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Abstract: Plant-derived medicinal materials have significant potential and promising applications in
wound healing and skin regeneration. This study aims to develop a plant-based extract hydrogel
from Bletilla striata (Thunb.Reichb.f.), specifically a glucosyloxybenzyl 2-isobutylmalates extract (B),
and characterize its potential effects on wound healing. We synthesized the hydrogel using carbomer
(C), glycerol (G), and triethanolamine (T) as the matrix, incorporating B into the hydrogel base, and
evaluated its physical and chemical properties. In vitro tests assessed the biocompatibility of the
glucosyloxybenzyl 2-isobutylmalates-carbomer-glycerol-triethanolamine (B-CGT) hydrogel and its ef-
fects on cell proliferation, migration, and adhesion. Animal model experiments evaluated its potential
to promote wound healing. The results showed that the prepared B-CGT hydrogel possessed a good
three-dimensional network structure and stability, demonstrating significant free radical scavenging
capacity in antioxidant tests. In cell experiments, the B-CGT hydrogel exhibited no potential cytotoxi-
city and showed good hemocompatibility and promotion of cell proliferation. Animal experiments
indicated that wounds treated with the B-CGT hydrogel healed significantly faster, with improved
formation of new epithelial tissue and collagen. This study suggests that the developed B-CGT
hydrogel is a promising candidate for wound dressings, with excellent physicochemical properties
and controlled drug release capabilities, effectively promoting the wound healing process.

Keywords: glucosyloxybenzyl 2-isobutylmalates; Bletilla striata (Thunb) Reichb.f.; plant materials;
hydrogel; wound healing

1. Introduction

Wound management is a crucial area in modern medical practice, with the research
and development of wound treatment materials being an active field, particularly in finding
effective treatment strategies for acute and chronic wounds [1–4]. Wound healing is a com-
plex biological process involving a series of interacting cells, cytokines, and biomolecules [5].
The fundamental stages of this process include hemostasis, inflammation, tissue prolifera-
tion, and tissue remodeling. During this process, appropriate wound dressings can provide
a moist environment, prevent infection, and promote cell migration and neovascularization,
thereby accelerating the healing process [6].

Natural plant-derived medicinal materials hold significant potential and application
prospects for wound healing and skin regeneration due to their good biocompatibility,
biodegradability, low toxicity, antibacterial properties, and multifunctionality [7–11]. The
medicinal plant Bletilla striata (Thunb) Reichb.f., known for promoting wound healing,
has been used in China for over 2000 years [12–14]. Over the past decades, research has
identified key bioactive compounds, such as polysaccharides from B. striata, polyphenols,
and glucosyloxybenzyl 2-isobutylmalate, which have been shown to promote fibroblast
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proliferation, accelerate collagen synthesis, and exhibit anti-inflammatory and antioxidant
properties [15–18]. However, the clinical application of B. striata polysaccharides and
polyphenols is limited by challenges in optimizing extraction processes and ensuring
consistent efficacy across different formulations. Additionally, B. striata polysaccharides
face significant challenges in drug dispersion systems due to their high viscosity and
difficulties in purification [15,16,19,20]. In contrast, glucosyloxybenzyl 2-isobutylmalate
not only demonstrates excellent biological activity but also exhibits strong stability during
extraction processes, allowing for more effective retention of the primary active components
of B. striata, thus presenting potential value for further development and utilization [21–23].

Recent studies indicate that colloidal-system-based controlled release technology
shows significant potential in drug delivery [24–26]. Hydrogels, noted for their high water
content, excellent biocompatibility, and ability to mimic the extracellular matrix (ECM),
have garnered considerable attention as materials for this purpose [27,28]. Moreover, hy-
drogels provide an ideal, moist environment for wounds, aiding in moisture retention,
cellular migration, proliferation, and neovascularization [29]. Their favorable biocompati-
bility and biodegradability can minimize tissue irritation and side effects [30]. In recent
years, numerous studies have focused on developing novel hydrogels with antibacterial,
anti-inflammatory, and wound-healing properties to enhance healing outcomes [31,32]. For
instance, hydrogels composed of sodium alginate and gelatin can effectively control the
drug release rate, thereby improving therapeutic efficacy. This approach not only enhances
drug bioavailability but also prolongs its duration of action in the body [33,34].

This study aims to develop a novel hydrogel derived from B. striata extracts of glu-
cosyloxybenzyl 2-isobutylmalate and to explore its potential applications in promoting
wound healing. Initially, the extraction and isolation techniques optimized by our research
team were employed to enrich the glucosyloxybenzyl 2-isobutylmalate from B. striata. Fur-
thermore, in vitro cellular assays and animal wound models were utilized to evaluate the
wound healing efficacy of the developed hydrogel. Specifically, we monitored the effects of
the hydrogel on cell migration, proliferation, and differentiation, assessing its influence on
fibroblasts and other cell types closely associated with wound healing. Additionally, the
effectiveness and biocompatibility of the hydrogel were evaluated through animal wound
models. Notably, we focused on the hydrogel’s regulatory effects on inflammatory re-
sponses, its role in angiogenesis, and its promotion of collagen synthesis, thereby providing
a comprehensive assessment of its application potential in wound healing. We anticipate
that the hydrogel developed from B. striata extracts of glucosyloxybenzyl 2-isobutylmalate
will integrate these advanced technologies, further enhancing its value in chronic wound
healing applications.

2. Results and Discussion
2.1. Preparation of Hydrogel
2.1.1. Carbomer-940 Is More Suitable as a Hydrogel Matrix for B-CGT

The gel matrix can be either aqueous or oil-based [35,36]. However, based on the
properties of glucosyloxybenzyl 2-isobutylmalates-carbomer-glycerol-triethanolamine (B-
CGT), it is more suitable for preparation as an aqueous hydrogel. Aqueous gel matrices
typically consist of water, propylene glycol, or glycerol combined with carbomers, alginates,
gelatin, cellulose derivatives, or chitosan. Based on a literature review and preliminary
experiments, chitosan, gelatin, and carbomer were chosen as candidate matrices for this
study [37]. As shown in Figure 1A and Table 1, carbomer-940 was selected as the gel matrix
after comprehensive evaluation. The carbomer-940 gel appeared as a white semi-solid with
a smooth and transparent texture, minimal bubbles, good fluidity, and suitable viscosity.
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Figure 1. Hydrogel matrix screening. (A) Swelling effect of chitosan, gelatin, and carbomer in
three different hydrogel matrices, each tested in parallel through three tests. (B) Represents the
drug-loaded hydrogel picture when carbomer is used as the matrix.

Table 1. Selection of hydrogel preparation methods.

Preparation Method Matrix Name Appearance Bubble Mobility Stickiness

Method 1⃝
Carbomer-940 White semi-solid + ++ +

Gelatin Light yellow semi-solid - ++ -
Chitosan Milky precipitate / ++ /

Method 2⃝
Carbomer-940 White semi-solid ++ ++ +

Gelatin Light yellow semi-solid - ++ -
Chitosan Milky precipitate / ++ /

Method 3⃝
Carbomer-940 White semi-solid - ++ -

Gelatin Light yellow semi-solid - ++ -
Chitosan Milky precipitate / ++ /

Note: ‘/’ means no such feature; ‘-’ means poor (visible bubbles >20, difficult to flow, and the viscosity range
is between 1 and 100 cP); ‘+’ means general (visible bubbles n ≤ 20, not easy to flow, and the viscosity range
is between 100 and 700 cP); ‘++’ represents good (visible bubbles n ≤5, easy to flow, and the viscosity range is
between 700 and 1100 cP).

