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Dissolving microneedles (DMNs) have been widely investigated for transdermal drug delivery, yet their
clinical translation and commercialization remain limited, primarily due to insufficient drug-loading
capacity. To address this challenge, we developed a high capacity platform by integrating hydroxypropyl-
B-cyclodextrin (HP-B-CD) inclusion technology with a biphasic microneedle design for the delivery of
flurbiprofen (FB),
morphology, mechanical strength,

a model poorly soluble drug. Comprehensive characterization evaluated the
and ex vivo studies of FB/HP-B-CD DMNs, while
pharmacokinetic studies in rats compared their performance with a commercial flurbiprofen gel patch
under single- and multiple-dose regimens. The fabricated microneedles exhibited sufficient mechanical

in vivo

strength, with a single needle fracture force of 0.58 + 0.10 N, adequate for reliable stratum corneum
penetration. Each microneedle patch (100 needles) achieved a drug loading of 2.67 + 0.11 mg,
significantly higher than previously reported DMNs. Ex vivo permeation studies using a Franz diffusion
cell setup using rat skin and phosphate-buffered saline (PBS, pH 7.4) as the receptor medium at 37 °C
showed that more than 95% of the drug was released within 24 hours. In vivo single-dose studies
demonstrated that the DMNs achieved a T4 Of 2 h, compared to 8 h for the commercial gel patch, and
a Cmax Of 124.4 + 11.4 pg mL~?, resulting in a 2.6-fold increase in bioavailability (AUCq_, 24 Of 1247.6 £
240.7 ug h mL~* for DMNs versus 485.0 + 63.0 pug h mL~? for the commercial gel patch). Multiple-dose
studies confirmed flexible modulation of the pharmacokinetic profile by adjusting dosing frequency. In
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1. Introduction

Microneedle (MN) technology, first proposed by Henry in 1998,*
has since evolved to various types, such as hollow, solid, coated,
dissolving, and hydrogel microneedles.”® These systems
mechanically puncture the stratum corneum to form micro-
channels, enabling painless and minimally invasive trans-
dermal drug delivery with advantages such as rapid onset of
action, enhanced bioavailability, and high patient compliance.
Among them, dissolving microneedles (DMNs) have attracted
particular attention due to their minimal invasiveness and
rapid dissolution in the skin, and demonstrated efficacy in
delivering vaccines and other therapeutics.”® However, most
previous studies have focused on macromolecules with low
loading dose requirement or small molecules with high
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inclusion biphasic DMN system offers an effective approach for
transdermal delivery of poorly soluble drugs.

solubility.’*** Drug-loading strategies for poorly soluble drugs
remain largely unexplored.

A major challenge in the clinical translation of DMNs is their
insufficient drug-loading capacity.” Depending on the needle
height, array density, and geometry, the calculated physical
drug capacity of a single microneedle is typically very small,
ranging from 1 to 20 nL. Even for a patch of 100 microneedles
with an area of 1 cm?, the total drug loading volume is only 1-20
pL.**** Achieving milligram-level dosing in this limited space
requires drug concentrations exceeding 50-100 mg mL
which is impractical for most poorly soluble drugs due to their
low aqueous solubility.” Yerneni et al. developed microneedles
for the delivery of extracellular vesicle-encapsulated curcumin,
which reached a drug loading of ~0.05 mg cm ™2, likely below
the effective dose for clinically relevant applications.” In the
case of insulin microneedles, Cao et al. reported a drug loading
of ~3.5 ng per needle, making the total drug content of the
entire microneedle patch insufficient for clinical dose require-
ments.””*® To improve drug loading, Qin et al. utilized a drug-
loaded nanoparticle-microneedle composite system to
increase paclitaxel loading." Similarly, Yao et al. described the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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advantages of combining nanoformulations with DMN tech-
nology to facilitate the delivery of a wide range of drugs.”®
However, the complexity of nano drug preparation process
likely raises production costs for large-scale manufacturing of
these delivery systems. Moreover, the stability of nanoparticles
during microneedle drying stage remains a major challenge.
Collectively, these studies highlight the need for new strategies
beyond excipient modifications or formulation adjustments to
solve the drug solubility and loading problems.

To address the challenges of limited loading capacity while
improving delivery efficiency, the design of biphasic dissolving
microneedle has been developed. In this structure, drug-
containing water-soluble microneedle tips are mounted on an
insoluble backing layer. After application, the tips dissolve and
deliver the drug into the skin, while the backing layer prevents
drug migration or diffusion into the backing during fabrication
and application.”** This design improves drug delivery effi-
ciency and reduces residual drug on the patch after removal,
thereby alleviating, to some extent, the clinical translation
bottleneck posed by inadequate loading capacity. Nevertheless,
biphasic designs still require high drug solubility within the tip
matrix, underscoring the need for complementary strategies
such as cyclodextrin inclusion complexes to further enhance
loading of poorly soluble compounds.

