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Introduction

Experimental research on fungal inhibition using
dissolving microneedles of terbinafine
hydrochloride nanoemulsion for
beta-1,3-glucanase

Huilin Warg,a Yan Wang,+? Jianing Liu,® Yonghua Qi,° Weitong Sun,? Hongbin Qiu,*®
Yu Zhang & *2® and Yang Ping & *3°

Objective: Onychomycosis is characterized by high transmission and low recovery rates, leading to a lack of
optimal treatments. This study used dissolving microneedles as drug carriers to design dual-loaded DMN
patches with B-1,3-glucanase and terbinafine hydrochloride nanoemulsion. Methods: Dissolving
microneedles of terbinafine hydrochloride nanoemulsion for beta-1,3-glucanase (Gls—-TBH-NE-DMN)
were prepared using the centrifugal molding method. Parafilm®, weight method, mouse skin puncture
experiments, and mouse skin tissue sections were used to evaluate the mechanical properties of Gls—
TBH-NE-DMN. Gls—TBH-NE-DMN was tested for its in vitro anti-Candida albicans susceptibility, ability
to inhibit fungal cell wall synthesis, and fungal biofilm penetration and inhibition capabilities. The in vivo
inhibitory effect of Gls—=TBH-NE-DMN on fungi was studied using a rabbit nail infection model. Results:
Gls—-TBH-NE-DMN exhibited a penetration rate of 98% on skin simulants and a compressive bending
resistance of 12.75%. It was nonirritating to the dorsal skin of mice, with no edema or erythema on the
surface of the skin, suggesting a good safety profile. The accumulative release of Gls—TBH-NE-DMN at
72 h was 78.74% + 0.64%, and that of terbinafine hydrochloride dissolving microneedles was 49.52% +
0.80%. In the in vitro transdermal permeation experiment, the cumulative transdermal permeation of
Gls—-TBH-NE-DMN at 72 h was 73.21% + 0.84% and that of terbinafine hydrochloride (TBH) was 20.57%
+ 0.98%. In vitro inhibition of C. albicans showed that the lowest inhibitory concentration in the Gls—
TBH-NE-DMN group was 512 ug mL™1 Furthermore, experiments showed that Gls—TBH-NE-DMN
could effectively inhibit fungal cell wall synthesis and disrupt the C. albicans biofilm, inhibiting fungal
growth. Conclusions: Gls—TBH-NE-DMN prepared in this study provides new ideas for treating skin
fungal diseases and for developing antimicrobial drug formulations.

the skin, especially dermatophyte infections, as a first-line
therapeutic agent.”® However, the current clinical applica-

Onychomycosis is a fungal disease caused by dermatophytes,
nondermatophyte molds, and yeasts. Onychomycosis accounts
for 30% of all fungal skin and nail infections, with a prevalence
of 50% among patients with tinea pedis.'*®

The preferred treatment for fungal infections in China is oral
terbinafine hydrochloride (TBH). TBH is available in topical and
oral delivery modes in clinical applications. TBH has been
a mainstream drug for treating superficial fungal infections of
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tions of TBH are mainly divided into oral drug therapy, trans-
dermal drug therapy, and physiotherapy. Among these
applications, oral treatment leads to serious adverse effects,
such as gastrointestinal irritation, increased risk of hepatotox-
icity, and congestive heart failure,'*** limiting the use of TBH.
In contrast, topical application of TBH creams or gels is
susceptible to the barrier effect of the stratum corneum of the
skin, resulting in low skin penetration of the drug. Physical
laser therapy can only temporarily improve the appearance of
the nail without completely eradicating onychomycosis.”® To
mitigate these limitations in treating onychomycosis, we
explored the pathogenesis of the disease.

Owing to the limited effectiveness of cell-mediated immunity
in nails, trauma to the nail or cracks in the skin can allow the
fungi to invade the space between the nail cap and the bed. The
protein hydrolyzing-, keratin hydrolyzing-, and lipolytic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activating-enzymes produced by fungi degrade keratin in the
nail plate, which in turn promotes the invasion of the fungi into
the nail plate and causes the cuticular layer of the skin of the
fingernail (toenail) to become infected with fungi.'**® The cell
wall is the outermost protective membrane of fungal cells and
can reduce their sensitivity to antifungal drugs, resulting in less
effective antifungal drug therapy. The fungal cell wall comprises
mannoprotein, B-glucan, and chitin. Among these, -glucan is
the skeleton structure of the fungal cell wall and plays a major
supporting role in the fungal cell wall. -1,3-Glucanase (Gls) can
inhibit the synthesis of B-1,3-glucan, promoting the exposure of
pathogen factors and activating the immune defense mecha-
nisms, thus hindering the synthesis of the fungal cell wall."”**
The difficulty in eradicating onychomycosis and the high inci-
dence of secondary morbidity were due to the formation of
fungal biofilms outside the fungal cells. Fungal biofilms consist
of a multicellular community protected by an extracellular
matrix, which increases host cell resistance to antifungal
drugs.>*** Consequently, Gls can be used as antifungal target
substances.

Tan et al.'s team®® extensively demonstrated that Gls can
interfere with fungal biofilm formation and exhibited the
highest efficacy on the removal of a mature biofilm, thereby
increasing the susceptibility of fungal cells to antifungal drugs.
TBH is an acrylamide antifungal drug that specifically interferes
with the early biosynthesis of fungal ergosterol. TBH blocks
squalene epoxidation during the formation of fungal biofilms.
This drug has a highly selective inhibitory effect on fungal
squalene cyclooxygenase, preventing the generation of fungal
biofilms and achieving fungicidal and antibacterial effects.”*-*
The greatest innovation of this study was the combination of
two drugs with microneedles, which punctured the skin
directly, bypassing the stratum corneum barrier and delivering
the antifungal drug through the proximal nail folds of the nails
to the subcutaneous nail matrix area. This combination
provides antifungal treatment from the source of the fungal
infection, allowing a greater volume of the drug to reach the
affected area directly.

The WHO released its first list of fungal priority pathogens in
2022, classifying Candida albicans as critical.*® C. albicans is
responsible for 70% of all cases of onychomycosis®**>* because
the biofilms of C. albicans adhere firmly to the surface of fungal
cells during their formation. This adhesion reduces the sensi-
tivity of fungal cells to antifungal drugs, making them more
resistant and leading to the difficult eradication of
onychomycosis.***" Therefore, in this study, C. albicans was
used as a model strain to construct a rabbit onychomycosis
model for in vitro antifungal experimental studies.

