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Purpose: Transdermal Drug Delivery System (TDDS) offers a promising alternative for delivering poorly soluble drugs, challenged
by the stratum corneum’s barrier effect, which restricts the pool of drug candidates suitable for TDDS. This study aims to establish
a delivery platform specifically for highly lipophilic drugs requiring high doses (log P > 5, dose > 10 mg/kg/d), to improve their
intradermal delivery and enhance solubility.

Methods: Cannabidiol (CBD, log P = 5.91) served as the model drug. A CBD nanosuspension (CBD-NS) was prepared using
a bottom-up method. The particle size, polydispersity index (PDI), zeta potential, and concentration of the CBD-NS were character-
ized. Subsequently, CBD-NS was incorporated into dissolving microneedles (DMNs) through a one-step manufacturing process. The
intradermal dissolution abilities, physicochemical properties, mechanical strength, insertion depth, and release behavior of the DMNs
were evaluated. Sprague-Dawley (SD) rats were utilized to assess the efficacy of the DMN patch in treating knee synovitis and to
analyze its skin permeation kinetics and pharmacokinetic performance.

Results: The CBD-NS, stabilized with Tween 80, exhibited a particle size of 166.83 £ 3.33 nm, a PDI of 0.21 + 0.07, and
a concentration of 46.11 £ 0.52 mg/mL. The DMN loaded with CBD-NS demonstrated favorable intradermal dissolution and
mechanical properties. It effectively increased the delivery of CBD into the skin, extended the action’s duration in vivo, and enhanced
bioavailability. CBD-NS DMN exhibited superior therapeutic efficacy and safety in a rat model of knee synovitis, significantly
inhibiting TNF-a and IL-1p compared with the methotrexate subcutaneous injection method.

Conclusion: NS technology effectively enhances the solubility of the poorly soluble drug CBD, while DMN facilitates penetration,
extends the duration of action in vivo, and improves bioavailability. Furthermore, CBD has shown promising therapeutic outcomes in
treating knee synovitis. This innovative drug delivery system is expected to offer a more efficient solution for the administration of
highly lipophilic drugs akin to CBD, thereby facilitating high-dose administration.
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Introduction

The poor solubility of many current drugs and drug candidates presents a significant challenge within the pharmaceutical
industry." Approximately 40% of recently marketed drug compounds exhibit limited solubility in water, complicating
their development and production processes.” The low solubility often leads to reduced dissolution rates, adversely

affecting the bioavailability and absorption of orally administered drugs.*”
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To exploit the therapeutic potential of poorly soluble drugs, several solubility enhancement strategies are employed,
including nanoparticle systems, solubilization with cosolvents and surfactants, amorphous forms, solid dispersions,
cocrystals, polymeric micelles, inclusion complexes, pH adjustments, salt forms, and liposomes.®’ Beyond mere
solubilization, research is increasingly directed toward advanced delivery systems aimed at not only improving the
bioavailability of poorly soluble agents but also enhancing patient compliance.® These systems address issues such as
frequent dosing, swallowing difficulties, and needle phobia, offering controlled, targeted, or regulated delivery. Among
these, the transdermal drug delivery system (TDDS) has garnered significant interest.’

TDDS enable drugs to bypass the liver’s first-pass effect by penetrating the skin barrier into systemic circulation, often
requiring lower therapeutic doses than traditional methods.'” They allow for controlled drug release, maintaining stable
plasma concentrations, which can mitigate side effects and variability among patients. This route simplifies administration
without medical personnel and reduces the influence of gastrointestinal pH variations.'""'> However, the barrier effect of the
stratum corneum (SC) and the limited number of hair follicles and sebaceous glands restrict TDDS effectiveness, especially
for drugs with high lipophilicity.'® Traditionally, ideal candidates for TDDS are those with a molecular weight of less than 500
Da, a log P value between 1 and 3, and a daily dose of less than 10 mg/kg.'*'> This narrows the scope of drugs suitable for
TDDS, particularly for highly lipophilic drugs (log P > 5), whose transdermal delivery is hampered by low permeability.'® To
overcome these limitations, various passive and active technologies have been developed to enhance TDDS penetration and
expand the range of suitable drug candidates.'”

Microneedles (MNs) are emerging as scalable and commercially viable technology.!” As third-generation TDDS, they
typically ranging from 150 to 1500 um in length and can penetrate the SC of the skin to create micron-sized pores for
drug delivery.'®!'? For poorly soluble drugs, dissolving microneedles (DMNs) are particularly advantageous for long-
term treatment due to their excellent biodegradability and compatibility.>?! However, the integration of poorly soluble
drugs into the aqueous solution of DMN matrix materials often faces challenges, such as uneven drug dispersion within
the DMN matrix.”> Additionally, the loading dose of drugs in DMNs is often frequently constrained by their low
solubility. The use of organic solvents to enhance drug solubility may also raise safety concerns regarding MNs.*’
Consequently, for highly lipophilic drugs that require high doses, developing a method for achieving homogeneous
dispersion in MNs, thereby ensuring sustained delivery and improved bioavailability, is crucial.
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Nanosuspensions (NS), or nanocrystals (NC), are proposed as a promising solution to this challenge. They facilitate a more
uniform particle size distribution for lipophilic drugs when combined with DMN.?*%5. Compared to other systems like
nanoliposomes, nano micelles, and self-emulsifying systems, NS offers a high drug-loading capacity with minimal use of
surfactants.”®2® NS can create a concentration gradient with the epidermal layer, enhancing passive diffusion; it also has
potential for hair follicle targeting, making it conducive to forming a reservoir for continuous drug delivery.?

