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ABSTRACT: Poorly healing and nonhealing diabetic wounds are challenging
to treat as the rapid growth of bacteria due to the high local glucose content
can lead to persistent inflammation and poor angiogenesis. Herein, a smart
hydrogel dressing composed of 3,3′,5,5′-tetramethylbenzidine/ferrous ion/
Pluronic F-127/glucose oxidase (TMB/Fe2+/PF127/GOx) is designed and
demonstrated to consume blood glucose while accelerating wound healing by
generating antibacterial agents in situ. The loaded GOx degrades blood
glucose to provide hydrogen peroxide (H2O2) and gluconic acid to support
the Fe2+-based Fenton reaction, and the generated hydroxyl radical (·OH)
facilitates the oxidation of TMB. The color change from colorless to green
caused by the oxidation of TMB in the blood glucose range between 1 and 10
mM can be monitored visually. Simultaneously, this process induced
chemodynamic therapy (CDT) by the specific generation of hydroxyl radical
(·OH) for killing bacteria. Moreover, the oxidized TMB shows strong
absorption in the near infrared (NIR) region so that NIR light can be converted into heat efficiently for photothermal therapy
(PTT). As a result, nearly 100% of Staphylococcus aureus and Escherichia coli are killed by synergistic PTT/CDT, and the infected
skin wounds undergo complete repair along with downregulation of interleukin-6 (IL-6) and upregulation of the vascular endothelial
growth factor (VEGF) and matrix metallopeptidase-2 (MMP-2). Different from traditional wound dressings that can give rise to
secondary injury, the excellent thermosensitive properties arising from the sol/gel phase transition render the hydrogel dressing
materials injectable, self-reparable, and removable on demand. The multifunctional hydrogel with hypoglycemic, chemodynamic,
photothermal, antibacterial, and on-demand thermosensitive properties has immense potential in the treatment of diabetic wounds.
KEYWORDS: diabetic wound, smart hydrogel dressing, glucose depleting, activatable antibacterial agent, photothermal therapy,
chemodynamic therapy

1. INTRODUCTION
Nonhealing diabetic wounds that are challenging to treat
constitute one of the common complications for diabetic
patients due to acute and repetitive bacterial infection and even
nontraumatic amputation.1−4 A high level of blood glucose is
known to be an important factor delaying wound healing
because it provides a nutrient for bacterial and viral
reproduction.5−7 In addition, prolonged hyperglycemia can
lead to the accumulation of advanced glycation end-products
(AGEs) that reduce the secretion of multiple growth factors
and in turn lead to continuous inflammatory and poor
angiogenesis.8−10

Dressings are basic to wound treatment for diabetic
patients.11,12 It has been shown that a moist environment in
vivo promotes the migration and reproduction of epidermal
cells and it is significantly better than wound healing in a dry
environment.13 Traditional dressings including a dry gauze, oil
gauze, cotton pad, and bandage play a passive role to isolate
wounds but impose no direct effects on wound healing.14 To

facilitate “wet healing”, a series of modern new dressings such
as water colloid and alginate have been developed.15,16

Hydrogels as a class of materials with three-dimensional
network properties have also been used in wound dressings
due to favorable swelling, biocompatibility, hygroscopicity,
moisture retention, and similarity to biological soft tis-
sues.17−21 However, they are difficult to remove with a
potential risk of secondary injury on the wound. To facilitate
the on-demand change of fresh dressings, thermosensitive
hydrogels based on the liquid to solid to liquid transition by
controlling the temperature are attractive for the treatment of
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diabetic wounds because of the injectability to cover large-area
and irregular wounds.22,23

To accelerate wound healing in diabetic patients, modern
dressings with enhanced mechanical, biological, and chemical
properties are required. They must also carry drugs such as
those for blood glucose regulation and antibacterial activ-
ity.24−29 To downregulate blood glucose in local wounds,
dressing strategies such as patches for insulin release and
carriers with glucose oxidase (GOx) for in situ/in vivo
consumption of blood glucose have been proposed.23,30−32

Moreover, antibiotics are commonly administered to treat
wound infections, but drug resistance and biofilms can
adversely affect the healing of diabetic wounds.33−36 The
photonic-mediated approach such as photothermal antibacte-
rial therapy has emerged to be an alternative to antibiotics.
Photothermal therapy (PTT) agents such as noble metal
nanoparticles (Au, Cu), transition metal chalcogenides (CuS,
WS2), and carbon-based nanomaterials (carbon nanotubes,
graphene) have been proposed.37 Nevertheless, the high local
temperature caused by PTT can interfere with other bioactive
drugs such as GOx, and therefore, better PTT agents are
important.38 Moreover, photothermal antibacterial efficacy
might be restricted to some extent by the low efficiency of
photothermal conversion and inhomogeneous distribution of
hyperthermia. Chemodynamic therapy (CDT) based on the
Fenton reaction to catalyze H2O2 to generate highly toxic ROS
for efficient killing bacteria, displaying merits of diabetic
wound’s specificity with cascade catalytic blood glucose, and
depth independence.39,40 Therefore, developing a glucose-
activated multimodal CDT/PTT agent with reducing glucose
and monitoring the glucose level simultaneously is imperative
for accelerating diabetic wound healing.41−45

Herein, the Pluronic F-127 (PF127) thermosensitive
hydrogel dressing combining the capabilities of colorimetric
glucose sensing and glucose-activated chemodynamic/photo-
thermal functions is designed and demonstrated for simulta-
neous glucose monitoring and antimicrobial therapy to
accelerate diabetic wound healing. As shown in Figure 1A,
3,3′,5,5′-tetramethylbenzidine (TMB) is used as an inter-
mediate bridge to synthesize the TMB/Fe2+/PF127/glucose
oxidase (GOx) hydrogel. TMB has been used as the
chromogenic substrate in glucose colorimetric analysis due to
the noncarcinogenicity and nonmutagenicity.46,47 The color-
less TMB is converted into oxidized TMB when the TMB/
Fe2+/PF127/GOx hydrogel is applied as the wound dressing
for diabetic patients (Figure 1B). Meanwhile, the micro-
environment is broken down by GOx into gluconic acid and
hydrogen peroxide (H2O2), and H2O2 forms the hydroxyl free
radical (·OH) in the presence of Fe2+ in the hydrogel so that
the glucose concentration can be measured with the aid of a
smartphone by monitoring the change of the green color.48