Soluble microneedles, also known as dissolvable micro-
needles (DMN), are an innovative method of directly delivering
drugs or active ingredients into the deeper layers of the skin
using transdermal technology. When the DMN is inserted into
the skin, the tip of the needle spontaneously degrades, releasing
the loaded into the drug, which is then directly absorbed for
precise drug delivery.***” The release rate of DMN was mainly
related to the drug and its dosage form. Additionally, DMNs can
be loaded with modified drugs and drug carriers, such as
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hydrophilic and lipophilic functional groups, enzyme chains,
drug-loaded nanoparticles, nanoemulsions (NE), and micelles.
Nanoemulsions (NE) are used as nanosized drug carriers to
improve the solubility of insoluble drugs and increase drug
dispersion.***> Whereas TBH has poor water solubility, NE has
the advantages of improving drug solubility and increasing
drug biofilm permeability and bioavailability. The molecular
weight of 20-40 w hyaluronic acid is a water-soluble matrix
toughness material that improves the flexibility of DMN. Poly-
vinyl alcohol and polyvinyl pyrrolidone K30 are synthetic
biodegradable polymer matrix materials, PVA is a ductile
material and polyvinyl pyrrolidone K30 is a brittle material,
which improves the mechanical strength of DMN. Multiple
teams, including Hou, study microneedle delivery of antibac-
terial drugs to treat diabetic wounds, fungicide-targeted
microneedles for wound healing and microtargeting of fungal
keratitis.>*">°

In summary, a combination of the two drugs TBH and Gls
was selected for this experiment, and TBH was prepared as oil-
in-water NE using oil emulsification. The dissolving micro-
needles of terbinafine hydrochloride nanoemulsion for beta-
1,3-glucanase (Gls-TBH-NE-DMN) were prepared by loading
terbinafine hydrochloride nanoemulsion (TBH-NE) and Gls into
DMN carriers using the centrifugal insertion method to avoid
side effects from oral TBH tablets and to broaden the range of
people for whom it was indicated. Furthermore, Gls-TBH-NE-
DMN inhibits the formation of fungal biofilms through Gls,
improves the sensitivity of fungal cells to the drug, increases the
concentration of local drug therapy, and further improves the
treatment outcome of onychomycosis.

Materials and methods
Materials and equipment

Polyvinyl alcohol (model: 224), hyaluronic acid (molecular
weight: 20-40 w), polyvinyl pyrrolidone K30 (molecular weight:
4 w), terbinafine hydrochloride (purity: 98%), PEG-40 hydroge-
nated castor oil (HLB: 13-14, pH: 5.0-7.0), tween 80, 1,2-
propylene glycol, caprylic triglyceride, RPMI-1640, kerosene and
4% paraformaldehyde were purchased from Shanghai MACK-
LIN Biochemical Technology Co., China. Parafilm® (Bemis
Company, Inc.). Phosphate-buffered saline (PBS) powder (Sharp
Biotechnology, Hangzhou, China). Sodium dodecyl sulfate
(Tianjin Kaitong Chemical Reagent, China. Methanol) and
acetonitrile (Thermo Fisher Scientific Co., China). Purified
water (homemade in the laboratory). p-1,3-Glucanase (=2000
units mg '), fluorescein isothiocyanate-concanavalin A (FITC-
ConA) and propidium ijodide (PI) (HPLC =94%) were
purchased from Sigma-Aldrich, Shanghai, China. Terbinafine
hydrochloride cream (Hunan Dino Pharmaceutical Co. Ltd.,
China). C. albicans (Strain No. BNCC 299343), YM medium
powder and agar powder were purchased from BeNa Culture
Collection, China, 2% lidocaine hydrochloride (Huamu Animal
Health Products Co. Ltd., Jilin, China). PLANK decalcification
solution (Homemade in the laboratory). Methylprednisolone
sodium succinate (Pfizer Pharmaceuticals Ltd.).
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Fig. 1 Preparation, morphological characterization and mechanical property evaluation of terbinafine hydrochloride nanoemulsion for beta-
1,3-glucanase (Gls—-TBH-NE-DMN): (a) preparation process of Gls—TBH-NE-DMN, (b)-(e) morphology of Gls—TBH-NE-DMN, (f and g)
mechanical strength examination of Gls—TBH-NE-DMN, and (h and i) pressure performance examination of Gls—TBH-NE-DMN.

Instrumentation used in the study included a poly-
dimethylsiloxane mold (10 x 10 arrays, needle height 800 um,
Micropoint Technologies PTE LTD, Singapore), an electronic
analysis balance (Hengping Science Instrument Co. Ltd.,
Shanghai, China), a benchtop low-speed centrifuge (Xiangyi
Laboratory Instrument Development Co. Ltd., Hunan, China),
an electric air drying box (Experimental Instrument Factory Co.
Ltd., Shanghai, China), a heat collecting constant temperature
heating magnetic stirrer (Yuhua Instrument Co. Ltd., Gongyi,
China), an ultrasonic cell crusher (Xinzhi Biotechnology Co.
Ltd., Ningbo, China), a water bath constant temperature oscil-
lator (Zhongbei Instrument Co. Ltd., Changzhou, China),
a high-temperature difference thermal analyzer (Netzsch Ger-
many), a Fourier transform infrared spectrometer (Guangdong
Technology Co. Ltd., Tianjin China), a high-performance liquid
chromatograph (Agilent Technology Co. Ltd., USA), an intelli-
gent transdermal tester (Pharmacopeia Standard Instrument
Factory, Tianjin, China), a fluorescence inverted microscope
(Leica Instrument Co. Ltd., German), a field emission scanning
electron microscope (Electronics Co. Ltd., Japan), an optical
microscope (Caikang Optical Instrument Co. Ltd., Shanghai,
China), and a texture analyzer (Hengpin Electromechanical
Technology Co. Ltd., Jinan, China).

Experimental animals

Twenty Kunming male mice, SPF grade, weekly age: 3-5 weeks
were purchased from the Department of Laboratory Animal
Science, Harbin Medical University, Harbin City, Heilongjiang
Province, China. License No.: SCXK (Black) 2019-001. Thirty
white male New Zealand rabbits (weekly age: 3-4 weeks) were
purchased from the Department of Laboratory Animal Science,
Harbin Medical University, Harbin City, Heilongjiang Province,
China.

Preparation of Gls-TBH-NE-DMN

Weigh 1.80 g of PEG-40 hydrogenated castor oil, 0.60 g of Tween
80, 0.80 g of 1,2-propylene glycol, 1.024 g of caprylic triglyceride,
and 0.13 g of TBH were placed in a beaker and stirred at

4638 | Nanoscale Adv, 2025, 7, 4636-4650

a constant temperature of 50 °C until completely dissolved, and
then purified water was added into the above-mixed system at
a constant speed, and when the system became a light blue
homogeneous solution, it was put into an ice-water bath, and
the power was 60%, and the TBH-NE was dispersed by sonica-
tion for 10 min. The power was 60%, ultrasonic dispersion was
performed for 10 min, and TBH-NE was obtained.

Polyvinyl alcohol was weighed and dissolved in Gls solution,
hyaluronic acid was dissolved in purified water, polyvinyl pyrro-
lidone K30 was dissolved in TBH-NE, and polyvinyl alcohol,
hyaluronic acid, and polyvinyl pyrrolidone K30 solution were
dissolved in the refrigerator for 30-40 min. The three-drug
solution was mixed uniformly in a ratio of 1:1: 4. The solution
was then poured into a polydimethylsiloxane mold and centri-
fuged at 113.8 x g (RCF) for 10 min. After centrifugation and
drying in an oven at 30 °C for 60 min, the backing layer solution
was dropped into the polydimethylsiloxane mold, centrifuged at
113.8 x g (RCF) for 10 min, and placed in the drying oven at 60 °C
for another 60 min. The Gls-TBH-NE-DMN arrays were obtained
by removing and demolding the arrays (Fig. 1a).

