
Vol.:(0123456789)

Polymer Bulletin (2020) 77:5553–5565
https://doi.org/10.1007/s00289-019-03034-0

1 3

ORIGINAL PAPER

Synthesis and characterization of pH‑ 
and thermo‑responsive hydrogels based 
on poly(2‑cyclopropyl‑2‑oxazoline) macromonomer, 
sodium acrylate, and acrylamide

Juan Carlos Rueda1 · Carlos Suárez1 · Hartmut Komber2  · Stefan Zschoche2 · 
Brigitte Voit2 

Received: 6 July 2019 / Revised: 23 September 2019 / Accepted: 25 November 2019 / 
Published online: 30 November 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
New graft copolymer hydrogels based on sodium acrylate, acrylamide, and styryl-
terminated poly(2-cyclopropyl-2-oxazoline) macromonomer (MM) were synthe-
tized by free radical polymerization using N,N′-methylenebisacrylamide as cross-
linker. The polymerization was carried out in water at 5  °C and was initiated by 
sodium peroxodisulfate/N,N,N′,N′-tetramethylethylenediamine. The MM and the 
hydrogels were characterized by NMR and FTIR spectroscopy. In the hydrogels, the 
sodium acrylate provided the sensitivity to changes in pH value while the MM pro-
vided sensitivity to temperature. In dependence of their composition, the bi-sensi-
tive hydrogels showed conformational transitions with variation of temperature or 
pH value. This property was shown macroscopically as a hydrogel volume contrac-
tion or expansion as it was determined by swelling experiments in water at different 
pH values and temperatures. Due to phase separation within the hydrogels facilitated 
by the graft copolymer network structure, both sensitivities could be addressed indi-
vidually by both triggers and defined swelling states could be addressed over a wide 
range by adjusting both temperature and pH.
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Introduction

Responsive polymeric materials are polymers that go through a phase transition in 
response to an external stimulus such as temperature, pH, magnetic field, electrical 
impulses, and light [1–5]. This type of material is being investigated for its potential 
applications in biomedicine, water management, in sensors and as actuators, among 
others [6, 7]. Currently, many polymers that respond with changes in their solubility in 
aqueous solution depending on the changes of temperature are been studied in the lit-
erature [2, 5, 8]. Among them, one of the most studied is poly(N-isopropylacrylamide) 
(PNiPAAm), since its minimum critical solution temperature (LCST) in water, which 
is the temperature at which the polymer changes from hydrophilic to hydrophobic, is 
close to the temperature of the human body [2, 5, 8, 9].

In recent years, the thermal sensitivity of some polyoxazolines has also been 
investigated, such as, for example, poly(isopropyloxazoline) (poly(iPrOxa)), 
poly(cyclopropyloxazoline) (poly(CPOxa)), and poly(ethyloxazoline) [4, 10–12]. 
Poly(CPOxa) presents a LCST value of approximately 30 °C [10] that is close to human 
body temperature, and therefore, this polymer could be used eventually in biomedical 
application. The cyclopropyloxazoline monomer (CPOxa) polymerizes extremely fast 
and does not present the crystallization phenomenon that poly(iPrOxa) has when it is 
heated at relatively high temperatures [13], which limits its practical application.

The synthesis of poly(2-oxazoline)s by ring-opening cationic polymerization pro-
ceeds in a ‘living’ form without termination or chain transfer reactions; thus, the 
molecular weight as well as the functionality of these polymers can be predetermined 
from the start of polymerization [14–17].

Hydrogels that exhibit pH sensitivity contain in their structure ionizable groups that 
can donate or accept protons (for example, carboxylic acids or amines) in response to 
changes in the pH value of the medium. When the pH of the medium changes, a change 
in the degree of ionization occurs. This results in a conformational change of the poly-
mer and a change of hydrogel volume, and such pH responsive hydrogels find mani-
fold application [2, 5, 8]. A prominent application of responsive hydrogels with inten-
sive volume change and multiple responsivity is as actuator in microfluidic where the 
hydrogel can act as a valve opening and closing microfluidic channels upon a stimulus 
in the fluid, e.g., changes in pH or temperature [6, 18–20].

