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Baicalin, extracted from traditional Chinese medicine Scutellaria baicalensis Georg, possesses multiple
pharmacological activities and has great potential for chronic skin wound repair. However, the poor
solubility and lack of suitable vehicles greatly limit its further application. Herein, we proposed a
convenient and robust strategy, employing PBS solution as solvent, to enhance the solubility of baicalin.
Furthermore, we constructed injectable baicalin/F127 hydrogels to study their application in skin wound
treatment. The composition and temperature sensitivity of baicalin/Pluronic® F-127 hydrogels were

ﬁgl‘/lvr?gdfsl;ealing confirmed by FTIR and rheological testing, respectively. In vitro release measurement indicated that the
Hydrogel first order model was best fitted with the release profile of baicalin from hydrogel matrix. Besides, MTT
Baicalin assay, AO/EO staining assay as well as hemolytic activity test revealed the excellent cytocompatibility of
Antioxidant baicalin/F127 hydrogels. Antioxidant activity assay demonstrated the cytoprotective activity of baicalin/
Injectable F127 hydrogels against reactive oxygen species (ROS). Furthermore, the in vivo experiments exhibited the

ability of baicalin/F127 hydrogel to accelerate wound healing. In conclusion, this novel injectable
baicalin/F127 hydrogel should have bright application for chronic wound treatment.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

As the largest organ of human body, skin is vulnerable to various
pathogenic or injurious factors, leading to skin trauma [1]. The
wound healing is a complicated process and could be divided into
four overlapped phases: hemostasis, inflammation, proliferation
and tissue remodeling [2]. However, this orderly healing process
can be easily disturbed and limited in the inflammatory phase by
many inherent or external factors (e.g., overproduction of reactive
oxygen species (ROS), hyperglycemia and bacterial infection),
resulting in the chronic wound healing [3,4]. It is still a worldwide
challenge to achieve the effective healing of chronic skin trauma.

Wound dressing has developed into the main treatment
strategy for skin trauma at present due to the pathological
characteristics of skin trauma. At current stage, various kinds of
wound dressing have been designed and fabricated, such as
hydrogel dressing [5,6], nano-fiber dressing [7,8], foam dressing
[9] and hydrocolloid dressing [10]. Among them, hydrogel dressing
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has caught significant attentions due to its flexible physicochemi-
cal properties and the ability to provide moist environment and
simulate extracellular matrix [11]. Especially, the in situ formed
injectable hydrogel is of particular interest as it could be easily
applied on irregular wound sites and prevent the invasion of
pathogen [12].

Scutellaria baicalensis Georgi, known as one of the three yellow
herbs in traditional Chinese medicine, was frequently utilized for
the treatment of chronic trauma in ancient China [13]. Modern
medical researches indicate that baicalin (Fig. S1 in Suppoting
information), the major component extracted from Scutellaria
baicalensis Georg, possesses multiple pharmacological activities
[14], such as anti-oxidant, bacteriostasis, diuresis and anti-
inflammatory, and has already been widely used for cancer
therapy [15]. Both therapy practice and biological activities of
baicalin highlight its potential application for chronic trauma
therapy. However, the poor solubility and lack of suitable vehicles
limit its further therapy applications [16,17].

In the present work, we proposed a simple and robust strategy
to enhance the solubility of baicalin and prepared baicalin/
Pluronic® F-127 (F127) injectable hydrogel to study its potential
wound healing application, mainly focusing on antioxidant activity
(Fig. 1). First, we utilized PBS solution as solvent to realize the
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Fig. 1. The illustration of the preparation of baicalin/F127 hydrogel and its application for wound healing.

enhanced solubility of baicalin and the preparation of baicalin/
F127 hydrogel. Then, the obtained baicalin/F127 hydrogel was
investigated using different tests including Fourier transform
infrared spectroscopy (FTIR), rheological testing, releasing behav-
ior testing and anti-oxidant assay. Furthermore, the in vivo
assessment of baicalin/F127 hydrogel was carried out to evaluate
its potential application for chronic wound therapy.

To improve the solubility of baicalin, a convenient method was
employed here by using PBS solution as solvent. As Fig. 2a showed,
baicalin formed a turbid suspension in deionized water (1.5
mg/mL), revealing its poor solubility (left), however, transparent
and clean solution could be obtained after using PBS solution as
solvent with the same concentration of baicalin (right). The
enhanced solubility of baicalin largely cleaned its application
obstacles for wound healing.