Cannabidiol (CBD, log P =5.91) served as a model drug to demonstrate the combined use of DMN and NS technology for
high-dose, sustained intradermal delivery of highly lipophilic drugs (Figure 1). CBD is a non-psychoactive and essentially
non-toxic compound derived from the cannabis plant.*® It has been approved by the FDA for treating refractory epilepsy and
exhibits promising therapeutic effects in analgesia, inflammation, and neurodegenerative disorders.*'* The interaction of
CBD with CB2 receptors, primarily found in immune cells, leads to reduced inflammatory responses, positioning it as
a potential treatment for synovitis-associated pain and inflammation.>* Additionally, CBD has been shown to suppress the
release of pro-inflammatory cytokines, such as TNF-a and IL-6. In various conditions like collagen-induced arthritis,
osteoarthritis, monoarthritis, and carrageenan-induced joint swelling, CBD has shown effective therapeutic outcomes with
minimal side effects.*>>* Despite its general tolerance and minimal side effects, CBD’s hydrophobic nature and unstable
absorption in the gastrointestinal system can lead to unpredictable pharmacokinetics.'®***® Oral administration of CBD is
particularly affected by significant first-pass metabolism in the liver, resulting in approximately only 6% bioavailability.*'
These limitations substantially restrict CBD’s therapeutic application in clinical settings.

In this study, the bottom-up method was used to reduce the particle size of CBD, enhancing solubility through CBD-
NS, which was then incorporated into DMN. The dissolution, physicochemical, and mechanical properties of DMN were
characterized, and the release behavior in vitro of CBD-NS DMN was evaluated. Sprague-Dawley (SD) rats were used to
assess the efficacy of the DMN patch in treating knee synovitis, along with its skin permeation kinetics and pharmaco-
kinetic profiles. The aim of this work was to provide a platform for highly lipophilic drugs that require high-dose
administration and contribute to improving their skin permeability and bioavailability.

Materials and Methods

Materials and Animals
Cannabidiol (CBD) with a purity of >99.0% was sourced from Yunnan Hansu Biotechnology Co., Ltd., (Kunming,
China). Polysorbate 80 (Tween 80), Pluronic® F-127 (P127), and ammonium acetate (with a purity of >99.0%, LC-MS
grade) were acquired from Sigma-Aldrich (Shanghai, China). Hydroxypropyl methylcellulose (HPMC) was purchased
from Anhui Sunhere Pharmaceutical Excipients Co., Ltd. (Huainan, China). Polyvinylpyrrolidone (PVP K30) was
procured from Gobekie (Shanghai, China) and trehalose was acquired from HAYASHIBARA Co., Ltd (Okayama,
Japan). Hyaluronic acid (HA, 50-100 kDa) was furnished by Freda Biotechnology Co., Ltd (Jinan, China). The HPLC-
grade solvents, methanol, and acetonitrile (ACN), were obtained from Thermo Fisher Scientific Inc (Waltham, MA,
USA). All other chemicals utilized in the experiment were of analytical grade.

The study was conducted using male SD rats, sourced from SPF Biotechnology Co., Ltd. (Beijing, China), with an
average body weight of 250 + 20 g.

All animal studies were approved by the Institutional Animal Care and Utilization Committee of the Institute of
Physics and Chemistry, Chinese Academy of Sciences (CAS). The methods were carried out in accordance with the
guidelines in the Guide for the Care and Use of Laboratory Animals (Eighth Edition, 2011).

Figure | Chemical structures of CBD.
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Preparation and Characterization of CBD-NS

CBD-NS were produced by antisolvent precipitation in a bottom-up method, as described in previous studies.***
A stock solution was prepared by dissolving 300 mg of CBD in 1 mL of ethanol as shown in Figure 2 and then slowly
added into 5 mL of aqueous Tween 80, P127, or HPMC solution (3% w/w). In this process, an ultrasonic dispersion
instrument (JY 92-1IN, Xinzhi Biotechnology Co., Ltd., Ningbo, China) was used for continuous ultrasonic treatment,
and the ice bath was applied to maintain the temperature to prevent overheating. The instrument used a No.6 probe for
ultrasonic treatment at an amplitude of 30% for 10 min (time interval of 10s). The organic solvent was removed by
magnetic stirring to obtain the final CBD-NS (CBD theoretical concentration is 60 mg/mL).

The particle size, polydispersity index (PDI), and zeta potential of NS were measured by dynamic light scattering
(DLS, Nano ZS 90, Malvern, Panalytical, UK).44 The CBD-NS sample was diluted 50 times with deionized (DI) water
before observation. The analysis was performed at room temperature (25 + 2°C) in triplicate. Similarly, the diluted
samples were examined using scanning electron microscopy (SEM) and transmission electron microscopy (TEM).** 7
pL of the diluted CBD-NS sample was dropped onto a smooth silicon wafer and allowed to dry naturally. It was then
coated with gold using sputtering gold plating equipment, and the particle morphology was observed by SEM (S-4800,
Hitachi, Tokyo, Japan) at an accelerating voltage of 10 kV. Additionally, 7 uL of the diluted CBD-NS sample was placed
onto a copper grid covered with a plain carbon support film and left to dry overnight at room temperature. These samples
were then viewed by TEM (HT7700, Hitachi, Tokyo, Japan) at an accelerating voltage of 100 kV.

The CBD-NS was collected, diluted 100-fold with ACN, filtered through a 0.22 um filter, and its concentration was

determined by HPLC.

Fabrication and Characterization of CBD-NS DMN

Fabrication of CBD-NS DMN

The DMN was fabricated using a one-step manufacturing process. Specifically, 1 g of CBD-NS was added to a centrifuge
tube, followed by the addition of 11.60% (w/w) HA (50-100 kDa), 5% (w/w) PVP K30, and 0.4% (w/w) trehalose.
These components were mixed thoroughly and then centrifuged at 5000 rpm for 5 min to ensure the removal of air
bubbles (Figure 2). Despite the centrifugal method used to remove the bubbles, the matrix solution has sufficient
viscosity to stabilize CBD-NS without causing it to settle.