In this work, bi-sensitive hydrogels are realized by the concept of graft copolymer 
gels, using a temperature-sensitive poly(cyclopropyloxazoline) macromonomer with a 
styrene polymerizable group and a sodium acrylate/acrylamide pH-sensitive gel frame. 
The composition was adjusted in a way that both sensitivities had been realized and 
could be addressed individually with sufficient volume phase transition temperature for 
a technical application, e.g., as actuator valves in microfluidics.
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Experimental

Methods

The FTIR-ATR measurements were taken using a Bruker Vertex 80v with MCT 
detector in the range of 600 to 4000  cm−1 with a resolution of 4  cm−1. Hundred 
scans were accumulated for each measurement.

UV–Vis turbidity measurements have been taken on 1 wt% MM concentration in 
distilled water using Helios Gamma UV–Vis spectrometer from Thermo-Electron 
Corporation. Transmittance was measured at 550 nm, varying temperature between 
15 and 65 °C.

NMR spectra were recorded on a Bruker Avance III 500 NMR spectrometer oper-
ating at 500.13 MHz for 1H and at 125.75 MHz for 13C.  CD3OD (δ(1H) = 3.31 ppm; 
δ(13C) = 49.0  ppm) was used as a solvent and internal reference. For high-resolu-
tion magic angle spinning (HR-MAS) measurements, the PTFE insert of the  ZrO2 
rotor (4 mm outer diameter, 50 μl insert volume) was filled with small pieces of dry 
hydrogel (~ 2 mg). After addition of  D2O and about 30 min swelling time, the sam-
ple was measured with a HR-MAS probe (νR = 4000 Hz). The 1H NMR spectra were 
referenced on the HDO signal (4.72 ppm).

Changes in pH were measured with a pH meter and conductimeter (Seven Multi, 
Mettler Toledo). Temperature control was achieved with a thermostat (Fischer 604) 
with an accuracy of 0.1  °C. The pH values were adjusted with respective buffer 
solutions.

Materials

Chloromethylstyrene (CMS) (Aldrich, mixture of isomers 70  mol% meta and 
30 mol% para) was bi-distilled before use. 2-Cyclopropyl-2-oxazoline was synthe-
sized by a method described in the literature [11, 21] and was distilled over calcium 
hydride before use. All other substances and solvents were of high purity and were 
used as received.

Cyclopropyloxazoline synthesis (CPOxa) [11, 21]

In a round-bottomed flask, 67.35  g of cyclopropanecarbonitrile was reacted with 
61 g of ethanolamine, in the presence of 6.5 g of cadmium acetate dehydrate. The 
ethanolamine was added dropwise. The reaction was maintained at 125 °C under a 
nitrogen atmosphere and under reflux for 20 h. The synthetized CPOxa was distilled 
(yield 85%), and structure and purity were confirmed by 1H NMR spectroscopy and 
fit literature data.

Macromonomer synthesis (MM)

The MM was synthesized via ring-opening cationic polymerization of CPOxa 
initiated by CMS in the presence of sodium iodide [17]. The polymerization was 
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carried out in acetonitrile at 78 °C. In a reactor, 13 g (117 mmol) CPOxa and 1.54 g 
(9.20 mmol) NaI were dissolved under nitrogen in 35 mL acetonitrile; then, 0.7 g 
(4.59  mmol) of chloromethylstyrene was added. The reaction mixture was heated 
for 7 h. After this time, the polymerization was terminated with a solution of KOH 
in methanol. The obtained MM was purified by reprecipitation (yield 97%). The 
degree of polymerization (DP) of the styryl-terminated MM was 25 (Mn = 2910 g/
mol) as determined by 1H NMR spectroscopy.

1H NMR  (CD3OD): δ 7.5–7.1  (HAr), 6.74 (=CH–), 5.80 and 5.25 (=CH2), 
4.0–3.4 (–CH2–N(R)–CH2–), 2.1–1.6  (CHCycl), 0.85 ppm  (CH2,Cycl).

13C NMR  (CD3OD): 176.7–176.1 (C=O), 48–45 (–CH2–N(R)–CH2–), 11.9 and 
11.7  (CHCycl), 9.0 and 8.8 ppm  (CH2,Cycl).

