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Purpose: Prolonged exposure of the skin to ultraviolet (UV) rays from sunlight causes oxidative damage to skin cells, and prolonged
exposure to UV can lead to severe sunburn and skin aging, which may increase the risk of skin cancer. Numerous natural products
have been used to treat UV-induced skin damage. Baicalin (BA) has excellent antioxidant properties; however, its poor solubility
hinders its direct application. Therefore, suitable formulations for dermal administration must be developed.

Methods: We designed a temperature-sensitive gel drug delivery system based on baicalin liposome (BA-LP), which was first
constructed using lecithin loaded with insoluble BA. Subsequently, an injectable hydrogel (BA-LG) with temperature-sensitive
properties was constructed using BA-LP and chitosan (CS) with B-glycerophosphate tetrahydrate (3-GP) as a crosslinking agent.
Results: BA-LP had homogeneous particle size, high EE, and good stability. BA-LG could be gelled within 2 min at 37 °C and had
good spreading, adhesion, and injectability properties. The in vitro release results showed that BA-LG had a significantly slower
release effect, with a cumulative release of 60% at 24 h. The effects of BA-LG on skin keratinocyte HaCaT cells were evaluated using
the CCK8 method and transwell co-culture, and the results showed good cell activity and a high survival rate, indicating that the
hydrogel has good biosafety. In the UVB-induced skin injury mouse model, BA-LG showed significant effects by increasing
superoxide dismutase (SOD) activity, decreasing malondialdehyde (MDA) damage, and inhibiting the expression of inflammatory
factors IL-6, PGE2, and TNF-a, and demonstrated a superior therapeutic effect. The analysis of histopathological sections of the skin
stained with H&E and Masson revealed results consistent with those observed on the mice.

Conclusion: In summary, our results suggest that BA-LG, a temperature-sensitive gel based on baicalin liposomes, has good
therapeutic efficacy and potential applications in the treatment of UVB-induced skin damage.
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Introduction

The skin is the outermost organ of the human body and plays a vital role in protecting the body from potential harm from
the external environment.'* Ultraviolet (UV) rays from sunlight are mainly categorized into UVA (315-400 nm), UVB
(280-315 nm), and UVC (200-280 nm), of which UVC is absorbed by the ozone layer of the atmosphere; thus, the skin
is mainly exposed to UVA and UVB. UV irradiation causes oxidative damage to skin cells and also causes DNA
damage.® > Approximately 70-80% of UVA is absorbed by the epidermis, while the rest penetrates the dermis and causes
photoaging of the skin.® Short-term exposure to UVA is not a significant risk, causing only melanin deposition, skin
aging and hyperpigmentation. However, prolonged exposure to UVA induces the production of ROS, which can damage
DNA and proteins and increase the risk of skin cancer.” In the case of UVB, short-term exposure is beneficial as it helps

in vitamin D synthesis. However, prolonged exposure to UVB causes accumulation of ROS in the epidermis and
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reduction of antioxidant enzyme activity, leading to epidermal damage.® UVB also induces DNA damage and increases
the risk of skin cancer.” Studies have shown that the increasing incidence of skin diseases caused by exposure to UV rays
has become an important global health issue.'*"

Numerous natural products have been used to treat UV-induced skin damage.'? Baicalin (BA), a flavonoid isolated
from the dried roots of Scutellaria baicalensis, a dicotyledonous plant belonging to the Lamiaceae family, has
antibacterial, anti-inflammatory, and antioxidant effects.'*'* Studies have shown that BA can reduce reactive oxygen
species (ROS) production and skin cell inflammation, and enhance cell viability.'>'® In the treatment of light-source
dermatoses, BA exhibits photoprotective activity against UVB radiation, inhibits UVB-induced photodamage and
apoptosis in the human immortal keratinocyte line (HaCaT), and alleviates epidermal hyperplasia and collagen fiber
breakage to a certain extent.'”'® This protective effect is important for the prevention and treatment of UVB-induced
skin damage and related diseases. In addition, BA can exert therapeutic effects via inhibition of the Wnt signaling
pathway and inhibition of the Th17/IL-17 axis through activation of PPARY, exhibiting anti-inflammatory activity that
can be leveraged for the treatment of dermatological diseases such as psoriasis.'” These studies suggest that BA has
promising potential in the treatment of skin diseases, especially photodermatoses. Although BA has excellent antioxidant
properties, its widespread use in therapeutic applications remains challenging because of its poor solubility. Studies have
been conducted to design new delivery modes for BA and to develop strategies to improve its solubility, including the
formation of liposomes, phospholipid complexes, solid nanocrystals, and micelles.?’