Another critical issue hindering commercialization of most
DMNs is the lack of key pharmacokinetic data to support their
clinical translation.*® Specifically, the pharmacokinetic param-
eters of microneedle-mediated drug delivery have not been
consistently compared to existing standard therapies. For
example, the pharmacokinetics of metformin delivered by
DMNs was compared to subcutaneous injection but not to the
oral route,* the most common method of drug administration,
making it difficult to assess their clinical replacement potential.
Similarly, the characterization of in vivo absorption of di-
clofenac DMNs has not been compared directly with approved
topical gels in terms of local tissue concentrations, time of
onset, and analgesic duration, leading to unclear product
positioning.* The lack of studies comparing microneedles with
existing formulations has limited the translation of DMNs into
clinic and ultimately hinders their path to commercialization.*®

This study uses flurbiprofen (FB, solubility < 10 ug mL ™),
a poorly soluble small molecule drug, as a proof of concept to
validate a dual-phase DMN system based on drug inclusion
complexes. This system significantly improves the solubility of
FB through the use of hydroxypropyl-B-cyclodextrin (HP-B-CD)
inclusion. Combining with biphasic DMN structure with suffi-
cient mechanical strength, this new system concentrates the
drug in the needle tip region, thus achieving high drug loading
and high delivery efficiency. In addition, we conducted
systematic ex vivo permeation studies and pharmacokinetic
measurements in rats using the commercially available FB gel
as a control formulation. By comparing key pharmacokinetic
parameters such as Tyax, Cmax, and AUC, we validated the rapid
onset and enhanced bioavailability of the dual-phase FB/HP-f3-
CD DMNs. This study not only provides a novel technical
solution for the transdermal delivery of poorly soluble drugs but
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also offers pharmacokinetics data supporting future clinical
translation and commercialization.

2. Materials and methods

2.1. Materials

Flurbiprofen and ketoprofen were obtained from Hunan Jiu-
dian Hongyang Pharmaceutical (Hunan, China). Hydrox-
ypropyl-p-cyclodextrin (HP-B-CD) was purchased from Fuyang
Tianli Pharmaceutical Excipients (Fuyang, China). Polyvinyl
alcohol (PVA 05-88) and hydroxypropyl methylcellulose (HPMC
E5) were acquired from Jiangxi Alpha High-tech Pharmaceutical
(Jiangxi, China). Polyvinylpyrrolidone (PVP K90) was sourced
from BASF (Germany). Chondroitin sulfate (CS) was supplied by
Hunan Wuxing Biotechnology (Hunan, China). Polyurethane
acrylate (PUA-Cure 9110), hydroxypropyl methacrylate (HPMA),
and photoinitiator (2,4,6-trimethylbenzoyl) diphenylphosphine
oxide (TPO) were provided by Kunshan Caste Polymer Material
(Jiangsu, China) and Sigma-Aldrich (USA). Parafilm M® was
obtained from Bemis Company (USA). Pre-treated porcine skin
was supplied by Muyuan Food (Henan, China). Microneedle
PDMS molds (array 10 x 10, needle height 780 um, needle base
size 1 cm X 1 cm) were acquired from Taizhou Microchip
Medical Technology (Zhejiang, China). The flurbiprofen gel
patch was provided by Beijing Tide Pharmaceutical (Beijing,
China).

SD rats (male, 6-8 weeks old, weight 270 + 10 g) were
provided by Spaflor (Beijing) Biotechnology Co., Ltd. The
animal experiments were conducted under the permission of
the Animal Ethics Committee of Zhengzhou University of
Pharmaceutical Sciences (Zhengzhou, China) (permission
number SCXK2024-0001). All animal experiments involved in
this study complied with the ARRIVE guidelines. Furthermore,
all procedures were performed in accordance with relevant
national and institutional guidelines for the care and use of
animals in research, ensuring compliance with ethical stan-
dards and regulations for animal welfare.

2.2. Analysis of flurbiprofen content

The flurbiprofen content was determined by high-performance
liquid chromatography (HPLC, Agilent 1200 series) equipped
with an Eclipse XDB-C18 column (4.6 mm x 150 mm, 5 pm).
The mobile phase was consisted of methanol, deionized water,
and glacial acetic acid in a ratio of 65:30:5 (v/v/v). The injec-
tion volume was 10 pL and the flow rate was set at 1.0 mL min .
Detection was performed at 247 nm. The column temperature
was maintained at 35 °C. The limit of detection (LOD) and limit
of quantification (LOQ) were 0.2 pg mL™" and 0.6 ug mL ™},
respectively.

2.3. Preparation of inclusion complexes

2.3.1. Determination of phase solubility. The phase solu-
bility method reported by Higuchi and Connors was employed
to determine the equilibrium constant and inclusion ratio of
the inclusion complex.”” HP-B-CD aqueous solutions with the
concentrations of 0, 1, 2, 4, 6, 8, and 10 mmol L' were prepared
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in 10 mL of deionized water. Excess amount of solid FB was
then added to the HP-B-CD solution and mixed with shaking at
120 rpm and 25 °C for 72 h. Saturation was assumed when
excess FB solids remained visible at the bottom of the container
after thorough mixing and equilibration for a sufficient period.
Under these conditions, the measured concentration was
considered to represent the maximum solubility of the drug in
the experimental medium. After the equilibrium was reached,
the FB content in the HP-B-CD solution was measured by HPLC
according to method 2.2. The molar concentrations of FB were
calculated and plotted against the molar concentrations of HP-
B-CD to construct a phase solubility curve. The equilibrium
constant of FB/HP-B-CD was calculated according to the
following eqn (1):*®

slope

Ks= —Fii—
57T S x (1 — slope)

(1)
where slope represents the slope of the phase solubility curve, S,
is the intrinsic solubility of FB in water in the absence of
cyclodextrin (mmol L™'), and Ks is the apparent stability
constant (M~ ).

