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pH and Thermo Dual-Responsive Fluorescent

Hydrogel Actuator

Bao-Yi Wu, Xiao-Xia Le, Yu-Kun Jian, Wei Lu, Zhen-Yu Yang, Zhi-Kun Zheng,
Patrick Théato, Jia-Wei Zhang,* Afang Zhang,* and Tao Chen*

As one of the most important smart materials, fluorescent hydrogel actuators
can produce both color and shape changes under external stimuli. In the present
work, an effective approach to develop a novel fluorescent hydrogel actuator

with pH and thermo dual responsiveness is proposed. Through incorporating
pH-responsive perylene tetracarboxylic acid (PTCA), which is a typical fluorescent
moiety with aggregation-caused quenching (ACQ) effect, into an anisotropic
poly(N-isopropylacrylamide)—polyacrylamide (PNIPAm-PAAm) structure, the
obtained hydrogel exhibits stable thermoresponsive shape deformation and
switchable fluorescence performance upon a pH trigger. Therefore, fluorescence-
quenching-based and actuation-based information can be revealed when exposed
to UV light and immersed into warm water, respectively. Moreover, the thermore-
sponsive actuating behavior can be applied to further hide the fluorescence-
quenching-based images. The present work may provide new insights into the
design and preparation of novel stimuli-responsive hydrogel actuators.

As one of the most important intelligent materials, stimuli-
responsive hydrogels!' have the ability to generate reversible
shape deformation, color change, or variation of mechanical
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properties upon the trigger of certain
stimuli.”*2 Conventional hydrogels only
have single-performance alternation in
response to environmental stimuli.l'3-18]
Hydrogels that could change two or more
properties triggered by external condi-
tions will own a wider range of potential
applications; therefore, it is significantly
important to develop hydrogels that could
alter multiple properties upon external
trigger. Inspired by some animals that
could change their body colors during
movement,[1>2! considerable efforts have
been devoted to explore hydrogel actua-
tors with fluorescence properties.!?>23]
For example, Gong et al. have developed
an inhomogeneous hydrogel with the
ability to change the structure and color
under controlled stress/strain.?2l We have
designed a bilayer hydrogel actuator with
integrated fluorescence color-changing functions and complex
shape deformation properties.?3! However, most of the previous
reports about fluorescent hydrogel actuators are concentrated
on their fluorescence adjustment and actuating performances;
the potential applications are rarely mentioned.

Herein, we present a novel hydrogel with pH-responsive
fluorescence and thermally induced actuating behavior. First of
all, pH-responsive fluorescent molecule perylene tetracarbox-
ylic acid (PTCA) was grafted to gelatin chain. Then, PNIPAm-
PAAmM-PTCA hydrogel with heterogeneous structure was
obtained by stepwise polymerization of isopropyl acrylamide
(NIPAm) and acrylamide (AAm) in the presence of PTCA-
modified gelatin (Scheme S1, Supporting Information). As
shown in Scheme 1, information (a “love” pattern) could be
loaded onto the surface of the hydrogel through contact with
a filter paper containing OH~, and strong fluorescence could
be observed under UV light on the contacting area because of
the deprotonation of the PTCA moieties, realizing fluorescence
quenching-based information loading. Various information
such as English letters, Chinese characters, and pictures could
be printed onto the surface of the fluorescence hydrogel using
the same method. Moreover, density of PAAm in the UV irra-
diation side of the hydrogel network was higher than that of the
opposite side, resulting in a Janus structure in thickness direc-
tion; therefore, the hydrogel could generate shape deformation
upon the trigger of heat due to the asymmetric swelling and
deswelling behavior. As a result, the fluorescence quenching—
based images above could be further covered by actuating. The
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Scheme 1. Schematic illustration of fluorescent hydrogel actuator with pH and thermo dual responsiveness. a) The hydrogel with Janus structure is
similar to a human hand. b) Through an ionoprinting method, in which wet filter paper (contains OH~) will be contacted with hydrogel to let OH~

diffuse from paper to hydrogel, information will be presented on the surface of the hydrogel. c) The information load before is hidden by actuating in
warm water (45 °C).

strategy have combined fluorescence and actuating perfor-  As shown in Figure 1a, the aqueous solution of PTCA-gelatin
mances in one system, which may provide new ideas for the (5 mg mL™) shows no fluorescence in acidic condition (0.1 m
design and fabrication of novel stimuli-responsive hydrogels. HCI). If the solution is adjusted to alkaline by adding NaOH

