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Swelling control in thermo-responsive hydrogels
based on 2-(2-methoxyethoxy)ethyl methacrylate
by crosslinking and copolymerization with

N-isopropylacrylamide

José M Garcia-Garcia, Marta Liras, Isabel Quijada-Garrido, Alberto Gallardo and Rodrigo Paris

Two different strategies were used to modulate the swelling capacity of thermo-responsive hydrogels based on
2-(2-methoxyethoxy)ethyl methacrylate (MEO,MA) in water. In the first approach, several poly(MEO,MA) hydrogels were
synthesized using different proportions of a conventional crosslinker, as tetra(ethylene glycol) dimethacrylate and a
non-conventional inorganic crosslinker, as polyhedral oligomeric silsesquioxane (POSS) functionalized with eight methacrylic
groups (POSS-methg). The experiments showed that the equilibrium swelling and the volume transition temperature (VTT)
could be tuned by varying the crosslinker degree, regardless of the type of crosslinker. In the second approach, several poly
(MEO,MA-co-N-iPAAm) hydrogels were prepared for the very first time, because N-isopropylacrylamide (N-iPAAm) is also

a thermo-responsive component that increases the swelling capacity of the hydrogel in water. In addition, the VTT and the
glass transition temperature of these new copolymer hydrogels could also be tuned by varying the monomeric composition.
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INTRODUCTION
Thermo-responsive hydrogels undergo relatively large and abrupt
volume changes in response to temperature.'”> Among these materi-
als, N-isopropylacrylamide-based (N-iPAAm) hydrogels are the most
studied*” because poly(N-iPAAm) shows a well-defined lower critical
solution temperature in water at around 31-34 °C,%8 which is close to
body temperature. Thus, such stimuli-sensitive hydrogels have
been intensively studied with respect to drug delivery>!? and other
biomedical applications.!=17

Recently, hydrogels based on oligo(ethylene glycol) side chains
methacrylic monomers,'®22 such as 2-(2-methoxyethoxy)ethyl metha-
crylate (MEO,MA), were highlighted as a successful alternative to
poly(N-iPAAm)-based hydrogels because of the advantages of a con-
trollable lower critical solution temperature,”»** high biocompatibility/
low cytotoxicity*>?¢ and facile polymerization by both the free radical
and the anionic polymerization mechanisms.?” The previous investiga-
tions on MEO,MA-based hydrogels were mainly focused on controlling
the thermo-responsive behavior for biomedical applications. For
instance, they have been synthesized by controlled radical polymerization
techniques, such as atom transfer radical polymerization, to create more
homogeneous networks.?® In other cases, they have been copolymerized
with ionic monomers to obtain additional pH responsiveness.?%??

A major issue that remains almost unexplored for this interesting
system is the study of modulating its ability of water uptake or the
control of its swelling. It is important to remark that, for many real
applications such as drug delivery, the swelling capacity of the thermo-
responsive hydrogels before their collapse could be as important as the
temperature at which the volume transition takes place. Therefore, the
main aim of the present work is to provide tools to obtain MEO,MA-
based thermo-responsive systems with a wide range of equilibrium
swelling values at a low temperature. To achieve that, two different
approaches were investigated. In one approach, a comparative study
on the use of crosslinkers, such as a conventional dimethacrylate and a
non-conventional inorganic polyhedral oligomeric silsesquioxane
(POSS) with eight methacrylic groups (POSS-methg), was carried
out. It is well known that the crosslinking density and the crosslinker
architecture have notorious effects on the mechanical and swelling
properties of the hydrogels.?’=32 In the other approach, bicomponent
networks derived from both N-iPAAm and MEO,MA were synthe-
sized and analyzed while considering the higher intrinsic swelling
capacity of N-iPAAm-based systems. In addition, these new poly
(MEO,;MA-co-N-iPAAm) statistical hydrogels, prepared for the
first time, were formed by two different thermo-responsive mono-
mers. Therefore, the volume thermal transition depended on the
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Scheme 1 Structures of the used monomers and crosslinkers.

