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Thermoresponsive Shape-Memory Hydrogel Actuators 
Made by Phototriggered Click Chemistry

Binoy Maiti, Alex Abramov, Lourdes Franco, Jordi Puiggalí, Hamidreza Enshaei,  
Carlos Alemán, and David Díaz Díaz*

This article describes the design and synthesis of a new series of hydrogel 
membranes composed of trialkyne derivatives of glycerol ethoxylate and 
bisphenol A diazide (BA-diazide) or diazide-terminated PEG600 monomer via 
a Cu(I)-catalyzed photoclick reaction. The water-swollen hydrogel membranes 
display thermoresponsive actuation and their lower critical solution temperature 
(LCST) values are determined by differential scanning calorimetry. Glycerol 
ethoxylate moiety serves as the thermoresponsive component and hydrophilic 
part, while the azide-based component acts as the hydrophobic comonomer 
and most likely provides a critical hydrophobic/hydrophilic balance contributing 
also to the significant mechanical strength of the membranes. These hydrogels 
exhibit a reversible shape-memory effect in response to temperature through 
a defined phase transition. The swelling and deswelling behavior of the 
membranes are systematically examined. Due to the click nature of the reaction, 
easy availability of azide and alkyne functional-monomers, and the polymer 
architecture, the glass transition temperature (Tg) is easily controlled through 
monomer design and crosslink density by varying the feed ratio of different 
monomers. The mechanical properties of the membranes are studied by 
universal tensile testing measurements. Moreover, the hydrogels show the ability 
to absorb a dye and release it in a controlled manner by applying heat below and 
above the LCST.
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of potential applications in different fields, 
such as drug delivery[1,2,3] tissue engi-
neering,[4] biosensing,[5] smart coatings,[6] 
biomimetic devices,[7] etc. Stimuli-respon-
sive materials rapidly change their thick-
ness, swelling, color, dimension, and/
or other physical properties with small 
changes in the external stimuli such as 
temperature, pH,[8] light,[9,10] mechanical 
force,[11] magnetic field,[12] etc. Among 
those materials, smart thermoresponsive 
materials have attracted much more atten-
tion as they are widely used for various 
biomedical applications.[13] The most dis-
cussed and studied thermoresponsive 
polymer is poly(N-isopropylacrylamide) 
(PNIPAAm).[14,15] It has a lower critical 
solution temperature (LCST) of around 
32 °C, which is close to body temperature 
(37  °C), being very useful for biomedical 
applications.[16] Other example of ther-
moresponsive polymers are poly(N,N-
diethylacrylamide) (PDEAAm),[17] which 
has an LCST of 33 °C, and poly(N-vinyl-
caprolactam) (PVCL),[18] which has an 
LCST of 32 °C, poly[2-(dimethylamino)

ethyl methacrylate] (PDMAEMA)[19] with an LCST of around  
50 °C and poly(ethylene glycol) (PEG), also known as 
poly(ethylene oxide) (PEO), whose LCST spans the range from 
20 to 90 °C depending on the number of ethylene oxide units 
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1. Introduction

