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Background: Progesterone, recommended for preventing preterm birth (PTB) in high-risk women, is traditionally administered via
oral capsules, vaginal gels, and oil injections, which pose issues like low bioavailability, systemic side effects, and irritation, leading to
reduced compliance. To address these issues, a user-friendly administration approach to deliver progesterone was needed to devel-
opment for the prevention of PTB.

Methods: We developed a progesterone microemulsion using ultra high-speed homogenization, optimizing formulation parameters
and confirming stability. Subsequently, progesterone microemulsion-loaded microneedle (MN) patches were created, and its morphol-
ogy, strength, and biocompatibility were assessed. The pharmacokinetics of these MN patches were then evaluated using LC/MS/MS.
A mouse model was used to evaluate the therapeutic effects of the MN patch, with cell cytotoxicity, blood routine, and biochemistry
tests assessing its biocompatibility.

Results: Benzyl benzoate and triglycerides were utilized as oil solvents, and Tween 80 served as the emulsifier in the preparation of
a progesterone microemulsion. This formulation exhibited a particle size of 180.8 + 20.5 nm, a zeta potential of —17.5 + 3.4 mV, and
a concentration of 20.59 + 1.28 mg/mL. The particle size, zeta potential, and concentration of the sterilized microemulsion remained
stable under 4°C. The prepared MN patch uses Povidone K30 and sucrose as excipients, which can maintain good hardness, intact
needle shape, and constant drug concentration in the short term. The MN patch delivers progesterone with AUC and Cmax similar to
oral progesterone microemulsion. In the preterm birth animal model, the median delivery days of mice in the progesterone
microemulsion oral group and MN patch group were 19 and 20, respectively, and there was no statistical difference between the
two groups. After using MN patches, the pores formed can quickly heal within 24 hours. After multiple uses of MN patches,
significant abnormalities were not found in the blood routine, biochemical tests, and major organs of mice.

Conclusion: Microneedle patches loaded with progesterone microemulsion were successfully developed, efficiently delivering
progesterone and reversing RU486-induced preterm birth in mice. The MN patch was user-friendly, minimally harmful to skin tissue,
safe, and non-toxic, representing a promising new approach for the clinical treatment of premature labor.
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Introduction

Preterm birth (PTB) is the leading cause of adverse pregnancy outcomes.' According to the World Health Organization, over
15 million premature infants are born each year, accounting for more than 10% of all births.” PTB is a syndrome induced by
multiple factors, including luteal phase defects, inflammation/infection, immune dysregulation, and cervical insufficiency.’
Notably, luteal phase defects (LPD) account for the highest number of PTBs. LPD occur when the corpus luteum produces
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insufficient progesterone or the luteal phase is too short, leading to problems with pregnancy implantation and support.* In
clinical practice, exogenous progesterone supplementation is commonly administered to pregnant women identified as being
at high risk for PTB.” As a result, progesterone-based therapies have been extensively researched for the prevention of PTB.
Traditionally, progesterone has been delivered via oral tablets, capsules, vaginal gels, and injection forms.*’

Due to first-pass effects and gastrointestinal digestive enzymes, oral administration of progesterone required higher
oral doses to achieve an effective therapeutic concentration.® This led to high oral doses and serious systemic side
effects.” Vaginal progesterone had been used for more than 20 years to support luteal function and early pregnancy after
assisted reproduction.'® But the vaginal delivery formulation of progesterone almost always liquefies and leak immedi-
ately once applied at body temperature, which could be messy and also lead to a loss of active drug.'® At the same times,
the frequently use of vaginal gel always resulted to the vaginal irritation and epithelial toxicity. The negative impacts
always result patient compliance and limit the therapeutic outcomes. Intramuscular injection of progesterone is adminis-
tered for a variety of indications, including preterm birth.'" Nevertheless, intramuscular injection requires a trained
person for administration and it becomes difficult for women to go to the clinic every day for another injection which
leads to discontinuation.'? Additionally, the absorption of progesterone from oil preparation after injected transdermal is
not complete and delayed to fulfill the rapid therapy effect, which also tend to produce local induration.'® The
inconvenient delivery method of intramuscular injection of progesterone oil drawback the benefits of therapy.''
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Consequently, there is a growing interest in developing a more convenient and cost-effective method for progesterone
delivery. Transdermal delivery facilitates the permeation of therapeutically effective amounts of drugs across the skin,
allowing them to enter systemic circulation. This method serves as an alternative route to oral and parenteral adminis-
tration of drugs."*'> As a new type of transdermal drug delivery technology, microneedles (MNs) have aroused great
interest among numerous scientists since its proposal in the 1870s and have used in drug delivery in 1998. MNs consist
of micron-scale projections, creating temporary channels for delivering active pharmaceutical agents into systemic
circulation, which could improve the drug bioavailability, enhance drug sustained release, minimize adverse reaction
and improve the pharmacological responses of active ingredients.'®!'” Due to their limited length of 50-1000 um, MNs
do not reach nerve endings, providing the advantage of administering various types of drugs, such as proteins,'® DNA/
RNA'? and vaccines,?® using a noninvasive and pain-free approach without influence by the physical properties of the
drug. Lee et al reported on a self-administered MN patch designed for long-acting contraception. This patch utilized
poly-(lactic-co-glycolic acid) MNs to gradually release the contraceptive hormone levonorgestrel over a duration of up to
1 month. In addition, the MNs could separate from the patch with 1 min and remain embedded under the skin surface
after patch removal because the special backing of the MN patch containing sodium bicarbonate and citric acid that
effervesces upon application to skin and contact with the skin’s interstitial fluid.?' Gomaa et al developed a thermostable
oxytocin MN patch, which enabled rapid delivery of oxytocin and was suitable for use by healthcare workers with
limited training. Oxytocin was coated onto stainless steel MN arrays by physical absorption with only 10IU, 16.8 ng,
which had no significant loss for up to 2 months in 40°C at 75% relative humidity.”> However, the stability of oxytocin
was assessed by HPLC, no pharmacokinetic or pharmacologic researches were executed to evaluated in vivo absorption
and confirm that the pharmacotherapeutic efficacy. In addition, this type of microneedle is limited by the special principle
of adsorption drug loading, and cannot deliver the required amounts of active gradients that need high dosage to fulfill
therapeutic purposes. These studies inspire us to construct a progesterone delivery microneedle with sustained release
effects that can maintain stable drug levels, while using appropriate animal models to investigate its therapeutic efficacy.