Hydrogel synthesis (HG)

In a typical procedure, 0.167 g of MM was dissolved in water (pH 6.7) and 0.133 g 
of sodium acrylate (NaAc), 0.2  g of acrylamide (AAm), and 0.041  g of N,N′-
methylenebisacrylamide (BIS) were added at 5  °C under nitrogen atmosphere. 
This mixture was stirred for 40 min under nitrogen, and then, a mixture of 0.013 g 
of sodium peroxodisulfate and 0.02  g of N,N,N′,N′-tetramethylethylenediamine 
(TEMED), previously dissolved with 1 mL of water, was added. The reaction mix-
ture was stirred and transferred by means of a syringe to a glass tube mold (NMR 
tube, inner diameter: about 4 mm) that was keep at 5 °C. The hydrogel was obtained 
in 15 min and was maintained in the mold for 24 h. After removing the hydrogel 
from the mold, it was washed with distilled water. It was first put in 500 mL of etha-
nol for 24 h and then in 1 L of distilled water, changing the water every 4 h. Finally, 
the gels were dried at 40 °C under vacuum until weight becomes constant. For the 
swelling experiments, the hydrogel tube after removal from the glass tube was cut 
in disk-like samples of 3–6 mm height and those were washed and tried to constant 

Table 1  Composition and characterization of hydrogels

a MM: Macromonomer of poly(2-cyclopropyl-2-oxazoline) with DP = 25 and styryl termination; NaAc: 
sodium acrylate; AAm: acrylamide; BIS: N,N′-methylenebisacrylamide. The mmol or mol% is the 
amount used in the synthesis
b Q = degree of swelling, determined by Q = (W2 − W1)/W1, where W1 and W2 are the weights of dried and 
swollen hydrogels in water, respectively, measured at 25 °C and pH = 6.0

Hydrogel MMa NaAca AAma BISa Yield Qb

mmol–mol% mmol–mol% mmol–mol% mmol–mol% (%) (g/g)

HG1 0.057–1.3 1.41–31.0 2.82–61.9 0.268–5.9 92 70
HG2 0.069–1.8 1.64–42.7 1.86–48.5 0.268–7.0 89 59
HG3 0.090–2.8 1.33–41.3 1.53–47.5 0.268–8.3 84 45
HG4 0.100–3.6 1.15–41.5 1.25–45.2 0.268–9.7 85 43
HG5 0.040–0.9 2.98–63.4 1.41–30.0 0.268–5.7 94 86
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weight as described above. The experimental details and results are summarized in 
Table 1.

1H NMR  (D2O): δ 4.1–3.2 (–CH2–N(R)–CH2–), 2.6–2.0 (backbone-CH of AAm, 
NaAc and MM units), 2.1–1.2 (backbone-CH2 of AAm, NaAc and MM units and 
 CHCycl), 0.84 ppm  (CH2,Cycl).

Hydrogel sensitivity to pH value and temperature

The sensitivity of the hydrogel was determined on the above-described disk-like 
samples by measuring its contraction or expansion in aqueous medium in depend-
ence on temperature or pH value. For measurements of contraction or expansion of 
the hydrogel, it was assumed that the weight of the hydrogel is proportional to its 
volume and the weight was measured.

First, the weight of the swollen hydrogel disk at 25 °C in equilibrium with water 
(24 h) was determined at pH = 6, and then after a gradually heating process, the new 
weight of the hydrogel was measured in other temperature and it was related to the 
initial weight. The measurements were taken after 4 h equilibration time.

Similarly, the pH sensitivity was determined by changing the pH of the medium 
(emerging it in the respective buffer solution) and measuring the new weight of the 
hydrogel at each different pH value and relating it to the initial weight at pH 2. The 
measurements were taken after 2 h equilibration time at 20 °C.

Results and discussion

Synthesis and characterization of macromonomer MM

The polyoxazoline macromonomer (MM) was synthesized introducing the styryl 
function through the initiator. 2-Cyclopropyl-2-oxazoline (CPOxa) was polymerized 
by ring-opening cationic polymerization initiated by chloromethylstyrene, using 
sodium iodide as coinitiator for halogen exchange for the reaction (Scheme  1). It 
is known from the literature that this polymerization of 2-oxazolines proceeds by a 
living mechanism without termination or chain transfer reactions [10, 12, 15], and 
thus, polymers can be obtained with predetermined degree of polymerization and 
functionality. The yield of the reaction was 97%.

