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Abstract

potential in wound-related monitoring and treatment.

Diabetes is a global chronic disease that seriously endangers human health and characterized by abnormally high
blood glucose levels in the body. Diabetic wounds are common complications which associate with impaired
healing process. Biomarkers monitoring of diabetic wounds is of great importance in the diabetes management.
However, actual monitoring of biomarkers still largely relies on the complex process and additional sophisticated
analytical instruments. In this work, we prepared hydrogels composed of different modules, which were designed
to monitor different physiological indicators in diabetic wounds, including glucose levels, pH, and temperature.
Glucose monitoring was achieved based on the combination of photonic crystal (PC) structure and glucose-
responsive hydrogels. The obtained photonic crystal hydrogels (PCHs) allowed visual monitoring of glucose levels
in physiological ranges by readout of intuitive structural color changes of PCHs during glucose-induced swelling
and shrinkage. Interestingly, the glucose response of double network PCHs was completed in 15 min, which was
twice as fast as single network PCHs, due to the higher volume fraction of glucose-responsive motifs. Moreover, pH
sensing was achieved by incorporation of acid-base indicator dyes into hydrogels; and temperature monitoring was
obtained by integration of thermochromic powders in hydrogels. These hydrogel modules effectively monitored
the physiological levels and dynamic changes of three physiological biomarkers, both in vitro and in vivo during
diabetic wound healing process. The multifunctional hydrogels with visual monitoring of biomarkers have great

Introduction

Diabetes is a global chronic disease characterized by
abnormally high blood glucose levels and poses a serious
threat to human health [1]. With the change of human
lifestyle and the aging of population, the number of peo-
ple with diabetes mellitus continues to rise worldwide.
Among the various complications, diabetic wound is one
of the most common complications [2]. Different from
normal wound healing process, diabetic patients suffered
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from impaired wound healing [3], due to a complex
wound microenvironment associated with high blood
glucose levels, high levels of inflammatory cytokines, and
excessive exudate, which making the diabetic wounds dif-
ficult to enter the proliferation and remodeling phases,
thus hindering the healing process of diabetic wounds.
Different wound microenvironments, such as glu-
cose levels, pH value, ROS level, temperature, humidity
and wound pressure, could affect or reflect the diabetic
wound healing process [2, 4]. Real-time monitoring of
diabetic wound-related biomarkers is important for
the timely assessment of the condition and the stage of
wound development [5]. Conversely, real-time evaluation
of the efficacy of wound healing is essential for effective
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clinical interventions, replace of dressings and optimiz-
ing diabetic wound treatment [5]. Ideally, if there exists
a smart dressing that can diagnose the diabetic wound
healing stage and indicate the right time to change the
dressing in the absence of a nursing professional, it would
effectively simplify daily care, and reduce the financial
burden of diabetes management.

With the development of multifunctional hydrogels
and flexible electronics, researchers have developed
abundant smart biosensors for monitoring and diagno-
sis of diabetic wounds microenvironment or revealing
the healing status [5, 6], including the biochemical mark-
ers such as glucose [7-9], pH [10-13], H,O, [14], lactate
[15], mRNA levels [16], as well as physical indicators such
as temperature [9] and strain [9], and so on. Typically,
optical biosensors of diabetes wounds were developed
based on swelling and shrinkage of stimuli-responsive
hydrogels [17], using the detection mechanisms of such
as wavelength shift [18], change in diffraction pattern
[19], change in refractive index [20], variation in dif-
fused light pattern [21], alteration in signal intensity [22],
change in surface plasmon resonance (SPR) [23], and so
on. The readout mechanisms such as fluorescence [8, 10,
11, 14, 24], spectrometry [25], and colorimetric changes

[7, 17, 26, 27] were generally used for analysis. However,
these detection approaches still rely on complex process
and additional analytical instruments, which are usually
expensive and inconvenient to be portable. In practice,
more convenient and more direct approach is desired for
the real-time monitoring of biomarkers. If visual moni-
toring of biomarkers by the naked eye could be achieved,
it would be easier and quicker to analyze the level of
wound indicators, which would be more beneficial in dia-
betes management.

To this end, visual colors can be integrated into func-
tional hydrogels, offering an emerging strategy to obtain
the responsive signals with intuitive color changes. Pho-
tonic crystals (PCs) are a class of novel optical structure
[28, 29], the structural colors of PCs come from the spa-
tially organized internal periodic microstructure [30, 31],
which commonly exist on the body surface of a variety of
natural organism such as butterfly and chameleon skins
[31]. When the periods of PCs are in the range of a few
hundreds of nanometers, the modulation of the incident
lights occurs and results in a strengthening in the visible
light with the specific wavelength according to Bragg Eqs.
[28, 29]. PCs with structural colors have attracted emerg-
ing attention in the research field of biosensing [32, 33].
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For instance, PCs were integrated on microneedle array
for visual monitoring of pH [34, 35] and glucose [35, 36]
in interstitial fluid.

Theoretically, system containing glucose-responsive
hydrogels can be combined with PCs, to obtain a struc-
tural color-based sensing system for naked-eye visualiza-
tion of the analytes [32, 37, 38]. Herein, we developed a
functional hydrogel system for the in-situ monitoring
of multiple biomarkers in diabetic wounds, including
glucose levels, pH and temperature. To this aim, visual
monitoring of glucose was achieved by combination of
glucose-responsive hydrogels with the advantages of
structure colors of PCs (Fig. 1). The glucose-sensing mol-
ecule used in the hydrogel system was (4-((2-acrylamido-
ethyl)carbamoyl)-3-fluorophenyl)boronic acid (AFPBA)
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[38—40], which competitively bound to glucose, result-
ing in the swelling of hydrogels (Fig. 1b). Both single
network and double network photonic crystal hydrogels
(PCHs) were prepared and investigated for real-time
visual glucose monitoring (Fig. 1c-d). Moreover, the pH
detection module was accomplished by integration of
acid-base indicator into the hydrogels, and the tempera-
ture responsive module was developed by incorporation
of temperature-responsive thermochromic powders into
the hydrogels. We demonstrated the positive response
of these functional hydrogels both in vitro in solutions
within physiological ranges and in vivo in diabetic wound
model in mice. This hydrogel system with visual monitor-
ing of biomarkers has great potential in wound monitor-
ing and managements.
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Fig. 1 Schematic illustration of the synthesis and glucose response mechanism of photonic crystal hydrogels (PCHs). (a) Illustration of synthesis of AA-
AM-AFPBA hydrogel. (b) Glucose response mechanism of AA-AM-AFPBA hydrogels. (c) Preparation process of single network PCHs consisted of AA-AM-
AFPBA hydrogels. (d) Preparation process of double network PCHs consisted of AA-AM and AA-AM-AFPBA hydrogels
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Experimental section

