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Light-guiding materials capable of total internal reflection, remote
mechanical force sensing and self-healing are appealing in
emerging fields including robotics and optical force measuring
instruments. However, achieving all these features in a single
material remains challenging at present. Herein, we have fabricated
a fluorescence-responsive self-healing hydrogel with a triple net-
work structure, which exhibits a 100% recovery in tensile strength
after healing in air for 30 s and a 90% recovery in tensile strength
after healing in water for 60 s. Furthermore, this material can resist
a rotation of 1800° without breaking at the healed site. As the
fluorescence excitation intensity of the hydrogel shows a good
correspondence with the forces exerted on the hydrogel, the forces
and the self-healing efficiency could be determined by measuring
the intensity of the excitation peak. The stress states of the hydrogel
in different liquids could be remotely monitored, eliminating the
effect of surface contacts. With these sensing and self-healing
abilities all in one, self-healing luminescent materials could be
applied to tissue engineering, photoresponsive biosensors, flexible
light guiding devices, structural health monitoring, etc.
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Conceptual insights

Self-healing hydrogels are restricted by their relatively long healing times,
poor healing performance in various environments and unstable optical
performance. To address this paradox, we fabricated a fluorescence-
responsive self-healing hydrogel, which exhibits excellent immediate
self-healing properties in different media. The hydrogel could also be
rotated 1800° at the damaged site after the site underwent self-healing
without breaking. The hydrogel exhibited stable fluorescence response
properties in different environments. Besides, the hydrogel exhibited a
pressure reshaping effect. The damaged hydrogel showed good
performance after reshaping under a certain pressure. Moreover, the
fluorescence excitation intensity of the hydrogel revealed a unique
correspondence with the external pressure that the hydrogel received
and with the hydrogel’s self-repairing efficiency. Therefore, the external
pressure force and the self-repairing efficiency could be determined from
the intensity corresponding to the hydrogel excitation peak.

1. Introduction

Self-healing dimming materials exhibit interesting color
changes when exposed to external stimuli such as light,'
temperature,” pH,>* and force.”” These interesting properties
are important for the advancement of new color-developing
and fluorescent color-changing materials for applications
in sensors, structural health monitoring systems, optical
force measuring devices, flexible devices, tissue engineering and
regenerative medicine.*"" Hydrogels are hydrophilic polymers
which swell in water but are insoluble in water. These materials
have a high water content, good flexibility, and a strong ability
to penetrate into small molecules. The unique network structure
provides hydrogels with excellent biocompatibility and self-
healing abilities.">"? In recent years, optical self-healing hydro-
gels that have both self-healing properties and the ability to
respond to external stimuli have attracted widespread
attention."*'® However, in practical applications, the self-
healing functions of hydrogels are characterized by relatively
long healing times,"** stimulation dependences,*™>*> poor
healing performance when in a humid environment or
underwater,®>® and unstable optical performance.?® It would
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be of great interest to prepare hydrogels with ultra-fast self-
healing properties (no external stimuli, multiple environmental
adaptations) and stable optical responses.

Materials with self-healing properties or optical response
properties have been extensively studied due to their potential
applications in many fields. Currently, their self-healing is
achieved through hydrogen bonding, chain entanglement,
supramolecular interaction, ionic bond and other non-covalent
reactions,”* or disulfide bonds, phenyl boronate esters,
hydrazide bonds and other covalent reactions,>® whereas
their optical response primarily relies on the use of organic
chromophores.®" These chromophores can dynamically change
their molecular structure or assembly state to achieve an optical
response function when stimulated by external factors,
but large-scale synthesis of these chromophores remains chal-
lenging. Compared to organic chromophores that rely on
covalent bond cleavage, the optical response achieved by non-
covalent metal coordination is a better alternative because of
the dynamic coordination of non-covalent metals. The use of
luminescent lanthanide metals (e.g., Eu and Tb)* that are
capable of dynamically coordinating with a polymer provides
the polymer with reversible luminescence properties to achieve
potential optical on/off effects within the material.>> However,
the stimuli response of the existing non-covalent metal coordi-
nation polymers occurs in organic solvents,**”** while the water
molecules in hydrogels would hydrate with the lanthanide ions,
which not only diminishes the optical response, but also
weakens the structural network of the hydrogel.*>” Due to
the difficulty in the large-scale synthesis of organic chromo-
phores and the hydration of lanthanide ions, these materials
are not the best choice for the production of new self-healing
dimming hydrogels.

