International Journal of Pharmaceutics: X 8 (2024) 100267

Contents lists available at ScienceDirect

International Journal of Pharmaceutics: X

e 4

ELSEVIER

journal homepage: www.sciencedirect.com/journal/international-journal-of-pharmaceutics-x

Development and optimization of the Glabridin-loaded dissolving
microneedle for enhanced treatment of keloid

Juan Guo ™', Zhongtang Chen®', Rong Huang “, Dandan Tang °, Yuhuan Wang %> pan Song ,
Liangyu Mei?, Shuguang Hou", Wei Peng™ ", Lisha He™ ~, Qiang Ren®""

& State Key Laboratory of Southwestern Chinese Medicine Resources, School of Pharmacy, School of Clinical Medicine, Chengdu University of Traditional Chinese
Medicine, Chengdu 611137, PR China

® Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu University of Traditional Chinese Medicine, Chengdu 610075, PR China

¢ Chengdu Integrated TCM & Western Medicine Hospital, Chengdu 610041, PR China

ARTICLE INFO ABSTRACT

Keywords: Glabridin (Gla) has been reported to have significant effects in scar treatment, and however, the water insolu-
DiSSOllVi'ng microneedle bility of Gla leads to its poor transdermal absorption ability, which affects its bioactivities. Therefore, we
Glabridin attempted to prepare the Gla dissolving microneedles (Gla-MN) to improve the absorbtion of Gla. After inves-
Keloid L. . . . . . s . .

. tigation of the 3 factors including the needle tip matrix concentration, the prescription concentration of backing
Transdermal absorption . . . ) . .
PISK L material, and the dissolution method of Gla, we finally determined the process parameters of 10% hyaluronic

/Akt signaling

acid (HA) as the needle tip and 5% polyvinyl alcohol (PVA) as the backing, according to which the Gla-MN was
prepared with the good characteristics of high hardness, complete appearance and good in vitro dissolution
ability. We then loaded Gla onto the microneedles and measured that the average drug loading of Gla-MN was
2.26 £+ 0.11 pg/mg and the cumulative transdermal release of Gla-MN was up to 76.9% after 24 h. In addition,
Gla-MN had good skin penetration properties, with Gla-MN penetrating at least 4 to 5 layers of parafilm. And the
skin basically could return to normal after 4 h of piercing. Importantly, our results showed that Gla-MN had

TGF-p1/a-SMA

higher transdermal delivery and therapeutic effects against keloid than that of Gla at the same dosage.

1. Introduction

Keloid is a benign fibroproliferative scar due to excessive prolifera-
tion of fibrous connective tissue commonly caused by traumatic wounds
or skin infections. Keloid is characteristized by continuous proliferation
of fibroblasts and invasive growth of adjacent tissues, as well as exces-
sive secretion of extracellular matrix (Chen et al., 2024; Yan et al.,
2023). It generally exists in the deep dermis and is difficult to be
removed, often leading to skin deformities and impaired skin function.
Importantly, it seriously affects the appearance of the body, causing a
great psychological burden on keloid patients (Limandjaja et al., 2020;
Luan et al., 2016). Although many treatment methods for keloids coulbe
be used, including surgery and drug treatements, the overall therapeutic
effects of these treatments are unsatisfactory and regretful due to the
poor therapeutic effect, severe side-effects and highly recurrence rate,

etc. (Ghadiri et al., 2022; Jiang et al., 2020). For the keloid treatment,
the majority of the population would like to choose topical medication
and local injection therapy. However, local external drugs are difficult to
reach the dermis due to the obstruction of the skin barrier, thus exerting
their effects. Additionally, topical injection therapy makes it difficult to
carry the drug to a specified depth of skin, resuliting in uneven distri-
bution of drugs within the scar and unsatisfactory anti scar effects (Ward
et al., 2019). Therefore, it’s necessary to discovery more active sub-
stances and devlop more feasible drug delivery systems for treatment or
prevention of keloid. Increasing studies have suggested that natural
products have good biocompatibility with human beings due to the
coevolution of organisms on Earth, and have been used to treat various
diseases for thousands of years (Peng et al., 2024).