Materials

Ammonia, ethanol, potassium peroxydisulfate (KPS),
phenol red (PR), bromophenol blue (BB), sodium hydrox-
ide, hydrogen peroxide were purchased from Sinopharm,
China. Tetraethyl orthosilicate (TEOS), acrylic acid
(AA), acrylamide (AM), hydrofluoric acid (HF), D-(+)-
glucose, 2-hydroxy-2-methylpropiophenone (PI-1173)
were obtained from Aladdin Chemical Co., Ltd. China.
N, N’-methylenebisacrylamide (MBAA) was purchased
from Shanghai Macklin Biochemical Technology Co.,
Ltd. (4-((2-acrylamidoethyl)carbamoyl)-3-fluorophe-
nyl)boronic acid (AFPBA) were obtained from Shang-
hai Bide Pharmaceutical Technology Co., Ltd. Aqueous
dispersion of carbon nanotubes (CNTs, 10 mg/mL)
was obtained from Shanghai Muke Nanotechnology
Co., Ltd. PDMS kits (Sylgard 184) were obtained from
Dow Corning, USA. Phosphate buffered saline (PBS,
pH 7.4) was obtained from Beijing Solarbio Science &
Technology Co., Ltd. Deionized water with a resistiv-
ity of 18.2 MQ.cm (Millipore) was used throughout the
experiments.

Preparation of photonic crystals (PCs)

First, SiO, nanoparticles with different particle sizes
were synthesized according to our previous report [41].
Then, PCs of silica nanoparticles was fabricated with an
improved horizontal deposition method [41]. In brief,
an enclosure of PDMS (10:1 mass ratio of monomer to
curing agent) was prepared on top of a glass slide, with
an empty space of 2 mm in depth and 1 c¢cm in diam-
eter. Subsequently, aqueous dispersion of 0.5% (w/v)
silica nanoparticles were added dropwise into the PDMS
enclosure. Then, the device was heated at 37 °C for evap-
oration of water, during which the silica nanoparticles
were self-assembled on the glass slide, to obtain PCs
consisted of silica nanoparticles. Different colors of PCs
can be obtained by regulating the particle size of silica
nanoparticles from 240 to 320 nm.

Preparation of single network PCHs

Glucose-responsive prepolymer solution was prepared
by dissolving 20% (v/v) AA, 10% (w/v) AM, 1% (w/v)
AFPBA, 5%0 (w/v) KPS, 3%0 (w/v) MBAA and 2%o (w/v)
CNTs in deionized water. The prepolymer solution of
AA-AM-AFPBA hydrogel was added dropwise into the
interstices of the above obtained PCs, and heated at 60 °C
for 1 h for polymerization (Fig. 1c;_;). After curing, the
sample was immersed in 10% (v/v) HF for 24 h to etch
the silica nanoparticles, to obtain the inverse opal struc-
ture composed of AA-AM-AFPBA hydrogels (Fig. 1c;;),
and was labelled as single network PCHs.
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Preparation of double network PCHs

First, inverse opal structure of AA-AM was prepared
similarly as above. Briefly, the prepolymer solution of
AA-AM hydrogel, which included 20% (v/v) AA, 10%
(w/v) AM, 5%0 (w/v) KPS, 3% (w/v) MBAA, and 2%o
(w/v) CNTs in deionized water, was injected into the
gap of PCs (Fig. 1d,), cured at 60 °C for 1 h, and etched
with HF to obtain the inverse opal structure of AA-AM
hydrogels (Fig. 1d;). Further, the resulting AA-AM
inverse opal hydrogel was immersed in the second hydro-
gel prepolymer solution, which included 20% (v/v) AA,
10% (w/v) AM, 1% (w/v) AFPBA, 2% (v/v) PI-1173, 3%o
(w/v) MBAA. After fulfill in the voids of the inverse opal
structure for 5 min, the samples were then fixed between
slides and cured by UV light (wavelength 365 nm) irra-
diation at 80% light intensity (82.10 mW/cm?) for 3 min.
The obtained structure consisted of AA-AM hydrogels
as the first network and AA-AM-AFPBA hydrogels as
the second network, and was named as double network
PCHs (Fig. 1d,;).

Characterization

The microscopic structure of the PCs and PCHs was
characterized by scanning electron microscope (SEM,
TESCAN MIRA 3, Czech Republic). The macroscopic
appearance and structural colors of the PCs and PCHs
were photographed with a digital camera (FDR-AX45,
Sony, Japan) at an incident angle of 90°. The color infor-
mation (such as hue values, RGB values) of the images
was analyzed by Photoshop software (Adobe, CA,
USA). The weight of hydrogels was recorded by an elec-
tric balance (ME204, Mettler-Toledo, Switzerland). The
reflection spectra of the PCs were characterized by an
UV-vis—near infrared spectrophotometer (Lambda
1050+, PerkinElmer, USA), and then normalized within
Origin software (OriginLab, MA, USA). The mechani-
cal properties of the PCHs were evaluated on a universal
testing machine (UTM2503, Shenzhen Suns Technology,
China) in tensile mode at a tensile speed of as 20 mm/
min.

Test of glucose response

To test the glucose response, AA-AM-AFPBA hydrogels
and the prepared PCHs (either single network or double
network, either blue or green color) were immersed into
glucose solutions with different concentrations of 0 mM,
6.6 mM, 13.2 mM, 19.8 mM, and 26.4 mM, respectively.
After reaction for 15-30 min, the samples were removed
from the solutions, and the volume and color changes
were recorded by digital camera, and the weight was
recorded with an electric balance. To test the reversible
glucose response, AA-AM AFPBA hydrogels and PCHs
were successively immersed into glucose solutions from
low concentration (0 mM) to high concentration (26.4



Yang et al. Journal of Nanobiotechnology (2024) 22:618

mM), then successively immersed back into low glu-
cose concentrations till 0 mM. After each reaction for
15-30 min, the volume changes, relative weight changes
and color changes of the samples were recorded. The
swelling ratio of the samples was calculated using follow-
ing equation:

\ Va
Swelling ratio (%) = 7 100%
0

where V,, and V,, represent the volume of hydrogels (in
mm?) after swelling in 0 mM and in concentrated glucose
solution, respectively.

