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ABSTRACT: Hydrogel actuators showing shape morphing in
response to external stimuli are of significant interest for their
applications in soft robots, artificial muscles, etc. However, there is still
a lack of hydrogel actuators with adjustable stimulus responsiveness for
on-demand driving. In this study, an organohydrogel actuator was
prepared by a two-step interpenetrating method, resulting in the
coexistence of poly(N-isopropylacrylamide-co-4-(2-sulfoethyl)-1-(4-
vinylbenzyl) pyridinium betaine) (p(NIPAM-SVBP)) hydrophilic
networks and poly(lauryl methacrylate) (pLMA) hydrophobic net-
works with gradient distribution. In the initial state, the organohydrogel
actuator can be driven globally under thermal stimulation. Owing to
the unique alkali-chromic performance of SVBP, the organohydrogel
actuator can be endowed with photothermal properties and actuate
locally under the stimulus of NIR light. More importantly, the
organohydrogel will return to the original colorless state after being treated with acid solution. Our work provides a new insight into
designing and fabricating novel actuators with adjustable stimulus responsiveness for on-demand morphing.
KEYWORDS: stimulus responsive, zwitterionic polymer, organohydrogel actuator, on-demand morphing, anisotropic structure

1. INTRODUCTION
As one of the most widely investigated smart soft matter,
hydrogel actuators can convert external energy into kinetic
energy, showing promising applications in fields of bionic
robots,1,2 artificial muscles,3,4 drug delivery,5,6 etc. Generally,
the deformation behavior of hydrogel actuators is determined
by two factors, intrinsic anisotropic structure and external
stimulus.7,8 Up to now, various asymmetric structures,
including gradient structure, orientation structure, double-
layer structure, and patterned structure, have been con-
structed.9−12 As for the later, light, heat, magnetism, electricity,
chemicals, etc. can all be employed to deform hydrogels
through an elaborate design.13−17

Compared with other stimuli for hydrogel actuators, near-
infrared (NIR) light possesses the characteristics of high
accuracy, excellent penetration, and good manipulation.18−20

In order to realize NIR-responsive actuation, photothermal
conversion materials such as carbon materials, plasmons, and
semiconductors are essential.21−23 For example, Xue et al.24

presented an NIR light-driven hydrogel with programmable
shapes, which was prepared by free-radical copolymerization of
N-isopropylacrylamide (NIPAM) and MXene nanomonomers.
Xu’s group25 designed a MOF-loaded PNIPAM hydrogel that
bonded with a poly(dimethylsiloxane) (PDMS) film for NIR
light actuation, and programmable shapes can be tailored with

the assistance of patterned PDMS films. Previously, our group
has reported a biomimetic organohydrogel actuator containing
rGO, which exhibits high actuation speed and synergistic
fluorescence variation under the stimulus of NIR light.26

However, once these hydrogel systems have been constructed,
the corresponding stimulus-responsive modes are determined.
In other words, hydrogel actuators with adjustable stimulus
responsiveness for on-demand morphing are rare.
Herein, we adopted a two-step interpenetrating techni-

que27,28 to develop an anisotropic organohydrogel that shows
stimulus responsiveness to temperature or NIR, which depends
on whether it is treated with alkali solution. As shown in
Scheme 1a, the poly(N-isopropylacrylamide-co-4-(2-sulfoeth-
yl)-1-(4-vinylbenzyl) pyridinium betaine) (p(NIPAM-SVBP))
hydrogel was first prepared by free-radical copolymerization of
the thermal-responsive monomer NIPAM and the alkali-
chromic monomer SVBP. Then, the organohydrogel with a
gradient structure was prepared by exposing oil precursor-

Received: January 19, 2023
Accepted: March 6, 2023
Published: March 16, 2023

Research Articlewww.acsami.org

© 2023 American Chemical Society
16090

https://doi.org/10.1021/acsami.3c00882
ACS Appl. Mater. Interfaces 2023, 15, 16090−16096