Glabridin (Gla) is a flavonoid compound with a wide spectrum bio-
activities extracted from the traditional Chinese medicine of licorice. In
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our previous research, Gla has been confirmed to have significant effects
in scar treatment. Gla could inhibit HKF cell proliferation by inducing
cell apoptosis and could also reduce collagen production in HKF cells.
The further molecular mechanism studies have revealed that the anti-
scar effects of Gla is closely related to regulation of PI3K/Akt and
TGFB1/SMAD pathway (Zhang et al., 2022b). However, the water
insolubility of Gla leads to its poor transdermal absorption ability, which
affects its bioactivities (Hespeler et al., 2019; Simmler et al., 2013).
Therefore, we attempted to find a suitable dosage form for Gla, and
finally found that microneedle might be a feasible drug administration
system for increasing the absorbtion of Gla.

The specification of microneedles is generally 10-2000 pm in height
and 10-50 pm in diameter. It generally cause temporary physical dam-
age to the stratum corneum of the skin through micron-sized needle tips,
creating microporous channels through which drugs are directly trans-
ported to the epidermis or upper dermis (Jamaledin et al., 2020; Zhang
et al., 2022a). Microneedles can not only maintain the advantages of
traditional transdermal drug delivery systems, but also overcome the
problems of insufficient permeability and low drug delivery efficiency,
and have been widely used in transdermal drug delivery systems. Due to
the fact that microneedle administration generally does not cause pain,
it greatly improves patient compliance (Kim et al., 2012; Knopf-Marques
et al., 2016; Zhang et al., 2021). Therefore, in this study, we developed
the Gla-loaded dissolving microneedles to increase the treatment of Gla
against keloid. As the most of our knowledge, this is the first report
regarding Gla-loaded dissolving microneedles, and our present work
provides a new cadidate way for the treatment of keloid.

2. Materials and methods
2.1. Materials

Gla (purity over 98%) was purchased from Chengdu Maidesheng
Technology (Cat. No. RP201203, Chengdu, China); Hyaluronic acid
(99%) was purchased from Shanghai Yihui Biotechnology (Cat. No.
RH335738, Shanghai, China); Poloxamer 188 was purchased from Xi’an
Jinxiang Pharmaceutical Accessories (Cat. No. GND31621B, Xi’an,
China); Polyvinyl alcohol 17-99 was purchased from Chengdu Kelong
Chemical Reagent Factory (Chengdu, China); Phosphate buffer solution
(PBS) was purchased from Shanghai Chuangsai Technology (Shanghai,
China); 4% paraformaldehyde fixative from biosharp (Cat. No.
23179318, Shanghai, China); Sodium pentobarbital is purchased from
Sigma (Cat. No. 20190614, Shanghai, China); Primary antibodies of Akt,
phosphorylation (p)-Akt, Bax, Bcl-2, cleaved (c)-Capease-3, TGF-f1,
PI3K, p-PI3K,a-SMA and f-actin were purchased from Abclonal (Wuhan,
China). Microneedle mold was purchased from the Precision Technology
(Dongguan, China).

2.2. Animals

New Zealand rabbit (1.8-2.5 kg) was purchased from the Chengdu
Dashuo Experimental Animal (Chengdu, China), and were kept under
constant conditions (temperature 25 + 1 °C). Rabbits were randomly
divided into four groups: normal keloid group (Control), Gla group,
Blank-MN group and Gla-MN group (n = 5) (Hong et al., 2018; Zhong
et al., 2024). Briefly, rabbits were anesthetized by intravenous injection
of pentobarbital sodium (30 mg/kg, iv.), and subequently the cartilage
in rabbit ears was exposed with a hole punch. Each rabbit had six le-
sions. After the wound is covered with iodophor, the scab is removed
after seven days, causing a secondary wound, and the wound is closed
with a sterile bandage. Sterile dressing is removed at the end of the 3th
week. The Contorl rabbits were administered with normal saline twice a
day, the Gal rabbits were administered with Gla solution twice a day,
and the Blank-MN and Gla-MN rabbits were administered with blank
microneedles and Gla-loaded microneedles, respectively, and the needle
was inserted into the scar. After 12 days’ treatment, the rabbits were
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sacrificed by intravenous injection of pentobarbital sodium (100 mg/kg,
iv.). Then, each scar tissue was collected, and 4% of the para-
formaldehyde was used to fixed the scar tissues for histopathological
examinations with H&E staining and masson staining, and the remain-
ing samples were used for further biochemical examinations. All the
animal protocols were approved by the Institutional Ethics Committee of
Chengdu University of TCM (approval no. 2023208).

