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Considering the limited research on microneedles for potent transdermal oral hypoglycemic drugs, in this
study, we formulated, glimepiride nanocrystals and incorporated them into PVA-based, sucrose-dissolving
microneedles. Nanocrystals were formulated using two different aqueous surfactant solutions as
antisolvents, PVP (at concentrations of 0.2% w/v or 2.5% w/v) and SLS (0.2% w/v), with or without a post-
drying grinding step. Glimepiride nanocrystals using 0.2% w/v SLS with grinding showed the smallest
particle size of 348 + 27 nm with a Pl of 0.29 + 0.05, which was confirmed by SEM imaging. Therefore,
the SLS-with-grinding formula was used for incorporation into a polymeric microneedle formulation
composed of 23% w/w PVA and 15% w/w sucrose (GLIM_MN). GLIM_MN showed a microneedle height
of 500 £ 14 um and a sharp tip, as shown under SEM imaging. Furthermore, GLIM_MN could withstand
a force of 32 N for 30 seconds at a rate of 0.5 mm per second. Moreover, GLIM_MN successfully
penetrated three layers of Parafilm, which is analogous to the mechanical properties of the skin, and
successfully penetrated excised BALB/c mice skin to a depth of 480 + 15 um, as shown by bright-field
image microscopy. Moreover, GLIM_MN showed full penetration of the array into excised human skin to
a depth of 276 + 65 um. Subsequently, we monitored the glucose level in healthy BALB/c mice for over
24 hours. The GLIM_MN treated group showed a rapid decline in the blood glucose level, reaching
a minimum level at 5 hours. This was also corroborated with an increase in the level of serum insulin in
the GLIM_MN treated group compared with that in the untreated group 5 hours after administration.
Moreover, GLIM_MN-treated mice showed no significant change in the serum C-reactive protein level
compared with that
administration. These results collectively indicate that our glimepiride dissolving microneedle formulation

in the untreated group, indicating no inflammation upon microneedle
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can enhance the delivery of glimepiride with minimal invasiveness, causing no inflammation. Therefore, it
DOI: 10.1039/d5ra03291a ’ . . . . -
can be considered a potential treatment in the management of type 2 diabetes mellitus, avoiding the

rsc.li/rsc-advances drawbacks associated with conventional oral administration.

Glimepiride is an oral medication used to manage and treat
type 2 diabetes mellitus. This drug is a second-generation

1. Introduction

Over the past few decades, the number of adults living with
diabetes mellitus worldwide has increased fivefold from 108
million in 1980 to 537 million and caused 6.7 million deaths in
2021." An estimated 90% of diabetic adults have type 2 dia-
betes.” The management of type 2 diabetes mellitus includes
lifestyle improvement, oral medications, and insulin therapy.?
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sulfonylurea insulin secretagogue class of drugs. It works by
blocking ATP-sensitive potassium channels (KATP channels),
causing depolarization of the pancreas's beta cells, resulting in
insulin secretion.*® Besides its pancreatic effect, glimepiride
has been shown to reduce insulin resistance and increase
hepatic glucose disposal in animal models.® It is administered
as monotherapy in type 2 diabetic patients with no glycemic
control by dietary and lifestyle modifications.” Compared with
other sulfonylureas, glimepiride has been shown to be associ-
ated with a lower incidence of hypoglycemia.®

Previously, transdermal delivery of oral antidiabetic drugs
was studied since it bypasses the first pass effect and provides
less potential for hypoglycemia.”'® Moreover, many advantages

© 2025 The Author(s). Published by the Royal Society of Chemistry
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have been found for transdermal drug delivery systems,
including minimal peak concentration and reduced dosing
frequencies, which leads to improved patient compliance.™
Compared to oral drug delivery and injectable drugs, trans-
dermal drug delivery has significantly contributed to reaching
the target through permeation and/or penetration of the
stratum corneum via microneedles and other electroporation
techniques.”” Microneedle-based drug delivery systems have
previously shown great promise for managing diabetes melli-
tus.” Many previous studies have focused on the delivery of
smart glucose sensing and insulin through microneedles as
a painless and noninvasive drug delivery system."** Moreover,
for type 2 diabetes mellitus, oral antidiabetic drugs can be
loaded into dissolvable microneedles to provide a longer
hypoglycemic effect compared to subcutaneous application.®
This is due to the ability of dissolving microneedles to penetrate
the stratum corneum, the uppermost layer of the skin, and
dissolve within deeper layers, releasing the incorporated drug
over a prolonged period.*® The stratum corneum is composed of
dead keratinized cells that result from the final differentiation
of deeper viable epidermal keratinocytes, providing a hydro-
phobic shield for deeper layers from the external environment."”
Dissolving microneedles are arrays of ultra-small needles made
from water-soluble polymers of less than 1000 um intended to
dissolve after application and penetrate the stratum corneum
with minimal invasiveness.” Dissolving polymeric micro-
needles have several advantages that include the ease of prep-
aration and disposal, and have relatively high drug loading
capability compared to other types of microneedles.*

