other studies, the effect of the incorporation of solid lipid
nanoparticles and carbopols in mixtures of Pluronic® F127 with poloxamers on the gelation
has also been investigated [41-43].

A few studies on mixtures of thermoresponsive polymers other than poloxamers
have also been reported in the literature [51-55]. In two of the studies, mixtures of AB
and BAB diblock and triblock copolymers, with A and B being based on EG and lac-
tic acid, respectively, were investigated for thermoreversible gelation [52,53]. In these
studies, the two polymers contained complementary chiral blocks of lactic acid; thus, gela-
tion was favoured by stereocomplexation between the enantiomers [52,53]. Interestingly,
when water-soluble and a water-insoluble poly(lactic acid-co-glycolic acid)-b-poly(ethylene
glycol)-b-poly(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock copolymers were
mixed, this produced a new system that presented a wider gelation area than the one
shown by the soluble copolymer itself [54]. In another study, mixtures of two triblock
terpolymers, which independently exhibited thermoreversible gelation, were studied [51].
The polymers consisted of N-isopropylacrylamide (A unit), n-butyl acrylate (B unit), and
N, N-dimethylacrylamide (C unit), and their structure was (A-co-B)-b-C-b-(A-co-B) and
(A-co-B)-b-C-b-A. As suspected, the former gels formed at lower temperatures than the
latter, which is attributed to the presence of additional hydrophobic n-butyl acrylate units
in the third block. Interestingly, it has been clearly demonstrated that the T, increases
linearly as the content in the (A-co-B)-b-C-b-A increases [51].

The studies discussed clearly demonstrate that the incorporation of additives in
solutions of thermoresponsive gels can significantly impact the gelation parameters by
affecting the underlying gelation mechanism. This suggests that there is scope in research-
ing/developing additive incorporation as a potential method for optimising the T and
the gelation boundaries. In addition, most of the studies are focused on exploring the
effects of incorporating polymeric additives in poloxamer solutions. However, many possi-
bilities can be explored, and trends on how polymeric additives can impact the gelation of
thermoresponsive polymers may be established.

Our group has recently reported a novel combination of methacrylate repeated units,
which produces thermoresponsive polymers with a sharp sol-gel transition [56-58]. More
specifically, the polymers consist of (i) the hydrophilic oligo (ethylene glycol) methyl ether
methacrylate with average MM 300 g mol~1 (OEGMA300, A unit), which is also ther-
moresponsive at approximately 70 °C, depending on the MM [59], (ii) the hydrophobic
n-butyl methacrylate (BuMA, B unit), and (iii) the hydrophilic and thermoresponsive
(CP approximately 30 °C) [59] di(ethylene glycol) methyl ether methacrylate (DEGMA, C
unit). Both ABC triblock copolymers of varying compositions and tetrablock terpolymers
of varying architecture were investigated [57,58], with an ABC triblock terpolymer with
OEGMA300-BuMA-DEGMA content at 40/35/25 w/w% showing promising thermoge-
lation properties, with the gels being formed at concentrations as low as 2 w/w% [57].
Therefore, it is valuable to investigate the impact of polymeric additives on the gelation
properties of this novel polymer.

To accomplish this task, we have performed a systematic investigation on mixtures of
polymers by keeping the total polymer concentration constant at 20 w/w% in phosphate
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buffered saline (PBS), while varying the concentration ratio of the two polymers between
3:1, 1:1, and 1:3. A series of OEGMA300 homopolymers have been used as polymeric addi-
tives to investigate their impact on gelation properties: (i) OEGMA300;, (ii) OEGMA3003;,
(iif) OEGMAB30043, and (iv) OEGMA30075. To analyse the impact of homopolymer additives
on gelation and identify trends, we report the detailed phase diagrams and rheological
properties of the mixtures at various concentrations and discuss the findings.

2. Results and Discussion

As previously mentioned, five in-house synthesised PEG-based methacrylate poly-
mers were used; specifically, one amphiphilic triblock terpolymer (OEGMA300x-b-BuMAy-b-
DEGMA,, P1) and four OEGMA300 homopolymers of various MM values (poly(OEGMA300),
P2 to P5) (Figure 1 and Table 1 (refer to Figure S1 for the GPC traces of the final polymers
after precipitation)).