In this work, we report a new photoluminescent self-
healing hydrogel based on a multi-hydrogen bond network
structure that achieves self-healing using reversible physical
cross-linking capability and a photoluminescence effect
through the uniform distribution of quantum dots in the
hydrogel. The resultant photoluminescent hydrogel not only
exhibits excellent toughness and stability, but also possesses
an excellent self-healing ability. This self-healing hydrogel
can work in different media (air, water, oil, salt solution),
at ambient temperature (—10 to 50 °C), and in an acidic or
basic solution (pH: 1-14) without any external stimulations.
Moreover, the hydrogel also shows a pressure reshaping effect:
the damaged hydrogel could be re-shaped into a new one at
room temperature with the absence of any cracks or previous
damage and no significant property degradation. In addition,
the hydrogel is non-toxic and has cell compatibility. Further-
more, the stress state of the hydrogel could be detected
remotely by the fluorescence effect without considering the
contact situation between materials, allowing the resultant
measurement to be more accurate. These properties render
the photoluminescent self-healing hydrogel useful for a
variety of applications including underwater engineering,
integrated optics, optical force measuring materials, and
biomaterials.
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2. Experimental
2.1 Materials

PVA (degree of polymerization: 2699) was purchased from Anhui
Wanwei Group Co. Agarose (Analytical Grade) was purchased from
Life Technologies Corporation. Chitosan was purchased from
Beijing Bellingway Technology Co. Ltd. Sodium tetraborate (Analy-
tical Grade: Na,B,0,-10H,0) was purchased from Tianjin Guangfu
Technology Development Co. Ltd. Glycerol was purchased from
Beijing Solarbio Science Technology Co. Ltd (Analytical Grade).
Sodium citrate dihydrate and ethylenediamine were purchased
from Shanghai Aladdin Biochemical Technology Co. Ltd. All
reagents were used directly and did not require further purification.
Cells and other materials for determining the biocompatibility
of the hydrogel were provided by the Institute of Chemistry,
Chinese Academy of Sciences.

2.2 Preparation of fluorescent quantum dots

The specific method for preparing quantum dots involves
mixing 0.375 g of sodium citrate, 60 pL of ethylenediamine
and 25 mL of deionized water in a container, and bringing
the solution up to a temperature of 160 °C for 8 hours using
a one-step hydrothermal method (this example involves the
preparation of blue carbon quantum dots). The preparation of
other quantum dots follows a similar methodology.

2.3 Preparation of fluorescent gels

In this experiment, PVA (10 g), agarose (0.5 g), chitosan (0.5 g)
and glycerin (4 mL) were dissolved in deionized water to form a
50 mL solution, and this was stirred by hand for 2 minutes. The
solution was oil-bathed at 98 °C for 2 hours to form a solution
with a 20 wt% PVA mass fraction. Then 50 mL of the solution
was mixed with 50 mL of a borax mixed solution (0.04 mol L™ ")
and heated with stirring in a 90 °C oil bath for 1 h. The
resulting gel was then placed in a mold previously coated with
a borax solution and fluorescent quantum dot liquids (green,
blue, and red) were added. Next, the mixture was pressed for 2 h
to obtain a fluorescent gel material. The purpose of pressing the
material was to remove air bubbles from the gel and shape the
material to a desired geometry.

2.4 Biocompatibility evaluation of polyvinyl alcohol hydrogels

The biocompatibility of the hydrogel was evaluated according
to the standards of a cytotoxicity test in vitro, an intradermal
reaction test and a delayed-type hypersensitivity assay recom-
mended in GB/T 16886.