Although the small size of MN patches was beneficial, they typically had a limited drug dosage capacity of sub-milligram
levels.>® Efforts were practiced to address these problems; He et al prepared an MN incorporating inclusion complexes loaded
with progesterone; Phuvamin et al loading progesterone microemulsion into microneedles; however, only in vitro characteriza-
tion was conducted, which could not provide an actual pharmacotherapies efficiency of the drug delivery system and the patch
size was too large to be suitable to the patient.'*** Consequently, achieving an effective dosage and stable level of progesterone in
plasma via transdermal delivery presents significant challenges for the clinical application of progesterone MN patches.

In this study, we developed a microemulsion-based MN patch to deliver an efficient dosage of progesterone to
systemic circulation whereas achieving sustained release, as depicted in Scheme 1. The preparation methods and
physicochemical characteristics of the progesterone microemulsion and MN patch are detailed in this article.
Moreover, biosafety assessments, including the evaluation of key organ function and skin recovery capability, demon-
strated that the MN patch exhibited good biocompatibility. Collectively, the self-administered MN patch provides
a simple and convenient method for the sustained delivery of progesterone, which has the potential to enhance access
to progesterone support for women and reduce the rate of PTB.

Materials and Methods

Progesterone was obtained from Macklin, Inc. (Shanghai, China). Triglycerides and benzyl benzoate were purchased from Sigma-
Aldrich (St. Louis, MO, USA). PVP K30, polyvinyl alcohol (PVA), polyoxymethylene hydrogenated castor oil, poloxamer 407,
and soybean lecithin were sourced from Macklin Inc. (Shanghai, China). Mannitol, sucrose, lactose, glucose, and trehalose were
obtained from Macklin Inc. (Shanghai, China). Dialysis bags with a 100 kDa molecular weight cutoff were acquired from Thermo
Scientific™ (MA, USA). RU486 (mifepristone) was also purchased from Macklin Inc. (Shanghai, China).

Animals
Female C57BL/6 mice (6—8 weeks) and healthy Sprague-Dawley (SD) rats (200-250 g) were purchased from BesTest
Bio-Tech (Zhuhai, China) and kept in SPF environment. All animal studies were performed in accordance with the legal
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Scheme | Schematic figures of a self-administrated progesterone microneedle patch for the effective treatment of preterm birth in mice. (A) Preparation procedure of
progesterone microemulsion powder; (B) Fabrication process of progesterone microneedles patch; (C and D) Progesterone microneedles patch fulfilled an effective efficacy
to the preterm birth induced by RU486.

mandates and national guidelines for the care and maintenance of laboratory animals. The Ethics Committee of the Third
Affiliated Hospital of Guangzhou Medical University approved all experimental protocols (Code: 2023-071).

Preparation of Progesterone Microemulsion

The fabrication process for the progesterone microemulsion is depicted in Scheme 1A. In summary, the oil phase
consisting of 0.8 g of progesterone, 0.96 g of soybean oil, 4 g of triglyceride, and 4 g of benzyl benzoate was prepared in
a 50 mL beaker. The aqueous phase, containing 2 g of glycerin and 0.072 g of sodium oleate, was heated separately to
75°C. We supplied the method for determining the solubility of progesterone in different solvents in Supplement
materials methods section 1.1. A high-speed homogenizer (Kinematica B, Switzerland) was employed to emulsify the

oil and aqueous phases at 75°C with 14000 rpm for 1 min and repeated 3 times. Subsequently, the raw emulsion was then
homogenized in the ice bath using an ultrasonic probe to yield the progesterone microemulsion, the relative parameters
was fixed as follows, 200W was applied, with 55 cycles of a 3 s sonication and a 3 s pause. The emulsion was then
homogenized in the ice bath using an ultrasonic probe to yield the progesterone microemulsion. Finally, a 1 M NaOH
solution was utilized to adjust the pH of the microemulsion to between 9.5 and 10. The microemulsions were packaged in
5 mL amber ampoules and sterilized at 115°C for 20 min. The resulting solutions were stored at 4°C in a dark

environment. To produce a high-concentration progesterone MN patch, the microemulsion was freeze-dried to obtain
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a powder. We practiced a series of protectants with different components (Table S1) and selected the best one which keep
the microemulsion stable after freeze-drying process with good apparent of the powder. Additionally, Dir loaded
microemulsions were prepared using the same method, with minor modifications, substituting progesterone with
40 pL of Dir (50 mg/mL) for the visualization of the MN.