The relative weight of the samples was calculated using
following equation:

M,
Relative weight (%) — —
(%) =3 7

x 100%

where M, and M, represent the weight of hydrogels (in
gram) after swelling in 0 mM and in concentrated glu-
cose solution, respectively.

Preparation of pH-responsive hydrogels

The pH-responsive hydrogels were prepared based on
AM but without AA, since the later one is acidic and
affect the pH response. Briefly, the prepolymer solution
was prepared by dissolving the following ingredients in
deionized water: 10% (w/v) AM, 5% (w/v) KPS, 1.5%o
(w/v) MBAA and 0.015%0 (w/v) PR for alkaline envi-
ronment, or 10% (w/v) AM, 5%0 (w/v) KPS, 1.5%o (w/v)
MBAA and 0.015%o (w/v) BB for acidic environment. The
prepolymer solution was added dropwise into the mold,
and heated at 60 °C on a heating table for 1 h for cross-
linking. The obtained hydrogels incorporated with PR
or BB were labelled as PAM-PR or PAM-BB, which were
designed for response to alkaline or acidic environment,
respectively.

Test of pH response

Alkaline-responsive PAM-PR hydrogels were immersed
in alkaline solutions ranging of 7.0~9.0. Meanwhile,
acidic-responsive PAM-BB hydrogels were immersed in
acidic solution with pH 3.5~5.0. The color changes of
hydrogels were recorded by digital camera accordingly.
Subsequently, the changes of the hue values and RGB val-
ues of the images were analyzed by Photoshop software.

Preparation of temperature-responsive hydrogels

Temperature-responsive hydrogels were also prepared
based on AM but not AA, since the later one disrupted
the structure of thermochromic powders. Briefly, 20%
(w/v) AM, 5%o (w/v) KPS, 1.5%0 (w/v) MBAA, and 5%o
(w/v) blue or green thermochromic powders were
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dissolved in deionized water, to prepare a prepolymer
solution. Here, both thermochromic powders have a crit-
ical temperature of 38 °C, where the blue thermochromic
powders immediately change from blue to gray at 38 °C,
whereas the green thermochromic powders immedi-
ately changed from gray to light green at 38 °C. Then the
prepolymer solution was added dropwise into the mold,
heated on a heating table at 60 °C for 1 h. The obtained
hydrogels containing blue or green thermochromic pow-
ders was named as PAM-B and PAM-G, respectively.

Test of temperature response

The obtained PAM-B and PAM-G hydrogels were succes-
sively placed on a heating table at temperatures of 37 °C,
38 °C, 39 °C and 40 °C, and then placed back to 37 °C. The
color changes of the hydrogels were recorded accord-
ingly. Afterwards, the color information of the images
was analyzed using Photoshop software.

Cell compatibility of PCHs

Cell compatibility of PCHs was evaluated using CCK-8
assay. First, PCHs were incubated in DMEM/F12 cell cul-
ture medium (Thermo Fisher Scientific) at a density of
0.1 g/mL at 37 °C for 24 h, then PCH extract was obtained
after filtration. Human skin fibroblast (HSF) cells (Hunan
Fenghui Biotechnology Co., Ltd, China) were seeded into
96-well plate at 5000 cells /well, and cultured in PCH
extract with different concentration of 100%, 50%, 25%
and 12.5%. Cells cultured in DMEM/F12 medium served
as control. After cell culture for 24—48 h, 10 uL CCK-8
solution (Beyotime, China) was added into each well and
incubated at 37 °C for 2 h. The absorbance at 450 nm of
each well was measured by Microplate Readers (Thermo
Fisher Scientific). And the relative cell viability was calcu-
lated by:

A

1 x 100%

Cell viability =

where A, and A_ represent the absorbance of the test
sample and the control group, respectively.

In vivo monitoring during diabetic wound healing

All animal experiments were performed with approval
by the Institutional Animal Care and Use Commit-
tee of Wuhan University (IACUC, No. WP20230449).
C57BL/6 mice (male, ~ 20 g) were raised in an SPF envi-
ronment. Diabetic mice model was induced by intraperi-
toneal injection of streptozotocin (STZ, Sigma-Aldrich)
at a dose of 100 mg/kg for three times according to our
empirical experience [22, 39, 42]. The tail vein blood glu-
cose levels were continuously monitored, and diabetic
mouse model was successfully created when blood glu-
cose surpassed 16.6 mM.
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Afterwards, the dorsal of diabetic mice was shaved, and
a round wound injury with a diameter of 6 mm was cre-
ated on the dorsal of mice using a biopsy punch. Differ-
ent hydrogels, including double network PCHs, PAM-PR
and PAM-B were applied to cover the wound sites. The
color changes of the hydrogels were photographed for
image analysis, and different biomarker levels (including
glucose, pH and temperature) were calculated accord-
ing to the color information of the hydrogels as above
described.

During diabetic wound healing, the wounds were cov-
ered with double network PCHs, DuoDerm® wound
dressing (ConvaTec, UK) as a positive control, and left
untreated as a negative control (n=7). The wounds were
daily photographed during healing process, and the
wound areas were measured by Image ] software (NIH,
USA).

Statistical analysis

For in vitro experiments, at least three repetitions were
used for each group, and the experiments were replicated
at least three times. For in vivo study, at least 5 mice were
used for each group. Data were presented as mean+stan-
dard deviation (SD). Statistical analysis was performed
using Student’s t-test for two groups by Origin software
(OriginLab, MA, USA). Data were considered as statisti-
cally significant difference when P value of <0.05 versus
the indicated groups, and as not significant when P value
of >0.05.

Results and discussion

Preparation and characterization of silica PC structure
First, periodic PCs with different structural colors were
prepared prior to the fabrication of functional PCHs.
With an improved horizontal deposition method in our
previous report [41], PC structures with different macro-
scopic structural colors from red to blue were obtained
by fast self-assembly of silica nanoparticles with different
sizes within 4 h (Fig. 2a). Specifically, the structural col-
ors of the obtained PCs were modulated by the diffracted
wavelength (A) of the reflected light, which obeys Bragg
equation:

nA = 2dsinf

where 7 is the diffraction number, d represents the mini-
mum period of the structure, and 6 is the angle between
the incident light and the diffraction plane.