2.3.2. Preparation of inclusion complexes. The FB/HP-f-CD
inclusion complexes were prepared by freeze-drying, adapting
from previously reported procedures with minor modifica-
tions.” The effects of the molar ratio, stirring temperature, and
stirring time on the complex formation were investigated (SI
Table S1). A three-factor, three-level orthogonal experimental
design was then employed to optimize the preparation condi-
tions, as presented in SI Table S2. HP-B-CD and FB were
weighed according to the orthogonal experimental design for
different molar ratios. FB was dissolved in a 15% (w/w) aqueous
solution of HP-B-CD with stirring at different temperature and
stirring time. After the solution reaching room temperature, it
was filtered through a 0.45 pm polyethersulfone (PES)
membrane to remove any undissolved FB, ensuring the FB/HP-
B-CD complexes in solution were retained.*® The filtrate was
frozen at —40 °C for 14 h and then lyophilized for 48 h to obtain
the inclusion complex powder. The powder was weighed, di-
ssolved in methanol, and sonicated for 20 min to release the
encapsulated FB for drug content analysis (Section 2.2). The
drug loading (S;, %) and encapsulation efficiency (S,, %) were
calculated, and the evaluation index S was determined by eqn
(2) and (3): S = 30% x S; + 70% X S,.

Amount of drug in inclusion complex
Weight of inclusion complex

%S| = % 100%  (2)

Mass of reactant transformed
Initial mass of reactant

%S, = x 100% (3)

2.4. Characterization of inclusion complexes

2.4.1. DSC. The thermal properties of FB, HP-B-CD,
a physical mixture of FB and HP-B-CD, and FB/HP-B-CD inclu-
sion complex powder were analyzed using differential scanning
calorimetry (DSC 204 F1Phoenix, NETZSCH, Germany). Samples
(approximately 10 mg each) were placed in aluminum crucibles
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and a blank aluminum crucible was used as reference. The
temperature was increased from 30 to 400 °C at a heating rate of
10 °C min " under nitrogen with a flow rate of 20 mL min—".

2.4.2. XRD. The crystallinity of FB, HP-B-CD, a physical
mixture of FB and HP-B-CD, and FB/HP-B-CD inclusion complex
powder was measured using X-ray diffraction (XRD, Smart Lab
SE, Rigaku, Japan). Samples were placed in aluminum
containers and scanned over a 26 range of 10° to 60° at a scan-
ning rate of 2°/min. All measurements were performed at room
temperature.

2.4.3. FT-IR. Fourier transform infrared spectroscopy (FT-
IR, NICOLET iS10, Thermo Fisher Scientific, USA) was used to
determine the chemical structure of FB, HP-B-CD, a physical
mixture of FB and HP-B-CD, and FB/HP-B-CD inclusion complex
powder. Samples were mixed with potassium bromide (KBr) at
a ratio of 1:100 (w/w) and pressed into transparent pellets.
Spectra were recorded in the range of 4000 to 400 cm ' with

a resolution of 4 cm ™.

2.5. Fabrication of biphasic DMNs loaded with inclusion
complexes

The formulations of DMN tips and the backing are shown in
Table 1 and SI Table S3. To prepare the microneedle tips, FB/
HP-B-CD and PVP, PVA, CS, and HPMC E5 were each dissolved
separately in purified water. The solutions were stirred until
homogeneous, followed by vacuum aspiration (0.08 MPa, 2
min) to remove excess solution from the mold of microneedle
tips. The molds were then placed in a drying chamber at room
temperature for 12 h.

For the backing solution, the compounds listed in SI Table
S3 were stirred in the dark for 30 min and allowed to stand for
2 h to remove air bubbles.?* After the microneedle tips had
dried, the backing solution was added, followed by centrifuga-
tion at 4000 rpm for 2 min. The microneedles were then cured
by UV exposure (4 = 365 nm, 180 W) for 3, which promotes the
solidification of the insoluble backing, shortens the overall
microneedle fabrication time, and subsequently demolded. The
structural and functional differences between conventional di-
ssolving microneedles and the biphasic system is presented in
SI Fig. S2. The stepwise fabrication process of the biphasic di-
ssolving microneedles is schematically illustrated in SI Fig. S3.

2.6. Characterization of biphasic DMNs

2.6.1. SEM. The surface morphology of the fabricated
microneedles was characterized using scanning electron
microscopy (SEM, Gemini 300, Carl Zeiss, Germany). Prior to
imaging, the microneedles were sputter-coated with a thin layer
of gold to enhance conductivity and fixed onto a sample holder.
The samples were examined at an accelerating voltage of 5 kv,
and images were acquired at magnifications of 30x, 50x, and
100x.

2.6.2. Confocal microscopy. The distribution of drugs
within the microneedles was evaluated using confocal micros-
copy (Al series, Nikon, Japan). Rhodamine B (RhB, 2.7%), a red
fluorescence dye, was loaded into the tips, while Coumarin-6
(Cou-6), a green fluorescence dye, was incorporated into the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulations of the microneedle tips used for the fabrication of biphasic inclusion complex DMNs

Formula FB/HP-CD (g) PVP K90 (g) PVA 05-88 (g) CS (g) HPMC E5 (g) Water (g)
F1 1.500 0.050 1.000
F2 1.500 0.050 1.000
F3 1.500 0.050 1.000
F4 1.500 0.050 1.000

backing. Four microneedles (2 x 2 array) were carefully cut, and
the bottom of microneedles were glued to a glass slide using
soybean oil. During the scanning, the microneedle tip and
backing were designated as the “Top” and “Bottom” surface,
respectively. The fluorescence signals of RhB and Cou-6 were
detected at 570 nm and 480 nm, respectively. Three-
dimensional (3D) images were reconstructed from z-stack
scans acquired at 25 pm intervals, covering the region from
the backing to the tip of the microneedles.

2.6.3. Mechanical strength tests. The mechanical strength
of the microneedles was evaluated using a texture analyzer
(TA.HDplus, Stable Micro Systems, UK). Microneedle patches
were cut into a 3 x 3 array (9 microneedles). The microneedles
were placed on the platform of a texture analyzer with the tips
facing up. Under the compression mode, the probe was slowly
moved downward at a constant speed, with the pre- and post-
compression speed set at 1 mm s " and the testing speed at
0.1 mm s~ . Tests for each group were conducted in triplicates.
Force-displacement curves were generated and the force each
microneedle could withstand was calculated accordingly.