Characterization of Progesterone Microemulsion

The Zetasizer (Zeta Sizer nano-ZS90, Malvern, UK) was utilized to determine the size, size distribution, and zeta
potential of the microemulsion droplets. The microemulsion was diluted 10 times using ultra-pure water as the working
solution for the measurement of size and zeta potential at 25 = 2 °C and 90 scattering angle, and each sample was
analyzed three times. All samples were stored at 4°C, and the particle size, potential, concentration and other parameters
of progesterone microemulsion were measured, respectively, at 0,24,48,72,96 h. The pH of the microemulsion samples
was measured using pH paper.

Fabrication of Progesterone MN Patch

The preparation of the progesterone MN patch using the templating method is illustrated in Scheme 1B. Initially, we used
three sizes of microneedle templates to prepare microneedle patches (Table S2), namely small (15.8 mm * 15.8 mm),
medium (16.7 mm * 16.7 mm), and large (29 mm * 29 mm). And the poly dimethyl siloxane (PDMS) mold featuring
MNs with a conical structure (base radius of 300 um, height of 800 um) arranged in a 20%20 array across an area of
16.7 mm by 16.7 mm and center-to-center spacing of 700 um, the medium one, was utilized for fabricating the
progesterone microemulsion MN patch through a negative pressure technique.

To create the progesterone MN patches, two solutions, casting and backing, were prepared and applied sequentially to
the mold. Initially, 100 uL of the MN casting solution, comprising PVA/sucrose (10%, w/v, 1:1) dissolved in a progester-
one microemulsion (80 mg/mL), was introduced into the mold cavities. In some instances, the MN casting solution
included a 100 pg/mL DIR microemulsion to enhance imaging capabilities. Subsequently, the mold was placed in an
oven at 25°C under pressurized air (0.2 MPa) for 3 min. Any residual solution on the surface was scraped off using
a glass coverslip and collected for later use. Another 100 pL of the casting solution was then added to the mold cavities
and dried. This loading and drying process was repeated five times. The casting solution was ultimately dried completely
in a glass desiccator containing anhydrous silica gel for 3 days.

Following this, a backing solution composed of 10% PVA and 10% PVP K30 was prepared and applied to the upper
surface of the mold. The filling of the backing solution was executed under negative pressure using the same procedure
as before, followed by a drying period of 2 days at room temperature in a desiccator. The final progesterone MN patches
were stored in a desiccator at room temperature until needed and were subsequently removed from the mold using
medical adhesive tape.

A series of mixtures, incorporating progesterone microemulsions, saccharides, and polymer materials, were prepared
separately to optimize the formulation of the progesterone MN patches. The polymer materials, which included PVA,
PVP, chitosan, sodium hyaluronate, along with saccharides (sucrose, glucose, trehalose, and dextran), were dissolved in
the progesterone microemulsion. Only the optimized formulations of the progesterone MN patches are discussed here.
2-3 patches were randomly test for progesterone content and particle size in each batch of prepared patches to ensure the
quality of the samples. The manufactured progesterone MN patches contained 600 pg of progesterone per patch and were
subsequently used for both characterization of the preparation and follow-up animal studies. All patches were used in
1 week after prepared.

Characterization of Progesterone MN Patch

Confocal microscopy (Nikon, A1R+N-STORM, Tokyo, Japan) was employed to assess the surface morphology of
patches containing either progesterone or Nile red. Scanning electron microscopy (SEM, FEI Tecnai G2 F20 S-Twin
200Kv, US) facilitated the observation of the morphology of the MN arrays coating with gold according Sun et al.?> The
MNs were dispersed in deionized water, applied to a copper grid, and subsequently dried at room temperature to analyze
the morphology of the progesterone microemulsion incorporated into the MNs using a transmission electron microscope
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(TEM, JEOL, JEM 1400 PLUS, Tokyo, Japan) according Dixon et al.® The structural characteristics of pure progester-
one, the corresponding microemulsion, and the MN patches were verified using a Fourier-transform infrared (FTIR)
spectrophotometer (Nicolet iS50, Thermo Scientific, USA) with 64 scans for samples and the transmittance was

!, with 4 cm ™' resolution according Qasim et al.”” X-ray diffractometer

evaluated in wave number from 4000 to 400 cm ™
(XRD) analysis of pure progesterone, the associated microemulsion, and the MN patches was conducted with an X-ray
diffractometer (Rigaku ULTIMA 1V, Japan) equipped with Cu K radiation, a power of 3 kW. The samples were scanned

in a range of 040" in a continuous mode with a scanning rate of 10°/min.

Mechanical Characterization and Penetration Capacity of Progesterone MN Patch

The microneedle patch was inserted into a tightly adhered four layers aluminum foil using a customized injection device
and then removed from the aluminum foil.**2° Four layers of aluminum foil paper were spread onto an A4 paper, and
applying blue ink on the surface of the aluminum foil paper. The ink can penetrate into the A4 paper through the
perforations caused by microneedles and leave ink marks. Microneedles with different mechanical hardness can penetrate
different layers of aluminum foil, so the number of perforations on different layers of aluminum foil is also different,
resulting in different amounts of ink left on A4 paper. By separately counting the number of ink marks left by blue ink on
A4 paper, the mechanical hardness and puncture ability of the microneedle can be indirectly reflected.