Dermal modes of drug delivery usually include topical and transdermal delivery.”* Topical administration involves
uniform application of the drug to the surface of the skin, whereas transdermal administration increases the skin barrier
penetration of the drug and improves the bioavailability of the drug.>> The use of physical penetration or chemical
penetration enhancers is the conventional method to penetrate and weaken the stratum corneum, but they are more
damaging and irritating to the skin.”®?” In contrast, newer delivery systems such as particles and phospholipids can be
more gentle and effective for transdermal drug delivery, and are one of the promising modes of dermal drug delivery.?®3°
A liposome is a delivery system consisting of a phospholipid bilayer, similar in structure and composition to a cell
membrane. It is therefore amphiphilic and can be used as a delivery vehicle for both hydrophilic and lipophilic drugs.*’
In addition, its phospholipid layer can readily bind to skin lipids and maintain the required hydration conditions, thereby
improving drug penetration and localization in the skin layer.’* However, liposomes do not retain well as a liquid on the
skin surface, and therefore their traditional delivery form needs to be modified to increase retention on the skin surface
and thereby increase efficacy.

Nanohydrogels have exhibited abilities to accelerate the healing of damaged skin, attenuate skin photoaging, improve
drug delivery efficiency, and target skin cancers; therefore, nanohydrogels have recently been widely used in the
treatment of UV-damaged skin.** > Recently, nanohydrogels with temperature-sensitive properties have also been
investigated.>” As a smart nanomaterial, a temperature-sensitive gel is unique in its ability to change its physical state
in response to changes in ambient temperature. At lower or storage temperatures, temperature-sensitive gels remain in
a sol-gel state with good fluidity, similar to that of a liquid.*® However, when the temperature increases to the phase-
change temperature (typically the human body temperature), the gel changes to a solid/semi-solid gel with some
viscoelasticity and rapid self-recovery. This temperature-responsive transition not only enables the temperature-
sensitive gel to undergo a rapid sol-to-gel transition on the skin surface but also significantly enhances adhesion at the
site of administration and thereby prolonging the retention time of the drug at the site of action.**** These properties of
temperature-sensitive gels make them important in drug delivery systems, especially for local drug delivery, where they
can release drugs directly at the site of the lesion, increase local drug concentration, and reduce the adverse effects of
systemic drug delivery.*'*? In addition to this, it provides multiple options for drug delivery systems with different routes
of administration, indicating a wide range of application prospects in clinical medicine, bioengineering, tissue engineer-
ing, and other fields. In summary, optimal formulations for skin drug delivery can be developed by improving BA
solubility.**™* In this study, we designed a temperature-sensitive gel system based on baicalin liposomes (BA-LP) to
enable efficient delivery of drugs at the target site for the treatment of UV-induced skin damage, thereby improving the
therapeutic effect.
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Materials and Methods

Materials

Baicalin (BA), cholesterol, and B-glycerophosphate tetrahydrate (B-GP) were purchased from Yuanye Biotechnology Co.,
Ltd (Shanghai, China). Chitosan (CS, deacetylation degree >95%, viscosity 100—200 mpa.s) was purchased from Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China). Soybean phospholipids were purchased from AVT Pharmaceutical
Tech Co., Ltd. (Shanghai, China). DMEM medium, fetal bovine serum (FBS), and penicillin—streptomycin were
purchased from Gibco (CA, USA). CCK-8 was supplied by Biosharp (Shanghai, China). Superoxide dismutase
(SOD), glutathione (GSH), hydrogen peroxide (H,0,), and malondialdehyde (MDA) kits were purchased from
Jiancheng Bioengineering Institute (Nanjing, China). BCA protein assay kit was obtained from Labgic Technology
Co., Ltd. (Beijing, China).

Preparation of BA-LP

BA-LP was prepared using a thin-film hydration method.*®*” Briefly, soy lecithin, cholesterol, and BA were weighed and
added to a round-bottom flask, and organic solvents were added to dissolve them under sonication in a water bath. The
organic solvents were removed by evaporation under reduced pressure at 37 °C using a rotary evaporator (Yarong
Biochemical Instrument Factory, China), resulting in the formation of a homogeneous, transparent lipid film. Then, PBS
(pH=7.2) was added to the film for hydration at the indicated temperature. After hydration was completed, BA-LP was
obtained by sonicating for 10 min using an ultrasonic crusher (Safer Co., Ltd., China) in an ice bath for homogenization.

Factors Affecting BA-LP Properties

During liposome preparation, it is important to determine the effect of each independent factor on the BA-LP preparation.
Therefore, several factors were examined, including BA-to-soy lecithin mass ratio (BA/LEC), soy lecithin-to-cholesterol
(LEC/CHO) mass ratio, type of organic solvent, hydration volume, hydration temperature, and hydration time. To
determine the effect of each individual factor on the encapsulation efficiency, particle size, and PDI of BA-LP, we
conducted a series of trials wherein each individual factor was varied while the other factors were kept constant.

Characterization of BA-LP

Particle Size, PDI

Particle size, PDI of BA-LP were determined at 25 °C using a particle size and potential analyzer (NICOMP 380 ZLS,
PSS, US).