Stimuli-responsive polymers have received much attention over 
the years due to their biomimetic behavior and diverse range 
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present in the polymer chain.[20] Furthermore, an emerging 
and important type of thermoresponsive polymers is called 
shape-memory polymers (SMPs). It is important to mention 
that shape-memory polymers are also a special class of stim-
uli-responsive materials, which can spontaneously deform 
and reform their original shapes upon exposure to tempera-
ture as well as to other external stimuli such as pH,[21] light,[22] 
etc. Shape-memory hydrogels (SMHs) comprise of soft SMP 
capable of up taking and retaining a large amount of water. In 
recent years, SMHs have been used in various high-tech appli-
cations such as sensors,[23] artificial muscles,[24] actuators,[25] soft 
robotics,[26] and in vivo treatments.[27] In general, SMHs contain 
two types of cross-links, one that serves for holding the perma-
nent shape and the other one that is responsible for fixing the 
temporary shapes, allowing for the recovery of their original 
shape by formation and breakage of reversible cross-links. In 
literature, when the shape of the material changes due to a 
change in temperature, it is called a thermally induced shape-
memory effect. The traditional thermoresponsive SMHs usu-
ally contain hydrophobic interactions,[28,29] hydrogen bonding, 
and electrostatic interactions, being the shape-memory effect 
established on reversible formation and deconstruction of the 
above mentioned physical interactions upon exposure to heat. 
Osada and co-workers have synthesized a water swollen shape-
memory hydrogel by copolymerizing acrylic acid and n-stearyl 
acrylate (SA), wherein the shape-memory effect was found to be 
due a reversible order-to-disorder transition of crystalline alkyl 
groups.[30,31] Gong and co-workers have reported a multistimuli 
sensitive shape-memory hydrogel consisting of dansyl groups 
and polyacrylamide, which displayed dual and triple shape-
memory properties.[32] The reversible hydrophobic aggregation 
and disaggregation between dansyl groups in response to the 
pH or temperature change were found to be responsible for the 
observed molecular switches. Jiao and co-workers reported a 
novel SMH made of N-vinylpyrrolidone and acryloxy acetophe-
none (AAP).[33] In this case, reversible formation of π–π interac-
tions among benzene rings in the AAP units were described 
as responsible for the shape-memory effect. Although there are 
many studies reported in the literature over the last two dec-
ades on thermoresponsive materials and new fabrication tech-
niques, it continues being a great challenge the development 
of new shape-memory hydrogels, which could meet more com-
plex requirements for different advanced applications.

Herein, we present a new family of thermoresponsive 
hydrogel membranes by combining a glycerol ethoxylate-based 
trialkyne and diazide monomers via phototriggered Cu(I)-cata-
lyzed click chemistry. The LCST of the obtained water swollen 
hydrogel membranes were investigated by differential scan-
ning calorimetry (DSC). As far as we are aware, this is the 
first time that a glycerol ethoxylate moiety is used to induce a 
thermoresponsive behavior of polymer membranes depending 
on the hydrophilic to hydrophobic ratio. In this work, revers-
ible shape-memory effect of the membrane was induced and 
investigated according to controlled changes in the tempera-
ture. Furthermore, swelling and deswelling behaviors of the 
hydrogel membranes were systematically examined by varying 
the feed ratio between azide and alkyne monomers. Addition-
ally, thermal properties of the membranes were studied using 
thermogravimetric analysis (TGA) and DSC. The mechanical 

properties of the synthesized membranes were studied by UTS 
measurements. Moreover, the hydrogels showed the ability of 
absorbing a model dye and releasing it in a controlled manner, 
which was studied by UV–vis spectroscopy below and above the 
corresponding LCST value.

2. Results and Discussion

2.1. Synthesis and Characterization of Cross-Linked Membranes

In this study, we employed a photoinitiator, 2,2-dimethoxy-
2-phenylacetophenone (DMPA), and a PMDETA copper-
chelating click ligand. The photochemical redox reduction of 
Cu(II) to transiently generated Cu(I) enables the subsequent 
click reaction.[34] Several cross-linked membranes and polymers 
P1–P11 were synthesized (Scheme 1) by varying both the nature 
of the azide and alkyne monomers as well as their stoichiom-
etry (Table 1).
Figure 1 illustrates the FT-IR spectra of the BA-diazide, trialkyne 

of glycerol ethoxylate and their corresponding click polymers at 
different ratio of the components. The transmittance at 2101 cm−1  
of BA-diazide monomer can be ascribed to the stretching 
frequency of azide group, whereas the peak at 3245 cm−1  
and 2114 cm−1 corresponds to CH and CC bond stretching 
frequencies of the alkyne groups of the glycerol ethoxylate moiety. 
In case of P1 and P2 polymers, the alkyne content was signifi-
cantly high with respect to the equivalent of the azide group in 
the polymer, resulting in the appearance of a peak at 2114 cm−1. 
Additionally, for P3 and P4 the azide content was higher with 
respect to the alkyne content, resulting in the appearance of a 
peak at 2101 cm−1. Similar characteristic transmittance peaks 
were found for P5–P8 (Figure S1, Supporting Information). A 
detailed analysis of the polymer structure was further confirmed 
by 1H NMR (Figure 2 and Figure S2, Supporting Information). 
Figure 2 illustrates the NMR analysis of BA-diazide, trialkyne of 
glycerol ethoxylate and polymer P2. Successful incorporation of 
BA-diazide monomer into the copolymers was confirmed from 
the presence of proton resonances around 6.47, 5.20  ppm, cor-
responding to the aromatic proton along with the additional tria-
zole signal at 7.8 ppm in the 1H NMR spectra of the polymer. To 
establish the versatility of the membrane preparation method, we 
also synthesized some other polymers comprising different types 
of azide and alkynes (Scheme 1).