In Vitro Release Behaviors of Progesterone From MN Patch

Modified Franz diffusion cells were utilized to investigate the in vitro release behaviors of progesterone from MN patch
according Andi et al.*® A piece of skin from rat abdominal skin was practiced for the in vitro release. The subcutaneous
adipose tissue and hair of the skin were carefully removed using a surgical knife and washed with pure water. The processed
skin was sealed in a plastic without fold and stored in —20°C. A circular piece of the processed skin was thawed at room
temperature and secured on the PBS fulfilled Franz diffusion cell with the stratum corneum facing the donor compartment for
1 h to hydrate it before conducting in vitro release study. MNs, prepared by different size template, containing varying
amounts of progesterone were inserted into the upper surface of the skin using a customized injection apparatus. Medical
adhesive tape was used to anchor the MN patches in place over the upper surface of the skin. The receptor compartments of
the Franz cells contained 0.25% Tween 80 in phosphate-buffered saline (PBS). At predetermined intervals of
0,4,6,12,24,48,72,96 h, samples were collected from the receptor compartment and replaced with an equal volume of
PBS. High-performance liquid chromatography (HPLC; 1260 Infinity, Agilent, Japan) was employed to determine the
concentration of progesterone in the samples. A Diamonsil C18 column (250 x 4.6 mm, 5 pum pore size) (Dikma
Technologies Inc., USA) was used at 25°C to detect the drug content. The mobile phase was methanol: acetonitrile: water
(43:40:17) with a ImL/min flow rate and the prog was detected at 8.6 min under 256.4 nm wavelength.

In Vivo Pharmacokinetics of Microemulsion From MN Patch

Dir-loaded MN patches were applied to the abdominal skin of healthy C57BL/6 mice to study the delivery ability of
microneedle patch, twelve mice were given free access to water and food and randomly divided to two groups (n = 6) as
small and medium patch. Following the administration of the dissolvable MNs, the mice were imaged at a predetermined
time of 0 h, 1h, and 3 h using a small-animal live optical imaging system (IVIS Lumina HTX, PerkinElmer, USA).
Radiant efficiency was measured to evaluate the transdermal effectiveness of the MNs and the biodistribution of
progesterone (Prog) in the abdominal skin.

Healthy Sprague-Dawley (SD) rats weighing 200-250 g was applied to evaluate the pharmacokinetic of the progesterone
delivered by microneedle patch. The abdominal fur of was removed with depilatory cream and allowed to recover for
24 h. The rats of the control group were orally administrated with equivalent dose of progesterone microemulsion. Whole
blood was collected from the posterior vena orbitalis at predetermined time points and centrifuged at 4000 rpm for 10 min to
collect plasma. The concentrations of Prog were analyzed using HPLC-MS/MS (API3200MD, AB SCIEX, USA) followed
the instruction as Supplement materials methods section 1.2. The resulting plasma concentration-time curve was plotted, with

Chnax defined as the maximum plasma concentration of Prog. T,,.x Was identified as the time at which Prog reached C,,,x,
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whereas t;,, was the time at which C,,,, decreased to half its value. The area under the concentration-time curve from zero to
the time of the last quantifiable concentration was designated as AUC_.

Therapeutic Potency of Progesterone MN Patch in Preterm Birth Mice Model

To verify the therapeutic potency of progesterone Mn patch, we built a progesterone withdrawn resulted preterm
birth mice model. Forty pregnant mice were housed in cages 7 days prior to experiments. On the morning of
gestation day 15 (E15), ten mice were separated with other as the normal group and other mice received
a subcutaneous injection of RU486, a progesterone antagonist dissolved in DMSO, at a dose of 25 pg to induce
PTB, in the scruff of the neck. Subsequently, the PTB mice were randomly divided into three groups (n = 10) and
ten pregnant mice were included in each group. The PTB mice were treated with Prog via different administration
methods-oral (2.60 mg/kg) or transdermal (4.06 mg/kg) to study the efficacy of luteal support provided by Prog
MN patches. This administration regimen was continued daily each morning until E18, totaling four treatments.
Staff who have no conflict of interest with this study conduct the drug administration procedure until the end of
the experiment. The occurrence of at least one fetal delivery within 24 h of RU486 injection at E15 was classified
as PTB, whereas live births occurring after the morning of E19 were classified as delivery at term. 12 h post-
RU486 injection, the cervices of half of the mice were collected and fixed in formalin solution for 24 h. These
specimens were then embedded in paraffin, sectioned longitudinally, and stained with Masson’s trichrome.

Biosafety Assays

Vascular epithelial cells (VSMC, purchased from FengHuiShengWu) were seeded in 96-well plates and culture in 1640
medium with 10% fetal bovine serum (FBS, Procell Life Science&Technology Co., Ltd) for 24 h in a humidified
incubator at 37°C containing 5% CO,. The cytotoxic effect of different progesterone concentrations of pure progesterone,
progesterone microemulsion, precursor of progesterone microneedle and corresponding blank carriers, respectively, on
VSMC was detected by MTT assay after the co-incubation of 48 h. The absorbance at 490 nm was measured using
a microplate apparatus (BioTek, Vermont, UK).

