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ARTICLE INFO ABSTRACT

Keywords: Acne vulgaris is a common inflammatory skin disease associated with Propionibacterium acnes (P. acnes), with
Acne vulgaris serious physical and psychological effects on patients. Conventional topical use of antibiotics is not effective due
Microneedle

to the skin barrier and oral administration can adversely affect the intestinal flora. Microneedle is a novel type of
localized drug delivery system that noninvasively breaks through the stratum corneum barrier and effectively
enhances the transdermal absorption of drugs. Here, Bletilla striata polysaccharide (BSP)/Hyaluronic acid (HA)
loaded Epigallocatechin gallate (EGCG) was used as the microneedle body to easily penetrate the epidermis and
enhance antibacterial ability. Polyvinyl alcohol (PVA) and Diatomaceous earth (DE) are used as the microneedle
backing to absorb pus and bacterial debris, prevent re-infection of bacteria and promote skin healing. Compared
to traditional antibiotics, the excellent skin permeability of EGCG@BSP/HA MNs studied here can improve the
efficacy and solve side effects and drug resistance. In vivo studies in mice models induced by P. acnes showed that
this microneedle could effectively reduce skin swelling, inhibit bacterial growth and reduce the levels of TNF-a,
IL-8 and MMP-2. In summary, this study provides an ideal antimicrobial drug delivery system for the treatment

Bletilla striata polysaccharide
Epigallocatechin gallate
Propionibacterium acnes
Diatomaceous earth

of acne vulgaris.

1. Introduction

Acne vulgaris is a common skin disorder associated with sebaceous
glands that affects more than 80 % of the world’s population [1,2]. Acne
can be triggered by a variety of different factors (e.g., genetics, hor-
mones, infections, and the environment), and P. acnes infections are the
main cause of acne [3]. This is due to excessive sebum production by the
sebaceous glands blocking the sebaceous glands of the hair follicles,
leading to a lack of oxygen in the microenvironment, promoting the
growth and reproduction of P. acnes, which in turn triggers acne. The
lipase of P. acnes can catalyze the hydrolysis of sebum triglycerides into
free fatty acids, thereby destroying the follicular epithelium. Some
chemokines secreted by it will also attract immune cells to the sebaceous
glands of hair follicles, thereby stimulating the production of pro-
inflammatory cytokines. In addition, these cellular damage, metabolic
by-products, and bacterial debris can cause rapid growth of P. acnes and
aggravate the inflammatory response [4]. The pus in acne vulgaris is
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mainly composed of sebaceous gland secretions (fatty acids), white
blood cells, necrotic cells, bacterial remnants and their metabolites, and
tissue fluid [5-7]. Acne can also leave behind hard-to-heal scars, which
can have a serious physical and psychological impact on the patient [8].
At present, the treatment of acne vulgaris caused by P. acnes is mainly
based on the use of antibiotics, including oral antibiotics or topical use of
antibiotic ointment [9]. However, due to the barrier effect of the skin,
most medications cannot be delivered through the skin to achieve
therapeutic effects, and oral medications can be harmful to the intestinal
flora [10,11]. Therefore, it is crucial to create a transdermal in situ
medicine delivery system that increases skin permeability in order to
cure acne vulgaris.

In recent years, microneedles have been extensively studied due to
their special morphology and excellent performance [12]. As a new
minimally invasive transdermal drug delivery system, microneedle is
the application of micro-processing technology and made of micron-
sized microneedle array [13]. It can penetrate the stratum corneum of
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the skin, improve the release rate and bioavailability of the drug, and
overcome the disadvantages of slow bioavailability of traditional
patches. The microneedle will not stimulate the subcutaneous pain
nerve, will not cause damage to the skin, will not cause pain when
administered, and the patient ’s compliance is greatly improved. The
microneedles have been available in dissolving, solid, coated, hollow,
and hydrogel-based microneedles [14]. Dissolving microneedles are
made of hydrophilic and biocompatible polymers, which can penetrate
the stratum corneum into the epidermis/ dermis to create micro-
channels, so that the drug can be continuously and stably transported to
the skin and dissolved in contact with the skin interstitial fluid to
effectively load and release the related drugs [15,16]. In the treatment of
acne, the microneedles can physically pierce the acne pustules and
discharge the pus, so as to achieve simple debridement [17,18].
Compared to oral antibiotics, dissolving microneedles deliver lower
doses, provide better efficacy, and avoid the side effects of oral admin-
istration. Therefore, dissolving microneedles have attracted widespread
attention because of their biosafety, accuracy and ease of administra-
tion, and can be used for in situ administration of painless acne treat-
ment [19-21].

BSP is a natural soluble polymer extracted from Bletilla striata, con-
sisting of a-mannose, -mannose, and p-glucose [22]. Because of its
biological solubility, stability and biodegradability, it is recognized as an
excellent biomaterial for medicine [23-25]. BSP has been studied to
have the activities of promoting wound healing, hemostasis, anti-
inflammation, anti-oxidation and immune regulation [24,26]. Our
research team has dedicated efforts towards the development of BSP as a
biomaterial for many applications, and has obtained the preliminary
application prospect of BSP in the preparation of dissolving micro-
needles [27-32].

EGCG is one of the natural polyphenol catechins in green tea with
broad-spectrum, highly effective antibacterial, antioxidant, and anti-
inflammatory effects [33-35]. Studies have shown that EGCG can
inhibit the proliferation and lipid synthesis of sebaceous gland cells,
induce cell cycle arrest and apoptosis, inhibit the production of in-
flammatory cytokines and the proliferation of P. acnes in the treatment
of acne [36-38].

In this study, in order to enhance the performance of microneedles
and reduce side effects, the microneedle body is a BSP/HA composite
material loaded with EGCG. When the microneedle penetrates the
epidermis into the dermis, it is dissolved in contact with the interstitial
fluid of the skin, and can release of EGCG in the acne infection lesion,
thus effectively inhibiting the bacteria. BSP has a good healing effect and
can promote wound healing at the site of infection. PVA/DE is used as a
backing matrix for microneedles, which can adsorb pus and other pu-
rulent exudates and bacterial debris to promote healing and prevent
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further infection [39-41]. Subsequently, the mechanical properties, skin
insertion ability, dissolution properties and drug distribution of the
EGCG@BSP/HA MNs were studied. The acne model was induced by
intradermal injection of P. acnes in the back of mice to observe the
therapeutic effects of EGCG@BSP/HA MNs on acne and their effects on
the levels of inflammatory factors. We were able to demonstrate that this
soluble microneedle patch with skin-penetrating and adsorption capa-
bilities can effectively deliver antimicrobial drugs to the lesion and
inhibit P. acnes to effectively treat acne vulgaris in situ, providing reli-
able evidence that the novel delivery system is effective in the treatment
of acne vulgaris (Fig. 1).

