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Abstract

Background: Transdermal drug delivery by means of polymeric microneedles (PMNs) offers the advantage of overcoming
some of the disadvantages of oral medication, such as first-pass metabolism, through painless, controlled drug release.
Lawsone, isolated from Lawsonia inermis, exhibits reported antioxidant, anti-inflammatory, antimicrobial, and antitumor
properties, suggesting its use as a promising candidate for topical application.

Objectives: Fabrication and optimization of hyaluronic acid-carboxymethylcellulose (HA-CMC) PMNs loaded with lawsone
with respect to enhancing transdermal delivery and understanding release and physicochemical characteristics.

Methods: Hyaluronic acid-carboxymethylcellulose-lawsone patches were prepared by micromolding. The Box-Behnken design
approach was then utilized to identify the appropriate concentrations of carboxymethylcellulose (CMC) (0.15% to 0.35% w|w),
hyaluronic acid (HA) (0.01% to 0.09% w|w), and polyethylene glycol 400 (PEG 400) (0.5% to 1.5% w|w), all of which are dependent
on drug release after 90 minutes. Morphological examination was conducted using light and scanning electron microscopy
(SEM). The levels of transepidermal water loss (TEWL), drug content, insertion rate, mechanical properties, and release of the
patches were assessed.

Results: The optimized formulation showed a cumulative release of 59.63% in 90 min, following Higuchi release kinetics.
Polymeric microneedles showed uniform morphology, a failure force of 0.48 N, full penetration of 375 um, and reversible
changes in TEWL.

Conclusions: Hyaluronic acid-carboxymethylcellulose PMNs offer a promising formulation strategy for the transdermal
delivery of lawsone. This preliminary study establishes a biocompatible platform with potential for future development
towards anti-inflammatory and antitumor therapies, pending further in vivo validation.
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1. Background including hepatic  first-pass metabolism and
gastrointestinal instability (1, 2). This approach

Transdermal drug delivery has gained significant
attention as a major modality of contemporary
pharmacotherapy for the delivery of therapeutics across
the skin surface to produce systemic effects while
circumventing the disadvantages of oral drug dosing,

promotes patient adherence through painless and self-
administered systems capable of controlled and
sustained release and is particularly advantageous for
chronic therapies, such as opioid replacement or pain
management (3, 4). However, the stratum corneum (10 -
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20 pm thick) is a lipophilic barrier that severely limits
the permeation of hydrophilic or high-molecular-
weight compounds (> 500 Da), thus confining
transdermal therapeutics to only a very limited number
of lipophilic small molecules (5-9). Microneedle (MN)
technology provides a solution to this issue by creating
micron-sized needles that increase permeability by 100
to 10,000 times, combining the ease of a patch with the
precision of an injection without triggering pain or
deep tissue injury (10, 11). Microneedles offer advantages
over hypodermic needles by minimizing tissue damage
and pain during drug delivery. Dissolving, solid, coated,
and hollow MNs have emerged as invasive drug delivery
options (8). Polymeric microneedles (PMNs) are also
biocompatible, degradable alternatives to inorganic
types (such as silicon or metal), which are prone to
brittleness and toxicity issues. Polymeric MNs, 25-2000
um long, made up of polymers polyvinyl alcohol (PVA),
carboxymethyl cellulose (CMC), hyaluronic acid (HA),
polyvinylpyrrolidone (PVP), or poly (ethylene glycol)
diacrylate (PEGDA), penetrate the stratum corneum
layers to target living layers of epidermis or dermis for
immune or vascular areas (12, 13). Following ISO 10993
standards, they are gentle on skin, ensuring minimum
inflammation and degradation by themselves (14). The
versatility of PMNs to encapsulate biologics without
denaturation and mechanical properties that withstand
skin viscoelastic forces (15).