Glimepiride is a second-generation sulfonylurea widely used
for the management of type 2 diabetes mellitus. Although it is
conventionally administered orally, this route presents several
pharmacokinetic and safety-related limitations. One major
concern is extensive first-pass hepatic metabolism, which not
only reduces the bioavailability of the drug, but also contributes
to interindividual variability in therapeutic response.*® Addi-
tionally, oral glimepiride has been associated with gastroin-
testinal side effects and a risk of dose-dependent hypoglycemia,
particularly when plasma concentrations peak rapidly following
absorption.”* These issues underscore the need for alternative
delivery strategies that can bypass the gastrointestinal tract,
while maintaining controlled and sustained drug release.
Transdermal delivery via dissolving microneedles offers
a promising solution by enabling direct transport of the drug
into systemic circulation, thus avoiding first-pass metabolism
and improving pharmacokinetic control.”> Moreover, dissolving
microneedles are minimally invasive, pain-free, and can be self-
administered, which may improve patient compliance and
adherence for elderly patients, dysphagia populations, or
needle-averse populations.>***

This study describes the development and evaluation of
a dissolving microneedle (MN) system based on a PVA/sucrose
matrix incorporating glimepiride nanocrystals to improve
transdermal delivery for diabetes treatment. We thoroughly
evaluated the microneedles’ mechanical properties with Paraf-
ilm®, excised murine skin, and excised human skin samples as
penetrative models. In addition, we studied the in vivo
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antidiabetic efficacy of glimepiride-loaded microneedles in
BALB/c mice by evaluating the changes in blood glucose and
serum insulin levels over time. To evaluate the possible
advantages of transdermal delivery, the therapeutic perfor-
mance of the MN formulation was compared to that of glime-
piride administered orally and at an equivalent dose.

2. Materials and methods

2.1. Materials

Glimepiride, fully hydrolyzed poly(vinyl alcohol) (PVA), and
sucrose were purchased from Merck, Germany. Dimethyl
formamide (DMF) was purchased from Labkem, Spain. Methy-
lene blue hydrate, phosphate buffer 1x tablets, acetonitrile,
hematoxylin and eosin, polyvinyl pyrrolidone (average molec-
ular weight 10 000 (PVP)), and carrageenan sodium salt were
purchased from Sigma Aldrich-Germany. Sodium lauryl sulfate
(SLS) was purchased from Biochem Chemopharma, France.
Double-distilled HPLC-grade water was used for this study.

2.2. Analysis of glimepiride content

The analysis of glimepiride was adopted from Mohd et al,
2014, with modifications and performed using HPLC (Shi-
madzu HPLC, model LC-2030C PLUS 3D). The system included
an integrated solvent and degasser, an analytical pump, a ther-
mostat autosampler, a thermostatic column compartment, and
a UV detector. Data acquisition was conducted using the Lab-
Solutions LCGC program. The eluent was monitored at 228 nm.
Chromatographic separation was carried out at 25 °C using
a reversed-phase Interclone® C18 column (250 mm x 4.6 mm,
5 um particle ODS 100 A size) (Phenomenex®, California, USA).
The mobile phase had an isocratic composition of acetonitrile:
0.2 M phosphate buffer (pH = 7.4), 40:60 v/v, eluted at a 1
mL min " flow rate. The injection volume was set at 20 pL. The
drug concentration in each sample was then determined
according to a calibration curve. This calibration curve was
constructed by correlating peak areas measured with the known
concentrations of glimepiride solutions. All measurements
were conducted in triplicate to calculate the mean values and
standard deviations.

2.3. Preparation of the glimepiride nanosuspension

The glimepiride nanosuspension was prepared using a direct
nanoprecipitation method employing probe sonication. Dime-
thylformamide (DMF) was used as a solvent and distilled water
containing a stabilizer was used as the antisolvent. A 400 pL
volume of 12.5 mg mL™" glimepiride, dissolved in DMF, was
added to an aqueous solution composed of 5 mL of 0.2% w/v
PVP (F1), 5 mL of 2.5% w/v PVP (F2), or 5 mL of 0.2% w/v SLS
under stirring (MS-H-S10, Dragonlab, China). The sonication
was performed for 5 min at an amplitude of 90% (90 W) on
pulse mode using a probe sonicator (UP200Ht, Hielscher, Ger-
many). Finally, the suspension was centrifuged at 9000 rpm for
10 min using a small benchtop centrifuge (Heraeus Megafuge,
Thermofisher, Germany). The supernatant was discarded, and
the nanocrystals were resuspended in HPLC-grade distilled
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water. The formed nanocrystals were then dried at room
temperature under vacuum. For the 0.2% SLS formula, two
formulations were prepared; one without a mortar and pestle
size reduction step, and the other with a mortar and pestle size
reduction step, where the dry powder was ground using
a mortar and pestle for 5 minutes.