D
ow

nl
oa

de
d 

vi
a 

N
IN

G
B

O
 I

N
ST

 M
T

R
L

 T
E

C
H

L
G

Y
 &

 E
N

G
R

G
 o

n 
Se

pt
em

be
r 

6,
 2

02
3 

at
 1

5:
28

:5
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danyang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxia+Le"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuxin+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Shang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fuqing+Shan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guorong+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jintao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c00882&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00882?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00882?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00882?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00882?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00882?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/15/12?ref=pdf
https://pubs.acs.org/toc/aamick/15/12?ref=pdf
https://pubs.acs.org/toc/aamick/15/12?ref=pdf
https://pubs.acs.org/toc/aamick/15/12?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c00882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


soaked gel networks to UV light for a certain time. The
obtained organohydrogel can be tailored into desired shapes
such as a flower, which undergoes global deformation under
the stimulus of homogeneous temperature (Scheme 1b). On
the other hand, the alkali-chromic property of SVBP endows
the organohydrogel with a dark green color when exposed to
NaOH solution. Therefore, the organohydrogel actuator
endowed with photothermal conversion performance can
show localized deformation under NIR light. What is more,
when the organohydrogel was treated with acid, the dark green
color faded and made it only respond to the stimulus of
temperature. This work proposes a new type of organo-
hydrogel actuator with adjustable stimulus-responsive behav-
ior, providing a new insight for the design of intelligent bionic
actuators.

2. EXPERIMENTAL SECTION
2.1. Materials. 2-(4-Pyridyl)ethanesulfonic acid and NIPAM

(≥98%) were purchased from TCI (Shanghai) Reagent Co. Ltd. 4-
(Chloromethyl)styrene was bought from J&K Chemical Co. Ltd.
Ammonium persulfate (APS, ≥98%), N,N′-methylene bis-
(acrylamide) (BIS, ≥98%), ethylene glycol dimethacrylate
(EGDMA, ≥98%), 2,2-diethoxyacetophenone (DEAP, ≥95%), and
N,N,N′,N′-tetramethylethylenediamine (TEMED) were commercially
provided by Aladdin Reagent Co. Ltd. Lauryl methacrylate (LMA)
was purchased from Shanghai Macklin Biochemical Co. Ltd.
Formamide, acetone, ethanol, sodium hydroxide (NaOH), and
hydrogen chloride (HCl) were obtained from Sinopharm Chemical
Reagent Co. Ltd. All reagents were used without any treatment or
purification.

2.2. Synthesis of the Zwitterion Monomer SVBP. 2-(4-
Pyridine) ethanesulfonic acid (18.72 g, 0.1 mol) and sodium
hydroxide (4 g, 0.1 mol) were dissolved in formamide solution
(150 mL) and stirred under the protection of N2 for half an hour.
Then, 4-chloromethyl styrene (15.2 g, 0.1 mol) was added into the
above solution. After reaction for 72 h, the crude product can be
obtained by pouring the reaction solution into acetone for
precipitation. Finally, the white product can be obtained after
washing with acetone for three times and drying.

2.3. Preparation of p(NIPAM-SVBP) Hydrogels. 0.75 g of
NIPAM, 0.25 g of SVBP, 0.006 g of BIS (cross-linker), and 0.012 g of
APS (initiator) were first dissolved in 10 mL of H2O. After adding 20
μL of TEMED (accelerator), the mixture solution was poured into a
homemade mold with two pieces of glasses sandwiched by a hollowed
PDMS. After 24 h, the p(NIPAM-SVBP) hydrogel was put into
acetone solution for dehydration.

2.4. Preparation of p(NIPAM-SVBP)/pLMA Organohydro-
gels. The organogel precursor solution was first prepared, which
contains 40 mL of LMA, 20 mL of ethanol, 0.2 g of EGDMA, and 300
μL of DEAP. The dried p(NIPAM-SVBP) hydrogel was immersed in
the above solution for 12 h. Then, the swollen hydrogel was exposed
to UV light (365 nm, 50 W) for a certain time. Finally, the prepared
organohydrogel was soaked in ethanol solution to remove the
unreacted monomer and swelled to equilibrium in water.