Morphological characterization of Gls-TBH-NE-DMN

Appearance of Gls-TBH-NE-DMN. The appearance of Gls—
TBH-NE-DMN prepared using the centrifugal-in-mold method
was examined. The microscopic morphology of the Gls-TBH-
NE-DMN needles, tip curvature, tip integrity, and the needle
puncture rate of the Gls-TBH-NE-DMN arrays were examined
using a texture analyzer, and the tip compatibility with the
backing layer was assessed.

Observation under a field emission scanning electron
microscopy. The tip of Gls-TBH-NE-DMN was placed upward
on the carrier stage, and the appearance morphology of Gls-
TBH-NE-DMN was observed using field emission scanning
electron microscopy (FESEM) with a 15.0 kV LED.

Evaluation of the mechanical properties of GlIs-TBH-NE-DMN

Insertion performance study. Using a Parafilm® film as
a skin analog,”” Parafilm® puncture experiments were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performed to evaluate the mechanical strength of Gls-TBH-NE-
DMN. Four layers of Parafilm® film with a thickness of 0.5-
1 mm were laid flat on the foam board. After puncturing the
Parafilm® film vertically with the tip of the Gls-TBH-NE-DMN
needle, a uniform force of 11 N was applied with the texture
analyzer.”® The needle was then removed after being pressed for
30-60 s. This process was repeated five times in parallel oper-
ations. The number of layers punctured by the Gls-TBH-NE-
DMN and the number of holes in each layer was recorded.

Examination of pressure performance. To evaluate the
toughness of the Gls-TBH-NE-DMN using a pressure perfor-
mance examination, the GIs-TBH-NE-DMN needle was placed
tip down on the smooth flat surface, an applied pressure of 11 N
with the texture analyzer and a flat surface was placed on the
back of the GIs-TBH-NE-DMN to make the force on the Gls-
TBH-NE-DMN uniform. The Gls-TBH-NE-DMN needle was
removed after 1-2 min and operated five times in parallel to
observe changes in the GIs-TBH-NE-DMN needle tip and
height.

Dissolution experiments of GIs-TBH-NE-DMN in mouse
skin. Gls-TBH-NE-DMN was applied to the dorsal skin of mice,
and the force of 11 N was applied evenly using a texture
analyzer, and the sample was pulled out after 0, 30, 120, and
300 s. The operation was conducted in parallel three times, and
GIs-TBH-NE-DMN tip height changes were observed using
FESEM to assess the dissolution of Gls-TBH-NE-DMN tips
within mice skin.

Skin puncture experiments of Gls-TBH-NE-DMN. The skin
on the back of 5 x 5 cm? mice was selected for hair removal,
exposing smooth skin on the back of the mice. The Gls-TBH-
NE-DMN was placed perpendicular to the skin on the back of
the mice, and a texture analyzer was used to pierce the skin with
a force of 11 N. Gls-TBH-NE-DMN was obtained after 2-5 min,
operated in parallel three times, and the number of pinholes in
the skin on the back of the mice was observed.

Skin histology experiment of Gls-TBH-NE-DMN mice. The
Gls-TBH-NE-DMN was applied to the dorsal skin of mice, and
a force of 11 Nwas applied by a texture analyzer to puncture the
Gls-TBH-NE-DMN into the dorsal skin of mice. The Gls-TBH-
NE-DMN patch was removed after 5 min, and the skin at the
puncture removed and immersed in para-
formaldehyde for 24 h. After 24 h, hematoxylin and eosin
staining were performed, and specimens were observed under
a microscope.

site was

Skin safety evaluation of Gls-TBH-NE-DMN

Skin-healing experiment of Gls-TBH-NE-DMN. The Gls-
TBH-NE-DMN was perpendicularly inserted into the dorsal
spinal cord of mice using a texture analyzer with a force of 11 N
for 30-60 s. The needle eye of the dorsal skin of mice was
observed at 0, 5, 10, 15, and 30 min, and the dorsal skin of mice
was operated three times in parallel to evaluate the healing time
of the dorsal skin of the mice and to verify the safety of Gls-
TBH-NE-DMN.

Skin irritation evaluation of Gls-TBH-NE-DMN. Twenty
mice were randomly divided into four groups of five each. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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skin of the 5 x 5 cm?® dorsal spine of mice was selected 24 h
before drug administration, and dehairing was performed.
Saline was applied to the blank group, an appropriate amount
of TBH-NE was applied to the TBH-NE group, one patch of Gls-
TBH-NE-DMN was given to the Gls-TBH-NE-DMN group, and
an appropriate amount of TBH cream was applied to the posi-
tive control group. The status of the dorsal skin of mice was
observed after 0, 24, 48, 72, 96, and 120 h, and local reactions in
the dorsal skin were recorded.

Differential scanning calorimetry and Fourier transform
infrared spectroscopy (FTIR) study of Gls-TBH-NE-DMN.
Differential scanning calorimetry (DSC) was used to determine
the heat absorption peaks of TBH, blank DMN powder, Gls-
TBH-NE-DMN powder, and physical mixtures of TBH and blank
DMN powder. The samples were weighed, placed in a crucible
and scanned in the range of 20-300 °C at a heating rate of
10 °C min ', with a N, flow rate of 50 mL min".

FTIR spectroscopy was used to determine the TBHs and
physical mixtures of TBH, blank DMN, Gls-TBH-NE-DMN, and
blank DMN. The samples to be tested were prepared using the
KBr compression method and scanned using infrared spec-

troscopy in the range of 400-4000 cm ™.

Establishment of analytical methodology for TBH in vitro
release

Liquid chromatography conditions. The chromatographic
column was a reversed-phase Eclipse XDB-C-18 column
(250 mm x 4.6 mm; 5 pm) with a column temperature of 25 °C.
High-performance liquid chromatography conditions were
mobile phase A: methanol, B: acetonitrile, and C: water. The
gradient elution conditions were as follows: 0-2 min, 40% A and
50% B; 2-6 min, 65% A and 15% B; and 6-10 min, 40% A and
50% B. The injection volume was 10 pL, the flow rate was 0.8
mL min~", and the detection wavelength was 224 nm.

Linear relation. Accurately weigh 25.00 mg of TBH standard,
put it in a 100.00 mL volumetric flask, add phosphate buffer
solution (PBS) containing 1% sodium dodecyl sulfate (SDS) with
pH of pH 7.4 to make constant volume calibration, and ultra-
sonically dissolve it for 10 min to prepare 250.00 ug mL ™' TBH
mother liquor.

Accurately suck 0.40, 0.80, 1.5, 2.40, 3.20 and 4.80 mL of TBH
mother liquor, and put them into 10.00 mL volumetric flasks,
respectively. PBS solution with pH 7.4 containing 1% SDS was
calibrated at a constant volume and 10.00, 20.00, 40.00, 60.00,
80.00 and 120.00 were obtained. Filter with 0.22 pm micropo-
rous membrane, as detected by HPLC, recorded the peak area,
and performed linear regression with concentration (X) as the
abscissa and peak area (Y) as the ordinate.

Measurement of the encapsulation rate and drug loading. A
piece of Gls-TBH-NE-DMN prepared from different batches was
dissolved in a 70% methanol aqueous solution. The 70%
methanol aqueous solution was fixed and filtered through
a 0.22 um microporous membrane. The TBH content of the
microneedles was determined using the method described
above.

