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Freeze-tolerant hydrogels can regulate the freezing behavior of the water inside them at subzero temper-
atures, thus maintaining their exceptional properties (e.g., intelligent responsiveness and liquid trans-
porting) and extending their applications under cold conditions. Herein, a series of aggregation-
induced emission (AIE)-active freeze-tolerant hydrogels are developed, which enable information
encryption and decryption at subzero temperatures. The hydrogels possess varied freezing temperatures
(Tf) depending on their betaine concentration. Above/below Tg, the information in the hydrogels that is
encoded by means of AIE luminogens presents turn-off/-on fluorescence, thereby enabling the use of
these hydrogels for information encryption and decryption. Moreover, by tuning the cooling procedures
or introducing photothermal copper sulfide nanoparticles into the hydrogels via an in situ sulfidation pro-
cess, together with certain irradiation conditions, multistage information readouts can be obtained, sig-
nificantly enhancing the information security. Finally, because the decrypted information in the
hydrogels is irreversibly sensitive to temperature fluctuation, external energy-free cryogenic anticounter-
feiting labels built with the hydrogels are demonstrated, which can realize the visual and real-time via-
bility monitoring of cryopreserved biosamples (e.g., mesenchymal stem cells and red blood cells) during

cold-chain transportation (—80 °C).
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Many living organisms in nature (e.g., the chameleon and octo-
pus) have evolved unique properties to change their skin colors for
acclimatization, camouflage, and self-protection [ 1-3]. Researchers
have long attempted to mimic these fascinating natural behaviors
via soft artificial materials for applications such as confidential
information protection and the anticounterfeiting of commercial
products [4-14]. In particular, smart hydrogels have received a
great deal of attention due to their tissue-like mechanical proper-
ties and capability of emitting different colors under external stim-
uli (e.g., chemicals, pH, or temperature) [4-6,15-25]. For example,
Qin et al. [4] reported a hydrogel interferometer with adaptive
color change for controllable information encryption. Ji et al. [16]
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developed several aggregation-induced emission luminogens
(AlEgens)-based hydrogels with different colors and used them
as building blocks to form a “Rubik’s cube” for information storage.
Le et al. [6,26,27] and Qiu et al. [28] prepared a series of smart flu-
orescent hydrogels/organohydrogels to achieve transient informa-
tion storage, dynamic anticounterfeiting, and on-demand
information decryption and transmission, among other applica-
tions. These elaborate designs offer new solutions for developing
advanced information-protection materials. It is worth noting that,
apart from improving the information storage capacity, informa-
tion security, and durability of these materials, researchers have
recently shown great interest in their performance at low temper-
atures (e.g., in polar regions, aerospace, and cryogenic transport).
For example, many high-value products, such as vaccines, antibod-
ies, and therapeutic living cells, are temperature sensitive and
greatly rely on cold-chain logistics [29-31]. Anticounterfeiting
and the real-time quality monitoring of these products during
transportation using smart hydrogels is of great economic
significance.
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However, developing soft smart materials for low-temperature
applications remains a challenge due to unavoidable damage to
materials, such as ice formation induced fractures and inhibited
thermodynamic and kinetic processes (e.g., ion transporting,
molecular mobility, or chemical reactions) [32,33]. Consequently,
their functionalities, such as liquid transporting and intelligent
responsiveness to external stimuli, might experience degradation
and even failure. Recently, the development of freeze-tolerant
hydrogels has opened up opportunities to tackle these problems.
By doping antifreezing molecules (e.g., betaine, glycerol, and ethy-
lene glycol) into hydrogels or modifying the polymeric network of
hydrogels, it is possible to obtain hydrogels that can endure sub-
zero temperatures and maintain their unique features as soft smart
materials [32-41]. For example, Sui et al. [38] introduced betaine
or proline into Ca-alginate/polyacrylamide (PAAm) hydrogels,
enabling them to remain unfrozen at —40 °C. Zhang et al. [39] fab-
ricated intrinsic freeze-tolerant hydrogels without adding any
antifreezing molecules based on the hydrophilic EGINA crosslinker
and a tightly crosslinked double-network structure. To date,
freeze-tolerant hydrogels have enabled wearable sensors [38,42],
actuators [43], and energy storage devices [44,45], among other
applications, to operate under cold conditions. However, to the
best of our knowledge, the development and use of such smart
materials for information protection and anticounterfeiting at sub-
zero temperatures have not been reported.