Moreover, the oxidized TMB exhibits strong photothermal
effects upon NIR laser irradiation to accomplish bacteria
killing.49

2. EXPERIMENTAL SECTION
2.1. Materials. The PF127 powder, 3,3′,5,5′-tetramethylbenzidine

(TMB), and hydrogen peroxide (H2O2) were purchased from Sigma-
Aldrich Co., Ltd. (U.S.A.), and the commercial hydrogel (Tegaderm
hydrogel 91110) supplied by 3M was used in the positive control
group. Glucose oxidase (Gox) was obtained from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China), and ferrous chloride
(FeCl2·7H2O), sodium chloride (NaCl), glucose, tryptone, and yeast
extract were provided by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The mouse embryonic fibroblast NIH/3T3 cells
(ATCC CRL-1658) obtained from ATCC (Manassas, VA, USA)

Figure 1. Schematic diagram of the preparation and application of TMB/Fe2+/PF127/GOx hydrogel. (A) Preparation of the TMB/Fe2+/PF127/
GOx hydrogel. (B) The schematic diagram of blood glucose monitoring, nontraumatic adhesion and detachment within temperature control, and
glucose responsive mechanism of the TMB/Fe2+/PF127 hydrogel and its application in diabetic wound healing. CDT represents chemodynamic
therapy; PTT represents photothermal therapy; and IL-6, VEGF, and MMP-2 represent interleukin-6, vascular endothelial growth factor, and
matrix metalloproteinase-2, respectively.
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were cultured in the Dulbecco’s modified Eagle’s medium with a high
glucose concentration (DMEM-HG, Sangon Biotech, Shanghai). The
fetal bovine serum (FBS), Calcein-AM, and propidium iodide (PI)
were bought from Sangon Biotech (Shanghai, Beijing), and 18 MΩ·
cm deionized water purified by the Millipore-Q purification system
(Millipore, Bedford, MA) was used in the experiments.

2.2. Preparation and Optimization of the PF127 Hydrogel.
PF127 powder (1.5, 2.0, and 2.5 g) was added to 10 mL of precooled
pure water and stirred at a low temperature for 6 h to obtain the
PF127 hydrogels with different weight fractions of 15, 20, and 25%,
respectively. The phase-transition temperature of the PF127 hydro-
gels with different weight fractions was measured by placing 1 mL of
the PF127 hydrogel in a glass vial in a constant temperature water
bath from 10 to 40 °C. The hydrogel with the proper weight fraction
used in the subsequent experiments was characterized by ultraviolet
spectrophotometry (Shimadzu, UV2550) and ZEISS field-emission
scanning electron microscopy (FE-SEM).

2.3. Synthesis of the TMB/Fe2+/PF127 Hydrogel and
Optimization of the Fe2+ Concentration. The TMB/Fe2+/
PF127 hydrogel was prepared at a low temperature with a TMB
concentration of 8 mg/mL and a weight fraction of PF127 of 20%.
The TMB/Fe2+/PF127 hydrogels were prepared in solutions with
different Fe2+ solutions of 2, 1, 0.1, 0.05, 0.01, and 0.005 mg/mL, and
then 1 mL of the TMB/Fe2+/PF127 hydrogel was mixed with 100 μL
of H2O2 with a concentration of 10 mM. The color change was
monitored by ultraviolet spectrophotometry and the smart phone app
“Colorshot”. The TMB/Fe2+/PF127 hydrogel with the optimal
concentration of Fe2+ was characterized by ultraviolet spectropho-
tometry and FE-SEM.

2.4. Rheological Evaluation. The dynamic rheological proper-
ties of the PF127 hydrogel and TMB/Fe2+/PF127 hydrogels were
determined according to a previous method. The TA AR2000
rheometer equipped with hydrogel disks with a diameter of 40 mm
and a Peltier heating system was used. The samples were thermally
balanced for 1 min prior to the measurement, and the storage
modulus (G′) and loss modulus (G″) were determined at an
oscillation frequency of 6.283 rad/s and constant strain of 1%. The
temperature was varied from 4 to 40 °C, and the samples were
covered with sealed caps to reduce evaporation during the
measurement.

2.5. Self-Healing. The self-healing properties of the TMB/Fe2+/
PF127 hydrogel were determined optically and quantitatively. In the
optical visualization experiment, the TMB/Fe2+/PF127 hydrogel was
cut gently from the center with a blade, and the hydrogel with cracks
was put in close proximity for a certain time to observe self-healing by
a Canon camera. The self-healing behavior was studied by applying
strain sweeps from 1 to 500% strain at 37 °C for three cycles, and the
time interval was set as 100 s. The G′ and G″ values were recorded
every 6 s at an angular frequency of 6.283 rad/s.

2.6. Stability of the TMB/Fe2+/PF127 Hydrogel. To evaluate
the stability of the hydrogel, the color change of the mixture of TMB/
Fe2+/PF127 hydrogel and H2O2 solution was observed by a mobile
phone for a week. The changes in the green values were also analyzed
by Colorshot.

2.7. Quantitative Determination of H2O2. A series of H2O2
solutions with different concentrations were added to the TMB/Fe2+/
PF127 hydrogel for quantitative evaluation. The concentrations were
10, 8, 6, 4, 2, 1, 0.5, 0.4, 0.3, 0.2, and 0.1 mM. The color change was
observed by ultraviolet spectrophotometry and Colorshot. The Origin
software was used to establish the linear regression plots by plotting
the green value or the OD652 of mixture versus H2O2 concentrations.

