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Abstract

Despite the well-documented antimicrobial and antioxidant properties of Parameria laevigata (kayu rapet) bark, its incorporation into
a dissolving microneedle (DMN) platform for transdermal acne therapy has not been previously investigated. This study developed
and characterized PVA/PVP-based DMN arrays loaded with P. laevigata extract as a minimally invasive delivery system targeting
acne-associated pathogens. Ultrasonic-assisted extraction in 95% ethanol yielded a phytochemical-rich extract (8.68%) containing
flavonoids, tannins, saponins, and alkaloids, with strong antioxidant activity (DPPH IC5o = 40.98 + 4.32 ppm; ABTS IC50 = 46.92 +
3.25 ppm; FRAP = 70.24 + 6.41 mg AAE/g extract) and moderate antibacterial activity against Staphylococcus aureus and Cutibacterium
acnes at 100-150 ppm (inhibition zone: 8.22—-8.46 mm). Eight DMN formulations were fabricated at a fixed 30% w/w PVA/PVP total
polymer concentration with 5% extract loading. The optimized formulation (F2) produced a complete 49-needle pyramidal array
with adequate mechanical integrity for stratum corneum penetration, confirmed polymer—extract physicochemical compatibility
by FTIR, and exhibited Korsmeyer—Peppas release kinetics with a diffusion-controlled mechanism reaching 56.48% cumulative
release over 24 h. These findings establish P. laevigata-loaded DMN arrays as a viable proof-of-concept platform for transdermal
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acne therapy, warranting further ex vivo permeation and in vivo efficacy validation.
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1. INTRODUCTION

Acne (Acne vulgaris) is one of the most prevalent global derma-
tological problems, particularly among adolescents and young
adults. Global Burden of Disease data indicated that acne preva-
lence increased from 8,563.4 per 100,000 population in 1990
t0 9,790.5 per 100,000 in 2021, with an annual growth rate of
0.43% (Zhu et al., 2025). In Asia, a study in Malaysia reported
a prevalence of 67.5% among the adolescent group (Hanisah
etal., 2009). Acne vulgaris is among the most prevalent der-
matological conditions in Indonesia, affecting an estimated
85-100% of adolescents and young adults. Peak prevalence has
been reported at 83-85% in females aged 14-17 years and 95—
100% in males aged 16-19 years (Rimadhani and Rahmadewi,
2015; Saragih et al., 2016). This condition demonstrates that

acne is a health issue that requires effective and sustainable
management.

Pathophysiologically, acne is triggered by several factors,
including excessive sebum production, follicular hyperkera-
tinization, colonization by Cutibacterium acnes, and inflamma-
tory responses that trigger the formation of reactive oxygen
species (ROS) (Popa et al., 2023). Increased ROS levels cause
oxidative stress that damages cell membranes, lipids, proteins,
and DNA, thereby exacerbating inflammation and skin tissue
damage (Siddiqui et al., 2024). High oxidative stress also cor-
relates with increased acne severity, characterized by elevated
oxidative biomarkers and decreased endogenous antioxidant
activity (Balik et al., 2028). Therefore, the use of antioxidant
compounds has become an important therapeutic strategy in
controlling the inflammatory process in acne.
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Various acne therapies have been developed, such as retinoi
ds, benzoyl peroxide, and topical or oral antibiotics, including
clindamycin, erythromycin, and doxycycline (Li et al., 2024).
However, long-term use of antibiotics potentially causes an-
timicrobial resistance (Alkhawaja et al., 2020). Resistance to
Cutibacterium acnes was reported to reach 60.1% for macrolides
in Indonesia (Legiawati et al., 2023), while resistance to azithro
mycin was reported to range between 54.5% and 63.6% de-
pending on the bacterial strain (Ruchiatan et al., 2023). This
situation has driven the exploration of natural-based therapeu-
tic alternatives with both antibacterial and antioxidant activities.