2.5. Characterization. 1H NMR spectra were obtained using a
Bruker Avance III 400 MHz spectrometer. Fourier transform infrared
(FTIR) spectra were obtained through an attenuated total reflection
Fourier transformed infrared spectrometer (Thermo Scientific Nicolet
6700). The UV−vis absorption spectrum was recorded by a UV−vis
spectrophotometer (TU-1810, Purkinje General Instrument Co.
Ltd.). Field-emission scanning electron microscopy (SEM, S-4800,
Hitachi) was used to observe the cross-section morphology of the
organohydrogel and the alkali-treated organohydrogel. The contact
angles between the two sides of the organohydrogel were measured by
accurately controlling 3 μL of water droplets with an OCA 25
measuring machine at room temperature. ATR-FTIR spectra were
recorded with an Agilent Scientific Cary 660+620 spectrometer.
Rheological properties were performed on a stress-controlled
rheometer (TADHR-2) with parallel plates (25 mm) in frequency
scan mode (25 °C) at a constant shear strain of 1% and a frequency of
0.1−100 rad/s−1. Microscopy images were obtained from an
OLYMPUS BX51 polarizing microscope. The surface temperature
and infrared images of the organohydrogel treated with different
concentrations of sodium hydroxide were recorded by an Optris
PI400.The data were analyzed by PI connect software. NIR light was
provided by an NIR laser source (BWT Beijing, K808DAHFN-15.00
W, 808 nm), and the horizontal distance between the light and the
samples was fixed at 7 cm.

Scheme 1. Illustration of the Organohydrogel Actuator for On-Demand Morphinga

a(a) Process of preparing the anisotropic organohydrogel via a two-step interpenetrating strategy. (b) Stimulus responsiveness of the
organohydrogel actuator to temperature or NIR depends on whether it is treated by alkali solution or not.
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3. RESULTS AND DISCUSSION
3.1. Fabrication of p(NIPAM-SVBP)/pLMA Organo-

hydrogels. The pH-responsive zwitterion monomer SVBP
was first synthesized and characterized according to our
previous work (Figures S1 and S2).29 Then, the hydrogel
network was fabricated via the copolymerization of NIPAM
and SVBP in the presence of BIS as a cross-linker and APS as
an initiator. After being dehydrated in acetone, the p(NIPAM-
SVBP) hydrogel was swollen in an ethanol solution containing
the hydrophobic monomer LMA, cross-linker EGDMA, and
photoinitiator DEAP. Finally, the p(NIPAM-SVBP)/pLMA
organohydrogel can be obtained after being irradiated by a UV
lamp for a certain time. The anisotropic structure of
organohydrogels can be adjusted by controlling the time of
photopolymerization.

3.2. Anisotropic Structure Characterization and
Actuation Performance of Organohydrogels. The
construction of the anisotropic structure is the key for
hydrogel actuators. Herein, the asymmetric organohydrogel
was fabricated by regulating the introduction of the organogel

network. As the hydrophobic monomer LMA was introduced
into the p(NIPAM-SVBP) hydrogel during the process of
photopolymerization, the macroscopic organohydrogel shows a
gradient variation in transparency (Figure 1a). In order to
ensure that UV light has no effect on SVBP, the samples of
SVBP before and after UV light irradiation have been
characterized by 1H NMR, and the results showed that the
structure of SVBP has no change under UV irradiation
(FigureS3). Meanwhile, a porous structure with gradient sizes
was observed by SEM (Figure 1b) and optical microscopy
(Figure S4), in which the holes are denser on the
organohydrogel side. Compared with the contact angle (CA)
of the hydrogel side (82°), that of the other side was 106° due
to the existence of the hydrophobic network, proving the
asymmetric structure of the organohydrogel (Figure 1b). In
addition, ATR-FTIR was conducted to characterize the
chemical composition of both sides. As shown in Figure 1c,
the emerging peak at 1729 cm−1 on the yellow line
(organohydrogel side) is due to the presence of C�O groups
in pLMA polymer chains, and the significant enhanced
absorption peak at 2923.5 cm−1 is caused by the asymmetric

Figure 1. Actuation performance of the organohydrogel. (a) Photograph of the organohydrogel. The scale bar is 5 mm. (b) Cross-sectional SEM
image of the p(NIPAM-SVBP)/pLMA organohydrogel and the contact angles for both sides. The scale bar is 40 μm. (c) ATR-IR spectra of the
pure p(NIPAM-SVBP) hydrogel and p(NIPAM-SVBP)/pLMA organohydrogel. (d) G′ and G″ of the pure p(NIPAM-SVBP) hydrogel and
p(NIPAM-SVBP)/pLMA organohydrogel. (e) Scheme of the strip organohydrogel actuation process. (f) Actuating degrees of various
organohydrogels prepared by regulating the proportions of copolymerized monomers. (g) Actuating degrees of various organohydrogels prepared
by tuning the time of UV irradiation (6, 9, 12, and 15 min). (h) Actuating degree of organohydrogels (9 min, the mass ratio of NIPAM and SVBP
is 3:1) as a function of temperature. (i) Circular changes of bending angles for the organohydrogel actuator in water at 52 and 25 °C.
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stretching of the −CH2− group.30 What is more, rheological
tests showed that the storage modulus (G′) as well as loss
modulus (G″) increase significantly after the introduction of
the organogel network (Figure 1d). All the above results
indicate the successful introduction of the PLMA network and
construction of the anisotropic structure.
The actuation behavior of the hydrogel is ascribed to the