2.4. Nanocrystal characterization

The particle size and polydispersity index (PI) were measured
using dynamic light scattering (3000 HS; Malvern Instruments,
Malvern, UK). Measurements were performed using a mono-
chromatic coherent He-Ne laser light of a fixed wavelength (633
nm) at 90° and room temperature. Each particle size measure-
ment was done in triplicate. Formulations were suspended in
5 mL of distilled water by sonication on pulse mode for 2
minutes at 90% (90 W) using a probe sonicator (UP200HLt,
Hielscher, Germany) to measure the particle size.

The SLS nanocrystal formulations were imaged using scan-
ning electron microscopy (SEM). First, nanocrystal samples
were spread on aluminum foil and dried for one day at room
temperature under vacuum. Subsequently, nanocrystal samples
were mounted on carbon adhesive-coated stubs and imaged
under a scanning electron microscope (HiVac, 3 kV using Versa
3D, FEI, Netherlands).

Differential scanning calorimetric analysis (DSC) for glime-
piride, ground glimepiride nanocrystals and SLS was performed
utilizing a Mettler Toledo DSC823e (Mettler, Switzerland) by
heating 2 to 3 mg of each compound in an aluminum crucible
from 25 °C to 350 °C, at a heating rate of 10 °C min~"' and
nitrogen flow of 80 mL min " with an empty aluminum crucible
as a reference.

Furthermore, thermogravimetric analysis (TGA) was con-
ducted using a Mettler Toledo TGA/DSC instrument (Mettler
Toledo, Zurich, Switzerland) for the same compounds. Each
sample was placed inside an alumina crucible heated at
a heating rate of 10 °C min~" in the temperature range from 30
to 800 °C under a nitrogen flow (60 mL min ).

2.5. Preparation of microneedles loaded with ground
glimepiride nanocrystals

Microneedles loaded with the 0.2% SLS ground formula of gli-
mepiride nanocrystals (GLIM_MN) were prepared using two-
layer centrifugation. Briefly, 8 mg of ground glimepiride nano-
crystals and 4 g of 23% w/w PVA/15% w/w sucrose aqueous
solution were stirred using a magnetic stirrer at 75 °C (MS-H-
S10, Dragonlab, China). The prepared polymeric mixture was
then poured into 15 x 15, poly(dimethylsiloxane) (PDMS)
microneedle molds, measuring 600 um in depth and 200 um in
base length. Then, the molds were centrifuged at 2500 rpm for
20 min to fill the holes of the molds using a benchtop centrifuge
(Heraeus Megafuge, Thermofisher, Germany). The excess
mixture was removed using a spatula, and the molds were left
for 24 hours at room temperature to dry the needles. The
aqueous-based polymeric solution of 23% w/w PVA was added
to the molds and centrifuged at 2500 rpm for 20 min. The
microneedles were left for 24 hours to dry and then gently

24076 | RSC Adv, 2025, 15, 24074-24086

View Article Online

Paper

removed from the molds. Methylene blue-loaded microneedles
were prepared in a similar manner; however, with the addition
and stirring of 2 mg of methylene blue dye to the PVA/sucrose
blend prior to pouring onto the PDMS molds in the initial
step. Blank microneedles (Blank_MN) were prepared in
a similar way to GLIM_MN, omitting the addition of
glimepiride.

2.6. Characterization of microneedles

The length of the microneedles was initially measured using
a bright-field microscope (Carl Zeiss Microscopy, Germany).
Subsequently, the mechanical strength of the microneedles
loaded with ground glimepiride nanocrystals was investigated.
Briefly, the tips of the microneedle array loaded with ground
nanocrystals (0.2% SLS formula) were directed upward on the
base surface of the texture analyser (EZ-LX, Shimadzu, Japan),
and pressed with the shaft at a rate of 0.5 mm s~ " for 30 s and
a force of 32 N (0.142 N/needle). Then, the morphological
changes were observed using a bright-field microscope. The
penetration of the microneedles into the Parafilm® was exam-
ined by tightly stacking 8 layers of Parafilm and placing the
layers over dental wax. Subsequently, the GLIM_MN formula
was applied using a thumb press. The created pores were
visualized under a digital light microscope (DM4 Digital
Microscope, China). SEM was also used to image GLIM_MN by
mounting the microneedle sample on carbon adhesive-coated
stubs and imaging was performed under HiVac, 3 kV using
Versa 3D, FEI, Netherlands. The glimepiride content in the
microneedles was determined by cutting the microneedles and
dissolving them using the mobile phase, and the obtained
solution was subjected to HPLC analysis after filtration.