A Parafilm insertion test was conducted, since Parafilm is
widely employed as a skin simulant to assess microneedle
insertion efficiency.’ Parafilm sheets were cut into 1.5 x 1.5 cm
squares, folded into eight layers (127 um per layer), and
microneedle patches were pressed onto the stack using a 4 N
weight for 2 min. The number of layers penetrated by each
microneedle was observed under a stereomicroscope, and the
insertion rate for each layer was calculated.

2.6.4. Determine flurbiprofen content in microneedle tips.
The microneedle tips were physically separated from the base
layer using a surgical blade, following a previously reported
method.*® The collected tips and the remaining base layer were
dissolved separately in methanol, sonicated for 20 min, centri-
fuged, and filtered through a 0.22 pm membrane prior to HPLC
analysis (Section 2.2). Flurbiprofen content in each fraction was
quantified from the calibration curve, and drug loading per
patch was expressed as mean + S.D. (n = 3).

2.6.5. Histology analysis of skin tissue. To investigate the
skin penetration capability of biphasic DMNs, the DMN
patches were pressed onto the shaved back of rats for 2 min.
After microneedle application, the treated skin areas were
excised and immediately fixed in 10% formalin. The samples
were then paraffin-embedded and sectioned at 10 um thick-
ness.** The sections were stained with hematoxylin and eosin
(H&E) and examined under a light microscope to evaluate
microneedle-induced microchannels and overall
morphology.

tissue

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.7. Ex vivo skin permeation

The ex vivo transdermal delivery of FB from biphasic DMNs was
evaluated using excised rat dorsal skin mounted on Franz
diffusion cells. The microneedle patches were vertically applied
onto the skin with a 4 N force for 2 min to ensure complete
insertion. This force was applied quantitatively using a standard
weight (approximately 408 g) with a flat bottom surface of
1.5 cm in diameter, slightly larger than the 1 cm x 1 cm
microneedle patch, to achieve uniform pressure across the
patch area.

After insertion, the treated rat skin was mounted onto Franz
diffusion cells with the stratum corneum facing the donor
compartment. The receptor compartment was filled with
phosphate-buffered saline (PBS, pH 7.4), maintained at 37 +
0.5 °C using a circulating water bath, and stirred continuously
at 100 rpm. At predetermined time points (0, 0.25, 0.5, 1, 2, 4, 6,
8,12, and 24 h), 3 mL of receptor fluid was withdrawn, filtered,
and analyzed for FB content, with an equal volume of fresh PBS
replenished after each sampling. PBS (pH 7.4) was selected as
the receptor fluid to maintain sink conditions, as flurbiprofen's
saturation solubility in this medium (approximately 4.22 mg
mL ") far exceeds the maximum receptor concentration ach-
ieved (approximately 0.18 mg mL ™" after 95% permeation). The
cumulative permeation percentage was calculated as previously
described.®*® To quantitatively evaluate transdermal drug
delivery, the cumulative permeation percentage (P,) was calcu-
lated using the following eqn (4):

n-1
CV 4+ GV

p = =
! AD,

(4)

where C, is the drug concentration at time ¢ (ug mL ™), C; is the
concentration of each previous sample, V is the receptor volume
(mL), V; is the sample volume (mL), A4 is the an effective diffu-
sion area (cm?®), and D is the initial drug loading per unit area
of the patch (ug em™2).

2.8. In vivo pharmacokinetics

2.8.1. Dosage and blood sampling. The in vivo pharmaco-
kinetic profile of FB/HP-B-CD biphasic DMNs was determined
and compared to that of commercial flurbiprofen gel patches in
rats. Prior to the experiment, rats were shaved on the back and
fasted for 12 h. In the biphasic DMN group, a 4 N force was
applied for 2 min to facilitate the insertion of microneedles into
the skin and followed by the removal of the backing layer. In the
gel patch group, the patch was applied to the back skin and
secured with medical tape to prevent displacement. Blood

RSC Adv, 2026, 16, 8266-8277 | 8269
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Group Drug content (mg) Dose (mg kg ™)
F4 MN 5.56 mg 20.6
FB cataplasms 0.29 mg cm > (4.8 cm x 4 cm, 19.2 cm?) 20.6

samples (0.3 mL) were collected via the orbital vein at 0.25, 0.5,
1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h after a single dose. The
dose regimen is provided in Table 2.

In the multiple-dose study, dosing intervals of 12 and 24 h
with six consecutive doses were evaluated. For the 12 h interval,
blood samples were collected at 0, 0.5, 1, 2, 4, 6, 8, and 12 h after
the first dose; 0.5, 1, 2, 6, and 12 h after the second dose; 1, 2, 6,
and 12 h after the third to fifth doses; and 12 h before the final
dose, as well as 0, 1, 2, 4, 6, 8, 12, 24, and 48 h after the final
dose. For the 24 h interval, samples were taken at 0, 0.5, 1, 2, 4,
6, 8, 12, and 24 h after the first dose; 0.5, 1, 2, 4, 6, 12, and 24 h
after the second dose; 1, 2, 4, 6, 12, and 24 h after the third to
fifth doses; and 24 h before the final dose, as well as 0, 1, 2, 4, 6,
12, 24, 36, and 48 h after the final dose.