2.3. Preparation of Gla-MNs

Glabridin-loaded dissolving microneedle (Gla-MN) were prepared
using a two-step casting method as shown in the flowchart (Fig. 1).
Firstly, Gla, poloxamer 188 and HA were placed in a mortar, and the
mixture was ground until Gla was completely dissolved to obtain the
matrix solution constituting the tip of the microneedles. The matrix
solution was then casted onto the polydimethylsiloxane (PDMS)
microneedle mold, and subsequently placed in a vacuum dryer and filled
three times for five minutes every times under negative pressure to fill
the mold cavities with the tip matrix solution. The excess tip matrix
solution was gently scraped off. Next, the PVA solution was added to the
mold as the backing membrane of the microneedle. Finally, the prepared
microneedles were dried with constant temperature at 40 °C for 24 h to
form the final product of the Gla-MNs (Cheng et al., 2020), and the
prepared Gla-MNs were stored in a desiccator for the following
experiments.

2.4. Formulation optimization of PVA and HA

Hyaluronic acid (HA) is one of the commonly used microneedle tip
matrix materials which has biodegradability, diversity, biocompatibility
and excellent non-immunogenicity. Low molecular weight HA has good
formability, strong hardness, and good properties for the preparation of
needle tip (Knopf-Marques et al., 2016). Similarly, as a commonly used
backing material, polyvinyl alcohol (PVA) has the characteristics of
good toughness, good texture, and close fit with the skin. Therefore, we
chose HA as the needle tip substrate and PVA as the backing material
(Xing et al., 2023). Furthermore, three concentrations of HA (5%, 10%
and 15%) were tested for optimization of the tip material, three con-
centrations of PVA 17-99 (5%, 10% and 15%) were tested for optimi-
zation of the backing material. Gla is difficult to dissolved in HA
solution, so a certain amount of solubilizer is added. We chose polox-
amer 188 as the solubilizer, and we mixed Gla with poloxamer 188 and
HA at the ratio of 5:1, 3:1, 2:1 and 1:1 to observe their dissolution.

2.5. Morphological characterization

A macro camera, a Baisite 500x magnifier and a scanning electron
microscope were used to observe whether the backing layer of the
microneedle patch was flat, the individual needle body and the
arrangement of the microneedle array.

2.6. Microneedles solubility test in vitro

Pre-treated mouse skins were incubated in PBS (pH 7.4) for 1 h, and
then the stratum corneum side of the skin was dried and placed on a
paper towel impregnated with PBS (pH 7.4) solution, and the isolated
skin was placed at 37 °C to simulate the in vivo environment. The
microneedle was then inserted into the mouse skin, removed after a
period of time, and the morphological changes of the microneedle were
observed using a Baisite magnifying microscope.

2.7. Mechanical performance tests
The mechanical properties of the microneedles were assessed by a

texturing instrument. The microneedles, cut the excess uneven backing
material, were placed on the horizontal platform of the texturing
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Fig. 1. Preparation of Gla-MN. The dashed frame shows the composition of the Gla-MNs.

instrument with the tip facing upwards, and the P5 probe was used to
move vertically downwards at a speed of 5 mm/min to record the forces
on the microneedles throughout the testing process and to plot the
force/needle - displacement curves.