2.2. Thermoresponsive Behavior of Membranes

Since PEG-based polymers exhibit thermoresponsive behav-
iors,  we also expected to observe a similar response in our 
resulting cross-linked membrane.[35,36] The LCSTs of the cross-
linked membranes were measured by DSC and the results are 
summarized in Figure  3. Exothermic peaks in the thermo
grams represent the LCST where heat is required to break 
the intermolecular hydrogen bonds between water molecules 
and polymer chains. Figure  3 indicates that the LCST of P1 
is higher compared to P3. Similar results were also obtained 
for P9 and P11. It is expected that the incorporation of more 
hydrophobic comonomers or cross-linker will decrease the 
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amount of intermolecular hydrogen bonding, resulting in 
less heat being required for breaking the hydrogen bonds, 
resulting in a decrease of the LCST. However, in our case the 
cross-linking density was found to influence the LCST of the 
synthesized hydrogels. In case of P1 and P9 cross-linking den-
sity is more than P3 and P11 as more amount of cross-linker 
(1a) was used for P1 and P9. The distance between inter-
acting segments of polymer chains decreased with increasing 
the cross-link density of the membrane, which enhances 

the repulsive hydration forces resulting in decrease of the 
LCST.[37,38]

In contrast, in the case of polymers P5–P8, we observed no 
phase transition below 80  °C as both the azide (PEG600) and 
trialkyne (1a) were hydrophilic and we could not go beyond 
this temperature due to the slow evaporation of water. Addi-
tionally, polymers such as P2 and P10 were water soluble and 
LCST was determined by UV–vis spectroscopy (Figure S3, Sup-
porting Information). We observed that the solution was slowly  
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Scheme 1.  Synthesis of glycerol ethoxylate-based cross-linked polymers P1–P11 via Cu(I)-assisted azide-alkyne photoclick reaction.

Table 1.  Summary of different click reactions carried out in this work.

Polymera) Alkyne: azide ratio Nature of the polymer LCST [°C] Tg SRe [%]

P1 1:1 Cross-linked membrane 41b) −27.9 99

P2 1:0.5 HB polymer 39.2c) −41.7 –

P3 0.5:1 Cross-linked membrane 44.6b) −7.2 45

P4 0.2:1 HB polymer – −4.3 –

P5 1:1 Cross-linked membrane NDb) −47.5 1035

P6 1:0.5 HB polymer NDc) −41.9 –

P7 0.5:1 Cross-linked membrane NDb) −48.3 375

P8 0.2:1 HB polymer NDc) −52.9 –

P9 1:1 Cross-linked membrane 30.6a) −38 140

P10 0.5:1 HB polymer 41b) −54 –

P11 1:0.5 Cross-linked membrane 53.7a) −22 71

a)Different polymers made by click reaction. Abbreviations: HB, hyperbranched 
polymer; ND, not determined; b)LCST determined from DSC; c)LCST determined 
from and UV–vis. Figure 1.  FT-IR spectra of a) BA-diazide, b) 1a, c) P4, d) P3, e) P2, and f) P1.
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transformed from transparent to opaque by increasing the tem-
perature, according to a thermoresponsive response of the poly-
mers due to the glycerol ethoxylate moiety. In case of polymer 
P6, no LCST was observed due to the presence of glycerol eth-
oxylate as well as PEG (600 g mol−1) moieties, which increases 
the overall hydrophilicity of the polymer.