PMNs are mechanism-engineered to fit release rates
for various cargoes. Dissolvable PMNs, processed from
soluble HA, PVA, or PVP, disintegrate via interstitial fluid
for rapid or controlled bulks for vaccine or pain relievers
(16-18). Swelling-type PMNs, analogous to chitosan
hydrogel, hydrate to sustain diffusion rates for days,
maintaining large biomolecule structure.
Biodegradable PMNs via PLGA hydrolyze for sustained
release, also improving patient adherence for chronic
treatment (16, 18). Coated PMNs utilize shear-off strips
for rapid initiation, together with hollow PMNs
facilitating infusion or “poke-and-flow” treatment (19,
20). Therapeutic PMNs are so-called for containing
integrated responsive functions, including pH-sensitive
coatings or nanoparticles for theranostic functions (19).
Polymeric microneedles are micromolded using
“legacy” technology from polydimethylsiloxane (PDMS)
to cast polymer solutions under vacuum to create high-
density needles (21, 22).

Lawsone, chemically called 2-hydroxy-1,4-
naphthoquinone, is mainly obtained from Lawsonia
inermis, a plant ubiquitous to North Africa, the Middle
East, and South Asia. Lawsonia inermis is locally known as
Henna, Madurang, Mendi, Manghati, Goranti, and

Madayantika; it is one of the most common families of
naphthoquinone dyes (23). Lawsone was first isolated in
the 1950s from the leaves of the henna plant and is
present at 0.5 - 15%. Its synthesis occurs via the
phenylpropanoid pathway in the plant. Henna is a
brown-green powder utilized in cosmetics. It has been
extensively used not only in hair coloring products but
also as dyes in textiles for coloring of cloth materials like
silk, wool, and leather since 1400 BC in various parts of
the world. A naturally occurring organic compound also
called hennotannic acid, obtained mainly from L.
inermis (Henna) (24). It is a potential drug-like molecule
with unique chemical and biological characteristics.
Traditionally, henna is used in hair and skin coloring
and is also a medicinal herb for various diseases. It is
also widely used as a starting material for the synthesis
of various drug molecules. Literature reports indicate
the chemistry, biosynthesis, physical, and biological
properties of lawsone. The results showed that lawsone
has  potential  antioxidant, anti-inflammatory,
antimicrobial, and antitumor properties. It also induces
cell cycle inhibition and programmed cell death in
cancer, making it a potential chemotherapeutic agent.
Additionally, inhibition of pro-inflammatory cytokine
production makes it an essential treatment for
inflammatory diseases. Exploration of its biosynthetic
pathway can pave the way for its development into
targets for new drug development (23, 25, 26).

2. Objectives

In this project, polymer MNs of HA and CMC
containing lawsone were prepared and optimized as a
potential transdermal drug delivery system. Various
formulations of MN patches containing lawsone were
prepared and optimized using Design Expert software
based on the rate of lawsone release. The
physicochemical properties of the optimized patch
were investigated in a laboratory environment.

3. Methods

3.1. Fabrication of Stainless-Steel Master Mold

A high-aspect-ratio MN array template, suitable for
replicating dissolvable PMNs, was fabricated in stainless
steel using micro-electro-mechanical systems (MEMS)
processes (27). Photolithography was used to pattern a
silicon wafer and define conical MN geometries: Height
600 - 800 um, base diameter 200 - 300 um, aspect ratio 3
- 4, inter-needle spacing 500 pm. Sharp-tipped
structures were formed by DRIE of the pattern, followed
by the electroplating of a thin layer of stainless steel for
durability and corrosion resistance. The master mold
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consisted of an 11 x 11 array (121 MNs in total) on a 1 cm?
base.

3.2. Polydimethylsiloxane Mold

Negative molds of PDMS were prepared by casting
PDMS prepolymer (Sylgard 184, Dow Corning) over the
stainless-steel master mold (28). The PDMS mixture (10:1
base-to-curing agent ratio by weight) was first degassed
under vacuum for 30 min to remove air bubbles and was
then poured onto the master to a thickness of 5 mm. The
assembly was cured at 60°C for 4 h in a convection oven,
ensuring conformal replication of the MN features with
high fidelity (replication error < 2%). After curing, the
PDMS mold was gently peeled from the master and then
inspected for defects by optical microscopy. The mold
was then treated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane vapor for 1 h to render the surface
hydrophobic and thus provide for easy demolding of
PMNs. The flexible nature of the resulting PDMS mold
supported sharp tip geometries and was reusable for
more than 50 casting cycles, allowing for scalable
production of PMNs.