In this study, Pluronic® F-127 (F127) was selected as hydrogel
matrix to realize the delivery of baicalin in wound site. The FTIR
spectrum demonstrated the composition of baicalin/F127 hydro-
gel. As Fig. 2b showed, absorption bond of —CH5 (2880 cm™!) and
C—0—C (1110cm™') [18] were detected in hydrogel samples,
indicating the presence of F127. As the content of baicalin in
hydrogels was very little, its characteristic absorption peak
(—COOH (1745cm™ '), C—0—C (1076 cm™') [19]) was obscure.
F127, ablock copolymer composed of polyethylene oxide (PEO) and
polyoxypropylene (PPO), performed temperature-dependent sol-
gel transition [20]. At low temperature, injectable and homoge-
nous baicalin/F127 solutions could be obtained by PBS solvent, but
at around body temperature (37°C), baicalin/F127 solutions
transformed into baicalin/F127 hydrogels (Fig. S2 in Supporting

(b)

information). Rheological testing demonstrated such sol-gel
transition. Fig. S3 (Supporting information) performed the changes
in storage modulus (G') and loss modulus (G”) of different samples
as a function of temperature. The gel point was generally defined as
the intersection point of G' and G”. The G' and G” of sol state
maintained a low value and increased sharply at around gel point,
indicating the sol-gel transition. After the finish of transition,
G'and G” of gel state maintained a relative high value. The addition
of baicalin did not change the temperature sensitivity of
F127 solution (hydrogel), however, the gel temperature of
baicalin/F127 solutions increased by about 4 °C compared with
pure F127 hydrogel.

The release profile of baicalin from F127 hydrogel was depicted
in Fig. 2C. It was clearly observed that initial drug loading with
concentrations range from 0.5mg/mL to 1.5mg/mL did not
remarkably affect the release characteristics of baicalin from
F127 hydrogel. A rapid release could be achieved in the initial 8 h
with more than 70% cumulative release, followed by a gradual
release until 24 h. In the early phase of wound healing, the rapid
release of baicalin was desired as it could reduce the reactive
oxygen species (ROS) produced during the inflammatory to
accelerate wound healing. Three kinetic models were employed
to analysis the release kinetic of baicalin/F127 hydrogels. As
Table S2 (Supporting information) showed, the first order model
was best fitted with the release behavior of baicalin/F127
hydrogels.

Biocompatibility is one of vital factors for the clinical
application of hydrogel dressings. As MTT assay results showed
(Fig. 3a), all of the cell viability of NIH 3T3 cells treated with
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Fig. 2. The preparation and characterization of baicalin/F127 hydrogel. (a) The photograph of baicalin dissolved in deionized water (left) and PBS solution (right). (b) ATR-FTIR
spectra of baicalin, F127 hydrogel and different baicalin/F127 hydrogels. (c) Release profile of baicalin from baicalin/F127 hydrogels in PBS solution.
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Fig. 3. The biocompatibility of baicalin/F127 hydrogels. (a) The cell viability of NIH 3T3 cells treated with different baicalin/F127 hydrogel samples detected by MTT assay. (b)
Microscopy images of NIH 3T3cells stained with calcein-AM and PI after co-culturing with different hydrogel samples. The scale bar is 100 wm. (c) Photograph of RBCs after
incubation with different hydrogel samples. (d) Hemolysis ratio analysis of RBCs after incubation with different hydrogel samples.

different hydrogel extracts were more than 80%, indicating
excellent biocompatibility. Besides, the living/dead staining assay
was further used to verify the biocompatibility. Normal cells could
be stained with calcein-AM and present green morphology, while
dead cells presented red morphology after being stained with PI. As
Fig. 3b indicated, all of different hydrogel samples showed good
biocompatibility. In addition, the hemolysis activity of hydrogel
samples was evaluated by direct contact method. As Fig. 3c
presented, the hemolysis activity of hydrogel samples was similar
to that of blank sample. The supernatants were transparent and
colorless, indicating almost no damage of red cells. The quantita-
tive analysis of hemolysis rate of hydrogel samples was also carried
out (Fig. 3d). The hemolysis percentage of baicalin/F127 hydrogels
was far less than 5% (maximum limit [21]), demonstrating
excellent blood biocompatibility. The good cytocompatibility of
baicalin/F127 hydrogels provided a guarantee for further applica-
tion of skin wound treatment.