In this work, we report a series of aggregation-induced emission
(AIE)-active freeze-tolerant hydrogels that can intelligently enable
information encryption and decryption in subzero environments.
AlEgens are organic molecules with strong emissions in aggregated
states or solid states due to restricted intramolecular motions [46-
48]. Because of the rapid development of water-soluble AIEgens,
their applications have been extended to various aqueous environ-
ments [18,49]. As is well known, these water-soluble molecules are
repelled from the water phase as ice grows, resulting in their accu-
mulation at the water/ice interface [50,51]. Therefore, we assume
that the aggregation and fluorescence emission of AlEgens can be
manipulated by the freezing behavior of water inside hydrogels,
allowing these materials to be applied for controlled information
encryption and decryption. The design principle is depicted in
Fig. 1. A series of freeze-tolerant hydrogels are fabricated with var-
ied freezing temperatures (Tf) by tuning their betaine concentra-
tion. Above Ty, the AlEgens are well dispersed in the hydrogels
and exhibit no emissions. Therefore, the information in the hydro-
gels that is encoded via the AlEgens is encrypted and cannot be
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read by means of common strategies. Below Ty, the freezing of
water inside the hydrogels causes the accumulation of AlEgens at
the water/ice interface. As a result, highly luminescent patterns
can be recognized for information decryption.

2. Materials and methods
2.1. Materials

Acrylamide (AAm) and N,N’-methylenebisacrylamide (MBAA)
were purchased from Alfa Aesar (China). Ammonium persulfate
(APS) and glycerol were obtained from Acors Organics (USA).
Betaine and polyvinylpyrrolidone (PVP, M, =40000) were
purchased from Sigma Aldrich (China). 2,2',2”,2"-((ethane-1,1,2,2-
tetrakis(benzene-4,1-diyl)) tetrakis-(oxy)) tetraacetate (TPE-
4C0;,Na) was synthesized by Xi'an Qiyue Biotechnology Co., Ltd.
(China). Copper(Il) acetate monohydrate was purchased from
Heowns Biochem Technologies, LLC (China). Sodium hydrosulfide
(NaHS) was obtained from Infinity Scientific (China). Milli-Q water
(18.2 MQ-cm) was used in all experiments.

2.2. Preparation of freeze-tolerant Bx-gels

The PAAm hydrogels were prepared as follows. AAm (860 mg),
MBAA (0.37 mg), and APS (0.86 mg) were dissolved in pure water
(3.44 mL). After removing bubbles, the mixture was injected into
home-made polytetrafluoroethylene molds and polymerized at
55 °C for 12 h. Afterward, the PAAm hydrogels were soaked into
Bx-solutions (where x represents the betaine concentration) until
an equilibrated state was achieved.

2.3. Loading procedure of AlEgens in Bx-gels via transfer printing

Filter papers were tailored into the desired shapes and
immersed in TPE-4CO,Na solutions (2 mmol-L™!) for 5 min. Subse-
quently, the AlEgens-containing papers were used as stamps and
attached onto the surface of the Bx-gels for 10 s. Because of the
concentration gradient between the AlEgens stamps and the Bx-
gels, the AlEgens could diffuse into the Bx-gels, and specific pat-
terns could be printed on the Bx-gels.
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Fig. 1. Schematic drawing of the design principle for information encryption and decryption.
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2.4. Differential scanning calorimetry measurement

Samples (5-10 mg) were put in aluminum pans and transferred
to a differential scanning calorimetry (DSC) system (DSC 3500 Sir-
ius, NETZSCH, Germany). After equilibration at 25 °C for 5 min, the
samples were cooled to —40 °C at a rate of —5 °C-min ' and held at
—40 °C for 90 min. Subsequently, the samples were warmed back
to 25 °C at a rate of 1 °C-min~! [37]. The onset point of the heat
flow curves during the warming process was determined as the
Tt of the samples.