3.3. Fabrication of Polymeric Microneedles

PMN patches were fabricated via micromolding
using the PDMS mold and a blend of HA (molecular
weight 1 - 2 MDa) and sodium carboxymethyl cellulose
(CMC, degree of substitution 0.7 - 0.9) as the matrix
polymers, loaded with lawsone (2-hydroxy-1,4-
naphthoquinone) as the model drug for transdermal
delivery (29, 30). HA and CMC were wetted in
polyethylene glycol 400 (PEG 400) and dissolved in
deionized water (pH 6.5 - 7.0) at 40 - 50°C to form a
viscous solution, then lawsone was added. The mixture
was stirred for 2 h, degassed, and cast into the PDMS
mold using a vacuume-assisted filling technique to
ensure complete penetration of cavities (applied
vacuum: 0.5 bar for 10 min). Excess solution was
removed by centrifugation (4000 rpm, 15 min), and the
mold was dried at 37°C for 72 h in a humidity-controlled
chamber (40 - 50% RH) to form solid, dissolvable PMNs.
Demolded patches (1 cm?, 121 needles) were stored in
desiccated conditions.

3.4. Optimization of Polymeric Microneedles

To identify the most important levels of factors that
potentially affect the PMNs, an experimental design of
Box Behnken was used (Design Expert 12.0.0 software)
(31). The selected factors were CMC concentration, HA
concentration, and PEG concentration. The specified
codes for each factor and its levels are presented in Table
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1. Drug release is one of the important factors in the
effectiveness of various drug delivery systems, including
MNs. Therefore, the percentage of release at the time of
reaching the plateau was considered as the response for
optimization (32, 33).

3.5. Morphology Characterization

Needle geometry assessments, like MN tip radius and
length, are very important. Scanning electron
microscopy (SEM) and optical microscopy are
performed to provide a dimensional evaluation (34).
Dried PMNs were gold-sputtered (10 nm thickness) and
imaged at 5 - 15 kV acceleration voltage in low-vacuum
mode to visualize tip sharpness, base uniformity, and
surface topography at magnifications of 50 - 5000.

3.6. Determination of the Mechanical Properties of
Microneedles

Microneedles should be sharp, slender, and strong to
achieve appropriate permeation with no breakage.
Insertion force/depth and failure force are important
mechanical properties, measured using techniques of
dye marking and force-displacement testing (35). A high
insertion-to-failure force ratio (safety factor) is
preferred. Microneedle integrity and insertion force,
regarding the safety of designs, is evaluated by
compressing on a Texture Analyzer. Pre- and post-
compression, MN array heights are measured. The
arrays are mounted on a steel platform and subjected to
a predefined force for 30 seconds. The MN heights were
measured post-compression under a microscope.
Height reduction (%) vs force can be plotted from direct
measurements.

3.7. Insertion Test

Eight layers of Parafilm™ (PF) film (2.0 cm x 2.0 cm,
ca. 1000 pm thick) were stacked, and a MN patch was
applied with 10 N of force for 2 min (36, 37). Following
the removal of the MN patch, the number of PF layers
pierced, and surface micropores were quantified [tests
were performed in triplicate (n = 3)]. Penetration rate
was then calculated as the following equation:

Penetration rate = % x 100

where X = number of surface pores remaining, and Y
=total number of needles.

3.8. Transepidermal Water Loss

Transepidermal water loss (TEWL) was measured
using a Tewameter to assess skin barrier integrity post-
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Table 1. Factors and Levels Are Used in the Design of an Experiment for Optimizing Polymeric Microneedles
Level
Factor (Concentration) Symbol Unit
Low M High

CMC A (%w]w) 015 0.20 035

HA B (%wlw) 0.01 0.05 0.09

PEG 400 C (%wlw) 0.50 1.00 1.50

Abbreviations: HA, hyaluronic acid; PEG 400, polyethylene glycol 400.