Encapsulation Efficiency and Drug Loading

The encapsulation efficiency (EE%) of BA-LP were determined using latex-breaking centrifugation, disruption of
liposomes by the addition of methanol, and ultrasonic extraction of BA, followed by high-performance liquid chromato-
graphy (HPLC) to determine the amount of BA in BA-LP. Briefly, 1 mL of BA-LP was weighed precisely and
centrifuged at 4000 r/min for 30 min; 1 mL of the supernatant was aspirated, diluted with methanol, and then
volumetrically discharged into a 10 mL volumetric flask. After filtered through 0.22 pm microporous membrane, the
content of free BA (Mp) was determined by HPLC. In addition, 1 mL of BA-LP was weighed, dissolved in methanol by
ultrasonication for 30 min as described above, and then filtered through a 0.22 um microporous filter membrane, and the
total amount of BA (M) in the suspension was determined by HPLC. Encapsulation efficiency and drug loading were
calculated as follows:

EE% = M — Mg) /M x 100%
where M is the total BA content in BA-LP, Mg is the free BA content in BA-LP.
Stability of BA-LP

The prepared BA-LP were stored at 4 °C for 14 days. The particle size, PDI, and encapsulation efficiency of BA-LP were
measured on days 1-7 and day 14 to examine the stability.
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Transmission Electron Microscope Analysis

The morphology of BA-LP was examined using a transmission electron microscope (TEM) (JEM-2100F, JEOL,
Japan) operated at an accelerating voltage of 200 kV. Prior to obtaining the imaging, the samples were negatively
stained with 2% (v/v) phosphotungstic acid for 5 min, added dropwise to a copper grid, and dried at room
temperature.

Preparation of Temperature-Sensitive Hydrogels

The gel solution was prepared following the chitosan/p-glycerophosphate tetrahydrate (CS/B-GP) cold method.*®*° CS
was weighed precisely and dissolved in 0.1 mol/L aqueous acetic acid solution for injection to obtain chitosan acetic acid
solution. The prepared BA-LP was added dropwise to the solution under stirring on an ice bath, and stirring was
continued until the mixture was homogeneous, after which it was set aside. In parallel, B-GP was precisely weighed and
dissolved in 0.1 mol/L sodium bicarbonate solution, and ultrasonicated until complete dissolution. This B-GP solution
was added dropwise to the chitosan solution containing BA-LP on an ice and stirred thoroughly to obtain a free-flowing
clear solution, and the pH of the solution was adjusted to approximately 7.1 using 0.1 mol/L sodium bicarbonate. The
solution thus obtained was the temperature-sensitive baicalin liposome hydrogel (BA-LG) pre-solution. The BA-LG pre-
solution was maintained at 37 °C to allow gelation to form BA-LG.

Analysis of Factors Affecting Gelation Time and Temperature

During the preparation of temperature-sensitive gels, it is important to determine the effect of each independent factor on
the preparation of BA-LG. Therefore, the factors—CS concentration, f-GP solution concentration, and chitosan solution
to B-GP solution volume ratio—were examined. A one-way experiment was conducted to determine the effect of each
factor on the gelling temperature and gelling time of BA-LG. The prepared BA-LG was placed in a thermostatic water
bath at 35 °C, and the temperature was increased at the rate of 0.5 °C per 10 min. The vials were inverted every 10s to
observe the fluidity of the pregel solution until the gel did not flow when the vials were inverted, and the gelling
temperature and gelling time were recorded.

Characterization of BA-LG
The gelling temperature and time and pH of the prepared BA-LG samples were determined. The color, appearance,
homogeneity, pH, diffusivity, injectability, adhesion, and spreadability of the prepared gels were evaluated.

The pH of BA-LG was measuring by a pH meter. The microscopic morphology of the BA-LG surface was observed
using a scanning electron microscope.

To examine the gel spreadability, a 1 g sample of BA-LG gel was placed in a circle of 1 cm diameter on a glass
plate, and the spreadability was determined by placing different weights of the glass plate on the gel. This was done by
placing 50 g, 100 g, 150 g and 200 g weights at 1 min intervals and measuring the diameter of the altered horizontal
and vertical axes of the gel after 1 min, and then calculating and analyzing the change in gel area with respect to the
weight.>°

In vitro Release

The dialysis bag method was used to determine the in vitro cumulative release rate and to investigate the sustained-
release effect of BA-LG.”'>* The dialysis bag method was used to determine the in vitro cumulative release rate and to
investigate the controlled-release effect of BA-LG. First, 3 mL each of free baicalin (BA-Free), BA-LP, and BA-LG were
taken, of which BA-LG had undergone complete gelation at 37 °C in a water bath, placed in a dialysis bag, and sealed.
The dialysis bag was placed in 50 mL of PBS (pH 7.2). The in vitro release experiment was performed at 37 °C at
a stirring rate of 50 rpm. The BA content was determined by taking 1 mL of dialysate at 0.5, 1, 2, 4, 6, 12, and 24 h, and
replacing 1 mL of fresh PBS solution at the same temperature to maintain the total volume of 50 mL. The BA
concentration at each sampling point was determined using HPLC to calculate the cumulative release. Each experiment
was performed in triplicate.
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In vitro Transdermal Penetration

