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RESEARCH ARTICLE F

Supramolecular Hydrogel with Orthogonally Responsive
R/G/B Fluorophores Enables Multi-Color Switchable
Biomimetic Soft Skins

Hao Liu, Shuxin Wei, Huiyu Qiu, Mugqing Si, Guoging Lin, Zhenkuang Lei, Wei Lu,*
Lei Zhou,* and Tao Chen*

o . 1. Introduction
Many living creatures have evolved to show diverse appearance color changes

in response to multiple environmental stimuli for attraction, warning, or Many rllatural organisms,  including
disguise in their environments. However, it is challenging to construct octopus, jellyfish, chameleon, and turkey,

ificial soft pol hvd Is with simil i i lticol are found to display the amazing multi-
artificial soft polymer hydrogels with similar multi-responsive multicolor responsive skin color changes (e.g., bio-

tunable behaviors, but such materials can serve as soft biomimetic skins to fluorescent, structural, or pigment color),
dramatically enhance the function of certain machines. Herein, a specially which are essential survival traits for
designed material structure to present an innovative class of supramolecular attraction, warning, and disguise in their

environments as a result of natural evo-
lution for tens of thousands of year.'?
Inspired by these adaptive colorations in

fluorescent polymeric hydrogels with the integrated properties of wide multi-
color tunability, multi-responsiveness, self-healing, and remolding capacities

is proposed. A key feature of this rational hydrogel design is that multiple nature, great efforts have now been made
fluorophores (blue (B) aggregation-induced emissive and red/green (R/G) to explore various artificial multicolor soft
lanthanide coordinated ones) are organized separately into different polymer materials for display, camouflage, sensing,

and so on.} Given the high similarity
between polymeric hydrogels and animal
skins, for example, tissue-like mechanical
property and soft wet nature*2? the

chains of one single supramolecular polymer network. Consequently, the B
and R/G fluorophores are engineered to be orthogonally responsive, and the
fluorescence intensity of each fluorophore can be controlled independently

by different external stimuli, which contribute to multi-responsive multicolor development of responsive multicolor poly-
fluorescence response. Besides, the hydrogels also have satisfying self-healing meric hydrogels is attracting great research
and remolding capacities. All of these promising advantages together further interest.*** Such materials are not only

beneficial to the better understanding of
natural color-changing systems, but also
capable of serving as soft biomimetic dis-
playing/camouflaging skins to enhance
the function of existing actuators/robotics/

enabled the construction of soft biomimetic color-changing skins that can help
the existing robots achieve the desirable camouflaging function.
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display applications in low- or no-light conditions (i.e., night,
forest, deep sea).l*! This might be due to the following reasons:
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produce materials with various architectures and functions.#l

Thus, the fabrication of robust fluorescent hydrogel assemblies
with both adaptive multicolor and multi-responsiveness, as well
as satisfying self-healing and remolding features, is still highly
DOI: 10.1002/adfm.202108830 desired for soft biomimetic skins.
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Scheme 1. Schematic illustration showing the material design of the multicolor fluorescent polymer hydrogels, as well as the developed biomi-
metic soft skins with the adaptive color-changing behavior. a) Photo of a chameleon model. b) lllustration of the red fluorescent hydrogel, which
was prepared by delicately organizing the orthogonally responsive aggregation-induced emissive blue fluorogen (B AlE-gen) and Eu3* coordinated
red fluorogens (R La-gen) into different polymer chains of one single dynamic polymer network based on supramolecular motifs. Upon exposure
to Tb*, the red fluorescent Eu3*-gens would be transformed into the green fluorescent Tb3"-gens, inducing c) the red-to-yellow or even d) red-
to-green color change of the biomimetic hydrogel skin. Moreover, when exposed to the OH™ stimulus, e) the lanthanide coordinated complexes
would be decomposed, causing the red-to-blue fluorescence color change. f) Upon environmental temperature elevation, the PPN polymer chain
would shrink to induce the heavier aggregation of B AlEgens, resulting in the large enhancement of blue emission and thus red-to-purple fluo-

rescence color change.