Ultrasonic Solvent
precipitation evaporation

CBD-NS DMN Pressuring Casting onto
moulds

Figure 2 The scheme of CBD-NS and CBD-NS DMN preparation.
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SEM Analysis

Prior to SEM observation, a row of needles was cut off using a lancet, and the needles were fixed to an L-shaped table
using conductive adhesive. The tip appearance of the needles was observed by SEM after the needles were sprayed with
gold. The SEM accelerating voltage was 10 kV.

Dissolution Abilities

The dissolution capabilities of DMNs at varying times were evaluated using isolated pig skin (Schematic operation
Figure S3). The skin was removed from a —20°C refrigerator, subsequently thawed, and stabilized in a 37°C PBS solution
(pH=7.4) for 30 min. The surface of the skin was then gently blotted with filter paper to remove excess moisture. Finally,
the DMNs were administered to the prepared porcine skin surface utilizing a special needle feeder, ensuring uniform
application and optimal skin penetration. After 1 min, 5 min and 10 min, the DMNs were removed, and the tip changes
were observed under a microscope (SMZ18, Nikon, Tokyo, Japan).

Mechanical Properties

The mechanical properties of the CBD-NS DMN were evaluated through a displacement-force test (1220SB, SA
Precision Instruments Co., Ltd., Shanghai, China).*® In brief, to assess the DMN patch’s resistance to compression,
a single patch was secured on a rigid stainless-steel platform, oriented with the DMN side facing upwards. It was then
compressed by a sensor probe measuring 2x2 mm, moving vertically at a speed of 0.1 mm/s. The displacement-force test
station recorded the curves continuously until reaching the maximum force threshold of 5 N.

Thermal Analysis

The thermal characteristics of the CBD-NS in combination with DMN were investigated through differential scanning
calorimetry (DSC 3500 Sirius, NETZSCH, Bavaria, Germany).*” The procedure involved incrementally heating the
sample from 40°C to 250°C at a rate of 10°C/min. During this process, a purge gas (N,) was flowed at 40 mL/min and
a protective gas (N,) was flowed at 60 mL/min to safeguard the sample.

Powder X-Ray Diffraction

To confirm the crystalline structure of CBD in the DMN, powder X-ray diffraction (XRD) analysis was performed.*’ The
samples examined included CBD powder, Blank DMN (a composition of matrix materials without CBD), and CBD-NS
DMN. These were analyzed separately in a rotating sample holder, with CBD in powder form and both Blank DMN and
CBD-NS DMN in film form. The analyses utilized an X-ray diffractometer (D8 Focus, Bruker, Germany), scanning
samples at a rate of 0.1° per step in continuous mode across a 20 range of 5-60°.

Insert Depth of C6 DMN

Coumarin 6 (C6), a fluorescent probe with a similar molecular weight and log P (4.91) to CBD, was selected as the
model drug. C6 DMN was prepared following the same procedure as CBD-NS DMN.*® The DMN was pressed onto the
porcine skin using a special needle feeder with a force of about 20 N for 10s. After removing the patch, the skin sample
was placed on a glass slide and observed with a confocal laser scanning microscope (CLSM, ARsiMP-LSM, Nikon,
Tokyo, Japan).* Z-axis scanning was performed from the SC of the skin sample to the dermis, layer by layer. The SC (z
= 0 pum) was defined as the imaging plane, and the scanning speed was set at 20 pm/step.

Distribution of Cé in the Abdominal Skin

The distribution of C6 in the abdominal skin of SD rats was observed using an in vivo imaging system (photon imager
optima, Biospace lab, Paris, France).*” The prepared C6 DMN patch was inserted into the abdominal skin of anesthetized
rats with appropriate force. The DMN patches were removed after 0, 1, 2, 4, 8, 12, and 24 h, and the fluorescence in the
animals was directly observed by the imaging system. After 24 h of adhesion, the patches were removed, and then the
rats were observed continuously up to 48 h.
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In vitro Release

A modified Franz diffusion cell (912-SCT-S, Logan Instruments Corporation, Somerset, NJ, USA) was employed to understand
the release performance of the CBD-NS DMN. The CBD-NS DMN (2.44 + 0.07 mg CBD per patch) was wrapped in a dialysis
bag with a molecular weight cutoff of 3500 Da (MD3533, Yuanye Bio-Technology Co., Ltd, Shanghai, China), with the needle
tip facing downwards. The dialysis bag, containing 200 pL of receiving solution, was placed in a diffusion cell filled with 2.7 mL
of 2% Tween 80-PBS. The system was magnetically stirred at 600 rpm at 32 & 0.2°C. After 0, 1, 2, 4, 6, 8, 12, and 24 h, the
solution was completely removed and replaced with an equal volume of fresh receiving solution. The samples were then filtered
through a 0.22 um filter, and the supernatant was analyzed by HPLC. The area of the CBD peak in the chromatogram was
substituted into the equation of the standard curve of the day to determine the concentration of CBD in the sample solution.

Skin Permeation
In vivo Skin Permeation
To investigate the in vivo permeation of DMN patches, SD rats were anesthetized with isoflurane. Abdominal hair was
shaved and then treated with depilatory cream. The abdominal hair was shaved and then treated with depilatory cream.
DMN patches (2.44 += 0.07 mg CBD per patch) were applied to the abdominal skin under appropriate pressure and
secured with medical tape. The patches were removed at intervals of 2, 4, 8, 12, 16, and 24 h, respectively. A cotton swab
was used to collect epidermal residue and was stored in the same Eppendorf (EP) tube as the removed DMN patches.
Each sample had 3 mL of mobile phase added and was vortexed for 2 h. The samples were then filtered through a 0.22
um filter for HPLC analysis.

To quantify the amount of CBD retained in the rat skin, skin samples were collected at four time points (8, 24, 48 and
72 h) post-application and analyzed for CBD content. The procedure was as follows: After 8§ h of DMN patch
application, the rats were euthanized, the patch removed, and the residue cleaned from the epidermis. A skin sample
of approximately 0.5 cm? was excised from the application site. Following 24 h of application, the rats were divided into
three groups: one group was sacrificed to remove skin tissue, euthanized to remove skin tissue; the second group was
monitored until 48 h post-patch removal, at which point they were euthanized and the skin collected; the third group was
euthanized at 72 h. Skin samples were stored at —80°C prior to processing.