First of all, PTCA was grafted onto gelatin according to a (0.1 wm), it shows a strong green fluorescence under UV irra-
reported procedure (Figure S1, Supporting Information).?*?!  diation (365 nm). The attachment of PTCA onto gelatin is
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Figure 1. a) Reversible pH responsiveness of PTCA-gelatin solution. b) Fluorescence spectra of PTCA solution (0.02 mg mL™"), PTCA-gelatin solution
(5 mg mL™), and gelatin solution (5 mg mL™). ) Variation of the fluorescence intensities of PTCA solutions as a function of concentration.
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confirmed by UV-vis spectra. Pure gelatin solution shows  (0.02 mg mL™) concentration of PTCA. In order to precisely
no fluorescence, while the aqueous solution of PTCA-gel- predict the graft ratio of PTCA, the PTCA-gelatin solution was
atin shows a strong absorbance at around 400-600 nm  gradually diluted and the corresponding fluorescence spec-
(Figure 1b), just like the fluorescence behavior of pure PTCA  trum was recorded (Figure S3, Supporting Information). The
solution, which indicates PTCA moieties have been success- fluorescence intensity decreases with decreasing concentra-
fully attached onto gelatin. In order to calculate the content of  tion of PTCA-gelatin, which suggests that the PTCA-gelatin
PTCA on gelatin, the relationship between the concentration (5 mg mL™!) corresponds to the low concentration of PTCA
of PTCA solution and corresponding fluorescence intensity  (0.02 mg mL™), and the concentration of PTCA in gelatin is
have been investigated (Figure 1c). In a lower concentration  calculated to be about 4 mg g~

(<0.25 mg mL™), the deprotonation of the carboxyl groups will A homogenous PNIPAm hydrogel was prepared in the pres-
bring electrostatic together, and the fluorescence intensity will — ence of PTCA-gelatin. Then PAAm network was introduced
increase with concentration of PTCA (Figure S2, Supporting  via UV-initiated polymerization. In visible light, the obtained
Information). However, m—r stacking interactions between  PNIPAm-PAAm-PTCA hydrogel is light pink and has a supe-
PTCA groups will strengthen with increasing concentration of  rior light transmittance. After soaking in alkaline solution, the
PTCA, and the electrostatic repulsion will make less and less  hydrogel turns to transparent green (Figure S4, Supporting
influence. Therefore, the PTCA moieties will finally aggregate  Information). The fluorescence behavior of the hydrogel is more
together, and the fluorescence intensity will decrease because of ~ prominent, the just prepared hydrogel shows no fluorescence,
the aggregation-induced fluorescence quenching. The fluores-  and a strong green fluorescence is observed after it is treated
cence intensity of PTCA-gelatin (5 mg mL™) is approximately ~ with alkaline solution. In addition, the pH-responsive fluores-
1600, which corresponds to a high (0.9 mg mL™) or a low  cence of PNIPAm-PAAm-PTCA hydrogel is fully reversible and
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Figure 2. a) Illustration showing the time-dependent fluorescence of PNIPAmM-PAAmM-PTCA hydrogel in NaOH aqueous solution (100 mm). b) Images
showing the time-dependent fluorescence of PNIPAm-PAAmM-PTCA hydrogel in NaOH aqueous solution (100 mwm) (Photos were taken under 365 nm
UV light). c) Fluorescence spectra of the hydrogel upon treatment with filter paper containing NaOH for different contacting times. d) Fluorescence
spectra of the hydrogel upon treatment with filter paper containing different content of OH™. Scale bar: T cm.
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Figure 3. Fluorescence quenching—based information storage; hidden images are visible under UV light. a) Illustration and pictures of the ionoprinting
process; English word “CAS” is observed under UV light. b—e) Images of the sun, dolphin, smiley face, and the logo of our group were obtained via
ionoprinting onto the surface of hydrogel by four different seals containing OH". Scale bar: 1 cm.

can be preserved for at least 3 months (Figures S5 and S6, Sup-
porting Information). The reason for the fluorescence change
are presumed as follows: Though PTCA is grafted onto gelatin
with a low grafting ratio and then introduced into hydrogels,
the strong m—m stacking interactions and hydrogen bonding
between PTCA moieties still make them aggregate; therefore,
the fluorescence of the just prepared hydrogel is quenched.
After treating with alkaline solution, the carboxyl groups of
PTCA will be deprotonated. As a result, the hydrogen bonding
of carboxyl groups will be weakened, and the electrostatic repul-
sion between negatively charged carboxylate ions will effectively
hinder the PTCA groups from getting together. Therefore,
the fluorescence emission of the hydrogel will be significantly
enhanced. Fluorescence of the hydrogel is determined by the
deprotonation of PTCA groups; therefore, the fluorescence
of the hydrogel is related to the diffusion of OH™ into hydro-
gels. In order to visualize this process, a flat hydrogel sheet is
clamped by two transparent glass plates and then immersed
into NaOH aqueous solution, so NaOH can only penetrate
from the edge of the hydrogel sheet to the center. As shown
in the illustration and images (Figure 2a,b), green fluorescence
appears from the perimeter of the heart-shaped hydrogel and
gradually diffuses to the center with the increase in immersion
time into NaOH aqueous solution, which indicates that NaOH
permeates into the hydrogel and the PTCA groups disaggregate
because of deprotonation of the carboxyl groups. Moreover,
the fluorescence of the hydrogel can be manipulated by iono-
printing method. For ionoprinting, filter papers containing
different amounts of OH™ are prepared by immersing blank
filter papers into NaOH solution. Then, the filter papers are
brought into contact with the surface of hydrogels. As shown in
Figure 2c, the fluorescence intensity of the hydrogel increases
with the increment in contacting time. If the contacting time
is fixed, the fluorescence intensity enhances with the increase
in concentration of NaOH solution (Figure 2d). The notable
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change in the fluorescence intensity is caused by the reduced
ACQ effect between the PTCA moieties in alkaline condition.