2.5. Fluorescence spectra measurement

The fluorescence spectra of samples were measured using a
microplate reader (Infinity M200 PRO, Tecan, Switzerland) at an
excitation wavelength of 365 nm.

2.6. Synthesis of Cu,0 nanoparticles

Cu,0 nanoparticles (NPs) was synthesized via a modified
method reported in the literature [52]. First, under stirring at
1000 r-min~!, PVP (1 g) and copper(ll) acetate (0.08 g) were
added to ethylene glycol (30 mL), which was followed by a
reaction at 70 °C for 30 min. Subsequently, sodium hydroxide
(2 mol-L™!, 2 mL) was added to the above mixture and reacted
for 30 min. During this process, the solution gradually became
dark blue due to the production of copper hydrate. Ascorbic acid
solution (0.15 mmol-L~!, 10 mL) was then added to the dark blue
solution, which gradually turned dark brown due to the reduction
of Cu?*. Finally, Cu,0 NPs was collected and washed three times
with water for further use.

2.7. Synthesis of the Cu,O/Bx-gels

First, AAm (860.00 mg), Cu,0 NPs (11.55 mg), MBAA (2.22 mg),
and APS (0.86 mg) were dissolved in pure water (3.44 mL). After
removing bubbles, the mixture was injected into the polytetraflu-
oroethylene molds. After polymerization at 55 °C for 12 h, the
hydrogels were immersed in Bx-solutions to achieve an equili-
brated state.

2.8. In situ sulfidation of Cu,O NPs

Filter papers were immersed in NaHS solutions for 5 min. Then,
they were attached onto the surface of Cu,0/Bx-gels for the in situ
sulfidation of Cu,0 NPs.

2.9. Cryopreservation of mesenchymal stem cells

Mesenchymal stem cells (MSCs) were purchased from Cryogen
Biotechnology Co., Ltd. (China), and cultured in the corresponding
medium (OriCell, HUXMA-90011, Cyagen Biosciences Inc., China)
under an atmosphere of 5% CO,. After 90% confluence, the MSCs
were detached with 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA) and collected by centrifugation at 1000 r-min~! for
5 min. Subsequently, 1 x 106 MSCs were added to 1 mL of culture
medium containing 10% dimethyl sulfoxide (DMSO) (common
cryopreservation solutions for MSCs) in cryovials. Afterward,
the samples were cooled to —80 °C with a cooling rate of
—1 °C-min~"! and finally cryopreserved at —80 °C.

2.10. Cryopreservation of rabbit red blood cells
Rabbit red blood cells (RBCs) were purchased from Nanjin

Senbeijia Biotechnology Co., Ltd. (China), and stored at 4 °C. Before
the experiments, the RBCs were washed twice using
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phosphate-buffered saline (PBS) solution and collected by centrifu-
gation (2000 r-min~', 10 min). A 40 pL aliquot of RBCs were added
to 40% glycerol (golden standard cryopreservation solutions for
RBCs) and then cooled to —80 °C with a cooling rate of —1
°C-min~".

2.11. Measurement of cell viability of MSCs

The MSCs were stained using a Live/Dead viability kit (Molecu-
lar Probes, UK) according to the manufacturer’s instructions. After
being stained away from light for 30 min, the samples were
observed using an inverted microscope (Eclipse Ti-S, Nikon, Japan).
The viability was calculated by counting the number of live cells
(green) and dead cells (red) [53].

2.12. Measurement of cell viability of RBCs

The supernatant of the samples was added to a 96-well
microplate, and the absorbance was measured at 450 nm with a
microplate reader (Tecan Infinity M200 PRO). The viability of the
RBCs was calculated as follows [53,54]:

Cell viability = 100% — (A — A;)/(Ao — A;) x 100% (1)

where A, Ao, and A; are the absorbance of the detected samples, neg-
ative control samples, and positive control samples, respectively.
The negative or positive control samples were equal amounts of
fresh RBCs added to PBS solutions or pure water.