Carbomer itself is a hydrophilic polymer that forms a three-dimensional network
structure with high water content resembling an extracellular matrix (ECM), making it
an excellent material for topical drug delivery [38]. The overall scoring, considering gel
appearance, fluidity, and viscosity, indicated that carbomer-940 in concentrations ranging
from 0.3% to 0.9% prepared using method I resulted in the best blank gel. This gel was
water-soluble, odorless, smooth, and delicate, with strong adhesion and prolonged skin
retention of the drug. It is easy to clean without a greasy feel, providing a comfortable
application (Table 2).

Thus, carbomer-940 was selected as the gel matrix due to its white semi-solid appear-
ance, moderate viscosity, good formability, and stability without layering. Concentrations
of 0.3%, 0.6%, and 0.9% of carbomer-940 were used as the matrix for drug incorporation and
mixing experiments. The hydrogel containing B-CGT was a brownish-yellow semi-solid
with a uniform and delicate texture. It was easy to apply and more suitable for preparation
as an aqueous gel formulation (Figure 1B).
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Table 2. Screening results of the matrix dosage.

Matrix Name Dosage/(g/100mL) Character Stickiness Formability Stability

Carbomer
0.3 White semi-solid - - ++
0.6 White semi-solid ++ + ++
0.9 White semi-solid ++ ++ ++

Gelatin
0.3 Light yellow semi-solid - - -
0.6 Light yellow semi-solid + - -
0.9 Light yellow semi-solid + + -

Chitosan
0.3 Milky precipitate - - -
0.6 Milky precipitate - - -
0.9 Milky precipitate - - -

Note: ‘-’ means poor (the viscosity range is between 1 and 100 cP; not forming; stratification); ‘+’ means general
(the viscosity range is between 100 and 700 cP; forming; not easy to stratify); ‘++’ means good (the viscosity range
is between 700 and 1100 cP; good stability; not stratified).

2.1.2. Screening of Moisturizers and pH Regulators

The selection of humectant dosage was investigated, with the results shown in Table 3.
It was found that 15% and 20% glycerol resulted in an overly greasy product. Without glyc-
erol, the hydrogel lacked moisturizing properties. At 5% glycerol, the moisturizing effect
was inadequate. When glycerol was at 10%, the hydrogel appeared as a brownish-yellow
semi-solid with good spreadability, moderate viscosity, and good stability. Additionally, it
provided a comfortable cooling sensation when applied to the skin.

Table 3. Screening of glycerol dosage in CGT matrix.

Glycerol (%) Appearance Spreadability Viscosity Stability Greasiness

0 Brownish-yellow semi-solid ++ + + -
5 Brownish-yellow semi-solid ++ + + +

10 Brownish-yellow semi-solid ++ + + +
15 Brownish-yellow semi-solid ++ + + ++
20 Brownish-yellow semi-solid + + + ++

Note: “-” indicates absence (poor spreadability and application; the viscosity range is between 1 and 100 cP;
stratification; no greasiness); “+” indicates moderate (spreadable, not easy to apply; the viscosity range is between
100 and 700 cP; stable; moderate greasiness); “++” indicates good (easy to spread and apply; the viscosity range is
between 700 and 1100 cP; stable; slightly greasy).

For pH regulator selection, the results are shown in Table 4. When 0.6 mL of tri-
ethanolamine was added to a gel containing 0.6% carbomer-940 and 10 mL of glycerol
diluted to 100 mL with water, the pH was 5.62, which is close to the pH range of human
skin (5.0–6.5) [39–41]. This formulation also appeared as a brownish-yellow semi-solid
with good spreadability, moderate viscosity, no stratification, and good stability.

Table 4. Screening of pH regulator triethanolamine in CGT matrix.

Triethanolamine (mL) Appearance Spreadability Viscosity Stability pH

0.2 Brownish-yellow semi-solid ++ - ++ 4.84
0.3 Brownish-yellow semi-solid ++ + ++ 4.95
0.4 Brownish-yellow semi-solid ++ + ++ 5.20
0.5 Brownish-yellow semi-solid ++ + ++ 5.36
0.6 Brownish-yellow semi-solid ++ + ++ 5.62
0.7 Brownish-yellow semi-solid ++ + ++ 6.17
0.8 Brownish-yellow semi-solid ++ + ++ 6.22
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Table 4. Cont.

Triethanolamine (mL) Appearance Spreadability Viscosity Stability pH

0.9 Brownish-yellow semi-solid ++ + ++ 6.59
1 Brownish-yellow semi-solid ++ + ++ 6.80

Note: “-” indicates absence (poor spreadability and application; the viscosity range is between 1 and 100 cP;
stratification; no greasiness); “+” indicates moderate (spreadable, not easy to apply; the viscosity range is between
100 and 700 cP; stable; moderate greasiness); “++” indicates good (easy to spread and apply; the viscosity range is
between 700 and 1100 cP; stable; slightly greasy).

2.1.3. Investigation of the Quantities of Various Additives in Hydrogels

The optimal quantities of various excipients in the hydrogel were determined using
an orthogonal experimental design (Table 5). The experimental results are presented in
Table 6. Data analysis was conducted using Design-Expert 13 software to produce response
surface contour plots and 3D surface graphs, as shown in Figure 2. The fitted equation
obtained from the data analysis is

Y = 33.40 + 0.8750A + 2.63B + 2.50C + 1.25AB + 0AC + 0.5BC − 2.58A2 − 2.08B2 − 4.825C2 (1)

Table 5. Response surface test design and results.

Experiment Number Carbopol 940 (g) Glycerol (mL) Triethanolamine
(mL) Score

1 0.3 10 0.75 28
2 0.6 10 0.5 33
3 0.9 10 0.75 30
4 0.3 5 0.5 27
5 0.6 10 0.5 33
6 0.6 15 0.75 32
7 0.6 10 0.5 34
8 0.6 15 0.25 27
9 0.6 10 0.5 33
10 0.3 15 0.5 29
11 0.6 5 0.75 25
12 0.6 10 0.5 34
13 0.9 15 0.5 33
14 0.6 5 0.25 22
15 0.3 10 0.25 22
16 0.9 10 0.25 24
17 0.9 5 0.5 26

The optimized formulation consisted of 0.71% Carbopol 940, 13.89% glycerol, and
0.57% triethanolamine. The hydrogel prepared with the optimized formulation was a
uniform, stable, brownish-yellow semi-solid with good adhesiveness. The preparation
process of B-CGT hydrogel is shown in Figure 3A,B.

Table 6. Variance analysis of hydrogel preparation process screening.

Response Source Sum of Squares df Mean Square F-Value p-Value

Model 276.49 9 30.72 48.33 <0.0001
A 6.13 1 6.13 9.63 0.0172
B 55.13 1 55.13 86.71 <0.0001
C 50 1 50 78.65 <0.0001

AB 6.25 1 6.25 9.83 0.0165
AC 0 1 0 0 1
BC 1 1 1 1.57 0.25
A2 27.92 1 27.92 43.92 0.0003



Int. J. Mol. Sci. 2024, 25, 10563 6 of 24

Table 6. Cont.