This study is seeking an efficient material design to syner-
gistically integrate these above-mentioned features into one
single multicolor fluorescent hydrogel system. To do this, two
different types of fluorogens, blue aggregation-induced emis-
sive ones (B AIE-gen) and red/green lanthanide coordinated
ones (R/G La-gens), are employed and rationally organized into
one dynamic polymer network based on supramolecular motifs
(Scheme 1). On the one hand, the hydrophobic AIE-gens have
strong tendency to form intensely fluorescent aggregates in the
hydrophilic hydrogel matrix.*) Any external stimulus, which
is capable of inducing the conformational change of polymer
chains, can be used to regulate the aggregation extent of AIE-
gens, leading to fluorescence color/intensity variation. On the
other hand, non-covalent lanthanide coordination is highly
dynamic, which will render the hydrogels with potential fluo-
rochromic response to any stimulus that can change the
lanthanide-ligand coordination strength of La-gens.’] More
importantly, the B AIE-gen and R/G La-gens are separately
introduced into different polymer chains of the supramolecular
fluorescent hydrogel. Such a rational polymeric hydrogel struc-
ture is highly expected to guarantee the independent and con-
tinuous fluorescence intensity regulation of each fluorophore
by varying their concentration or using different environmental
stimuli (e.g., pH, light, temperature, chemicals). These advan-
tages can contribute synergically to the development of robust
chameleon skin-like hydrogel assemblies with multi-responsive
multi-color fluorescence tunability. Additionally, the hydrogel
materials consisting of dynamic supramolecular polymeric
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network could be intrinsically self-healable and be processed
into soft skin materials with various shapes and architectures.
A proof-of-concept system to demonstrate the proposed
design strategy is illustrated in Scheme 1. The substituted
naphthalimide, 4-phenoxy-N-allyl-1,8-naphthalimide (PhAN),
was chosen as the B AlE-gen,’” while two La-gens, Eu**-
potassium 6-acrylamidopicolinate (K6APA) and Tb*"-K6APA
complexes were employed as the R and G La-gens, respec-
tively.l?3l To ensure the distinctly orthogonal responsiveness of
these R/G/B luminogens, the B AIE-gen was first covalently
introduced into linear thermo-responsive poly(N-isopropyl
acrylamide) (PNIPAM), which was then interpenetrated into
supramolecular poly(N-acryloyl glycinamide) (PNAGA) net-
work grafted with R and G La-gens. In this rational material
design, different-typed fluorogens are organized separately into
different polymer chains. This is the key novelty of the present
supramolecular fluorescent polymeric hydrogels, in contrast
with most reported fluorescent gel systems in which different
fluorophores are randomly polymerized into the same cross-
linked polymer chains. Owing to the rational organization of
these R/G/B luminogens, the fluorescence intensity of each
luminogen can be regulated independently and continuously
by external environmental stimuli. Consequently, in response
to the subtle interplay of several multiple stimuli (tempera-
ture, solvent, pH, or light), the fluorescence color of the pre-
pared hydrogels can be programmed easily from red to yellow,
green, blue, or purple, nearly covering the full visible spec-
trum. Additionally, satisfying self-healability and remoldability

© 2021 Wiley-VCH GmbH
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Figure 1. Preparation and characterization of the multicolor fluorescent polymer hydrogels. a) lllustration showing the synthetic procedure of the PPN/
P6N and Eu/Tb-PPN/P6N hydrogels. b) Excitation fluorescence mapping of the Eu/Tb-PPN/P6N hydrogel (the Eu"/Tb*" ratio is 3:1). c) The rheology
properties of the PPN/P6N, Eu-PPN/P6N, and Tb-PPN/P6N samples; d) Fluorescent photos of the multicolor fluorescent polymer hydrogels with dif-
ferent Eu/Tb ratios or increasing PPN concentration. These photos were taken under a 254 nm UV lamp. e) Fluorescence spectra of the multicolor fluo-
rescent polymer hydrogels with different Eu/Tb ratios. f) CIE (1931) coordinate diagrams of the multicolor fluorescent polymer hydrogels with different
Eu/Tb ratios or increasing PPN concentration. g) Fluorescence spectra of the Eu/Tb-PPN/P6N hydrogel sample with increasing PPN concentration.

were achieved in this non-covalent hydrogel network that is
crosslinked by hydrogen bonds and metal coordination interac-
tions. On the basis of these promising properties, we further
explored their potential for serving as biomimetic soft skins
to help the existing robots achieve dynamic camouflaging
function.