After anesthetizing SD rats, the abdominal hair was removed using a mild depilatory cream. The rats were executed after
24 h. The abdominal skin and adherent subcutaneous tissues on the visceral side of the skin were surgically excised and
the remaining adherent subcutaneous tissues and fat were removed by wiping with physiological saline. After the skin
was finally washed again with PBS, it was carefully examined with a magnifying glass to ensure the absence of any
surface irregularities. The treated clean rat skin was hydrated in PBS for 24 h and placed in a Franz diffusion cell so that
the stratum corneum side was facing the donor compartment and the dermis side was facing the recipient compartment,
with an effective diffusion surface area of 1.76 cm?®. The recipient compartment of the diffusion cell was filled with PBS
containing 1% Tween 80, the aqueous bath temperature was maintained at 36.5 + 0.5°C, and a magnetic stirrer was used
for continuous 300 rpm/min Stirring.

BA-Free, BA-LP, and BA-LG were uniformly applied to the skin of the donor chamber and sealed with plastic wrap
to provide containment. 200 pL of recipient chamber samples were collected at the 0.5, 1, 2, 4, 6, 12, and 24 h time
points and supplemented with equal amounts of fresh PBS to maintain recipient chamber conditions.

The BA concentration at each sampling point was determined using HPLC to calculate the cumulative release. Each
experiment was performed in triplicate.

Cytotoxicity
HaCaT cells were obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences. Cells were cultured in
DMEM supplemented with 10% fetal bovine serum and 1% penicillin—streptomycin at 37 °C under 5% CO,.

The cytotoxicity of the gel was tested using HaCaT cells. Cells were seeded in 96-well plates at a density of 6000
cells/well. After 24 h, different concentrations of BA-LP and BA-LG were added, followed by incubation for 24 h. Then,
10% CCKS8 was added, and absorbance values were read at 450 nm after 1 h.

Using Transwell chambers, cells were inoculated at a density of 20,000 cells/well at the bottom of a 24-well
Transwell plate. After 24 h, blank gels (Blank-Gel) and BA-LG gels were added to the inserts, and cells were incubated
for a further 24 h. Cell morphology changes were observed using a microscope. After image acquisition, 10% CCK8 was
added to each well and the absorbance value was read at 450 nm after 1 h of incubation.

Animal Experiments

Male ICR mice (18-22 g) were purchased from ENSIWEIER Biotechnology (Chengdu, China). All animals were housed
under constant conditions (temperature, 25 + 1 °C; humidity, 50 £+ 5%; 12-h light/dark cycle) with free access to standard
laboratory diet and water.

After 7 days of acclimatization, the mice were randomly divided into the following four groups: blank (Control),
model (Model), free (BA-Free), and gel (BA-LG). The Control group received no treatment or UVB irradiation, the
Model group received only UVB irradiation, the BA-Free group received UVB irradiation and BA-Free treatment, and
the BA-LG group received UVB irradiation and BA-LG treatment. The experiments were conducted for 7 days for all
groups. For administration, the drug concentration in each group was based on the amount of BA in the BA-LG group
(380 pg/mL). The administered dose was calculated as 0.1 mL/cm?. Before the experiment, hair was removed using
a soft, gentle, and non-irritating depilatory cream on an area of approximately 2x3 c¢cm?® on the backs of the mice to
expose skin. The mice were observed for the next 48 h to exclude mice exhibiting abnormal hair growth or adverse
reactions to the depilatory cream. A UV lamp with an emission wavelength of 313 nm was used as the UVB light source.
The UV lamp was equipped with a UV illuminometer to measure the intensity of the incident UV light. The distance
between the UVB lamp and the skin on the back of the mice was 40 cm. The mice were irradiated for 30 min using UVB
at an intensity of 500 pW/cm? to obtain a daily UV irradiation dose of 900 mJ/cm?.>*

After 7 days of treatment according to the above experimental scheme, the mice were sacrificed. The skin from the
exposed area of the mice was removed, cleaned with normal saline, and fixed in 4% paraformaldehyde for 24 h.

All animal studies were conducted in accordance with the protocols approved by the Animal Welfare Committee of
Sichuan Academy of Chinese Medicine Sciences. The laboratory animal welfare guideline followed in this study is
Laboratory animals - General code of animal welfare (GB/T 42011-2022).
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Histological Analysis

The previously collected mouse skin tissues dehydrated and embedded in paraffin according to standard procedures to
make sections. Sections were stained with hematoxylin and eosin (H&E) and Masson’s trichrome respectively to analyze
the histological characteristics of the skin.