2.8. Quantitative Determination of Glucose. GOx catalyzes
the oxidative decomposition of glucose and is essential for the
detection of glucose. Briefly, 10 μL of GOx with different
concentrations (1, 5, 10, 15, and 20 mg/mL) and 90 μL of the
glucose solution (10 mM) were added to 1 mL of the TMB/Fe2+/
PF127 hydrogel. The color changes were monitored by a smart phone
and ultraviolet spectrophotometry. In the glucose detection, 10 μL of
GOx (10 mg/mL) was added to 1 mL of the TMB/Fe2+/PF127
hydrogel, and glucose concentrations of 10, 8, 6, 4, 2, 1, 0.5, 0.4, 0.3,

0.2, and 0.1 mM were used. The color changes were captured by a
smart phone, and the absorption spectra were acquired by ultraviolet
spectrophotometry. Furthermore, blood samples of db/db mice were
further used for checking its sensing capacity of glucose. The blood of
five diabetic mice was provided by Wuhan Pinuofei Biological Co.,
Ltd. The initial blood glucose value was measured by a commercial
Yuyue glucose meter. Blood samples containing different glucose
concentrations of 2, 4, 6, 8, and 10 mM were prepared by adding pure
medium (Dulbecco’s modified Eagle’s medium with no glucose) for
diluting blood glucose. The TMB/Fe2+/PF127/GOx hydrogel (100
μL) was mixed with 9 μL of blood samples with different glucose
concentrations. Pictures of color changes were taken by a smart
phone, and the Origin software was used to construct the linear
regression plots by plotting the green value or the OD652 of the
mixture versus the glucose concentrations.

2.9. Photothermal Properties of the TMB/Fe2+/PF127/GOx
Hydrogel. To explore the optimal laser power, 90 μL of glucose (10
and 2 mM) was added to 1 mL of the TMB/Fe2+/PF127/GOx
hydrogel. After 5 min, 300 μL of the mixture was placed in a 500 μL
tube for irradiation for 5 min by the 808 nm NIR laser using different
power values of 0.5, 1.0, and 2 W. An infrared thermal imaging camera
(EasIR-4, Guide Infrared Limited Company, Wuhan, China) was
employed to record the temperature of samples before and after laser
irradiation. The photothermal effects of the glucose-activated TMB/
Fe2+/PF127/GOx hydrogels were determined with the 808 nm NIR
laser. In brief, 1.0 mL of the TMB/Fe2+/PF127/GOx hydrogel and 90
μL of the glucose solution (10, 8, 6, 4, 2, or 1 mM) were mixed, and
after 5 min, 300 μL of the mixture was put in a 0.5 mL tube and
irradiated with the 808 nm NIR laser with a laser power of 2 W for 10
min. The temperature was recorded every 20 s by the infrared thermal
imaging camera. At the same time, the changes were also captured by
a smart phone.

2.10. Bacteria Culture. Escherichia coli (E. coli) DSM 4230 and
Staphylococcus aureus (S. aureus) ATCC 91093 were provided by the
China Centre for Type Culture Collection (CCTCC). The bacterial
strains were cultured in the sterile Luria−Bertani broth at 37 °C until
the bacteria concentration was proper, and then the bacteria were
mixed with the hydrogel and irradiated with the NIR laser. The
sterilizing rate was determined by the plating and culturing method.

2.11. In Vitro Antibacterial Evaluation. S. aureus (Gram-
positive bacteria) and E. coli (Gram-negative bacteria) were used to
evaluate the photothermal sterilization performance of the TMB/
Fe2+/PF127/GOx hydrogel activated by glucose. The samples were
divided into the control group, TMB/Fe2+/PF127/GOx hydrogel
group, TMB/Fe2+/PF127/GOx hydrogel with 10 mM of glucose
group, and TMB/Fe2+/PF127/GOx hydrogel with 2 mM of glucose
group. Briefly, 100 μL of bacterial solution was mixed with 900 μL of
the materials. The mixture (300 μL) was placed in a 0.5 mL tube for 5
min and illuminated by the 808 nm laser for 10 min. The mixture was
smeared evenly on the surface of LB agar with a coating rod, and the
bacteria were counted after culturing for 24 h at 37 °C. The
bactericidal effects were evaluated by the live/dead staining assay. The
mixtures of the bacteria and different materials were centrifuged, and
the bacteria were resuspended in the PBS solution. The bacterial
suspension was further treated with Calcein-AM (10 × 10−6 M) and
PI (10 × 10−6 M) for 15 min. The fluorescence images of the living
and dead bacteria were captured by a confocal microscope
(Olymplus).

2.12. Cytocompatibility of the TMB/Fe2+/PF127/GOx Hydro-
gels. The in vitro cytotoxicity of the TMB/Fe2+/PF127/GOx
hydrogel and PF127 hydrogel was evaluated by the Cell Counting
Kit-8 (CCK-8) using mouse embryonic fibroblast cells (NIH-33
cells). The cells were cultured on 96-well plates at 37 °C for 24 h to
reach a certain concentration. Afterward, the cell culture medium was
discarded and replaced with the TMB/Fe2+/PF127/GOx hydrogel
and PF127 hydrogel, respectively. The cell viability was determined
from fluorescence images acquired by confocal microscopy. The NIH-
3T3 cells without the TMB/Fe2+/PF127/GOx hydrogel and bare
PF127 hydrogel were the positive control.
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2.13. In Vivo Wound Healing Ability. The in vivo wound
healing effects of the TMB/Fe2+/PF127/GOx hydrogel were
evaluated based on the full-thickness bacteria-infected wound
model. The mice experiments were supported by Wuhan Pinuofei
Biological Co., Ltd. Briefly, the db/db mice (30−40 g, 5−6 weeks
old) provided by Wuhan Rat Bailey Biology Co., Ltd., were randomly
divided into four groups (six mice in each group) including the
control group, positive control group (Tegaderm film), TMB/Fe2+/
PF127/GOx hydrogel group, and TMB/Fe2+/PF127/GOx hydrogel
with NIR laser group. The mice were anesthetized with chloral
hydrate, and the dorsal hair of the mice was removed. Round wounds
with a diameter of 8 mm were made, and the suspension of S. aureus
(50 μL, 1 × 108 CFU/mL) was placed in the wounds. The control
group was treated with PBS, and the other groups were covered by
the Tegaderm film and TMB/Fe2+/PF127/GOx hydrogel, respec-

tively. The wounds of the TMB/Fe2+/PF127/GOx hydrogel with
NIR laser group were irradiated with the NIR laser (2 W) for 10 min.
After irradiation for 10 min, the mice were fed under normal
conditions until the wound healed, and the hydrogels were replaced
every 3 days. At the same time, wound regeneration was recorded by a
smart phone, and the wound area was calculated by the screenshot
software. The wounded skin tissues were harvested after 10 and 21
days to perform hematoxylin−eosin (H&E) staining and Masson’s
trichrome staining. After treatment for 21 days, the mice were
euthanized, and the main organs including the heart, liver, spleen,
lung, and kidney were harvested for analysis.