Response Source Sum of Squares df Mean Square F-Value p-Value

B2 18.13 1 18.13 28.52 0.0011
C2 98.02 1 98.02 154.19 <0.0001

Lack of Fit 3.25 3 1.08 3.61 0.1234
R2: 0.9842

Adjusted R2: 0.9638

Note: R2: 0.9842; Adjusted R2: 0.9638 (p < 0.01 indicates high significance, p < 0.05 indicates significance, p < 0.1
indicates non-significance). A represents the percentage content of Carbopol 940, B represents the percentage
content of glycerol, and C represents the percentage content of triethanolamine.
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Figure 2. Response surface design results. (A) Normal probability distribution of the response value
of the experimental residual. (B) Perturbation of each factor. (C) Comparison between actual values
and predicted values. (D) Response surface plots for A and B factors. (E) Response surface plots for
A and C factors. (F) Response surface plots for B and C factors.
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Figure 3. Schematic diagram of drug extraction and hydrogel synthesis route. (A) Extraction process
of glucosyloxybenzyl 2-Isobutylmalates from Bletilla striata. (B) A schematic diagram of the synthesis
path of B-CGT hydrogel.

2.2. Appearance and Centrifugal Stability

The appearance of the hydrogel was inspected and found to comply with the require-
ments of the 2020 edition of the Chinese Pharmacopoeia (Volume IV, General Principle 0114
on Gels) [42]. The hydrogel was uniform and delicate, and it maintained its gel-like state at
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room temperature without drying or liquefying, demonstrating good stability, as shown in
Figure 1B.

The hydrogel exhibited good centrifugal stability, effectively eliminating air bubbles.
The thermal stability and freeze–thaw stability at different temperatures and humidity
levels were assessed to evaluate the storage conditions of the formulation. These studies
provided a theoretical basis for determining the subsequent transportation and storage
conditions of the drug. As shown in Figure 4A, the hydrogel retained its morphology
without any layering, drying, or liquefaction, maintaining good uniformity in accordance
with the 2020 edition of the Chinese Pharmacopoeia (Volume IV, General Principle 0114
on Gels).
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Figure 4. Physical properties and characterization of B-CGT hydrogels. (A) Centrifugal stability, heat
stability, and cold stability tests were carried out under different conditions to evaluate the stability
of B-CGT hydrogels under different conditions. (B) Fourier transform infrared spectroscopy (FTIR)
analysis showed the characteristic peaks corresponding to the functional groups in B-CGT hydrogels.
(C) SEM images showed the porous network structure of the hydrogel after freeze-drying, and the
pore size ranged from 2 to 300 µm. (D) The expansion test shows the hydration capacity within 12 h,
and the maximum expansion rate is 203.71%. (E) The swelling behavior of the B-CGT hydrogel over
12 h. The swelling ratio of the hydrogel increases significantly over time, with the most prominent
swelling rate observed during the first hour.

2.3. Infrared and Morphological Studies

The Fourier transform infrared (FTIR) spectrum of the B-CGT hydrogel is presented
in Figure 4B. In the FTIR spectrum of the B-CGT hydrogel, the strong absorption band
around 3300–500 cm−1 is associated with the O-H bond stretching vibration, which is
commonly observed in hydrogels due to the abundance of hydroxyl groups, indicating the
presence of alcohols or phenols [43]. The peak near 2900 cm−1 is typically attributed to the
C-H bond stretching vibration, suggesting the presence of alkanes [44]. The sharp peak
around 1700 cm−1 is related to the C=O bond stretching vibration, indicative of ketones,
aldehydes, or carboxylic acids. The peak at 1066 cm−1 signifies the C-O bond stretching
vibration [45]. These spectral characteristics correspond to the chemical bond features of
B-class components in B. striata [46].

After freeze-drying the hydrogel, its internal structure was observed using Scanning
Electron Microscopy (SEM), as shown in Figure 4C. The hydrogel exhibited a loose and
porous internal structure with irregular microcavities. These microcavities, possessing a
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three-dimensional network structure, can absorb and retain a significant amount of water,
providing a moist environment for wounds and preventing secondary damage. Addition-
ally, this structure effectively mimics the extracellular matrix (ECM), offering support and
guidance for cells [47,48]. The three-dimensional network also imparts mechanical strength,
providing physical protection to the wound. Furthermore, it can efficiently absorb wound
exudate and lock it within the network, preventing leakage, reducing bacterial growth
environments, lowering the risk of infection, and promoting wound healing.

2.4. Swelling Properties

Figure 4D presents the real image of the hydrogel swelling due to hydration. The
hydrogel visibly swells and increases in volume as it absorbs water, without dissolving after
12 h. As shown in Figure 4E, the swelling rate of the hydrogel significantly increases over
time, initially rising rapidly to 203.71% within the first hour and then gradually stabilizing
between 10 and 12 h, demonstrating excellent water absorption capacity. This indicates
the hydrogel’s ability to absorb large amounts of liquid over a period, thus effectively
managing wound exudate, cleaning the wound promptly, reducing the risk of bacterial
infection, and accelerating wound healing. Additionally, the soft and moist hydrogel
provides a humid environment for the wound, preventing secondary trauma caused by
dressing changes [49,50].

2.5. Oxidation Resistance

To evaluate the antioxidant performance of the hydrogel, this study employed both
DPPH and ABTS methods to measure its free radical scavenging capacity. The results
indicated that the hydrogel exhibited a free radical scavenging rate of 69.28 ± 1.31%
using the DPPH method, demonstrating strong antioxidant capacity. Further testing
using the ABTS method revealed a free radical scavenging rate of 62.82 ± 12.73%. Both
methods confirmed that the prepared hydrogel possesses significant antioxidant properties,
potentially reducing oxidative stress during wound healing [51,52].

2.6. The B-CGT Hydrogel Has Good Biocompatibility
2.6.1. Cellular Compatibility

Cell adhesion is fundamental for communication between cells and their microenvi-
ronment, influencing migration, proliferation, differentiation, and other essential cellular
behaviors. During wound healing, the adhesion and migration of cells are crucial [53,54].
As shown in Figure 5A, NIH/3T3 cells effectively adhered to CGT and B-CGT hydrogels
after a 4 h incubation, displaying behavior similar to cells on TCP culture dishes. This
indicates that CGT and B-CGT support fibroblast adhesion and distribution, although CGT
had fewer attached cells compared to B-CGT.

The CCK-8 assay was used to quantitatively assess the impact of B-CGT hydrogel on
NIH/3T3 cell proliferation. As shown in Figure 5B, cells cultured on B-CGT hydrogels
exhibited significant proliferation after 24 h. After 48 h, cell numbers increased significantly,
with the B-CGT group showing a higher OD value compared to the control group. In the
cell migration assay (Figure 5C), cells in the B-CGT group migrated further than those in
the control group (p < 0.05), a finding supported by the results in Figure 5D.

Live/dead staining was used to evaluate the cytotoxicity of B-CGT hydrogels.
Figure 5E shows that NIH/3T3 cells had a survival rate above 76.74 ± 5.58% after 5 days of
culture in both the B-CGT group and the control group (medium without gel). According
to ISO 10993-5 standards, a survival rate above 70% indicates no potential cytotoxicity,
which is suitable for further biocompatibility evaluation [55].