2.8. Determination of microneedle drug loading by HPLC

The Gemini Cy5 (250 x 4.6 mm, 3 pm) liquid chromatography col-
umn was selected with pure water as mobile phase A and acetonitrile as
mobile phase B. The method of isodegree elution was adopted at the
flow rate of 1.0 mL/min. The sample size was 10 pL, the column tem-
perature was 30 °C, and the detection wavelength was 282 nm (Vis-
wanathan and Mukne, 2016). Precision weighing 4 mg of Gla reference
agent, using 75% methanol to dissolve to 5 mL volumetric bottle scale

line, shake well to obtain a mass concentration of 0.8 mg/mL Gla
reference agent reserve solution. The prepared Gla-MNs were dissolved
in 5 mL methanol solution (75%) and then filtered with 0.22 pm
microporous filter membrane after ultrasound to obtain the testing
sample solution (Wei et al., 2015). Then, methodological investigation
was carried out to evaluate the rationality and accuracy of the Gla-MN
preparation process.

2.9. Skin puncture property and recovery assays

Mice were anesthetized by intravenous injection of pentobarbital
sodium (45 mg/kg, iv.) and then the mice were sacrificed by decapita-
tion. Then, the skins of abdomen and dorsal backs of the mice was
seprated and the subcutaneous fat and fascia were removed, and the
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prepared Gla-MN was stabbed into the skin samples, and then the
pricked part was stained with Trypan blue. The stained solution
remained on the skin for 30 min and then washed with PBS (Wang et al.,
2022). Subsequently, the skin was fixed with 4% paraformaldehyde for
24 h, then dehydrated with ethanol and embedded in paraffin, and was
cut into 5 pm slices. Finally, the hematoxylin and eosin (H&E) staining
was carried out and photographed under an optical microscope.

Furthermore, we also evaluated the safety of Gla-MNs on the skin.
Briefly, the Gla-MNs were placed on the inner skin of rabbit ears and
kept pressing with a certain force for 2 min. Draize method was used to
evaluate the irritation on the skin according to the degree of erythema,
eschar and edema before and after the application of Gla-MNs (Srivas-
tava et al., 2022). The whole process of rabbit ear skin healing was
recorded with camera, and the sites without microneedles treatments
were used as control.

2.10. Parafilm membrane insertion assay

To visualise the depth of insertion of the microneedle into the skin, 8
layers of Parafilm™ (approximately 1 mm) were stacked and placed on
the foam. After inserting the microneedle into the Parafilm™ mem-
brane, pressure was applied for approximately 30 s. Then the micro-
needle was removed, and the number of layers of the membrane
punctured by the microneedle was recorded.

2.11. In vitro percutaneous permeability test

In vitro transdermal study of mouse skin was carried out using Franz
diffusion cell (Sabbagh et al., 2023; Zhong et al., 2024). Briefly, Gla-MN
was inserted into the skin without subcutaneous fat, and the skin was
fixed and dipped into a diffusion tank (Ronnander et al., 2018). The
extracted liquid was then filtered by a 0.22 pm microporous filter
membrane, and the drug concentration was detected by HPLC.

2.12. Histopathological examinations

H&E and Masson staining were used to observe the characteristics of
fiber hyperplasia and inflammatory infiltration. Masson staining was
mainly used to observe the number and arrangement of collagen fibers
in scar tissue (Ahn et al., 2023). A field of view was randomly selected
for each sample and recorded, and the relative fiber tissue expression
was calculated using Image J software.

2.13. Western blot

Total proteins of the scar tissues were extracted using the Protein
Purification & Isolation kits (Cat. No. 78510, Thermo Scientific™,
Shanghai, China), and then the protein was isolated by electrophoresis
with sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) and
transferred to PVDF membrane. The expression levels of Bax, Bcl-2, TGF-
1, C-Capease-3, p-Akt, p-PI3K, Akt, PI3K and a-SMA were detected with
corresponding antibodies, and p-actin and p-Tubulin were used as in-
ternal reference proteins to regulate the amounts of samples (Chen et al.,
2021; Fang et al., 2016; Zhang et al., 2017b; Zhang et al., 2020).