/@ P /@
45 2 45
OEGMAS300,5-b-BuMA,4-b-DEGMA, 5 Poly[oligo(ethylene glycol)
(Polymer 1) methyl ether methacrylate with

average M, 300 g mol™’
x varies from 10 to 31 to 43 to 75
(for Polymers 2 to 5)

Figure 1. Chemical structures of the polymers; OEGMA300, BuMA, and DEGMA stand for oligo(ethylene
glycol) methyl ether methacrylate with average M, 300 g mol 1, n-butyl methacrylate, and di(ethylene
glycol) methyl ether methacrylate, respectively.

Table 1. Experimental polymer structures, experimental molar mass (number—average molar mass,
M,), and dispersity indices, where available.

No. Experimental Polymer Structure * M, (g mol—1) D
1 OEGMA3005-b-BuMA »-b-DEGMA 3 10,400 1.15
2 OEGMA3001 3000 1.19
3 OEGMA3003; 9440 1.17
4 OEGMA30043 13,000 1.18
5 OEGMA30075 22,400 1.23

* The experimental polymer structures denote the experimental degrees of polymerisation, as calculated by using
the experimental molar mass and composition values, resulted by gel permeation chromatography (GPC) (in
tetrahydrofuran using poly(methyl methacrylate) standard samples) and proton nuclear magnetic resonance (‘H
NMR) spectroscopy, respectively.

2.1. Homopolymers as Additives in Thermogelling Triblock Copolymer Solutions—Visual
Phase Transitions

To provide a basis of comparison, and to study how the phase transitions of the
gelling agent are modified by the addition of homopolymers, it is necessary to construct
the phase diagrams of the triblock copolymer in PBS without any additives (Figure 2
(top)). The following phases are reported: (a) runny solution state in white, (b) viscous
solution state in red, (c) stable gel in blue, and (d) phase separation into solid and liquid
in green. As demonstrated, the triblock copolymer presents a gelation area, which is
approximately indicated by a black dashed line, close to body temperature. As has been
well-documented, the gelation temperature (Tg,;) is tuned by the polymer concentration, i.e.,
T, decreases as the concentration increases [3], and this is also observed for OEGMA3005-
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b-BuMA¢-b-DEGMA 13, with gelation being observed at the lowest concentration tested
in this study, i.e., 5 w/w% in PBS. More specifically, OEGMA3005-b-BuMAj4-b-DEGMA 13
shows a smooth decrease in Ty from 34 to 30 °C as the concentration increases from 5
to 20 w/w%,; thus, it is still a solution at room temperature. The gels destabilise when
the temperature increases, either by precipitation (i.e., complete phase separation to solid
and liquid) or gel syneresis (i.e., slight exclusion of solvent from the gel). This behaviour
is advantageous as it shows that its gelation properties can be finely tuned to meet the
properties of the targeted application.
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Figure 2. Phase diagrams in phosphate buffered saline (PBS) of mixtures of OEGMA300;5-b-BuMA4-
b-DEGMA 3 (P1) without any additives (top), or by adding OEGMA300x homopolymers of various
degrees of polymerisation (bottom); when x = 10 (P2), x = 31 (P3), x = 43 (P4), and x = 75 (P5) from
left to right. The mixtures were prepared at total polymer concentration 20 w/w% and a ratio of
P1/OEGMA300y equal to 1:3, 1:1, and 3:1. The following transitions are reported: (a) runny solution
in white, (b) viscous solution in red, (c) stable gel in blue), and (d) phase separation in green. The
gelation area is approximately indicated by a black dashed line.

To investigate the effect of OEGMA300 homopolymers on the thermogelling prop-
erties of OEGMA300;5-b-BuMA-b-DEGMA 3 (Polymer 1), mixtures of OEGMA300x
with x varying from 10, 31, 43, and 75 with the triblock copolymer were investigated
(Figure 2 (bottom) and Table 2). For this, the Polymer 1/OEGMA300x ratio was targeted at
3:1, 1:1, and 1:3, with the total polymer concentration being kept constant at 20 w/w%.