Skin Samples Processing

Specific intradermal extraction involved making an incision in the skin with scissors, then weighing and recording the
sample. Each sample was added to 3 mL of methanol and agitated for 24 h on a shaker, followed by sonication for 30
min, repeated twice. The supernatant was then filtered through a 0.22 pm filter into a vial for HPLC analysis.

Arthritis Modeling and Treatment
Modeling of Kaolin/A-Carrageenan Induced Knee Synovitis
In accordance with established literature methods, rats were anesthetized with isoflurane prior to the induction of knee synovitis.
Subsequently, hair around the knee joints was removed using depilatory cream, and the rats were then randomly divided into
three distinct groups.*®*® A suspension containing 4% kaolin and 2% A-carrageenan was prepared. Following this, 100 uL of the
suspension was injected into the synovial cavity of the rat knee joints. To ensure successful modeling, the right limb was
subjected to repeated extension and flexion movements. Treatment began 24 h after the induction of knee synovitis, with
administrations occurring once daily across 15 rats (n=5 per group): the negative control group received an injection of 0.1 mL
saline (Model group); the positive control group was treated subcutaneously with methotrexate (MTX S.C., 1 mg/kg); and the
CBD-NS DMN group received 10 mg/kg. The CBD-NS DMN patch was applied to the abdominal skin of the rats, pressed for
30s, and then secured with medical tape for 24 h before removal.

Measurements of the diameters of both the left and right knee joints in rats were taken on days 1, 3, 5, and 7 post-modeling
using a vernier caliper. The formula used to calculate the degree of swelling in the right knee joint is as follows:

(Right Knee Joint Swelling — Left Knee Joint Swelling)

1009
Left Knee Joint Swelling Degree x o

Degree of Swelling =
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Inflammatory Factor Testing
On the final day of the experiment, serum samples were collected from each animal and stored at —80°C until analysis.
ELISA Kkits for the detection of the inflammatory factors IL-f3 and TNF-a were provided by Solarbio (Beijing, China),

and the experimental procedures were conducted following the manufacturer’s instructions.

Histopathological Analysis

To assess the histological alterations in the knee synovitis, the rats were euthanized at the conclusion of the experiment to
extract the right knee joints. These joints were first fixed in 10% (w/v) paraformaldehyde, followed by embedding in
paraffin to prepare them for sectioning. To evaluate the histologic changes in the synovium and the extent of articular
cartilage deterioration, the sections were stained using hematoxylin and eosin (H&E). This staining procedure highlights
the cellular components and extracellular matrix, allowing for a detailed examination of inflammatory infiltration,

synovial membrane thickening, and cartilage wear indicative of synovitis.

Pharmacokinetic Studies of CBD
Experimental Grouping and Administration
To evaluate the pharmacokinetics of CBD after oral administration and CBD-NS DMN, rats were randomly divided into
two groups. Group 1 (oral CBD solution, n = 6) received a solution prepared by blending equal volumes of ethanol and
Tween 80 with CBD. Water was then added to achieve a final ratio of Vimanol: Viween 800 Vb1 = 1:1:18) resulting in
a CBD concentration of 10 mg/mL. Each rat in this group was administered a dose of 10 mg/kg via gavage. Group 2
(CBD-NS DMN administration group, n = 6) involved the depilation of rats using hair removal cream at the start of the
experiment. Each rat then received one patch of CBD-NS DMN (2.44 + 0.07 mg CBD per patch), equivalent to a dose of
10 mg/kg, applied to the abdomen and removed after 24 h.

Blood samples were collected from the tail vein at predetermined intervals (1, 2, 4, 8, 12, 24, 48, 60, and 72 h post-
administration), with 100 puL of plasma obtained from each rat. These plasma samples were then stored at —80°C pending
further analysis.

Plasma Sample Processing

Begin by adding 100 pL of rat plasma and 10 pL of the internal standard solution, which contains (-)-delta-9-THC-D3 at
a concentration of 1 pg/mL, to an EP tube. Vortex the mixture for 1 min before adding 200 pL of an extractant—a 1:1
mixture of methanol and ACN. Vortex again for 1 min, followed by centrifugation at 10,000 rpm for 10 min. Analyze
100 pL of the resultant supernatant using UPLC-MS/MS.

Quantification of CBD
HPLC-UV Method

CBD quantification in vitro was carried out using an HPLC system (LC-20AT, Shimadzu, Kyoto, Japan) equipped with
a YMC® C18 column (250 mm x 4.6 mm, 5 pm). The column temperature was maintained at 30°C, and detection was
performed at a wavelength of 220 nm. The mobile phase consisted of ACN/ water in a 70/30 ratio, with a flow rate set at
1 mL/min.

UPLC-MS Method

For in vivo CBD analysis, UPLC-MS/MS was utilized, comprising an UltiMate 3000 autosampler (Dionex, Sunnyvale,
CA, USA) coupled with a Q Exactive orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Detection occurred via electrospray ionization (ESI) in negative ion mode, with quantitative analysis conducted in
Target-SIM mode. Chromatographic separation was achieved on a Hypersil GOLD™ column (100 mm X 2.1 mm, 3 pum)
with the column temperature set at 35°C. The mobile phase was composed of 2 mM ammonium acetate in water (phase
A) and ACN (phase B), with an A:B ratio of 20:80 and a flow rate of 0.2 mL/min.
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Statistical Analysis

Data analysis was conducted using GraphPad Prism software version 9.4.1 (GraphPad Software, LLC., San Diego,
USA). All data were presented as mean + standard deviation (S.D.). Pharmacokinetic parameters were evaluated using
DAS 2.0 software (Chinese Society of Pharmacology and Pharmacy, China).