2.14. Histology and Immunohistochemistry. H&E staining
and Masson’s trichrome staining were conducted to study the
histomorphological changes and collagen metabolism during wound
regeneration in different phases. Briefly, 5 μm thick slices of the

Figure 2. (A) Phase transition at different temperatures for the PF127 hydrogels with different concentrations of 25, 20, and 15%. (B) UV−vis
spectra of the products of H2O2 and TMB/Fe2+/PF127 hydrogel containing different concentrations of Fe2+. (C) Images of the product of H2O2
and TMB/Fe2+/PF127 hydrogel containing different concentrations of Fe2+. (D) Stability of the TMB/Fe2+/PF127 hydrogels for 7 days with the
error bars derived from the standard deviations of three independent experiments. (E) FE-SEM images of the (a) PF127 hydrogel and (b) TMB/
Fe2+/PF127 hydrogel. (F) G′ and G″ values of the TMB/Fe2+/PF127 hydrogel for different temperatures. (G) G′ and G″ values of the PF127
hydrogel for different temperatures. (H) Rheological properties of the TMB/Fe2+/PF127 hydrogel when the alternate step strain is switched from 1
to 500%. (I) Pictures of the TMB/Fe2+/PF127 hydrogel on the finger and wrist under different bending degrees. (K) Self-healing properties of the
TMB/Fe2+/PF127 hydrogel with the red dots corresponding to the phase transition temperature and G′ value at 37 °C.
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regenerated wound tissues collected after 10 and 21 days were stained
with H&E dye and Masson’s trichrome staining kit. The
histomorphological and collagen pictures were acquired on a
microscope (IX53, Olympus, Japan). Immunofluorescence staining
was performed with the IL-6, VEGF, and MMP-2 antibodies,
respectively.

2.15. Statistical Analysis. All the experimental results were
statistically analyzed and expressed as mean ± standard deviation
(SD). The t test was used to determine the differences between two
groups by the SPSS 18.0 software. The P value of 0.05 was the
important reference to judge the significance level, and the results
were labeled with different symbols to represent the data differences,
for example, (*) for P < 0.05, (**) for P < 0.01, (***) for P < 0.001,
and (****) for P < 0.0001.

3. RESULTS AND DISCUSSION
3.1. Preparation of the TMB/Fe2+/PF127 Hydrogel.

The amount of PF127 powder affects the phase transition
temperature of the TMB/Fe2+/PF127 hydrogel is optimized to
ensure that the hydrogel functions at the human temper-
ature.50 As shown in Figure 2A, the phase transition
temperature of the hydrogel decreases with PF127 concen-
tration, and the 15% sample failed to change from the sol to gel
state in the temperature range of 18 to 37 °C. When the
amount of PF127 is increased to 20 and 25%, the TMB/Fe2+/

PF127 hydrogel changes to a gel state at 30 and 20 °C,
respectively. Considering the compromise between the human
temperature and reaction efficiency, the 20% TMB/Fe2+/
PF127 hydrogel is selected for the subsequent experiments.
The decomposition of H2O2 by Fe2+ to produce the

hydroxyl free radical is a typical Fenton reaction.51 Owing to
the strong oxidation ability of the hydroxyl radical, the
colorless TMB becomes green during oxidation, and so
colorimetric sensing is appropriate. Because the concentration
of Fe2+ influences the degree and rate of color change, the
effects of different concentrations of Fe2+ are explored. As
shown in Figure 2B,C, the colorless TMB/Fe2+/PF127
hydrogel changes to green when the concentration of Fe2+ is
increased to 1 mg/mL, and the absorbance at 652 nm goes up
as well. The color change is quick, but fading occurs in a short
time as the Fe2+ concentration is increased. It may be caused
by the fast transformation of oxidized TMB for diimine with
the excessive electron and high pH produced by the reaction of
too much Fe2+ and H2O2 and further degradation.52 The
reaction time was studied, and as shown in Figure 2C and
Figure S1, the absorbance at 652 nm increases gradually in the
first 0−5 min and then stabilizes between 5 and 10 min.
Hence, the optimal reaction time is set to be 5 min. The

Figure 3. Detection ability of the TMB/Fe2+/PF127/GOx hydrogel for glucose. (A) Concentration optimization of glucose oxidase. (B) UV−vis
spectra of the products after the reaction in the glucose solutions with different concentrations and TMB/Fe2+/PF127/GOx hydrogel. (C)
Detection of blood glucose. Pictures of blood samples containing different concentrations of glucose (nonhydrogel) and the product after the
reaction between the TMB/Fe2+/PF127/GOx hydrogel and blood samples (hydrogel). (D) Calibration curve of glucose concentration versus
green values of the products with the error bars derived from the standard deviations of three independent experiments.
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quantitative response of the TMB/Fe2+/PF127 hydrogel to
H2O2 is a prerequisite to glucose monitoring. As shown in
Figure S2, there are visual color differences after the TMB/
Fe2+/PF127 hydrogel reacts with H2O2 in the 1−10 mM
concentration range with good linearity (y = −11.666x +
187.78, R2 = 0.9826). As shown in Figure S3A, the absorbance
at 652 nm increases gradually with H2O2 concentration, and a
good linear correlation can be established for y = 0.1622x +
0.3773 with R2 = 0.9415 (Figure S3B). The linear relationship
observed by the color change is better than that of the UV−vis
results, indicating that visual inspection is adequate and
effective. However, monitoring becomes more difficult for the
lower H2O2 concentration range of 0.1−0.5 mM (Figure S4).
The stability of the TMB/Fe2+/PF127 hydrogel is crucial to
the accurate determination of the H2O2 concentration.
Therefore, the color change of the TMB/Fe2+/PF127 hydrogel
is monitored during H2O2 addition by a smart phone for a
week, and as shown in Figure 2D, good stability is attained.