Nanoscale Adv., 2025, 7, 4636-4650 | 4639
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0 _ otal encapsulated and unencapsulated drug unencapsulated drug quantity 0
deg capacity (/0) = x 100% (1)

WGIS—TBH-NE—DMN gross weight

A piece of Gls-TBH-NE-DMN prepared from different
batches was dissolved in 70% methanol aqueous solution and
centrifuged at 783 x g (RCF) for 10 min. After centrifugation,
1.5 mL of the supernatant was collected in a 10 mL volumetric
flask; the 70% methanol aqueous solution was fixed and filtered
through a 0.22 pm microporous filter membrane. Subsequently,
the TBH encapsulation rate in the GIs-TBH-NE-DMN was
determined as described above. The TBH encapsulation rate in
the DMN was determined as described above.

Ciot: ontent — Ci .

0 _ otal drug content free drug content 0

Wencapsulution ratio (/0) - x 100%
Ctotal drug content

(2)

In vitro release degree experiment of Gls-TBH-NE-DMN. In
vitro release degree experiments of terbinafine hydrochloride
dissolving microneedles (TBH-DMN) and Gls-TBH-NE-DMN
were performed using the dialysis method. Precisely 15 mL of
the TBH-DMN and Gls-TBH-NE-DMN solutions were pipetted
and transferred into a dialysis bag with a molecular weight of
14000 Da. The dialysis bag was placed in 400.00 mL of
phosphate-buffered saline (PBS) solution release medium con-
taining 1% sodium dodecyl sulfate at pH 7.4 and subjected to
thermostatic shaking at a rate of 0.068 x g (RCF) and tempera-
ture of 37 °C £ 0.5 °C. Samples of 3.0 mL were collected at 0.08,
0.25,0.5,1,2,4,6,8,12, 24, 48, and 72 h, replenishing the same
release medium volume.>>*

Cumulative drug release (%) was determined by HPLC and
analyzed as a function of time (t, h). The accumulative release
(Qn, ng mL™") was calculated using formula (3), and the accu-
mulative release (%) was calculated using formula (4):

n=1

0i=CixVot+ > CixV (3)

i=1

0, = Ou/Qeast X 100% (4)

The ¢ — Q, curve was plotted with ¢ as the horizontal coor-
dinate and in vitro cumulative release degree (Q;) as the vertical
coordinate, and the curve was fitted to calculate the release
equation.

In vitro transdermal permeation experiment of Gls-TBH-
NE-DMN. In vitro transdermal permeation experiments of TBH,
dissolving microneedles of terbinafine hydrochloride nano-
emulsion (TBH-NE-DMN), Gls-TBH-NE-DMN, and commer-
cially available TBH creams were conducted using the Franz
diffusion cell method. The skin was immobilized in the middle
of the upper and lower pools, with the keratin surface facing the
release pool and the dermal surface facing the receiving pool.
Subsequently, fifteen millilitre of PBS solution at pH 7.4 con-
taining 1% sodium dodecyl sulfate was added to the receiving

4640 | Nanoscale Adv., 2025, 7, 4636-4650

pool, and 3.0 mL of TBH, TBH-NE-DMN, Gls-TBH-NE-DMN,
and commercially available TBH cream solution were added to
the release pool. The diffusion cell was placed in a constant-
temperature water bath at 37 °C £ 0.5 °C with a stirring rate of
0.38 x g (RCF), and 1.5 mL of samples were collected at regular
intervals of 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48, and 72 h. The sample
was replenished with the same volume of fresh receiving solu-
tion, filtered through a 0.22 pm microporous membrane, and
analyzed according to the high-performance liquid chromatog-
raphy conditions described in Section 2.11.

The cumulative transdermal permeation volume Q,, (ug cm?)
and cumulative transdermal transmittance Q, (%) were calcu-
lated for each group, and the relationship between the cumula-
tive transdermal transmittance and time (t, h) was examined.
The cumulative transdermal permeation volume Q, (ug cm?)
was calculated using formula (5), and the cumulative trans-
dermal transmittance Q] (%) was calculated using formula (6):

0, - (vc,,+§c,-v,->/A 5)

0, = 0/ Qeast x 100% 6)

The ¢ — Q,, curve was plotted with ¢ as the horizontal coor-
dinate and in vitro cumulative release degree (Q;) as the vertical
coordinate, and the curve was fitted to calculate the release
equation.

In vitro fungal inhibition experiment of Gls-TBH-NE-DMN.
Experimental grouping: the antifungal experiments were divided
into a control group: Con, model group: Mod, TBH-DMN
administration group: TBH-DMN, Gls-TBH-NE-DMN adminis-
tration group: Gls-TBH-NE-DMN, and positive control group:
PC. The Microneedle group is administered by a texture analyzer.

Minimum inhibitory concentration experiments. The RPMI-
1640 medium was used to dilute the solution concentration of
the TBH-DMN, Gls-TBH-NE-DMN, and PC groups in gradient
to 1024 ug mL ™! (1,024, 512, 256, 128, 64, 32, 16, 8, 4, and 2 ug
mL ™). Subsequently, one hundred microlitres of the corre-
sponding drug solution (TBH-DMN, Gls-TBH-NE-DMN, and
PC solution) were added to wells 1-10. The eleventh well was set
as the growth control well containing 200 pL of bacterial solu-
tion, and the 12th well was set as the sterile control well con-
taining 200 pL of RPMI-1640 medium. Subsequently, one
hundred microlitres of a C. albicans solution were added to
wells 1-10, and the solution was gently blown to mix with the
fungal solution. The ninety-six-well plates were incubated in
a constant-temperature incubator at 30 °C for 24-48 h. Three
parallel wells were set up for each drug concentration. At the
end of the incubation, the spiked wells were compared with the
growth control wells, and the drug concentration corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the complete inhibition of mycelial growth was determined
as the minimum inhibitory concentration (MIC).**%*

The incubated 96-well test plate was removed, and the solu-
tion was aspirated into the wells at concentrations higher than
the MIC. The wells were coated on YM agar medium and incu-
bated at a constant temperature incubator at 30 °C for 24-48 h.
The number of colonies in the medium was counted at the end of
incubation. The value of the corresponding drug concentration
was MIC when no colonies grew or fewer than three colonies
were present. Each drug concentration was tested in triplicate.

Drug-sensitive paper slide experiments. First, six-millimetre
round filter paper sheets were prepared, autoclaved, and dried
for use as spare parts. Subsequently, ten microlitres of Con,
TBH-DMN, Gls-TBH-NE-DMN, and PC solutions were pipetted
through micropipettes. Drops were placed on dry and sterile
circular filter paper sheets, allowed to dry in a sterile ultra-clean
bench after complete absorption, dispensed into sealed sterile
vials, placed in the refrigerator, and kept for spare use.