2.14. Statistical analysis

All the data were statistically analyzed by GraphPad Prism 9 soft-
ware (GraphPad Software, LLC. San Diego, CA, USA), and the results
were expressed as mean + SD. One-way analysis of variance (ANOVA)
was used to determine the significance of the results, and P < 0.05 was
considered statistically significant.
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3. Results and discussion
3.1. Optimal parameters for preparation of Gla-MNs

In our previous study, we have reported that Gla possessed a thera-
peutic role against keloid (Zhang et al., 2022b). However, the poor
solubility and low bioavailability of this natural compound seriously
limit the application of Gla in the treatment of dermal diseases (Lu et al.,
2024; Zhang et al., 2017a). Microneedle (MN) patch is an effective
transdermal drug delivery system (TDDS) with the ability to overcome
the stratum corneum barrier, which seems as a feasible way for
enhancing the bioavailability of Gla (Yang et al., 2021). Therefore, in
our present study, we developed the Gla-loaded dissolving microneedles
in order to increase the curative effect of Gla against keloid.

As illustrated in Fig. 2 A, when the concentration of the backing PVA
is 15%, the solution is excessively viscous, the bubbles can not be
completely eliminated when vacuuming, the hardness is excessively
high after curing, and the shape of the backing formed cannot meet the
requisite specifications. As the concentration of PVA decreases, the
flexibility of the backing material improves. The formability of micro-
needles was used as an indicator to select 5% PVA as the backing.

Microneedles with tip concentrations of 5%, 10%, and 15% HA were
prepared with 5% PVA as the backing, as shown in Fig. 2 B, and the
microneedle patch had a square shape, measuring 15 mm x 15 mm. As
illustrated in Fig. 2 C—D, it can be observed that the microneedles
prepared with 5% HA exhibited a bent tip and a small amount of needle
breakage, accompanied by a concave and uneven needle column. As the
HA concentration increased, the tip of the microneedle exhibited better
molding and greater sharpness. The microneedle patch with tip con-
centration of 10% or 15% exhibited transparency and uniformity in
colour, with equal spacing between needles, a flat bottom layer, no
obvious air bubbles, and the needles were neatly arranged to form a 20
x 20 microneedle array. The shape of the needle body was basically
complete and consistent, exhibiting a conical shape, a smooth surface,
sharp tips, and the absence of cavities or fractures.

Subsequently, the in vitro dissolution of the tips was recorded at 5,
25, and 45 min for the three concentrations, as shown in Fig. 2 E. After
45 min, the tip of the 5% HA preparation was completely dissolved, and
the dissolution deteriorated as the concentration was increased. In
contrast, the tip of the 15% HA preparation was still mostly undissolved.
Furthermore, the mechanical properties of the microneedle tip were
evaluated (Fig. 2 F). Ning et al. reported that the minimum force
required to penetrate the single MN was 0.058 N per needle (Ning et al.,
2020). Our results showed that the force per needle tip for 5% HA, 10%
HA and 15% HA concentrations was 0.021 N, 0.062 N and 0.042 N,
respectively, when the needle length was compressed to half the length.
This suggested that the tips of needles prepared with 5% HA and 15%
HA may not be able to penetrate the skin. From the whole curve analysis,
the force-displacement curves of 15% HA and 10% HA were similar,
which may be due to the fact that the concentration of 15% HA was too
high and the concentration filled into the needle tip during the vacuum
filling process could not reach the actual concentration. A summary of
the aforementioned experiments revealed that a concentration of 10%
HA at the tip of the microneedle and 5% at the back of the needle was
optimal for the preparation of microneedles.

Furthermore, since Gla is insoluble in water, a solubilizer (poloxamer
188) was employed to dissolve Gla. During the experiment, it was found
that 5 mg of Gla and 2.5 mg of poloxamer 188 could completely dissolve
the Gla in 1 mL of the tip matrix, which was lower than the case where
2.5 mg of Gla could not completely dissolve. Consequently, a 2:1 mass
ratio of Gla and poloxamer 188, dissolved in 1 mL of 10% hyaluronic
acid (HA) solution, was selected as the drug-containing tip matrix.