3.2. Characterization of the PF127 and TMB/Fe2+/
PF127 Hydrogels. The PF127 and TMB/Fe2+/PF127
hydrogels are characterized by field-emission scanning electron
microscopy (FE-SEM) and UV−vis spectrophotometry. As
shown in the FE-SEM images, the PF127 hydrogel has a
porous structure with an average pore size of 50 μm (Figure
2E). Compared to the PF127 hydrogel, an ordered
morphology and microfibrous structure with a smaller pore
size are observed from the TMB/Fe2+/PF127 hydrogel
attributable to the coordination between Fe2+ and the hydroxyl
group in PF127 and ensuing promoted cross-linking of
hydrogels.53 The UV−vis spectra (Figure S5) reveal stronger
absorbance by the TMB/Fe2+/PF127 hydrogel. The rheo-

logical tests reveal that the mechanical strength and self-healing
ability are reflected by the changes in the storage modulus G′
and loss modulus G″ with time and strain.23 As shown in
Figure 2F,G, after addition of TMB and Fe2+, the phase
transition temperature decreases to 19.6 °C in comparison
with the PF127 hydrogel because of cross-linking of the
hydrogel by coordination between Fe2+ and the hydroxyl group
in PF127.23

To explore the self-healing ability of the TMB/Fe2+/PF127
hydrogel, a continuous step strain test is performed. As shown
in Figure 2H, as the continuous shear strain alternates between
1 and 500%, the stress of each segment is maintained for nearly
100 s. Under a lower shear strain of 1%, the hydrogel structure
is stable, and G′ is larger than G″. Under a higher shear strain
of 500%, the hydrogel exhibits shear thinning characteristics
with G″ being larger than G′, G′, and G″ changing
synchronously with strain alternation. This process is
repeatable, disclosing the excellent self-repairing ability. With
the addition of Fe2+, the elastic modulus improves, and the
excellent self-repairing ability is maintained.54

The TMB/Fe2+/PF127 hydrogels can be used on finger
joints and wrists because of the excellent injectability and self-
healing. As shown in Figure 2I, the finger and wrist can bend
freely without resistance after application of the hydrogel,
which continues to cover the finger and wrist at multiple
different angles, boding well for wound dressings. After the
TMB/Fe2+/PF127 hydrogel is cut, it self-heals quickly as
shown in Figure 2K, demonstrating the suitability for
treatment of diabetic wounds.22

3.3. Preparation of the TMB/Fe2+/PF127/GOx Hydro-
gel. Glucose monitoring and timely regulation are essential for

Figure 4. (A) Color pictures of reaction products between the TMB/Fe2+/PF127 hydrogel and H2O2 solution and the calibration curve between
the G value. (B) Color pictures of reaction products between TMB/Fe2+/PF127/GOx hydrogel and glucose solution and the calibration curve
between the G value. (C) ESR spectra of TMB/Fe2+/PF127 induced ·OH generation with or without H2O2. (D) ESR spectra of TMB/Fe2+/
PF127/GOx induced ·OH generation with or without glucose.
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diabetic wound management, and therefore, the concentration
of glucose oxidase should be optimized. As shown in Figure
3A, an obvious color change and the largest absorbance are
observed for a glucose oxidase concentration of 10 mg/mL,
which is adopted in subsequent experiments. The reaction time
is explored, and as shown in Figure S5, the TMB/Fe2+/PF127/
GOx hydrogel becomes darker gradually with time in the initial
5 min. The color becomes the darkest after 5 min, so 5 min is
determined to be the optimal time.

3.4. Glucose Sensing by the TMB/Fe2+/PF127/GOx
Hydrogel. The TMB/Fe2+/PF127/GOx hydrogel is mixed
with solutions with different glucose concentrations, and as
shown in Figure 3B, the TMB/Fe2+/PF127/GOx hydrogel
darkens gradually with glucose concentration. Additionally, the
absorbance at 652 nm increases with glucose concentration in
the 1−10 mM range. Similarly, the TMB/Fe2+/PF127/GOx
hydrogel shows no obvious change as the glucose concen-
tration is increased from 0.1 to 0.5 mM, consistent with the
results for H2O2 (Figure S6). Nonetheless, the excellent
characteristics observed in the glucose range of 1−10 mM
meet the requirements for diabetic patients.

To assess the effects on actual blood glucose, the mouse
blood samples were treated with certain glucose concen-
trations. The actual blood glucose level of db/db mouse was
detected as nearly 20 mM with three repetitions by the
commercial meter (Figure S7). As shown in Figure 3C, the
initial color of the blood samples containing different glucose
concentrations is roughly the same. However, after adding the
TMB/Fe2+/PF127/GOx hydrogel, the color changes obvi-
ously. The color of the samples becomes darker (green)
visually as the glucose concentration goes up (Figure 3C).55

According to the smart phone data, a good linear correlation
(R2 = 0.9689) between the green value and blood glucose
concentration is observed (Figure 3D), indicating that the
TMB/Fe2+/PF127/GOx hydrogel possessed a potential
sensing capacity for local blood glucose in diabetic wounds.

3.5. Chemodynamic Property of the Glucose Acti-
vated TMB/Fe2+/PF127/GOx Hydrogel. It is known that
Fe2+ has excellent Fenton reaction activity and catalyzes the
oxidation of TMB by hydrogen peroxide (H2O2), thereby
forming abundant ·OH.39,40 Interestingly, H2O2 was produced
by the decomposition of glucose with GOx catalyzed.39