Subsequently, twenty microlitres of a 1 x 10° CFU mL ™" C.
albicans solution was dropped into the center of the YM agar
medium and spread evenly. The coated medium was evenly
divided into four areas: a, b, ¢, and d. Corresponding drug-
sensitive paper tablets were placed in the center of each area
and incubated at 30 °C for 24-48 h in an incubator at constant
temperature. When the incubation was completed, the size of the
circle of inhibition on the paper sheet was measured to deter-
mine the inhibitory effect of the drugs on the fungal strains, and
each drug paper tablet was repeated three times. The mean
diameter value of the inhibition circle was measured.*

Inhibition experiments of fungal cell wall synthesis. To each
of the four sterile test tubes, five hundred microlitres of 1 x 10°
CFU mL " C. albicans were added. Subsequently, one thousand
microlitres of Con, TBH-DMN, Gls-TBH-NE-DMN, and PC
solution were added. After mixing the fungal and drug solutions
evenly, four test tubes were incubated in a constant-temperature
incubator at 30 °C for 24-48 h of static culture. Subsequently, two
hundred and fifty microlitres of paraffin were added to four test
tubes and incubated at 30 °C for 60 min. At the end of the
incubation, the visual assessment was made based on the height
and fineness of the foam produced in the test tube and the degree
of emulsification. The degree of fungal cell wall inhibition was
determined, and each drug solution was repeated three times.

Fluorescein isothiocyanate-concanavalin a fluorescence
staining. First, one hundred microlitres of 1 x 10° CFU mL ™" C.
albicans solution was added to each well of a 96-well plate, and
100 pL of TBH-DMN, Gls-TBH-NE-DMN, and PC solution were
added. Each drug concentration was replicated three times and
incubated at 30 °C for 24-48 h. At the end of incubation, the
culture medium and unadhered cells in the well plates were
discarded, and the cells were washed three times with PBS.
Subsequently, one hundred microlitres of fluorescein
isothiocyanate-concanavalin A (FITC-ConA) fluorescent dye was
added to each well, and the cells were incubated for 30 min at
37 °C in a constant temperature incubator protected from light.
After incubation, the unbound dye was removed by washing with
a sterile PBS solution under a fluorescence-inverted microscope,
and the formation of fungal biofilms was observed.***¢

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Propidium iodide (PI) fluorescent staining. First, one
hundred microlitres of a 1 x 10° CFU mL ™" C. albicans solution
was added to each well of a 96-well plate, and 100 pL of TBH-
DMN, GIs-TBH-NE-DMN, and PC solution were added. Each
drug concentration was replicated three times and incubated at
30 °C for 24-48 h. At the end of incubation, the culture medium
and unadhered cells were discarded from the well plates and
washed three times with a sterile PBS solution. Subsequently,
twenty microlitres of PI fluorescent dye were added to each well,
and the mixture was incubated for 30 min at 37 °C in a thermo-
static incubator protected from light. After incubation, the
unbound dye was washed with sterile PBS solution under a fluo-
rescent-inverted microscope, and the formation of fungal bio-
films was observed.®*

In vivo fungal inhibition experiment of Gls-TBH-NE-DMN

Animal modeling and drug delivery therapy. Animal
grouping: thirty white New Zealand rabbits were randomly
divided into five groups: control group: Con, model group: Mod,
TBH-DMN administration group: TBH-DMN, GIls-TBH-NE-
DMN administration group: Gls-TBH-NE-DMN, and positive
control group: PC. The Microneedle group is administered by
a texture analyzer.

The rabbit onychomycosis model was based on the litera-
ture.”*® Each New Zealand white rabbit was administered an
intramuscular injection of methylprednisolone sodium succi-
nate in the forelimb once a week for 4 weeks. In the third week,
1 x 10° CFU mL™" C. albicans suspension was injected into the
proximal nail folds of the left and right forepaws of rabbits. The
rabbit's paws were wrapped in gauze and moistened with sterile
water, and the outside was secured with a rubber sleeve for 2
weeks. The gauze was removed in the fourth week of treatment.
The Con group applied the appropriate amount of saline, the
Mod group had no administration, the TBH-DMN group was
given TBH-DMN patch treatment by applying the TBH-DMN
patch to the proximal nail folds of rabbit nails, the Gls-TBH-
NE-DMN group was treated by applying Gls-TBH-NE-DMN
patch to the proximal nail folds of rabbit nails, and the PC
group was coated with a commercially available TBH cream.
The treatment was administered continuously for 2 weeks.

Local anesthesia was administered via a 2% lidocaine
hydrochloride injection in the sixth week. After anesthesia, the
rabbit's nails were removed and fixed in a paraformaldehyde
solution for 24 h. The nails were then soaked in PLANK decal-
cification solution for 48 h. After 48 h, the nails were placed
under tap water and rinsed continuously for 30 min to remove
the residual solution of the PLANK decalcification solution from
the nail surface.

Microscopic observation of rabbit nail tissue. The decalcified
Con and Mod nail tissues were scraped, placed on sterile slides,
fixed with drops of fixative, covered with coverslips, and placed
under the microscope.

Histopathological sections of rabbit nails. The nails of
decalcified Con, Mod, TBH-DMN, Gls-TBH-NE-DMN, and PC
were made into paraffin-embedded sections, observed under
the microscope, and photographed.®”
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Statistical analysis

Statistical product and service solutions version 23.0 was used
for all data analysis and processing. Data were subjected to
a one-way analysis of variance. A p-value of less than 0.05 was
considered indicative of statistical significance.

Results and discussion

Morphological characterization and insertion performance
study of Gls-TBH-NE-DMN

The microstructure of GIs-TBH-NE-DMN prepared in this
experiment featured a four-pronged conical design. The needle
tip was intact and sharp, with no bending, breakage, or bubble
generation. The tip of GIs-TBH-NE-DMN showed good

Table 1 Parafilm® insertion experiment results (n = 5)

Puncture layer Holes Puncture rate (%) Average + SD (%)
4 100 100 99.4 + 1.5

4 99 99

4 98 98

4 100 100

4 100 100

0s 30s

Fig. 2 Results of experiments on dorsal skin of mice with Gls—TBH-
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compatibility with the backing layer; the tip of the needle was
not separated from the backing layer, and the backing layer was
flat without bubbles (Fig. 1b-e).

Gls-TBH-NE-DMN was punctured into four layers of Paraf-
ilm®, with a puncture rate of 99.4% =+ 1.5% when operated in
parallel five times (Table 1). The relative error to the model
prediction was <5%, suggesting that the prepared Gls-TBH-NE-
DMN penetration rate was based on the experimental expecta-
tion, and the thickness of the skin stratum corneum and active
epidermis layer was approximately 100 um. The Gls-TBH-NE-
DMN with a height of 800 pm in the present experiments had
good mechanical strength and could successfully penetrate the
skin stratum corneum and leave a drug delivery channel on the
skin surface (Fig. 1f and g).

The GIs-TBH-NE-DMN tip bending increased with
increasing weight (100-500 g), and the height of the Gls-TBH-
NE-DMN was reduced from 800 to 698 + 1.8 um when the
weight was 500 g, and the bending rate was approximately
12.75% =+ 1.6%, suggesting that the prepared Gls-TBH-NE-
DMN had good flexibility (Fig. 1h and i).