Since the diffusion of NaOH into hydrogel can be observed
under UV irradiation, it encourages us to explore fluorescence
quenching-based information loading. As shown in Figure 3a,
through ionoprinting method, the English word “CAS,” abbre-
viation of Chinese Academy of Sciences, was imprinted onto
the surface of hydrogel, and the word “CAS” was only visible
under UV light. Besides simple letters, images such as the
Sun, dolphin, smiley face, and the logo of our group could be
loaded onto the surface of hydrogel using the same method
(Figure 3b-e).

Because of the limited penetration of UV light, the obtained
PNIPAm-PAAm-PTCA hydrogel exhibits an anisotropic struc-
ture with inhomogeneous PAAm network across the thick-
ness direction (Figure 4a). As shown in Figure 4D, the hydrogel
exhibits a gradient polymer concentration, with higher density
in the UV irradiation side than that of the opposite side, which
suggests that the distribution of polymer chains in the hydrogel
is not homogenous. Therefore, if the hydrogel was immersed
into warm water (45 °C), higher than the LCST of PNIPAm, the
PNIPAm network would shrink and the clear hydrogel would
become opaque gradually and bend to the side with less PAAm
due to the unbalanced contraction. As shown in Figure 4c, a
hydrogel strip turns into a circle and reaches equilibrium in
about 55 s in warm water (45 °C). If the deformed hydrogel is
then transferred to cool water (25 °C), it will recover to the orig-
inal state because of the hydration of PNIPAM network.

Since there is a distinct difference in deswelling kinetics
between the PNIPAM part and the PNIPAM/PAAm part in
warm water, various deformed shapes could be designed and
obtained by adjusting UV light-irradiated regions during the
second polymerization process. As presented in Figure 5a, if
the PAAm network was introduced as two separated domains,
the hydrogel strip would bend toward the opposite of UV

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) lllustration showing the actuating and recovering process of PNIPAm-PAAmM-PTCA hydrogel. b) The cross section SEM image of PNIPAm-
PAAmM-PTCA hydrogel. c,d) The bending angle of hydrogel strip against time in 45 and 25 °C PBS aqueous solution.

irradiation side to form a “C” shape upon immersing into
warm water; therefore, different information could be loaded
onto the hydrogel strip and displayed through thermo-induced
shape deformation. Similarly, straight hydrogels could form the
numbers such as “1”, “2”, “3”, “4”, “5”, “6”, “7”, “8”, and “9”
when immersed in 45 °C warm water as a result of the Janus
structure across the thickness direction (Figure 5c¢). In addition,
the shape deformation is reversible (Figures S8 and S9,
Supporting Information).

The actuating performance of our hydrogel could be used
not only for generating information, but also for covering
the fluorescence quenching-based information. As shown in
Figure 6a, a hand can hide the heart-shaped paper by making a
fist. Inspired by this process, a hand-shaped hydrogel was pre-
pared by laser cutting machine, and a heart pattern was loaded
onto the palm of the hydrogel hand by ionoprinting (Figure 6b).
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Then the hydrogel hand was exposed to 45 °C warm water.
The hydrogel hand could bend and form a fist because of the
volume-phase transition of PNIPAm network, and the heart-
shaped information on the palm could be completely wrapped.
Through introducing two stimuli (cold water and UV light),
the heart pattern on the palm could be revealed. Moreover, the
actuating behavior of the hydrogel could be used for informa-
tion destruction and reorganization. As shown in Figure 6c, a
smart hydrogel window with a loaded Chinese character “#”
was fabricated. As the hydrogel was treated with warm water,
the window would open, leading to destruction of the infor-
mation. When the temperature recovered, the window would
close, resulting in reorganization of the information.

In summary, we have presented a novel fluorescent hydrogel
actuator with pH and thermo dual responsiveness. The fluores-
cent hydrogel was fabricated by incorporating pH-responsive
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Figure 5. a) Illustration showing the thermo-induced actuating process.
b,c) Shape deformation behavior: By changing the UV-irradiated domains
of straight hydrogels and putting the hydrogels into warm water, dif-
ferent numbers—*“17, “27, “37 “4” «5” «g” «7” “8” and “9”—can be
achieved. Scale bar: 1 cm.

fluorescent moieties PTCA into anisotropic PNIPAm-PAAm
hydrogel, realizing pH-responsive fluorescence performance
and thermoresponsive actuating behavior. In addition, the

Figure 6. a—c) lllustration and images showing integrated fluorescence
quenching and actuating behaviors. After ionoprinting, the loaded infor-
mation could be further hidden through the thermally induced actuating
performance, and the loaded information could be displayed by exposure
to cold water and UV light. Scale bar: 1 cm.
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images printed via fluorescence quenching could be further
covered by shape deformation. We believe the present work
will shed light on the design and preparation of novel, smart
materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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