3. Results and discussion
3.1. Fluorescence emission of AlEgens modulated by Ty

In nature, various freeze-tolerant plants can accumulate
zwitterionic betaine to resist water freezing and enable their sur-
vival under cold conditions [55-57]. Herein, we employed betaine
as an antifreeze agent to tune the T; of its aqueous solutions or
hydrogels; these are designated as Bx-solutions or Bx-gels, where
x represents the betaine concentration. According to DSC analysis,
as the betaine concentration increased, both the Bx-solutions and
the Bx-gels showed a decreased T (Fig. 2(a); Figs. S1(a) and (b) in
Appendix A), which was consistent with their freezing behavior
observed at subzero temperatures (Figs. S1(c) and (d) in Appendix
A). This trend occurred because the betaine strongly interacted
with the water molecules via electronically induced hydration
effects, consequently impeding the hydrogen-bond network for-
mation of water molecules and inhibiting ice formation [58,59].
Compared with the Bx-solutions, the Bx-gels showed a slightly
lower Ty because their hydrophilic polymer networks could also
bind water molecules via hydrogen-bonding effects and further
interfere with ice formation [60].

Next, the fluorescence emissions of a water-soluble AlEgen TPE-
4CO,Na (Fig. S2 in Appendix A) in Bx-solutions or Bx-gels with var-
ied Ty were studied. As shown in Fig. S3 in Appendix A, above T, the
AlEgens exhibited negligible fluorescence in both the Bx-solutions
and Bx-gels. In stark contrast, they were highly emissive below T.
This occurred because, as ice grew in the Bx-solutions or Bx-gels
below T, the AlEgens were gradually repelled from the water phase
and accumulated at the ice/water interface, resulting in the restric-
tion of intramolecular motions and fluorescence emissions [50,51].
To further verify this mechanism, we investigated the correlation
between the water phase states in Bx-solutions or Bx-gels and
the fluorescence of the AlEgens. As shown in Figs. 2(b) and (c),
three regions could be observed in the phase diagrams of the Bx-
solutions or Bx-gels: the unfrozen water (white region, above Ty),
ice-water mixture (grey region, below Ti), and ice (blue region,
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Fig. 2. Fluorescence emissions of the AlEgens modulated by T. (a) The T; of the Bx-solutions or Bx-gels. (b, c) Phase diagrams of (b) Bx-solutions or (c) Bx-gels, where the
white, grey, and blue regions respectively indicate unfrozen water, water-ice mixture, and ice. (d, e) Fluorescence images and fluorescence spectra (/ex = 365 nm) of (d) B10-
solutions and (e) B10-gels at 20 °C (in the white region), —10 °C (in the grey region), and —40 °C (in the blue region), respectively. (f) Schematic drawing of the different
aggregation states of AlEgens in Bx-gels with unfrozen water, water-ice mixture, or ice inside the PAAm hydrogel networks.

below T¢) within the Bx-solutions or Bx-gels. Notably, the AIEgens
exhibited no emission in the white regions. In comparison, strong
fluorescence of the AlEgens was observed in the grey or blue
regions. Moreover, at the same betaine concentration, the AIEgens
showed higher fluorescence intensity in the blue regions than the
grey regions (Figs. 2(d) and (e)), because the increased ice forma-
tion induced stronger aggregation of the AlEgens at the water/ice
interface (Fig. 2(f)). These results further confirmed that the fluo-
rescence emission of the AIEgens was sensitive to ice formation
and could be modulated by T.

3.2. Information encryption and decryption using AIE-active Bx-gels

Due to the tunable fluorescence emissions of the AlEgens in Bx-
gels above/below T;, we employed the AlEgens as the “ink” and Bx-
gels with different Ty as the “flexible paper” for information
encryption and decryption. As a proof of concept (Figs. 3(a) and
(b)), a star pattern was respectively printed on the B10-gel (T¢
was —6.5 °C) or B40-gel (T was —28.0 °C) by means of paper
stamps containing AlEgens. Above T;, due to no ice formation
occurring inside the B10-gel or B40-gel, the input AlEgens exhib-
ited no aggregation or fluorescence emission; thus, they could be
used to achieve information encryption. At —20 °C with ultraviolet
(UV) exposure, the star pattern was only decrypted on the B10-gel,
because its freezing caused the emission of the input AlEgens.
When the temperature was further decreased to —30 °C, the star
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pattern showed up on both the B10-gel and the B40-gel. These
results demonstrated that the information patterns input via
AlEgens could be encrypted in the Bx-gels above T, and that the
correct cooling temperature was the key to information
decryption.