Results
Characterization of CBD-NS

CBD-NS were successfully synthesized using the anti-solvent precipitation technique. To optimize the formulation, three
commonly utilized stabilizers were evaluated: Tween 80, P127 and HPMC E5. Tween 80, a non-ionic surfactant, can
interact with poorly soluble drugs through hydrogen bonding or van der Waals forces, thus preventing nanoparticle
aggregation. P127, an amphiphilic copolymer consisting of hydrophilic polyethylene oxide (PEO) and hydrophobic
polypropylene oxide (PPO) blocks, encapsulates drug crystals with its PEO segments to offer steric hindrance against
particle aggregation, with the hydrophobic PPO chains driving adsorption to the crystal surface. HPMC, a widely used
cellulose derivative in pharmaceutical nanocrystals, enhances oral drug delivery as a hydrophilic polymer.”’

As demonstrated in Figure 3A and B, when Tween 80 was used as a stabilizer, the average particle size of CBD
measured by DLS was 166.83 + 3.33 nm, and PDI was 0.21 + 0.07. Conversely, when P127 or HPMC served as the
stabilizer, the average particle size exceeded 300 nm and the PDI surpassed 0.3, indicating suboptimal dispersion of
CBD. Additionally, the Zeta potential of the Tween 80-stabilized system was —38.13 + 0.25 mV, compared to —26.93 +
0.60 mV and —17.2 + 0.23 mV for the P127 and HPMC systems, respectively. Typically, a zeta potential of at least —30
mV is indicative of physical stability in NS, underscoring Tween 80’s superiority in stabilizing CBD.>*> Consequently,
Tween 80 was selected for subsequent CBD-NS preparations due to its enhanced stability and efficiency in reducing drug
particles to the nanoscale. Figures 3E and F depict the CBD-NS as regular nanoparticles with diameters ranging from 100
to 500 nm, aligning with DLS measurements.

The concentration of CBD-NS, determined by HPLC, was 46.11 + 0.52 mg/mL. Compared to the theoretical
concentration of 60 mg/mL, the encapsulation efficiency of CBD achieved with this method was calculated to be
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Figure 3 Different formulations of (A) the particle size; (B) PDI (C) zeta potential; (D) the particle size distributions; (E) magnification 100 kx SEM image and (F)
magnification 100 kx TEM image of Tween 80-CBD-NS, scale bar = 200 nm.
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75.85 £ 0.87%. Notably, the solubility of CBD in water is significantly low, falling below the detection limit of our
HPLC method (0.1 pg/mL); literature sources report its aqueous solubility to be 0.063 pg/mL.

Characterization of CBD-NS DMN

Through a meticulous screening process (illustrated in Figures S1 and S2), we identified an optimal formulation
comprising 11.6% (w/w) HA 50-100 kDa, 5% (w/w) PVP K30 and 0.4% (w/w) trehalose for the preparation of CBD-
NS DMN. The patches were designed with a circular shape, 1 cm in diameter, featuring an array of 145 needles. SEM
images (Figure 4A and B) reveal that each needle, measuring 500 pm in both height and spacing, is conically shaped.
Remarkably, the SEM images at 5000x magnification displayed no particulate matter for the Blank DMN, while the
CBD-NS DMN showcased nanoparticles ranging from 300-500 nm, uniformly dispersed throughout. This uniform
dispersion indicates an effective integration of CBD-NS into the DMN, albeit with a slight increase in particle size,
possibly due to the adsorption of the matrix material.

Figure 4 (A) SEM images of Blank DMN (Al) magnification 60x; (A2) magnification 1000x and (A3) magnification 5000x. (B) CBD (pure drug). (B) Scanning microscopy
images of CBD-NS DMN (B 1) magnification 60x; (B2) magnification 1000x and (B3) magnification 5000x. (C) Images of Blank DMN dissolution in skin over time (CI) 0 min;
(C2) | min; (C3) 5 min and (C4) 10 min, scale bar = 500 um. (D) Images of CBD-NS DMN dissolution in skin over time (D) 0 min; (D2) | min; (D3) 5 min and (D4) 10 min,
scale bar = 500 um.
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The dissolution ability of Blank DMN and CBD-NS DMN in isolated porcine skin were also examined. From
Figure 4C and D, it can be seen that the tips of the DMN gradually dissolved as the insertion time increased. After 1 min
of inserted, the tips were almost 50% dissolved in the skin, and within 10 min, the tips were almost completely dissolved.
Notably, the dissolution rates between Blank DMN and CBD-NS DMN were comparable, suggesting that the incorpora-
tion of CBD-NS did not detrimentally affect the material’s dissolution properties.

To determine if the DMN patches possess the necessary mechanical strength to penetrate the skin under pressure, we analyzed
the displacement-force curve of the CBD-NS DMN, as depicted in Figure SA. The absence of any significant deflection points in
this curve indicates that none of the needle tips broke within the tested range.> Literature indicates that a microneedle is
considered capable of penetrating the skin without breaking if it can withstand an axial force greater than 0.15 N.>* Based on
these criteria, our DMN patches demonstrated robust mechanical properties, proving adequate for effective skin penetration.

As shown in Figure 5B, the DSC curve of CBD exhibited a sharp endothermic peak at 69.3°C, which was consistent
with the documented melting point of CBD.>> While the CBD-NS DMN did not exhibit any melt heat absorption at
69.3°C. Similar to the Blank DMN without CBD-NS loading, they had a broad heat absorption peak in the temperature
range of 100—140°C, indicating that the prepared CBD-NS was amorphously dispersed in the MN matrix material.