2. Materials and methods
2.1. Materials

Epigallocatechin gallate (EGCG) was purchased from Chengdu
Chroma-Biotechnology Co., Ltd. (Chengdu, China). Sodium hyaluronate
(HA, MW < 10 kDa) was provided by Huaxi Biotechnology Co., Ltd.
(Shandong, China). Polyvinyl alcohol (PVA) (purity, >98 %) was ob-
tained from Chengdu Kelon Chemical Reagent Co., Ltd. (Chengdu,
China). Phosphoric acid, acetonitrile, and the chromatographic grades
of methanol used in this study were purchased from Sigma-Aldrich Co.,
Ltd. (Shanghai, China).

2.2. Animals

The male ICR mice (8 weeks old; 20 ~ 25 g) were procured from SPF
Biotechnology Co., Ltd. (Beijing, China). All animals were housed under
standardized environmental and nutritional conditions (ambient tem-
perature maintained at 23 + 2 °C; relative humidity at 55 + 5 %; with a
light/dark cycle of 12 h) and underwent a period of acclimatization and
feeding for seven days prior to the commencement of the experiment. All
animal experiments were conducted in accordance with the approval
granted by the Animal Ethics Committee of Chengdu University of
Traditional Chinese Medicine.

2.3. Preparation of BSP

The optimal extraction and purification process for BSP has been
obtained by extensive experiments in the laboratory [30]. In short, the
crude BSP was first obtained by degreasing, water extraction, depro-
teinization, alcohol precipitation and other steps, and then purified by
DEAE-52 cellulose column (6.0 cm x 55.0 cm) to prepare refined BSP for
subsequent use [27-30]. In addition, our team carried out a more
detailed characterization of BSP and determined the total
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Fig. 1. Schematic diagram of EGCG@BSP/HA MNs treatment for acne vulgaris.
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polysaccharide content of BSP using the phenol-sulfuric acid method
according to the UV-visible spectrophotometric method (General rule
0401) [42]; The homogeneity and molecular weight of BSP were
determined by high performance gel permeation chromatography
(HPGPC). The monosaccharide composition of BSP was identified using
the PMP (3-methyl-1-phenyl-5-pyrazolone) labeling method [32,43].

2.4. Preparation of EGCG@BSP/HA MNs patches

In this experiment, EGCG@BSP/HA MNs were prepared by two-step
centrifugation (Fig. 2A). The mold was prepared with flexible poly-
dimethylsiloxane (PDMS). First, 90 mg of EGCG was dissolved in 3 mL of
pure water, fully stirred and dissolved, and then 150 mg of BSP and 150
mg of HA were added, and the mixture was completely stirred and
swelled. The prepared solution was poured into the microneedle mold,
centrifuged at 3500 rpm for 25 min at 25 °C to form a body of the
microneedle needle, and the excess liquid loaded with drug on the mold
was gently scraped. 150 mg of PVA were fully dissolved in 1 mL of pure
water, and 25 mg of DE was added and well stirred. The suspension of
PVA and DE was poured into the microneedle mold, and centrifuged at
3000 rpm for 5 min at 25 °C to form the backing of the microneedle. The
mold was then dried for 24 h at 37 °C in an oven, and the microneedles
were taken out and placed in a drier with tainted silica gel. BSP/HA MNs
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were prepared in this way, but without the addition of EGCG. FITC-
labeled microneedles have also been prepared in this way.

2.5. Characterization of EGCG@BSP/HA MNs

2.5.1. Morphology of EGCG@BSP/HA MNs

The appearance of the microneedles was evaluated by optical mi-
croscopy (CX21, Olympic) and scanning electron microscopy (SEM)
(SU9010, Hitachi, Japan). To comprehend the medication distribution
and 3D structure in microneedles, MNs labeled with FITC as a fluores-
cent chromogen were prepared and evaluated by laser confocal
microscopy.

2.5.2. Mechanical strength of EGCG@BSP/HA MNs

The mechanical strength of EGCG@BSP/HA MNs was analyzed by
using the Texture Analyzer (Motion-pro, China). A 5 x 5 microneedle
array was positioned onto the designated test region. A cylindrical probe
with a diameter of 6 mm, was then introduced and the microneedles
were subjected to compression at a rate of 5 mm/min. This compression
continued until the tip of the microneedles either fractured or experi-
enced displacement up to a distance of 900 pm. The sensor displace-
ments and forces of the EGCG@BSP/HA MNs are also recorded [44].
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Fig. 2. Preparation and characterization of EGCG@BSP/HA MNs. (A) Schematic diagram of the preparation process of EGCG@BSP/HA MNs. (B) and (C) Photograph
of representative EGCG@BSP/HA MNs patch. (D) SEM image of EGCG@BSP/HA MNs. (E) Optical microscope image of EGCG@BSP/HA MNs (Scale bar: 200 pm). (F)
Force-distance curve showing the mechanical strength of EGCG@BSP/HA MNs. (G) Side view of 3D reconstructed image of Rg3-MNs captured by CLSM. (H) Top

view of 3D reconstructed image of EGCG@BSP/HA MNs captured by CLSM.
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2.5.3. EGCG content in EGCG@BSP/HA MNs

The microneedle body and backing of EGCG@BSP/HA MNs were
separated using a scalpel and the body of the needle was dissolved in 1
mL of pure water, and after it was completely dissolved, the emulsion
was broken by dissolving it with 2 times volume of 50 % methanol. The
samples need to be filtered through 0.22 pm microporous membrane.
The content of EGCG in the microneedles was determined by high per-
formance liquid chromatography (HPLC). High performance liquid
chromatography (HPLC; Thermo Scientific Ultimate3000, USA) was
performed on a C18 column (Thermo Scientific, 250 x 4.6 mm, USA)
with the mobile phase of acetonitrile-0.2 % phosphoric acid in water
(0-8 min, 8:92; 8-28 min, 8:92 ~ 22:78; 28-29 min,22:78 ~ 8:92;
29-34 min, 8:92, V/V) at a flow rate of 0.75 mL/min, and the absorption
peak of EGCG was observed at a wavelength of 272 nm. The content of
EGCG in the microneedles was calculated from the standard curve (y =
266.75x-21.012, R? = 0.9968).