It is worth noting that gelation is observed in all the mixtures, with both transpar-
ent and cloudy gels being formed. It is generally observed that the incorporation of
OEGMAB300x keeps the T, stable at values close to the T, of 20 w/w% triblock copolymer
solution (equal to 30 °C), regardless of the content or MM of OEGMA300y. This suggests
that OEGMAZ3004 polymers might act as bridges for connecting the micelles formed by
the amphiphilic triblock terpolymer, thus favouring gelation. This is in contrast with
what has been observed for Pluronic® F127, whose gelation is disrupted when PEG is
added [32,33]. This is advantageous, as cost-effective formulations may be produced when
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OEGMA30045-b-BuMA»4-b-DEGMA 13 is mixed with OEGMA300y, due to the easier and
cheaper production of the homopolymer, i.e., one synthetic step and one monomer needed
for its synthesis.

Table 2. Important phase transitions recorded by visual tests in phosphate buffered saline (PBS):
gelation temperature (Tge)) and temperatures at which gel syneresis (Tsyn) and precipitation (Tprec)
were observed.

Content in

Content in P1 Toel Tsyn Tyrec
(tl0%) OEGMA300. (2°0) (+2°0) (£2°0)
(w/w%)

5 0 34 38 42
10 0 32 39 42
15 0 31 40 ---F
20 0 30 44 ---F

OEGMA3004 (P2)

5 15 32 41 43
10 10 31 41 45
15 5 31 40 72

OEGMA30037 (P3)

5 15 32 39 41
10 10 31 39 45
15 5 30 39 48

OEGMA30043 (P4)

5 15 32 40 42
10 10 31 41 45
15 5 31 45 49

OEGMAS30075 (P5)

5 15 30 37 40
10 10 30 37 45
15 5 30 38 50

* No precipitation was observed up to the highest temperature tested, i.e., 80 °C.

Gel syneresis, followed by precipitation, is observed when the mixtures are heated
above their gelation points. Interestingly, when the content in the triblock copolymer
increases and, thus, the content in OEGMAB300y decreases, the precipitation temperature
(Tprec) increases, thus indicating an increased stability of those gel formulations. It is also
worth noting that, when the concentration of OEGMA300+ is kept at low values (5 w/w%),
the transitions of the mixture (15 w/w% P1 and 5 w/w% OEGMA3001y) are almost identical
to the ones observed when 15 w/w% P1 was tested. This indicates that, when the content in
low MM OEGMAZ300 is kept at low values, the visual phase transitions are not affected.

2.2. Homopolymers as Additives in Thermogelling Triblock Copolymer Solutions—Rheological Properties

To confirm the trends observed by visual tests, and to investigate the effect of the
additives on the gel strength, rheological studies were also performed, and the results
are present in Figures 3 and S3. As can be seen in all the cases, a stable gel was formed,
ie., G’ > G”, as the temperature increased to around 30 to 32 °C, which agrees with the
results obtained by visual tests. As the temperature increases further, the strength of the
gel increases, as the transparent gels become cloudy. A second crossover is observed
at temperatures close to the ones at which gel syneresis and precipitation are detected
visually. In some cases, where the concentration of P1 in the mixture is at 15 w/w%
(P1:OEGMAZ300y = 3:1), a second crossover (G’ > G”) is observed by rheology, while, by
visual tests, gel syneresis is observed, followed by precipitation at higher temperatures.
At this point, it should be reminded that gel syneresis is a phenomenon first reported by
Graham, and it is defined as the disturbance of the gel due to internat stresses, leading to
slight exclusion of solvent [60,61]. On the other hand, precipitation is phase separation,
which, in this study, is recorded as the start point of precipitation, and might proceed as
the temperature increases further, until complete phase separation, i.e., solid polymer and



Gels 2021, 7,116

60f 11

liquid solvent, takes place. It is speculated that, upon shear stress, rearrangement of the
polymer chains might take place; thus, the polymer network is reformed by rheology. This
is observed at high contents in P1, as the concentrated solutions (15 and 20 w/w%) of the
triblock terpolymer in PBS only present gel syneresis upon temperature increase, with no
precipitation being detected, i.e., the gel does not progressively exclude more solvent. This
double crossover has been previously observed by our group on OEGMA300x-b-BuMAy-b-
DEGMA,-b-OEGMA300y tetrablock terpolymer [58].