2.5 Characterization

Scanning electron microscopy (SEM) images were taken with a
JEOL JSM-6700F scanning electron microscope. Photographs
and videos were taken with a SLR camera (Canon-EOS-760D).
Tensile and compression experiments were performed using an
Instron universal testing machine (INSTRON 5567). Fourier-
transform infrared spectroscopy (FTIR) was performed on a
Bruker Tensor 27 spectrophotometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed using a
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Rigaku X-ray diffractometer (D/max-2400) with a Cu Ko X-ray
source. Fluorescence performance experiments were performed
using UV lamps (12W-ZF-7A-254-365 nm) and purple LED chips
(3W-Violet-400-405 nm). The fluorescence intensity of the
hydrogel was measured with a Fluorescence Spectrometer
(FS5). Cell images were taken with an inverted fluorescence
microscope (OLYMPUS IX71).

3. Results and discussion

We proposed a multi-network structure of a fluorescence-
responsive self-healing hydrogel (hydrogen bond, Fig. S1, ESIT).
The hydrogel is non-toxic and has cell compatibility (Fig. S2 and
Tables S1 and S2, ESIt). The molecular structure of the hydro-
gel is shown in Fig. 1. The backbone network was formed
during the cooling process of the sol-gel in which chitosan-
agarose, chitosan-PVA, and agarose-PVA were strongly cross-
linked (hydrogen bond I). These strong hydrogen bonding
networks can effectively inhibit the movement of the PVA chain
within a certain force range, thus allowing the hydrogel to
exhibit high mechanical stability and tensile properties. The
self-healing properties of the prepared hydrogel were attributed
to the reversible network consisting of two dynamic covalent
cross-linking reactions of PVA-borax-PVA and PVA-glycerol-
PVA (hydrogen bonds II) in the hydrogel. The quantum dots
were uniformly dispersed in the hydrogel to ensure stable

PVA

Chitosan

Agarose
Tetraborate
Glycerol

Quantum dots

Hydrogen bond

Skeleton network ¥Reversible self-healing network

SN DANERG Cho Yy

d Pt

Fig. 1 Schematic of the internal structure and bonds of the photolumines-
cent self-repairing hydrogel.
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fluorescence response (Fig. S3, ESIf) because of the static
hydrogen bond network (hydrogen bond III) between PVA and
the quantum dots (water-soluble/fat-soluble carbon quantum
dots, MXene quantum dots).

3.1 Self-healing performance

The tensile and self-healing experiments showed that our
hydrogel exhibited excellent mechanical properties (10.21 MPa,
Fig. S4, ESIT) and self-healing properties (Fig. 2a and b). The
self-healing properties of the hydrogel were manifested by the
self-healing efficiency defined as:

R = 84/80 X 100% 1)

where R represents the self-healing efficiency of the hydrogel,
and J, and 9, are the tensile stresses before and after the
hydrogel underwent self-healing, respectively. The self-healing
properties of the hydrogel were tested in a variety of media
(Fig. 2c). Notably, the hydrogel showed a good self-healing
performance in air, n-hexane, petroleum ether, water and water
with a 1 wt% NaCl solution. In the above different media, when
the healing time was 30 s/60 s/60 s/60 s/60 s, the hydrogel could
achieve 100%/96%/93%/90%/85% healing efficiency (Fig. S5
and S6 and Video S1, ESIf). However, as the salt content
increased, the hydrogel gradually lost its self-healing properties
(Fig. S7, ESIY). This indicated that the self-healing properties of
the hydrogel became weaker as the polarity of the solution
increased. The self-healing experiment also demonstrated that
the doped quantum dots had no significant effect on the self-
healing properties of the hydrogel (Fig. S8, ESIt). In addition,
after the strain/cut, the damaged hydrogel could repair itself
without external stimulation (Fig. S9 and S10, ESIt). After the
self-repair was complete, the hydrogel could be stretched more
than 10 times without breaking, and new damage did not take
place at the healed site (Fig. S5, ESIT). The self-healing hydrogel
could also be twisted 1800° at the healed site, which was
comparable to the unbroken hydrogel (Video S2, ESIt). These
experimental results demonstrated that the hydrogel exhibited
superior self-healing properties (Table S3, ESIt). Further experi-
ments revealed that the relative humidity and pH of the
environment did not have a substantial effect on the self-
healing properties of the hydrogel (Fig. S11 and S12, ESIf).
Although the ambient temperature had no effect on the final
healing efficiency of the hydrogel, it had an obvious effect on its
initial self-healing performance: when the healing time was 5 s,
the healing efficiency in the temperature range from —10 °C to
50 °C decreased from 70% to 50% but increased to 70% again
(Fig. S13, ESIt). The hydrogel shows the best healing perfor-
mance at either low or high temperature.