Antioxidant Properties of Skin Lipids
Antioxidant activity was determined by measuring the levels of SOD and MDA in skin tissue using detection Kkits
(Jiancheng BioTech, Nanjing, China) following manufacturer’s instructions.

Anti-Inflammatory Properties of BA-LG

Appropriate amount of mouse skin tissue was weighed and ground by adding 9-fold saline, then the grinding solution
was centrifuged at 4000 rpm for 10 min at 4°C, and the supernatant was taken to prepare a 10% tissue homogenate. The
levels of pro-inflammatory cytokines IL-6, PGE2 and TNF-a in mouse skin tissues were measured using an Elisa kit
(Elabscience) according to the manufacturer’s instructions.

Statistical Analysis
All experimental data were expressed as the mean + SD of at least three experiments. Comparisons of other effects were
performed using one-way ANOVA. The significance level was set at p< 0.05.

Results
Preparation of BA-LP

The single-factor investigation of BA-LP showed that the encapsulation efficiency of BA-LP increased and particle size
decreased with an increase in the soybean lecithin-to-BA mass ratio (Figure 1A). This is because the liposomes provide
sufficient phospholipid bilayers to encapsulate drugs at high phospholipid concentrations.”> When investigating the effect
of the phospholipid-to-cholesterol mass ratio on BA-LP, we found that the highest EE and smallest particle size were
achieved at a ratio of 5:1 (Figure 1B). Because the fluidity, rigidity, permeability, and transition temperature of the

A B C
400 100 405 400 100 405 400 100 505
as0 f A— . 350 | 1 I[0F 4 A _ai— |
/ - 1 - - 1 - ¢
300 :>;>< 80 sl § i/ " - 80 —~300 | .K\{,X 4 80
E 250 | */ W B (»(l;g 1 “'4_ EZSO r Z \i 8| {_“g 1 ""‘— E 250 | 'S A | (\n;? 1 'H_
~ 200 - # A ~-4 5200 L \ ] <] a 2001 S i =4 2
8 / 1 4= A [ 'Y @ A * 1= =
S50 g—F = Niso [ ¢ {4055 N 150 |- sy =
@ 0.3 B R Joz = | 0.3
100 F —‘l—\uc . 100 - —he—Size ] . @ 0 | w—hSize <
w [ —e—EE - 20 —e—EE - 20 J 50 —-—IF'lF)l "
e=8==PDI 50 —fie=PDI ] el 1
0 1:] 113 l:< 117 |19 0 0.2 0 L L N ' N 0 Joa 0L~ L L L 1o Jdo2
* i i . = 1 13 155 1719 @\to\\ @‘\o\ ‘Cv \\»\\ \\\a)
BA/LEC (W/W) LEC/CHO (W/W) o AC KC“
N
D E F Solvent
400 100 0.5 400 100 - 400 100 - 0.4
350 o °o—eo 1 350 o—o 1 Bl 50 | 1 4
300 F '/ 180 ] 300 F & -] i\'/’ 80 1% ioo 0.3
~ J N [ 4 ] ~ " A' g
E2s0 | leo&31%_ Easof \:}/ oy = Eaxo M
S 60 35S - I . i>< 60X dp2= & N1 =
=200 | {1 =] a<200ft~——, 4 § ~ | 2 =l —40.22
8 J40R [ & [ {401 A~ @ =]~
N 150 03 Loz S150F =) N150 =g
—A—Size 103 @ r . o1 ]
100 £ —e—tE | 20 1o r e 1 Pt ey T
Sy ==f==EDLj] ] r el PDI 1 50 el |
[ 1 I L L L [ 1 ! I L 1 3 e=flje=PD[
0 o o2 0 0 0.0 obl— 1y Jdgo
5 10 15 20 25 30 35 40 45 S0 25 45 65 85 105
PBS Volume (ml) Hydration Temperature (°C) Hydration Time (min)
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phospholipid bilayer improves with an increase in cholesterol content, its hydrophobic chain is not easily broken, thus
maintaining a complete bilayer structure with good fluidity, thereby improving the EE and particle size of liposomes.**>’
However, when the proportion of cholesterol is too high, it competes with BA for the hydrophobic space of the bilayer
and simultaneously destroys the regular and continuous structure of the phospholipid layer, resulting in drug leakage and
a lower EE.*®*°° The solubility of materials in organic solvents is also an important factor that affects liposome
formation.®' Baicalin is insoluble in alcohol and only slightly soluble in chloroform, whereas lipid substances, such as
phospholipids, are easily soluble in both methanol and chloroform. Therefore, when a mixture of methanol and chloro-
form (1:2) was used, these lipid-soluble substances showed the best solubility and formed a better phospholipid bilayer
with BA (Figure 1C).