Results of dorsal mouse skin experiments of Gls-TBH-NE-
DMN

The Gls-TBH-NE-DMN left a clear needle eye on the back of the
mice, with a puncture rate of 95.7% =+ 1.6%. This indicates that

Blank iiﬁhﬁjh
TBH-NEL | i L L
e b b b b
Positive control“L k L l E

=

[
$
I
1

120 s

300s
O]

NE-DMN: (a) skin puncture experiments with Gls—TBH-NE-DMN, (b)

histological sections of Gls—TBH-NE-DMN pricked mice skin, (c) skin irritation assessments of Gls—TBH-NE-DMN, (d) skin healing experiments
with Gls—-TBH-NE-DMN, and (e) intradermal dissolution experiments of Gls—TBH-NE-DMN.
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GIs-TBH-NE-DMN has good mechanical strength and can
puncture the cuticle of the dorsal skin of mice. There was no
erythema on the back skin of the mice, indicating that Gls-TBH-
NE-DMN did not irritate the back skin of mice (Fig. 2a). The
GIs-TBH-NE-DMN left luminal channels in the dorsal skin of
mice, with a length of approximately 750 um. The height of the
GIs-TBH-NE-DMN prepared in this experiment was 800 um,
and the lengths of the needles in both instances were similar.
This suggests that Gls-TBH-NE-DMN pierced the stratum
corneum of the mouse back skin and left drug delivery channels
on the skin surface (Fig. 2b).

The mice belonging to the TBH-NE, Gls-TBH-NE-DMN, and
positive control groups did not exhibit irritation on their back
skin. No erythema or edema was detected on the back skin of
mice within 120 h, suggesting that TBH-NE and Gls-TBH-NE-
DMN did not cause irritation to the back skin of mice and
exhibited a good safety profile (Fig. 2c). After removing Gls-
TBH-NE-DMN, the skin on the back of the mice showed clear
pinholes, which disappeared after 30 min. No bleeding spots or
redness were found in the dorsal skin of mice, suggesting that
Gls-TBH-NE-DMN demonstrates sufficient safety (Fig. 2d).

Gls-TBH-NE-DMN

~——— Physical mixture
Blank DMN
———TBH

50 100 150 200 250 300
Temperature (°C)
(a)
100 ——TBH-DMN

—— Gls-TBH-NE-DMN
80+

60

d0t

20

Accumulated Release(%)

1 L L L L L 2 )

0

0 10 20 30 40 50 60 70 80
Time (h)

(c)
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The tip heights of Gls-TBH-NE-DMN at 0 s, 30 s, 120 s, and
300 s were observed from the top view using a FESEM, with the
tip height at 0 s being 799.8 &+ 0.2 um, and the tip of GIs-TBH-
NE-DMN almost disappearing at 300 s, with only the base of the
backing layer remaining. This result indicated that the micro-
needle used in this experiment was a dissolving one (Fig. 2e).

DSC, FTIR, in vitro release, and in vitro transdermal
permeation experiments of Gls-TBH-NE-DMN

The heat absorption peak of TBH appeared at 213.09 °C, the
blank DMN had no heat absorption peak, and the physical
mixture showed a TBH heat absorption peak at 210.30 °C, which
indicated that the two were simply physically mixed. The heat
absorption peak at 213.09 °C did not appear in Gls-TBH-NE-
DMN, which indicated that TBH-NE was successfully loaded
into DMN,”* and Gls-TBH-NE-DMN was successfully prepared
(Fig. 3a).

The FTIR spectra of the samples to be tested are shown in
Fig. 3b. The FTIR spectrum of TBH showed characteristic
absorption bands at 3035.41, 2962.13, 2217.74, 1631.48,

Gls-1B1-NE-DMN

Physical mixture
Blank DMN
,—1BH
\\‘ /J:\‘\N r»"— '>_“\.'N /\\/“\/\\/W’V\ -
4000 3500 3000 2500 2000 1500 1000 500
Wave length(cm™)
B ~—TBH
——TRH-NE-DMN
30k GIs-TBH-NE-DMIN

_ = Posilive controls

Drug Permeated Cumulative Amount (mg)

0 10 20 30 40 50 60 70
Time (h)

Fig. 3 Differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), in vitro release degree and in vitro transdermal
permeation experiments of Gls—TBH-NE-DMN: (a) DSC curves of Gls—=TBH-NE-DMN, (b) FTIR spectra of Gls—TBH-NE-DMN, (c) in vitro release
degree experiments of Gls—-TBH-NE-DMN (x &+ s, n = 3), (a statistically significant difference was observed between the TBH-DMN and Gls—
TBH-NE-DMN groups (*p < 0.05), and (d) in vitro transdermal permeation experiments of Gls—TBH-NE-DMN (x + s, n = 3), (significant

differences were observed among groups (**p < 0.01), with TBH-NE
significant variations compared with the TBH group).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1511.91, 1409.71, 1361.50, and 765.60 cm ™ '. At 3035.41 cm ™"
for olefin C-H stretching and aromatic C-H stretching,
2962.13 cm ' for alkane C-H stretching, 2217.74 cm ™' for
alkyne C=C stretching, and 1631.48 cm™" for olefin C=C
stretching, 1511.91 cm™" for aromatic C=C bending, 1361.50
and 1409.71 cm ™" for alkane C-H bending, and 765.60 cm ™" for
olefin C-H bending.

The FTIR spectra of the physical mixtures are the superpo-
sition of the TBH and blank DMN spectra, suggesting that the
physical mixtures were simple mixtures of TBH and blank DMN.
The FTIR spectra of Gls-TBH-NE-DMN and blank DMN were
almost identical. When comparing the FTIR spectrum of Gls—
TBH-NE-DMN with that of the physical mixture, the charac-
teristic absorption peaks of TBH disappeared, but no new
absorption peaks were generated, suggesting no chemical
reaction between TBH and the carrier material in DMN. The two
were simply hydrogen-bonded. The FTIR analysis results indi-
cate that TBH-NE was successfully loaded into the DMN
(Fig. 3b).

The analytical methodology of TBH release in vitro was
established, with peak area (Y) as the ordinate and concentra-
tion (X) as the abscissa, and the linear regression equation was Y
= 185.8X + 369.8 (R> = 0.9993), which showed that the
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concentration of TBH had a good linear relationship in the
range of 10-120.00 pg mL ™.

The in vitro cumulative release rate of TBH-DMN was 49.52%
=+ 0.80% after 72 h and that of Gls-TBH-NE-DMN was 78.74% =+
0.64% after 72 h. The seventy-two-hour in vitro cumulative
release rate of GIs-TBH-NE-DMN was 1.59 times higher than
that of TBH-DMN, suggesting that the binding of NE and DMN
enhanced the in vitro release of TBH (Fig. 3c).

The data were fitted to zero-order, first-order, and Higuchi
kinetic equations (Table 2). The experimental results showed
that the in vitro cumulative release process of TBH-DMN within
72 h conformed to the zero-order kinetic equation, and the in
vitro cumulative release of GIs-TBH-NE-DMN was based on the
Higuchi equation.

The seventy-two-hour cumulative transdermal rates were
20.57% =+ 0.98% for TBH, 75.77% =+ 0.92% for TBH-NE-DMN,
73.21% =+ 0.84% for GIs-TBH-NE-DMN, and 66.21% =+ 0.86%
for the positive control. The seventy-two-hour cumulative
transdermal rates of TBH-NE-DMN and Gls-TBH-NE-DMN
were 3.56 times higher than that of TBH, suggesting that NE
binds to DMN and increases the cumulative transdermal
permeability of TBH. The disadvantages of poor water solubility
and skin penetration of TBH were overcome (Fig. 3d).