Content in OEGMA300,5-b-BuMA,;-b-DEGMA ,,
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Figure 3. Storage modulus (G’, in blue squares) and loss modulus (G”, in black triangles) as a function
of temperature. The formulations consisted of 20 w/w% total polymer concentration in phosphate
buffered saline, and the ratio of P1/OEGMA300x was kept equal to 1:3, 1:1, and 3:1; this is shown
from left to right. The MM of OEGMA300x homopolymers was also varied from 10, 31, 43, to 75,
shown from top to bottom.

The MM of the OEGMA300x homopolymers plays a critical role in the stability of
the gels, as the higher the MM, the higher the maximum storage modulus of the gels
(Figure 4 from black (OEGMAZ3001¢) to red/green (OEGMA3003; / OEGMA30047) to blue
(OEGMA30075)). This can be explained, as the increase in MM might facilitate the formation
of stronger entanglements between the well-hydrated coronas of the micelles, and, thus,
favours the formation of a stronger gel network, i.e., interconnected micelles. However,
the higher the MM, precipitation, i.e., complete phase separation, is favoured more, as
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indicated by the sudden drop in the magnitude of the moduli (Figure 3 (top to bottom)).
This confirms the results obtained by visual tests, in which the addition of low MM
OEGMAS300y at low concentrations does not affect the gelation properties of the triblock
terpolymer significantly, while, when high MM OEGMAZ300y are used as additives, gel
destabilisation, and, thus, precipitation, is favoured.

1200
T = OEGMA300,,
- A
5 100 OEGMA300,,
= e OEGMA300,,
e ¢ OEGMA300,,
5 8004
[}
s
>
© 600 -
9
(]
£ 4004
=]
E
ﬁ 200 +
=

0 T T T 1
0 5 10 15 20

Concentration of
0EGMA300x-b-BuMAy-b-DEGMAy

(wiw%)

Figure 4. Maximum storage modulus (G’) as a function of the concentration of the triblock terpolymer,
in mixtures with OEGMA300x homopolymers. The total concentration was kept at 20 w/w% in
phosphate buffered saline (PBS). The degree of polymerisation of the OEGMA300x homopolymers
was varied from 10 (black squares), to 31 (red triangles), to 43 (green circles), to 75 (blue rhombi). The
data were fit with linear function.

When the ratio of P1 to OEGMA300y is varied from 1:3, 1:1, to 3:1, the maximum
storage modulus increases (Figure 4). This is expected. As the concentration of the gelling
agent increases, the number of micelles increases; thus, more junction points are formed
within the gel structure, leading to a stronger gel. This is a well-established phenomenon,
and it has been previously observed in solutions consisting of a single gelling agent, such as
methacrylate polymers [57,62] and poly(N-isopropylacrylamide)-based polymers [63,64].

3. Conclusions

In this study, the thermogelling properties of polymeric mixtures are investigated
and compared to the corresponding polymer solutions without any polymeric additives.
The thermogelling agent used is an ABC triblock terpolymer, namely, OEGMA300;5-b-
BuMA -b-DEGMA 15 (P1), while OEGMA300, homopolymers of various MMs were used
as additives: OEGMA3001( (P2), OEGMA3003; (P3), OEGMA30043 (P4), and OEGMA30075
(P5). The mixtures were investigated at a total polymer concentration of 20 w/w% in PBS,
and concentration ratio of P1 to OEGMA300x equal to 1:1, 3:1, and 1:3. It is demonstrated
that the gelation properties of the triblock terpolymer are preserved when OEGMA300y
homopolymers are added. Interestingly, the T is balanced at around 30 to 32 °C, which is
the Tge) of 20 w/w% solution of the gelling agent, in the absence of additives. It is also shown
that the addition of low MM OEGMA300, homopolymers does not significantly affect the
gelation properties of the pristine triblock terpolymer, while using higher MM OEGMA300y
homopolymers produces stronger gels, as the polymer chains of the homopolymers might
act as bridges connecting the micelles. This study demonstrates that alternative cost-
effective formulations can be produced, with the MM of the OEGMAB300x homopolymer
playing a critical role in the stability and strength of the gels.
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4. Materials and Methods
4.1. Materials

Sigma Aldrich Ltd., Saint Louis, MO, USA, was the provider phosphate buffered
saline (PBS) tablets, while phosphate buffer saline (PBS 10 solution) was purchased from
Fischer Scientific UK Ltd., Loughborough, UK. The methacrylate polymers, i.e., the four
OEGMA300 homopolymers of varying MM values, and the thermogelling triblock ter-
polymer, OEGMA300x-b-BuMAy-b-DEGMA; were in-house synthesised, via group trans-
fer polymerisation (GTP), with their detailed synthesis reported elsewhere [57,59]. The
structural properties of the in-house synthesised polymers have been determined via gel
permeation chromatography (GPC) and proton nuclear magnetic resonance (‘H NMR)
spectroscopy, but discussion of the synthesis is out of the scope of this study.