2.3. Swelling Kinetics

The swelling ratios (SRe) of different sets of cross-linked mem-
branes were investigated in deionized (DI) water at 22 °C. SRe 
were calculated using Equation  (1) at room temperature by 

placing a weighed amount of the hydrogel in water for 24 h to 
reach the equilibrium swelling. Then, the swelled gel was taken 
out from the water, wiped with moist tissue paper and weighed 
(Figure 4). The SRe values of all the hydrogels are represented 
in Table 1. As shown in Figure 4a, the P1 gel showed higher SRe 
compare to P2 membrane due to the presence of higher con-
tent of hydrophilic glycerol ethoxylate moiety. A similar trend 
was also found for P8 and P10 gel where P8 gel showed higher 
SRe compared to P10 membrane (Table  1 and Figure S4, Sup-
porting Information). It is also important to mention that in 
case of P5, where both the azide and alkyne were hydrophilic, 
the gel showed ten times more SRe than P1 and P9 having the 
same azide and alkyne ratio. Figure 5 shows how the size of the 
membrane increased after swelling.

2.4. Deswelling Kinetics

The deswelling of hydrogel membranes are shown in Figure 6. 
The deswelling kinetics of previously swollen hydrogel samples 
were studied by examining the % of water retention as a func-
tion of the water absorption time in hot water (50 °C). The plots 
indicate that the deswelling rate of the hydrogel samples obvi-
ously depends on the feed ratio of the two different monomers. 
For all the membranes, the water retention dropped quickly in 
the early stage of heating and then decreased slowly since the 
driving force for deswelling was gradually reduced upon the 
dehydration of the gels and reached its maximum. It is worth 
noting that membranes having higher amount of glycerol 
ethoxylate moiety had a stronger affinity for water molecules, 
while also acting as a water-releasing channel when dehydra-
tion happened, thereby helping the network to shrinkage more 
sufficiently. For example, after 60  min, the water retention of 
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Figure 2.  1H NMR spectra of a) trialkyne, b) BA-diazide, and c) HB polymer (P2) in CDCl3.

Figure 3.  DSC curves of different hydrogel membranes.
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the P3 hydrogel was reduced to about 50%, whereas that of P1 
hydrogel reached a steady-state value of 30% (Figure 6). Simi-
larly, P9 hydrogel was reduced to about 50%, whereas that of 
P11 hydrogel reached a steady-state value of 30%. Additionally, 
the thermosensitive deswelling behavior of the membranes is 
also due to the alternation in hydrophilicity to hydrophobicity 
of the polymer network. On immersion of P1/P3 hydrogel into 
hot water at 50 °C, the outside region of the membrane would 
be affected first and the hydrophobic interactions among the 
hydrophobic groups in the outmost region become stronger, 
resulting in a rapid shrinkage of the outmost surface and a for-
mation of a dense skin layer. Once this skin layer is formed, 
the free water molecules in the membrane are prevented from 
diffusing out, which results in the slow response rate.[39,40] 
However, the incorporation of the hydrophilic chains, glycerol 
ethoxylate moiety, could inhibit the formation of the dense skin 
layer, and the hydrophilic chains act as releasing channels for 
water molecules when the collapse occurs.[41] The more glycerol 
ethoxylate moiety is introduced into the hydrogel network, the 
more water releasing channels would be formed. Therefore, the 
deswelling rate increases with the increase of the glycerol eth-
oxylate moiety content from P3 to P1.

2.5. Thermal Properties

The TGA and derivative thermogravimetric curves (DTGs) were 
used to determine the thermal behavior such as weight loss, 
residual char level, etc., at a certain temperature. The degrada-
tion behavior of cross-linked membranes was investigated by 
TGA analysis (Figure 7) and summarized in Table S1 (Supporting 
Information). As shown in Figure  7, for P6 and P8, the initial 

weight loss step seen below 200 °C is mostly due to the loss of 
other solvent or water absorbed by the hygroscopic membrane. 
The major weight loss took place in between 300 and 400 °C, may 
be due to the degradation of the 1,2,3-triazole moiety and polymer 
backbone.[42] However, in case of P4 and P8 polymers, we 
observed a degradation peak at 252 °C (Figure 7b) maybe due to 
the presence of small residues of unreacted excess of BA-diazide.