Interestingly, the decrypted information could be easily erased
at temperatures above T¢ to prevent secondary information leak-
age. As shown in Fig. 3(b), the decrypted star patterns all disap-
peared at 20°C, and the erasure time decreased as the
environmental temperature increased (Fig. 3(c)). This occurred
because, as the ice melted at temperatures above T, the accumu-
lated AlEgens redissolved in the water phase of the hydrogels
and reconstructed their intramolecular rotations, causing the fluo-
rescence to disappear. The redissolved AlEgens were unable to
reassemble after a second freezing. Therefore, different patterns
could be reprinted on the erased Bx-gels for repeated encryption
and decryption (Fig. S4 in Appendix A), demonstrating the capabil-
ity of the Bx-gels for reusage. In addition, by tailoring the shape of
the AIEgens-containing paper stamps, diverse information patterns
could be input into the hydrogels (Fig. 3(d)).

3.3. Multistage information encryption and decryption with enhanced
security

Based on the aforementioned information encryption and
decryption principle, we next investigated two approaches to
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Fig. 3. Information encryption and decryption using AlE-active Bx-gels. (a) Schematic drawing of the encryption and decryption process. (b) Fluorescence images of the B10-
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decrypted B10-gel at temperatures above Ty. (d) Different decrypted information patterns on the B10-gel at —20 °C. All images were taken under a 365 nm UV lamp.

further enhance the information security. One method involved
tuning the cooling procedures to achieve multistage information
readouts. As shown in Fig. 4(a), the AlE-active Bx-gels with varied
Tt could be used as building blocks to construct and display differ-
ent numbers at specific subzero temperatures. For a specific con-
struct, with varying cooling procedures, a total of six different
readouts could be obtained, as demonstrated in Fig. 4(b). Unless
possessing additional knowledge, readers would be unable to rec-
ognize which readout was the true message; thus, the information
security is enhanced.

Another method involved introducing Cu,0 NPs into the Bx-gels
(Cuy0/Bx-gels) as a much safer “flexible paper.” As shown in
Figs. 4(c) and (d), a star pattern was first encrypted on the Cu,O/
Bx-gel by means of the paper stamps containing AlEgens. After-
ward, partial Cu,O NPs in hydrogels were converted into pho-
tothermal CugSg NPs by means of round paper stamps containing
NaHS solutions via an in situ sulfidation process (Figs. S5(a)-(c)
in Appendix A). After cooling to temperatures below Ty, a star pat-
tern first emerged under UV exposure, because ice formation inside
the hydrogels resulted in the aggregation and fluorescence emis-
sion of the AlEgens. With further near-infrared (NIR) irradiation,
a “hollow star” pattern could gradually be seen (Fig. 4(d)). This
occurred because the CugSg NPs-embedded area had a higher
melting rate than the Cu,O NPs-embedded area in the hydrogels
(Fig. S5(d) in Appendix A), resulting in faster fluorescence
disappearance. Similarly, as shown in Fig. 4(e), a round pattern
was first observed at temperatures below T After further NIR
exposure, a smiling face could be seen. These results demonstrated
that the correct information pattern could only be recognized
when both the cooling conditions and the irradiation conditions
were correct.

3.4. Demonstration of cryogenic anticounterfeiting labels for cell
viability monitoring

Over the last few decades, cell-based therapy (e.g., stem cells, T
cells, and natural killer cells) has emerged as a rising star in the
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treatment of various refractory human diseases [61-66]. For
example, the transplantation of MSCs has been successfully
applied to a variety of malignancies and bone marrow failure syn-
dromes [64,67]. Before transplantation, these therapeutic living
cells require cryopreservation (< —80 °C) and cryogenic transporta-
tion for allocation over long distances [30,68]. However, during
cryogenic transportation, these cryopreserved cells are sensitive
to temperature fluctuation [69,70]. During fluctuation, detrimental
ice recrystallization can occur in the samples [31,71]. Conse-
quently, these therapeutic cells can be damaged, resulting in sev-
ere cell waste and affecting their clinical applications. Therefore,
monitoring the temperature rise is of great significance during
cryogenic transportation. Currently, live/dead staining assays are
the most commonly used method to detect cell viability [31]. How-
ever, such an assay requires sophisticated equipment (e.g., a fluo-
rescence microscope), and the detection process is complicated;
thus, these assays cannot achieve real-time cell viability monitor-
ing during cryogenic transportation.