4.2. Methods
4.2.1. Sample Preparation for Visual Tests and Rheological Measurements

Concentrated (20 w/w%) stock solutions of the polymers in PBS were prepared, and
they were used to prepare the mixtures, as described below. The triblock copolymer
solutions (additive 1) were mixed with solutions of OEGMA300 homopolymers of various
MM values (additive 2, Polymers 2 to 5), while keeping the total polymer concentration
constant at 20 w/w%. The mixtures were prepared with concentration ratio of additive
l:additive 2 equal to 1:3, 1:1, and 3:1, e.g., 5 w/w% additive 1 and 15 w/w% additive 2 for
ratio 1:3. Solutions of the triblock copolymer in PBS were also prepared for comparison
purposes at concentrations equal to 5, 10, 15, and 20 w/w%.

4.2.2. Visual Tests

An IKA RCT basic stirrer hotplate, an IKA ETS-D5 temperature controller, and
a continuously stirred water bath were used to optically determine the changes of the
aqueous polymer solutions. The visual tests were performed in the 20 to 80 °C range, and
a visual change was recorded every 1 °C. The observations were determined by visual in-
spection, i.e., by eye, and notes were taken. The gelation temperature, Ty, was of foremost
interest, and it was determined by the tube inversion method, i.e., no sample flow was
detected upon tube inversion, indicating the formation of a stable gel. Several additional
phases were detected and recorded, as follows: (i) runny solutions (clear, slightly cloudy,
and cloudy), (ii) viscous solution (transparent and cloudy), (iii) stable gel (transparent and
cloudy), and (iv) phase separation into insoluble solid and supernatant liquid (gel syneresis
and precipitation). For more details regarding these transitions, please refer to Figure 7
(bottom right) in our previous publication [65].

4.2.3. Rheology

The rheological properties of the polymer solutions were recorded using a TA Dis-
covery HR-1 hybrid rheometer (TA Instruments, U.K.). The experiments were performed
using a 40 mm Peltier steel plate (996921) and a solvent trap. The samples were subjected
in temperature ramp measurements, during which the angular frequency (w) and strain (y)
were kept constant at 1 rad s~! and 1%, respectively. These values were chosen according
to preliminary studies. The strain was kept at low values to ensure that it was within the
linear viscoelastic area of the gel, i.e., if the strain is high enough, it can break the physical
bonds of the polymer network. The value of angular viscosity was chosen to be at 1 rad s~!
to ensure that the sample behaves as a liquid at room temperature, while forming a gel
at higher temperatures. The gel point by rheology was determined as the temperature
at which the storage modulus (elastic modulus, G’) exceeded the loss modulus (viscous
modulus, G”).

5. Patents

The novel combination of repeated units in OEGMA300x-b-BuMAy-b-DEGMA,, has
been patented by A.P.C. and TK.G. [56].
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels7030116/s1, Figure S1: GPC traces of the final polymers after precipitation. OEGMA300
homopolymers of varying degrees of polymerisation are shown in blue—OEGMA3001 in dark blue,
OEGMA3003; in blue, OEGMA300y43 in light blue, and OEGMA30075 in faded blue. The triblock
terpolymer is shown in dark red line. Figure S2: Phase diagram of the mixture of OEGMA300;5-
b-BuMA-b-DEGMA 3 with OEGMA3001g in phosphate buffered saline (PBS) with transitions
showing up to 80 °C. Figure S3: Temperature ramp rheological measurement on the mixture of
OEGMAB30015-b-BuMA 5-b-DEGMA 3 with OEGMA300; at a ratio of 3:1 in phosphate buffered
saline (PBS) with transitions showing up to 80 °C—storage modulus in blue squares and loss modulus
in black triangles.
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