2.8.2. Detection of flurbiprofen in plasma samples. Blood
samples collected from the orbital vein of rats were placed into
1.5 mL anticoagulant tubes. The samples were centrifuged at
4000 rpm for 10 min at 4 °C to obtain plasma. The plasma
samples were stored at —20 °C until the time of the measure-
ment. For the detection of flurbiprofen by HPLC, an aliquot of 50
puL of plasma sample was combined with 50 pL of internal
standard and 200 pL of methanol, vortexed for 1 min, and
centrifuged at 13000 rpm for 5 min. The supernatant was
transferred to a 1.5 mL microcentrifuge tube and centrifuged
again at 13 000 rpm for 5 minutes. After the second centrifuga-
tion, the supernatant was used for the measurement of flurbi-
profen content according to method 2.2. Ketoprofen was used as
the internal standard (20 ug mL~'). The ratio of flurbiprofen
concentration over internal standard (X) was plotted against the
peak area ratio of flurbiprofen over internal standard (Y). A linear
relationship was observed between flurbiprofen concentration
and peak area in the range of 1-150 pg mL ™", with the regression
equation of y = 0.1455x + 0.5657 (R* = 0.9992). The pharmaco-
kinetic parameters, including Tinax, Cmax, ad AUC _, 541, for both
the microneedle and gel patch administration routes were
calculated using Phoenix WinNonlin 8.3 software.

2.9. Statistical analysis

Data were analyzed using Excel and Origin 2024 software.
Statistical significance was assessed using one-way analysis of
variance (ANOVA). A p-value of less than 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Preparation and characterization of inclusion
complexes

To increase the solubility of FB, we prepared FB/HP-B-CD inclu-
sion complexes using increasing concentrations of HP-B-CD. The

8270 | RSC Adv, 2026, 16, 8266-8277

phase-solubility studies showed a linear increase in the solubility
of FB as the concentration of HP-B-CD increases. The phase-
solubility curve (SI Fig. S1) followed an A;-type model*® (Y =
0.2987X + 0.1001, R* = 0.9990), indicating a 1 : 1 molar ration of
FB and HP-B-CD in the complex. The calculated solubility
constant (Ks)*” was 4255 L mol ™', with K values ranging between
200 and 5000 L mol ', suggesting a stable complex.®® The initial
solubility of FB was 0.100 mmol L™" (equal to 0.0315 mg mL™"),
which was increased to 3.09 mmol L™ (0.970 mg mL™") after
forming complex with HP-B-CD, corresponding to an approxi-
mate 30-fold increase in solubility. Consistent with previous
reports, our results confirmed that cyclodextrin-based inclusion
complexes can improve the solubility of poorly soluble drugs.***

Furthermore, the range analysis (SI Tables S2 and S5)
showed that the molar ratio of FB to HP-B-CD has the largest
effect on the formation of inclusion complexes compared to
other factors such as temperature and time. The effect exerted
by the molar ratio was statistically significant (F = 21.227, P <
0.05), whereas the effect of temperature and time was not. Based
on these results, we selected the molar ratio of 1:1, the prep-
aration temperature of 60 °C, and the stirring time of 6 h as the
condition for preparing the FB/HP-B-CD inclusion complex.
Following this condition, we were able to achieve the yield of
94.32 £ 0.42%, the encapsulation efficiency of 80.48 + 1.27%,
and the drug load of 40.00 £ 0.69% in the production of three
separate batches of these inclusion complexes. The resulting
FB/HP-B-CD inclusion complex exhibited a saturated solubility
in water of 2.30 & 0.13 g mL ™", expressed as the concentration
of the inclusion complex in solution.

We next conducted DSC, XRD and FT-IR experiments to
characterize the biophysical properties of FB/HP-B-CD inclusion
complex. As shown by DSC analysis, FB exhibited a prominent
peak at 111.2 °C indicating the melting point of its crystalline
structure [Fig. 1A(a)]. On the other hand, HP-B-CD remained
stable as no DSC peak was observed within the temperature
range [Fig. 1A(b)]. In the physical mixture, the DSC signature for
FB and HP-B-CD remained unchanged [Fig. 1A(c)]. However, the
FB peak disappeared in the FB/HP-B-CD inclusion complex,
suggesting that embedding of FB into the cavity of HP-B-CD
likely disrupts its crystalline structure to produce a thermal
stable complex [Fig. 1A(d)]. Similarly, the -characteristic
diffraction peaks of FB observed by XRD analysis completely
disappeared in the inclusion complex, further confirming the
loss of FB crystalline structure [Fig. 1B(d)]. Furthermore, FT-IR
spectroscopy revealed shifts in the characteristic absorption
peaks of FB within the complex [comparing Fig. 1C(a) and (d)].
Collectively, these results confirmed that stable FB/HP--CD
inclusion complexes produced in our study are formed through
molecular embedding and hydrogen bond interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biophysical characterization of FB/HP-B-CD inclusion complexes. (A) DSC, (B) XRD, (C) FT-IR analyses of FB (a

), HP-B-CD (b), a physical

mixture of FB and HP-B-CD at 1:1 ratio (c), and FB/HP-B-CD inclusion complex (d).

3.2. Preparation of DMNs

The mechanical strength of DMNs is critical for efficient drug
delivery.** Using the drug-cyclodextrin inclusion complex alone
as the microneedle tip material often leads to high hygroscop-
icity, which can compromise the mechanical stability of the
microneedles. Here we fabricated biphasic DMNs carrying FB/
HP-B-CD inclusion complexes using a mold casting method.
The microneedle tips were formulated as shown in Table 1,
whereas the backing layer was formed via photopolymerization.
The microneedle tip formulations F1, F2, and F3, which con-
tained a viscous polymer solution of PVP K90, PVA 05-88,
chondroitin sulfate, and FB/HP-B-CD inclusion complex,
showed poor mold filling and low tip yields. The drug loading
content of each formulation was determined and found to be
2.22 £ 0.07 mg for F1, 2.50 £ 0.14 mg for F2, 2.18 + 0.03 mg for
F3, and 2.67 £+ 0.11 mg for F4. Among them, F4 exhibited the
highest drug content. Considering both mechanical strength
and drug loading efficiency, subsequent ex vivo characterization
and in vivo pharmacokinetic studies were carried out using
formulation F4.