2.7. Histological study

Excised murine skin and excised human skin were used to study
the insertion capability of the prepared microneedles. The
excised human skin specimen was obtained from a 38-year-old
female undergoing abdominal plastic surgery at the Jordan
University Hospital. Informed consent was obtained from the
participant, and all procedures were performed in accordance
with the Declaration of Helsinki and approved by the ethics
committee at the Jordan University Hospital (Ethical approval
No. 406/2021). The obtained skin was treated as previously
described for earlier obtained specimens.*® Specimens were
defatted using a scalpel, cleaned by tapping with dry wipes, and
placed onto a paperboard wrapped with aluminum foil, and the
skin surface was oriented upward. The skin was then kept in
zipper plastic bags and stored at —80 °C with an expiry date of 6
months from the date of obtaining the skin. In parallel, murine
skin was excised from 4-6-week-old female mice (BALB/c). All
procedures and experiments conducted on the BALB/c mice in
this study were performed in accordance with the Guidelines for
the Care and Use of Laboratory Animals of the University of
Jordan, and the experiments were approved by the Animal
Ethics Committee at the Deanship of Scientific Research,
University of Jordan (Ethical Approval No. 82-2022). Shaved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mice skin samples were stored in a sealed weighing boat at
—20 °C until use.

After the insertion of the microneedle array inside the
human or murine skin, skin samples were stored at —20 °C for
histological examination. Then, they were sectioned into slices
of 5 um thickness using a paraffin embedding procedure, in
which tissues were fixed by immersion in 10% buffered
formalin. Subsequently, they were processed using a tissue
processer (Thermo Electron Shandon Citadel 2000 Tissue
Processor, UK) with increasing concentrations of ethanol as
a dehydration step and to remove any formalin remnant, fol-
lowed by immersion in xylene to remove ethanol from the
tissues and to prepare them for the paraffin infiltration step.
Finally, they were embedded in paraffin wax for solidification
into paraffin blocks. The paraffin blocks were cooled with ice for
15 min to be sectioned using an automatic rotary microtome
(Thermo Scientific HM 355 S automatic rotary microtome,
Germany), and the sliced samples containing tissues were
stained using hematoxylin and eosin. Bright field images were
taken for the stained sectioned samples to detect the depths at
which the needles pierced both excised murine skin and excised
human skin.

2.8. Microneedle dissolution in the murine skin

Shaved mice skin samples were stored in a sealed weighing boat
at —20 °C until use. One section of full-thickness mice skin was
placed onto a piece of tissue paper in a weighing boat, and
wetted with PBS to prevent drying out. GLIM_MN was applied to
the skin and manually applied to the skin, with 10 g weight
applied on the top of the array to avoid microneedle expulsion.
GLIM-MN were withdrawn from the skin at predefined time
points, and their heights were measured using a bright-field
microscope.

2.9. Microneedles release study

A Franz diffusion cell setup was used to evaluate glimepiride's in
vitro drug release profile from dissolving microneedles. The
receptor chamber was filled with phosphate-buffered saline
(PBS, pH 7.4) containing 10% w/v Tween 80 and maintained at
37 °C using a water jacket system. Excised mice skin was
secured over the receptor compartment, ensuring proper
alignment and the absence of air bubbles. The microneedle
patch was applied onto the mice skin in the donor compart-
ment, and a cylindrical 10 g metal weight was placed on the top
of the applied microneedles to avoid expulsion. The donor
compartment was then sealed with Parafilm to prevent evapo-
ration. Samples of 0.2 mL were withdrawn from the receptor
chamber at predetermined time points, and replaced with fresh
release media to maintain sink conditions. The collected
samples were analyzed for glimepiride content using the above
HPLC method, and the cumulative amount of permeated drug
was plotted against time.

2.10. In vivo study on mice

In vivo experiments on 4-6-week-old female BALB/c mice were
conducted under the same ethical approval described previously
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(Ethical Approval No. 82-2022). The weights of the mice were 29
+ 5 g. Mice were shaved using a cordless shaver, and Veet® hair
removal cream was applied to yield smooth, hairless skin. Mice
were fed and divided into three groups, with each composed of 5
mice; untreated, glimepiride-loaded polymeric microneedles
(GLIM_MN), and glimepiride orally administered (GLIM_oral),
which was administered by suspending glimepiride nanocrystals
with a similar dose to GLIM_MN (132 pg) in 1 mL of distilled
water. Glimepiride-loaded microneedles were applied to the
mice using a thumb press, and fixed to the skin using adhesive
tape (Sellotape®) to avoid expulsion. At predefined time points,
the lateral tail vein was punctured. The mice blood was then
applied on Accu-check strips and inserted in an Accu-check
active glucometer to measure the blood glucose concentration
(BG), and the reading was recorded. Mice were fed after 5 hours,
monitored for glucose for 24 hours, and were euthanized after 48
hours. Analysis of serum insulin was conducted using a Murine
insulin ELISA kit (ELK Biotechnology, USA). Briefly, the collected
blood samples from the four groups (GLIM_MN, GLIM_ oral,
untreated, and Blank MN) were allowed to clot in a serum
separator tube for two hours at room temperature, and then
centrifuged for 20 minutes at 1000xg. The analysis of the
samples was conducted according to the manufacturer's
instructions. Analysis of C-reactive protein was conducted using
ELISA (ELK biotechnology, USA). Mice groups were structured in
a similar manner to the insulin experiment study with the
addition of a positive control group, which was treated with 1 mL
of 1% w/v carrageenan solution in PBS (pH 7.4). After 8 hours
from administration, blood samples were collected from the
groups and processed similarly to the serum insulin study before
quantification with the Murine CRP ELISA kit (ELK biotech-
nology, USA), according to the manufacturer's instructions. Mice
were monitored for their survival for 48 hours before euthanasia.