3.2. Results of the drug loading in microneedle determination

The prepared Gla-MN was dissolved ultrasonic in 75% methanol.
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Fig. 2. Processing optimization of Gla-MN. (A) Appearance of the MN using different processing parameters(no.1-no.3 shows the morphology of microneedles with
5%, 10%, and 15% HA solution as the tip and 5% polyvinyl alcohol as the backing, respectively; no.4-no.6 shows the morphology of microneedles with 5%, 10%, and
15% HA solution as the tip and 10% polyvinyl alcohol as the backing, respectively; no.7-no.9 shows the morphology of microneedles with 5%, 10%, and 15% HA
solution as the tip and 15% polyvinyl alcohol as the backing, respectively). (B)-(C) Frontal and tip appearance of microneedle prepared with different concentrations
of HA. No.1, no.2 and no.3 are microneedles prepared with 5%, 10% and 15% HA, respectively. (D) SEM images of the Gla-MN. (E) Dissolution of microneedle tips
prepared with different concentrations of HA (5%, 10%, 15%) after 5, 25 and 45 min respectively. (F) Mechanical properties of needle tips prepared with different

concentrations of HA (5%, 10%, 15%).

Subsequently, the Gla contents in each part of the microneedle was
determined by HPLC, and the results showed Gla contents in each part of
the microneedle was 44.73, 43.98, 45.13, 48.05, 42.57, 42.15 pg, with
an average drug content per milligrams at 2.24 pg/mg, 2.18 pg/mg,
2.22 pg/mg, 2.37 ug/mg, 2.25 pg/mg, 2.28 ug/mg; the average weight
per attached drug of Gla-MN was (44 + 2) pg and RSD was 4.75%, the
average loaded drug content was 2.26 pg/mg, and the RSD was 0.06%
(Fig. S1 & Tab. S1).

3.3. Skin and parafilm puncture performance and the healing of the skin
after Gla-MN penetration

A good skin penetration ability for the microneedle is a guarantee for
overcoming the stratum corneum barrier (Sartawi et al., 2022; Zhan
et al., 2023). In our present investigation, the skin penetration ability of

the prepared Gla-MN is determined using mouse skin puncture test with
trypan blue staining. Trypan blue is a cellular reactive dye that is
commonly used to detect cell membrane integrity and cell survival.
Normal living cells with an intact cell membrane structure are able to
repel trypan blue and prevent it from entering the cell. In contrast,
inactive or incomplete cells with increased cell membrane permeability
can be stained blue by trypan blue(Zhang et al., 2022b). The results of
microneedle puncture and staining of mouse skin with trypan blue so-
lution are shown in Fig. 3 A. The left figure represented the skin con-
dition before staining, and the right figure showed the skin condition
after dyeing trypan blue, and it can be seen that the pinhole parts in the
mouse skin are stained blue, indicating the testing Gla-MN has a good
skin penetration ability.

The insertion depth of the microneedle was approximately 100 pm,
as determined by H&E staining (Fig. 3 B). In fact, the actural insertion
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Fig. 3. Skin puncture performance and accumulated release rate of Gla-MN. (A) Skin puncture performance of Gla-MN without or with trypan blue staining,
respectively. (B) H&E straining of the skin after penetration of Gla-MN. (C) The healing of the skin after Gla-MN penetration. (D) Parafilm membrane puncture test
(No.1 ~ No.6 are the first to sixth parafilm layers after applying Gla-MN). (E) Accumulated release rate of Gla-MN. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

depth of the microneedles was over than 100 pm, which can completely
overcome the stratum corneum barrier of the skin. However, the
determined piercing depth was only 100 pm by the pathological ex-
amination with H&E staining, and this results might be not very suitable
for determine the real piercing depth of the microneelds. Firstly, due to
the well-developed subcutaneous muscle groups in mice, the skin will
recoil after the microneedle is inserted into the skin; Secondly, the skin
will gradually heal during the sampling process and will be deformed
during the processing of the samples, causing the measured data to
deviate from the actual data. Therefore, we also determined the piercing
ability of the Gla-MNs with the Parafilm Membrane Insertion Assay.
Parafilm is a commonly used material in human skin modelling due
to its elasticity, which resembles the human skin, and its insertion
resistance. Therefore, Parafilm insertion experiment was included in the
experiment. As illustrated in Fig. 3 D, the microneedle was capable of
puncturing the first four layers of Parafilm. Based on the imprint of the
sixth layer, it can be observed that the tip of the middle of the micro-
needle was able to pierce the Parafilm to the sixth layer, whereas the tip
of the edge of the microneedle patch was only able to leave an imprint on
the fifth layer. This calculation indicates that the depth of microneedle
penetration is approximately 500 to 625 pm. The stratum corneum is