The structure of MM was confirmed by 1H and 13C NMR spectroscopy (Figs. 1a 
and 2, respectively, and Fig. SI-1). A degree of polymerization DP = 25 was calcu-
lated from 1H NMR signal intensities of the styryl group  (Ha,  Ha′, and  Hb) and of 

CH2Cl KOH/MeOH

25°C

NaI

CH3CN / 78°C
+ ON NCH2CH2 OH

C=O n
CH2

Scheme 1  Synthesis of the poly(CPOxa) macromonomer MM
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the repeating unit  (Hf) which fits the predetermined DP from the used monomer to 
chloromethylstyrene ratio.

The characterization of the temperature sensitivity of the macromonomer (MM) 
was performed by turbidimetric analysis by UV–Vis spectroscopy (Fig. SI-2). It 
was found that the macromonomer had a cloud point, which is related to the lower 

(a)

(b)

Fig. 1  1H NMR spectra of a the macromonomer MM (n = 25; solvent  CD3OD) and b of the hydrogel 
HG2 swollen in  D2O (*marks signals of TEMED)

Fig. 2  13C NMR spectrum of the macromonomer MM (n = 25; solvent  CD3OD)
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critical solution temperature (LCST), at relatively low 18 °C compared to the 30 °C 
from the literature [10]. This is in agreement with its low molecular weight and with 
the fact that the hydrophobic styrene group at the chain end further decreases the 
cloud point of MM.

Synthesis and structural characterization of hydrogels

The hydrogels were obtained by radical copolymerization of the mac-
romonomer MM, sodium acrylate, and acrylamide in the presence of N,N′-
methylenebisacrylamide as the cross-linker. Acrylamide was added in the composi-
tion to reduce the content of ionic groups in the pH-sensitive part of the hydrogel 
which allows to control the pH depended degree of swelling in a technically inter-
esting range [19]. The polymerization was initiated by sodium peroxodisulfate and 
TEMED, a well-known radical redox initiating system [23], at a temperature of 5 °C 
in water (Scheme 2). At these reaction conditions, it was avoided to exceed the tran-
sition temperature of the macromonomer and the complete dissolution of the reac-
tants was allowed. The reaction occurred in a time of 15 min, with reaction yields 
between 83 and 94% (Table  1). Completely transparent hydrogels were obtained. 
The use of a poly(2-cyclopropyl-2-oxazoline) macromonomer (MM) leads to a so-
called graft copolymer hydrogel structure, with tangling chains of poly(CPOxa) 
with DP of 25 (Scheme 2). This specific hydrogel structure should ensure that the 
hydrogels retain the temperature sensitivity due to the possibility to build a certain 
phase-separated structure with a poly(CPOxa) phase. The positive effect of keep-
ing multisensitivity in graft copolymers hydrogels has been shown recently for even 
tetra-sensitive hydrogels [22].

The hydrogels were characterized by FTIR spectroscopy (Fig. SI-3). The pri-
mary amide bands at 3450–3400  cm−1 (νas  NH2) and 3250–3180  cm−1 (νs  NH2) 
and the band at 1685–1680 cm−1 (ν C=O) result from the acrylamide unit. Bands at 
1560 and 1410–1400 cm−1 are the stretching vibrations of carboxylate group of the 

CH2 + HC=CH2

COONa

HC=CH2

CONH2

+ Bisacrylamide

NaPS/ TEMED/ 5°C
NCH2CH2 OH

C=O
n

CH2 CH CH2 CH CH2 CH CH2 CH CH2 CH CH2 CH

CH2 CH CH2 CH

COONa CONH2 CONH2

CH2

NCH2CH2 OH

C=O
n

C=O

NH

CH2

C=O

NH

COONa

Scheme  2  Synthesis of hydrogels HG and schematic representation of the resulting graft copolymer 
hydrogel indicating the tangling thermo-responsive poly(CPOxa) chains (colour figure online)
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acrylate unit. A band at 1710 cm−1 (ν C=O) results from H-bond-associated carbox-
ylic acid groups and indicates not fully neutralized acrylate. The bands of MM are 
superposed by bands of the acrylamide and sodium acrylate units in the polymer.