2.11. Statistical analysis

Results were presented as the mean + standard deviation.
Samples were tested using a two-tailed Student's t-test for
comparison between two groups using GraphPad Prism soft-
ware (ver. 9; GraphPad, Inc., San Diego, CA, USA). Rejection of
the null hypothesis was considered when the p-value < 0.05.

3. Results and discussions

3.1. Characterization of glimepiride nanocrystals

Two surfactants, PVP and SLS, were employed to help stabilize
the size of the nanocrystals. As shown in Fig. 1(a), nanocrystals
prepared using SLS exhibited significantly small size at the
same concentration as shown by comparing the size of the 0.2%
SLS formula with 0.2% PVP. Moreover, the PI for 0.2% PVP was
1, which indicates a broad unsatisfactory particle size distri-
bution. Increasing the PVP concentration in the antisolvent
reduced the PI with no significant change in the particle size.
Previously, it has been shown that SLS as a stabilizer in the
antisolvent resulted in lower particle sizes than PVP or Tween®
80.>” As expected, glimepiride exhibited a significant reduction
(p-value = 0.0002) in particle size after being ground in a mortar

RSC Adv, 2025, 15, 24074-24086 | 24077
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Fig.1 (a) Particle size and zeta potential for the formulation of 0.2% PVP, 2.5% PVP, and 0.2% SLS as antisolvents before grinding in a mortar and
pestle and 0.2% SLS as an antisolvent after grinding in a mortar and pestle, n = 3. (b) SEM images of 0.2% SLS before and after grinding. (c) DSC and
TGA thermograms for glimepiride powder, ground 0.2% SLS formula, and SLS. ***p-value < 0.001, ****p-value < 0.0001.
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and pestle from 772 nm and PI of 0.26 to 348 nm, with no
significant change in PI. Therefore, this formula was used for
subsequent investigations. These results corroborate a recent
study that showed that the size reduction of itraconazole-SLS-
hydroxypropyl cellulose with a mortar and pestle for 5
minutes resulted in a significantly lower particle size, with no
further improvement at 10 minutes.?® The size reduction via dry
grinding using a mortar and pestle that was employed in our
formulation is a versatile, low cost, grinding technique.” In
contrast, in wet grinding, a levigating agent such as water or
other agents is used. Although this technique generates less
heat, potential contamination of the particles with the levi-
gating agent is a major problem.*® As shown in Fig. 1(a), the zeta
potential results show a negative zeta potential due to the
negatively charged glimepiride.*' The SEM images for 0.2% SLS
before grinding in a mortar and pestle show generally larger
particles compared with those after grinding in a mortar and
pestle, which corroborate the results obtained from dynamic
light scattering (Fig. 1(b)). Many other studies have used
a mortar and pestle in the preparation of nanoparticles to
achieve the desirable reduced narrow size distribution.**** The
differential scanning calorimetry (DSC) thermogram revealed
the melting peak at 210 °C for the glimepiride powder (Fig. 1(c)).
A similar thermogram appeared for the glimepiride nanocrystal
with a melting peak at approximately the same temperature,
indicating that the process of formulating the nanocrystals did
not change the chemical structure of glimepiride. Similar
thermogram behavior with only a single endothermic peak at
210 °C was found in previous studies.***® Thermogravimetric
analysis (TGA) revealed a decomposition of glimepiride that
started at 226 °C (Fig. 1(c)), similar to a previous study that
showed a similar decomposition at that temperature.*”

3.2. Physical characterization of glimepiride dissolving
microneedles

Studying the SEM images of GLIM_MN (size-reduced glime-
piride loaded PVA/sucrose) showed an array of pyramidal-
shaped microneedles (Fig. 2(a)), and a height of 500 + 14 um
with sharp tips for GLIM_MN. Moreover, GLIM_MN showed
a microneedle base length of 176 + 4 um, and a glimepiride
entrapment of 132 £ 19 pg per array (Table 1). Such a sharp tip
is expected to enhance the smooth penetration capabilities of
the microneedle array.*®

Despite a slight deformation at their tips, the microneedles
showed no significant change in their height after application
of 32 N for force at 0.5 mm s~ ' (Fig. 2(b)). The force required for
effective human skin penetration is 0.058 N/needles,*” which is
13.05 N for our microneedle array. Therefore, our formulation
can withstand the required insertion force for effective pene-
tration without damage.