2. Results and Discussion

As illustrated in Figure 1a, the multicolor fluorescent hydro-
gels, Eu/Tb-poly(PhAN-NIPAM-HEMA)/poly(K6APA-NAGA)
(briefly named as Eu/Tb-PPN/P6N), were prepared by one-
step radical polymerization of NAGAP* and K6APA in the
presence of the blue fluorescent poly(PhAN-NIPAM-HEMA)
(PPN) polymer (see Table S1, Supporting Information, for the
feed formula), followed by the coordination with Eu** and Tb**
to introduce the green and red emission centers. During the
polymerization process, plenty N—HeeeO=C hydrogen bonds
formed between the pendant amide groups, inducing stable
supramolecular crosslinks between the polymer chains. Mean-
while, the linear PPN polymer chains are interpenetrated into
the hydrogel matrix by forming vast hydrogen bonds with the
newly formed poly(K6APA-NAGA) (P6N) polymer chains,
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making the blue fluorescent polymer stably and homogene-
ously distributed in the hydrogel matrix. Subsequently, the red
and green fluorescence centers were introduced by coordinating
Eu** and Tb** with the grafted KGAPA moieties to induce the
fluorescence enhancement (see the fluorescence spectra in
Figure S1, Supporting Information) via the known “antenna
effect”.Zl Figure 1b shows its excitation-fluorescence spectra,
which indicates the simultaneous presence of red (=614 nm),
green (=544 nm) and blue (=475 nm) emission bands in this
supramolecular hydrogel system. More evidence for the forma-
tion of lanthanide-K6APA complexes comes from the rheology
measurement, which indicated much higher moduli of Eu/
Tb-PPN/P6N than PPN/P6N due to the newly formed lantha-
nide coordinated crosslinks (Figure 1c). Further studies show
that these red, green, and blue fluorescence bands have satis-
fying photo-luminescent stability at ambient conditions, as is
evidenced by the continuous fluorescence spectra recording
experiments of Eu-PPN/P6N hydrogel sample (Figure S2, Sup-
porting Information). Furthermore, their photo-luminescent
stability could be guaranteed by the fact that these red, green,
and blue fluorophores are covalently bonded into the cross-
linked polymeric hydrogel network, which indicates that there
is no leakage of the bonded fluorophores when responding to
external stimuli.

© 2021 Wiley-VCH GmbH
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Tunable emission color changes of the Eu/Tb-PPN/P6N
hydrogel were then realized by varying either the Tb*/Eu®*
ratios or the concentration of the blue fluorescent PPN polymer
(see Table S1, Supporting Information, for the feed formula).
As shown in Figure 1d,e, upon raising the Tb**/Eu?* ratios, the
green fluorescence band =544 nm gradually increased at the cost
of the intensity of the red emission band =614 nm. As a result,
obvious red-to-green emission color changes were observed
(Figure S3, Supporting Information). When increasing the PPN
concentration from 0 to 20 mg mL™., the noticeable red-to-blue
color shift was observed (Figure 1d—f and Figure S4a,b, Sup-
porting Information) due to the heavier aggregation of the blue
AlEgens, which is evidenced by the large enhancement of blue
emission intensity at 475 nm (>8 folds, Figure 1g). Note that
only slight blue emission enhancement was observed when
raising the PPN concentration from 15 to 20 mg mL™". This
observation probably suggests that the aggregation extent of the
AlE-active blue luminogens was large enough to cause remark-
able emission enhancement when the PPN concentration is
above 15 mg mL™.. Therefore, the supramolecular hydrogel
sample containing 15 mg mL™! PPN polymer was optimized as
the example for the following studies.

As detailed above, the orthogonally responsive blue AIE-
gens and red/green La-gens have been specially organized into
different polymer chains of the Eu/Tb-PPN/P6N hydrogels.