2.6. Insertion test of EGCG@BSP/HA MNs

2.6.1. Invitro and vivo insertion test

Parafilm M® was used as a skin mimic to evaluate the in vitro
insertion properties of EGCG@BSP/HA MNs. Specifically, the Parafilm
M® film was folded into ten layers and placed on a stainless steel plate,
the EGCG@BSP/HA MNs were attached to the removable test probes
with double-sided tape, and the probes with the microneedles were
pressed against the folded Parafilm M® film with the required force of
30 N. Then, the EGCG@BSP/HA MNs patches were removed from the
Parafilm M® films, and the number of microchannels created by the
EGCG@BSP/HA MNs on each layer of Parafilm M® films was observed
with an optical microscope and the rate of inserted holes was calculated.

The skin insertion ability of microneedles was tested on the dorsal
skin of ICR mice. Before the experiment, the hair on the back of the mice
was removed and the shaved area was about 2 cm x 2 cm. Following a
period of skin recovery, the surface of the skin was sterilized using
alcohol. Subsequently, the microneedle was inserted into the skin and
left in place for a duration of 5 min. The treated skin was then incised,
fixed using a 4 % paraformaldehyde solution for a period of 48 h,
embedded in paraffin, and subjected to staining with hematoxylin and
eosin (H&E). Finally, the sections were observed under a light micro-
scope (DM750, Leica, Germany).

2.6.2. Skin irritation recovery test of EGCG@BSP/HA MNs and TEWL
measurement

To assess the skin irritation induced by the insertion of microneedles,
a microneedle patch was inserted into the dorsal skin of ICR mice after
depilation and held for 5 min before being removed. The treated areas
were also photographed with a camera at 0, 5, 10, 15, 20, 25 and 30 min
after removal to observe the recovery of the skin.

In order to investigate the impairment and restoration of the skin
barrier, we employed the Delfin VapoMeter® (Delfin Technologies 1td.,
Kuopio, Finland) to measure the rate of Trans Epidermal Water Loss
(TEWL). TEWL values before and after insertion of EGCG@BSP/HA MNs
into the skin were recorded until they returned to the baseline values,
meaning the process of closing the skin and the subsequent restoration of
barrier function. Hair removal mice without EGCG@BSP/HA MNs
insertion were used as the control group.

2.6.3. In vivo dissolution of EGCG@BSP/HA MNs

The dorsal dermal skin of ex-vivo depilated ICR mice was fixed on a
foam plate, and the microneedles were inserted into the skin and
removed at 0 min, 5 min, 10 min and 15 min, and the obtained micro-
needles were imaged using an optical microscope to observe the residual
tip length. The complete tip height of the microneedle should be
observed and recorded before it is inserted into the skin of mice.
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2.7. Invitro biodistribution of EGCG@BSP/HA MNs

2.7.1. Invitro penetration depth study of EGCG@BSP/HA MNs
Fluorescein isothiocyanate (FITC) labeled microneedles were
selected to further evaluate the transdermal penetration ability of drug-
loaded microneedles. First, the ICR mice were anesthetized and shaved.
The fluorescent FITC-loaded microneedle patches were inserted into the
skin of the mice, pressed for 10 min, and covered with tape for 30 min.
The mice that underwent treatment were euthanized, and the treated
skin was extracted and subjected to scanning using a confocal laser
scanning microscope (CLSM) at various Z-axis levels. A fluorescent
signal was detected at 488 nm, allowing observation of the degree of
penetration of the microneedle. Scanning was performed every 20 pm
depth until no fluorescence signal was detected, and lastly, subsequent
to the determination of the uppermost and lowermost values of the
height along the Z-axis that were captured by the Confocal Laser Scan-
ning Microscope (CLSM), images were obtained from the XY plane with
a gradual increase in Z-axis height. The 3D reconstructed images were
obtained by overlapping the XY plane images at different Z-axis heights.

2.7.2. Invitro transdermal delivery ability of EGCG@BSP/HA MNs

In vitro transdermal administration of EGCG@BSP/HA MNs was
studied using a Franz diffusion cell [45]. EGCG@BSP/HA MNs were
inserted into the skin surface of isolated mice and held in place by a
medical surgical membrane. The skin containing EGCG@BSP/HA MNs
was placed on the receiving cell using a magnetic stirrer. 8 mL of saline
containing 20 % ethanol treated with ultrasound was added to the
receiving cell chamber as the receiving medium, and air bubbles under
the skin were drained so that the receiving medium was in full contact
with the skin. The device was put in a thermostatic water bath set at 37.5
=+ 0.5 °C with 300 rpm of agitation to simulate in vivo release conditions.
600 pL of acceptor solution was removed from the receiving cell at
specified time intervals and isothermal and equal volume of receiving
medium was added at the same time, and three experiments were per-
formed in parallel for each group. The removed fresh receiver solution
was blown dry with nitrogen and then 100 pL of 50 % methanol was
added to re-dissolve the solution, and the concentration of EGCG in the
receiver solution was determined by high performance liquid chroma-
tography (HPLC).