XRD was used to compare the crystalline form of CBD-NS in DMN, and the comparative diffractograms
of pure CBD drug, blank DMN without CBD-NS, and CBD-NS DMN are shown in Figure 5C. The pure CBD exhibited
clear crystalline diffraction peaks, consistent with prior findings, demonstrating its crystalline nature.”® Although there
were no crystalline peaks observed for the Blank DMN, this was attributable to the fact that the matrix of blank DMN
consisted of HA, PVP, and trehalose, which remained in an amorphous state after the manufacture of DMN. In contrast,
characteristic diffraction peaks of CBD (9.7°, 13.4° and 17.4°) appeared in CBD-NS DMN, suggesting that CBD-NS
maintained a certain degree of crystallinity after loading into the DMN. This is different from the result of DSC, which
may be due to the low concentration of CBD-NS after loading into DMN, resulting in that DSC could not detect the
melting peaks of CBD-NS.
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Figure 5 (A) Mechanical performance of CBD-NS DMN. (B) DSC analysis of CBD (pure drug), Blank DMN and CBD-NS DMN. (C) XRD analysis of CBD (pure drug),
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Insert Depth and Distribution of Cé in the Skin

To evaluate the ability and depth of DMN insert into the skin in vitro, C6 DMN was embedded into isolated porcine skin.
After 20s action time, the DMN was removed, and its images were examined under bright field and fluorescence,
respectively. The skin was then scanned by CLSM, and finally, the insert depth of the C6 DMN was reconstructed in 3D.
As shown in Figure 6A, clear arrays remained on the pig skin by DMN, indicating good penetration ability. The DMN
delivered C6 to a depth of 200-300 pum (Figure 6B).

Given that CBD lacks functional groups amenable to fluorescent labeling, C6 was employed as a surrogate to study
the diffusion behavior of highly lipophilic drugs within the abdominal skin using the DMN system. In vivo imaging
system showed that with prolongation of DMN action time, the fluorescence intensity of the drug on the skin surface
gradually decreased and spread to the skin. After the patch was removed at 24 h, there was almost no drug content
observed at 48 h (Figure 6C). These findings demonstrate that C6 DMN not only achieve sustained skin residency but
also highlight the system’s applicability for future delivery of more lipophilic drugs.
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Figure 6 (A) Images of porcine skin after treatment with C6 DMN (Al) Bright-field image; (A2) Fluorescence microscopy. (B) Insert depth obtained by CLSM 3D
reconstruction, scale bar = 500 um. (C) In vivo imaging of rats after being treated with C6, (C1) In vivo images throughout 48 h and (C2) the curve of fluorescence intensity

with time.
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Figure 7 (A) In vitro cumulative release curve of CBD-NS DMN in 2% Tween 80. (B) The residual ratio of CBD above the skin (blue line), and the accumulative amount of
CBD entering the skin (red line). Data are represented as mean * S.D,, n = 4.

Vitro Release

In vitro drug release was performed to evaluate the CBD-NS DMN. As CBD is a lipophilic drug, the selected receiving
medium should ensure the sink condition. After screening, 2% Tween 80-PBS solution was chosen because it had a CBD
solubility of 10.13 = 1.06 mg/mL and the maximum solubility of each patch (2.44 mg CBD per patch) in the receiving
solution was 0.90 mg/mL, so 2% Tween 80-PBS was able to satisfy the sink condition. From the in vitro release curve
(Figure 7A), it can be seen that the CBD-NS DMN was released rapidly within the first 2 h with a cumulative release
ratio of 47.45 + 8.25% to 72.50 £ 4.43% at 8 h, then the release tended to level off, with a cumulative release ratio up to
82.67 + 8.45% after 24 h. Several models were fitted to the in vitro release curve of CBD-NS DMN as shown in Table 1.
The CBD-NS DMN release kinetics were best represented by the first-order model, with an R? of 0.9844.

Skin Permeation

This study aimed to evaluate the ability of CBD-NS DMN to deliver the drug into the skin and retain it at the site.’® The
transdermal absorption was quantified by measuring the residual CBD in rat skin. Initial findings Figure 7B showed that
transdermal delivery was predominantly facilitated by DMN dissolution, with a residual CBD rate of 59.35 + 8.70% at 2
h and 44.14 + 3.55% at 8 h corresponding to a skin penetration amount of 61.36 + 67.44 pg. Since then, the release rate
has slowed down to 23.71 + 3.98% CBD residue at 24 h, and the amount entering the skin exceeded 1600 pg.

The amount of CBD deposited at the site of skin action was also detected at 8, 24, 48 and 72 h. It can be seen from
Table 2, that after DMN delivery of CBD-NS to the skin, the drug could be retained in the application site of the skin.
However, no CBD content was detected in the skin at 72 h, indicating that after the patch was removed at 24 h the CBD
residing in the skin was gradually delivered into systemic circulation. By measuring the patch residue rate, the method
for calculating CBD skin entry is consistent with the data released in vitro. Specifically, the delivery rate of CBD-NS
DMN can reach 80% within 24 h.

Table 1 Fitting of in vitro Release Test Curves

Fitting Model CBD-NS DMN
Equation R?
Zero-Order Q.=1.72t+40.03 0.5036
First-Order Q,=81.28 (1-¢ *¥%8) | 09844
Higuchi Q.:=13.62t'2+21.39 | 0.7718
Ritger-Peppas Q= 40.21t°3 0.9219
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Table 2 CBD Concentration in the Skin After CBD-NS
DMN Administration at the Application Site (Mean + S.D,,

n =4)
Time (h) | CBD Concentration in the Skin (pg/g)
8 532.02 + 173.84
24 601.43 + 360.01
48 150.15 * 66.11
72 NA

Pharmacodynamic Study of CBD-NS DMN in Arthritis Model

Treatment of Rat Model of Knee Synovitis Induced by Kaolin/A-Carrageenan

To assess the severity of knee synovitis, the swelling of the right knee joint of rats was adopted as a direct indicator. The
positive control group received MTX for drug treatment to compare the therapeutic effects of CBD with clinically for
knee synovitis.*® As shown in Figure 8A and B, following a single day of injecting kaolin/A-carrageenan into the right
synovial cavity, significant swelling of the knee joint was noted. This swelling was approximately 25-30% larger than the
normal left knee, suggesting the successful establishment of the knee synovitis model. The administrations were then
performed, with each group receiving one dose per specified time frame. By the third day, the swelling in both MTX S.
C. and CBD-NS DMN groups had decreased, while no observable change was noted in the Model group. On the
fifth day, the swelling in both MTX S.C. and CBD-NS DMN groups was significantly reduced, with the CBD-NS DMN
showing superior therapeutic effects compared to the MTX S.C. group. It is important to note that the swelling level in
the Model group increased, likely due to disease recurrence without drug treatment. By the seventh day, the CBD-NS
DMN group’s swelling level had decreased to 4.41%.