www.afm-journal.de

Therefore, it is possible to achieve the remarkable fluorescence
color changes by independently regulating the fluorescence
intensities of La-gens in response to external stimuli. To dem-
onstrate this, we first examined the fluorochromic response
of Eu-PPN/P6N to NaOH, which was known to decompose
the red-light-emitting Eu?-K6APA complexes.?)l Figure 2a
depicts the time-dependent emission color change of Eu-PPN/
P6N in 0.015 m NaOH solutions. The initial red color quickly
faded to pink and then blue within several minutes, indicating
the gradual decomposition of the Eu**-K6APA complexes in
alkaline solutions. This observation is in agreement with the
recorded fluorescence spectra (Figure 2b), which revealed the
gradual decrease and finally almost quenching of red emis-
sion band, leading to a large increase of the blue/red emission
intensity ratio from 0.44 to 5.12 (Figure S5, Supporting Infor-
mation). It should be noted that only slight intensity change
is observed for the blue fluorescence intensity of B AlEgen in
response to NaOH stimuli, while the red emission of lantha-
nide complexes is almost completely quenched. This finding,
together with the result obtained in Figure 1g that the red fluo-
rescence intensity of lanthanide complexes is nearly unaffected
when increasing the PPN concentration from 0 to 20 mg mL™,
demonstrates that the fluorescence intensities of B AIE-gen
and R/G La-gens can be indeed regulated independently. In
other words, the B AIE-gen and R/G La-gens are engineered
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Figure 2. Multi-responsive multi-fluorescence-color tunability of the Eu-PPN/P6N hydrogels. a) Fluorescent photos showing the time dependent color
change of Eu-PPN/P6N in 0.015 M NaOH solutions, and b) their corresponding fluorescence spectra. c) ATR-FTIR spectra of the freeze-dried PPN/
P6N, Eu-PPN/P6N and the NaOH-treated hydrogel samples, as well as d—f) their SEM images and g) XPS spectra. h) Fluorescent photos showing the
multi-color changes of Eu-PPN/P6N in response to multiple environmental changes, and i) their corresponding fluorescence spectra.
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to be orthogonally responsive due to the proposed special
polymer structure design. Additionally, as expected, retreating
the hydrogel with acidic solutions would fully recover its red
emission, indicating the reformation of red fluorescent Eu**-
6APA complexes (Figure S6, Supporting Information). To gain
more insight into the pH-controlled lanthanide coordination
formation and decomposition, several different characterization
methods, including Attenuated Total Reflection-Fourier Trans-
form Infrared (ATR-FTIR), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscope (SEM) studies, were
combined together. As compared in Figure 2c, the characteristic
signal of the C=0 group shifted to a higher wavenumber (from
1633 to 1639 cm™) upon Eu’' coordination and then recovered
to the initial value after being treated in alkaline solution. Sim-
ilar signal shift and recovery was also observed in the XPS O 1s
spectra (Figure 2g). Consistent with these spectral results, SEM
images showed the tightly porous cross-linked network for the
red fluorescent Eu-PPN/PGN aerogels (Figure 2e), while much
larger pores were noticed for the original PPN/P6N (Figure 2d
and Figure S7, Supporting Information) and NaOH-treated
samples (Figure 2f). In a similar manner, reversible green-to-
blue fluorescence color changes were also demonstrated for
Tb-PPN/P6N in response to pH change (Figure S8, Supporting
Information). The ATR-FTIR and XPS studies, together with
SEM results, clearly demonstrated the pH-controlled lantha-
nide coordination formation and decomposition.

Besides pH, many other stimuli have also been demon-
strated to be capable of regulating the fluorescence intensity of
either the blue AIE-gen or Eu**-K6APA complexes, resulting
in multi-responsive emission color changes of Eu-PPN/P6N
(Figure 2h,i). For example, when heated to above the lower
critical solution temperature (=32 °C) of PNIPAM, the aggrega-
tion extent of blue AIEgens was enhanced by the phase tran-
sition of PPN polymer, leading to enhanced blue emission.
Meanwhile, there is no obvious change to the red fluorescence
band, because the lanthanide-ligand coordination strength of
Eu*-K6APA complexes was nearly unaffected. As a result, red-
to-purple fluorescence color change was noticed in response
to temperature elevation. Upon exposure to ethanol that can
exchange with water to decrease the water content in Eu-PPN/
P6N, obvious red fluorescence enhancement was observed due
to the reduced hydration effect of Eu*-K6APA complexes,
resulting in much deeper red emission color. Moreover, the
addition of Tb*" could react with the red fluorescent Eu’*-
KGAPA complexes to form the green fluorescent Tb**-K6APA
complexes,?3 leading to the change of red/green intensity ratio.
Consequently, red-to-yellow and red-to-green color changes
were observed when less or excess amount of Tb*" ions were
added, respectively. Last but not the least, the desirable excita-
tion wavelength-dependent fluorescence color change (Ex-Dfc)
was also noticed for Eu-PPN/P6N. As shown in Figure 2h, the
Eu-PPN/P6N sample glowed red under 254 nm UV illumina-
tion, but emitted intense blue light under 365 nm UV illumina-
tion. Such a unique Ex-Dfc feature is believed to come from the
different excitation energies of the blue AIE-gen and red La-gen.
As reported previously by us,3>°% the blue naphthalimide fluo-
rophore has a strong absorption band =365 nm and can thus
emit blue light under the excitation of 365 nm (Figure S9, Sup-
porting Information) or higher-energy 254 nm UV light. In
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Figure 3. Self-healing and remolding properties. a) Photos showing the self-
healing process of the red fluorescent Eu-PPN/P6N, blue fluorescent PPN/
P6N and green fluorescent Tb-PPN/P6N hydrogel blocks, as well as the pro-
posed self-healing mechanism. b) Microscopic images of the self-healing
process. c) Photos showing the preparation of multicolor fluorescent
hydrogel structures via self-healing process. d) Photos showing the reset
of both shape and fluorescence color. Scale bar for (a), (c), and (d) is T cm.