Table 1 Experimental synthetic conditions and swelling properties
of poly(MEO,MA) hydrogels

Table 2 Experimental synthetic conditions and characterization of
random distributed poly(MEO,MA-co-N-iPAAm) hydrogels

Crosslinker

Q. at vrTe AbS 22
Entry Type Wt% Mol % 5°C “C) at 50°C
H1 TEGDMA 0.5 0.28 5.25 24.8 3.06
H2 1 0.57 4.46 30.4 2.96
H3 2 1.15 3.17 31.9 2.36
H4 5 291 2.29 31.8 0.81
H5 10 5.95 1.49 33.2 0.78
H6 15 9.13 1.13 34.0 0.70
H7 POSS-methg 0.5 0.06 5.21 26.8 3.58
H8 1 0.13 4.13 333 3.44
H9 2 0.27 3.36 31.3 0.42
H10 5 0.68 2.32 32.8 0.61
H11 10 1.43 1.54 38.9 0.54
H12 15 2.26 1.19 b b

Abbreviations: POSS-methg, polyhedral oligomeric silsesquioxane functionalized with eight
methacrylic groups; Q.., equilibrium swelling; TEGDMA, tetra(ethylene glycol) dimethacrylate;
VTT, volume transition temperature.

Determined by 2UV-visible spectrophotometer at 600 nm in pH 7 (u=0.1wm).

bNon-observable (opaque).

monomeric composition. Using N-iPAAm and ethyl pyrrolidine
methacrylate, Elvira et al.3® have recently shown that the combination
of two different thermo-sensitive units may be a very appropriate way
to compositionally adjust some properties (i.e., biocompatibility) of
the hydrogels without losing the thermo-responsiveness.

The chemical structures of the monomers and crosslinkers used in
this work are collected in Scheme 1.

EXPERIMENTAL PROCEDURE

Materials

The monomer N-iPAAm (Acros Organics, Morris Plains, NJ, USA, 99%) was
purified by recrystallizing it from an n-hexane/toluene mixture (90/10 v/v) and
MEO,MA (Aldrich, St Louis, MO, USA, 95%). The monomer was passed
through a neutral alumina column to remove the antioxidant inhibitor. The
activator N,N,N’,N’-tetramethylethylenediamine (Fluka, Steinheim, Switzerland,
>99%), the crosslinkers tetra(ethylene glycol) dimethacrylate (TEGDMA,
Fluka >90%) and the POSS functionalized with eight methacrylic groups
(POSS-methg, Hybrid Plastics, Hattiesburg, MS, USA) and the initiator ammo-
nium peroxodisulfate (Fluka >98%) were used as received. The water used for
all reactions, for the solutions used in the swelling experiments and for hydrogel
purification, was Milli.Q from the water purification facility (Millipore Milli-
U10, Millipore, Billerica, MA, USA). The phosphate buffer solutions were
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[TEGDMA]y Tgb Tra® Qg at  VTTd
Entry  fuyeooma (wt%) Freooma? “C) “C) 5°C “C)
H1 1.00 0.5 1 -31.0 254 5.2 24.8
RC1 0.75 0.5 0.674 0.2 343 9.3 43.0
RC2 0.50 0.5 0.492 12.4 390 12.5 43.5
RC3 0.25 0.5 0.195 82.7 400 16.0 47.0
RC4 0.50 1.0 0.486 17.3 378 8.1 45.0
RC5 0.50 2.0 0.468 18.1 356 6.4 459

Abbreviations: Fygozma, MEO2MA fraction in the hydrogel; Q., equilibrium swelling; T, glass
transition temperature; Trax, temperature at which the weight loss rate was maximum;
TEGDMA, tetra(ethylene glycol) dimethacrylate; VTT, volume transition temperature.
Determined by 2elemental analysis, Pdifferential scanning calorimetry, thermogravimetric
analysis and 9UV-visible spectrophotometer at 600 nm in pH 7 (¢=0.1m).

prepared using anhydrous sodium dihydrogen phosphate (Fluka >99%),
disodium hydrogen phosphate (Panreac, Barcelona, Spain, >98%) and sodium
chloride (Panreac >99.5%) to keep the ionic strength (u) of the solutions
constant and under control.