PMN insertion (38-40). The studies utilized rat skin
obtained from animals sacrificed for other purposes
approved by the Institutional Animal Care and Use
Committee. All procedures were in accordance with the
guidelines of the Kerman University of Medical Sciences
Animal  Ethics = Committee  (approval  code:
IR.KMU.REC.1400.567). Rat skin samples (n = 6) were
equilibrated at 32°C and 50% RH for 30 min, with
baseline TEWL recorded. Optimized PMNs were inserted
as in Section 3.7, and TEWL was monitored at 0, 1, 3, 6,
and 24 h postremoval. Temporary increases (20 - 30%
above baseline at 1 h) indicated microchannel formation
without permanent damage, returning to < 10%
elevation by 24 h, confirming reversibility and minimal
irritation for lawsone delivery.

3.9. Drug Content Determination

Microneedle arrays were carefully taken out from the
molds and placed in a 20 mL vial to be dissolved in 10 mL
PBS by magnetic stirring at 4000 rpm for 30 min. After
that, centrifugation was done at 5000 rpm for 10 min to
remove any aggregated particles (41). A 100 pL of the
supernatant was serially diluted to make its absorbance
value readable via UV-visible spectroscopy and defined
by a calibration curve range.

3.10. UV-Visible Quantification

To determine the maximum absorption wavelength
of lawsone, solutions of 40, 80, and 200 pg/ml in a water
and ethanol mixture (50:50) were first prepared. A
spectrophotometer was then used to scan the
wavelength range of 200 - 650 nm, with the maximum
absorption wavelength identified based on the observed
peak (42). To prepare the initial stock solution, 10 mg of
the substance was weighed and then diluted with 50%
ethanol to a final volume of 10 mlL, resulting in a stock
solution with a concentration of 1000 pg/mL.
Subsequently, to create a secondary stock solution, 1 mL
was taken from the primary stock and diluted to 10 mL
with 50% ethanol, yielding a secondary stock
concentration of 100 pg/mL. Standard working

solutions were then prepared at concentrations of 2, 4,
5, 8, and 10 ug/mL, and the absorption of each was
measured at the maximum absorption wavelength
using UV-visible spectroscopy. To improve the accuracy
of constructing and reading the absorption of working
standards, the process was repeated three times. The
standard curve was generated using Microsoft Excel
software, and its equation was determined for future
reference. Least squares linear regression and
correlation analysis were conducted on the obtained
calibration curves. The limit of detection (LOD) and
limit of quantification (LOQ) for each method were also
established.

3.11. Dissolution Test

In an attempt to model the process by which MNs
prick the wet surface of the skin, the gelatin model
system was opted for. In this respect, a gelatin film was
developed, which had similar mechanical values
(Young's modulus, etc.) to those of the stratum corneum
layer of the epidermal surface of the skin. This film
material was made from a gelatin solution that had a
concentration of 12.5% w|v in water at 37°C. A fixed
quantity of gelatin powder was mixed in 10 ml of
distilled water at 40°C to get a solution that is
completely transparent. This solution was poured into a
4 x10 cm mold. Freezing the solution for at least 8 hours
in the refrigerator led to the formation of a semisolid
hydrogel, which had a similar consistency to that of the
skin, particularly the epidermal layer, which has a
relatively high water content (43).

3.12. Ex Vivo Drug Release

To determine the skin permeation kinetics of drug-
encapsulated PMNs, they were applied to rat skin
mounted on Franz cells over periods that reached the
plateau (44). To determine the skin permeation kinetics,
drug-encapsulated PMNs were applied to full-thickness
rat abdominal skin, mounted on Franz-type diffusion
cells (Receptor volume: 30 mL). The receptor
compartment was filled with phosphate-buffered saline
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(PBS, pH 7.4) maintained at 32 + 0.5°C under continuous
magnetic stirring. Samples (1 mL) were withdrawn from
the receptor compartment at predetermined time
intervals (15, 30, 45, 60, 90, 120 min) and replaced with
an equal volume of fresh pre-warmed PBS. The
concentration of lawsone in the samples was quantified
using the validated UV-visible method described in
Section 3.10. Cumulative drug release was calculated and
plotted against time.