Therefore, the generation of ·OH could be activated by

Figure 5. Photothermal and bactericidal properties of the TMB/Fe2+/PF127/GOx hydrogel: (A) temperature variation at different time points
during laser irradiation time for 10 min with the inset showing the infrared images of the product after irradiation for 4 min; (B) calibration curve of
temperature versus glucose concentration after laser irradiation of 5 min with the error bars derived from the standard deviations of three
independent experiments; (C) antibacterial evaluation of the TMB/Fe2+/PF127/GOx hydrogel against E. coli; (D) antibacterial assessment of the
TMB/Fe2+/PF127/GOx hydrogel against S. aureus; (E) E. coli killed by the TMB/Fe2+/PF127/GOx hydrogel; and (F) S. aureus killed by the
TMB/Fe2+/PF127/GOx hydrogel (*** representing P < 0.001 for highly significant differences).
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glucose with the TMB/Fe2+/PF127/GOx hydrogel; mean-
while, the chemodynamic property is timely activated for
killing bacteria. To explore the chemodynamic property of the
TMB/Fe2+/PF127 with H2O2 and TMB/Fe2+/PF127/GOx
hydrogel with glucose, colorimetric reaction of TMB and ESR
spectroscopy were used to confirm the production of ·OH. As
shown in Figure 4A,B, the color of the hydrogel gradually
darkens with the increase of H2O2 and glucose concentration,
and a good linear correlation was obtained by linear fitting of
H2O2 and glucose concentration and the green value of the
final products, corresponding to the results of glucose sensing
(Figure 3B−D). As shown in the ESR spectra (Figure 4C,D),
only when the TMB/Fe2+/PF127 hydrogel, H2O2, and
trapping agent (DMPO) or the TMB/Fe2+/PF127/GOx
hydrogel, glucose, and trapping agent (DMPO) coexisted
could the ·OH signal appear. According to the above results,
we speculated that the possible catalytic mechanism of the
TMB/Fe2+/PF127/GOx hydrogel was attributed to the
transformation of glucose to H2O2 by GOx and immediate
generation of ·OH after reacting with Fe2+.56−58

3.6. Photothermal Properties of the Glucose-Acti-
vated TMB/Fe2+/PF127/GOx Hydrogel. After reacting with
blood glucose, the TMB/Fe2+/PF127/GOx hydrogel pos-
sessed NIR photothermal property, which was attributed to the

excellent NIR absorbance of OxTMB that transformed from
glucose activatable TMB/Fe2+/PF127/GOx hydrogel. As
shown in Figure S8, after NIR laser irradiation for 5 min, no
obvious temperature change is observed from the control
group, PF127 hydrogel group, and TMB/Fe2+/PF127/GOx
hydrogel group, whereas the temperature increases significantly
for the glucose-activated TMB/Fe2+/PF127/GOx hydrogel in
conjunction with a phase transition (Figure S9), demonstrating
the potential for photothermal sterilization.59

To attain the best photothermal antibacterial ability, the
photothermal effects of the TMB/Fe2+/PF127/GOx hydrogel
with 2 or 10 mM glucose are determined using different laser
power values. After irradiation for 10 min at 1 and 2 W, the 10
mM temperature is above 43 °C, and the hydrogel changes
from the solution to sol (Figures S10A,B). However, the 2 mM
temperature reaches 43 °C only upon 2 W laser irradiation
(Figures S11A,B). Hence, a laser power of 2 W is used in
subsequent experiments. The 1−10 mM glucose-activated NIR
photothermal effects are further investigated after laser
irradiation for 10 min at 2 W. As shown in Figure 5A, the
temperature increases with glucose concentration at the same
time points, and the heating rates are positively associated with
the glucose concentration. When the glucose concentration is
10 or 8 mM, the temperature of the TMB/Fe2+/PF127/GOx

Figure 6. In vivo antibacterial assessment of the TMB/Fe2+/PF127/GOx hydrogel: (A) photographs of the S. aureus-infected wounds after different
treatments for 21 days; (B) traces of wound bed closure for 21 days for each treatment; (C) schematic diagram illustrating the timeline of the
operation process; and (D) wound areas at different treatment time for each group (* represents P < 0.05, ** represents P < 0.01, and ***
represents P < 0.001). The error bars are derived from the standard deviations of three independent experiments.
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hydrogel increases rapidly before 180 s and stabilizes. Upon
further laser irradiation, the temperature tends to decrease at
around 350 s because of photobleaching of organic molecules.
The heating rate of the TMB/Fe2+/PF127/GOx hydrogel is

relatively small when the glucose concentration is 2−6 mM,
and it reaches the highest temperature at about 300 s.
Although the temperature shows a downward trend with
irradiation time, it remains at about 43 °C, which can kill

Figure 7. The TMB/Fe2+/PF127/GOx hydrogel promoted diabetic wound healing in vivo via regulating cytokines. (A) Collagen deposition at the
10th and 21st days. (B) Immunofluorescence staining images of IL-6, VEGF, and MMP-2 on the 21st day. (C) Statistical data of the relative
expression of collagen. (D) Statistical data of the relative expression of IL-6. (E) Statistical data of the relative expression of VEGF. (F) Statistical
data of the relative expression of MMP-2. The error bars are derived from the standard deviations of three independent experiments.
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bacteria effectively. Figure 5A and Figure S12 show that the
temperature increases with glucose concentration upon laser
irradiation, and a good linear correlation is obtained (y =
4.2233x + 30.363, R2 = 0.9055) after irradiation for 5 min
(Figure 5B). The results show that the TMB/Fe2+/PF127/
GOx hydrogel not only reaches a higher temperature when
activated by glucose but also can determine the glucose
concentration by monitoring the temperature change.

3.7. In Vitro Antibacterial Activity of the TMB/Fe2+/
PF127/GOx Hydrogel. Bacterial infection is one of the main
factors affecting wound healing, and the antibacterial proper-
ties of the hydrogel are important to wound healing.60 The
antibacterial effects of the 2 and 10 mM of glucose-activated
TMB/Fe2+/PF127/GOx hydrogels are investigated under NIR
irradiation. As shown in Figures 5C,D, some S. aureus and E.
coli are killed by the TMB/Fe2+/PF127/GOx hydrogel (group
A) because of Fe2+. Stronger inhibitory effects are observed
from the 2 and 10 mM samples (group B and group C)
without laser exposure because of the production of hydroxyl
radicals from the dual catalytic processes of GOx with glucose
as well as H2O2 with Fe2+. Nevertheless, the bactericidal effects
are limited because hydroxyl radicals are consumed by TMB. It
is noted that S. aureus and E. coli are completely killed by the 2
or 10 mM glucose-activated TMB/Fe2+/PF127/GOx hydrogel
with the NIR laser. Figure 5E,F shows that the bacterial
mortality rate is 100% for groups B and C with NIR, and the
effectiveness is corroborated by the fluorescence staining assay
(red representing dead bacteria and green representing live
bacteria),61 as shown in Figure S13.