Synthesis of the poly(MEO,MA) hydrogels

Poly(MEO,MA) hydrogels were synthesized by free-radical cross-linking ran-
dom polymerization. Two different crosslinkers were used, TEGDMA and
POSS-methg, using the MEO,MA and crosslinker feed ratio described in
Table 1. All polymerizations were carried out using a mixture of water/ethanol
with a ratio of 1:1 (v/v) and a monomer/solvent ratio of 1:1 (w/v). The
activator N,N,N’,N’-tetramethylethylenediamine and the initiator ammonium
peroxydisulfate were used with an initial ratio of 0.5 wt% of the total monomer
amount. The procedure to obtain the sheet-shaped gels is as follows: the
mixture solution was cast on a glass plate enclosed by a 1-mm thick rubber
framework spacer and sealed off with another glass plate to avoid contact with
air during the polymerization process, which lasted for 24 h at room tempera-
ture. Afterward, the gel sheet was removed from the glass plate and uniform
disks with a diameter of 6 mm were punched out of the gel sheet using a
stainless steel cork borer. Then, the disks were immersed in freshwater for at
least 3 days to remove the unreacted chemicals. During this time, the water was
replaced several times. After the immersion process, the hydrogels were dried
at room temperature until they achieved constant weight.

Synthesis of randomly distributed poly(MEO,MA-co-N-iPAAm)
hydrogels

The poly(MEO,;MA-co-N-iPAAm) hydrogels were synthesized by free-radical
crosslinking random polymerization using MEO,MA and N-iPAAm with the
feed ratios given in Table 2. Polymerizations were carried out using a monomer
concentration of 1 gml~! with a water/ethanol (1:1 v/v) mixture as the solvent
in all cases. The activator N,N,N’,N’-tetramethylethylenediamine and the



initiator ammonium peroxydisulfate were used with an initial weight ratio of
0.5 wt% with respect to the amount of total monomers, and TEGDMA was the
crosslinker used. The procedures to obtain the sheet-shaped gels and
the method used to purify them were the same as those previously outlined
for poly(MEO,MA) hydrogels.

Characterization

Fourier transform infrared spectra with attenuated total reflectance (FTIR-
ATR) were recorded on a PerkinElmer Spectrum One spectrophotometer
(PerkinElmer, Waltham, MA, USA) with a resolution of 4cm™!. The thermal
stability was determined from thermogravimetric analysis (TGA) at
10°Cmin~! under 20mlmin~! of dry nitrogen flow with a TA TGAQ500
thermogravimetric analyzer (TA Instruments, New Castle, DE, USA). The
temperature at which the weight loss rate was maximum (Tj,,,) was deter-
mined from the peak maximum of the first derivative of the weight loss curve.
The glass transition temperatures (T;) were measured by differential scanning
calorimetry (DSC) using a TA DSC Q100 calorimeter connected to a cooling
system to work at low temperatures. The samples were scanned from —75 to
150 °C at a rate of 20 °Cmin~! under 20 mlmin™" of dry nitrogen flow. The T,
values were determined as previously described during the second heating
cycle.3* Scanning electron microscopy of gold-coated samples was performed
on a Philips XL30 microscope (Philips, Eindhoven, the Netherlands) at ambient
temperature. The scanning electron micrographs were taken from the newly
exposed surface of the samples that fractured immediately after they were
introduced in liquid nitrogen. Volume transition temperatures (VIT) of the
hydrogels were estimated from the optical transmittance measurements at
600nm that were plotted as a function of the temperature of the swollen
hydrogels. The transmittance measurements were performed by taking advan-
tage of the decrease in transparency that occurs because of the collapsed
polymer. The analysis was made using a Cary 3 BIO-Varian UV-visible
spectrophotometer (Agilent Technologies, New Castle, CA, USA). The tem-
perature of the hydrogels was raised from 10 to 80 °C at a rate of 1 °Cmin~.
The VIT was defined as the temperature at the inflection point of the
absorbance versus temperature curve. The chemical composition of the
comonomeric hydrogels was estimated by organic elemental analysis in a
Heraeus CHN-O Rapid Analyzer (Heraeus, Barcelona, Spain). Equilibrium
swelling was determined gravimetrically in the following manner: dried
hydrogel disks were placed in phosphate buffer solutions or distilled water to
swell at different temperatures for 24 h. Then, samples were removed, wiped
superficially with a blotting paper and weighed. The equilibrium swelling (Q )
was calculated in grams of water per grams of dry gel using the following
expression:

Qo = (mog — mog)/mg = Weo /mg (1)
where m, is the weight of the swollen gel at equilibrium, 1 is the weight of
the dry polymer gel and W, is the weight of the solvent uptake at equilibrium.

RESULTS AND DISCUSSION

Effect of crosslinking on the swelling properties of poly(MEO,MA)
hydrogels

Several poly(MEO,MA) hydrogels were successfully synthesized using
two different crosslinkers (TEGDMA and POSS-methg) with the
percentages shown in Table 1. In addition to the percentages of the
crosslinkers, the synthesis conditions and the main results of the swelling
properties of the hydrogels are also collected in this table. The chemical
composition of the hydrogels was corroborated by FTIR-ATR (Supple-
mentary Figure 1-SI), and the formation of a crosslinked structure was
evidenced by the fact that the hydrogels did not dissolve in water but
swelled. The scanning electron microscopy image shown in Supplemen-
tary Figure 2-SI indicated that the POSS-crosslinker dispersed well and
did not form large aggregates, as expected.?® In addition, no significant
variation in the thermal properties was detected by DSC and TGA
because the T, remained at approximately —33 °C and a unique thermal
decomposition in nitrogen was observed at 250-270 °C.
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Figure 1 Equilibrium swelling for poly(MEO,MA) hydrogels at 5°C in
aqueous solutions as a function of the crosslinker type and amount.

The Q, values of the hydrogels in water at 5°C as a function of
the amount and type of crosslinker are shown in Figure 1. As
expected, increasing the crosslinker amount reduced the capacity of
the hydrogels to incorporate water in their network structure. Their
highly crosslinked structure resulted in a marked decrease in the
swelling ratio due to the reduction in the free volume within the
hydrogel network.>» Interestingly, the equilibrium swelling values
did not seem to depend on the type of crosslinker used. Thus, the
experimental data on equilibrium swelling exponentially decayed as
the percentage of crosslinker increased in the experimental range in
both cases. This behavior could be explained by taking the molar mass
of the different crosslinkers into account. Thus, the molar percentages
of the crosslinkers in each sample are included in Table 1. The higher
number of methacrylic double bonds in POSS-methg caused the
observed reduction on the equilibrium swelling. Furthermore, it is
possible that not all of the double bonds in POSS-methg functioned as
crosslinker points because of steric effects according to Sastre et al.3®

One of the most interesting features of the MEO,MA-based
hydrogels is their thermo-responsiveness.'*?%2%28 Thus, the water-
swelling capacity of the samples was evaluated as a function of
temperature. The experimental results are collected in Figure 2. The
hydrogels were thermo-responsive materials and showed much higher
equilibrium swelling values at lower temperatures. In fact, all samples
were in the collapsed state at body temperature. The figure showed
that equilibrium swelling at each temperature clearly depended on the
total crosslinker amount used. In addition, the collapse temperature
seemed to increase slightly as the crosslinker amount increased. These
results are related to the fact that thermal transition is a function of
inter macromolecular interactions (hydrophobic/hydrophilic balance).
On the other hand, equilibrium swelling depends on the monomeric
composition, which is almost the same for all samples, and on the
crosslinking degree, which is the parameter that is being studied to
control the swelling capacity in water at low temperature.