According to the Bragg equation, when the observa-
tion angle 6 was fixed, the diffracted wavelength A of
the reflected light was only proportional to the period d.
Therefore, the macroscopic structure colors of PCs can
be regulated simply by changing the particle sizes of silica
nanoparticles. When the diameter of silica nanoparticles
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varied from 320 nm, 300 nm, 260 nm, 250 nm to 240 nm,
the macroscopic structural colors of the obtained PCs
appeared from red, yellow, green, light blue to blue,
respectively (Fig. 2a). Accordingly, the reflection spectra
of the obtained PCs demonstrated the differences in the
reflected lights (Fig. 2b). The peak wavelengths changed
from 618 nm to 597 nm, 572 nm, 505 nm, 489 nm, and
451 nm (Fig. 2b), and the peak positions were in accor-
dance with the Bragg equation.

Moreover, SEM images of the obtained PCs demon-
strated that the self-assembled silica were closely packed
into periodic structure (Fig. 2¢;), with a thickness of about
7 pum, which consisted of 10 layers of silica nanoparticles
(Fig. 2¢;;). The periodic structure induced strong reflected
lights, moreover, with the regulation of periodic param-
eters of silica nanoparticles, different structural colors of
PCs were achieved (Fig. 2a-b). Additionally, SEM images
also revealed the tightly arranged PC structure obtained
from silica nanoparticles with different sizes (Fig. S1),
which corresponded to different macroscopic structural
colors of PCs (Fig. 2a).

Preparation and characterization of glucose-responsive
hydrogels

Single network and double network PCHs were sub-
sequently developed based on the above PC structure,
by infiltration of glucose-responsive AA-AM-AFPBA
hydrogels (Fig. 1la-b) into the interstitial space of the
PCs (Fig. 1c) or into the inverse opal structure of PCs
(Fig. 1d), respectively.

Briefly, acrylic acid (AA), acrylamide (AM) and glu-
cose-responsive molecule of AFPBA [38-40], which has
specific affinity to glucose [43], were copolymerized via
radical polymerization as well as hydrogen bonding, to
obtain glucose-responsive AA-AM-AFPBA hydrogels
(Fig. 1a). Based on the reversible binding of phenylbo-
ronic acid of AFPBA molecule with the cis-diol group
of glucose (Fig. 1b) [38, 39, 43], the obtained AA-AM-
AFPBA hydrogel was able to exhibit reversible swelling
changes according to different glucose levels in physio-
logical range. In higher glucose concentration, more glu-
cose competed with the boronated species to form cyclic
boronate esters, resulting in larger swelling of AA-AM-
AFPBA hydrogels (Fig. S2). The higher the glucose con-
centrations, the greater the swelling of the hydrogels (Fig.
S2a), the swelling of AA-AM-AFPBA hydrogel increased
from 100.8% + 1.5%—205.4% * 1.2% when the glucose
solutions increased from 0 to 26.4 mM (Fig. S2b). More-
over, the glucose response behavior of AA-AM-AFPBA
hydrogels was reversible. When the glucose concentra-
tions decreased from 26.4 mM to 0 mM, the swelling
of AA-AM-AFPBA hydrogels decreased from 205.4% =+
1.2%-101.4% * 2.1%, almost returned to the original sizes
(Fig. S2a). Meanwhile, the weight of AA-AM-AFPBA
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Fig. 2 Characterization of fast self-assembled photonic crystals (PCs). (@) Optical images of PCs obtained using silica nanoparticles with diameters of
320 nm, 300 nm, 260 nm, 250 nm and 240 nm, respectively. The bottom bar corresponds to the visible light spectrum with indicated wavelengths. (b)
Normalized reflection spectra of PCs obtained with silica nanoparticles of diameters of 320 nm, 300 nm, 290 nm, 260 nm, 250 nm and 240 nm, respec-
tively. (c) Representative SEM images of PCs in the front view (i) and in the side view (i)

hydrogels changed accordingly (Fig. S2c). The higher
the glucose concentration, the greater the weight of the
hydrogels (Fig. S2c). The relative weight of the hydrogels
increased from 100.8% + 3.4%—-205.4% * 4.6% when the
glucose solution increased from 0 mM to 26.4 mM (Fig.
S2c), and the relative weight of the hydrogels decreased
to 101.0% + 3.4% when glucose concentration returned to
0 mM (Fig. S2c). Benefiting from the reversible glucose
response, the integration of AA-AM-AFPBA hydrogels
with PCs with intuitive structural colors therefore has
good potentials for visual monitoring of glucose in the
range of physiological levels.

Preparation and characterization of PCHs

Single network PCHs were developed with the infiltra-
tion of glucose-responsive AA-AM-AFPBA hydrogels
into the interspace of silica PC structures under capil-
lary force, followed by polymerization under 60 °C for 1 h

(Fig. 1¢;_j). Further, the removal of silica nanoparticles by
hydrofluoric acid (HF) etching resulted in an inverse opal
structure of AA-AM-AFPBA hydrogels (Fig. 1c;). Simi-
larly, an inverse opal structure of non-glucose-responsive
AA-AM hydrogels was prepared (Fig. 1d;_;). Further,
double network PCHs were prepared by the infiltration
of glucose-responsive AA-AM-AFPBA hydrogels into the
empty space of inverse opal structure of AA-AM hydro-
gels (Fig. 1d;;), followed by photopolymerization under
UV irradiation for 3 min.

SEM images were used to characterize the prepa-
ration process of single network and double network
PCHs. First, SEM images revealed the infiltration of AA-
AM-AFPBA or AA-AM hydrogels into the gap of silica
nanoparticles (Fig. 3a and c). After etching by HE, the
silica nanoparticles disappeared, leading to respective
hydrogels with in situ nanopores (Fig. 3b and d), which
proved the inverse opal structure of AA-AM-AFPBA or
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the strain was set as 200%

AA-AM hydrogels, respectively. The opal structure and
inverse opal structure of both hydrogels exhibited good
periodic structure before and after etching (Fig. 3a-
d). After secondary crosslinking (Fig. 1d;;), SEM image
showed a uniform morphology of the composite hydro-
gels (Fig. 3e), indicating the successful infiltration and
binding of AA-AM-AFPBA into the inverse opal struc-
ture of AA-AM hydrogels.