Prior to the skin tissue recovery experiment, the backs of the SD rats were shaved using an animal hair removal
cream (Veet™) and divided to three groups: normal group without MN treated, other two groups were treated with
progesterone microneedle patch and the skin tissue samples were collected at either 0 h or 24 h post-application after
rat euthanasia. Six SD rats were included in each group. The acquired skin tissue treated with MNs was stored in
formalin (10% v/v). The skin samples were sectioned and stained with hematoxylin and eosin following standard
histological staining procedure. The tissue slides were examined under various magnifications using a microscope to
assess biosafety.

Following treatment with progesterone, the principal organs of the PTB mouse model were collected after the
administration of MNs and stained with hematoxylin and eosin to ensure the biosafety of the MN patches.
Furthermore, whole blood samples were obtained and processed to conduct routine blood tests and biochemistry analysis

using an Exigo automatic blood analyzer (Boule, Sweden).

Statistical Analysis

Data was expressed as the mean + standard deviation and were analyzed using analysis of variance (ANOVA)
followed by Tukey’s multiple comparison in GraphPad Prism 8 and the sample sizes were equal (or nearly so) in
all experiments. Log rank test (Mantel-Cox) was done for all three curves in GraphPad Prism 8 testing the null
hypothesis that all the samples come from populations with the same survival and that differences are due to
chance. Multiple comparisons of the median day of parturition using pairwise comparisons between two admin-
istration groups and normal or model group was also done in Graphpad Prism 8. Statistical significance is
indicated by multiple asterisks, where *P < 0.05, **P < 0.01, and ***P < 0.001.
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Results and Discussion

Preparation of Progesterone Emulsion

Although the transdermal MN patch presents a convenient method for drug delivery, it also has inherent limitations, such
as low drug loading, which becomes particularly challenging with high doses of commonly used drugs like progesterone.
The characteristic volume of a dissolvable MN is typically 10 nL, meaning that a patch containing 100 MNs can hold
a maximum of 1 pg of the active pharmaceutical ingredient if the precursor has a concentration of 1 mg/mL for the
drug.>* More importantly, the amount of drug constitutes only a small fraction of the MN materials, necessitating the use
of a substantial quantity of excipients to ensure the mechanical strength of the MNs and enable dissolution.®'
Additionally, progesterone is a poorly water-soluble drug with low transdermal delivery efficiency, bioavailability, and
clinical dosages in the milligram range.’® Consequently, various strategies have been employed in designing the
progesterone MN transdermal patch, including increasing the drug concentration in the precursor, reducing the proportion
of excipients, and enlarging the size of the MN patch.

We prepared a microemulsion formulation that significantly enhances the solubility of drugs. During the preparation
of the microemulsion, as illustrated in Scheme 1A, we selected various types and ratios of oil solvents to optimize the
drug loading capacity of the progesterone microemulsion. The solubility of progesterone in benzyl benzoate was
determined to be 240.3 = 21.5 mg/mL, as shown in Figure S1. However, due to the irritant nature of benzyl benzoate
during intramuscular injection, we limited its maximum dosage to 50% in accordance with FDA guidelines. We then
explored the solubility of progesterone in a mixture of benzyl benzoate and soybean oil/triglyceride. Our findings
revealed that a 1:1 volume ratio of triglyceride to benzyl benzoate significantly enhanced progesterone solubility;
therefore, we selected this ratio for the oil phase.

Concurrently, we evaluated various surfactants by analyzing changes in particle size and zeta potential during short-
term storage of the microemulsion. Figure 1A—D demonstrate that a progesterone microemulsion prepared with 1 mg/mL
Tween 80 as the surfactant exhibited excellent particle size and zeta potential stability over 130 h, with an average
particle size of 180.8 + 20.5 nm and a potential of —17.5 = 3.4 mV. The sterilization conditions had a notable impact on
the physical stability of the 10 mg/mL progesterone emulsion. Specifically, sterilization at 121°C for 15 min resulted in
an increase in emulsion size (Figure 1E), whereas a lower temperature condition of 115°C for 30 min did not affect the
size or zeta potential stability of the progesterone emulsion (Figure 1G). Similar results were observed for the 20 mg/mL
progesterone emulsion (Figure 1F—H). In order to acquire stable progesterone emulsion, we practiced sterilization
procedure under 115°C for 15 min. Finally, we assessed the changes in particle size, zeta potential, and concentration
of both types of microemulsions over a 30-day storage period before and after sterilization. The results indicated that
after autoclaving at 115°C for 30 min, the particle size, zeta potential (Figure 11 and J), and concentration (Figure 1K) of
the progesterone microemulsion remained stable. We chose 10% PVP K30 as the cryoprotectant of the progesterone
microemulsion because good apparent of the drying powder (Figure S2). In conclusion, the progesterone microemulsion
developed in this study demonstrates favorable potential, as well as stability in terms of particle size and concentration.