2.8. The hemolysis test of EGCG@BSP/HA MNs

The blood compatibility of EGCG@BSP/HA MNs was evaluated
using an in vitro hemolysis test. A piece of EGCG@BSP/HA MNs and A
piece of BSP/HA MNs were taken, added to 10 mL of saline, and
immersed in a biochemical incubator at 37 °C for 48 h. The erythrocytes
were isolated by centrifugation of venous blood from the ear margins of
New Zealand White rabbits at 2000 rpm for 10 min, and then washed
three times with saline. The purified erythrocytes were diluted with
saline to obtain RBC suspension (5 %, v/v). For this study, the negative
saline control and the positive 0.1 % Triton X-100 control were selected.
0.5 mL of microneedle extract, 0.5 mL of negative control and 0.5 mL of
positive control were added to a 2 mL centrifuge tube. Then, 0.3 mL of
fresh diluted blood was added to each tube and the tubes were heated in
a 37 °C bath for 1 h. Preparation of 200 L of RBC suspension (5 %, v/v),
mixed with 800 pL of 0.9 % NaCl solution as a negative control. A 200 uL
RBC suspension was prepared and mixed with 800 uL of 0.1 % Triton X-
100 (T8200, Solarbio) as a positive control. 200 uL of RBC suspension
was prepared and mixed with 100 uL of microneedle mix and 700 pL of
0.9 % NaCl solution as experimental group. The tubes were incubated at
37 °C for 1 h. The tubes were centrifuged at 1500 rpm for 5 min to
absorb the supernatant and absorbance was measured at 540 nm
[46,471].
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2.9. Invitro cytotoxicity of EGCG@BSP/HA MNs

The cytocompatibility of the microneedles was evaluated by CCK-8
assay [48]. First, DE-free microneedles were prepared as EGCG@BSP/
HA MNs 1 and DE-containing microneedles as EGCG@BSP/HA MNs 2
according to the method of 2.4. 10 mg of sterilized EGCG@BSP/HA
MNs1, EGCG@BSP/HA MNs 2, and BSP/HA MNs were immersed in 10
mL of DMEM complete medium containing 10 % fetal bovine serum and
1 % double antibody, and then extracted at 7 °C for 24 h to obtain the
concentration of 10 mg/mL of the extract. And they were diluted to
concentrations of 0.25 mg/mL, 0.5 mg/mL and 1 mg/mL co-culture
medium. L929 cells in logarithmic growth phase were inoculated in
96-well plates at a concentration of 5x10% cells/mL. Cells were cultured
for 24 h and then the medium was changed to co-culture solution, The
control group was further cultured with fresh medium, and the blank
group was cultured with fresh medium in wells without cells. The cells
were incubated in a sterile incubator at 37 °C with 5 % CO; for 24 h and
48 h. CCK-8 reagent was then added according to the manufacturer’s
method and absorbance (OD) was measured using a microplate reader.
Each sample was paralleled six times. Cell viability was calculated by the
formula:

Cell viability(%) = (ODyumple — ODplank ) / (ODcontrot — ODprank) X 100%  (2)

2.10. The adsorption properties of DE

The structure of DE was observed by scanning electron microscope
(SEM). The adsorption capacity of DE on tiny molecules was evaluated
by adding 0, 5, 25, 50 and 100 mg of DE in centrifuge tubes, and an equal
amount of rhodamine solution in each centrifuge tube, mixing thor-
oughly and then centrifuging the tubes at 4000 rpm for 15 min. Oleic
acid spiked with Rhodamine was mixed with different masses of DE and
Activated Carbon (AC), to evaluate the adsorption capacity of DE for oil
[41].

2.11. Invitro antibacterial effect of EGCG@BSP/HA MNs

Drug-loaded microneedles with different concentrations of EGCG
were prepared according to the method of 2.4. A quarter of the above
drug-loaded microneedles (10 x 10 arrays) were labeled as MNs 1, MNs
2, MNs 3, MNs 4, and MNs 5. The amount of EGCG loaded on them was
determined as described in 2.5.3, which was 0, 21, 25, 33 and 45 pg/
patch. The antibacterial properties of EGCG@BSP/HA MNs were eval-
uated using the dilution-coated plate method. The above microneedles
with different EGCG concentration were placed at the bottom of 48-well
plates, and 200 pL of S. aureus and E. coli bacterial solution (10° CFU/
mL) were added and supplemented with 800 pL of liquid medium. The
microneedles were cultured in a sterile incubator at 37 °C for 12 h. The
bacterial solution was diluted with normal saline and 50 pL was applied
to the agar plate. The sterile incubator was incubated at 37 °C for 24 h,
and the photographs were taken. The number of colonies (n = 3) was
calculated by ImageJ software. The bacteriostatic rate can be obtained
by counting the bacterial population at the same dilution ratio [43,49].

The above microneedles with different EGCG concentration were
placed at the bottom of 48-well plates, and 200 pL of P. acnes bacterial
solution (10° CFU/mL) were added and supplemented with 800 L of
liquid anaerobic medium. The microneedles were incubated anaerobi-
cally with the bacterial solution in a sterile incubator at 37 °C for 48 h.
The bacterial solution was diluted with normal saline and 50 pL was
applied to the agar plate. The bacteria were incubated anaerobically in a
sterile incubator at 37 °C for 48 h, and photographs were taken. The
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number of colonies (n = 3) was calculated by ImageJ software. The
bacteriostatic rate can be obtained by counting the number of bacteria at
the same dilution ratio.

Antibacterial rate(%) = (Anegalive control Bsample)/Anegalive control X 100% 3)

The morphological changes of bacteria in the presence of
EGCG@BSP/HA MNs were observed by scanning electron microscopy
(SEM). E. coli, S. aureus and P. acnes were incubated with EGCG@BSP/
HA MNs for 24 h at 37 °C, and those without microneedles were used as
controls. The cultured bacterial solution was centrifuged at 4000 rpm,
the supernatant was discarded, fixed with 2.5 wt% glutaraldehyde so-
lution for 12 h, and then dehydrated with 10, 30, 50, 70, 90 and 100 %
ethanol solution step by step for 15 min, and then centrifuged to discard
the ethanol and freeze-dried, and the changes in the morphology of the
bacteria were observed by scanning electron microscopy [50].

To better evaluate the antimicrobial properties of EGCG@BSP/HA
MNs, they were compared to commercial microneedles (Fig. S1.) using
the bacterial optical density [51]. The densities of E. coli, S. aureus, and
P. acnes were adjusted to 10% CFU/mL, and 400 pL of each bacterial
suspension was placed in a 24-well plate supplemented with 1.6 mL
fresh medium with EGCG@BSP/HA MNs (array of 10 x 10, 45 pg) and a
patch of commercia microneedles. E. coli and S. aureus were cultured at
37 °C for 12 h, and P. acnes was cultured at 37 °C for 48 h without ox-
ygen. No microneedle samples were added to the control group. The
above bacterial suspensions (200 pL/well) were collected and their
optical density at 600 nm (ODggp nm) Was determined by microplate
reader. Each sample had three parallel group entries in each experiment.