The mechanical properties of the obtained single net-
work and double network PCHs were characterized by
tensile tests. The single network PCHs exhibited a ten-
sile strength of 33.8 + 0.6 kPa, with a maximum strain
of 454.1% + 0.9% (Fig. 3f). Compared to single network
PCHs, double network PCHs showed an increased
tensile strength to 53.6 + 0.8 kPa, but with a slightly
decreased elongation to 398.6% + 1.4% (Fig. 3f). Further,
the mechanical properties of the PCHs were evaluated by
cyclic tensile tests. After 10 cycles of stretching with an
elongation of 200%, both single network and double net-
work PCHs retained a stable tensile property (Fig. 3g).

In double network PCHs, AA-AM-AFPBA and
AA-AM skeleton themselves were crosslinked in the
opal and inverse opal structure of PCs (Fig. 1d;;), respec-
tively, moreover, AA-AM-AFPBA and AA-AM were
copolymerized at their interface via radical crosslinking
and hydrogen bonding (Fig. 1dy;) [39, 43], forming a bulk

). (f) Tensile property of single network and double network PCHs. (g) Cyclic tensile properties of PCHs during 10 tensile cycles,

hydrogel network, which contributed to the increased
tensile strength and slightly decreased elongation at
break as compared to the porous structure of single net-
work PCHs. Moreover, abundant hydrogen bonds existed
in AA-AM and AA-AM-AFPBA skeletons, as well as at
their interface (Fig. 1d;;), which enhanced the cohesion
of double network PCHs [44, 45], and the reorganization
of hydrogen bonding and dynamic chain segment motion
led to the enhanced mechanical strength of double net-
work PCHs [46-438].

Overall, both single network and double network PCHs
exhibited a tensile strength of greater than 30.0 kPa, and
showed good elasticity and durability against external
forces, which is beneficial for potential application as dia-
betic wound dressing.

Visual glucose monitoring of PCHs

Based on the above excellent structural colors and
mechanical properties of the PCHs, the glucose respon-
sive performance and visual readout of glucose by PCHs
was investigated, since glucose monitoring is especially
critical in diabetic wounds, which can reflect the blood
glucose levels and serve as a prognostic indicator for
diabetes [5]. For double network PCHs, the structural
colors of PCHs became stable after 15 min upon reac-
tion with glucose solutions (Fig. S3a). When the glucose
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concentration increased from 0 to 26.4 mM, the struc-
tural color of blue PCHs gradually changed from blue
to green (Fig. 4a), and the green PCHs gradually shifted
from green to red colors (Fig. 4b), both PCHs exhibited a
red shift in structural colors. In contrast, as the decrease
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structural color of blue PCHs gradually returned from
green to blue (Fig. 4a), and the green PCH gradually
returned from red to green (Fig. 4b), the structural color
of both PCHs underwent a blue shift. When immersed
in a higher concentration of glucose solutions, double

of glucose concentrations from 26.4 mM to 0 mM, the network PCHs exhibited a larger swelling due to the
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Fig. 4 Glucose response of double network PCHs. (a-b) Optical images of blue PCHs (a) and green PCHs (b) reacted with different glucose solutions from
0to 13.2 mM, 264 mM, and back to 13.2 mM and 0 mM. (c) Hue circle with indicated hue values at corresponding positions. (d-e) Hue value changes of
blue PCHs (d) and green PCHs (e) corresponding to changes in (a) and (b), respectively. (f) Hue value changes of blue PCHs during cyclic glucose response
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glucose-responsive AA-AM-AFPBA motifs (Fig. S3b).
According to Bragg equation, the increased distance in
the diffraction planes therefore led to a redshift of the
double network PCHs (Fig. 4a-b). In contrast, when
immersed in a lower contraction of glucose solutions,
the swelling of PCHs gradually decreased (Fig. S3a), the
decrease in the diffraction planes resulted in a blueshift
of the PCHs back to their original colors (Fig. 4a-b). The
above result proved the good glucose sensitivity and
reversibility of the double network PCHs.

Further, to better interpret the structural color changes
of PCHs during glucose response, we used hue value of
colors for characterization [36, 41]. Hue values were
expressed from 0° to 360° on the color wheel, for example,
0°, 120° and 240° correspond to red, green and blue col-
ors (Fig. 4c). With the increase of glucose concentration
from 0 to 26.4 mM, the hue value of blue PCHs gradually
changed from 173.0° £+ 3.7° to 62.0° £+ 4.2° (Fig. 4d), and
the hue value of green PCHs varied from 160.0° = 6.1° to
-70° + 5.6° (Fig. 4e). It is worth noting that the hue value
changes for green PCHs (AH=230°) was larger than that
of blue PCHs (AH=111°). When immersed the PCHs
in glucose solutions ranging from 26.4 mM to 0 mM,
the hue values of both blue and green PCHs gradually
increased and returned to their original values (Fig. 4d-
e), proving the reversible glucose response of double
network PCHs. Based on the above results, we were able
to achieve visual monitoring of glucose in physiological
levels, according to the intuitive structural colors and the
hue values of the double network PCHs (Fig. 4a-e).

Moreover, we investigated the cyclic glucose response
of double network PCHs. Taking double network PCHs
with blue structural color for an example, the PCHs
exhibited cyclic changes between blue and green colors
during the cyclic changes of glucose solutions, and the
hue values of PCHs shifted between 172.0° £ 5.5 ° and
60.0° + 4.5° (Fig. 4f), indicating a stable and repeatable
response of double network PCHs during cyclic glucose
changes. The reversible and stable glucose response with
visual color transitions is important for application in
wound-monitoring dressing.

Comparison of visual glucose monitoring of PCHs

We also investigated the glucose response and visual
readout performance of single network PCHs in dif-
ferent glucose solutions. Similar to the double network
PCHs, the single network PCHs also exhibited a visual
glucose response upon different glucose concentra-
tions (Fig. S4a-b), and this visual response was revers-
ible (Fig. S4c-d) and stable during cyclic glucose changes
(Fig. S4e). Compared to previous report, single network
PCHs was prepared with 3-acrylamidophenylboronic
acid (APBA) crosslinked with ethylene glycol dimethyl
acrylate (EGDMA) [49], visual monitoring of glucose was
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achieved in a target ionic-strength solutions with pH>9
but not at pH<7, with a detection range of glucose var-
ied from 0 to 9 mM [49]. Here, visual glucose monitor-
ing was realized in physiological pH conditions (pH~7)
and physiological range of glucose levels (0~26.4 mM)
(Fig. 4, Fig. S4), making the PCHs more suitable for prac-
tical application.