3.3. Penetration capabilities of glimepiride-loaded
dissolving microneedles

Studying the Parafilm penetration revealed that GLIM_MN was
able to fully penetrate the first and second layers of the stacked
Parafilm layers (Fig. 3(a) and (b)). Parafilm has been utilized to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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study the insertion properties of microneedles and their
mechanical properties, which resemble human skin and
porcine skin.* Parafilm is composed of paraffin waxes and
polyolefin, and therefore resembles the hydrophobic nature of
the stratum corneum.** Moreover, the penetration of micro-
needles through the Parafilm was previously shown to be close
in depth to the penetration in neonatal porcine skin.> A
significant proportion of microneedles were able to penetrate
three layers of Parafilm. Each layer is 130 um thickness; there-
fore, microneedles penetrated up to a 390 pm depth. In our
study, GLIM_MN exhibited full penetration of the array on
shaved mice skin (Fig. 3(c)), and the penetration depth was
480 £ 15 pm, as shown by H&E staining (Fig. 3(d)). Moreover,
methylene blue microneedles also showed full penetration of
the shaved human skin (Fig. 3(e)) and the penetration depth
was 276 £ 65 pum, as shown by H&E staining (Fig. 3(f)). Micro-
needle penetration into human skin is significantly less than
the penetration depth of mice skin due to the histological and
physiological differences in the skin between mice and human.
The human skin stratum corneum thickness is 10 to 20 um
compared to 5 um for mice.** Moreover, the density of hair
follicles in mice is higher than human skin, which can serve as
natural channels.* Collectively, these factors result in a lower
penetration depth for microneedles in human skin compared to
mice.

3.4. Invitro release and dissolution of glimepiride-loaded
dissolving microneedles

The in vitro release of glimepiride from GLIM_MN showed
a gradual and complete release by 6 hours (Fig. 4). Studies
utilizing Franz cells have demonstrated that DMNs can achieve
sustained and gradual drug release when applied to excised
mice skin, with release profiles often extending over hours to
days depending on the polymers used in the formulations, the
inclusion of nanocrystals in the microneedles, and the physi-
cochemical properties of the incorporated drug.*

Dissolving microneedles are an innovative drug delivery
system designed to painlessly penetrate the skin and rapidly
dissolve, releasing therapeutic agents. In studies on rodents,
these microneedles have demonstrated quick dissolution upon
insertion, efficiently delivering their payload into the skin
within minutes.** This rapid dissolution enhances drug
absorption while minimizing skin irritation, making them
a promising alternative to traditional injections. Unlike oral
administration, transdermal microneedles bypass the gastro-
intestinal tract and hepatic first-pass metabolism, potentially
reducing variability in drug absorption and enhancing systemic
bioavailability of the intact parent drug.*” Moreover, the mini-
mally invasive nature of microneedles supports improved
patient compliance, particularly among populations with swal-
lowing difficulties, or aversion to injections.** The GLIM_MNs
formulation may also reduce gastrointestinal side effects
commonly associated with oral glimepiride, such as nausea or
gastric irritation. Additionally, the microneedle platform offers
the potential for sustained drug release, providing a steady
plasma concentration and minimizing fluctuations that can

RSC Adv, 2025, 15, 24074-24086 | 24079
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Fig. 2 (a) SEM microscopic images of GLIM_MN, and (b) GLIM_MN height and bright field microscopic images before and after texture analyzer
analysis, n = 3.

Table 1 Physical characteristics of GLIM_MN: height, base length, glimepiride content, penetration in the excised mice and human skin, n =3

Microneedles Microneedles Glimepiride Excised mice Excised human
Microneedles height (um) after base length content per array skin penetration skin penetration
Formula height (um) texture analyzer (um) (ng per array) depth (um) depth (pm)
GLIM_MN 500 + 14 484 £ 9 176 £ 4 132 £ 19 480 £+ 15 276 £ 65

lead to hypoglycemic episodes.* These advantages position the home-based care settings. In our study, the heights of
microneedle system as a promising alternative for long-term GLIM_MN gradually decreased in length when incubated in
diabetes management, particularly in patient-centric and excised mice skin and required 20 minutes to fully dissolve

24080 | RSC Adv, 2025, 15, 24074-24086 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Penetration of GLIM_MN. (a) Parafilm penetrated vs. penetration depth. (b) Digital light microscopic images of the first through fourth
layers of Parafilm. (c) Digital light microscopy image of the excised murine BALB/c skin. (d) Penetration depth of GLIM_MN in the excised mice
skin using fluorescence microscopy (bright field). (e) Digital light microscopy image of the excised human skin. (f) Penetration depth of GLIM_MN
in the excised human skin using fluorescence microscopy (bright field), n = 3.
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Fig. 4 In vitro release of glimepiride from GLIM_MN through full
thickness murine skin, n = 4.