First, the microneedle morphology was assessed using SEM
analysis. As shown in Fig. 2, an array of smooth conical
microneedles with a tip height of 760 pm were observed. The tip
height was slightly shorter than the mold height of 780 um due
to drying induced shrinkage during the fabrication.** All nee-
dles were uniform in shape without bending or breakage. Next,
the drug distribution within the microneedles was visualized
using confocal imaging analysis (Fig. 3). RhB red fluorescence
dye was loaded into microneedle tips to simulate the localiza-
tion of drugs, while Cou-6 green fluorescence dye was incor-
porated into the backing layer. The 3D images produced from z-
scan sections of the microneedles confirmed that the tip height
calculated from confocal images was consistent with that
derived from SEM analysis; and no evidence of drug migration
from the tips into the backing layer was observed.

Furthermore, we analyzed the total drug load that can be
delivered by 1 cm?® of biphasic FB DMN patch. Results from
HPLC measurements showed that each biphasic DMN patch
has a FB loading capacity of 2.67 + 0.11 mg per 1 cm” (n = 3),
which significantly surpasses the loading capacity of

30x

© 2026 The Author(s). Published by the Royal Society of Chemistry

S0x

Fig. 2 SEM images of needle tips at different magnifications (30, 50x,

100x

100x). Top row: front view; and bottom row: top-down view.
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Fig. 3 Microneedles fabricated with tips loaded with RhB (red) and Cou-6 containing PS backing material (green) were subjected to confocal
microscopy analysis. Images showing 3D reconstruction of the microneedle tip (left) and the backing layer (right).

conventional microneedles, typically ranging from tens to
hundreds of micrograms.** Moreover, this delivery capacity per
unit area is approximately ten times higher than the drug load
of commercially available flurbiprofen gel patches (40 mg per
13.6 cm x 10 cm).** The significant enhancement in drug
loading underscores the primary advantage of biphasic DMNs,
achieving superior drug delivery efficiency within a smaller
application area. This suggests their potential as a more effi-
cient and convenient alternative to conventional transdermal
delivery systems.

3.3. Mechanical strength and insertion capability of
microneedles

To ensure successful application, the microneedle tips must
possess sufficient mechanical strength to overcome the
inherent elasticity of the skin.***® Previous studies have

100 - —a—— —a—F1
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&
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reported that the total force applied to a microneedle array
during skin insertion is typically on the order of several newtons
(approximately 3 N).*” To examine the mechanical strength of
microneedles fabricated in our study, we conducted insertion
tests using 8 layers of Parafilm as a skin simulant. By applying
a force of 4 N, microneedles fabricated with F4 formulation
were able to penetrate through the 5th layer of Parafilm whereas
other microneedles penetrated up to 3 layers (Fig. 4A). The
force-displacement curve indicated that a single F4 micro-
needle can withstand a force of 0.58 £ 0.10 N, which is higher
than the force required to penetrate the skin (ranging from 0.1-
2 N)***° (Fig. 4B). The superior insertion capability of F4
microneedles suggests that they are more likely to achieve
consistent and reliable transdermal drug administration in vivo.
Additionally, the increased mechanical robustness may reduce
the risk of microneedle breakage during application, enhancing
patient safety and user experience.
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Fig.4 The insertion rate of microneedles into Parafilm. (A) Microneedles fabricated from F1-F4 formulations were tested and the insertion depth
was estimated based on the number of Parafilm layers penetrated. Data represent mean £ S.D. (n = 3). (B) The force—displacement curve of the

microneedles.
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Fig. 5 Histological analysis of rat skin tissue sections at 10 min (A) and 2 h (B) after microneedle application. Scale bar = 200 pm.

In addition, the ability of microneedles to penetrate skin was
tested in rats. The histology analysis of rat skin showed that the
penetration depth was 450 um following F4 microneedle
application (Fig. 5A). Importantly, the skin puncture holes were
healed after 2 hours (Fig. 5B). Taken together, the microneedles
produced in our study demonstrated sufficient mechanical
strength needed for delivering drugs through the skin.

3.4. Ex vivo transdermal permeation results

To evaluate the effect of different backing materials on drug
delivery efficiency, we fabricated FB/HP-B-CD inclusion complex
DMN tips using formulation F4 in conjunction with soluble or
insoluble backing (SI Tables S3 and S4). Ex vivo permeation
profiles were determined using Franz diffusion cells with rat
skin and PBS (pH 7.4) as the receptor medium at 37 °C. As
shown in Fig. 6 the cumulative drug release of DMNs with
insoluble backing was approximately twice that of those with
soluble backing within 4 h of application. After 24 h, nearly
95.90 + 3.59% of FB permeated across the skin from the DMNs
with insoluble backing, whereas only 53.45 + 4.74% permeated

100

80

60

40 4

—=&— F4 Soluble backing
F4 Insoluble backing

204

Cumulative permeation percentage(%)

T
0 4 8 12 16 20 24
Time(h)

Fig. 6 Ex vivo transdermal permeation profiles of FB/HP-B-CD
complex DMNs with soluble or insoluble backing (Mean + S.D., n = 3).

© 2026 The Author(s). Published by the Royal Society of Chemistry

from those with soluble backing. In addition, the microneedle
tips dissolved and separated quickly from the insoluble backing
layer upon insertion, potentially minimizing skin irritation.
Thus, the biphasic DMNs with insoluble backing produced in
our study provide a more efficient delivery system.