approximately 15-20 pm, and the epidermis is about 150-200 pm, and
the dermis is about 1-3 mm. Consequently, it can be theoretically
assumed that all microneedles can successfully penetrate the dermis to
form micro-channels, thereby accelerating the delivery of drugs.
Furthermore, four hours after the in vivo puncture of Gla-MN, the skin
exhibited complete healing without any evidence of redness, swelling,
or inflammation (Fig. 3 C).

3.4. Accumulated release rate of Gla-MN

The cumulative release rate of Gla-MN in the skin reached 76.9% at
24 h, and, compared with Gla solution, the drug delivery was signifi-
cantly increased (Fig. 3 E).

3.5. Anti-scar hyperplasia effects of the Gla-MN

In our present study, we compared the anti-scar hyperplasia effects
between Gla and Gla-MN. After treatment with drugs for twelve days,
anti-scar effects of the Gla and Gla-MN were evaluated, and the scar
hyperplasia in each group is shown in Fig. 4. As can be seen from the
Fig. 4, although both Gla and Gla-MN have good anti-scar hyperplasia
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Fig. 4. Images of gross examination of Gla and Gla-MN during 12 days.

effects compared with the rabbits in Control group, the scar thickness in
the Gla-MN treated rabbit ear was obviously lower than that of Gla
group. Additionlly, our results also indicated that the blank MN had no
obvious treatment effect on scar hyperplasia of rabbit ear compared to
the Control rabbit (Fig. 4), indicating that the blank delivery system
carrier had no effect on the scar hyperplasia. Furthmore, as shown in
Fig. 5, H&E staining results revealed that Gla or Gla-MN-treated scars of
the rabbit ear were flatter and thinner than that of Control rabbits,
especially in rabbit ear scars of the Gla-MN. For the Blank-MN group, no
obvious treatment effect was found aginst scar hyperplasia of rabbit ear
compared to the Control rabbits. The pathological scar hyperplasia is
commonly induced by uncontrolled fibroblast hyperplasia and the
excessive deposition of the extracellular matrix (ECM) during the
excessive repair after skin injury (Zhang et al., 2022b). Masson staining
can reveal the pathological collagen hyperplasia and epidermal thick-
ness of the scar tissues (Yang et al., 2021). As shown in Fig. 5, Masson
staining results showed that a large number of collagen fibers observed
in scar tissues of the Control rabbit ear, and both of the treatments with
Gla or Gla-MN can alleviate the pathological collagen fibers compared to
that of Control rabbits. Importantly, our results also suggested that Gla-
MN had a better improving effects against the collagen hyperplasia in
scar of rabbit ear than that of Gla treatment (Fig. 5), and similarly, our
results also revealed that the blank delivery system carrier had no effect
on collagen hyperplasia in scar of rabbit ear (Fig. 5).