Table 2 Fitting equations for cumulative release time models of TBH-DMN and Gls—-TBH-NE-DMN in vitro®

Group Model Model fitting equation r

TBH-DMN Zero-order kinetic O} = —0.1479 + 07986t r=0.9847
First-order kinetic Q) = 63326.1420 x (1 — e”+149%) r = 0.9630
Higuchi O = 2.4089"% — 1.2646 r=0.8174

Gls-TBH-NE-DMN Zero-order kinetic Q) = —0.1265 + 1.6247t 7 = 0.8024
First-order kinetic 0, =71.7346 x (1 — e %038 r=0.9626
Higuchi 0 = 9.4226t"% — 2.6617 r = 0.9965

“ Terbinafine hydrochloride dissolving microneedles (TBH-DMN), dissolving microneedles of terbinafine hydrochloride nanoemulsion for beta-

1,3-glucanase (Gls-TBH-NE-DMN).

Table 3 Fitting equations for the in vitro TBH, TBH-NE-DMN, Gls—TBH-NE-DMN, and positive control cumulative percutaneous transdermal

transition time models®

Group Model Model fitting equation r

TBH Zero-order kinetic O = —1.2994 + 0.3286¢ r =0.9844
First-order kinetic Q) = —1.6832 x (1 — %37*) r=0.8453
Higuchi Q) = 3.0305t"* — 6.0601 r = 0.9908

TBH-NE-DMN Zero order kinetic O = —3.2042 + 1.0746¢ r = 0.9924
First-order kinetic Q; = —4.8614 x (1 — %040 r = 0.8809
Higuchi 0! = 8.8406t"* — 15.3263 r =0.9538

Gls-TBH-NE-DMN Zero-order kinetic O} = —3.5685 + 1.0216¢ r = 0.9916
First-order kinetic 0 = —10.2447 x (1 — e*001) r=0.9442
Higuchi Q) = 8.6097t"% — 16.2757 r = 0.9424

Positive controls Zero-order kinetic Q: — —2.6199 + 0.8722¢ r = 0.9934
First-order kinetic Q’: = —32.99 x (1 — e%"%%) r=0.9922
Higuchi 0! = 7.5612¢"-14.0204 r=0.9577

“ Terbinafine hydrochloride (TBH), dissolving microneedles of terbinafine hydrochloride nanoemulsion (TBH-NE-DMN), dissolving microneedles
of terbinafine hydrochloride nanoemulsion for beta-1,3-glucanase (Gls-TBH-NE-DMN).
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The data were fitted to zero-order, first-order, and Higuchi
kinetic equations (Table 3). The experimental results showed
that the process of in vitro cumulative percutaneous trans-
mittance of TBH within 72 h conformed to the Higuchi equa-
tion, the process of in vitro cumulative percutaneous
transmittance of TBH-NE-DMN, Gls-TBH-NE-DMN, and the
positive control conformed to the zero-order kinetic equation.
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In vitro fungal inhibition experiment of Gls-TBH-NE-DMN

Antifungal sensitivity study of Gls-TBH-NE-DMN. In this
experiment, the MIC values of TBH-DMN, Gls-TBH-NE-DMN,
and PC solutions against C. albicans were determined. The
fungal strains in the Mod group grew all over the medium; the
TBH-DMN group still had more fungal strains growing at 512

Mod

PC

a:Con; b: TBH-DMN ; ¢: GIs-TBH-NE-DMN ; d:PC
(b)

Con TBH-DMN

Gls-TBH-NE-DMN PC

(©)

Mod TBH-DMN

200 ym
Mod

200 ym

TBH-DMN

Fig. 4

: GIs-TBH-NE-DMIN PC
)

( )GIS—TBH-.\'E—D.\I.\' PC

In vitro fungal inhibition experiments of Gls—TBH-NE-DMN: (a) and (b) antifungal susceptibility studies of Gls—TBH-NE-DMN, (c) fungal

cell wall synthesis inhibition experiments of Gls—-TBH-NE-DMN, and (d and e) fungal biofilm permeation and inhibition experiments of Gls—TBH-

NE-DMN.
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Table 4 Drug sensitivity paper test results®

Drug Inhibition circle diameter (mm)
(a) Con groups 6

(b) TBH-DMN groups 7

(c) GIs-TBH-NE-DMN groups 17.5

(d) PC groups 8

% Terbinafine hydrochloride dissolving microneedles (TBH-DMN),
dissolving microneedles of terbinafine hydrochloride nanoemulsion
for beta-1,3-glucanase (Gls-TBH-NE-DMN).

ug mL ™", and the inhibition effect was poor. Gls-TBH-NE-DMN
significantly inhibited fungal growth at a concentration of 512
ng mL~', and PC had fewer colonies growing at a concentration
of 512 ug mL™". In conclusion, Gls-TBH-NE-DMN adminis-
tered at a concentration of 512 ug mL ™" showed a significant
antifungal effect with the growth of less than three colonies,
suggesting an MIC of 512 pg mL ™" (Fig. 4a).

The inhibitory effects of TBH-DMN, Gls-TBH-NE-DMN, and
PC solution against C. albicans are shown in Table 4. The circle
of inhibition was the largest in the Gls-TBH-NE-DMN, which
was larger than that in the PC and TBH-DMN, and the inhibi-
tory effect on C. albicans was significant (Fig. 4b).

Fungal cell wall synthesis inhibition experiments of Gls-
TBH-NE-DMN. There was no emulsification in the Con; slight
but insignificant emulsification was observed in TBH-DMN.
There was significant emulsification in Gls-TBH-NE-DMN,
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whereas in PC since the original solution was the flocculent
solution, the white flocculent solution can be observed in the
figure partially overlapping with the emulsification phenom-
enon and producing slight delamination. In conclusion, the
emulsification results of Gls-TBH-NE-DMN were similar to
those of PC, and the height of the foam produced was similar.
GIs-TBH-NE-DMN inhibited the production of fungal cell walls
and exerted an inhibitory effect (Fig. 4c).

Fungal biofilm permeation and inhibition experiments of
GIs-TBH-NE-DMN. Mod showed a large amount of green fluo-
rescence, suggesting that a large number of fungal biofilms
were formed in this experimental group. TBH-DMN showed
more green fluorescence, suggesting that a certain amount of
fungal biofilms were formed in this experimental group. Gls-
TBH-NE-DMN showed extremely little green fluorescence,
suggesting that few fungal biofilms were formed in this exper-
imental group. PC showed less green fluorescence, suggesting
some fungal biofilm formation in this experimental group.
Therefore, from the results of FITC-ConA staining, Gls-TBH-
NE-DMN had the highest number of apoptotic fungal cells,
suggesting that GIs-TBH-NE-DMN had the optimal effect in
inhibiting fungal biofilm formation (Fig. 4d).

Mod had almost no red fluorescence, suggesting no fungal
apoptosis in this experimental group. TBH-DMN had less red
fluorescence, suggesting a small amount of fungal apoptosis in
this experimental group. Gls-TBH-NE-DMN showed a large
amount of red fluorescence, suggesting a large number of
fungal cell apoptosis in this experimental group. PC showed
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l/ Fungal spore # .
. v g p - :\ 5
o . -
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Fig. 5
results of rabbit nail sections.