To further elucidate the underlying release mechanisms
contributing to these differences, the cumulative permeation
data were fitted to four common kinetic models: zero-order,
first-order, Higuchi, and Korsmeyer-Peppas.>®** Of these
models, the Higuchi model exhibited the highest correlation
coefficients (R* = 0.991 for insoluble backing and 0.982 for
soluble backing), indicating a predominantly diffusion-
controlled release process. However, for mechanistic interpre-
tation, the Korsmeyer-Peppas model was applied, as it enables
distinction between Fickian and non-Fickian transport via the
diffusion exponent (n). The detailed fitting parameters for each
model are summarized in SI Table S6.

The fitted n value of 0.489 for DMNs with an insoluble
backing suggests Fickian diffusion, which is consistent with
a release mechanism governed by passive diffusion. This device
design restricts drug migration toward the backing to ensure
unidirectional release into the skin, thereby resulting in
a uniform profile and high delivery efficiency. In contrast,
DMNs with a soluble backing exhibited an n value of 0.612,
indicative of non-Fickian transport. HPLC analysis of the
residual backing layer post-application confirmed that approx-
imately 25% of the drug was retained due to partial dissolution
and migration. This significant retention directly accounts for
the anomalous release behavior and the suboptimal delivery
efficiency.

3.5. In vivo pharmacokinetic studies

To evaluate the drug delivery performance of the biphasic
inclusion complex-based dissolving microneedle system, FB
was employed as a model drug in both single- and multiple-
dose pharmacokinetic studies. A commercial FB gel patch was
used as the reference formulation. In the single-dose study
(Fig. 7A), biphasic DMNs achieved a peak plasma concentration
(Crmax) Of 124.4 & 11.4 pg mL™" within 2 h, which was 5.53-fold
higher than that of the commercial patch (22.5 £ 2.6 pg mL™,
Trax = 8 h). The AUC,_, 541, of DMNs (1247.6 & 240.7 ygh mL ™)
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was 2.57-fold greater than that of the patch (485.0 + 63.0 ug h
mL ") (Table 3). Furthermore, the plasma concentration of the
DMN group remained consistently above that of the patch
group throughout the 24 hours period.

The improved pharmacokinetic performance observed with
the biphasic DMN system can be attributed to its fundamental
delivery advantage. Physical insertion of the microneedle tips
creates micron-scale channels in the skin, allowing rapid
dissolution of the drug-loaded matrix directly within the dermal
interstitial fluid, which is rich in blood and lymphatic vessels.>*
In contrast, drug absorption from the gel patch relies on passive
diffusion across multiple skin barriers, during which absorp-
tion and elimination occur simultaneously, resulting in delayed
Tmax and reduced systemic exposure. The higher AUC observed
for the DMN group therefore reflects its superior delivery effi-
ciency and improved bioavailability.>

In contrast to most studies that focus solely on single-dose
administration, we further explored the pharmacokinetics of
the biphasic DMN system in multiple-dose administration. To
better simulate clinical dosing strategies and benchmark
against the commercial flurbiprofen gel patch, two dosing
regimens were selected, including once daily (24 hours interval)
and twice daily (12 hours interval), which correspond to the

=

typical usage of one or two patches per day.® Following

administration of three consecutive doses, both regimens ach-
ieved steady-state plasma concentrations (Fig. 7B-E). The twice-
daily regimen yielded an average steady-state concentration
(Cay) of 65.8 + 8.8 ug mL ™" and a total exposure (AUC,) of 789.3
+ 88.0 pg h mL™*, whereas the once-daily regimen resulted in
a C,, of 33.2 + 3.3 pg mL ™" with a comparable AUC,, of 797.0 +
78.5 ug h mL™". The similar AUC,, values indicate consistent
total drug delivery across the different dosing intervals. Notably,
plasma drug concentrations declined to undetectable levels
within 48 hours after the final administration in both regimens,
suggesting low risk of systemic accumulation.

The comparable AUCg, between the two multiple-dose regi-
mens, despite differing fluctuation patterns, demonstrates
consistent total drug delivery, which can be flexibly modulated
by the dosing interval. The absence of drug accumulation
confirms the pharmacokinetic safety of this formulation. In
direct comparison with a commercially available product, the
biphasic DMN system developed in this study systematically
demonstrates its advantages of rapid onset and enhanced
bioavailability following a single dose. This work provides
strong support for overcoming key challenges in the clinical
translation of microneedle technology, namely insufficient drug
loading and the lack of comprehensive comparative studies.

Table 3 Pharmacokinetic parameters of single-dose administration (Mean + S.D., n = 6)

Pharmacokinetic parameters Timax (h) Cmax (ng mL™) AUCy— »4n (ng h mL™Y) Ty (h) CL (mL h™" kg) MRT,_, 541 (h)
F4 MN 2.0 124.4 + 11.4 1247.6 + 240.7 7.6 1.4 9.1 + 0.2 9.0 + 1.5
FB cataplasms 8.0 22.5 = 2.6 485.0 £ 63.0 22.6 £ 1.9 3.0 £0.1 15.4 £ 0.6
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4. Discussion

In the development of dissolving microneedles, the choice of
matrix material is fundamental for achieving high drug loading
and effective transdermal delivery.***> Cyclodextrin enhances
the mechanical strength and flexibility of the microneedles
through multiple supramolecular interactions, including host-
guest recognition and hydrogen bonding networks.***® Its
relatively low molecular weight also facilitates rapid dissolution
in the skin, enhancing drug release rate and bioavailability.
These characteristics collectively suggest that cyclodextrin holds
substantial potential as a matrix material for microneedles.
Compared to traditional microneedle materials (e.g., hyaluronic
acid, gelatin), HP-B-CD, with its unique amphiphilic cavity
structure, can form inclusion complexes with FB, significantly
enhancing the apparent solubility of the drug. This property
lays the foundation for achieving milligram-level drug loading
within the limited space of microneedles.*®