Weight Monitoring

From the body weight test (Figure 8C), it was found that the rest of the rats except for the MTX S.C group gained some
weight after one week, while the body weight of rats in the MTX group decreased and there were deaths of rats at the end
of treatment. Although similar therapeutic effects can be achieved with MTX, there is some toxicity of MTX. In terms of
safety considerations, CBD-NS DMN is superior to MTX.

CBD-NS DMN Inhibits Inflammatory Cytokines

In this experiment, ELISA kits were used to detect the concentration of TNF-o and IL-1B in rat serum to verify the
therapeutic effect of CBD on knee synovitis. As shown in Figure 8D, TNF-a in model rats was significantly higher than
that in naive group, indicating that inflammation was generated in knee synovitis rats. Treatment with CBD-NS DMN
could down-regulate serum TNF-a to normal level in knee synovitis rats, while MTX treatment had no observable
inhibitory effect on TNF-a. In addition, both CBD-NS DMN and MTX treatments could significantly reduce IL-1P
levels. These results indicated that CBD-NS DMN has a good inhibitory effect on TNF-a and IL-1f to reduce
inflammation in knee synovitis rats.

Histological Analysis

Pathological changes of knee joints in knee synovitis rats were studied by H&E staining. From Figure 8E, the surface of
articular cartilage in normal rats was smooth, chondrocytes were arranged orderly and each layer of synovial membrane
structure was clear. In model group, joint tissue structure was moderately abnormal, each layer of synovial tissue
structure was unclear and a large number of inflammatory cells infiltrated were observed. Chondrocytes were missing in
some areas of the articular cartilage surface in MTX S.C. group and more inflammatory cells infiltrated. After CBD-NS
DMN treatment, the cartilage surface was intact and there were fewer inflammatory cells in the synovial membrane and
periarticular soft tissues, indicating that CBD-NS DMN had a better therapeutic effect than MTX S.C.
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Figure 8 Treatment of rat model of knee synovitis induced by kaolin/A-carrageenan. (A) Images of the knee joints from the Model, MTX S.C. and CBD-NS DMN; (B)
Statistics of knee swelling degree and (C) Changes in body weight of rats after one week of treatment with different groups. (D) The serum of rats was used to detect
inflammatory factors, including (D1) TNF-a and (D2) IL-1p. (E) Histopathological evaluation of knee joint in kaolin/carrageenan-induced knee synovitis model rats. H&E
staining images of Naive, Model, MTX S.C. and CBD-NS DMN (Magnification 10x). Scale bar = 200 um. Data are represented as mean * S.D,, n = 5. The “*” represents the
significant difference between each group and the model group, specifically *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. The “ns” represents no significant
difference between the groups and the naive group.

Pharmacokinetic Performance of CBD

The pharmacokinetic profiles of CBD in plasma following administration via oral gavage and CBD-NS DMN were
elucidated in Figure 9A and B, the pharmacokinetic parameters were shown in Table 3. Distinct trends were observed for
the two routes of administration. The oral gavage route exhibited rapid drug absorption, achieving a maximum
concentration (Cp,x) of 139.2 + 42.5 ng/mL at 2 h followed by a swift decline to 40.3 + 6.2 ng/mL at 4 h, and
a gradual decrease to 7.47 + 1.21 ng/mL by 48 h with no detectable concentration after 60 and 72 h. These outcomes
align with previously reported T,,,x and C,,,x values for CBD administered orally.57 The C,.x of the CBD-NS DMN
group was 144.4 + 39.4 ng/mL, comparable to the oral gavage group, but notably, the time to reach maximum
concentration (T,,,,) was significantly prolonged to 12 h. Additionally, the area under the blood concentration-time curve
(AUC.o) for the CBD-NS DMN group was 2.47 times greater than that of the oral CBD group. This indicates that CBD-
NS DMN administration enhances CBD bioavailability and maintains its plasma concentration for an extended duration.
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Figure 9 CBD pharmacokinetic curves in the blood of SD rats after oral administration and administration of DMN (A) 0-72h; (B) 0-24h. Data are represented as mean + S.D,,

n=5.

Discussion

The applicability of TDDS is often constrained by factors such as molecular weight, log P, and the required delivery dose,
limiting the spectrum of suitable drug candidates. This limitation is particularly pronounced for highly lipophilic drugs that
require high doses, for which traditional TDDS may prove insufficient. NS as a crucial solution for solubilizing these drugs,
achieving superior solubility with fewer stabilizing agents. This increased saturation solubility leads to a heightened concentra-
tion gradient between the drug and the epidermis, facilitating enhanced passive diffusion.’® MNs can penetrate the SC barrier and
deliver NS to the dermis, this placement allows the NS to act as a reservoir in the dermis, from which the drug can circulate
throughout the body.*” In this study, we integrated NS technology with a DMN delivery system to facilitate the administration of
high doses of highly lipophilic drugs, thereby enhancing bioavailability and minimizing the frequency of dosing.