2.12. In vivo anti-acne experiments of EGCG@BSP/HA MNs

Mice (ICR, male, 8 weeks, 25 ~ 30 g) were weighed and anes-
thetized. A shaver and depilatory cream were used to remove hair from
the backs of the mice. After disinfecting the back skin of mice with a 75
% alcohol cotton ball, P. acnes (2 x 10° CFU/mL) was injected intra-
dermally to establish an animal model of acne vulgaris [52-54]. On the
second day, the mice were randomly divided into 5 groups of 5 mice
each, model group (1 mL, coated with saline), BSP/HA MNs group (1/4
slice of drug-free microneedles), EGCG Solution group (1 mL, 45 pg/
mL), and EGCG@BSP/HA MNs group (1/4 slice of microneedles, 45 pg),
once a day for 4 consecutive days. The mice in the normal group did not
receive modeling or any treatment [41,55].

During treatment, the thickness of the skin in the affected area of the
acne was measured daily with a vernier caliper, and changes in the acne
on the backs of the mice were photographed and recorded.

On the eighth day, all mice were euthanized. The skin was cut along
the 2 mm edge of the incision, fixed with a 4 % paraformaldehyde so-
lution, and next embedded in paraffin. The obtained tissue samples were
subjected to staining using hematoxylin and eosin (H&E) in order to
examine the process of skin thickening and the presence of inflammatory
cell infiltration. Histologic examinations were performed using a pa-
thology section scanner [56].

In addition, We also compared the anti-acne properties of
EGCG@BSP/HA MNs and commercial microneedles in vivo. The animal
model of acne vulgaris was established, administered and photographs
were taken to document the changes in acne on the backs of the mice
according to the above method. The commercial microneedles group
(one slice of microneedles) was similarly administered continuously for
4 days.

2.13. Immunohistochemical analysis

The expression of the relevant proteins on the skin was detected by
immunohistochemistry. The sections were placed in 3 % hydrogen
peroxide solution (hydrogen peroxide:pure water = 1:9) to block
endogenous peroxidase. The sections were added with primary antibody
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and incubated at 4 °C overnight. After removing the sections, adding the
secondary antibody that matches the primary antibody, and incubating
for 30 min at 37 °C. The final step was adding a newly made dia-
minobenzidine color development solution. Under a microscope, when
brownish-yellow positive particles form in the target tissue but no
nonspecific color does, color development is halted with distilled water
before counterstaining and mounting. The examination was performed
using a pathology slide scanner.

2.14. Statistical analysis

The statistical disparities between the two groups were assessed by
the use of an unpaired Student’s t-test, while the statistical disparities
across numerous groups were assessed using a one-way analysis of
variance (ANOVA). The statistical calculations for all data were per-
formed using the SPSS software. P < 0.05 was considered statistically
significant. (* P < 0.05, ** P < 0.01, *** P < 0.001).

3. Results and discussion
3.1. Preparation of BSP

According to the results of the previous laboratory, according to the
phenol-sulfuric acid method, the polysaccharide content of Bletilla
striata polysaccharide was 63.46 %. The weight-average molecular
weight (Mw) and number-average molecular weight (Mn) of BSP
determined by HPGPC were 3.99 x 10° g/mol and 7.09 x 10* g/mol.
Comparing the residence time of monosaccharide and standard in BSP, it
was proved that BSP was a heteropolysaccharide, mainly composed of
mannose and glucose, and the molar ratio was 2.946: 1. At the same
time, the results of high acid salt oxidation, BSP is a f-d-mannose whose
main chain is mainly (1 — 4) linked. In addition, the laboratory also used
extensive FT-IR to analyze the chemical structure of BSP in detail, 'H
NMR and '3C NMR spectral information, and even mapped the chemical
structure of BSP [28-30].

3.2. Characterization of EGCG@BSP/HA MNs patches

In this study, we successfully prepared EGCG@BSP/HA MNs. The
image shows that the EGCG@BSP/HA MNs array is 400 (20 x 20)
(Fig. 2C). The optical microscope image (Fig. 2E) and the SEM image
(Fig. 2D) show that the tip is cone-shaped, the tip is sharp and full, no
bubbles, no hollowness, stable connection with the backing layer, no
broken needle phenomenon, easy to insert into the skin. Due to the
addition of DE powder, the uneven surface of the backing facilitates the
adsorption of pus spilled as a result of microneedle puncture of the
pustule. The 3D fluorescence images of EGCG@BSP/HA MNs were
observed by CLSM (Fig. 2G, H). The bottom width was 400 nm, the
height was 900 nm, and the distance between adjacent needles was 700
nm. FITC was distributed centrally at the tip of the needle, which
facilitated drug delivery to the skin and avoided wastage. The content of
EGCG in MNs was determined as 0.18 mg/patch by HPLC. In order to
overcome the skin barrier, it is imperative for the needle to possess the
mechanical strength to effectively pierce the skin. Hence, an examina-
tion of the mechanical characteristics of EGCG@BSP/HA MNs was
conducted utilizing a texture analyzer. When subjected to external
forces, MN undergoes deformation, resulting in the emergence of an
inflection point on the force-displacement curve. Consequently, the
force exerted on MN prior to this inflection point may be considered as
its maximum bearing capacity. From the force-displacement curve
(Fig. 2F), the maximum force that the EGCG@BSP/HA MNs can with-
stand is 0.54 N/needle. The above shows that we have successfully
prepared EGCG@BSP/HA MNs and that they have sufficient strength to
pierce the skin without causing damage [44,56].

Materials & Design 238 (2024) 112639
3.3. Insertion test of EGCG@BSP/HA MNs

The in vitro insertion ability of EGCG@BSP/HA MNs was evaluated
using Parafilm M® simulated skin. The findings indicated that the
EGCG@BSP/HA MNs were able to effectively penetrate the Parafilm M®
and reach the targeted layer (Fig. 3A). The depth of each layer was
measured to be 100 nm, suggesting that the microneedles had the
capability to penetrate up to a maximum depth of 500 nm. The perfo-
ration hole rates for layers 1, 2, 3, 4 and 5 were 100 %, 100 %, 91.3 %,
55.7 % and 22.7 %. According to prior research, it has been shown that
the average thickness of the stratum corneum and dermis measures
around 10-20 pm and 1-3 mm. Therefore, based on the puncture pore
rate it is indicated that EGCG@BSP/HA MNs can successfully puncture
the stratum corneum and form microchannels from the stratum corneum
to the dermis, which facilitates the drug to reach the acne affected area.