As shown in Fig. S6 in Appendix A, a series of AIE-active Bx-
gels were fabricated and encrypted with a checkmark sign which
was visible under UV irradiation at a cryogenic temperature (—80
°C). After experiencing a temperature rise to 20 °C for different
periods and then put back to —80 °C, the decrypted checkmarks
on the hydrogels became fuzzy or even disappeared under UV
irradiation. Moreover, the clarity of the decrypted patterns was
negatively related to the exposure time at 20 °C and was posi-
tively related to the betaine concentrations of the hydrogels.
Due to this finding, we next employed AIE-active Bx-gels as cryo-
genic anticounterfeiting labels attached to the outside of cryo-
genic vials in order to indicate the temperature rise and
further monitor the cell viability during cryogenic transportation
(Fig. 5(a)). Herein, MSCs and rabbit RBCs were used as model cells
to demonstrate this concept. As shown in Figs. 5(b) and (c), after
experiencing a temperature rise to 20 °C, the viability of the MSCs
decreased significantly, and longer exposure time at 20 °C led to
lower viability. Notably, this downward trend in cell viability
could be matched with the clarity of the decrypted checkmarks



X. Sui, X. Wang, C. Cai et al.

A

i7"

¥

308"

“389”

AlEgens
stamps

NaHS
stamps

(e)

Engineering 23 (2023) 82-89

T,=-10°C
T,=-20°C
T.=-30°C

tistage decryption

Stage
I

Multi

“083” readouts

Fig. 4. Multistage information encryption and decryption. (a) Images of numbers displayed by the assembled AlE-active Bx-gels. (b) Different multistage readouts of the
numbers obtained by altering the cooling procedures. (c¢) Schematic drawing of photothermal NPs being introduced into AIE-active Bx-gels for multistage information
encryption and decryption and (d, e) two examples as a proof of this concept. All photos were taken under a 365 nm UV lamp. NIR: near-infrared.

on AlE-active B20-gels (Fig. 5(d)). Similar results were found for
the RBCs (Fig. S7 in Appendix A). These results demonstrated that
the cryogenic anticounterfeiting labels built with the AIE-active
Bx-gels can be used to provide real-time cell viability information
to manufacturers or consumers in a visual way, without requiring
external energy.

4. Conclusions

In summary, we have developed a series of AlE-active freeze-
tolerant hydrogels. The uniqueness of these smart materials lies
in their capability for information encryption and decryption under
subzero temperatures. This information-protection strategy relies
on zwitterionic betaine-based freeze-tolerant hydrogels with
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varied Ty, which provide platforms to regulate the fluorescence
off/on performance of AlEgens above/below T. Thus, the informa-
tion that is input into the hydrogels via AlEgens can be encrypted
and decrypted. Notably, by tuning the cooling procedures or intro-
ducing photothermal NPs into the hydrogels, together with certain
irradiation conditions, different multistage information can be
obtained. This significantly enhances the information security,
because these specially predesigned decryption procedures are
only accessible to the authorized party. We also demonstrated
cryogenic anticounterfeiting labels built with the hydrogels for
the visual and real-time monitoring of cell viability during
cryogenic transportation; the labels are energy-free and are
expected to be important to the allocation of biosamples in
cell-based therapy.
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respond to temperature fluctuations and monitor cell viability during cryogenic transport. (b) Fluorescence images of the live/dead staining assay of MSCs. (c) Cell viability of
MSCs (n=3). (d) Fluorescence images of decrypted AIE-active B20-gels without experiencing temperature change (Ctrl), or experiencing a temperature rise to 20 °C from —80

°C for 0, 1, 2, or 4 h. Green: live cells; red: dead cells. ***P < 0.005. Scale bar =
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