These results collectively demonstrate that B-CGT hydrogels exhibit excellent cellular
compatibility, promoting cell proliferation, migration, and adhesion. B-CGT hydrogels
provide a conducive environment for cell adhesion, spreading, and growth compared to
the control group.
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Figure 5. The cytocompatibility of B-CGT hydrogel. (A) Adhesion test of NIH/3T3 cells on B-CGT
hydrogel. (B) Effect of B-CGT hydrogel on the proliferation of NIH/3T3 cells, *** p < 0.001. (C) Cell
scratch assay. (D) Scratch area of NIH/3T3 cells under the intervention of B-CGT hydrogel; smaller
scratch areas indicate higher migration rates, *** p < 0.001. (E) Toxicity test of B-CGT hydrogel on cells.

2.6.2. Hemocompatibility

Hemolysis testing is crucial for assessing the biocompatibility and safety of mate-
rials. According to ISO 10993-4 standards, a hemolysis rate (HR) ≤ 5% is considered
non-hemolytic [56,57]. B-CGT hydrogels exhibited an HR of less than 3% (2.48 ± 0.40%,
n = 6), as shown in Figure 6A, indicating good hemocompatibility.

In wound healing, managing minor continuous bleeding post-debridement is critical.
Effective hemostasis impacts the normal healing process. The coagulation time of blood
treated with B-CGT hydrogel was measured to preliminarily evaluate its hemostatic capa-
bility. Figure 6B shows that while whole blood coagulated in 12 min, stable clots formed in
about 3 min upon contact with the B-CGT hydrogel, demonstrating effective hemostasis
compared to the control group.

The prepared B-CGT hydrogel exhibited excellent biocompatibility and significant
promotion of wound healing, as demonstrated by the in vivo and in vitro experiments.
Compared to other plant-derived hydrogels, our formulation shows several advantages.
For instance, alginate-based hydrogels are widely used due to their moisture retention
properties, but they often result in local acidification, which can delay the healing process.
Similarly, hyaluronic-acid-based hydrogels provide excellent cell migration support but
suffer from rapid degradation, requiring frequent replacement [31,58–60]. In contrast,
the B-CGT hydrogel combines excellent moisture retention with longer durability and
better mechanical strength, making it more suitable for long-term wound care applications
(Table 7).
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Figure 6. Blood compatibility and safety test. (A) Hemolysis test diagram and hemolysis rate statistics
of B-CGT hydrogel. (B) The coagulation of the control group and the B-CGT hydrogel group at
different time periods (0, 3, 6, 8, 9, 10, 12 min). (C) The skin irritation test was performed on rat skin
to evaluate the erythema and edema of the control group and the B-CGT hydrogel group within
7 days. (D) The scratch stimulation test was performed on rats to evaluate the scratch transformation
of the control group and the B-CGT hydrogel group within 48 h. The graph shows that there is no
obvious inflammatory reaction in the B-CGT hydrogel group.

Table 7. Comparative analysis of various hydrogel systems and their properties in wound healing.

Hydrogel Type Biocompatibility Moisture Retention Mechanical Strength Wound Healing Efficacy

Alginate Hydrogel Moderate High Low Delayed due to acidification
Hyaluronic Acid

Hydrogel High Very High Low (Rapid
Degradation)

Good (but frequent
replacement needed)

B-CGT Hydrogel Excellent High Moderate to High
Significantly better wound

closure and collagen
deposition

2.7. Safety Performance

Following ISO 10993-10 standards, the irritation potential of B-CGT hydrogels on skin
was assessed [61]. Figure 6C shows no erythema or edema on the backs of mice in both the
B-CGT and control groups. As seen in Table 8 (n = 4), the Primary Irritation Index (PII) for
B-CGT was low, which is similar to the control group, indicating no irritation. Figure 6D
shows the further evaluation of safety using the scratch test, revealing no erythema, edema,
or eschar formation in the B-CGT group. The results in Table 9 (n = 4) confirm the absence
of irritation, demonstrating that B-CGT hydrogels are safe and non-irritating.

Table 8. Primary Irritation Index (PII) scores.

Group 1 d 2 d 3 d 4 d 5 d 6 d 7 d

Control 0 0 0 0 0 0 0
B-CGT 0.03 0 0 0 0 0 0

Table 9. Scratch test scores.

Group 1 h 12 h 24 h 48 h

Control 0 0 0 0
B-CGT 0 0 0 0
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2.8. B-CGT Hydrogel Can Significantly Promote Wound Healing in Rats

To evaluate the in vivo wound healing efficacy of B-CGT hydrogel, an acute full-
thickness wound model was established. As shown in Figure 7A, B-CGT hydrogel was
applied to the wounds of SD rats, and wound healing was documented over time. Figure 7B
illustrates significant changes in wound size across different groups at 0, 3, 7, 13, and 18 days.
By day 3, B-CGT-treated wounds showed 37.09% healing, which was significantly higher
than that of the CGT group (8.43 ± 0.03%) and the control group (8.05 ± 0.06%). By day
7, the B-CGT group exhibited a healing rate of 59.04 ± 0.07%, which was substantially
higher than those of the CGT (24.47 ± 0.07%) and control groups (23.66 ± 0.17%). The
CGT and control groups experienced prolonged inflammation and slower healing, with
rates below 50%. Over time, the B-CGT hydrogel maintained superior healing. By day 13,
the CGT and control groups showed about 80% healing, while the B-CGT group achieved
over 90% (98.22 ± 0.02%), which was significantly higher than the control group (p < 0.05)
(Figure 7C). The histological analysis in Figure 7D corroborates these results.
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Figure 7. The effect of B-CGT on wound healing in rats. (A) The wound healing process of different
groups of rats over different time periods (0, 3, 7, 13, 18 d). (B) The changes in the wound healing
area in different groups of rats over different time periods (0, 3, 7, 13, 18 d). (C) Quantitative analysis
of wound healing area in different groups of rats at different time periods (3, 7, 13 d). (D) The
cross-sectional circumference of the wound on the 13th day of different groups of rats. (E) Wound
tissue epithelial layer slice diagram of different groups of rats at 7 d and 13 d. (F) Epidermal thickness
maps of different groups of rats at 7 d and 13 d. (G) The thickness of granulation tissue in different
groups of rats on the 13th day; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Re-epithelialization, a critical step in skin wound healing, precedes dermal repair. It
quickly restores the wound’s functional barrier, preventing excessive transdermal water
loss and infection risk [62]. To further assess the hydrogel’s effects on re-epithelialization
and granulation tissue formation, observations were made on days 7 and 13. Figure 7E
shows a relatively complete epithelial layer in the B-CGT group’s wound sections. In
contrast, the CGT and NS groups displayed incomplete epithelial layers. On day 7, the
NS group’s wounds remained open. By day 13, as shown in Figure 7F, the B-CGT group
exhibited more pronounced re-epithelialization compared to the controls.

Granulation tissue growth, which is crucial for wound regeneration, provides struc-
tural support, fills wound cavities, and offers a matrix for epidermal cell migration [63]. It
also ensures nutrient supply and waste removal through angiogenesis [64]. Granulation
tissue thickness is an important indicator of healing efficacy [65]. As shown in Figure 7G,
the B-CGT group’s granulation tissue thickened significantly more than the control group’s
by day 13, indicating enhanced wound repair.