In the process of wound repairing, antioxidant capacity is an
important factor [22]. During the inflammation phase, in order to
protect against invading pathogens and send intracellular signal-
ing, low level of reactive oxygen species (ROS) was produced.
However, the overproduction of ROS could cause damage to DNA
and protein, leading to chronic wound healing [23]. In this work,
we attempted to investigate the antioxidant activity of baicalin/
F127 hydrogels. DPPH was a kind of free radicals and could be
neutralized by antioxidant agent, leading to the change of the
solution color. As the DPPH assay results (Fig. 4a) showed, contrast
to the F127 hydrogel, baicalin/F127 hydrogels performed signifi-
cant DPPH scavenging activity. The higher the baicalin content was,
the stronger the DPPH scavenging activity of baicalin/F127
hydrogel possessed, demonstrating the fact that the presence of
baicalin in hydrogel was responsible for its antioxidant activity.

Furthermore, NIH 3T3 cells were used to evaluate the cytopro-
tective activity of baicalin/F127 hydrogels against ROS. DCFH-DA had
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Fig. 4. The antioxidant activity of baicalin/F127 hydrogel on wound healing. (a) The DPPH scavenging efficiency of baicalin/F127 hydrogels. (b) The ROS level detected by
DCFH-DA staining after 24 h incubation. The scale bar is 100 pm. (c) The cell viability of NIH 3T3 cells treated with different hydrogel samples after the addition of H,0,. (d)
The photos of full thickness excise wounds treated by B-F-3 hydrogel, F127 hydrogel and 3 M Tegaderm (control) at different time. (e) The closure rate of wounds at different

time. *P< 0.05, **P< 0.01, ***P< 0.001.

no fluorescence and could freely pass through the cell membrane. It
was hydrolyzed by esterase in the cell to produce DCFH and oxidized
by ROS to produce fluorescent DCF. As shown in Fig. 4b, the addition
of H,0; resulted in the production of large amount of ROS in cells.
The ROS could be remarkably cleaned with the treatment of baicalin/
F127 hydrogels, proving the cytoprotective activity of baicalin/F127
hydrogels against ROS. Besides, MTT assay results also confirmed this
characteristic. As presented in Fig. 4c, cell viability of NIH 3T3 cells
was about 50% after the addition of H,0,. With the treatment of
baicalin/F127 hydrogels, the cell viability was significantly enhanced,
indicating the vital role of baicalin in hydrogel for its cytoprotective
effect. As the ROS in cells could be almost completely cleaned by all
baicalin/F127 hydrogel samples (Fig. 4b), there was no significant
difference in the viability of cells treated with different baicalin/F127
hydrogel samples.

For wound healing measurement, B-F-3 hydrogel was selected
as test group as its better antioxidant property. As Figs. 4d and e
showed, B-F-3 hydrogel could significantly accelerate wound
healing compared with control group. It was observed that after 10
days of treatment, the wound aero was about 18% for B-F-3
hydrogel, whereas the control group and F127 hydrogel group
maintained 60% and 45% unclosed area, respectively. After 15 days
of treatment, almost completely wound closure was observed for
B-F-3 hydrogel, however, control group and F127 hydrogel group
still remained about 45% and 15% unclosed wound aero,
respectively. The enhanced wound healing could be attributed
to the antioxidant activity of B-F-3 hydrogel. In the following work,
we will carry on evaluating the in vivo results by histological
analysis, and explain in detail the mechanism of baicalin/F127
hydrogel enhancing wound healing.
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In conclusion, we used PBS solution as solvent to enhance the
solubility of baicalin, greatly overcame its application obstacles for
skin wound treatment. Furthermore, F127 was employed as
hydrogel matrix to carry on baicalin to prepare injectable
baicalin/F127 hydrogels. This novel injectable hydrogel could
realize sol-gel transition at wound site and exhibit flexible
antioxidant activity. The in vivo experiment demonstrated that
this baicalin/F127 hydrogel significantly accelerate wound healing
compared with F127 hydrogel and control group treated by
commercial dressing (3M Tegaderm), indicating promising
potential in skin trauma treatment. In the future research, we
will further study the mechanism of this kind of hydrogel
improving wound healing by tissue histology and immunohis-
tochemistry.
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Supplementary material related to this article can be found, in the
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