Utilization of natural materials as alternative therapies is
increasingly being developed due to their diverse biological
activities and relatively lower side effects. One potential In-
donesian herbal plant for development is kayu rapet (Parameria
laevigata) from the Apocynaceae family. This plant has been
traditionally used as an anti-ulcer, anti-diarrheal, and wound-
healing agent. P. laevigata leaves are also used as antiseptics and
anti-inflammatories (Saludarez, 2019). Phytochemical analysis
showed that P. laevigata contains flavonoids, tannins, alkaloids,
and saponins, which act as antioxidants and antimicrobials
(Muharrami et al., 2020). The ethanol extract of P. laevigata
was reported to possess antibiofilm activity against Staphylococ-
cus aureus, the ability to inhibit Escherichia coli biofilm formation,
and antifungal activity against Candida albicans (Anggraini et al.,
2024). These activities demonstrate the potential of P. laevigata
as an active ingredient in anti-acne preparations.

The success of topical therapy is influenced by the drug
delivery system employed (Baskar et al., 2018). The utilization
of P. laevigata extract in topical preparations faces limitations in
active substance penetration due to the presence of the stratum
corneum as the primary barrier to active substance delivery.
The stratum corneum possesses a “brick-wall” structure con-
sisting of corneocytes and a lipid matrix with a thickness of
approximately 10-20 um, which restricts penetration to small
molecules with a molecular weight of less than 500 Da (Lund-
borg et al., 2018). These characteristics cause most natural
compounds to have difficulty penetrating the skin through con-
ventional topical preparations (Baskar et al., 2018).

Dissolving microneedle (DMN) technology offers a mini-
mally invasive approach to overcome stratum corneum pen-
etration barriers, delivering active compounds directly to the
target skin layer without causing pain (Arora and Laskar, 2023).
With needle dimensions typically below 1000 um in length and
100-300 pm in base diameter, DMNs have been successfully
applied to deliver various plant-derived bioactive compounds
transdermally, including shikonin extract (Ning et al., 2021),
Oryza sativa extract (Chaiwarit et al., 2024), and eugenol (Wang
et al., 2024). Clinical evidence further supports their efficacy
in acne management: anti-acne DMNs reduced acne volume
by 12.847% after 3 days and 22.35% after 7 days without serious
adverse effects (Tai et al., 2022), with a favorable safety profile
compared to photodynamic therapy (Zhang et al., 2025).

The success of a DMN formulation is greatly influenced
by the selection and ratio of the constituent polymers. Vari-
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ous polymers have been widely used in DMN development,
such as polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP),
hydroxypropyl methylcellulose (HPMC), carboxymethyl cellu-
lose (CMC), hyaluronic acid, gelatin, and chitosan. Differences
in polymer ratios can affect the physical properties of the re-
sulting microneedles, including mechanical strength, needle
sharpness, skin penetration ability, dissolution time, and struc-
tural stability (Bonfante et al., 2020). Suboptimal ratios can
cause needle deformation, structural failure, or uncontrolled
dissolution, reducing the effectiveness of active compound de-
livery (Alrimawi et al., 2024).

To date, no study has reported the integration of P. laevigata
extract into a DMN-based delivery system for acne therapy.
Given its rich bioactive profile and the limitations of conven-
tional topical formulations in delivering plant-derived com-
pounds through the stratum corneum, this study aimed to
characterize the phytochemical profile and in vitro antibac-
terial activity of P. laevigata extract against acne-associated
pathogens, and to subsequently develop and characterize P.
laevigata-loaded DMN arrays in terms of their physical and
mechanical properties.

2. EXPERIMENTAL SECTION

2.1 Materials

Kayu Rapet (P. laevigata, Local Market, Tangerang, Indonesia),
polyvinyl alcohol (PVA) (HIMEDIA, China), polyvinylpyrroli-
done (PVP) (K30 Povidone, China), Dow Sylgard 184 PDMS
(Sylguard, USA), three bacterial strains - Staphylococcus au-
reus (ATCC 12228) and Cutibacterium acnes (ATCC 6919)
- all obtained from Micropad, Labmart, Indonesia; quercetin
(Sigma Aldrich, Germany), 1,1-Diphenyl-2-Picrylhydrazyl
(DPPH) (TCI, Japan), vitamin C (CSPC Weisheng Pharma-
ceutical, China), Ethanol 95% (Onemed, Indonesia), methanol
p-a. (CH3OH, Merck, Germany), distilled water (Aqua DM,
Brataco, Indonesia), sodium hydroxide (NaOH) (Cv.Putra
Prima, Indonesia), Liberman-Burchad (Merck, Germany), Fe
Clg-6HoO (Merck, Germany), HCIl (Merck, Germany), AlClg
(Merck, Germany), Mueller Hinton Agar (MHA) (HIMEDIA,
China), trichloroacetic acid (TCA) (Merck, Germany).