4646 | Nanoscale Adv.,, 2025, 7, 4636-4650

(b)

In vivo fungal inhibition experiments of Gls—TBH-NE-DMN: (a) microscopic observations of rabbit nail tissues and (b) histopathological
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some red fluorescence, suggesting some fungal apoptosis.
Therefore, as shown by the results of PI fluorescence staining,
the GIs-TBH-NE-DMN group exhibited the most significant red
fluorescence and the highest number of fungal cell apoptosis.
The Gls-TBH-NE-DMN disrupted the fungal biofilms, and the
antifungal drug TBH smoothly entered the cell to exert its
inhibitory effect (Fig. 4e).

In the in vivo bacterial inhibition experiments, Gls-TBH-NE-
DMN and the positive controls exerted similar therapeutic
effects. This indicates that the prepared microneedles can
inhibit bacterial growth. Microneedles have great advantages
for clinical treatment. Microneedles can penetrate the stratum
corneum, and their transdermal ability is stronger than that of
ordinary creams. Additionally, microneedles are conveniently
used to avoid drug contamination.

In vivo fungal inhibition experiments of GlIs-TBH-NE-DMN.
No fungal mycelium or spore growth was found in the nail
tissue of Con. In the nail tissue of Mod, fungal hyphae and
spores were abundant, demonstrating the success of fungal
infection in the rabbit nail model (Fig. 5a).

The Con had healthy tissue growth under the nail plate
without infection, and the Mod had clear fungal spore clusters
and fungal hyphae growth under the nail plate. There were few
fungal spores in TBH-DMN, suggesting that it inhibited fungal
spore growth to some extent. There was almost no fungal spore
or hyphae growth in GIs-TBH-NE-DMN and PC. From the
experimental results, the treatment effect of GlIs-TBH-NE-DMN
was similar to that of PC, and there were no fungal spores or
mycelium growth in the nail tissues, suggesting that Gls-TBH-
NE-DMN inhibited the growth of fungi and exerted a fungistatic
effect (Fig. 5b).

Conclusion

In this study, for the first time, the preferred therapeutic agents
for fungal infections, TBH and B-1,3-glucan inhibitor Gls, along
with a dual-carrier dissolution microneedle patch, were micro-
fabricated to prepare microneedle patches. The skin puncture
experiments and mice skin tissue sections showed that Gls—
TBH-NE-DMN punctured the skin stratum corneum and left
drug delivery channels on the skin surface. The results of the
skin healing test and skin irritation evaluation showed that Gls—
TBH-NE-DMN was nonirritating to the skin and had a good
safety profile. The DSC and FTIR studies demonstrated that
TBH-NE was successfully loaded into the DMN. The in vitro
release degree experiment showed that the accumulative release
degree of Gls-TBH-NE-DMN at 72 h in vitro was 1.59 times that
of TBH-DMN, suggesting that the binding of NE to DMN
enhanced the in vitro release of TBH. In vitro transdermal
permeation experiments showed that the 72 h cumulative
transdermal permeability of Gls-TBH-NE-DMN was 3.56 times
that of TBH, suggesting that the binding of NE to DMN
enhanced the cumulative transdermal rate of TBH.

The results of the in vitro antifungal susceptibility test
showed that the lowest inhibitory concentration of Gls-TBH-
NE-DMN against C. albicans was 512 ug mL ™ ". The results of the
fungal cell wall synthesis inhibition experiments showed that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GIs-TBH-NE-DMN can effectively inhibit fungal cell wall
synthesis and destroy the barrier effect of the fungal cell wall to
drugs. The results of fungal biofilm permeation and inhibition
experiments showed that Gls-TBH-NE-DMN destroyed the
formation of C.albicans cell wall and biofilm and damaged the
protective effect of the fungal cell wall and biofilm on fungal
cells, thus allowing TBH to enter fungal cells to exert its
inhibitory effect. In vivo fungal inhibition experiments showed
that the selection of C. albicans to establish an onychomycosis
model was successful. Histopathological sections of rabbit nails
showed that Gls-TBH-NE-DMN patches were administered
through the proximal nail folds of rabbit nails, exerting an in
vivo fungal inhibitory effect, which was consistent with the
results of in vitro fungal inhibition experiments.

Discussion

As the outermost protective layer of fungal cells, the cell wall can
reduce fungal cell sensitivity to antifungal drugs, thereby
contributing to suboptimal antifungal treatment efficacy. By
utilizing the mechanism of B-1,3-glucanase (Gls) to inhibit the
synthesis of B-1,3-glucan, the assembly of the fungal cell wall
can be significantly disrupted,” thereby enhancing the
susceptibility of fungal cells to drug treatment.””® In this study,
Gls and TBHs were delivered using DMN as a drug carrier.
Based on the characteristics of the proximal subungual type of
infection, Gls-TBH-NE-DMN was applied to the proximal nail
fold site of the nail to deliver antifungal drugs directly to the
subcutaneous nail matrix area for antifungal treatment at the
source of fungal infections to improve the drawbacks of oral
and topical treatments for onychomycosis. The experimental
results of this study show that Gls-TBH-NE-DMN punctured
the stratum corneum of the skin and left drug delivery channels
on the skin surface. The prepared Gls-TBH-NE-DMN effectively
inhibited the growth of fungal cells and exerted fungal inhibi-
tion by inhibiting the formation of fungal cell walls and
destroying the fungal biofilm protection of fungal cells.

In recent years, microneedles have been used as delivery
carriers for transdermal drug preparations, with the character-
istics of enabling drugs to pass smoothly through the stratum
corneum and enter directly into the skin, forming a drug
delivery channel, accelerating drug absorption, and exerting
therapeutic effects.” Owing to the in-depth research on micro-
needles in related fields, the use of their special structure
effectively improves the penetration of different types of drugs,
especially in the treatment of chronic diseases, immune system
diseases, skin tumors, and other diseases. Microneedles can
deliver biomacromolecules, biosmall molecules, and water-
soluble drugs. Upon insertion into the skin, the DMN needle
tip can spontaneously degrade and release the loaded drug,
which is directly absorbed by the skin, thereby achieving precise
drug delivery. In transdermal drug delivery, DMN can not only
serve as a carrier to load drugs and their intermediates but also
significantly increase the transdermal permeability of drugs. In
addition, the tiny channels formed on the skin surface by DMN
can heal themselves in a short time, effectively reducing the risk
of infection caused by the breakage of traditional solid needle
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tips, making the drug more effective in disease treatment and
achieving painless, minimally and efficient
treatment.***

The new transdermal TBH drug delivery formulation devel-
oped in this study remains in the laboratory research stage. The
micro-mold casting technique adopted by the research group
can merely meet the requirements of the laboratory preparation
phase. Furthermore, during the in vivo antibacterial experi-
ment, although the rabbits were anesthetized, there exists
potential for improvement in the methodology used for claw
removal within the context of antibacterial research. While this
study can still be refined and improved, it introduces a pio-
neering approach in which TBH-NE was co-loaded with Gls in
DMN to create a dual-loaded transdermal microneedle patch
aimed at treating nail fungal infections. The successful prepa-
ration of this dosage form provides new ideas for the treatment
of nail fungal diseases and new research directions for the
development of new dosage forms of antibacterial drugs.
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