For both single network and double network blue
PCHs, the structural colors of both PCHs changed from
blue color to green color during the glucose response
(Fig. S3a, inserted images). After glucose reaction, the
swelling ratio of double network PCHs was slightly
higher than that of single network PCHs (Fig. S3b), but
the changes of hue values of single network PCHs was
slightly larger than that of double network PCHs (Fig.
S3c). However, with naked eyes, it was difficult to distin-
guish their difference in structural colors at the start and
at the end of glucose reaction (Fig. S3a, inserted images).
With naked eye observation, their glucose response
speed was different. The glucose response of single net-
work PCHs was completed in about 30 min, whereas this
response of double network PCHs was shortened into
15 min (Fig. S3a), with an increased speed of twice to the
end of glucose reaction.

To interpret the difference of this phenomenon, we
analyzed the relative volume of glucose-responsive motifs
in both single network and double network PCHs. In the
self-assembled, tightly arranged PC structures (Fig. 2c,
Fig. S1), if silica nanoparticles were ideally arranged into
simple cubic structure, body-centered cubic (BCC) struc-
ture or face-centered cubic (FCC) structure, the relative
volume of silica nanoparticles was 52%, 68% and 74%,
respectively (Table S1) [50]. Therefore, the relative vol-
ume of glucose-responsive motifs of AA-AM-AFPBA
hydrogels in double network PCHs was in the range of
52% ~ 74% (Table S2). In contrast, the relative volume of
glucose-responsive motifs of AA-AM-AFPBA hydrogels
in single network PCHs ranged in 48% ~ 26% (Table S2).
The higher volume fraction of AA-AM-AFPBA hydrogels
in double network PCHs probably contributed to a faster
glucose response compared to the single network PCHs
(Fig. S3a). Therefore, double network PCHs were selected
for next in vivo study in animals.

Preparation and characterization of pH-responsive
hydrogels

Besides, we developed pH-responsive hydrogels and
investigated their reaction activity upon different pH
environments, since pH level is important biochemi-
cal marker involved in many physiological processes in
the body, such as inflammation, infection, and wound
remodeling [25]. Here, we developed alkaline-responsive
hydrogels by polymerization of AM in which incorpo-
rated with an alkaline indicator of phenol red (PAM-PR)
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at 60 °C for 1 h. After successive immersion into solu-
tions with pH from 7.0 to 9.0, PAM-PR hydrogels exhib-
ited visible pH-responsive color changes, and the colors
rapidly changed from yellow (pH 7) to red (pH 9) (Fig.
S5a), corresponding to hue value changing from 38.0° £
0.8° to -5.0° £ 1.2° (Fig. S5b), and the color transition was
completed in 5~15 s. When the pH value of solutions
decreased from 9.0 to 7.0, PAM-PR hydrogels rapidly
returned from red to yellow colors (Fig. S5a), accord-
ingly, the hue values changed from —5.0° £ 1.2° back to
40.0° £ 1.4° (Fig. S5b). These results proved that PAM-PR
hydrogels not only achieved immediate pH response, but
also this response was reversible. Moreover, PAM-PR
hydrogels showed good stability and repeatability of pH
response during 5 cycles of pH variation from 7.0 to 9.0
(Fig. S5¢).

Meanwhile, acidic-responsive hydrogels were pre-
pared by polymerization of AM incorporated with an
acidic indicator of bromophenol blue (PAM-BB). When
PAM-BB hydrogels were successively immersed in
acidic solutions with pH 3.5 and 5.0, the colors of PAM-
BB hydrogels rapidly changed from yellow to dark blue
within 5~15 s (Fig. S5d), corresponding to the hue val-
ues changing from 52.0° £ 0.6° to 228.0° £ 2.5° (Fig. S5e).
When PAM-BB hydrogels were immersed back in solu-
tions with pH from 5.0 to 3.5, PAM-BB hydrogels rapidly
changed back from dark blue to yellow colors (Fig. S5d),
corresponding to the hue values changing from 228.0° £
2.5° to 54.0° £ 1.6° (Fig. S5e). Therefore, PAM-BB hydro-
gels realized reversible pH response in an acidic environ-
ment. Similarly, PAM-BB hydrogels also showed good
stability of pH response over cyclic pH changes (Fig. S5f).
Based on the above results, we can monitor and calcu-
late the pH levels of diabetic wounds, due to the color
changes or hue values of PAM-BB or PAM-PR hydrogels
(Fig. S5).

Preparation and characterization of temperature-
responsive hydrogels

We also developed temperature-responsive functional
hydrogels and investigated their reaction upon different
temperature, since body temperature is one of the key
vital signs, and wound temperature plays a fundamen-
tal role in infection and healing process [51]. Tempera-
ture-responsive hydrogels were prepared using AM with
incorporation of either blue or green thermochromic
powders with a critical temperature of 38 °C, named as
PAM-B and PAM-G, respectively.

PAM-B hydrogels exhibited blue color at room tem-
perature up to 37 °C (Fig. S6a, Fig. S7a). The color of
PAM-B hydrogels rapidly changed from blue to color-
less within 15 s when the temperature reached 38 °C and
above, and changed from colorless to blue when the tem-
perature decreased to below 38 °C, which illustrated the
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reversible temperature response of PAM-B hydrogels.
We then transformed the visual images into RGB (red,
green, blue) for analysis. During color changes, the values
of three RGB channels changed in a similar trend. How-
ever, the red channel showed the most significant change,
therefore was used to characterize the color change dur-
ing temperature response. The changes in RGB values
also showed a stable temperature response of PAM-B
hydrogels during cyclic temperature changes (Fig. S6b-
¢), which demonstrated the stability of PAM-B hydrogel
responded to temperature.