The influence of different stoichiometry of azide and alkyne 
during polymerization on the glass transition temperature of 
the dried membrane was determined by differential scanning 
calorimetry and the results are summarized in Figure  8. For 
instance, the Tg of P1, P2, P3, and P4 are −27.9, −41.7, −7.2, and 
−4.3  °C, respectively. The value of glass transition temperature 
(Tg) of the polymer is summarized in Table 1 and it depends on 
the mobility/flexibility of the polymer chain, i.e., the higher the 
flexibility, the lower the Tg is. In our materials, the mobility of 
the polymer chain depends on the amount of glycerol ethoxylate 
moiety present in the membrane. In the case of P1 and P2 the 
amount of glycerol ethoxylate moiety is higher compared to P3 
and P4, and the amount of glycerol ethoxylate chain is present in 
the following order P2 > P1 > P3 > P4 (Table 1). However, for P5 to 
P8 polymers, we used both glycerol ethoxylate (1000 g mol−1) and 
divalent PEG (600) as trialkyne and diazide components, respec-
tively. Herein, divalent PEG (600) is more flexible than glycerol 
ethoxylate. In case of polymers P5 to P8, divalent PEG (600) is in 
the driver seat to control the mobility of the polymer chain. The 
amount of divalent PEG (600) chain is present in the following 
order P8 > P7 > P5 > P6, while Tg values follow an inversed order 
(−52.9 °C < −48.3 °C < −47.5 °C < −41.9 °C) (Table 1).

2.6. XRD Analysis of the Membranes

Furthermore, the amorphous structure of the membranes was 
confirmed by wide-angle X-ray scattering (WAXS; Figure S5, 
Supporting Information), which showed diffraction peaks at  
2θ = 20.14 for P3, 20.9 for P2, P5, and P11, respectively.

2.7. Tensile Testing of the Membranes

Tensile testing was performed in order to investigate the 
mechanical properties of the synthesized membranes 
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Figure 4.  Comparison of equilibrium swelling ratios for a) P1 and P3, and b) P5 and P7 at 22 °C as a function of time.

Figure 5.  a) P1 membrane before and b) after swelling in water after 24 h.
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(Figure 9). To measure the tensile properties of the cross-linked 
membrane, with varying % glycerolethoxylate moiety, the mem-
branes were subjected to axial loading at a constant crosshead 
speed (5 mm min−1) until failure. From an average of five rep-
licas with independent specimens for each membrane, the 
Young’s modulus (E), elongation at break (εbreak), and ultimate 
tensile strength (UTS) of the materials were determined and 
summarized in Table 2.

In general, the mechanical strength of P3 was found to be 
much better than that of P1 and P7 (Figure 9), exhibiting higher 
tensile strength and young modulus. This can be attributed to 
the percentage of hard segment, which was higher for P3 than 
for P1, or to the rigidity of such segment when percentages are 

identical, which is higher for P3 than for P7. As expected, the 
rigidity and percentage of the hard segment affects the elon-
gation capacity, which was lower for P3 than for P1 and P7. 
Despite these observations, the strain capacity of P3 was higher 
than 80%, evidencing that the elasticity is significant. Differ-
ences between P9 and P11 were ascribed to the cross-linking 
degree. Thus, the strength of these membranes increases 
with the cross-linking degree, while the elongation capacity 
decreases. As expected, the mechanical properties of P9 and 
P11 were comparable to those of P7 and P3, respectively. It 
should be noted that all these systems are formed from flexible 
azide monomers and, therefore, their mechanical performance 
is predominantly influenced by the cross-linking degree. The 
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Figure 6.  Comparison of water retention upon deswelling of different membranes: a) P3 and P1, b) P11 and P9.

Figure 7.  a) TGA and b) DTG thermograms of different polymers.
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elongation at break (Figure 9b) and, especially, the Young mod-
ulus (Figure  9c) were higher than those typically observed for 
lyophilized hydrogel membranes.