Preparation of Prog MNs Patches

The preparation process for the Prog MNs patches is illustrated in Scheme 1B. The composition and proportions of the
MN matrix were examined to develop a progesterone MN transdermal patch that maintained the integrity of the needle
shape, demonstrated sufficient strength, and achieved high drug loading. To enhance drug loading, we utilized 80 mg/mL
of Prog ME and 5% PVA as polymer materials. The stability and strength of the MNs were enhanced by incorporating
a specific proportion of sucrose. To assess the effect of sucrose content on the penetrating ability and strength of the
MNs, we conducted puncture tests on multilayer aluminum foil using the MN patches, thereby determining the optimal
sucrose concentration. As depicted in Figure 2A, there was an increase in the number of punctured layers of aluminum
foil with higher sucrose content in the MNs. Figure 2B reveals that when sucrose content in the MNs reached 20%, the
perforation rate for the third layer of aluminum foil was 62% + 10%. Although further increases in sucrose content could
enhance the MN puncture intensity, the improvements were marginal. Consequently, we established the progesterone MN
matrix at 20% sucrose, 5% PVA, and 80 mg/mL Prog ME.
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Figure | Size and zeta potential changes of progesterone emulsion emulsified by soybean lecithin (A), Poloxamer 188 (B), Cremophor EL (C) or Tween 80 (D). Size and
zeta potential changes 10 mg/mL (E) and 20 mg/mL (F) progesterone microemulsion sterilized under 121°C for |5 min. Size and zeta potential changes of 10 mg/mL (G) and
20 mg/mL (H) progesterone microemulsion sterilized under |15°C for 30 min. Long term size and zeta potential changes of 10mg/mL (I) or 20mg/mL (J) progesterone
microemulsion. Concentration changes of progesterone emulsion (K).

To optimize the progesterone content in the MN patches, we explored MN templates of various sizes (small, medium
and large). The actual progesterone content in the MN patches did not significantly differ from the anticipated theoretical
value, which presumes the absence of excipients (Figure 2C). However, excipients constitute a considerable portion of
the volume. This discrepancy may be attributed to the concentration of the precursor during the drying phase of MN
preparation. Additionally, the primary drug content in the large-sized MN patch deviated notably from the theoretical
value, likely due to the uneven distribution of the MN matrix liquid across the larger template area during preparation.
We employed a modified diffusion cell method to evaluate the in vitro transdermal release capabilities of the three MN
patches (Figure 2D). The findings indicated that the medium-sized MN patch released its drug within 48 h, accounting
for only 53.3%+4.6% of the drug load. In contrast, the small-sized MN patch achieved complete release after 96 h, with
a release rate of 37.5% =+ 4.2%. The large-sized MN patch released 60.4%+6.9% of its drug content within
96 h. Although the small-sized MN patch exhibited a slower drug release rate, it failed to load a higher dose of
progesterone compared with the medium-sized MN patch. The drug released content across the three MN patch sizes
adhered to the same trend as the actual content found in the MN patches. Therefore, we did not pursue further
investigation of the large-sized MN patches.

Furthermore, we investigated the content changes of the two sizes of MN patches over a 28-day period and found that
their drug content stabilized at 400 pg (418.13 = 50.07) and 600 pg (591.88 + 60.63), respectively, on day 28. This
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indicates the stability of progesterone within the MN patches (Figure 2E). To support luteal function in cases of
premature births in mice, we selected a medium-sized MN patch containing 600 pg of progesterone for a follow-up study.

Characterization of Progesterone Microemulsion and MNs Patches

We characterized the physical properties of both the progesterone microemulsion and the MN patches. TEM images
revealed that the progesterone microemulsion was uniform and regularly spherical (Figure 3A), with an average particle
size of 85 + 7 nm. SEM images of the prepared MN patch (Figure 3B) confirmed that the MNs were conical, consistent
with the shape of the MN template. This characteristic was also observed in the optical microscopy images (Figure S3A)
and fluorescence images (Figure S3B) of the MN patches. The hydrated particle size of the progesterone microemulsion
was measured at 130 nm + 1.5 nm (Figure 3C), which was larger than the true particle size observed in the TEM image.
The hydrated particle size reflects the combined diameter of the particle core plus the surrounding water phase, whereas
the TEM sample depicts the true particle size after the removal of the outer water phase from the particle core.>® This
discrepancy was related to the detection principles of TEM and had no influence on the characteristic of our progesterone
microemulsion. The zeta potential of the progesterone microemulsion was recorded at 25.6 + 1.8 mV (Figure 3D). Given
that the progesterone microemulsion utilized PVA as a stabilizer, this charge level assists in preventing the aggregation of
particles, maintaining their stability.>* This conclusion was corroborated by the preparation of the progesterone MN
patch. As illustrated in Figure 3E, the particle sizes of the progesterone emulsion, lyophilized powder, MN matrix
solution, and MN patch exhibited relative uniformity and stability in potential. The results indicated that the stability of

the progesterone microemulsion particles was preserved despite decompression, cooling, or heating during the MN
preparation process.
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Figure 3 TEM images (A) of progesterone emulsion under different magnifications. SEM images (B) of progesterone MNs under different magnifications. Size (C) and zeta
potential (D) diagrams of progesterone emulsion. Size and zeta potential changes (E) of different progesterone preparations. FTIR diagrams of progesterone (F),
progesterone emulsion (G) and progesterone MNs (H). XRD diagrams of progesterone (l), progesterone emulsion (J) and progesterone MNs (K).

In the infrared absorption spectrum of the raw progesterone material (Figure 3F), we observed a pronounced
characteristic absorption peak of progesterone at 1700 cm '. This characteristic absorption peak was also present in
the infrared absorption spectra of both the lyophilized powder of the progesterone microemulsion (Figure 3G) and the
MN patch (Figure 3H). Additionally, the O-H stretching vibration absorption peak at 3300 cm™ ' and the C-O stretching

vibration absorption peak at 1150 ¢cm ' corresponded to the PVA polymer. The X-ray diffraction (XRD) patterns
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(Figure 31) demonstrated that both the progesterone microemulsion (Figure 3J) and the MN patch (Figure 3K) possessed
amorphous structures, fundamentally differing from crystalline progesterone.