Overall, the full-thickness wound healing process involves a complex biological inter-
play between various phases and cell types. Epidermal and granulation tissues interact to
facilitate wound closure. The epidermis provides coverage and protection, while granu-
lation tissue offers support and nourishment. The coordinated development and remod-
eling of these tissues are key to successful wound healing and the restoration of normal
skin function.

2.8.1. B-CGT Can Effectively Promote the Transformation from the Inflammatory Phase to
the Proliferative Phase

Inflammation significantly impacts wound healing, with the epidermis and gran-
ulation tissue providing nourishment and numerous lymphocytes regulating immune
responses to identify and eliminate pathogens. HE staining was used to observe mor-
phological changes at different time points during wound healing [27,66–68]. Figure 8A
shows that on day 3 post-treatment, all groups exhibited an incomplete epidermis and
significant dermal necrosis (black arrows), with numerous necrotic cell debris and unstruc-
tured eosinophilic material, along with abundant inflammatory exudate (purple arrows).
The edges of the injury showed epidermal thickening (orange arrows), some granulation
tissue (gray arrows), new blood vessels (green arrows), fibroblasts (brown arrows), and
numerous lymphocytes (red arrows), with minor bleeding (yellow arrows). By day 7, the
control and CGT groups showed thin skin tissue with abundant inflammatory exudate.
The CGT group exhibited extensive necrosis in the epidermis, with minimal granulation
tissue proliferation. In contrast, the B-CGT group showed extensive granulation tissue
proliferation, containing numerous fibroblasts, new blood vessels, and lymphocytes. On
day 13, all groups showed further skin structure recovery, with the B-CGT group displaying
a relatively complete epidermal structure and significant granulation tissue proliferation
rich in collagen fibers and new blood vessels. The control and CGT groups showed slower
recovery, with some hyperkeratosis in the epidermis (deep red color). Overall, B-CGT
effectively promoted the transition from the inflammatory phase to the proliferative phase,
accelerating wound healing.
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Figure 8. The effect of B-CGT on wound healing. (A) The morphological changes of the skin layer at
different time points. (B) Masson staining analysis. (C) Masson positive area ratio. (D) Fluorescence
double-labeled detection of wound tissue on the third day. (E) Fluorescent double-labeled detection
of wound tissue on the seventh day. (F) Fluorescence double-labeled detection of wound tissue
on the 13th day. (G) The number of microvessels in the wound tissue at different time points.
(H) Immunofluorescence-positive area ratio. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.8.2. B-CGT Can Promote the Formation of Collagen Fibers

Increased collagen fibers in healing tissue are a hallmark of wound healing. Masson
staining was used to observe collagen fiber distribution in the wound area [69,70]. Collagen
fibers (blue), muscle fibers (red), and cell nuclei (black) were identified. On day 3 post-
treatment, the control group showed minimal muscle fiber generation (red), with loose
tissue structure and slight fibrosis (Figure 8B). The CGT and B-CGT groups showed more
collagen fibers with signs of fibrosis. Compared to the control and B-H matrix groups, the
B-CGT group had a denser tissue structure with visible initial blood vessel generation. By
day 7, collagen fiber generation in the B-CGT group significantly increased, with denser
tissue providing structural support and aiding repair and regeneration [71–73]. Both the
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CGT and B-CGT groups showed significant fibrosis with increased blood vessel formation,
although it was not prominent. By day 13, the B-CGT group was most notable, with
abundant collagen fibers, dense tissue, and significant tissue remodeling with increased
blood vessels. As shown in Figure 8C, the positive area ratio in the B-CGT group was
higher at all time points compared to the control and CGT groups. By day 7, the CGT group
had a slightly higher positive area ratio than the B-CGT group. Overall, the B-CGT group
consistently showed higher positive area ratios, demonstrating significant wound healing
effects, likely through collagen fiber generation.

2.8.3. B-CGT Can Promote the Expression and Distribution of CD31 and CD163 in
Wound Tissue

Fluorescent double-labeling was employed to detect the expression and distribution
of CD31 and CD163 in wound tissues. Concurrently, this study observed the microvascular
count of CD31 (red fluorescence), the positive area ratio of CD163 (green fluorescence)
(expression range), the average optical density (intensity of positive signals), and the area
density (average intensity of positive signals within the measured tissue area), as well as
the distribution of cell nuclei during the inflammatory, proliferative, and tissue remodeling
phases [74,75].

As shown in Figure 8D, on the third day of tissue staining, both the control group
and the CGT group exhibited almost no microvascular formation. In contrast, the B-
CGT group showed a prominent red fluorescence, indicating that the B-CGT hydrogel
promotes angiogenesis during the inflammatory phase. After seven days of treatment,
Figure 8E reveals that the B-CGT group had significantly higher expressions of both
vascular count (CD31) and green fluorescence (CD163) compared to the control and CGT
groups, suggesting a positive trend in wound healing. This indicates that the B-CGT group
developed more mature capillaries in the wound area.

Thirteen days post-treatment, the density of CD31 in the B-CGT group was signifi-
cantly higher than that in the control group, as shown in Figure 8F. The control group had
the poorest CD31 and CD163 expression and formation, while the B-CGT group demon-
strated better expression of both markers. Overall, the wound healing process was slower
in the control and CGT groups compared to the B-CGT group, which exhibited accelerated
wound healing capabilities. Figure 8G illustrates the generation of microvessels at different
time points, and Figure 8H shows that the positive expression of CD163 is consistent with
these results (p < 0.001).

3. Materials and Methods
3.1. Materials

Chitosan (Batch No.: 2230614002), DPPH (Batch No.: 2230505001), and ABTS (Batch
No.: 3230821001) were purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China); gelatin (Batch No.: C15218933) and carbomer-940 (Batch No.: C15626960)
were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China); glyc-
erol (Batch No.: 23180341) was acquired from Landaco Technology Co., Ltd. (Beijing,
China); triethanolamine (Batch No.: B2313574) and Methylparaben (Batch No.: A2125255)
were sourced from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China);
NIH/3T3 specialized culture medium (Batch No.: WHAA24C281) was procured from Wuhan
Puno Saier Life Technology Co., Ltd. (Wuhan, China); PBS (Batch No.: GA24020023047),
trypsin (Batch No.: GA2406091), DAPI staining reagent (Batch No.: CR2404001), the CCK-8
assay kit (Batch No.: CR2312062), the Calcein-AM/PI Live/Dead Cell Double Staining
Kit (Batch No.: MPC2402034), Triton X-100 (Batch No.: CR2210021), saline (Batch No.:
GA24010090444), eco-friendly dewaxing solution (Batch No.: G1128), general tissue fixative
(Batch No.: G1101), the hematoxylin–eosin high-definition staining kit (Batch No.: G1076),
iF488-Tyramide (Batch No.: G1231), CY3-Tyramide (Batch No.: G1223), iF647-Tyramide
(Batch No.: G1232), FITC-Tyramide (Batch No.: G1222), citrate antigen retrieval solution
(Batch No.: G1202), EDTA antigen retrieval solution (Batch No.: G1203), tissue autofluores-
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cence quencher (Batch No.: G1221), bovine serum albumin (Batch No.: GC305010), DAPI
staining reagent (Batch No.: G1012), and anti-fluorescence quenching mounting medium
(Batch No.: G1401) were purchased from Wuhan Servicebio Technology Co., Ltd. (Wuhan,
China). Isoflurane (Batch No.: 2024012501) was obtained from Shandong Anter Veterinary
Technology Co., Ltd. (Shandong, China). Absolute ethanol (Batch No.: 100092683), xylene
(Batch No.: 10023418), n-butanol (Batch No.: 100052190), and neutral balsam (Batch No.:
10004160) were acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

3.2. Preparation of Glucosyloxybenzyl 2-Isobutylmalates Extracts of B. striata

Dried and pulverized B. striata material was added to 55% ethanol with a solid–liquid
ratio of 1:10 g/mL. The mixture was subjected to ultrasonic extraction at a power of 344 W
and a frequency of 40 kHz for three sessions of 30 min each. After each extraction session,
the mixture was filtered to remove the residue. The collected filtrates were then concen-
trated under reduced pressure using a rotary evaporator until a thick extract was obtained.