The NMR characterization of the hydrogels was carried out on samples swollen 
in  D2O using the high-resolution magic angle spinning (HR-MAS) technique. Fig-
ure 1b depicts the 1H NMR spectrum of HG2 synthesized from a feed composition 
of 1.8 mol% MM, 42.7 mol% NaAc, and 48.5 mol% AAm and a cross-linked con-
tent of 7.0 mol%. The macromonomer (DP = 25) results in the typical signal pattern 
of the  NCH2 protons  (Hd) in the 4.1–3.2 ppm region (comp. Fig. 1a). The methylene 
protons  (Hg) of the cyclopropyl unit can be well identified by their intense signal at 
0.84 ppm, whereas the signals of the methine proton  Hf at ~ 1.9 ppm are overlapped 
by the  CH2 signal groups of the NaAc and AAm monomers in the copolymer. Also 
the methine proton signals of both acryl comonomers overlap in the 2.6–2.0 ppm 
region. This makes it impossible to determine quantitatively the content of the 
comonomers in the final hydrogel. The short cross-linker  (Hm–Ho) results in very 
broad signals and could not be detected. Generally, the chain mobility decreases 
with decreasing distance between cross-linking points, i.e., increasing BIS content, 
and the line width of the signals increases as observed for HG3 and HG4 (Fig. SI-4). 
It should be mentioned that the hydrogels still contain TEMED due to salt formation 
with acrylic acid units in the copolymer as can be concluded from two singlets at 
3.56  (NCH2) and 2.94 ppm  (NCH3).

Regarding the reactivity ratios for the MM and the monomers NaAc and AAm, 
there are no data in the literature, but they can be approximated when only the sty-
ryl chain end of the macromonomer is considered. The reactivity ratios of styrene 
and sodium acrylate are similar (r1 = 0.82 and r2 = 0.77, [24]), whereas acrylamide is 
favorably incorporated in comparison with styrene. Still, the reactivity ratios depend 
also on the reaction medium (solvent, other monomers, [25]). It is possible that the 
macromonomer MM, due to its large size and therefore low diffusibility, polymer-
izes more slowly than the monomers NaAc and AAm which would produce a poly-
meric structure where the MM is not be homogeneously distributed in the hydrogel, 
leading to a more gradient structure (see discussion below).

pH sensitivity of the hydrogels

The sensitivity of the hydrogels to pH changes was determined from the experi-
mentally determined degree of swelling Q at different pH values. Figure 3 depicts 
the dependency of Q from pH value for the five hydrogels under investigation. The 
swelling in acid media is low, but they swell with increasing pH value, having a 
maximum degree of swelling at pH ~ 8 followed by slightly decreasing swelling up 
to pH = 10.

At low pH values (pH = 2 or 3), all hydrogels show a strong contraction, possibly 
due to the formation of hydrogen bonds between the acid and amide groups [26]. At 
pH = 8, all the acid groups of the hydrogels reach a complete dissociation forming 
highly polar sodium carboxylate groups, which allows them to absorb the greatest 
amount of water. However, at pH = 10, possibly due to a higher ionic content, the 
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hydrogel undergoes a slight contraction. This phenomenon was also observed in pre-
vious investigations of hydrogels made with 2-oxazoline macromonomers [17].

The hydrogels HG1 to HG4 have similar molar percentages of acrylamide and of 
sodium acrylate (Table 1), so that from pH > 6 they had similar degrees of swelling 
(Q) because the predominant factor in the expansion of the hydrogel becomes the 
degree of cross-linking.

Hydrogel HG5, having higher content of sodium acrylate (Table 1), has at pH > 4 
greater expansion than the other hydrogels due to the greater mutual electrostatic 
repulsion between the carboxylate groups.