(Fig. 5(a) and (b)). Dissolving microneedles are based on the
dissolution of the polymer in the skin to release the encapsu-
lated drug.’® Previous studies have shown that PVA-based
microneedles can dissolve in excised skin in 60 min or
less.*>** A previous study of polyvinylpyrrolidone and hyaluronic
acid incorporating propranolol had shown a comparable
dissolution time of 20 min.”

Incorporating glimepiride as nanocrystals within micro-
needles offers several advantages over its bulk form, particularly
in terms of solubility, stability, and release kinetics. Nano-
crystals significantly enhance the apparent solubility of the drug
and dissolution rate due to their increased surface area, which
is especially beneficial for poorly water-soluble drugs like gli-
mepiride.****> Unlike amorphous forms, nanocrystals also offer
improved physical and chemical stability, minimizing the risk
of recrystallization and degradation during storage or after

(a)

View Article Online

Paper

administration.*® Moreover, nanocrystalline formulations can
enable more controlled and sustained drug release, which is
desirable for achieving prolonged therapeutic levels through
the transdermal route.”” These characteristics collectively justify
the use of nanocrystals over bulk glimepiride in the micro-
needle platform, aiming to improve both bioavailability and
patient compliance.

3.5. Antidiabetic activity of glimepiride-loaded PVA/sucrose
microneedles

In our study, both GLIM_MN and GLIM_oral showed signifi-
cantly less blood glucose levels compared to the untreated
group (p-value < 0.0001), with a maximum blood glucose
lowering effect after 5 hours from administration (Fig. 6(a)).
This confirms that intact glimepiride passed from the
epidermis to the dermis, where blood capillaries can transport
the drug for systemic effect. Both GLIM_oral and GLIM_MN
treated groups showed an increase in the serum insulin level at
5 hours (Fig. 6(b)). The blood glucose levels for the GLIM_oral
treated group were less than those of the GLIM_MN treated
group within the first two hours post-administration (p-value =
0.0005). The higher hypoglycemic effect for GLIM_oral at early
time points is due to glimepiride being subjected to oxidative
biotransformation primarily via the CYP2C9 enzyme, which is
abundant in the gastrointestinal tract and liver, resulting in the
formation of its active metabolite (M1).*® This pre-systemic
metabolism can contribute to a more rapid pharmacodynamic
response after oral dosing. In contrast, the transdermal
microneedle route bypasses the gastrointestinal tract and first-
pass metabolism, requiring the parent drug to reach systemic
circulation before undergoing hepatic metabolism.* This delay
in biotransformation may plausibly account for the relatively
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points after application on the excised mice skin, n = 3.
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(@) The microneedles’ height vs. time after application on the excised mice skin. (b) Bright field images of microneedles at different time
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(a) Blood glucose serum level (% from initial) for GLIM_MN treated, GLIM_oral treated, and untreated BALB/c mice. (b) Serum insulin level

for GLIM_MN treated, GLIM_oral treated, Blank_MN treated, and untreated BALB/c mice. (c) Serum C-reactive protein for carrageenan treated,
GLIM_MN treated, GLIM_oral treated, Blank_MN treated, and untreated BALB/c mice. (d) The probability of survival for carrageenan treated,
GLIM_MN treated, GLIM_oral treated, Blank_MN treated, and untreated BALB/c mice, n = 5.

slower onset observed with microneedle delivery, despite the
typically rapid absorption profile associated with the trans-
dermal route. Therefore, the delayed effect may be more closely
related to differences in metabolic activation rather than solely
to absorption kinetics, which was substantiated by the higher
insulin levels for GLIM_oral compared to GLIM_MN at 5 hours.

Glimepiride has a Ty,,x of 2-3 hours following a single oral
dose in humans.®® Moreover, in a previous study, the maximal
insulin and glucose-lowering activity for oral glimepiride was
achieved after 2-3 hours, following oral glimepiride dose in type
2 diabetic patients.®* In our study on BALB/c mice, the
maximum glucose-lowering occurred at 5 hours. This is prob-
ably due to the higher metabolic rates of mice and differences in
enzymatic activity of mice compared to humans.®> These
species-specific metabolic pathways can alter the rate at which