However, the use of cyclodextrin as a sole matrix material for
microneedles presents limitations. Due to strong intermolec-
ular interactions,* cyclodextrin-based microneedles are prone
to hygroscopicity during storage, leading to reduced mechanical
strength and impaired insertion capability, which imposes
stricter storage requirements. To address this, in the initial
formulation screening, we incorporated polymers such as PVA
05-88, HPMC E5, chondroitin sulfate and PVP K90 along with
cyclodextrin to enhance matrix properties. These polymers were
selected based on their film-forming and adhesive
properties.®*** Results from our assessments of microneedle
morphology, mechanical strength, and drug loading capacity
demonstrated that the microneedles with an HPMC-based
matrix achieved the optimal balance between mechanical
strength and drug loading, thus making it the most suitable
choice for enhancing the structural stability of cyclodextrin-
based microneedle system.

Beyond the intrinsic properties of the matrix, the compati-
bility between the drug and cyclodextrin also plays a critical role
in determining the efficacy of microneedle-based delivery
systems. In this study, FB, a small-molecule model drug, was
selected to form an inclusion complex with hydroxypropyl-B-
cyclodextrin, validating the drug-loading and release capabil-
ities of the system. However, considering the diversity in
molecular structure, polarity, and steric hindrance across
different drug molecules, a single model drug is insufficient to
comprehensively evaluate the applicability of this system.
Previous studies have indicated that other CD derivatives, such
as sulfobutyl ether-B-cyclodextrin (SBE-B-CD), may offer supe-
rior inclusion efficiency and solubilization capacity.®® There-
fore, future work should focus on the systematic screening of
various CD derivatives in combination with drugs of diverse
physicochemical properties, in order to evaluate the versatility
and efficiency of this microneedle platform in delivering
macromolecular and biological therapeutics.

Moreover, our pharmacokinetic studies confirmed the
design advantages of the inclusion complex biphasic micro-
needles. Following a single dose, plasma concentrations rapidly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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peaked within 2 hours (Tyhax), much faster than the 8 hours Tpax
observed with commercial patches, reflecting the rapid disso-
lution and absorption of the drug from the microneedle tips.
This rapid onset of action is primarily attributed to the biphasic
microneedles, which deposit a high concentration of the FB/HP-
B-CD inclusion complex directly in the dermis. The drug is
quickly released in the interstitial fluid and enters systemic
circulation through capillaries. Furthermore, the DMN group
showed an AUC,_,,4, that was 2.57 times of the commercial
patch, demonstrating that the combination of “inclusion solu-
bilization” and “biphasic microneedles” successfully increased
both the drug loading and delivery efficiency of a poorly soluble
drug. The results from the multiple-dose study further
demonstrated the translational potential of this system. By
adjusting the dosing interval (12 hours vs. 24 hours), we were
able to modulate steady-state plasma drug concentrations to
potentially meet the therapeutic needs for acute pain flare-ups
or chronic symptom maintenance. While the system favors
rapid drug release, the drug is also quickly cleared from the
system after cessation of dosing, thus minimizing safety
concerns. This feature makes it particularly suitable for
managing acute symptoms such as postoperative pain.

Although this study demonstrated the potential of phase-
separated inclusion complex microneedles in enhancing drug
delivery efficiency, the in vivo behavior and mechanistic path-
ways associated with their clinical application remain insuffi-
ciently understood. Upon application, the microneedle tips are
the first to interact with the skin, and their dissolution behavior
directly influences both the rate and site of drug release, ulti-
mately determining whether the drug can effectively penetrate
the stratum corneum and enter systemic circulation. To date,
limited research has systematically elucidated the dissolution
kinetics of such microneedles within skin tissue, the stability of
inclusion complexes under physiological conditions, or the
complete pathway of transdermal absorption into the blood-
stream. Key factors such as the dissolution rate and depth of the
microneedle tips, and their interactions with skin microstruc-
tures, may critically influence overall delivery performance.
Consequently, future studies should aim to establish a robust in
vitro-in vivo correlation (IVIVC) model by bridging in vitro
release profiles with in vivo absorption behavior, thereby
enabling a deeper understanding of the release and absorption
mechanisms of inclusion complex microneedles and support-
ing their clinical translation.

5. Conclusion

This study addresses key challenges in the transdermal delivery
of poorly soluble drugs using dissolving microneedle systems.
By integrating cyclodextrin inclusion technology with a biphasic
DMN design, flurbiprofen was successfully formulated into
a system that improves drug solubility and enhances trans-
dermal delivery efficiency. Pharmacokinetic evaluation
demonstrated faster systemic absorption and higher bioavail-
ability compared with a commercial gel patch. In addition, the
biphasic design enables flexible modulation of dosing profiles,
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which may be advantageous for meeting different therapeutic
requirements.

Several limitations should be acknowledged. First, flurbi-
profen was used as a single model drug, and further studies are
required to verify the applicability of this platform to other
poorly soluble drugs with diverse physicochemical properties.
Second, the preparation of the inclusion complex involves
lyophilization, which may introduce challenges related to
production cost and. Future work will focus on optimizing the
microneedle matrix to incorporate controlled-release properties
to expand its application in long-term treatment of chronic
diseases and developing robust IVIVC models to accelerate
formulation screening and clinical translation. Overall, this
study not only provides an efficient DMN platform for the
delivery of poorly soluble drugs but also demonstrates a feasible
pathway for translating microneedle technology into clinical
practice.
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