In previous investigations,'*?»22 it was shown that the VTT of the
MEO,MA-based hydrogels occurred with a very fast change in
the sample transparency. Thus, these hydrogels were completely
transparent at low temperatures but became opaque above the
transition temperature. Other than the possible applications of this
phenomenon (i.e., in smart windows), this fact allowed the VTT of
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Figure 2 Equilibrium swelling versus temperature for poly(MEO,MA)

hydrogels synthesized using (a) POSS-methg and (b) tetra(ethylene glycol)
dimethacrylate (TEGDMA) as crosslinkers.
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Figure 3 Absorbance at 600nm versus temperature of swollen
poly(MEO,MA) hydrogels (samples H1, H2 and H5). Photograph of sample
H5 taken in an aqueous solution at temperature above volume transition
temperature (VTT) is included. A full color version of this figure is available
at Polymer Journal online.

these hydrogels to be estimated by the cloud-point method. In this
method, the absorbance at 600 nm is measured through the swollen
specimens as a function of temperature. As an example, Figure 3
shows the absorbance versus temperature curves for samples H1, H2
and H5 because no significant discrepancies were observed in these
samples as the crosslinker type was changed. The experimental VTT
values calculated from these curves are collected in Table 1 for all
samples. According to the experimental data, the VTT clearly
depended on the crosslinker amount, which became higher as the
percentage of the crosslinker in the feed increased. This was because
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Figure 4 FTIR-ATR spectra of poly(MEO,MA)-co-N-iPAAm) hydrogels with
different monomer compositions (samples RC1, RC2 and RC3). A full color
version of this figure is available at Polymer Journal online.

the intermolecular interactions needed for the polymer to
collapse were more restricted. Another interesting result was that the
absorbance in the collapse state, which is related to the opacity degree,
was also a function of the crosslinker amount. Thus, the maximum
absorbance value after the VIT (Absy,y) decreased with increasing
crosslinking degree. Again, this fact could be attributed to the
decreased mobility of the crosslinked network that had less interaction
between the chains after the collapse.

Swelling and thermo-responsive properties of
poly(MEO,MA-co-N-iPAAm) hydrogels

Several randomly distributed poly(MEO,MA-co-N-iPAAm) copoly-
mer hydrogels were synthesized using TEGDMA as the crosslinker to
evaluate the effect of introducing a second thermo-sensitive comono-
mer with a high swelling capacity. The experimental conditions for the
synthesis along with the thermal and swelling properties of these
copolymeric hydrogels are shown in Table 2. Because only N-iPAAm
incorporated nitrogen in its structure, the MEO,MA fraction in the
hydrogel (Fypoama) could be easily determined from elemental
analysis. The experimental compositions were quite similar to those
employed in the feed (fyigoama). Moreover, the monomeric composi-
tion could also be qualitatively estimated from the FTTR-ATR analysis.
The intensity ratio between the stretching band of the carbonyl group
of MEO,;MA (1724cm™!) and the carbonyl group (amide) of
N-iPAAm (1646 cm™!) clearly depended on the initial composition
ratio. This fact is reflected in the spectra shown in Figure 4.

The thermal properties of these hydrogels were also analyzed by
DSC and TGA. The T, values, estimated by DSC and collected in
Table 2, clearly depended on the composition and increased linearly
from the T}, of the poly(MEO,MA) hydrogel (=33 °C) to the T of the
poly(N-iPAAm) hydrogel (131 °C)*® (Supplementary Figure 3-SI). It is
well known that one of the main limitations of using poly(N-iPAAm)-
based hydrogels is that they are very brittle in the dry state, which is a
consequence of their high glass transition temperature. However, in
the present study, we showed that for equimolecular compositions or
enriched MEO,;MA compositions, thermo-responsive hydrogels with
Tg values lower than room temperature were obtained; this can be
very interesting for further applications. The study of the thermal
properties was completed with TGA analysis (Supplementary



a Random P(MEO,MA-co-N-iPAAmM) Hydrogels '
pH 7 f.',lEO MA
15 L .;_‘ (;:20.1M) 1.00 —_—
ke - 075 —=
g 0.50
o 10 + o 025 --®--
sl o T
B B
\\\\ S ol
S Gi:‘fj—*ﬂ
0 1 I 1 L e —
b
gEl e, distilled
e water
e
o 10 —\\' 3
s
5 F = >
m\\ :
g S|
0 1 1 1 1 1 1 ' Y )

0 5 10 15 20 25 30 35 40 45 50

Temperature (°C)

Figure 5 Equilibrium swelling of random poly(MEO,MA-co-N-iPAAm)
hydrogels as a function of temperature and monomeric composition (a) at
pH=7 and (b) in deionized water.