Similarly, the hydration conditions have a significant influence on liposome preparation. If the hydration volume is
too large, the lipid concentration is low, and more water phase is encapsulated, making the size of the liposomes larger or
even disrupting the formation of liposomes. Therefore, when the hydration volume is reduced, the liposomes have a more
compact structure, are more stable, and have a smaller particle size. However, it should be noted that the lipid
concentration is too high when the hydration volume is too small; in such a situation, the lipid viscosity is high and
cannot be adequately dispersed in the aqueous phase and will consequently affect the liposome-forming process
(Figure 1D).

The results regarding the effect of hydration temperature showed that the particle size of BA-LP first decreased and
then increased with increasing temperature (Figure 1E). This is because an appropriate increase in temperature reduces
the rigidity of phospholipids and increases their fluidity to form vesicular structures with smaller particle sizes. However,
when the temperature is continuously increased, the physical structures of the phospholipids and cholesterol is disrupted,
resulting in the formation of oversized liposomes. Examination of the hydration time showed that the BA-LP particle size
decreased with increasing hydration time, whereas the EE decreased (Figure 1F). This is because sufficient hydration can
better segment the phospholipid bilayer to form smaller vesicle structures; however, prolonged hydration also increases
BA leakage, thus affecting the EE.

Based on the validation examination of the single-factor results, we determined the optimal process for the prepara-
tion of BA-LP and characterized the prepared BA-LP.

Characterization of BA-LP

The particle size of BA-LP produced by the optimal process prescription was 236.97 + 3.89 nm, the PDI was 0.287 +
0.022, and the EE was 86.03% + 0.41 (Figure 2A). TEM examination of BA-LP morphology revealed a spherical
nanoparticle, and the size of the particles assessed using the TEM images was in agreement with the measured particle
size (Figure 2B). The stability test over 14 days showed that there was no significant change in the particle size and PDI
of BA-LP, indicating good stability of BA-LP. We also tested the EE of BA in liposomes over 14 days, and the rate of
change in EE was not significant, indicating that water-insoluble BA was encapsulated in liposomes with no leakage over
14 days (Figure 2C and D).

Preparation of BA-LG

The results of the study on the effect of different concentrations of CS solution and B-GP solution on the gelling
temperature and gelling time of the gels are shown in Tables 1 and 2. The results show that with the increase of CS
solution and B-GP concentration, the gelling temperature of the gel decreases and the gelling time is shortened. However,
considering that the gel needs to be adapted to the body temperature, and the characteristics of too high concentration of
B-GP solution is easy to precipitate, so the subsequent preparation process should be selected as the optimal concentra-
tion of CS solution concentration of 2% and B-GP solution concentration of 60%.

The results of the examination of the effects of different CS solution and B-GP solution mixing volume ratios on the
gelling temperature and gelling time of the hydrogels are shown in Table 3, which shows that the gelling temperature of
the gels decreases and the gelling time shortens with the increase of the volume ratio of the B-GP solution in the mixing
of the two solutions. When the volume ratio of CS solution to 3-GP solution is 4:1, the gelling temperature and time at
this time are ideal, so this level is selected as the optimal condition.

7942 https: International Journal of Nanomedicine 2025:20



Liu et al

size (nm)

250 -

240

230

210

50 100 200 500

B size —o—PDI

time (day)

100

95

90

PDI
encapsulation efficiency (%)

75+

70 .

| e

2 3 4 5 6
time (day)

Figure 2 Characterization of BA-LP. (A) Particle size distribution of BA-LP. (B) TEM images of BA-LP. Scale bar = 100 nm. (C) BA-LP particle size and PDI for 7 days (n=3).
(D) Encapsulation efficiency stability of BA-LP in 7 days (n=3).

In vitro Release Properties of Liposome-Hydrogel Systems and BA
The loading of different drugs is shown in Figure 3A. a. Blank-Gel at room temperature; b. Blank-Gel after gelation at 37
°C in a water bath; c. BA-LP at room temperature; d. BA-LG at room temperature; e. BA-LG after gelation at 37 °C in
a water bath. It can be seen that at room temperature, Blank-Gel, BA-LP and BA-LG are all sols or liquids with fluidity,
while at 37°C, Blank-Gel and BA-LG are solidified solid colloids. This suggests that BA-LG has temperature-sensitive
properties due to the cross-linking of CS with p-GP.%

Table | Effect of Chitosan Concentration (X + s, n=3)

Chitosan Concentration (%)

Gelation Temperature (°C)

Gelation Time (s)

0.75
|

1.5
2
25

42.0+0.33
40.5+0.31
39.0+0.27
36.5+0.30
35.5+0.29

556.3+40.4
413.3+40.4
316.6£30.5
153.7£32.1
113.3£30.6

Table 2 Effect of B-GP Concentration (X + s, n=3)

p-GP Concentration (%)

Gelation Temperature (°C)

Gelation Time (s)

40
60
80

38.5+0.26
37.0+0.29
36.0+0.18

403.3+20.8
133.3+15.3
420.0+20.0
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Table 3 Effect of CS to B-GP Volume Ratio (X + s, n=3)

CS to B-GP Volume Ratio | Gelation Temperature (°C) | Gelation Time (s)

3:1 35.5+0.28 196.7+20.8
4:1 36.5+0.33 202.4+18.5
5:1 37.5+0.31 206.7+15.3
9:1 40.5+0.24 453.3+15.3

Relative to BA-Free and BA-LP, the in vitro release results showed that BA-LG had a more pronounced slow-release
effect, with BA-Free reaching nearly complete release at 4 h, whereas BA-LG had a cumulative release of 60% at
24 h (Figure 3B). The results showed that BA-LG exhibited a more pronounced slow-release effect.