contrast, the Eu3*/Tb*"-K6APA complexes can only be excited
by higher-energy 254 nm UV light owing to their extremely low
absorbance to UV light above 300 nm. All these results clearly
highlighted the powerful multicolor fluorescence tunability
in response to multiple environmental stimuli, including pH,
temperature, solvent, and UV light.

Other important features of the developed multicolor fluo-
rescent hydrogels include the self-healing and remolding
properties, which are endowed by the totally supramolecular
crosslinks via dynamic hydrogen bonding and lanthanide coor-
dination interactions.®! As demonstrated in Figure 3a, three
distinct fluorescent hydrogel samples (Eu-PPN/P6N, PPN/P6N,
and Tb-PPN/P6N) could spontaneously self-heal together to one
colorful stretchable hydrogel stripe when heated at 60 °C for a
while. Optical images showed the border gradually disappeared
and completely vanished within 3 h (Figure 3b). The reshaped
hydrogel sample could be stretched to ~200% while keeping the
vivid fluorescence color, indicating the satisfying self-healing
stability. Furthermore, more complex hydrogel structures were
fabricated to better demonstrate the self-healing property. As
shown in Figure 3c, different-shaped Eu/Tb-PPN/P6N hydrogel
blocks with diverse emission colors were first tailored by the
laser cutting machine and combined together. Benefiting from

© 2021 Wiley-VCH GmbH
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the above-described self-healing property, these building blocks
could be firmly adhered together to form the integrated object
such as a heart, colorful window decoration, Eiffel Tower, and
so on (Figures S10-S12, Supporting Information). Addition-
ally, the Eu/Tb-PPN/P6N hydrogels also exhibit satisfying ther-
moplasticity due to their totally supramolecular crosslinking
nature. To demonstrate this, a round-shaped Eu-PPN/P6N
hydrogel was cut into pieces and collected in another mold at
80 °C for 3 h. These hydrogel pieces would merge into different
new shapes. Especially if Tb* was added, the reset of both
hydrogel shape and color were realized (Figure 3d), which was
essential for the following biomimetic color-changing skin use.

The above-described features of Eu/Tb-PPN/P6N hydrogels,
including wide multi-color tunability, multi-responsiveness, sat-
isfying self-healing, and remolding abilities, further encouraged
us to explore their potential to mimic the biofluorescence color
change behaviors of living organisms. For example, treefrogs
and butterflies were widely known to have the amazing con-
trol over their skin colors and markings in order to match their
living environments for predator avoidance. Inspired by this, an

Hydrogel
spots
+@

ﬁ
Self-healing
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artificial hydrogel treefrog with dynamic color-changing func-
tion was first designed. As illustrated in Figure 4a, its body was
prepared from the Eu-PPN/P6N hydrogel. While its skin spots
were made from the PPN/PN hydrogel which did not contain
the La-gens and thus emitted static blue emission. These body
and skin spot hydrogel blocks were then integrated together
via self-healing process. As expected, the as-prepared hydrogel
treefrog was capable of displaying desirable skin color change in
response to environmental stimuli, just behaving like the real-
world treefrog (Figure 4b). Similarly, a colorful hydrogel butterfly
was also demonstrated by healing different hydrogel blocks
together, which could display diverse emission color change
accompanying with the environmental change (Figure 4c). It
was anticipated that the proposed method will facilitate the fab-
rication of more complex hydrogel architectures with irregular/
curve edges and diverse emission color-changing behaviors,
which may find uses as advanced functional materials in various
areas such as the soft biomimetic camouflaging robotics.
Besides treefrog and butterflies, many other living crea-
tures (i.e., jellyfish, some spiders) have also evolved to utilize