Apart from that, the hydrogel also had excellent elasticity
and its bounce performance was stronger than that of an elastic
ball with the same diameter (Fig. 2d and Video S3, ESIt). The
bouncing performance, the mechanical properties and the self-
healing properties of the hydrogel were closely related to the
volume of glycerol added to it. The higher the glycerol content
in the hydrogel, the shorter the required self-healing time. The
healing efficiency was also found to be higher within the same
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(a) Self-healing performance photos of the hydrogel under UV light. (b) Typical tensile stress—strain curves of different glycerol contents

contained within the hydrogels. (c) Relationship between the self-healing efficiency and healing time of the hydrogel in different media. (d) Bounce
height—time curves of different balls. (e) Relationship between the properties of the hydrogel and the glycerol content in the hydrogel. (f) Tensile stress—
glycerol content curves of the hydrogel in different stages (original, self-healed) and different media. (g) Relationship between the pressure remodeling
times and tensile properties of hydrogels. (h) Performance diagram of hydrogels obtained by adding glycerol at two different time periods (during

preparing, during remodeling).

self-healing time, but the tensile strength of the hydrogel
dropped (Fig. 2e and f).

The hydrogel also exhibits a pressure reshaping effect. Under
the aid of an external force, the damaged hydrogel had the ability
to be completely repaired (Fig. S14, ESIf). The mechanical
performance of the repaired hydrogel was similar to that of the
newly produced hydrogel (Fig. 2f and g). If glycerol was added
to the damaged hydrogel during the pressure remodelling
process, the properties of the hydrogel after reconstitution were
comparable to those of the hydrogel that had the same amount
of glycerol added during the synthesis process (Fig. 2h). This
result demonstrates that glycerol can be used to regulate the
properties of hydrogels.

3.2 Fluorescent properties and applications

The presence of fluorescent quantum dots (carbon/MXene
quantum dots) allows the hydrogel to exhibit photoluminescence
properties. Fig. 3a(I) shows the test schematic of a fluorescence
spectrometer. The fluorescence properties of liquid quantum dots
and hydrogels were tested in different environments (Fig. S15-S18,
ESIt). The experimental results show that under the influence

706 | Mater. Horiz., 2019, 6, 703-710

of strong acid and alkali the liquid quantum dots would be
deactivated and the fluorescence performance would be signifi-
cantly reduced (Fig. S19a, c, e and S20a, ESIT). In contrast, the
fluorescence performance of the hydrogel always maintained
the same order of magnitude (Fig. S19b, d, f and S20b, ESIf),
indicating that the photoluminescence-responsive self-healing
hydrogel could be maintained and continue to exhibit a long-
term fluorescence response under various extreme conditions.
The photoluminescence properties of the hydrogel make it
useful in LED application (Fig. S21 and Video S4, ESIt). Further
experiments revealed that the concentration and distribution of
quantum dots in the hydrogel could be achieved by controlling
the amount of quantum dots. The same type of quantum
dot was concentrated in a continuous region, and only one
kind of quantum dot existed in the same distribution region
(Fig. S22, ESI¥).

Owing to its excellent self-healing properties and stable
photoluminescence properties, the hydrogel has been demon-
strated to achieve optical measurements for the first time. Since
the spacing of quantum dots in the hydrogel is closely related
to the external force, higher external force leads to smaller

This journal is © The Royal Society of Chemistry 2019
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dots) and the external force to which the hydrogel was subjected. (e) A fitted curve between the fluorescence intensity of the hydrogel (doped with

carbon quantum dots) and the external force it was subjected to.

spacings of the quantum dots in the hydrogel (Fig. S23, ESIT).
The different spacings result in different intensities of fluores-
cence excited in the hydrogel, such that the external force could
be measured by measuring the fluorescence intensity excited