Pharmaceutical Kinetics of Prog Administrated by MNs Patch

In this study, we employed a Dir microemulsion instead of a progesterone microemulsion to evaluate the efficacy of the
MN patch during transdermal administration. An in vivo imaging system was utilized to monitor changes in the radiation
efficiency of Dir over time (Figure 4A). The results demonstrated that the MN patch rapidly dissolved in the skin of
mice, with the drug concentration on the skin surface peaking at 1 hour before gradually declining (Figure 4B). The
concentration of the drug delivered by small- and medium-sized patches was found to be correlationally associated with
the drug load. Notably, the radiation efficiency of Dir in the medium MN patch group was significantly higher than that
observed in the small MN patch group.

Additionally, we explored the pharmaceutical kinetics of progesterone administered via MN patches. Given that the
progesterone preparation was exogenous and the detection method employed was unable to differentiate between
endogenous and exogenous progesterone, we conducted pharmacokinetic experiments using healthy male mice to
eliminate the potential interference of endogenous progesterone fluctuations on the reliability of the experimental
results.”*>% The plasma dynamics of progesterone following intragastric administration (Figure 4C and D) and admin-
istration via the MN patch (Figure 4E and F) indicated that the drug time profile for progesterone exhibited a double peak
following the administration of the progesterone microemulsion. However, this double peak was absent after the
administration of the progesterone MN patch, which may indicate a slower release profile associated with the MN
patch. Key parameters of the drug time profile are summarized in Table 1; the time to peak (9 h) and the half-life (6 h) for
the progesterone MN patch were postponed compared to the oral progesterone group. Nevertheless, the area under the
drug curve at both 24 h and 72 h was comparable, suggesting that the progesterone released from the MN patch occurred
more smoothly than that from oral administration whereas maintaining similar bioavailability. This finding aligns with
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Table | Pharmaceutical Kinetics Parameters of
Progesterone (Means * S.D., n = 5)

Parameter Oral MNs
tin(h) 3 9
Tmax(h) 1.5 6
Cinax(ng/mL) 34.84+16.01 | 42.81+6.09

AUC, 75(ng/mL*h) | 542.2+85.93 | 597.7+64.88
AUC, 4(ng/mL*h) | 304.9+51.77 | 315.9£43.22

trends observed in in vitro transdermal drug diffusion experiments, further indicating that MN transdermal delivery of
progesterone can sustain a stable blood drug concentration.

Therapeutic Efficacy of Prog MNs Patches to RU486 Induced Preterm Birth

Both ovariectomy and the administration of the progesterone antagonist to pregnant mice resulted in reduced progester-
one production, leading to cervical remodeling and preterm delivery. In contrast, exogenous progesterone supplementa-
tion has been shown to maintain a normal pregnancy.*>~*® The initiation of labor in mice is associated with the binding of
progesterone to its receptors. Mifepristone (RU486), as a competitive antagonist of progesterone, binds to progesterone
receptors in vivo, thereby inducing labor.*” For the first time, Dudley et al established a functional progesterone
withdrawal animal model using mifepristone.®> Additionally, T. Hoang et al proposed that exogenous progesterone
supplementation could counteract PTB caused by low doses of mifepristone. Their findings demonstrated that an 8 mg
dose of exogenous progesterone administered via vaginal gel could reverse 85% of PTBs induced by 25 pg of
mifepristone furtherly.®® Vieira et al developed progesterone-loaded waterborne polyurethane-urea nanocomposite
membranes, which exhibited the ability to penetrate the skin barrier and control progesterone release.”® Furthermore,
the progesterone inclusion MNs prepared by He et al using PVA and hydroxypropyl cellulose demonstrated good
mechanical strength and effectively delivered progesterone directly to the skin, achieving a higher transdermal delivery
volume.*® However, studies on the percutaneous delivery of progesterone have primarily been limited to in vitro
experiments, which do not fully capture the benefits of this approach in the treatment of PTB. To address this gap, we
established an RU486-induced PTB mouse model to assess the efficacy of luteal support administered via a progesterone
MN transdermal patch.

The therapeutic efficacy of the experimental process was illustrated in Figure SA. On day 15 of gestation (E15), mice
received subcutaneous injections of RU486 in the neck, whereas progesterone was administered both orally and transder-
mally to provide luteal support over a continuous 4-day period. As shown in Figure 5B, the rate of PTB in untreated
pregnant mice was zero, with the median delivery occurring on the 21st day of pregnancy. In the PTB model group, delivery
occurred on the second day following RU486 injection, resulting in an 80% incidence of preterm delivery, with a median
delivery day of 17. Following oral progesterone treatment, the pregnancy maintenance rate in the treated mice was 75%,
with the median delivery day recorded at 19. This represented a statistically significant difference compared to the normal
group (p <0.01, Table 2) though no significant difference was observed compared to the model group. In contrast, the PTB
rate in the progesterone MN patch treatment group was significantly lower at just 20%, with a median delivery day of the
20th day, which also displayed a significant difference compared to the model group (p < 0.01, Table 2). These results
indicate that both the progesterone MN patch and progesterone microemulsion can effectively counteract RU486-induced
PTB in mice and delay the onset of labor. Notably, the normal pregnancy rate among mice administered the MN patch was
higher than that of mice treated with the oral microemulsion, potentially due to the stable progesterone blood concentration
achieved in the MN patch group.