3.13. Statistical Analysis

For the Design of Experiments, analysis of variance
(ANOVA) was performed using Design Expert software.
For other experiments, data are presented as mean +
standard deviation (SD). The sample size (n) for each
experiment is reported in the respective method or
result section and was chosen based on common
practices in preliminary formulation studies to assess
variability and trends.

4.Results

The results obtained in this

mentioned below.

project will be

4.1. Fabrication and Optimization of Polymeric Microneedles

Polydimethylsiloxane molds were made in such a
way that the patch produced from them had an 1 x 11
arrangement and an area of 1 cm?. Based on the method
(Section 3.3) and Table 1, 15 formulations of MN skin
patches were prepared. The center points (F13-F15) were
replicates (n = 3) for estimating pure error. These
formulations were evaluated for the percentage of
lawsone released upon reaching the plateau (90
minutes), and the release percentages were input into
the software (Table 2). Following optimization, the
proposed model was refined using Design Expert
software along with one-way analysis of variance data.
The results are displayed in Appendix 1 in
Supplementary File. The proposed model yielded a P-
value of less than 0.05, indicating its validity.
Furthermore, the lack of fit was greater than 0.05, which
is favorable for the proposed model. The values of R? and
adjusted R? are 0.9998 and 0.9994, respectively, which
indicate the linearity of the proposed model. The
formula suggested by the software for optimization is
provided below.

Response = +23.33 -13.60 * C 222 *"A*B +9.17 *A* C
-4.05 * B * C +0.83 * A? +9.76 * B? +6.86 * C? -5.87 * A? * B
+9.17*A?*C-4.73 *A*B?

A: CMC concentration, B: HA concentration, C: PEG
400 concentration
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Figure 1 illustrates the relationship between the
model’s predicted data and the actual data, and Figure 2
demonstrates the impact of various factors on the
percentage of release. To validate the predictive
capability of the model and address concerns of
overfitting, two random checkpoint formulations (FV1
and FV2, Table 3), which were not part of the original
experimental design matrix, were prepared alongside
the software's optimal formula, and their release
percentages were calculated and shown in Table 3. The
results confirm a validated formula for optimizing the
patch formulation based on the release percentage. The
close agreement between predicted and actual values,
with the latter falling within the 95% confidence
intervals, confirms the model's robustness and
predictive power for interpolation within the design
space. The level factors of the optimal formula (FO) are
presented in Appendix 3 in Supplementary File.

4.2. Morphology Characterization

Light and electron microscopes were utilized to
investigate the morphology of the PMNs. Figures 3A and
Figures 3B present the light microscope images of the
PMN:s, illustrating the uniformity of the MN shafts, their
integrity, and their orderly arrangement. Figures 3C and
Figures 3D display the electron microscope images of
the MNs, highlighting their pyramidal shape, consistent
arrangement, and well-defined tips.

4.3. Mechanical Properties of Microneedles

The general force-displacement plot of PMN’s skin
penetration is shown in Appendix 4 in Supplementary
File. The change in slope indicates the point of needle
breakage (this is approximately 0.48 N). The test was
repeated on five separate patches (n=5).

4.4. Insertion Test and Transepidermal Water Loss

Parafilm insertion testing showed 100% permeability
up to the third layer, with no permeability observed at
the sixth layer. The results of this test are presented in
Appendix 2 in Supplementary File.

The results of the TEWL study in the control group
and the group to which the PMNs were inserted on the
skin of rats are presented in Figure 4. The results show a
significant decrease in TEWL 6 hours after PMN
application.