2.8. Thermoresponsive Shape-Memory Properties

In general, shape-memory hydrogel membranes can display 
two different types of cross-links. One constitutes a covalent 
network, which is responsible to maintain their permanent 
shape. The other type is a physical reversible network, which 
is able to fix their temporary shape. In this investigation we 
have applied phototriggered Cu(I)-catalyzed click chemistry to 
fix the original shape and weaker the hydrogen bonds between 
polymer chains and water molecules, as well as hydrophobic-
hydrophobic interactions between the polymer chains act as 
reversible interactions to provide shape-memory and shape 
recovery properties. To study the thermoresponsiveness of our 
system, the membrane was immersed into DI water for 24 h. 
Then, the swollen membrane was placed in hot water (50 °C) 
resulting in a bending actuation (Figure  10 and movie in the 
Supporting Information). When we placed the membrane 
once again in cold water (22 °C), the membrane returned to its 
original state within 45 s. At a temperature below the transition  

temperature, hydrogen bonding interactions between the 
polymer chain and water molecules serve to lock a permanent 
shape of the swollen membrane, whereas above the critical 
temperature, hydrogen bonds were weakened and the hydro-
phobic-hydrophobic attractions predominated, resulting in a 
collapse and aggregation of macromolecular chains. Herein, we 
were able to control and repeat the shape-memory for at least 
5 cycles. As shown in Figure  9 and in the video (Supporting 
Information), the shape recovery took place very quick with a 
recovery time below 50 s, achieving completely reproducible 
shape-memory effects.

2.9. Dye Absorption and Dye Release Study

It is well known that stimuli-responsive polymeric mate-
rials can be used for the controlled release of encapsulated 
molecules. This prompted us to test our thermoresponsive 
hydrogel membranes as temperature-controlled delivery sys-
tems using rhodamine B (RB) as a model dye. To load RB 
inside the hydrogel membranes, a small piece of the desired 
dried hydrogel film was placed inside a 2 mL (1 × 10−5 m) solu-
tion of RB, and the absorbance was recorded at different time 
intervals. Figure  11a shows that the dye absorption capacity 
increased with increasing time, reaching the equilibrium after 
24 h. Specifically, the dye absorption efficiency of P1 was 86% 
after 24 h. Additionally, in vitro release of absorbed RB in PBS 
(pH 7.4) solution was evaluated over time at two different tem-
peratures, below (37 °C) and above LCST (50 °C). The results 
showed a slightly higher % release for P1-based membrane at 
50 °C compared to that obtained at 37 °C (Figure 11b).[43,44]

3. Conclusions

In this study, we have successfully synthesized a series of 
thermoresponsive, rigid and strong SMHs containing a tri-
alkyne derivative of glycerol ethoxylate via Cu(I)-catalyzed pho-
toclick reaction. To the best of our knowledge, this is the first 
report describing the use of glycerol ethoxylate moiety to induce 
a controlled thermoresponsive behavior depending on the feed 
ratio of other hydrophobic comonomers (azides) during the 
click photopolymerization. The gel with the highest content of 
hydrophilic glycerol ethoxylate moiety showed the highest SRe. 
We proposed that the observed shape-memory effect is due to 
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Figure 8.  DSC plots of dry cross-linked membranes and polymers.

Figure 9.  Variation of the a) stress at break, b) elongation at break, and c) Young’s modulus with different membranes.
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the reversible formation and breakage of the hydrogen bonds 
between water molecules and polymer chains, as well as the 
hydrophobic interactions between polymer chains, in response 
to the temperature. We also investigated the release of an 
encapsulated model dye below and above the LCST, being the 
percentage of released dye much faster above the LCST com-
pared to that obtained below LCST. We believe that this strategy 
will help to increase the list of tunable shape-memory hydro-
gels and promote the design of novel shape-memory systems 
for different biomedical applications.

4. Experimental Section
Materials: All reagents and solvents were purchased from 

commercial suppliers and used as received: Glycerol ethoxylate (average 
Mn = 1000 g mol−1), polyethylene glycol (Mn = 600 g mol−1), sodium azide 
(≥ 99.5%), sodium hydride (60% dispersed in mineral oil), propargyl 
bromide (80%), hexamethylene diisocyante (≥ 99%), and CuSO4·5H2O 
(98%) were purchased from Sigma-Aldrich. Bisphenol A diglycidylether 

(BPA, 98%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, > 98%) and 
N,N,N′,N′′,N′-pentamethyldiethylenetriamine (PMDETA, >  98%) were 
purchased from TCI Europe. Methanesulfonoyl chloride (98%) was 
purchased from Alfa Aesar. Triethyl amine (Et3N, ≥ 99%) and ammonium 
chloride (NH4Cl, ≥ 99.5%) were purchased from Merck.