To further evaluate the in vivo insertion properties of EGCG@BSP/
HA MNs, we performed skin insertion experiments. Skin histology im-
ages show successful insertion of EGCG@BSP/HA MNs into the skin to a
depth of 252 nm (Fig. 3C), which is necessary for in vivo efficacy ex-
periments. The observed outcome is below the insertion depth threshold
of 400 nm for the Parafilm M®. This discrepancy might perhaps be
attributed to an offset phenomenon resulting from the skin’s elastic
properties [57].

3.4. Acute skin irritation test of EGCG@BSP/HA MNs and TEWL
measurement

Through the figure, it can be seen that after removing the
EGCG@BSP/HA MNs, the micro-needle holes in the skin were obvious
and the skin was slightly reddened, but the puncture marks disappeared
gradually with time, and finally disappeared within 50 min (Fig. 3D).
There were no obvious irritation reactions (e.g., erythema, swelling,
etc.) throughout the process, indicating that the EGCG@BSP/HA MNs
could penetrate the skin and had good biocompatibility. In addition,
when EGCG@BSP/HA MNs deliver drugs to lesions, EGCG@BSP/HA
MNs produce only small holes that do not damage the skin [58].

The stratum corneum is a skin protective barrier, which can reduce
the occurrence of external stimulation on the skin and maintain skin
moisture to the maximum extent. The TEWL value, commonly known as
the water loss value, is a typical indicator of the stratum corneum’s
barrier function. The TEWL value increased significantly after MNs were
implanted under the skin, but it quickly went back to its initial level after
60 min (Fig. 3B) [59-61]. The TEWL value of the control group
remained at about 16 g/ m?h. The microchannels generated by
EGCG@BSP/HA MNs disrupt the integrity of the stratum corneum, but
microchannels can be rapidly closed. In general, MNs have the unique
advantage of minimal skin irritation and rapid recovery. This suggests
that MNs in transdermal drug delivery greatly improves the ease of
administration and patient compliance.

3.5. In vivo dissolution of EGCG@BSP/HA MNs

As can be seen in the figure, EGCG@BSP/HA MNs inserted into the
skin can rapidly dissolve and promote the release of the drug in the skin.
In order to evaluate the solubility of EGCG@BSP/HA MNs in vivo, we
removed EGCG@BSP/HA MNs from mouse skin at a specific time point
[62]. The figure shows that the microneedle has not yet dissolved when it
is not inserted into the skin of the mouse under the microscope. At this
time, the needle tips are complete and sharp, and become blunt after 3
min of insertion. The needle tips are completely dissolved within 15 min
(Fig. 3E). The results showed that EGCG@BSP/HA MNs could puncture
the skin and the tip of the needle dissolved rapidly after contacting the
tissue fluid, which was conducive to rapid transdermal drug delivery and
improved patient compliance. Based on the solubility of EGCG@BSP/HA
MNs, we left them on the mice skin for 15 min in subsequent in vivo
experiments to fully dissolve and release the drug [44,63].
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Fig. 3. Insertion test of EGCG@BSP/HA MNs. (A) Percentage of holes created and insertion depth of EGCG@BSP/HA MNs in Parafilm M® layers. (B) Effects of
EGCG@BSP/HA MNs treatment on TEWL values of skin at specified time points compared with intact skin controls. (C) H&E staining of skin sections from following
the application of EGCG@BSP/HA MNs for 5 min (Scale bar: 100 pm). (D) Photographs of EGCG@BSP/HA MNs-treated mice skin at different time intervals (Scale
bar: 7 mm). (E) Dissolution of EGCG@BSP/HA MNs after their application onto mice skin in vivo at the indicated time points (Scale bar: 400 pm).

3.6. In vitro penetration depth study of EGCG@BSP/HA MNs

To visually assess the penetration depth of the medication into the
skin, we prepared a soluble EGCG@BSP/HA MNs patch loaded with
FITC and employed green fluorescence as a means to monitor and
measure the penetration depth of the microneedle within the skin.
Fluorescence images at different depths show that the fluorescence in-
tensity becomes weaker as the scanning surface gets deeper [64]. The
continuous fluorescence signal also indicates that the drug in the
microneedle can diffuse rapidly into the skin. When the penetration
depth is 360 nm, the green fluorescence disappears, indicating that this
is the penetration depth of the microneedle (Fig. 4A). The depth of
penetration of the microneedle was less than the tip height (900 nm),
which may be due to the rapid dissolution of the tip of the microneedle
during penetration and the deformation of the skin when the micro-
needle was inserted into the skin surface. In addition, the reconstructed
3D fluorescence images showed the shape from the stratum corneum to
the epidermis in the shape of an inverted triangle, indicating that the
drug could diffuse widely and rapidly in the skin.

3.7. Invitro transdermal delivery ability of EGCG@BSP/HA MNs

The mouse skin was immobilized on Franz to observe the in vitro
transdermal delivery efficiency of EGCG through MNs (Fig. 4B). For
comparison, we used a solution containing the same concentration of
EGCG as the control. The figure shows the in vitro release profile of
EGCG@BSP/HA MNs and EGCG solution. We can see that the release of
the EGCG solution is very slow, with a cumulative release of less than 10
% after 24 h (Fig. 4C). The release of EGCG from the EGCG solution is

very slow. This suggests that the EGCG solution does not readily pene-
trate the skin stratum corneum, which may be related to the skin barrier.
EGCG was released in bursts in MNs, with a cumulative release of 60 %
at 12 h and even up to 70 % in 24 h. However, due to the retention of the
drug on the skin, the cumulative release is less than the amount of drug
in the MNs. This result suggests that EGCG@BSP/HA MNs mediated
transdermal drug delivery facilitates the penetration of the stratum
corneum, which results in retention of the drug within the skin and
slows down the transdermal rate of the drug. The ability of EGCG@BSP/
HA MNs to maintain a high concentration of the drug in the skin over a
long period of time facilitates sustained antimicrobial action for the
treatment of acne vulgaris and reduces skin inflammation [44].