4.5. UV-Visible Quantification

The UV absorption of lawsone was investigated in the
range of 200 to 400 nm (Appendix 5A in Supplementary
File), and the wavelength of 270 nm was determined as
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Table 2. Experimental Design and Formulation Composition

Value of Independent Factor *

Formulation Released Lawsone (%)
A B C
F1 0.15 0.01 1.00 4230
F2 0.35 0.01 1.00 37.30
3 0.15 0.09 1.00 35.00
Fa 0.35 0.09 100 2110
F5 0.15 0.05 0.50 44.60
F6 0.35 0.05 0.50 26.30
F7 0.15 0.05 150 17.40
F8 0.35 0.05 150 35.80
F9 0.25 0.01 0.50 49.50
F10 0.25 0.09 0.50 57.60
F11 0.25 0.01 150 30.40
F12 0.25 0.09 150 2230
F13 0.25 0.05 1.00 23.20
F14 0.25 0.05 100 23.80
F15 0.25 0.05 1.00 23.00

3A, CMC concentration; B, HA concentration; C, PEG 400 concentration.

the wavelength of maximum absorption. The standard
curve for determining the concentration of lawsone was
drawn using Microsoft Office Excel software and is
shown in Appendix 5B in Supplementary File. The LOD
and LOQ values were obtained as 0.54 and 1.80 pg/mlL,
respectively.

4.6. Drug Content Determination

Based on the optimal formula from previous
sections, 5 MNs were tested, and their drug content was
quantified (Table 4).

4.7. Dissolution Test

To simulate the process of MN unfolding in the moist
environment of the skin, a gelatin model was employed.
Imaging was conducted at time zero, one, three, and five
minutes following exposure to the gelatin block
(Appendix 6 in Supplementary File). The results
indicated that the MN patch can dissolve and release the
drug into the skin upon contact.

4.8. Ex Vivo Drug Release

The cumulative release of all PMN formulations was
investigated. The results of the release at the time of
reaching the plateau are reported in Table 2. Figure 5A
shows the release diagram of the optimal formulation,
and Figure 5B shows the release diagram of the
formulation used in validating the proposed model of
Design Expert software. The percentage of release (90

min) in these two formulations was 59.63 and 39.88,
respectively. The release kinetics were also investigated,
and the results are presented in Table 5. Most
formulations follow the Higuchi release kinetics.

5. Discussion

The work moves forward the cause of transdermal
drug delivery with lawsone-loaded dissolving PMNs
constituted from HA and CMC. By employing Box-
Behnken design, lawsone MNs for controlled drug
delivery were developed with approximately 59.63%
lawsone release at 90 minutes in ex vivo experiments via
the Higuchi diffusion mechanism. Higuchi's equation
models drug release from a uniform matrix as a
diffusion process, dependent on the square root of time
and Fick’s law, applicable to modified release forms like
transdermal patches (17, 45). The finding indicates
better penetration with least invasiveness, owing to
homogeneous needle structure, sufficient strength to
withstand mechanical forces, proficient insertion
without damaging the skin, and temporary disruption
to the skin barrier, making this formulation a promising
alternative for lawsone for its therapeutic uses (46, 47).

Box-Behnken design revealed the specific influence
of formulation parameters on lawsone release (48, 49).
The derived model (R?=0.9998, adjusted R?=0.9994, P <
0.0001) established that increased PEG levels impede
release, likely due to variations in matrix hydrophilicity
and drug solubility. There was a positive interaction
effect for CMC-PEG, whereas HA-PEG interaction effects
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Figure 1. The predicted values by the model against actual values of released lawsone (%).

were negative, as was demonstrated in 3D Response
Surface plots. In line with contemporary MN technology
optimization, as witnessed in benidipine-loaded
nanotransfersomes in dissolving MNs (48). In order to
assess random formulation validity, validation analysis
proved the forecasting ability of the proposed model by
successfully keeping all released values under 95%
confidence intervals, thus validating statistical design
input in the field of pharmaceutics. In direct relation to
transdermal technology, by considering the plateau
value of release as 'response, it addressed prominent
transdermal issues by striving to maintain constant
drug (50).