This journal is © The Royal Society of Chemistry 2019

during the loading. This method of force measurement is
superior to the traditional one because it is not affected by
contact conditions. The ability of the hydrogel to resist acidic
and basic conditions and metal ions allows it to work in various
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liquids for force measurement. In the force measurement, the
hydrogel was pressed in the mold shown in Fig. 3a(II) to avoid the
shape effect. The fluorescence intensity of the hydrogels was
tested under different external forces (Fig. 3b and Fig. S24a, ESIY).
The data were analysed to obtain the relationship between the
excitation intensity and the external force (Fig. 3c and Fig. S24b,
ESIt). A standard optical comparison graph of the hydrogel’s
external force was obtained and the external force was determined
using this relationship. The confirmatory experiment was per-
formed in order to check the reliability of the method, and the
external force measured by the optical method was similar to the
actual external force (Fig. S25 and S26, ESIY).

The degree of the hydrogel’s self-healing ability could also
be determined by the fluorescence intensity. This remote
optical measurement approach does not damage the hydrogel
during the test, and in fact, it is more efficient than mechanical
testing. The fluorescence excitation intensity (Fig. 3d and
Fig. S24c, ESIT) of the hydrogel with different loading states
were tested using a similar approach for measuring the external
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Recovery
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@®

Multiple
generation
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force exerted on the hydrogel (the original, the cut/damaged,
and the healed, Fig. 3a(Ill)). The obtained data were fitted to
establish the relationship between the excitation intensity and
healing time (Fig. 3e and Fig. S24d, ESIt). Next, Fig. 2¢ was used
to obtain the self-healing efficiency of the hydrogel. Finally, a
standard optical comparison can be made for the degree of the
self-healing ability, from which the self-healing degree of the
hydrogel could be determined. The confirmatory experiment
(Fig. S27 and S28, ESIt) was performed in order to check the
effectiveness of the method, and the results showed that the
self-healing efficiency measured by the optical method was
comparable to the data measured by the tensile test.

3.3 Discussion

The structure of the hydrogel shown in Fig. 1 contained a
variety of hydrogen bonding structures. While strong supporting
hydrogen bonds exist between the chitosan-agarose-PVA chains
(hydrogen bond I), reversible healing hydrogen bonds link
PVA-borax-PVA to PVA-glycerol-PVA (hydrogen bond II), and

Fig. 4 Schematic diagram of the number of bonds and state changes in the hydrogel when subjected to external forces. (a) Bond breaking period in the
hydrogel. (b) Deformation and reconstruction periods of the hydrogel. (c) Bond breaking and formation reactions in the hydrogel.

708 | Mater. Horiz., 2019, 6, 703-710
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dispersive hydrogen bonds appear between the PVA-quantum
dots (hydrogen bond III, evenly dispersed quantum dots).
Among these hydrogen bonds, the bond strength is in such
order: hydrogen bond I > hydrogen bond II, and the strength of
hydrogen bond III is influenced by the category of the quantum
dots."%**** The size of a quantum dot is on the nanoscale so it
remains almost unaffected by external forces. Therefore, a
macroscopic force would not directly affect the quantum points.
Although hydrogen bond III is the weakest of these three bonds,
the static hydrogen bond network between PVA and quantum
dots is the most stable during the deformation. In fact, the main
bonds subjected to external forces include hydrogen bond I and
hydrogen bond II. When the external force exceeded the force
that the bond could withstand, it would break, as shown in
Fig. 4. Due to the weak tolerance of the linkage bond (hydrogen
bond II) between PVA-borax-PVA and PVA-glycerol-PVA, it
broke first (Fig. 4a: reactions 1 and 3 (Fig. 4c); from state I to
state II). When most of the linkage bonds in PVA-borax-PVA and
PVA-glycerol-PVA (hydrogen bond II) were broken, the connect-
ing bond (hydrogen bond I) in chitosan-agarose-PVA began to
break (Fig. 4a: reaction 5 (Fig. 4c); from state II to state III). The
fixation function of the hydrogen bond I was lost, and the
external force continued to act and the hydrogel therefore began
to deform, and the distance between the PVA, chitosan, and
agarose molecules in the hydrogel gradually decreased. At the
same time, the linkage bonds in PVA-borax-PVA and PVA-
glycerol-PVA (hydrogen bond II) began to recover (Fig. 4b: reac-
tions 2 and 4 (Fig. 4c); from state III to state IV), but due to these
weak forces, it was difficult to resist the external forces. There-
fore, under the continuous action of an external force, these
newly formed bonds were still prone to break. The distance
between different molecules in the hydrogel decreased, and thus
the strong supporting hydrogen bond (hydrogen bond I) in
chitosan-agarose-PVA was also re-generated (Fig. 4b: reaction 6
(Fig. 4c); from state III to state IV; Fig. S29 and 30, ESIt). However,
there were not enough supporting hydrogen bonds (hydrogen
bond I) generated at this time to resist the external force, so the
distance between molecules in the hydrogel decreased. During
this process, hydrogen I and II bonds were also constantly
generated and broken until the amount of the hydrogen I bonds
was sufficient to resist external forces. The molecules in the
hydrogel ceased moving and then the hydrogen I and II bonds
were no longer broken (Fig. 4b: reactions 1-6 (Fig. 4c); from state
IV to state V; Fig. S30 and 31, ESIf). A new hydrogel was generated
through the “pressure reshaping effect” (Video S5, ESIt).
Although the quantum dots were never separated from the PVA
molecular chain throughout the process, the movement of the
PVA molecular chain simultaneously drove the movement of the
quantum dots, which caused the spacing of the quantum dots in
the hydrogel to change. Such changes caused modifications to
occur in the fluorescence response (Fig. S32, ESIt) to the forces.