7

6'40"

In 0.001 M Tb** solution

Th-PPN/PEN ppN/PN
Cc

OHI'

Eu-PPN/P6N

Figure 4. Preparation of the bioinspired hydrogel treefrog and butterfly with adaptive color change behavior. a) Illustration showing the fabrication
procedure of the hydrogel treefrog via the self-healing process of different-colored hydrogel blocks. b) Photos showing the adaptive color change of
the hydrogel treefrog in aqueous solutions of Tb3*. c¢) Photos showing the adaptive color change of the hydrogel butterfly in response to different
environmental stimuli. Scale bar for (b) and (c) is 1 cm.
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& a h,—» Tb-PPN/P6N %\N
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Recover
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Figure 5. Application of the multicolor fluorescent polymer hydrogels as
biomimetic soft skins that can help the robot blend into different-colored
background. a) Illustration showing the preparation of the existing robot
wearing the biomimetic hydrogel skin, as well as b) the images showing
their diverse color change in response to different environmental stimuli.
It should be noted that the recovery process means that different parts
of the hydrogel skins were further treated by lanthanide ions to recover
the initial state.

the responsive biofluorescence color change to achieve the
adaptive camouflage functions in their environments. Replica-
tion of these natural fluorescence color-changing camouflage
behaviors by using soft synthetic hydrogels will be quite prom-
ising, because such materials could serve as biomimetic skins
to enhance the adaptive camouflaging function of man-made
robots. To this end, a conformal biomimetic skin with colorful
patterns was constructed through the self-healing process of
different-colored hydrogel blocks (Figure 5a). As illustrated in
Figure 5b, a commercially available caterpillar robot that cannot
change its color was employed as the example. Interestingly,
after wearing the specially designed multicolor hydrogel skin,
a smart robot with adjustable colors and patterns was achieved.
At the initial state, the robots displayed four-color fluores-
cence that can match with the colorful background made of
different-colored luminous stones. When the robot moved to a
blue-colored background, its hydrogel skin could also be pro-
grammed to blue by switching the excited UV light from 254
to 365 nm. Similarly, when the robot moved along the road to
different-colored background (e.g., yellow, green), the color of
the hydrogel skin could be further programmed to match the
background in response to different environmental stimuli

Adv. Funct. Mater. 2022, 32, 2108830
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such as ethanol, pH, Tb*', temperature, and so on. This deli-
cately designed experiment has preliminarily demonstrated
that our supramolecular fluorescent hydrogel assemblies with
multi-responsive multi-color tunability hold the potential to
serve as conformal soft skins to help the existing robots achieve
the desirable camouflaging function.

3. Conclusion

In summary, we have demonstrated robust supramolecular
fluorescent polymeric hydrogels with the integrated features
of wide multicolor tunability, multi-responsiveness, self-
healing, and remolding abilities, followed by the exploration
of their potential use for soft biomimetic skins for the existing
robots. These satisfying multi-functions have been proved to
stem from the rational material design, that is, the incorpora-
tion of orthogonally responsive blue AIE-gen and red/green
La-gens into different polymer chains of the supramolecular
cross-linked network. On the basis of the synergistic effect of
these appealing properties, artificial hydrogel treefrog and but-
terfly that can behave like their real-world counterparts to show
adjustable skin color changes were constructed. Furthermore,
the developed hydrogel materials were designed and fabricated
as soft biomimetic camouflaging skins, which could be used to
help the commercially available robot to blend into different-
colored backgrounds in response to different external stimuli
(temperature, pH, ions, solvent, and light). This study has
made the soft biomimetic color-changing skins accessible and
is expected to find potential applications in optical sensing, soft
camouflaging robots, visual human-machine interactive tech-
nology, and so on. Moreover, the proposed polymer structure
design is highly expected to represent an efficient opportunity
to finely and rationally organize different fluorogens into one
single fluorescent material, which may bring some exciting and
even unexpected merits for fluorescent materials.