PAM-G hydrogels with green thermochromic pow-
ders was colorless at room temperature up to 37 °C (Fig.
S6d, Fig. S7b), and rapidly changed from colorless to
light green within 15 s when reached the critical tem-
perature of 38 °C, and further changed to green when
the temperature further increased to 40 °C (Fig. Séd),
with RGB values in red channel decreased from 167.0 +
1.6 to 118.0 + 1.3 (Fig. S6e). In contrast, when the tem-
perature decreased from 40 °C to 37 °C, the color of the
PAM-G hydrogel returned to colorless (Fig. S6d), with
RGB values in red channel returned to 164.0 £+ 2.5 (Fig.
S6e). Meanwhile, PAM-G hydrogels also showed stable
temperature response during cyclic temperature changes
(Fig. S6f). The above results suggested the potentials of
PAM-B and PAM-G hydrogels in terms of visual moni-
toring of temperature, due to their reversible and stable
color changes in response to temperature.

To exclude the effects of temperature and pH on the
glucose-responsive AA-AM-AFPBA hydrogels, AA-
AM-AFPBA hydrogels were immersed in high-temper-
ature (Fig. S8a), acidic (Fig. S8b), or alkaline (Fig. S8c)
environments for reaction. Compared to the control of
neutral environment at room temperature (25 °C), the
volume of AA-AM-AFPBA hydrogels did not change sig-
nificantly after 30 min immersion in high temperature,
acidic or alkaline environments (Fig. S8), indicating that
the responsiveness of AA-AM-AFPBA hydrogel was not
affected by temperature and pH values.

Detection performance of multiple bioindicators

Based on the above results, different modules of hydro-
gels can be integrated together to achieve detection of
multiple bioindicators at the same time.

First, four different hydrogels (PCHs, PAM-BB, PAM-
PR and PAM-B) for respective detection of glucose,
acidic, alkaline and high-temperature environments were
bonded together using medical glue (Fig. S9a). In an envi-
ronment of 0 mM glucose and pH 7.0 at room tempera-
ture (25 °C), PCHs showed blue structural color due to 0
mM glucose (Fig. S9a), PAM-B hydrogel was in blue color
due to room temperature (Fig. S9a), PAM-BB and PAM-
PR hydrogel showed light green and orange, respectively,
due the neutral environment (Fig. S9a).



Yang et al. Journal of Nanobiotechnology (2024) 22:618

Similarly, three different hydrogels (PCHs, PAM-PR
and PAM-B) were bonded together for respective detec-
tion of glucose, alkaline and high-temperature envi-
ronments (Fig. S9b-c). In an environment of increased
glucose concentration (26.4 mM) and elevated tempera-
ture (38 °C), PCHs switched to green structural color
due to 26.4 mM glucose (Fig. S9b), and PAM-B hydro-
gel became colorless due to high temperature (38 °C)
(Fig. S9b), meanwhile, the color of PAM-PR hydrogel
remained orange due to unchanged neutral environment.

Further, keeping the same glucose levels (26.4 mM) and
temperature (38 °C) of the environment, whereas the pH
increased to 8.5 (Fig. 9b-c), the color of PAM-PR hydro-
gel shifted to red due to alkaline environment (Fig. S9c),
and the colors of PCHs and PAM-B hydrogel were stable
due to the unchanged glucose levels and temperature
(Fig. S9¢).

The above results proved the independent response
of each hydrogel module (Fig. S9), where the glucose
response of PCHs was not affected by pH changes and
temperature change, the alkaline response of PAM-PR
hydrogel was not influenced by temperature and glu-
cose levels, whereas the temperature response of PAM-B
hydrogel was not affected by pH change as well as glu-
cose changes.

Cell compatibility of PCHs

Cell compatibility of PCHs were evaluated using CCK-8
assay with HSF cells. After incubation with different
concentration of PCH hydrogel extracts, cell viability of
all groups was higher than 85% after 24—48 h incuba-
tion (Fig. S10a-b). Even with incubation with 100% PCH
hydrogel extract, the cell viability was still as high as 92.6
+ 8.9% and 88.0 + 6.8% after 24 h and 48 h incubation,
respectively (Fig. S10a-b). This result indicated good cell
compatibility of PCHs.

In vivo monitoring performance of hydrogels on diabetic
wounds
Further, the in vivo visual monitoring of different bio-
markers by functional hydrogels were investigated using
a full-thickness wound model in diabetic mice. Due to the
small wound area on the dorsal of mice, it was difficult
to place multiple hydrogel modules onto the wound site
at the same time. Therefore, different modules of hydro-
gels were separately applied onto the diabetic wound
sites (Fig. S11), for the visual monitoring of physiological
biomarkers including glucose levels, pH values and tem-
perature separately during diabetic wound healing pro-
cess. These biomarkers from wounds were monitored by
hydrogel dressing and calculated according to the above
methods in vitro.

Double network PCHs were applied on the diabetic
wounds and removed after 15 min for visualization. After
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application to the diabetic wounds at day 0, the color of
the blue PCHs changed from blue to green (Fig. 5a), the
color was red-shifted, indicating hyperglycemia condi-
tion at diabetic wounds (Fig. 5b). Similarly, when applied
to the diabetic wounds at day 0, PAM-PR hydrogel imme-
diately changed from yellow to red colors (Fig. 5¢), indi-
cating an alkaline environment in diabetic wounds at
day O (Fig. 5d). Meanwhile, when applied to the diabetic
wounds at day 0, PAM-B hydrogels rapidly changed from
blue to colorless (Fig. 5e), indicating a temperature over
38 °C at the diabetic wounds (Fig. 5f). The results showed
that all three functional hydrogels can achieve the detec-
tion of respective physiological indicators of glucose
levels, pH levels and temperature at the created diabetic
wounds.

Furthermore, the visual monitoring of different physi-
ological biomarkers during diabetic wound healing pro-
cess were recorded. During diabetic wound healing,
glucose levels at diabetic wounds characterized by double
network PCHs slightly decreased from 19.6 £ 0.1 mM to
19.0 £ 0.1 mM from O to 4 days post injury (Fig. 5b), the
glucose levels measured by PCHs were consistent with
the glucose levels measured from tail vein blood (Fig. 5b).
For healthy body, normal blood glucose values range
from 3.9 to 6.1 mM during fasting and up to 7.9 mM at
2 h after meal. For diabetic body, fasting blood glucose
exceeds 7.0 mM and 2-hour post-meal blood glucose
exceeds 11.1 mM. During diabetic healing process, the
wound glucose levels detected by the PCHs varied from
19.0 £ 0.1 mM to 19.6 £ 0.1 mM (Fig. 5b), this result was
in consistent with the diabetic mouse model with a cri-
teria of blood glucose level 16 mM, proving hyperglyce-
mia during wound healing process. Previously, optical
zwitterionic poly-carboxybetaine (PCB) hydrogel dress-
ing was developed for glucose monitoring [8], and the
glucose concentration of diabetic wounds in mice stayed
stable at approximately 3.8 mM [8], which was far away
from blood glucose concentrations. Comparably, our
PCH dressing gave a more accurate wound glucose levels,
which were consistent with physiological blood glucose
levels.