2.2 Instruments

Stereo microscope (Nikon SMZ, 745, Japan), centrifuge (Ohaus
FC5706, USA), oven (Memmert UN55, Germany), ultrasonic
bath (Ovan, USA), rotary evaporator (IKA RV 10 Digital, Ger-
many), UV-Vis spectrophotometer (Shimadzu Europe UV
1240, Japan), scanning electron microscope (SEM), univer-
sal testing machine (UTM) (Zwick Roell, Germany), Fourier
transform infrared spectroscopy (FTIR) (FT/IR-4700, Jasco,
Tokyo, Japan), autoclave (GEA 50 Lt, Indonesia).

2.3 Extraction of P. laevigata

A total of 50 g of P. laevigata powder was extracted with 95%
ethanol at a solvent-to-material ratio of 1:10 (w/v). Extraction
was performed by sonication in an ultrasonic bath at 40°C for
45 min. The filtrate was collected by filtration and concentrated
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using a rotary evaporator at 50°C under reduced pressure. The
resulting thick extract was then dried in an oven at 50°C for 24
h to obtain a dry extract, and the extraction yield was calculated
gravimetrically (More and Arya, 2021).

2.4 Phytochemical Screening

Qualitative phytochemical screening of P. laevigata extract was
conducted for alkaloids, flavonoids, steroids/triterpenoids, tan-
nins, and saponins using standard colorimetric methods. Al-
kaloids were detected using Dragendorfl’s reagent, indicated
by an orange to reddish-brown precipitate. Flavonoids were
identified by a yellow color change upon addition of NaOH
(50%) that faded after acidification. Steroids and triterpenoids
were detected using Liebermann—Burchard reagent, indicated
by bluish-green and red/purple/brown coloration, respectively.
Tannins were identified by a dark blue or blackish-green color
upon addition of FeClg (10%). Saponins were confirmed by
stable foam formation for >30 s after vigorous shaking and
addition of HCI (2N) (Wiadnyani et al., 2024). All tests were
performed on 5 mg of extract in triplicate (n = 8); consistent
positive or negative results were obtained across all replicates,
confirming reproducibility. Since these screening tests produce
binary (positive/negative) outcomes based on colour change
criteria, mean + SD quantification is not applicable; repro-
ducibility is confirmed by concordance across independent
replicates.

2.5 Total Flavonoids

Total flavonoid content was determined by the AIClg complex-
ation method using quercetin as the reference standard (Chang
etal., 2002). A quercetin stock solution (100 ppm) was serially
diluted to 2, 4, 8, 10, and 12 ppm. Each standard solution
(1 mL) was reacted with methanol p.a., AlIClg (10%), sodium
acetate (1 M), and distilled water, then incubated for 80 min
at room temperature. Sample solutions (1% w/v) were treated
identically, with a blank prepared by substituting AlClg with
distilled water. Absorbance was measured at 415 nm, and total
flavonoid content was calculated from the quercetin calibration
curve and expressed as mg quercetin equivalent per gram of
extract (mg QE/g).

2.6 Antioxidant Activity

Antioxidant activity was evaluated using three complementary
methods with vitamin C as a positive control. For the DPPH
assay, a stock solution of the extract (1000 ppm) was diluted
to 10, 15, 20, 35, and 40 ppm, mixed with DPPH solution
(1 mL), and incubated for 30 min at room temperature in the
dark; absorbance was measured at 517 nm. For the ABTS
assay, a radical solution was prepared from 7 mM ABTS and
140 mM KgS9Oyg incubated for 12-16 h, then diluted to an
absorbance of 0.700 + 0.020 at 728 nm; extract samples (20,
40, 50, and 60 ppm) were mixed with the ABTS solution,
incubated for 6 min at 80 °C, and absorbance was measured at
728 nm. For the FRAP assay, extract solution (2400 ppm) was
mixed with FeClg, acetate buffer (pH 6.6), and distilled water,
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incubated for 30 min in the dark, precipitated with TCA, and
centrifuged; absorbance of the supernatant was measured at
593 nm. All ICj5( values were determined by linear regression
analysis.