Temperature sensitivity of the hydrogels

The temperature sensitivity of the hydrogels was determined in the temperature 
range of 5 to 50 °C. Figure 4 shows the graphs of the degree of swelling (Q) against 
the temperature of hydrogels at pH value of 6, a pH which allows a high degree of 
swelling of the hydrogels. At low MM content, at a specific temperature the degree 
of swelling decreases stepwise to a lower level since at higher temperatures the 
temperature-sensitive poly(CPOxa) side chains tend to contract due to the confor-
mational transition phenomenon (LCST) of the macromonomer contained therein. 
Hydrogels at low temperatures, such as 10 °C, expand completely because this tem-
perature is lower than the cloud point of the MM macromonomer (18 °C). Interest-
ingly, as the concentration of MM in the hydrogels increases, the conformational 
transition occurs with greater intensity and the degree of swelling decreases rather 
constantly with increasing temperature. In addition, the main stepwise transition is 
shifted to higher temperatures, close to the physiologically interesting range of 30 to 
35 °C. For example, HG4 has a main volume phase transition temperature (VPTT) 
of approximately 35 °C at pH 6, while cloud point of MM is only 18 °C. The VPTT 
of the hydrogels is higher than the cloud point of the macromonomer because the 
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former contains hydrophilic comonomers such as sodium acrylate and acrylamide 
close to the poly(CPOxa) chains which raise this value [5, 8].

Following in more detail the degree of swelling of the hydrogel HG4 with the 
highest MM content in dependence of temperature at different pH (Fig. 5), in prac-
tically all the samples a double thermal transition (double “drop” of the degree of 
swelling) is observed, being most prominent at pH 6. This could be due to a non-
homogeneous, gradient structure of this hydrogel with MM-enriched areas built 
at the end of the network formation. In such a case, the conformational transition 
within the hydrogel occurs in two stages: first, the poly(CPOxa) MM-rich areas 
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collapse close to the cloud point temperature of the original MM, and later, the col-
lapse of the full hydrogel with also the more diluted MM chains is observed at a 
higher temperature due to the polar surrounding. Similar results are found for HG3.

Furthermore, it can be concluded from the results in Fig. 5 that in our graft copoly- 
mer hydrogels the pH and temperature sensitivities are strongly intercorrelated and 
thus, both triggers can be used to set a specific state of swelling. Still, the pH sensi-
tivity dominates. At pH ≥ 6, the sodium carboxylate groups of the main chain are in 
a high degree of dissociation and cause the hydrogel to expand and swell due to the 
internal repulsions of the polar groups. At this state, also the temperature sensitivity 
can be very pronounced. At pH = 3, a fully collapsed state of the hydrogel is reached 
and then the temperature sensitivity is strongly suppressed.

Conclusion

New graft copolymer hydrogels with sensitivity to both temperature and pH have 
been synthesized by radical copolymerization of NaAc, AAm, and poly(2-cyclopro-
pyl-2-oxazoline) macromonomers (MM) with a styryl end group in the presence of 
a bisacrylamide.

The macromonomer MM synthesis proceeded via cationic polymerization of the 
2-cyclopropyl-2-oxazoline using chloromethylstyrene as initiating moiety under 
mild conditions at relative low reaction temperature, and the MM had a degree of 
polymerization of 25 and a cloud point of 18 °C.

Upon incorporation of the MM into the hydrophilic graft copolymer hydrogel 
structure and optimization of the composition, the temperature sensitivity could be 
maintained and the volume phase transition temperature (VPTT) of the gels could be 
shifted into a more technically interesting area between 30 and 37 °C when the MM 
content was sufficiently high. The pH-dependent contraction and swelling of HG are 
caused by the different dissociation state of the sodium acrylate groups and potential 
hydrogen bonding of the acrylamide groups with the highest degree of swelling Q 
observed at pH 6. The degree of swelling toward both triggers is significantly high 
and intercorrelated and can be fine-tuned by both temperature and pH while keep-
ing a high gel integrity. This makes these bi-sensitive responsive hydrogels inter-
esting for applications in biomedicine, in sensorics, and especially as actuators in 
microfluidics.

Supplementary material

Additional NMR and FTIR spectra of the hydrogels as well as transmittance change 
with temperature of the MM can be found in supplemental material.
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