Detailed microscopic examination indicated
pyramidal MNs with tapered tips precisely arrayed in an
11 x 11 grid with a base of 1 cm? for accurate reproduction
from the PDMS mold, with a focus on penetrating the
stratum corneum. This microneedling array addressed
concerns of inconsistent distribution or breakage,

Jundishapur ] Nat Pharm Prod. 2026; 21(1): 169497

consistent with emerging polymer MNs launched for
biocompatibility and precise transdermal delivery
mechanisms (51, 52). In mechanical testing, it was found
that the break force was approximately 0.48 N based on
force-displacement analysis and outpaced the insertion
force of typical MNs (0.1 N to 0.3 N) by a significant
margin for enhanced protection against breakage.
Compared to recent research studies of commercially
available MN with a peak breakage force of 14 N but MNs
that exhibited deformation under compression, these
hyaluronic  acid-carboxymethylcellulose =~ (HA-CMC)
blends exhibited excellent performance (15, 53, 54).
Insertion trials with Parafilm resulted in 100%
penetration for outer layers (approximately 375 pum),
with a tapered effect afterwards, reflecting targeted
epidermal application with pain receptor sparing.
Transepidermal water loss indicated a transient
breakage with a relative increase of 20 - 30% over
baseline after 1 h, reverting to less than 10% by 24 h,
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Figure 2. Three-dimensional graph of the simultaneous effect of various factors. A, CMC and HA concentration; B, PEG 400 and CMC concentration; C, PEG 400 and HA

concentration.

Table 3. Model Validation Results with Two Random Formulas

Formulation CMC Concentration HA Concentration PEG 400 Concentration Predicted Release (CI: 95%) Actual Release
1351 032 0.09 0.5 38.43-40.71 39.88
Fv2 0.17 0.04 0.95 26.18-26.96 26.97
FO 0.24 0.09 0.5 57.66-59.78 59.63

Abbreviations: HA, hyaluronic acid; PEG 400, polyethylene glycol 400.

2Values are expressed as (Sw/w).

reflecting microchannel formation with less irritation.
Outcome in rat skin studies correlated with ex vivo

porcine skin results, showing a partial insertion (up to
48%), depending on needle density and tip
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Figure 3. A and B, light microscope image of skin patch; C and D, scanning electron microscope image (scale is noted at the bottom of the image)

configuration, reflecting the patient-friendly efficacy of
PMNs over conventional needles (53-55).

Average uniformity of drugs was 99.12% + 3.73%,
signifying equal distribution of lawsone and no loss of
substance in fabrications. UV visibility at 270 nm (LOD
0.54 pg/mL and LOQ 1.80 pg/mL) proved efficient in
ethanol-water mixtures. Gel dissolution took only 5
minutes, which is sufficient for rapid action through
matrix erosion (56). Higuchi models were primarily
observed (R? > 0.90 for most samples) in ex vivo release
kinetics, signifying square-root time dependencies
through the HA-CMC matrix (57). The optimal formula
releasing 59.63% of substance in 90 minutes signifies

Jundishapur ] Nat Pharm Prod. 2026; 21(1): 169497

controlled delivery rather than burst release, unlike
some materials, including mixed micelle indomethacin-
loaded dissolving MNs with first-order and Higuchi
models for controlled delivery (58).

Lawsone encapsulation in PMNs utilizes its broad
pharmacology, such as antioxidant activity through
radical scavenging and enzyme induction, anti-
inflammatory properties through the regulation of
cytokines (e.g., TNF-q, IL-6), and possible antitumor
property through apoptosis and cell cycle arrest,
respectively (59). Although lawsone has been used
traditionally in henna for dermatologic and hair
purposes, the topical route of application may
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Figure 4. Transepidermal water loss (TEWL) levels in the control group and the treatment group [polymeric microneedles (PMNs) inserted skin] during 24 hours (n = 6)

Table 4. Results of Examining the Amount of Drug in the 5 Polymeric Microneedles Inserted Skin

PMN No. Drug Content Mean +SD
1 98.95

2 94.78

3 103.65 99.12+3.73
4 102.00

5 96.25

Abbreviation: PMN, polymeric microneedles.

overcome oral restrictions (easily eliminated) for anti-
inflammatory and  anticancer = complementary
therapies. The HA-CMC hydrogel supports the integrity
of the naphthoquinone moiety of lawsone, based on the
1SO 10993 standard, thereby reducing denaturation (60).