Figure 4-SI). It could be observed again that thermal degradation took
place in a unique step for all samples. The values of Ty, are collected
in Table 2. As a consequence of the higher thermal stability of N-
iPAAm, the maximum temperature of degradation increased when the
N-iPAAm percentage in the hydrogels increased.

Both poly(N-iPPAm) and poly(MEO,MA) are thermo-responsive
materials that collapse at 32 and 26 °C, respectively.® Therefore, the
synthesized copolymeric hydrogels also present this property. Figure 5
shows the evolution of their equilibrium swelling at several tempera-
tures, and the swelling decreased with increasing temperature.
Moreover, the equilibrium swelling at 5°C clearly depended on
the monomeric composition. As we hypothesized, the monomer
N-iPPAm is more hydrophilic than MEO,MA and, as a result,
hydrogels enriched with N-iPPAm had higher experimentally mea-
sured Q. values than those enriched with poly(MEO,MA).
In addition, it is interesting to note that the monomeric composition
also affected the thermo-responsiveness. Thus, increasing the
MEO,MA composition will decrease the transition temperature. In
summary, the equilibrium swelling and thermal transition tempera-
ture could be easily tuned by varying the monomeric feed composi-
tion in these poly(MEO,MA-co-N-iPAAm) hydrogels.

Another interesting observation is that the VI'Ts depended on the
type of aqueous solution. Thus, the VIT values of the hydrogels in
deionized water (Figure 5b) were higher than the VTT values in water
at pH 7 (u=0.1 ™). This difference was attributed to the effect of the
ionic strength because the hydrogel with a higher ionic strength will
have a lower collapse temperature.?

Apart from the compositional effect and in consonance with the
previous study on the poly(MEO,MA) hydrogels, the crosslinker
amount was another experimental variable that was modified to
change the swelling capacity of this kind of copolymeric network.
Supplementary Figure 5-SI shows the swelling capacity of the poly
(MEO,;MA-co-N-iPAAm) hydrogels with equimolecular monomeric
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feed ratio. As expected, the hydrogel with a higher crosslinker amount
in the feed had a lower swelling capacity in water. Therefore, the
equilibrium swelling at low temperatures could be easily tuned by
combining the two variables in this study: the crosslinker amount and
the comonomer composition.

The VTT values (Table 2) were estimated from cloud-point
measurements in the same manner as those of the poly(MEO,MA)
hydrogels. The VTT increased with the degree of crosslinking of the
hydrogels. Most interestingly, the VT'Ts were observed to occur at
higher temperatures than those of the homopolymers; therefore, the
thermo-responsiveness did not follow the additivity rules. We believe
that an anti-synergic effect took place. The presence of a randomly
distributed comonomer reduced the interaction among the other
comonomeric units, forcing the transition to take place at higher
temperatures. This explanation is in agreement with previous results
obtained with the poly(MEO,MA)/poly(N-iPAAm) conetworks,* in
which the VTIT values were close to those of the poly(N-iPAAm)
hydrogels.

Conclusion

The swelling and optical properties of thermo-responsive MEO,MA-
based hydrogels in aqueous solutions were studied as a function of the
crosslinker amount and crosslinker type. These properties could be
easily tuned, which could be a very important feature for biomedical
applications. In addition, poly(MEO,MA-co-N-iPAAm) hydrogels
were prepared to evaluate their swelling properties in water because
N-iPAAm was also a thermo-responsive monomer that showed higher
hydrophilic character at low temperatures. Their glass transition
temperatures and equilibrium swelling values increased with the
N-iPAAm proportion. Moreover, a high increment on the VIT was
observed, which could be due to an anti-synergic effect between both
thermo-responsive monomers. The poly(MEO,;MA-co-N-iPAAm)
hydrogels were demonstrated to combine the properties of both
comonomers, such as the thermo-responsive behavior, the swelling
capacity and the glass transition temperature. Furthermore, these
properties could be regulated by varying the monomeric composition.
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