3.8. The hemolysis test of EGCG@BSP/HA MNs

We performed an in vitro hemolysis test on EGCG@BSP/HA MNs
(Fig. 4D). As shown in the figure, the hemolysis rates of EGCG@BSP/HA
MNs and BSP/HA MNs were 0.43 % and 0.83 % (Fig. 4E), respectively.
According to the standard of biomedical materials (hemolysis rate < 5
%), both BSP/HA MNs and EGCG@BSP/HA MNs did not cause hemo-
lysis, and their biocompatibility was in line with practical medical
applications.

3.9. Invitro cytotoxicity of EGCG@BSP/HA MNs

The toxicity of microneedles solution to L929 cells was evaluated by
the CCK-8 method. After 24 and 48 h of continuous culture, the
EGCG@BSP/HA MNs 2 showed good biocompatibility (cell viability
over 100 %) (Fig. S2A). The cell viability of L929 cells was >80 % after
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Fig. 4. In vitro skin penetration characterization of the EGCG@BSP/HA MNs. (A) Representation of the 3D micro-channels generated by the insertion of FITC loaded
MNs. CLSM images of mice skin at varying depths. the penetration depth was from the skin surface to a depth of 360 pm (Scale bar: 200 pm). (B) Schematic
illustration of Franz diffusion cell in the study of transdermal EGCG delivery. (C) In vitro permeation profile of EGCG through the mice skin from the MNs patch and
EGCG Solution. Data is presented as mean + SD (n = 4). (D) Photographs of hemolysis in EGCG@BSP/HA MNs and BSP/HA MNs. From left to right, positive control,
BSP/HA MNs, EGCG@BSP/HA MNs and negative control. (E) Hemolysis rates for EGCG@BSP/HA MNs and BSP/HA MNs (n = 3).

48 h incubation with different concentrations of microneedle co-cultures
(EGCG@BSP/HA MNs 1, EGCG@BSP/HA MNs 2, BSP/HA MNs). It
indicated that small concentrations (0.25, 0.5, 1 mg/ mL) of micro-
needles also had a tendency to promote cell growth (Fig. S2B). The
above results showed that EGCG@BSP/HA MNs 1, EGCG@BSP/HA MNs
2, and BSP/HA MNs had good cytocompatibility.

3.10. The adsorption properties of DE

The main component of diatomite is silicon dioxide. Scanning elec-
tron microscope (SEM) images show that DE has a porous structure
(Fig. 5A), which indicates that it has adsorption capacity from the
perspective of microstructure, and it is widely used as an absorbent
[39,40]. The results showed that DE has excellent adsorption capacity
for small molecules such as fluorescent dyes (Fig. 5B), and also has a
stronger adsorption capacity for oil than AC (Fig. 5C). In summary,
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diatomite can be used to adsorb acne pus and purulent exudates to
reduce the risk of reinfection [41].

3.11. Invitro antibacterial effect of EGCG@BSP/HA MNs

The antimicrobial properties of EGCG@BSP/HA MNs were evaluated
by the dilution-coated plate method (Fig. 6A) and the antibacterial rate
was calculated. As shown, EGCG@BSP/HA MNs significantly reduced
the survival of S. aureus, E. coli and P. acnes (Fig. 6B). And after 12 h of
incubation, the inhibition rates of the loaded microneedles (MNs 1, MNs
2, MNs 3, MNs 4, MNs 5) with different EGCG concentrations were
20.70 %, 66.66 %, 75.40 %, 89.75 % and 97.06 % for E. coli (Fig. 6C),
while at the same time the inhibition rates were 61.40 %, 76.32 %,
89.47 %, 93.29 % and 97.08 % against S. aureus (Fig. 6D). The inhibition
rates of the drug-loaded microneedles against P. acnes after 48 h of in-
cubation were 40.41 %, 66.57 %, 93.55 %, 97.95 % and 99.41 %
(Fig. 6E). In summary, the antimicrobial effect of EGCG@BSP/HA MNs
mainly depended on EGCG, and the higher the concentration of EGCG,
the better the inhibitory effect. On this basis, the subsequent pharma-
codynamic experiments were performed using the drug-loaded micro-
needles with EGCG (45 pg/patch).

In order to further understand the bactericidal effect based on
EGCG@BSP/HA MNs, the bacterial morphology was observed by SEM
(Fig. 7). As shown in the figure, after 24 h of incubation with
EGCG@BSP/HA MNss in bacterial suspension, visibly dead bacteria were
visible with irregular and unclear edges, collapsed surfaces, and shriv-
eled or dissolved into fragments, suggesting that the bacterium had
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partially or completely ruptured the membrane. In the control group,
E. coli and P. acnes were rod-shaped, S. aureus was spherical, and the
surface remained smooth and complete. SEM images further confirmed
the excellent antibacterial effect of EGCG@BSP/HA MNs, which can
effectively inhibit P. acnes and other bacteria to treat acne.

The antimicrobial activity of each bacterial suspension was deter-
mined by measuring the optical density at 600 nm (ODggg nm) of each
bacterial suspension after incubation with EGCG@BSP/HA MNs and
commercial microneedles for 12 and 48 h (Fig. S3). The ODggg nm values
indicated that the untreated bacteria were in the logarithmic growth
phase. Commercial microneedles were effective in inhibiting the pro-
liferation of S. aureus and P. acnes, but had little or no inhibitory effect
on E. coli when compared to the control group. The EGCG@BSP/HA
MNs showed a good inhibitory effect on the above three bacteria, and
was better than the commercial microneedles.