From the cumulative release curves (Figure 3C) of transdermal release, the cumulative penetration increased nearly
twofold in the BA-LP and BA-LG groups compared with the BA-Free group. This was different from the results of
in vitro release, probably because of the better penetration of liposomes into the skin barrier. It is noteworthy that the
cumulative release after 12 h was higher in the BA-LG group than in the BA-LP group, probably because the action of
the gel ensured a long residence time and sustained slow release of the drug on the skin surface. The results showed that
the transdermal delivery of BA can be improved by loading it into liposomal gels.

The above results suggest that BA-LG can continuously release drugs, maintain the concentration of drugs on the skin
surface, and thus prolong the duration of drug action. This is very important for patients with UV damage who need long-
term symptom relief, as it can reduce the frequency of medication administration and improve patient compliance.

cumulative drug release (%)
cumulative drug release (%)

0 N N N N 1 0 " 1 " 1 " L N 1 N 1
0 5 10 15 20 25 0 5 10 15 20 25

time (h) time (h)

Figure 3 (A) The state of hydrogels at different temperatures (a. Blank-Gel at room temperature; b. Blank-Gel after gelation at 37 °C in a water bath; c. BA-LP at room
temperature; d. BA-LG at room temperature; e. BA-LG after gelation at 37 °C in a water bath). (B) The in vitro release of BA from BA-Free, BA-LP and BA-LG in PBS of pH
7.2 (n=3). (C) The transdermal release of Baicalin of BA from BA-Free, BA-LP and BA-LG (n=3).
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Temperature-Sensitive Properties of Liposome-Hydrogel Systems

The pH of BA-LG was determined to be near neutral in the range of 7.08 £ 0.03. As shown in Figure 4A, at room
temperature, BA-LG was in the state of gray-yellow opaque sol, and the hydrogel was visually homogeneous, smooth
and delicate. Take an appropriate amount of BA-LG in the palm of your hand and rub it slightly, the hydrogel is smooth
and wet with viscosity, strong variability, and no particles present. The state of BA-LG before and after rubbing is shown
in Figure 4B. This shows that its homogeneity is good. At 37 °C, the gelling time of the Blank-Gel was 126.7+20.8 s, and
that of BA-LG was 113.3+15.3 s, with a moderate gelling rate. Then using a syringe to inject the hydrogel, BA-LG can
be easily injected and words written, and the gel sticks firmly and stays connected to the vessel’s bottom when inverted
(Figure 4C). Therefore, this indicates good injectability and adhesion of the formed BA-LG.

Two portions of BA-LG were stained with methylene blue and basic fuchsin respectively, and placed in a test tube
and gelled in a water bath at 37°C to obtain a solid cylindrical gel. Then they were divided into half cylinders
respectively and combined. After 48 h of resting, the colors of the two parts of the gel blended, indicating that BA-
LG still has good diffusion ability in the solid state (Figure 4D). The ductility results of BA-LG are shown in Figure 4E.

Characterization of Liposome-Hydrogel Systems

SEM can clearly display its micro scale-oriented pore structure and nano scale fiber network structure. SEM examination
showed that the gel surface was loose and porous, and that the loading of BA liposomes caused the honeycomb-like
structure on the gel surface to disappear (Figure 5). The loading of BA-LP may lead to chemical cross-linking, hydrogen
bond formation, and space-filling effects in the hydrogel, thereby altering the network structure of the hydrogel and
causing the disappearance of the honeycomb-like structure.

In vitro Cytotoxicity Studies
To assess the safety for the application of the prepared gels, an in vitro cytotoxicity test was carried. The results of the
CCK-8 assay showed that BA-LP and BA-LG were not toxic to human skin glial cell line HaCaT when the concentration
was below 100 pg/mL (Figure 6A).