3.8. In Vivo Antimicrobial Activity of the TMB/Fe2+/
PF127/GOx Hydrogel. Before doing the in vivo antimicrobial
activity experiment, the cytocompatibility of the hydrogel is
evaluated with NIH-3T3 cells, which are incubated with the
PF127 and TMB/Fe2+/PF127/GOx hydrogels. As shown in
Figure S14, the cell survival rate is over 90% after 12 and 24 h,
indicating low toxicity. In fact, more cells are observed after 24
than 12 h indicative of cell growth and proliferation, thereby
confirming the good biocompatibility. The in vivo antibacterial
properties are determined using a mouse model infected with
S. aureus. The S. aureus solution is dropped on the wounds of
the four groups: control group, positive control group, TMB/
Fe2+/PF127/GOx hydrogel group, and TMB/Fe2+/PF127/
GOx hydrogel + NIR group. The corresponding materials are
coated on the wound surface, and NIR illumination is
performed on the TMB/Fe2+/PF127/GOx hydrogel + NIR
group. The photographs taken at different times are depicted
in Figure 6A. A pale yellow biofilm is observed from the
control group after 3 days, but on the other hand, infection
decreases for the positive control group, TMB/Fe2+/PF127/
GOx hydrogel group, and TMB/Fe2+/PF127/GOx hydrogel +
NIR group. As shown in Figures 6B,C, the wound area
contracts gradually with time, and the TMB/Fe2+/PF127/GOx
hydrogel + NIR group shows the best regeneration results.
After 12 days, the wound healing rate is 88%, which is
significantly higher (P < 0.001) than that of the positive
control group (57%) and control group (43%). In addition,
although the wound healing rate of the TMB/Fe2+/PF127/
GOx hydrogel group (79%) is less than that of the TMB/Fe2+/
PF127/GOx hydrogel + NIR group, it is still significantly
higher than that of the positive control group and control
group. After 21 days, the wounds of the mice in the TMB/
Fe2+/PF127/GOx hydrogel + NIR group have basically healed,
revealing a healing rate of 97.5%, but in contrast, some scabs

and scars are observed in the hydrogel group, positive control
group, and control group. The results demonstrate the
synergistic effects of the TMB/Fe2+/PF127/GOx hydrogel,
and the PTT effect of the TMB/Fe2+/PF127/GOx hydrogel
kills bacteria and accelerates skin regeneration. More
importantly, the blood glucose in the wound can be reduced
by GOx, thereby breaking the barrier of high blood glucose to
promote wound healing in the better microenvironment.23,62

All the dressings are changed every 3 days in the healing
process, and the TMB/Fe2+/PF127/GOx hydrogel can be
easily removed with a frozen cotton swab due to the good
temperature sensitivity (refer to the video). Compared to the
positive control group, wound tearing during dressing change
is reduced significantly for the TMB/Fe2+/PF127/GOx
hydrogel.

3.9. Histological Evaluation of Regenerated Tissues.
To further evaluate the quality of the regenerated tissues of the
four groups, hematoxylin and eosin (H&E) staining is
performed. As shown in Figure S15, the TMB/Fe2+/PF127/
GOx hydrogel with the desirable photothermal, hypoglycemic,
and antibacterial properties mitigates the bacteria-induced
inflammatory response and facilitates inflammation recovery
compared to the control group, and it also exhibited a
comparable therapeutic effect to the positive control
(commercial hydrogel). Furthermore, more hair follicles are
found from the H&E-stained wound sections of the TMB/
Fe2+/PF127/GOx hydrogel and TMB/Fe2+/PF127/GOx
hydrogel + NIR groups in comparison with the control and
positive control groups. There are many hair follicles on the
one treated with the TMB/Fe2+/PF127/GOx hydrogel,
reflecting good skin regeneration. In short, the TMB/Fe2+/
PF127/GOx hydrogel after NIR irradiation accelerates wound
repair, promotes skin regeneration, and alleviates tissue
inflammation.
Masson trichrome staining is carried out to observe collagen

deposition on the tissue sections on days 10 and 21 during
healing. Collagen as a basic component of healthy skin is an
important indicator of the remodeling efficacy and tensile
strength of damaged skin tissues. As shown in Figure 7A, the
collagen content (blue region) of the four groups increases
from the 10th to 21st days. In particular, the collagen content
of the TMB/Fe2+/PF127/GOx hydrogel + NIR group is larger
than that of the control group (P < 0.01), positive control, and
TMB/Fe2+/PF127/GOx hydrogel group (P < 0.05), demon-
strating that collagen deposition in granulation tissues is
fostered by the TMB/Fe2+/PF127/GOx hydrogel in con-
junction with the photothermal effect (Figure 7C).
To further evaluate the physiological mechanism of wound

healing, immunofluorescence staining of some cytokines is
carried out. During wound healing, changes of cytokines such
as interleukin-6 (IL-6), vascular endothelial growth factor
(VEGF), and matrix metalloproteinase-2 (MMP-2) are related
to cell metabolism and proliferation. The IL-6 expression has a
positive correlation with the degree of inflammation, and
VEGF has an important proangiogenic function in the
proliferative phase of diabetic wound healing, so it can be
used to evaluate the formation of neovascularization. MMP-2
has been shown to play an important role in wound healing,
but it is inhibited in a high glucose concentration environment.
As shown in Figure 7B, the nuclei stained with DAPI are
shown in blue, whereas IL-6, VEGF, and MMP-2 are shown in
green. It can be observed that the expression levels of IL-6 in
the TMB/Fe2+/PF127/GOx hydrogel and TMB/Fe2+/PF127/
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GOx hydrogel + NIR group are lower than those of the control
group, and there is an obvious difference with P < 0.01 (Figure
7D), which effectively alleviates the inflammatory reaction due
to the good photothermal antibacterial ability and local
hypoglycemic ability of the hydrogel, which are consistent
with H&E staining. On the other hand, the expression levels of
VEGF and MMP-2 of the TMB/Fe2+/PF127/GOx hydrogel +
NIR group are higher than those of the other three groups on
account of the synergistic bactericidal action of the hydrogel
and thermal sterilization (Figures 7E,F). Therefore, by
downregulating the expression of IL-6 and upregulating
those of VEGF and MMP-2, the TMB/Fe2+/PF127/GOx
hydrogel delivers excellent healing performance.26