Instrumentation: Blak-Ray B100 UV lamp was used to perform 
the photoclick reactions. 1H NMR spectra were acquired in a Bruker 
300 spectrometer operating at 300  MHz at 25  °C. FT-IR (Cary 630) 
spectroscopy was carried out on a spectrometer, equipped with a 
Diamond Single Reflection ATR-System. DSC studies were performed 
on TA Instruments Q100 series (TA instruments, New Castle, DE, USA) 
with Tzero technology equipped with a refrigerated cooling system 
(RCS, TA instruments, New Castle, DE, USA). Calibration of the DSC 
was performed with indium and sapphire disks. Runs were conducted 
at 10  °C min−1 from room temperature to 150  °C, under a flow of dry 
nitrogen using a sample weight of ≈5 mg. Mettler Toledo DSC1 STARe 
at 10 °C min−1 from room temperature to 150 °C. Thermogravimetric 
(TGA) and differential thermogravimetric (DTGA) data were acquired 
with a Q50 thermogravimetric analyzer of TA Instruments (New Casttle, 
DE, USA) under air atmosphere at a heating rate of 10 °C min−1. Rigaku 
Smart Lab powder diffractometer having Cu Kα  = 1.54059 Å radiation 
was used for recording X-ray diffraction (XRD) spectra. The UV–vis 
spectroscopic study was carried out using a Perkin-Elmer Lambda 35 
UV–vis spectrophotometer.

Synthesis of Cross-Linked Membranes: In a typical example, compound 
1a (0.28 mmol, 0.30 g), compound 1b (0.28 mmol, 0.122 g), CuSO4·5H2O 
(2 mol% of 1a) PMDETA (2 mol% of 1a), and DMPA (4 mol% of 1a) 
were dissolved in MeOH (1.5  mL). Subsequently, the maximum 
amount of methanol was removed under vacuum and the sample was 
irradiated with UV light (365  nm) for 10  min followed by annealing 
at 100  °C for 3 h. Then, the obtained hydrogel was washed by using 
0.02 m ethylenediaminetetraacetic acid (EDTA) disodium salt solution 
overnight to remove the Cu salt (note: EDTA disodium salt solution was 
replaced by fresh solution three to four times during this period until 

Table 2.  Comparison of tensile properties of different membranes.

Membrane E [MPa] ε break [%] σ [MPa]

P1 0.9 ± 0.1 154 ± 9 2.8 ± 0.1

P3 4.8 ± 0.4 91 ± 23 15.2 ± 3.4

P7 1.4± 0.1 138 ± 12 4.1 ± 0.3

P9 1.5 ± 0.3 148 ± 6 5.3 ± 0.8

P11 6.3 ± 0.8 51 ± 10 8.1 ± 1.6

Figure 10.  Photographs that represent the macroscopic temperature induced shape-memory behavior of P1 membrane.

Figure 11.  a) UV–vis dye absorption spectra at different times. b) Drug release at different temperatures (37 and 50 °C) in PBS buffer (pH 7.4).
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no more blue color due to the extraction of metal ions was observed). 
Subsequently, the membrane was repeatedly washed with DI water and 
dried in a vacuum oven at 90 °C for 2 d.

Determination of LCST: The LCSTs of the hydrogel membranes were 
measured using DSC. Membranes were allowed to swell completely 
for at least 24 h in DI water. The membrane surface was gently wiped 
with wet tissue paper to remove the extra water. The sample was sealed 
in the T-zero pan and the mass was noted and carefully placed along 
with a reference pan on the heater. Samples were then heated from 
room temperature to 70 °C at a rate of 2 °C min−1 under a dry nitrogen 
atmosphere. For water soluble polymers, 2  mg mL−1 polymer solution 
was prepared and transferred to a UV cuvette. Then, the turbidity 
of the solution was measured using a UV–vis spectrophotometer 
by monitoring the % transmittance (%T) changes at λ  = 500  nm.  
The temperature was slowly increased from 25 to 70 °C and equilibrated 
the sample for 5 min at the measurement temperature and the %T value 
at 500 nm was recorded. The LCST was identified where a reduction of 
50%T of the polymer solution was noticed.