On the 18th day of gestation, the uteri of select mice were dissected, and the tissues were collected for paraffin
embedding, sectioning, and Masson staining. The uteri of mice in the model group exhibited a dark coloration and
reduced length, suggesting the occurrence of stillbirth and myometrial contractions. No significant differences were noted
between the uteri of mice receiving luteal support and those in the normal group. At the conclusion of gestation, the
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Figure 5 Therapeutic potency of progesterone microneedle patch in preterm birth mice model. Scheme diagram of model building and therapy regime (A). Percentage of
animals remaining pregnant after RU486 injection on EI5 out of a total gestation of 19 days (B). Images of uterus with/without embryos and corresponding pathological
section images stained with Masson's Trichrome(C).

cervix softened, and the birth canal underwent remodeling in preparation for labor. A key characteristic of cervical
softening is the dispersal of collagen, as confirmed by Masson’s trichrome staining of the cervix.*'*** Masson staining
revealed a decrease in collagen staining and an increase in collagen spacing in the model group (Figure 5C), whereas no
differences in collagen staining intensity were observed between the normal group and both treatment groups.*
Following treatment with a progesterone MN patch, the PTB induced by RU486 in mice was averted, suggesting
a novel avenue for research into progesterone drug delivery methods.
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Table 2 Multiple Pairwise Comparison Log-Rank p value

Groups | Median Day of P values P values
Parturition Compared to Normal | Compared to Model

Normal 21 - 0.0008(***)

Model 17 0.0008(***) -

Oral 19 0.0191(*) 0.0639(ns)

MN 20 0.1762(ns) 0.0069(**)

Notes: Data is Presented as Average * SE for n = 4-5 Mice per Time Point. ns Means No Significant
Differences,* p < 0.05, ** p < 0.01, and *** p < 0.001.

The physiological secretion of progesterone is a continuous process.’®** The concentration of progesterone in
females is typically maintained at levels between 0.14 and 0.7 ng/mL during a normal physiological cycle. However,
this level can increase twenty-fold during pregnancy, returning to normal levels after delivery.**® Specifically, in
pregnant mice, the progesterone concentration remains stable throughout the pregnancy and declines at the end of
gestation to facilitate the onset of labor.*’*® To effectively mimic the physiological secretion of endogenous progester-
one, exogenous progesterone supplementation must create a stable pharmacokinetic profile within the circulation
system.”**° However, the rapid absorption and elimination of progesterone following oral administration can hinder
its effectiveness as a treatment for premature birth, potentially leading to significant systemic side effects, such as
dizziness and sleep disorders in patients.'**® In contrast, utilizing an MN patch for progesterone delivery can effectively
slow the absorption and elimination processes, ensuring a more stable blood concentration. Given the prolonged
treatment duration required for exogenous progesterone supplementation, the development of a long-acting, slow-
release transdermal patch is both clinically valuable and appealing.

In clinical practice, premature birth was a syndrome caused by multiple factors, and the specific mechanism of
occurrence was still unclear.’’ There were many reasons for premature birth, including infection, stress, placental
abruption, and mechanical pressure.’® Among numerous animal premature birth models, hormone models played an
important role, and the premature birth model induced by progesterone receptor antagonist RU486 was the most typical
non inflammatory premature birth model in mice.’* The mechanism of action of this animal model was closely related to
endocrine regulation, and our research mainly focused on using microneedle patches to supplement exogenous proges-
terone, thereby antagonizing premature birth in animals caused by RU486. Therefore, our drug delivery system had
certain reference significance for the therapy of premature birth caused by endocrine disorders. Future research should
focus on enhancing the drug-loading capacity of the MN patch with the characteristic of controlled drug release rate post-
administration by a more convenient preparation procedure.

Biosafety of Prog MNs Patches

Results from the cytotoxicity analysis demonstrated that the blank microemulsion at a low concentration exhibited no
cytotoxic effects (Figure 6A), whereas high concentrations of the progesterone raw material did not impact cell viability.
The toxicological effects observed from the progesterone microemulsion and the progesterone MN patch were compar-
able to those of the progesterone raw material, suggesting that the progesterone MN patch possesses favorable
biocompatibility.

We investigated the recovery circumstance of the rat abdominal skin treated with a progesterone MN patch. As
illustrated in the results (Figure 6B), we could obviously observe a conical wound, indicated by the red arrow, in the
cuticle of the skin tissue immediately after application of MN patch (0 h) in the image of the skin section slide.
Simultaneously, the wound was disappeared within 24 h after the application, which indicated that the channels created
by the MN administration on the skin surface closed quickly and did not result in any permanent damage.

Histological examination through HE staining of the principal organs, including the liver, spleen, and kidneys,
revealed normal morphology, with no evident pathological changes (Figure 6C). The routine blood and biochemical
indices of the mice following multiple administrations of progesterone preparations showed no significant differences
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compared to those in the control group, indicating that the progesterone MN patch did not induce hepatorenal toxicity in
the animals (Figure 6D).

Conclusion

This study developed a stable, high-capacity microemulsion for enhanced progesterone delivery in MN patches. Different
MN substrates were tested for their impact on patch hardness, resulting in an effective transdermal patch with robust
delivery capabilities. The progesterone MN patch proved effective in treating RU486-induced PTB in mice and showed
relative safety. Overall, the MN patch is user-friendly, minimally invasive to the skin, safe, and non-toxic, offering

a promising approach for treating premature labor clinically.
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