The pH values of wounds in both control and dia-
betic mice were also measured by PAM-PR during heal-
ing process. From day O to day 4, the pH of diabetic
wounds monitored by PAM-PR was in the range of 8.60 +
0.05~8.70 £ 0.04, whereas the wound pH in healthy mice
measured by PAM-PR hydrogels was 8.70 + 0.03 ~8.90
+ 0.04 (Fig. 5d). In general condition, the normal skin
is weakly acidic with a pH about 4 ~6, which supports
the natural barrier function to resist microbial invasion.
However, diabetic wounds were usually alkaline at a
pH above 8 [52, 53], which were vulnerable to bacterial
infections. The application of PAM-PR hydrogels dem-
onstrated an alkaline environment (pH from 8.6 ~8.7) at
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Fig. 5 In vivo monitoring of multiple biomarkers by functional hydrogels during diabetic wound healing. (a) Glucose response of double network PCHs
before and after application to diabetic wound sites. (b) Glucose levels in diabetic wounds monitored by PCHs from 0 to 4 days post injury. Tail vein blood
glucose levels was measured as control. (c) pH response of PAM-PR hydrogels before and after application to diabetic wounds. (d) Tracking of pH changes
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diabetic wounds during early stage of healing (Fig. 5d).
Our result was also in accordance with previous reported
data, where wound pH measured by PCB significantly
increased to alkaline (pH 7.5~9.0) at an early stage
of diabetic wounds [8]. However, due to the gradually
healed wound process, fewer and fewer wound exudate
resulted in difficulty in further monitoring of wound pH
by PAM-PR hydrogels during late stage of wound healing.
Meanwhile, the temperature of wounds in both con-
trol and diabetic mice were measured by PAM-B hydro-
gels during healing process. From 0 to 4 days post injury,
the wound temperature of diabetic mice 38.70 £+ 0.04 °C
to 38.90 £ 0.03 °C, closed to the wound temperature of
healthy mice varying from 38.60 + 0.04 °C to 38.70 *
0.03 °C (Fig. 5f). It's known body temperature in healthy
individuals is ideally around 36 °C to 37 °C. However,
diabetic wound temperature was widely variable depend-
ing on wound etiology and wound locations [54]. Previ-
ous studies reported an average wound temperature of
32.7 °C of diabetic foot ulcers in week 1 [51], whereas the
surface temperature of an infected wound ranged from
38 °C to 42 °C [55]. Herein, PAM-B hydrogels can sen-
sitively detect the high temperature (from 38.6 ~38.9 °C)
at the early stage of healing, indicating an infection and
inflammatory response presented in diabetic wounds.
We also monitored the diabetic wound healing pro-
cess. Diabetic wounds in mice were covered with differ-
ent dressing groups, including double network PCHs,

commercialized DuoDerm® dressing as positive control,
and left untreated as negative control. Both DuoDerm®
dressing and control groups showed similar healing
process in mice, and diabetic wounds were completely
healed at day 15. At the early stage of healing from day
0 to day 6, wound healing in PCHs was slower compared
to the control and DuoDerm® (Fig. S12a-b). From day 6
post injury, wound healing in PCHs accelerated, and the
difference of wound areas among three groups became
smaller (Fig. S12b). From day 8 to day 15, the wound
areas of three groups further decreased, and showed
similar wound areas (Fig. S12b). On day 15, the relative
wound areas treated by control group, DuoDerm® and
PCHs were 1.23 + 0.08%, 0.85 £ 0.05% and 1.60 + 0.10%,
respectively (Fig. S12a), and no significant difference of
wound areas was found among them (Fig. S12b), indicat-
ing the comparable healing activity of PCHs similar to
DuoDerm?® at the final stage of healing process. In addi-
tion, the body weight of diabetic mice slightly decreased
without significant difference for different treatment
groups (Fig. S12c¢), suggesting non-significant toxicity in
vivo of PCHs comparable to the commercialized Duo-
Derm?® dressing.

Conclusion

In conclusion, we developed a functional hydrogel system
for in situ visual monitoring of multiple indicators of dia-
betic wounds, and successfully validated their ability for



Yang et al. Journal of Nanobiotechnology (2024) 22:618

visual monitoring of glucose levels, pH and temperature
in vitro and in vivo in diabetic mice. For glucose moni-
toring, single network and double network PCHs was
obtained based on PCs with intuitive structural colors
and polymerization of acrylamide, acrylic acid and glu-
cose-responsive AFPBA molecules. Both single network
and double network PCHs exhibited good mechanical
properties, and showed reversible and stable response to
glucose solutions with visual color changes, where double
network PCHs showed a twice faster glucose response
than single network PCHs. The PCHs were successfully
applied on the diabetic wounds in mice for quantitative
feedback for in vivo glucose levels, and the wound glucose
levels monitored by PCHs (19.0~19.6 mM) was com-
parable with tail vein blood glucose testing. Meanwhile,
pH-responsive and temperature-responsive hydrogels
were obtained from polymerization of acrylamide sup-
plemented with acid-base indicators or thermochromic
powders, respectively. PAM-PR hydrogels showed good
pH response with sensitive color changes in vitro, and
demonstrated an alkaline wound environment at diabetic
wounds (pH 8.6~8.7). In addition, PAM-B hydrogels
showed significant color changes when reached a criti-
cal temperature of 38 °C, and demonstrated an increased
temperature (38.7~38.9 °C) in diabetic wounds. This
multifunctional hydrogel system is important for inter-
vention and indication of the physiological states of dia-
betic wounds with a convenient and direct visual readout
with naked eyes, allowing for easier readout of the levels
of wound indicators. This system provides an effective
and visual monitoring during diabetic wound healing,
and has potentials toward the development of the next
generation of digitally visualized wound dressings. More-
over, the future integration of visual monitoring system
with therapeutic delivery system is advantageous for
both continuous monitoring and accelerated healing of
diabetic wounds, and has great potential applications in
wound care and wound management.
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