Initially, several stabilizers of CBD-NS were evaluated. Among Tween 80, P127, and HPMC, it was discovered that Tween
80 produced the smallest nanoparticle size, ranging from 100—200 nm. Studies indicate that nanoparticles larger than 100 nm
can directly enter host cells through phagocytosis. Furthermore, the smaller the nanocrystal size, the stronger its skin
penetration capability.”” Additionally, the measured zeta potential confirmed that Tween 80 has a stabilizing effect on
CBD, preventing nanoparticle aggregation.””**

Numerous studies have explored the incorporation of nanodrugs into DMNs to enhance delivery efficiency.®>*”*® A one-step
manufacturing process was selected for DMN preparation, which enables uniform drug dispersion throughout both the base and
the tip, thereby increasing drug loading capacity. This process is straightforward, rapid, and readily scalable for industrial
production. Our previous research demonstrated that HA and PVP dissolve more quickly in the skin than PVA and possess
favorable mechanical properties, with HA also exhibiting superior biosafety.®’ The addition of trehalose accelerates the
dissolution of the tip and contributes to a smoother needle body.*> HA, PVP, and trehalose were chosen as matrix materials

Table 3 Pharmacokinetic Parameters of CBD in SD
Rats After Oral Administration and Administration of
DMN (Mean = S.D,, n = 6)

Parameter Oral CBD-NS DMN
Dose (mg/kg) 10.0 10.0
Crnax (ng- mL™") 1392 + 425 1444 + 39.4
Trax (h) 2 12
iz (h) 0.94 23
AUCo.y (ngh mL™") 899.5 3073.4
AUC o) (ngh mL™") 1300.0 3215.0
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and combined with CBD-NS to create the DMN. Within just 10 min, the tip of the CBD-NS DMN fully dissolved, indicating
successful skin penetration by the CBD-NS alongside the matrix material.

The penetration depth of the MN array into the skin is primarily influenced by the needle height,®> with taller needles
generally achieving deeper penetration. However, this also impacts the mechanical properties, and the delivery efficiency of
the MNs.%* In our study, we opted for MNs with a height of 500 pm. The results of the displacement-force test showed that
a single needle could withstand a force exceeding 0.15 N, indicating robust mechanical properties of the CBD-NS DMN.>*
This DMN was capable of penetrating up to 300 um into the skin, corroborating findings from previous research. Specifically,
a DMN fabricated with HA and PVP achieved an insertion depth of 378 pm at a needle height of 500 pm.*'

CBD-NS is released from the DMN patch following a biphasic release profile, with 80% of the drug being released within
24 h. Consequently, in subsequent experiments, we designated the action time of the DMN patch on the skin as 24 h. Previous
studies have shown that CBD typically has limited transdermal permeability. Nonetheless, employing DMN technology
substantially improves the delivery efficiency of CBD compared to traditional methods, such as CBD oils and gels.®> ° In this
study, over 1600 pug of CBD-NS was delivered to the rat skin via DMN. Intradermal drug detection indicated that the drug
remained at the site of action even after patch removal, with the drug permeating deeper over time and becoming undetectable
after 72 h. This suggests that the system is capable of delivering high doses of lipophilic drugs effectively. Furthermore, CBD-
NS can act as a reservoir on the skin where it is applied, facilitating deeper drug delivery.

Most pharmacokinetic studies of CBD in animals have been performed through oral or intravenous routes. Lie developed
a nano self-emulsifying drug delivery system for oral CBD administration, which achieved a modest increase in bioavail-
ability. However, this method is constrained by its ability to maintain blood levels, typically not exceeding 24 h.?” Conversely,
Paudel introduced a CBD gel incorporating the chemical enhancer Transcutol HP for transdermal application to hairless
guinea pigs, successfully maintaining CBD plasma concentrations above 10 ng/mL for up to 100 h.*” In comparison, the CBD-
NS DMN in our study was able to sustain a blood concentration of 10 ng/mL for up to 72 h following patch removal at 24 h,
indicating that the drug delivered via DMN remains in the body longer than with oral administration. This suggests a potential
reduction in the frequency of dosing. Furthermore, DMN delivery resulted in a shorter duration of action on the skin and
higher bioavailability compared to traditional transdermal delivery systems.

In evaluating the anti-inflammatory properties of CBD, this study compared the therapeutic effects of MTX and CBD-NS
DMN on knee synovitis. The DMN patch, administered at a dose of 10 mg/kg, led to a significant reduction in swelling after 7
days of treatment. Body weight monitoring revealed a decrease in the body weight of rats in the MTX group, whereas rats
treated with CBD-NS DMN displayed a normal weight trend, suggesting good tolerance to CBD-NS DMN. The 10 mg/kg
dose provided a useful guideline for the treatment of knee synovitis in subsequent studies. Furthermore, CBD’s potent anti-
inflammatory action effectively suppressed inflammatory markers such as TNF-a and IL-1p in knee synovitis rats, bringing
them back to normal levels, aligning with findings from prior research.*

Utilizing CBD as a model drug, we have successfully developed the drug-NS DMN platform. The combined
properties of HA, PVP, and trehalose resulted in a DMN with optimal dissolution, mechanical strength, and skin
permeation characteristics. Future research will explore the application of this platform to other lipophilic drugs, further
demonstrating its broad applicability.

Conclusion

The traditional TDDS often faces limitations related to factors such as molecular weight, log P, and dosage requirements.
MNs present a significant advancement in overcoming these challenges. In our study, we developed a DMN patch
specifically tailored for the delivery of highly lipophilic drugs, facilitating high-dose administration. CBD was selected as
the model drug for this endeavor. Initially, a NS with a high concentration of CBD was prepared using bottom-up
technology, which was then integrated with the matrix material to create the DMN. The inclusion of HA, PVP, and
trehalose significantly improved the DMN’s intradermal dissolution capabilities and mechanical strength. Impressively,
the CBD-NS DMN exhibited superior drug release and intradermal delivery, administering 80% of the drug within 24
h. Pharmacodynamic outcomes demonstrated that CBD-NS DMN surpassed MTX in terms of efficacy and safety for
knee synovitis treatment, also showing an inhibitory effect on TNF-a and IL-1p in knee synovitis rats. Compared to
conventional oral administration, CBD-NS DMN enhanced CBD permeation through the skin, prolonged action time,
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and increased bioavailability. This novel delivery system emerges as an effective strategy for administering highly
lipophilic drugs like CBD, enabling high-dose delivery.
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