nonuniform absorption or release of water in the hydrogel
network.31 The introduction of the pLMA network leads to the
hydrophilic and hydrophobic difference between the two sides
of the organohydrogel, resulting in different contraction rates
of the pNIPAM network when stimulated by heat. Specifically,
when temperature increases, the p(NIPAM-SVBP) hydrogel
side exhibits faster contraction and thus it curves inward
(Figure 1e). For optimal actuation performance, the ratio

between NIPAM and SVBP was first investigated. Since SVBP
is one kind of hydrophilic monomer,32 on the one hand, the
low critical solution temperature (LCST) of pNIPAM would
be increased, and on the other hand, the introduction of the
hydrophobic monomer LMA would be negatively affected. As
depicted in Figure 1f, when the ratio of NIPAM and SVBP is
3:1, the organohydrogel actuator has both the maximum
driving angle (360°) and fastest driving speed (60 s). Another
crucial factor that affects actuating behavior is the time of
photopolymerization, which determines the thickness of the
organogel layer and affects the anisotropic structure of the
organohydrogel. The actuating performance of organohydrogel
actuators that were prepared by different photopolymerization
times was measured (Figure 1g). Only when the irradiation
time was 9 min, the prepared organohydrogel exhibited the

Figure 2. Alkali-chromic behavior of the organohydrogel actuator and NIR-responsive morphing. (a) Photos of the organohydrogel and structural
changes of SVBP during the process of pH variation. (b) 1H NMR spectra of pure SVBP aqueous solution and SVBP dissolved in alkali solution.
(c) UV absorption spectra of p(NIPAM-SVBP)/pLMA organohydrogels treated with NaOH solution of different concentrations (0.1, 0.3, and 0.5
M). (d) Color block array of organohydrogels treated with different concentrations of NaOH solution (0.1, 0.3, and 0.5 M) over time. (e) Heating
and cooling curves of organohydrogels obtained before and after soaking in alkali solution for 12 h and initial organohydrogels when turning on/off
NIR light (808 nm, 5 W). (f) Pictures of different organohydrogels recorded by an infrared camera during the temperature-rise period (180 s). (g)
Photothermal actuating process of an organohydrogel strip prepared by soaking in 0.3 M alkali solution for 12 h. The scale bar is 1 cm.
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best actuating behavior. Therefore, the organohydrogel with a
monomer ratio 3:1 and 9 min UV irradiation was selected as
the target actuator. The organohydrogel actuator showed
various bending angles in water with different temperatures, in
which the straight strip of the organohydrogel reached a
bending angle of 360° in 60 s when the temperature increased
to 52 °C (Figure 1h). This bending and straightening process
can be repeated at least 10 times without obvious changes by
switching the temperature between 25 and 52 °C (Figure 1i).
During the actuation cycles, the actuation time was set as 2
min and the recovery time was 40 min.

3.3. Alkali-Chromic Behavior of Organohydrogel
Actuators and NIR-Responsive Morphing. As a unique
zwitterionic monomer, SVBP shows reversible conformation
change during the process of alkali treatment,33 which is
accompanied with color variation from white to dark green
(Figures 2a and S5a). In order to understand the color change
of SVBP, the 1H NMR spectrum was used to study the
conformational change of SVBP before and after alkali
treatment. As illustrated in Figure 2b, an aromatic peak that
blue-shifted from ≈8.69 to ≈8.38 ppm was observed,
indicating the decrease in the π-electron cloud density due
to the formation of conjugated styryl-pyridine structures.
Meanwhile, compared with the original organohydrogel, a new
characteristic absorption band at the range of 550−700 nm
appears after treatment with NaOH solution, and the intensity
of the absorption peak enhanced with the increase in NaOH
concentration (Figures 2c and S5b). In addition, as more and
more SVBP underwent conformation change, the green color
of the organohydrogel gradually deepened with the increase in
NaOH concentration as well as the extension of soaking time
(Figure 2d). One interesting thing for our system is that the
alkali-chromic performance of SVBP endowed the organo-
hydrogel with great photothermal conversion efficiency. As
depicted in Figure 2e, the temperature of the organohydrogels
increased when irradiated by NIR light (808 nm, 5 W), and the
higher NaOH concentration is, the faster the heating rate and
the higher the final equilibrium temperature are. More
obviously, the heating processes of round shape organo-
hydrogels that are treated with different concentrations of