4. Experimental Section

Materials: N-isopropyl acrylamide (NIPAM, 98.0%), hydroxyethyl
methacrylate (HEMA, 98.0%), glycinamide hydrochloride (98.0%),
and acryloyl chloride (98.0%) were commercially provided by Tokyo
Chemical Industry Co. Ltd. Ammonium persulfate (APS, 98.0%)
and N,N,N”,N”-Tetramethylethylenediamine (TEMED, 99.0%) and
Tb(NO;3)3.5H,0 (99.9%) was purchased from Aladdin Chemistry Co.,
Ltd. Eu(NO;3);.6H,0 (99.9%), potassium hydroxide (KOH, 95.0%), and
sodium hydroxide (NaOH, 95.0%) were supplied by Energy Chemical.
Ether (99.7%) and concentrated HCl (37%) were provided by Sinopharm
Chemical Reagent Co., Ltd. Synthetic procedures and the detailed
characterization information of NAGA (See its '"H NMR spectrum in
Figure S13, Supporting Information), 6APA and PPN have been reported
in several previous papers.[242330

Preparation of the PPN/P6N and PPN/PN Hydrogels: In a typical
experiment, NAGA (1 g), APS (10 mg), 6APA (8.2 mg), KOH (2.4 mg),
and aqueous solution of PPN (5 mL, 30 mg mL™") were mixed with 5 mL
deionized water. After being completely dissolved, TEMED (23 pL) was
added and well-mixed. Finally, the precursor solution was placed into the
self-prepared molds with two glass plates and one 0.5 mm thick silicon
plate for polymerization at 10 °C for 12 h to produce the PPN/P6N
hydrogel. Other PPN/P6N hydrogel samples with different PPN content
were prepared by using the feed formula shown in Table S1, Supporting
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Information. The PPN/PN hydrogel was prepared by using a similar
method, except that the KEAPA monomer was not added.

Preparation of the Eu/Tb-PPN /P6N Hydrogels: The as-prepared PPN/P6N
hydrogels were first soaked into 0.1 M Eu* or Tb3* solution for 1 h at room
temperature to allow the formation of red and green fluorescent lanthanide
complexes. After that, the coordinated hydrogels were immersed into large
quantity of deionized water to remove the free lanthanide ions.

Characterization: '"H NMR spectrum of NAGA was recorded on Bruker
Advance AMX-400 Spectrometer in D,O by using tetramethylsilane
as the internal reference (Figure S13, Supporting Information).
Fluorescence spectra of the hydrogels were measured by Hitachi F-4600
Spectrofluorometer equipped with a xenon (Xe) lamp (150 W). ATR-FT-IR
spectra of the freeze-dried hydrogel samples were recorded on a Micro
FT-IR (Cary 660+620) instrument. Surface and cross section morphology of
the freeze-dried hydrogels were performed by a field-emission SEM (S-4800,
Hitachi) with an accelerating voltage of 5.0 kV. Dynamic rheological
measurements were characterized by a stress-controlled rheometer
(Physica MCR-301, Anton Paar). Images showing the self-healing process
were taken by a polarizing microscope (OLYMPUS, 71781687-5). Digital
photos of the hydrogels were taken by a canon camera (EOS 750D).

Method to Investigate the pH-Dependent Fluorescence Response of
Eu-PPN/PGN Hydrogels: The Eu-PPN/P6N hydrogels were placed into
the 0.015 m NaOH solution at room temperature to decompose the
lanthanide complexes. The re-formation of lanthanide complexes in the
hydrogels were achieved by placing the NaOH-treated sample into the
0.015 m HCl solution. Photos and fluorescence spectra of the samples
were then recorded at different time intervals.

Method to Investigate the Self-Healing Property: The as-prepared PPN/
P6N, Eu-PPN/P6N, and Tb-PPN/P6N hydrogels were first cut into the
hydrogel blocks of different shapes. These building blocks were then
brought together to self-heal at 60 °C for 3 h to produce the self-healed
hydrogel structures.

Method to Investigate the Remolding Property: The as-prepared
Eu-PPN/P6N hydrogels were first cut into pieces and then collected in
another glass mold. After being heated at 80 °C for 3 h, these pieces
were merged into a new profile.

Method to Prepare the Conformal Hydrogel Skins: As illustrated in
Figure 5a, according to the surface sizes of the caterpillar robot, several
hydrogel stripes were first cut from the PPN/P6N and PPN/PN hydrogels
by using the laser cutting machine. These hydrogel stripes were then
combined together and allowed to self-heal together into a conformal
hydrogel skin at 60 °C for 3 h. Finally, the multicolor fluorescent hydrogel
skin was obtained by spatially spraying the Eu** solution (0.1 m), Tb*"
solution (0.1 M) and Eu**/Tb*" mixed solution (0.1 M) onto different
regions of the hydrogel skin through a self-made polyethylene mask.

Supporting Information

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