3.12. In vivo anti-acne experiments of EGCG@BSP/HA MNs

To evaluate the effect of EGCG@BSP/HA MNs patch on acne infec-
tion, we injected P. acnes intradermally into the backs of ICR mice to
establish an acne model. As shown in the figure, on day O (after intra-
dermal injection of P. acnes), about 0.5 mm thick acne formed at the
injection site of P. acnes due to bacterial infection and proliferation,
demonstrating the successful construction of the P. acnes infection acne
model (Fig. 8A). Fig. 8B shows the treatment effect of each group on
acne. To quantify the effect on acne treatment, acne thickness was
measured during the treatment period (Fig. 8C), revealing changes in

DE 1/2 FA/IDE

11 FA/DE

11 FAIAC FA

Fig. 5. The adsorption properties of DE (A) SEM image of DE. (B) Adsorption capability of small molecular dye by DE. Adsorption of Rhodamine B (RhB) by different
amount of DE in aqueous solution. (C) Oil adsorption test of DE. The DE or activated carbon (AC) adsorption of Rhodamine B (RhB) containing fatty acids (FA) with

different weight ratios.
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Fig. 6. In vitro antibacterial effect of EGCG@BSP/HA MNs. (A) Schematic diagram of antibacterial test. (B) Images of agar plates representing three colonies after
microneedle treatment with different EGCG concentrations. (C) Bacteriostatic inhibition of E. coli after microneedles treatment with different EGCG concentrations.
(D) Bacteriostatic inhibition of S. aureus after microneedles treatment with different EGCG concentrations. (E) Bacteriostatic inhibition of P. acnes after microneedles
treatment with different EGCG concentrations. Data in Fig. 6C, D and E are presented as mean + SD, n = 3 for each group; * P < 0.05, ** P < 0.01, *** P < 0.001.

acne thickness that was consistent with the treatment effect observed.
The skin of the mice in the model group swelled without treatment until
day 3, and the swelling was the most severe of the several groups. In
contrast, after treatment with EGCG@BSP/HA MN, the skin thickness
was significantly reduced, and some of the swelling even disappeared on
day 8, indicating that EGCG@BSP/HA MNs patch has an effective
inhibitory effect on acne growth. For BSP/HA MNs, which are not
loaded with EGCG, their antibacterial effect is suboptimal although the
needles are dissolved in the dermis, and they may have only a modest
physical penetrating effect on acne. In the case of EGCG Solution, due to
the absence of microneedle transdermal drug delivery and the presence
of a skin barrier, it cannot effectively reach the sebaceous glands to exert
its excellent antimicrobial activity, and may only have a slight anti-
bacterial effect on acne. In addition, both the commercial microneedles
group and the EGCG@BSP/HA MNs group showed good in vivo anti-
acne when compared with the model group, and the therapeutic effect
of EGCG@BSP/HA MNs was slightly better than that of commercial

microneedles (Fig. S4).

To further evaluate the effect of EGCG@BSP/HA MNs on acne, mice
were euthanized on day 8 and skin tissues were excised from the acne
sites for histological and immunohistochemical analysis. H&E staining
showed that the thickness of skin sections of EGCG@BSP/HA MNs group
was thinner and free of pus sites than that of the other groups, which is
consistent with the results of Fig. 9A. As shown in the x 40 H&E stained
images, in the control group, the inflammatory cells in the subcutaneous
tissue were densely distributed and the infiltration increased. In
contrast, clear and intact reticular layers of dermal and follicular
structures were observed in their skin tissues due to the good anti-
infective properties of EGCG@BSP/HA MNs. P. acnes is an anaerobic
Gram-positive bacteria [7,65]. Its excessive proliferation can stimulate
sebaceous gland cells to synthesize sebum accumulation to block hair
follicles, further leading to skin hypoxia and promoting bacterial
growth. P. acnes infection can activate the NF-kB pathway and increase
the expression of various cytokines, including TNF-a, IL-8, and MMP-2.
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Fig. 7. SEM images displaying E. coli, S. aureus and P. acnes morphological changes during the antibacterial tests (Scale bar: 500 pm).

Obviously, both killing P. acnes and inhibiting the expression of cyto- EGCG@BSP/HA MNs treatment group had the lowest expression of each
kines can effectively treat acne [50]. Fig. 9B shows the distribution and inflammatory factor, and mice in the BSP/HA MNs and EGCG Solution
expression of tumor necrosis factor-o (TNF-a), interleukin-8 (IL-8), and treatment groups had relatively low expression of each inflammatory
matrix metalloproteinase (MMP-2) in five groups of inflammatory cells factor, which was consistent with the manifestation of individual acne
and factors [50,55]. Compared with the control group, mice in the infections in mice. It is proved again that EGCG@BSP/HA MNs has good

A
—_—0 =0 —— —— —
0 1 2 3 4 6 8 Days
L {/
Intradermal injection of P. acens : ® & “
© Treat acne with different groups
~ =y - kY

Taking image
Inflammatory cytokines and histology

B EGCG BSP/HA EGCG@BS C
Model  Solution MNs P/HA MNs

-

0.8} ~@i— EGCG Solution
—_ =@ Model
Eo7l - BSP/HA MNs

) —¥— EGCG@BSP/HA MNs|
~—0.6} @~ Normal
@
o 0.5
x 04 ]*
L *
£ 03 R v
2

02}
X
noif

0.0 L A L A 1 A A

01 2 3 45 6 7 8 9 10
Time (days)

Fig. 8. In vivo anti-acne experiments of EGCG@BSP/HA MNs. (A) Schematic diagram of the establishment and treatment of P. acnes induced mice model. (B)
Schematic representation of the skin acne therapy in a mouse model via topical EGCG@BSP/HA MNs, EGCG@BSP/HA MNs and EGCG Solution administration, (C)
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inflammatory factors from different group treated mice (Scale bar: 200 pm).

antibacterial and anti-inflammatory effects, can reduce the expression of
inflammatory factors and proteins, and has a good therapeutic effect by
combining the good healing effect of BSP.

4. Conclusion

In this study, a microneedle patch with BSP/HA loaded EGCG as the
needle body material and PVA/DE as the backing material was prepared
to obtain a novel and convenient acne drug delivery system. This system
efficiently loads EGCG with sufficient mechanical strength to puncture
the stratum corneum. In vitro transdermal experiments showed that
EGCG administered by MNs could be retained in the skin for a long
period of time with increased bioavailability. In addition, we found that
EGCG@BSP/HA MNs had good antimicrobial properties and reduced
the production of cytokines such as IL-8, TNF-a and MMP-2. The patch
matrix containing PVA/DE also adsorbed pus and dead bacterial debris,
accelerating skin healing, reduce the risk of reinfection, and ultimately
ameliorating P. acnes induced acne in mice. In addition, EGCG@BSP/HA
MNs transdermal administration of EGCG is virtually free of skin irri-
tation and results in longer drug retention and better efficacy than EGCG
solution alone. The microneedles in this study can also be used with
other antimicrobial drugs. Thus, this study provides a reliable and easily
expandable platform for the treatment of unusual acne. In summary,
EGCG@BSP/HA MNs patches are expected to be an effective option for
the treatment of acne vulgaris.
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