NaOH solution are recorded by an infrared imager (Figures 2f
and S6). Taking the concentration of NaOH solution and
soaking time into consideration, the organohydrogel treated
with NaOH solution (0.3 M) for 12 h shows the most suitable
performance and was thus selected for further study. It is worth
noting that though the pores of the organohydrogel treated
with alkali solution became denser than those of the original
organohydrogel (Figure S7), the driving performance was not
affected at all (Figure S8). As illustrated in Figure 2g, a straight
strip of the organohydrogel with one end fixed was exposed to
NIR irradiation, leading to a quick bending caused by the
differences in dehydration rates between the two sides.
Furthermore, the discoloration behavior of the organohydrogel
is completely reversible and can be repeated at least three
times (Figure S9), indicating the great stability of our
organohydrogel.

3.4. Organohydrogel Actuators for On-Demand
Morphing. Animals in nature have their own day-night
routines, so do plants. During a day, the sun rises and sets, and
environmental factors such as light, temperature, humidity etc.
change accordingly. In order to adapt to the above changes,
plants would make corresponding changes in shapes, colors,
and so on. For example, the leaves of mimosa close when
disturbed, and the petals of lotus would open or close
depending on the environment (Figure 3a). As a proof of
concept, mimosa-shaped organohydrogels and lotus-shaped
organohydrogels were studied as models. As demonstrated in
Figure 3b and Movie S1, the whole “mimosa leaf” that is
treated with alkali solution bent into a “ball” when the water
temperature increases from 25 to 52 °C. Meanwhile, only
individual blades bent due to the great space−time
manipulability of NIR (Movie S2). As for “lotus”, two layers
of flower-shaped organohydrogels are bonded together, with
the top layer treated with alkali solution and the bottom layer
being original. When exposed to hot water (52 °C), the bilayer
“lotus” both closed (Movie S3), while only the top layer closed
when irradiated by NIR (Figure 3c and Movie S4). This
phenomenon can be ascribed to the inhomogeneous structures
and great photothermal effects of alkali-chromic SVBP. The
organohydrogel actuator in this system has excellent

Figure 3. Demonstrations of organohydrogel actuators for on-demand morphing. (a) Photos of mimosa before and after touching by hand and
lotus flower when blooming or closing. Deformations of mimosa-shaped (b) and lotus-shaped (c) organohydrogels under the stimulus of heat and
NIR, respectively. The scale bar is 1 cm.
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adaptability to the stimulus sources, which provides a new idea
for on-demand deformation of actuators and the development
of new intelligent bionic devices.

4. CONCLUSIONS
In summary, an organohydrogel actuator with adjustable
stimulus responsiveness for on-demand deformation was
fabricated via a two-step interpenetrating technique. The
organohydrogel was composed of the hydrophilic network that
formed was by the copolymerization of the thermoresponsive
monomer NIPAM and alkali-chromic monomer SVBP and the
hydrophobic network that was formed by the photopolyme-
rization of the hydrophobic monomer LMA. The anisotropic
structure was successfully constructed by tuning the time of
photopolymerization, leading to the hydrophilic and hydro-
phobic differences on both sides of the organohydrogel. As a
result, the soft actuator can morph under the stimulus of heat,
which was caused by the different dehydration rates. What is
more, the zwitterionic monomer SVBP is able to change from
colorless to dark green under alkaline conditions, endowing the
organohydrogel with excellent photothermal properties. In
consequence, the organohydrogel actuator can drive both as a
whole by the thermal stimulation at the initial state and as a
local drive by NIR light after alkali treatment. This system can
inspire new ideas for the preparation of photothermal actuators
and has potential application prospects in the field of
intelligent software robots with adjustable stimulus responsive-
ness.
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