Measurement of Swelling Kinetics: The equilibrium SRe is defined as 
the ability to absorb water by the gel matrix with respect to its dry weight 
until a constant value is reached. The swelling behavior of the hydrogel 
membranes was studied by gravimetric analysis at room temperature 
(22 °C). A small piece of the corresponding hydrogel membrane was 
placed in a 20  mL vial and immersed in DI water. Then, the swollen 
hydrogel membrane was carefully taken out from the vial, wiped with 
wet tissue paper to remove the excess surface water and weighed on a 
dry glass Petri dish at different time intervals. The SRe  was calculated 
using Equation (1)

)( = − ×Swelling ratio SR % 100d

d

W W
We

t � (1)

where  Wt  corresponds to the weight of the swollen hydrogel at 
time t and Wd is the weight of the dry hydrogel.

Measurement of Deswelling Kinetics: The deswelling study was carried 
out gravimetrically above the LCST of the hydrogel membranes. Typically, 
a small piece of the hydrogel was first immersed in water at 22 °C until 
the equilibrium swelling was reached. The equilibrated hydrogels were 
immediately transferred to a hot water bath at 50 °C. Then, the hydrogels 
were taken out from the hot water at different time intervals and 
weighed after wiping off the excess surface water by moist tissue paper. 
The deswelling study of each sample was carried out at least two times 
and the values were averaged. A small piece of swollen hydrogel, after 
reaching the equilibrium swelling   at 22 °C, was transferred to beakers 
containing hot water at 50 °C. At different time intervals, the weight of 
the hydrogel was determined after wiping off the excess surface water by 
moist tissue paper. Water retention was calculated by using Equation (2)

= −
−Water retention d

0 d

W W
W W

t � (2)

where Wt is the weight of the hydrogel at time t and W0 is the weight of 
the swollen hydrogel below the LCST at equilibrium.

Tensile Testing: Mechanical properties were evaluated with a Zwick 
Z2.5/TN1S testing machine with integrated testing software (testXpert, 
Zwick). The deformation rate for stress-strain assays was 5 mm min−1. 
Dog bone shaped tensile specimens were prepared for measurements 
according to the following dimensions: overall length, 30  mm; gage 
length, 10  mm; width, 1  mm. Measurements were done at least five 
times for each sample, results being averaged and the corresponding 
standard deviations considered. An important factor in mechanical tests 
is good sample grip, which is particularly difficult when the specimens 
are formed by sticky and soft hydrogel membranes. The strategy used to 
overcome this challenge includes the utilization of elastic materials to 
help grip the samples (i.e., to reduce the pressure of grip).

Dye Absorption and Dye Release Study: A known amount of the 
hydrogel membrane was placed into a 20  mL vial containing 2  mL of 
RB aqueous solution (1 × 10−5 m). The concentration of RB in the 
solution was recorded at constant intervals of time using a UV–vis 

spectrophotometer at a wavelength of 560 nm. The final concentration 
of the dye in the solution was calculated according to the Beer-
Lambert law (A = ε⋅c⋅l, where A is the absorbance of the dye at a certain 
absorption wavelength in solution, ε is the molar extinction coefficient, 
and l is the path length of the incident light). The final concentration 
of the dye in the solution was obtained by the Beer–Lambert equation, 
which ultimately determined the color removal efficiency (RE) of the 
dye via  Equation (3)

= − ×%CRE 100i f

i

C C
C

� (3)

where Ci represents the initial concentration of the dye in the solution 
and Cf corresponds to the final concentration of the dye in the presence 
of the adsorbing gel.

For drug release study, a known amount a preswollen dye-absorbed 
hydrogels was first rinsed with PBs buffer (1 mL) and placed into a vial 
containing fresh PBS buffer (2 mL). The vials containing the hydrogels 
were transferred to a 50 °C or 37 °C water bath and the absorbance of 
the solution was determined at different time intervals.
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