5.1. Limitations and Future Perspectives

It is important to acknowledge that this study is
primarily focused on formulation development and ex
vivo characterization. The absence of in vivo
pharmacokinetic  and  pharmacodynamic  data
represents a key limitation in directly asserting
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therapeutic efficacy. This was a deliberate scope
limitation for this initial proof-of-concept work, which
was constrained by resources. However, the optimized
parameters and promising ex vivo performance
reported here provide an essential foundation for
subsequent biological evaluation. Future work will
prioritize in vivo studies in rodent models to evaluate
the pharmacokinetic profile, anti-inflammatory efficacy
in a standardized model (e.g., carrageenan-induced paw
edema), and preliminary safety/toxicology of the
lawsone-loaded PMNs.

5.2. Conclusions
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Figure 5. Cumulative release of lawsone from PMN. A, optimum formulation (Table 3); B, validation formulation (Table 3)
Table 5. Result of Ex Vivo Kinetic Release Study Profile of Polymeric Microneedles
Zero-Order First Order Higuchi Peppas Hixon-Crowell
Formulation
K R K Rz K RrR? K R n K R
F1 0.525 0.793 0.006 0.855 4.645 0.965 0.078 0.967 0.378 0.095 0.836
F2 0.476 0.790 0.005 0.820 4.170 0.926 0.018 0.885 0.701 0.008 0.810
3 0.456 0.696 0.005 0.719 4.013 0.876 0.022 0.806 0.647 0.008 0.712
F4 0.256 0.855 0.003 0.870 2234 0.957 0.010 0.941 0.693 0.004 0.865
F5 0.577 0.705 0.007 0.762 5121 0.890 0.037 0.581 0.763 0.010 0.743
F6 0.345 0.668 0.004 0.697 3.081 0.891 0.048 0.840 0.397 0.005 0.688
F7 2111 0.876 0.002 0.890 1.834 0.970 0.009 0.960 0.665 0.003 0.886
F8 0.438 0.852 0.005 0.876 3.802 0.947 0.015 0.945 0.720 0.007 0.868
F9 0.616 0.835 0.008 0.877 5362 0.944 0.021 0.924 0.722 0.116 0.865
F10 0.727 0.774 0.011 0.827 6.373 0.915 0.030 0.884 0.681 0.014 0.810
F11 0.390 0.763 0.005 0.790 3.434 0.927 0.024 0.879 0.586 0.006 0.780
F12 0.196 0.840 0.002 0.855 1716 0.967 0.120 0.946 0.590 0.003 0.850
F13 0.293 0.827 0.003 0.850 2.562 0.959 0.153 0.911 0.628 0.005 0.843
F14 0.285 0.923 0.003 0.939 2.458 0.978 0.010 0.979 0.706 0.005 0.934
F15 0.301 0.689 0.003 0.708 2.687 0.899 0.035 0.866 0.439 0.005 0.702
FO 0.802 0.592 0.012 0.716 2.744 0.984 0.233 0945 0.218 0.106 0.675

This study successfully developed and optimized a
dissolving PMN patch based on HA and CMC for the
formulation of lawsone, a natural compound with
reported bioactivity. It was observed that the stratum
corneum barrier could be overcome by the optimized
HA-CMC PMNs. Plant extract-based systems with a
similar design signify a diffusion-controlled delivery
mechanism from the polymeric matrix rather than an
immediate burst release, enhanced bioactivity, thus
implying the potential of polysaccharide matrices in

Jundishapur ] Nat Pharm Prod. 2026; 21(1): 169497

carrying herbal actives. Additionally, these PMNs possess
a high degree of biocompatibility and degradability,
meeting ISO biocompatibility requirements, making
them a patient-friendly alternative to injections.
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