This thick extract was prepared for further processing by mixing it with PRP-512B
reversed-phase resin at a ratio of 1:15 (g/g). The resin was pre-treated by soaking it in
95% ethanol for 24 h, followed by packing it into a column. The packed column occupied
approximately half of the column length. The column was then rinsed with 95% ethanol
until the eluate mixed with water at a 1:5 ratio became clear. Further rinsing with water
continued until no ethanol odor was detected.

The thick extract was then applied to the column using a dry loading method. Gradient
elution was performed with water (until the eluate was colorless), 20% ethanol (until the
eluate was colorless), and, finally, 40% ethanol (until the eluate was colorless). The fractions
eluted with 40% ethanol were collected and concentrated under reduced pressure to obtain
the final dry extract B, which was stored for further use [76].

3.3. Study of the Preparation Process of Hydrogel
3.3.1. Selection of the Hydrogel Matrix

Three common excipients, Carbopol-940, chitosan, and gelatin, were chosen as poten-
tial hydrogel matrices. The preparation followed three different methods. (1) A suitable
amount of hydrogel matrix was gradually sprinkled onto the water surface and left to
swell for 12 h. (2) A suitable amount of hydrogel matrix was placed in a beaker, water
was added gradually, and it was allowed to swell for 12 h. (3) Through a direct method, a
suitable amount of hydrogel matrix was slowly added to water under continuous stirring
at 1000 rpm for 4 h until no white substance was visible. The different matrices were then
evaluated based on their form, texture, fluidity, and viscosity to preliminarily select the
optimal hydrogel matrix. Specifically, Carbopol-940 was allowed to swell for 12 h and
then stirred at 1000 rpm to remove air bubbles. Glycerin was added for cross-linking,
triethanolamine was used to adjust the pH, and the volume was adjusted to 100 mL.

3.3.2. Single-Factor Investigation

In single-factor experiments, each formulation used a total water volume of 100 mL,
with component percentages given as g/100 mL.

1. Moisturizer Glycerin Selection

Blank Carbopol gel was prepared according to Section 3.3.1 with 1.0 g of the formula.
When stirring, 1.25 g of B extract (glucosyloxybenzyl 2-isobutylmalates extract) and 0%,
5%, 10%, 15%, 20% glycerol were added, respectively. Then, 0.6 mL of triethanolamine was
added, and the volume was adjusted to 100 mL with purified water to form the B-CGT
self-adhesive hydrogel. The evaluation included appearance, viscosity, spreadability, and
stability (under high temperature, low temperature, and centrifugation).

2. pH Adjuster Triethanolamine Selection

Blank Carbopol gel was prepared following the method in Section 3.3.1, and then
1.25 g of B extract and 10 mL of glycerin were added while stirring. Different amounts
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of triethanolamine were used to adjust the pH, and the volume was finally adjusted to
100 mL with purified water to form the B-CGT hydrogel. Evaluations included appearance,
viscosity (a Kinexus rotary rheometer (Bonako (Changzhou) New Technology Co., Ltd.,
Changzhou, China) was used to determine the viscosity of the hydrogels), spreadability,
stability (under high temperature, low temperature, and centrifugation), and pH.

3.3.3. Response Surface Methodology for Hydrogel Formulation Optimization

Based on the single-factor experiments, the concentrations of Carbopol-940, glycerin,
and triethanolamine were selected as the factors for further investigation. Using Design-
Expert 13 software (Stat-Ease, Inc., Minneapolis, MN, USA) and a Box–Behnken design,
a three-factor, three-level response surface methodology was employed to optimize the
B-CGT hydrogel’s formulation. The sensory evaluation scores of the hydrogels were used
as the response value to determine the optimal concentrations of the excipients. The design
of the response surface methodology is shown in Table 10, and the scoring criteria are
provided in Table 11.

Table 10. Response surface design factor levels table.

Level
Factor

Carbomer-940/(g) Glycerol/(mL) Triethanolamine/(mL)

−1 0.3 5 0.25
0 0.6 10 0.5
1 0.9 15 0.75

Table 11. Scoring standard of hydrogel sensory index.

Index of Evaluation Request Scale of Marks Score

External properties
At room temperature,
the hydrogel is clear
and transparent, and
it does not dry out or

liquefy

Clear and transparent, not dry or
liquefied 7~10

More clear or transparent, but not
liquefied or dry 4~6

Unclear, or appears dry or liquefied,
fluid dynamics 0~3

Homogeneity
The surface is smooth,
uniform, and delicate;
no/a small amount of

bubbles exist; no
precipitation

The surface is smooth, uniform, and
delicate; no/a small amount of
bubbles exist; no precipitation

7~10

The surface is smooth, delicate, and
uniform; a small number of small

bubbles exists; no precipitation
4~6

The surface is not smooth, delicate,
or uniform, and there are larger or

more bubbles or precipitation
0~3

Spreadability
It is sticky, easy to

apply, and
comfortable on the
skin surface after

application

Good viscosity, easy to apply,
comfortable skin surface after

application
7~10

Poor viscosity, slightly difficult to
apply; after applying, the skin

surface is comfortable
4~6

Poor viscosity, difficult to apply; the
skin surface is not comfortable after

application
0~3

Centrifugal stability
It should be uniform

without variation and
without stratification

Uniform without variation and
without stratification 8

Stratified 3
Distinct stratification 0
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3.4. Physical Properties Testing

The appearance of the gel was evaluated following the guidelines in Section 0114 of
the Fourth Part of the Chinese Pharmacopoeia (2020 edition) [42]. A suitable pH level is
beneficial for promoting wound healing. The pH of the semi-solid hydrogel was measured
using a PHS-3C benchtop pH meter (Shanghai Chemical Laboratory Equipment Co., Ltd.,
Shanghai, China). The stability of the hydrogel, including its centrifugal stability, thermal
stability, and cold stability, is crucial for ensuring its safety and effectiveness in practical ap-
plications. Centrifugal stability was evaluated through 80-1 electric centrifuge (Changzhou
Runhua Electric Co., Ltd., Changzhou, China) at 3000 r/min for 30 min. The heat resistance
stability of the DK-98-1 constant-temperature water bath pot (Tianjin Taisite Instrument
Co., Ltd., Tianjin, China) was maintained in a 55 ◦C water bath for 6 h. The cold-resistant
stability was tested at 4 ◦C for 24 h in the BCD-130EN Haier refrigerator (Qingdao Haier
Refrigerator Co., Ltd., Qingdao, China). The swelling behavior of the B-CGT hydrogel was
evaluated by examining its swelling ratio.