3.10. In Vivo Safety Evaluation. Safety evaluation is
necessary for clinical adoption, so the biocompatibility of the
TMB/Fe2+/PF127/GOx hydrogel is evaluated by histological
analysis, hemanalysis, and biochemical analysis. As shown in
Figure S16, no obvious damage, inflammatory lesions, or
abnormalities are observed from the major organs of the
positive control group, TMB/Fe2+/PF127/GOx hydrogel
group, and TMB/Fe2+/PF127/GOx hydrogel + NIR group
21 days after the treatment. Furthermore, the weight of the
mice increases continuously, suggesting normal growth (Figure
S17). Blood is collected from the mice for biochemical
assessment, and all the indexes show no abnormalities. The
concentrations of white blood cells and neutrophils are
significantly lower than those of the control group (Figure
S18). Therefore, inflammation is mitigated and there is an
adverse reaction, indicating that the TMB/Fe2+/PF127/GOx
hydrogel has high biosafety in wound healing of diabetic
patients.

4. CONCLUSIONS
The injectable, self-reparable, and on-demand removable
TMB/Fe2+/PF127/GOx hydrogel dressing with blood glucose
monitoring, hypoglycemia effects, good biocompatibility, and
excellent PTT/CDT antibacterial activity is designed and
fabricated to accelerate the healing of bacteria-infected skin
wounds for diabetic patients. The hydrogel with good fluidity
and temperature sensitivity adheres firmly to wounds in vivo,
thereby avoiding hydrogel shedding from the wound in spite of
mechanical movement. The local glucose concentration in the
vicinity of the wound decreases because of continuous
consumption of glucose by GOx to facilitate wound healing.
It is demonstrated that glucose can further activate the
generation of oxidized TMB to produce excellent photo-
thermal/chemodynamic antibacterial effects to reduce bacterial
infection and accelerate wound healing. The TMB/Fe2+/
PF127/GOx hydrogel not only is suitable for the regulation
and monitoring of glucose concentration in diabetic wounds
but also can prevent bacterial infections photothermally/
chemodynamically and promote wound healing by adjusting
the important cytokines. The materials and strategy reported in
this paper have great potential in the clinical treatment of
wounds for diabetic patients.
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Figure S1. Reaction time optimization of the TMB/Fe2+/PF127 hydrogel with H2O2 

with an Fe2+ concentration of 1 mg/mL.
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Figure S4

Figure S2. (A) UV-vis spectra of the products after the reaction in H2O2 solutions with 

different concentrations and TMB/Fe2+/PF127 hydrogel and (B) Calibration curve of 

the H2O2 concentration versus absorbance at 652 nm.  The error bars represent the 

standard deviations of three independent experiments.
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Figure S5

Figure S3. Pictures of the products after the reaction in the solutions with different 

H2O2 concentrations from 0.1 to 0.5 mM and TMB/Fe2+/PF127 hydrogel together with 

the UV-vis spectra of the products.
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Figure S4. UV-vis absorption spectra of the PF127 hydrogel and TMB/Fe2+/PF127 

hydrogel.
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Figure S5. Optimization of reaction time for glucose detection of the 

TMB/Fe2+/PF127/GOx hydrogel.
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Figure S6. Pictures of the products after the reaction in solutions with different glucose 

concentrations from 0.1 to 0.5 mM and TMB/Fe2+/PF127 hydrogel together with the 

UV-vis spectra of the products. 
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Figure S7. Actual blood glucose’s level of db/db mouse with three test.
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Figure S8

Figure S8. Photothermal properties of the glucose-triggered TMB/Fe2+/PF127 

hydrogel: (A) Photographs of the samples before and after laser irradiation and (B) 

Infrared images before and after laser irradiation.
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Figure S9. Temperature changes of the control group, PF127 hydrogel group, 

TMB/Fe2+/PF127/GOx hydrogel group, and glucose-triggered TMB/Fe2+/PF127/GOx 

hydrogel group before and after irradiation. The error bars are derived from the standard 

deviations of three independent experiments.

Figure S9
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Figure S10. Laser power optimization: (A) Pictures of the TMB/Fe2+/PF127/GOx 

hydrogel in the 2 mM or 10 mM glucose solution before and after laser irradiation with 

different power and (B) Infrared images of the TMB/Fe2+/PF127/GOx hydrogel in the 

2 mM or 10 mM glucose solution before and after laser irradiation with different power.
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Figure S11. Temperature change with time of the TMB/Fe2+/PF127/GOx hydrogel 

upon laser irradiation with different power: (A) 10 mM glucose solution and (B) 2 mM 

glucose solution.
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Figure S12. Infrared images of the TMB/Fe2+/PF127/GOx hydrogel in solutions with 

different glucose concentrations upon 2 W laser illumination.
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Figure S13

Figure S13. Confocal fluorescence staining of the bacteria of different groups before 

and after laser exposure.
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Figure S14. Confocal fluorescence images of NIH-3T3 cells incubated with the F127 

hydrogel and TMB/Fe2+/ PF127/GOx hydrogel for 12 h and 24 h.

Control
12

 h
F127 hydrogel TMB/Fe2+/F127/GOX 

hydrogel
24

 h

50 μm 50 μm

50 μm50 μm 50 μm 50 μm

50 μm

Figure S14



S16

Figure S15. H&E staining of the wound regenerated tissues of mice on the 10th and 21st 

day after treatment. The green arrows represent hair follicles and black arrows 

reprensent inflammatory cells. 

×
10

0
×

20
0

×
10

0
×

20
0

D
ay

 1
0

D
ay

 2
1

Control Positive control Hydrogel Hydrogel + NIR

200 µm

50 µm

200 µm

50 µm

Figure. S15



S17

Figure S16. H&E staining of the major organs of infected mice on the 12th day after 

treatment.
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Figure. S17Figure S17. Weight changes of the mice during treatment.
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Figure S18. Biochemical analysis of the mice on the 21st day after treatment: (A) WBC, 

(B) RBC, (C) HGB, (D) MCV, (E) PLT, (F) Lym#, (G) Mid#, (H) GR#, (I) HCT, (J) 

RDW, (K) MCH, and (M) MPV.