© 2025 The Author(s). Published by the Royal Society of Chemistry

a drug is processed and eliminated, influencing its pharmaco-
kinetic profile, including Ty,ax. Moreover, the administration of
glimepiride without food for the first 5 hours may explain the
continued decline in blood glucose levels during this period.
C-reactive protein (CRP) is a key inflammation biomarker,
produced by the liver in response to cytokines like IL-6 and
TNF-0.% Its rapid elevation makes it useful for assessing
inflammatory responses to microneedles (MNs), which pene-
trate the skin for drug delivery with minimal pain, although
their potential to cause inflammation must be evaluated despite
the aim to reduce tissue damage.”””** Monitoring CRP post-
application helps determine whether different MN types
trigger excessive immune responses. Our study showed no
significant difference between the GLIM_MN treated group and
the untreated group, Blank MN, or GLIM oral groups

RSC Adv, 2025, 15, 24074-24086 | 24083
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(Fig. 6(c)). The only group that exhibited a significant increase
in the C-reactive protein was the carrageenan-treated group. In
the carrageenan-treated group, two of the five mice died
presumably because of inflammation, and the rest of the mice
survived the entire course of study (Fig. 6(d)). Carrageenan has
been used to induce inflammation in mice and can elevate the
serum C-reactive protein levels.** Therefore, our results
demonstrate that our microneedle formulation promotes
minimal tissue damage and no proinflammatory response.
Previously, it has been shown that dissolving microneedles
using biocompatible polymers, including polyvinyl pyrrolidone,
maintains skin integrity and does not trigger inflammation.®

The maximum daily dose of glimepiride is 8 mg per day, and
the effective concentration is 0.5-8 mg per day.*® Such a potent
dose is advantageous, as high doses may limit the usefulness for
dissolving microneedle drug delivery since they can entrap only
small doses due to their diminutive structure.'® Moreover, gli-
mepiride is a second-generation sulfonylurea that is more
potent and has fewer side effects than first-generation sulfo-
nylurea.®” Therefore, incorporating glimepiride into dissolving
microneedles has great potential in reducing blood glucose
levels in type 2 diabetes mellitus.

Previously, glimepiride was incorporated in a nanoemulgel
formulation to enhance its transdermal permeation since it has
low skin permeation.®® Other transdermal formulations of gli-
mepiride complexes have also shown improved transdermal
delivery as an alternative to oral delivery.®®”® These studies
aimed at modifying the formulation, allowing for efficient
transdermal delivery. Therefore, it was postulated that actively
puncturing and penetrating the stratum corneum, the main
skin barrier, can improve the antidiabetic effect of glimepiride.

Regulatory authorities such as the U.S. FDA are increasingly
expected to require sterility for polymeric microneedle patches,
especially when used for the transdermal delivery of systemic
therapeutics, vaccines, or biologics, due to the potential risk of
skin infections and microbial contamination.”””> This require-
ment introduces manufacturing and distribution challenges,
including the need for aseptic processing or terminal steriliza-
tion methods such as gamma irradiation treatment that do not
compromise the microneedle’'s mechanical or chemical integ-
rity.” Ensuring storage stability is also critical, particularly in
maintaining the performance of PVA or other polymeric plat-
forms used in microneedle formulations under various envi-
ronmental conditions, which may require desiccants or cold-
chain storage depending on the formulation.”*”® Studies have
shown that microneedle patches can reliably penetrate the
stratum corneum (outer skin layer) with forces as low as 5-10 N,
meaning that a normal thumb press is sufficient for effective
application in many cases.””” This is evident as our micro-
needle formulation fully penetrated the Parafilm, mice skin,
and human skin. For reproducible insertion, self-
administration by patients or caregivers raises concerns about
consistent skin penetration and dose delivery. However, if
applied by thumb press, users may utilize feedback mecha-
nisms such as color changes, which are being explored to
confirm proper use.”® In our study, color change was used in
methylene blue-loaded microneedles to confirm efficient
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delivery to excised human skin. Dissolving microneedles,
depending on their design and material, generally dissolve and
release their payload within minutes to days, and can be used
for immediate or sustained transdermal delivery.'® Disposal is
another important consideration, especially in resource-poor
settings, where the lack of sharps containers or proper waste
management systems could lead to environmental contamina-
tion or safety risks. To address this, biodegradable or dissolving
microneedles that leave no sharp waste are increasingly favored
for safe, low-resource deployment.”

4. Conclusion

In this work, we successfully developed a robust formulation of
glimepiride nanocrystals into PVA/sucrose-based dissolving
microneedles. The dose of glimepiride incorporated into the
microneedles was adequate to lower blood glucose levels and
increase serum insulin levels in mice. Moreover, our micro-
needle formulation punctured and penetrated human skin and
penetrated mice skin without triggering inflammation. Micro-
needles offer a promising alternative for delivering drugs with
poor skin permeability, such as glimepiride, by enabling
systemic absorption, reducing blood glucose levels, boosting
insulin production, and avoiding inflammation. This minimally
invasive method addresses the key challenges of oral antidia-
betic delivery and provides additional benefits, including better
patient adherence (especially for patients with dysphagia),
avoidance of gastrointestinal side effects, and the possibility of
sustained drug release.
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