The arrangement of the quantum dots in the hydrogel had a
one-to-one correspondence with the external force exerted on
them, and the arrangement of the quantum dots had a one-to-
one correspondence with the fluorescence excitation intensity
of the hydrogel. Therefore, the fluorescence excitation intensity

This journal is © The Royal Society of Chemistry 2019
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of the hydrogel had a one-to-one correspondence with the
external force. Thus, the external force exerted on the hydrogel
could be measured by analysing the fluorescence excitation
intensity of the hydrogel. When the external force increases, the
content of the hydrogel in the mold (Fig. 3a(II)) increases, and
the quantum dot density also increases. The quantum dots in
the front region would block the quantum dots in the rear
region; thus the quantum dots in the rear region would not
receive the excitation light. Meanwhile, the quantum dots in
the rear region would also block the fluorescence excited by the
front quantum dots (making them unable to be perceived by
the detector). Based on these double blocking effects, the
measured fluorescence intensity becomes weaker under a
larger compressive force because of the smaller spacing of
quantum dots in the hydrogel. When it comes to the self-
healing condition of the hydrogel, as the self-healing time is
increased, the self-healing area of the hydrogel is gradually
increased, so the double blocking effects caused by the quan-
tum dots in the hydrogel are more intensive. This also lowers
the fluorescence excitation intensity.

4. Conclusions

In summary, we have prepared a new type of photo-fluorescent
hydrogel that exhibits excellent self-healing properties in various
environments (air, water, petroleum ether, and salt solution). In
a gaseous medium, the hydrogel exhibited a 100% tensile
strength after 30 seconds of healing compared to an original,
unbroken hydrogel sample. After the damaged area self-repaired,
the same sample area could be rotated 1800° without breaking.
In a liquid medium, the hydrogel had 90% of its original tensile
strength after healing for 60 seconds compared to an unbroken
hydrogel sample. The fluorescence performance was shown not
to be affected by external conditions (temperature, humidity,
and pH). The hydrogel had a pressure remodelling effect. There
was no substantial difference in the tensile strength perfor-
mance and self-healing performance between the reshaped
hydrogel obtained after pressing for 10 minutes under an
external force of 2 kg and the newly made hydrogel. The unique
relationship between the fluorescence excitation intensity of
the hydrogel and the external pressure exerted on it allowed for
external pressure measurements to be taken by determining
the fluorescence intensity variation. The self-healing efficiency
could be measured using an optical measurement method
without damaging the material. As such, the as-developed
hydrogels demonstrate a wide variety of potential applications
because of their excellent self-healing properties, pressure
remodelling ability and fluorescence properties. These hydro-
gels can be used as light-responsive biosensors, optical force
measuring devices, plastic tissue, smart self-healing devices,
and biomedical materials.
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