Using a Transwell experiment, the gel was co-cultured with HaCaT to further validate that the Blank-Gel and BA-LG
had no effect on the morphology of the cells and exhibited no cytotoxicity (Figure 6B and C), and that the BA-LG gel
could be safely applied.
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Figure 4 The appearance (A), homogeneity (B), injectability (C), adhesion (C), diffusivity (D), and spreadability (E, n=3) of BA-LG.
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Figure 5 SEM images of Blank-Gel (A) and BA-LG (B). Scale bar = 50 and 500 um.
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Figure 6 In vitro safety of BA-LG. (A) CCK-8 of BA-LP and BA-LG on HaCaT cells. (B) Transwell model of Blank-Gel and BA-LG on HaCaT cells. (C) Images of HaCaT

cells after Blank-Gel and BA-LG treatment. Scale bar = 200 pm.
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BA-LG Liposome-Hydrogel System Reduces UV Damage to Skin

In the UVB-induced skin damage model in mice, the Control group had smooth skin with no damage, whereas the Model
group showed damage such as erythema and skin wrinkles. The BA-Free-treated group showed better skin condition than
the Model group; however, this group still had significant damage, whereas the BA-LG-treated group showed compara-
tively lesser damage (Figure 7).

BA-LG Liposome-Hydrogel System Reduces UV Oxidative Damage to Skin

H&E and Masson staining showed better skin morphology and structure in the BA-LP and BA-LG groups than in the Model
group, further demonstrating the protective effect of BA on the skin (Figure 8A). In the tissue sections stained with H&E and
Masson, compared to the control group, the H&E staining of the model group (Model) shows thickened epidermis, increased
cell layers, and possible infiltration of inflammatory cells, indicating pathological damage. Meanwhile, Masson staining
reveals irregular distribution of collagen fibers and an increase in blue areas, indicating increased collagen deposition, which
may reflect the process of fibrosis or repair after injury. The H&E staining of the BA-free group (BA-Free) shows that the
epidermal thickness may have recovered compared to the model group, but there may still be slight cell layer disorder or
signs of inflammation. Masson staining shows that the distribution of collagen fibers may have improved, but there may still
be some irregularities or excessive deposition. The H&E staining of the BA-LG group (BA-LG) shows that the epidermal
thickness is close to that of the control group, with orderly cell arrangement and significantly reduced signs of inflammation,
indicating that BA-LG treatment may effectively improve tissue damage. Masson staining shows that the distribution of
collagen fibers is close to normal, with even blue area distribution, indicating that the collagen fiber structure has been well
restored and the degree of fibrosis has been reduced. This suggests that the BA-LG temperature-sensitive gel system protects
the cells from damage and reduces the number of inflammatory cells and collagen loss.

Day1 Day2 Day3 Day4 Day5 Day6 Day7

Blank

Model

BA-free

BA-LG

Figure 7 Images of skin UV damage in mice 7 days after treatment with BA-LP and BA-LG.
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Figure 8 Therapeutic effect of BA-LG on ultraviolet damage of mouse skin. (A) Micrographs of H&E and Masson staining of mice skin tissues after BA-Free and BA-LG
treatment. Scale bar =200 pum. (B) T-SOD content in different groups after UV damage (**p <0.01, ***p <0.001). (C) MDA content in different groups after UV damage (**p
<001, *p <0.001).

Further physicochemical tests showed that the use of BA-LG restored SOD activity in mouse skin and reduced skin
MDA damage, which in turn led to the reduction of oxidative damage, thus protecting the skin from UVB photodamage
(Figure 8B and C).

Anti-Inflammatory Effects of BA-LG

UVB irradiation of the skin upregulates inflammatory cytokines and related factors, leading to skin damage. As shown in
Figure 9, after UVB irradiation, the inflammatory factors IL-6, PGE2 and TNF-o were significantly increased in the skin
tissues of mice in the model group, which indicated that UVB irradiation induced the expression of inflammatory factors
in the skin of mice. After treatment with BA-LG, the inflammatory factors in the skin of mice were significantly reduced
to normal levels, indicating that BA-LG has a certain anti-inflammatory effect and can protect the skin from UV damage
by inhibiting the expression of inflammatory factors.

Conclusion
In this study, liposomes loaded with BA (BA-LP) were prepared by a thin-film dispersion technique using cholesterol and soy
lecithin as raw materials, and the optimal prescription process for BA-LP was devised using a one-factor investigation. Then
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anovel injectable temperature-sensitive liposome hydrogel loaded with BA was developed using B-GP as a cross-linking agent to
induce CS to form a temperature-sensitive hydrogel. The formulation exhibited good stability, injectability, temperature
sensitivity, slow-release effects, and biosafety. In the UVB photodamage model, BA-LG protects the skin from UVB photo-
damage by restoring skin SOD activity, reducing MDA content, and inhibiting the expression of 1L-6, PGE2 and TNF-a
inflammatory factors, thereby reducing oxidative damage to the skin. This study demonstrated the promising application of BA
as a treatment for UV-induced skin photodamage and validated the feasibility of using BA-LG as a new delivery system for drug

administration to the skin.

Abbreviations

UV, ultraviolet; BA, baicalin; BA-LP, baicalin liposomes; MDA, malondialdehyde; SOD, superoxide dismutase; 3-GP, B-
glycerophosphate; HPLC, high-performance liquid chromatography; TEM, transmission electron microscopy; BA-LG,
baicalin temperature-sensitive liposome hydrogel.
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