3.6. Results of the western blotting assays

In our previous study, we have reported that Gla possessed a

therapeutic effects against keloid through inducing the fibroblasts’
apoptosis via regulating PI3K/Akt and TGF-p1/SMAD signaling path-
ways (Zhang et al., 2022b). Consequently, we determined the regulating
role of the Gla-MN on pro-apoptotic proteins using western blotting
assays. Accumulating evidence has indicated that during the repair
process after skin injury, uncontrolled hyperplasia and insufficient
apoptosis of the fibroblasts might be one of the leading cause for
developing of keloid (Zhang et al., 2022b). Apoptosis, the most impor-
tant programmed cell death way (PCD), is a physiological cell suicide
process (Xu et al., 2024). Nowadays, it’s also reported that induction of
apoptosis in fibroblasts would be a feasible way for treating scar hy-
perplasia. Caspase-3, Bax and Bcl-2 are the marker proteins of the cell
apoptosis way, in particluarly caspase-3 is a molecular signature for the
cells undergoing apoptosis. Caspase-3 and Bax are the pro-apoptotic
proteins for cells, whereas Bcl-2 is the anti-apoptotic proteins which
has the function to directly bind and suppress the pro-apoptotic pro-
teins’ activities (Wang et al., 2024; Zhang et al., 2017b). As can be seen
from the Fig. 6, compared to the Control group, both the Gla- (p < 0.05)
and Gla-MN treatment (p < 0.01) can upregulate the pro-apoptotic
proteins of cleaved (C)-caspase-3, and the results also revealed that
Gla-MN treatment had a higher up-regulating effect on C-caspase-3 than
that of Gla treatment. Furthermore, both of the Gla- (p < 0.05) and Gla-
MN treatment (p < 0.01) increased the ratio of Bax/Bcl-2 compared to
the Control rabbit, and it seems that Gla-MN treatment had a higher
ratio of Bax/Bcl-2 than that of Gla. All these results mentioned above
indicated that Gla-MN had a stronger induction of apoptosis in fibro-
blasts than that of Gla (Fig. 6 A-C).

PI3K/Akt pathway is involved in cell proliferation and
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Fig. 5. H&E and Masson straining of hyperplastic scar treated by Gla and Gla-MN on hyperplastic scar rabbit model.

differentiation (Li et al., 2023; Qian et al., 2024), and activated
PI3K/Akt pathway would be beneficial for the proliferation and
anti-opoptosis of fibroblasts, thus inhibiting the PI3K/Akt pathway
might be a feasible way for suppressing scar hyperplasia via induction of
apoptosis. For the PI3K/Akt signaling, phosphorylated PI3K and Akt
proteins are the activated state. In our present study, we found that Gla-
and Gla-MN treatment can inhibit the phosphorylation of PI3K/Akt
signaling compared to the Control rabbits (p < 0.05), however the re-
sults indicated Gla-MN treatment had a stronger inhibition of the
phosphorylation of PI3K/Akt signaling than Gla (Fig. 6 C-J). Further-
more, the TGF-$1/a-SMA signaling is closely correlated in producing
ECM by fibroblasts, including collagen, fibronectin and aminoglycan.
Our results revealed that both Gla- and Gla-MN can down-regulate the
TGF-f1 and a-SMA compared to the Control rabbit, and it’s intrestingly
that Gla-MN treatment had a stronger down-regulating effects on the
TGF-f1 and a-SMA than that of Gla (Fig. 6 K-M).

4. Conclusion

In conclusion, the obtained results suggested that dissolving micro-
needles are a promising transdermal drug delivery modality for assisting
drugs to act efficiently across the skin barrier. However, dissolving
microneedles use water-soluble materials as the tip, and improving their
hardness and skin penetration ability remains a major challenge. In the
present study, Gla-MN was successfully prepared by the vacuum filling
method with using 10% HA as tip material, which had good hardness
and penetration performance. In addition, the backing material was

selected as 5% PVA-1799, which had good anti-wrinkle and shrinkage
properties, could form smooth and complete microneedle arrays, and
also had a high needle formation rate. The drug loading of Gla-MN in
this study was about 44 pg/microneedle, which could achieve an
effective dose for the treatment of keloids. In addition, the size and
shape of the microneedle mold can be adjusted according to the actual
application, which can meet a variety of drug loading capacity re-
quirements. The in vitro accumulated drug release rate was approxi-
mately 76.9%, which was a vast improvement over normal skin
application. Therefore, compared with Gla treatment, Gla-MN treatment
had a stronger anti-scar hyperplasia effects in rabbit ear. In addition,
Gla-MN treatment also had a higher effect on induction of apoptosis in
fibroblasts via showing stronger effect on inhibiting PI3K/Akt and TGF-
B1/a-SMA signalings than that of Gla treatment. The reason might be
related to the fact that Gla-MN has better skin permeability and higher
drug release rate than Gla, which would lead to a higher absorbtion and
bioavailability. In conclution, the proposed Gla-MN provides an excel-
lent alternative non-invasive way for clinical treatment of keloid in this
study.
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