3.5. Characterization of the Hydrogel

The microstructure and the morphology of the hydrogel were observed using a TES-
CAN CLARA scanning electron microscope (SEM, Tesken (China) Co., Ltd., Shanghai,
China). The testing environment involved rapidly freezing the hydrogel with liquid nitro-
gen to preserve a large amount of its water content. The hydrogel was then freeze-dried
using a lyophilization method. A layer of conductive metal was coated on the surface of
the freeze-dried hydrogel to reduce charge accumulation and enhance conductivity, and
the sample was subsequently placed on the SEM stage for scanning and observation.

The chemical structure of the B-CGT hydrogel was characterized using a ThermoSci-
entific Nicolet iS5 Fourier transform infrared spectrometer (FT-IR, Thermo Fisher (China)
Scientific Inc., Shanghai, China) within the range of 4000 to 500 cm−1. This analysis en-
abled the investigation of the chemical bonds within the molecular network structure of
the hydrogel.

3.6. Antioxidant Activity of Hydrogels (ROS Detection)

The freeze-dried hydrogels were extracted with PBS at a ratio of 1:50 for 24 h, and
the extract was reserved for further use. The DPPH assay was employed to measure
the antioxidant activity, with the working solution prepared according to the DPPH kit’s
instructions. Absorbance was measured at 517 nm using a microplate reader (Thermo Fisher
(China) Scientific Inc., Shanghai, China). The DPPH scavenging rate (%) was calculated
as follows:

DPPH scavenging rate (%) =

(
A1 − A2

A1

)
× 100% (2)

where A1 represents the control group (water + DPPH solution) and A2 represents the
hydrogel extract.

The ABTS method was used for further verification. The working solution was
prepared according to the ABTS kit’s instructions. Absorbance was measured at 734 nm
using a microplate reader. The ABTS scavenging rate (%) was calculated as follows:

ABTS scavenging rate (%) =

(
A1 − A2

A1

)
× 100% (3)

where A1 represents the control group (water + ABTS solution) and A2 represents the
hydrogel extract.

3.7. Biocompatibility of Hydrogels
3.7.1. Cell Compatibility of Hydrogels

To assess cell compatibility, B-CGT hydrogel was extracted with culture medium (1:30)
for 24 h and then filtered using a 0.45 µm membrane. The cell proliferation capability was
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evaluated using the Cell Counting Kit-8 (CCK-8). NIH/3T3 cells were revived and cultured
at 37 ◦C with 5% CO2. The cells were seeded in 96-well plates at a density of 2 × 103 cells
per well. After 4 h of incubation, the medium was replaced with 80 µL of extract solution
and 20 µL of medium. At 24, 36, and 48 h, CCK-8 solution (10%) was added as per the kit
instructions. After 2 h of incubation in the dark, the absorbance at 450 nm was measured
using a microplate reader. The cell proliferation rate was calculated as

Cell Proliferation =
(ODa − ODc)

(ODb − ODc)
(4)

where ODa represents the experimental group with B-CGT, ODb represents the control
group without cells, and ODc represents the blank group without hydrogel and cells.

For the cell adhesion assessment, 3 × 105 NIH/3T3 cells were seeded onto untreated
24-well plates under sterile conditions. Fifty microliters of B-CGT extract and CGT extract
(non-drug-loaded hydrogel) were added to the wells and incubated for 4 h. A positive
control was set by seeding an equal number of cells directly onto 24-well TCP culture plates.
After 4 h, the medium was gently aspirated, and the cells were washed twice with PBS. The
cells were stained with DAPI for 5 min and observed under a DMI 8 inverted microscope
(Leica Microsystems GmbH, Heidelberg, Germany).

To investigate the effect of the hydrogel on fibroblast migration, a scratch assay was
performed. NIH/3T3 cells (2 × 106) were cultured in 6-well plates for 24 h. Scratches of
uniform width were made at the bottom of each well, followed by the addition of hydrogel
extract after removing the medium. The cells were incubated and observed under an
inverted microscope at specific time points to monitor migration into the scratch area.

To evaluate cytotoxicity using live/dead cell staining, 1.5 × 104 cells were seeded in
24-well plates. After incubation for 12, 24, and 36 h, the medium was removed, and 100 µL
of live/dead staining solution was added to each well. Following 15 min of incubation in
the dark, the staining solution was aspirated, the cells were washed twice with sterile PBS,
and the cells were observed under an inverted fluorescence microscope at 1, 3, and 5 days.

3.7.2. Blood Compatibility of Hydrogels

Blood compatibility was assessed via hemolysis tests. Fresh rat blood was centrifuged
at 2000 rpm for 10 min to isolate RBCs, which were then washed three times with 0.9%
NaCl to obtain purified RBCs. A 5% RBC suspension (v/v) was prepared. Then, 200 µL of
RBC suspension was mixed with 800 µL of 0.9% NaCl (negative control), 200 µL of RBC
suspension was mixed with 800 µL of 0.1% Triton X-100 (positive control), and 200 µL
of RBC suspension was mixed with 100 µL of hydrogel extract and 700 µL of 0.9% NaCl
(experimental group). After 2 h of incubation at 37 ◦C, the samples were centrifuged
at 2000 rpm for 10 min, and photographs were taken. The supernatant was transferred
to 96-well plates, and absorbance at 540 nm was measured using a microplate reader to
calculate the hemolysis rate (HR).

HR(%) =

(
Ah − An

At − An

)
× 100% (5)

where Ah, At, and An represent the absorbance at 540 nm for the experimental, positive,
and negative control groups, respectively.

3.7.3. Blood Clotting Effect of Hydrogels

The blood clotting effect of the hydrogels was evaluated using an in vitro clotting test.
Hydrogels were placed in 96-well plates and incubated in a water bath at 37 ◦C for 10 min
to reach the desired experimental temperature. Subsequently, 45 µL of anticoagulated fresh
rat blood was added, followed immediately by 9 µL of CaCl2 solution (25 mol/L). Blood
clotting was observed and recorded at various time points. Unclotted blood was gently
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aspirated, and the wells were washed twice with 0.9% NaCl to remove non-clotted blood
and impurities. The formation of clots was documented through photography.

3.8. Safety Evaluation of Hydrogels

According to ISO 10993-10 standards [77], SD rats were shaved on the back and treated
with normal saline (control) and B-CGT twice daily. Skin condition was observed and
scored on days 1, 2, 3, 4, 5, 6, and 7 post-application. The Primary Irritation Index (PII) was
calculated as

PII =
N
n

(6)

where N is the total score at each time point and n is the number of animals. A lower PII
indicates lower irritation. In a further experiment, the shaved areas on the rats’ backs were
slightly scratched to induce minor bleeding, washed with the control, and treated with
hydrogel twice daily. Skin condition was scored and photographed at 1, 12, 24, and 48 h
post-application. Scoring criteria are shown in Tables 12 and 13.

Table 12. Scoring standard of hydrogel skin irritation test.

Reaction Type Rate Range

Formation of
erythema and

eschar

Erythema-free 0
Very slight erythema (barely visible) 1

Clear erythema 2
Moderate erythema 3

Moderate to severe erythema (purplish red) to eschar
formation 4

Edema

No edema 0
Very slight edema (barely visible) 1

Clear edema (swelling, no more than the edge of the region) 2
Moderate edema (swelling of about 1 mm) 3

Severe edema (swelling more than 1 mm and beyond the
contact area) 4

Table 13. Scoring criteria for hydrogel Primary Irritation Index (PII) reaction types.

Stimulation Index Reaction Type

0.0~0.4 Slight
0.5~1.9 Mild
2.0~4.9 Moderate
5.0~8.0 Serious

3.9. Wound Healing Experimental Study

In this experiment, SD rats were selected and purchased from Hunan Jiatai Experimen-
tal Animal Co., Ltd. All animals were housed in SPF-level facilities with a 12 h light/dark
cycle (Animal Ethics Approval No.20231228001). The 24 SD rats, weighing between 180
and 220 g, were randomly divided into three groups using a random number method: the
control group, the CGT group (drug-free hydrogel), and the B-CGT group (drug-loaded hy-
drogel). There were 8 rats per group, housed individually. The day before the experiment,
the rats’ backs were shaved and cleaned with saline. On the day of modeling, anesthesia
was induced with isoflurane for a few minutes and maintained with a mask. The surgical
area was disinfected with iodine, and a 10 mm full-thickness skin wound was created using
a biopsy punch. The wounds were evenly treated with the control, CGT, or B-CGT. Digital
images of the wounds were taken on post-operative days 3, 7, and 13 and measured using
ImageJ software V1.8.0, NIH, Bethesda, MD, USA). The healing rate (%) was calculated
as follows:

Healing rate (%) =

( A0 − A(3,7,13)

A0

)
× 100% (7)
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where A0 and A(3,7,13) represent the unhealed area on days 0, 3, 7, and 13, respectively. His-
tological and immunofluorescence analyses were performed on regenerated skin samples
collected on post-operative days 3, 7, and 13. The samples were fixed in 4% paraformalde-
hyde and embedded in paraffin for subsequent staining.

3.9.1. Hematoxylin and Eosin (HE) Staining

Paraffin-embedded tissue sections were deparaffinized using an eco-friendly deparaf-
finization solution (2x for 20 min each), followed by washing with absolute ethanol (2x for
5 min each) and 75% ethanol (1x for 5 min). The sections were then washed with water.
Pre-treatment involved placing the sections in a high-definition staining pre-treatment
solution for 1 min. The sections were stained with hematoxylin for 3 min, washed with
running water, differentiated, blued, and rewashed. Eosin staining was performed by
dehydrating the sections in 95% ethanol for 1 min and staining in eosin for 15 s. The
sections were dehydrated in absolute ethanol (3x for 2 min each) and butanol (2x for 2 min
each) and finally cleared in xylene (2x for 2 min each) and mounted with neutral resin. A
NIKON ECLIPSE E100 microscope (NIKON CORPORATION, Tokyo, Japan) was used for
examination. Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used
to collect images and to measure the thickness of the granulation tissue and epidermis.

3.9.2. Masson’s Trichrome Staining

Paraffin-embedded sections were deparaffinized to water, as described in the HE
staining protocol. The sections were stained using the Masson’s trichrome staining kit
according to the manufacturer’s instructions. The sections were immersed in Masson A
solution overnight, washed with running water, and then stained with a mixture of Masson
B and C solutions for 1 min, followed by differentiation and washing. The sections were
then stained in Masson D solution for 6 min, washed with water, and further stained in
Masson E solution for 1 min. After removal, the sections were placed directly in Masson
F solution for 2–30 s, washed with 1% acetic acid for differentiation, and dehydrated in
absolute ethanol. The sections were then cleared in xylene for 5 min and mounted with
neutral resin. Microscopic examination was performed, images were captured, and the
analysis was conducted using Image J software.

3.9.3. Immunofluorescence Analysis

For the immunofluorescence analysis, deparaffinization (eco-friendly solution) and
hydration (absolute ethanol) were followed by antigen retrieval using EDTA (pH = 8.0),
ensuring the sections did not dry. The skin tissue sections were treated with PBS (pH = 7.4)
three times for 5 min each at room temperature, followed by 25 min of incubation in 3%
hydrogen peroxide in the dark to block endogenous peroxidase. After treatment with PBS,
the sections were blocked with 3% BSA for 30 min. The sections were incubated with CD31
antibody at 4 ◦C overnight. After washing with PBS, HRP-conjugated secondary antibody
was added, and the sections were incubated at room temperature for 50 min, followed by
washing with PBS. CY3 was added and incubated in the dark for 10 min, followed by TBST
treatment and microwave heating. CD163 antibody was then added and incubated at 4 ◦C
overnight, washed with PBS, and incubated with Alexa-Fluor-488-conjugated secondary
antibody in the dark for 50 min. DAPI staining solution was added and incubated in the
dark for 10 min. Finally, autofluorescence quencher was added and incubated for 5 min.
Fluorescence images were taken with a Nikon Eclipse C1 fluorescence microscope (NIKON
CORPORATION, Tokyo, Japan).

3.10. Statistical Analysis

All experimental results were derived from at least three independent experiments.
Statistical analyses were performed using SPSS software 22.0, IBM, Chicago, IL, USA,
and data were presented as mean ± standard deviation (Mean ± SD). Depending on
the experimental design, t-tests or one/two-way ANOVA were used for data analysis.



Int. J. Mol. Sci. 2024, 25, 10563 21 of 24

Graphpad Prism 9.0 (GraphPad Software, Inc., Boston, MA, USA) was used for plotting.
p-value < 0.05 was considered statistically significant.

4. Conclusions

In this study, building upon existing formulations, we developed a semi-solid gel,
B-CGT, by screening matrix materials and evaluating formulation processes. This was the
first attempt to prepare a gel from the extract of B. striata containing glucosyloxybenzyl
2-isobutylmalates. The experimental results demonstrated that this hydrogel possesses ex-
cellent biocompatibility and suitable physical properties, such as porosity, biodegradability,
and adjustable mechanical properties. These characteristics effectively address the me-
chanical property requirements of certain special wounds and modulate the inflammatory
microenvironment of wounds without the need for additional therapeutic agents.

Moreover, the hydrogel’s good swelling performance not only maintains a moist
wound environment but also absorbs exudate from wound tissues, effectively prevent-
ing secondary trauma and promoting timely wound cleaning. The antioxidant capac-
ity of B-CGT hydrogel balances the oxidative stress response, thus managing the over-
production of free radicals resulting from enhanced cellular metabolic activities and
inflammatory responses.

Additionally, B-CGT hydrogel effectively promotes the proliferation, adhesion, and
migration of NIH/3T3 cells in vitro, indicating good cell compatibility. In vivo studies
confirmed that B-CGT hydrogel promotes wound healing by modulating the inflammatory
microenvironment. It also facilitates the formation of new blood vessels (CD31) and shows
a significant positive area ratio (CD163) with appropriate collagen deposition. Safety evalu-
ations, including in vivo irritation tests and in vitro hemocompatibility tests, demonstrated
that B-CGT hydrogel does not cause tissue reactions and exhibits good blood compatibility,
confirming the safety of B-CGT hydrogel. These findings further support its application
value in wound treatment.

Future research will explore the clinical application potential of this hydrogel, es-
pecially in the management of complex or non-healing diabetic wounds. Additionally,
modification and functionalization of the hydrogel will be a key focus to enhance its
therapeutic effects and applicability. Through these studies, we aim to bring this novel
material into practical use, providing more options and better outcomes for wound
healing treatments.
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