2.7 Antibacterial Activity

Antibacterial activity of P. laevigata extract was evaluated us-
ing the well diffusion method against Staphylococcus aureus and
Cutibacterium acnes (Balouiri et al., 2016). Mueller-Hinton agar
(MHA) medium (20 mL) was poured into sterile petri dishes
and allowed to solidify at room temperature. Bacterial suspen-
sions were prepared in sterile physiological NaCl (0.9% w/v)
and adjusted to a turbidity equivalent to the 0.5 McFarland
standard. A volume of 100 uL of each suspension was spread
evenly across the agar surface using a sterile swab. Wells of 6
mm diameter were aseptically punched into the inoculated agar
using a sterile cork borer. Extract solutions were prepared at
concentrations of 50, 100, and 150 ppm (w/v) in ethanol, and
50 uL. of each solution was dispensed into the corresponding
well. Chloramphenicol solution served as the positive control;
sterile distilled water served as the negative control. Plates inoc-
ulated with S. aureus were incubated aerobically at 87 °C for 24
h, while plates inoculated with C. acnes were incubated under
anaerobic conditions at 37 °C for 48 h. Antibacterial activity
was determined by measuring the diameter of the inhibition
zone (mm) around each well (Atina et al., 2025). All assays
were performed in triplicate (n = 3).

2.8 Microneedle Mold Fabrication

The microneedle male mold was designed using Fusion 360
software in a 7 X 7 array (49 needles) with a height of 1000
um and inter-needle distance of 300 ym. The design was
converted to STL format, processed with slicing software, and
printed using a Elegoo Saturn 4 Ultra 3D printer (Elegoo,
China). After printing, the male mold was cleaned with resin
cleaning solution for 20 min and heated for 1 h to harden
and stabilize the structure. The female mold was subsequently
fabricated by casting PDMS onto the male master mold at a
base-to-curing agent ratio of 10:1, degassed under vacuum for
30 min, and cured at 60 °C for 2 h. After curing, the PDMS
female mold was carefully peeled from the male mold and
inspected to confirm complete replication of the needle cavity
geometry before use in microneedle casting (E.conomidou et al.,

2021).

2.9 Fabrication of Dissolving Microneedles

Microneedles were made by mixing PVA and PVP until the
total polymer concentration reached 30% (Lee et al., 2017),
and 5% extract was added. The preparation was carried out in
eight formulas with varying ratios of PVA and PVP, namely
F1-F8 (Table 1). The mixture of each formula was poured
into a female mold and then centrifuged for 20 min at 5,000
rpm to ensure the solution was completely filled into the needle
cavity. After that, it was dried in a 40 °C oven for 24 h until
formed (Cordeiro et al., 2020). The resulting microneedles
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Table 1. Composition of Dissolving Microneedle Formulations F1-F8 (Needle Matrix with Total PVA:PVP Content Fixed at 30%

w/w) and Backing Layer

F8 ¥4 F¥5 F6 F7 F8

Component F1 F2
Needle matrix (% w/w)

Parameria laevigata extract 5 5
PVA:PVP ratio” 3:5 79
Distilled water 65 65
Backing layer (% w/w)

PVA 10% 10 10
Glycerin 1 1
Distilled water 89 89

5 5 5 5 5 5
1.1 97 53 21 3:1 4:1
656 65 65 65 65 65

10 10 10 10 10 10
1 1 1 1 1 1
89 89 89 89 89 89

% Total PVA + PVP content in the needle matrix is fixed at 30% w/w across all formulations; values represent the mass ratio of PVA to PVP within this 80%

fraction. All other components are expressed as percentage (w/w) of the total formulation.

were carefully removed with tweezers and stored in a dry.

2.10 Microneedle Characterization

2.10.1 Morphological Characterization

Microneedles were observed using a stereo microscope (Nikon
SMZ, 745, Japan). Microneedles were placed on a glass slide to
determine the height, width, angle, and distance between the
needles formed. As a size reference, a 1000 ym micrometer
scale was used and observed at the same position to ensure the
accuracy of the measurement of the dimensions of the needle
structure (Fitaihi et al., 2024; Seetharam et al., 2024).

2.10.2 In Vitro Skin Insertion Simulation

In vitro insertion capability was evaluated using parafilm M
(0.16 mm thickness) as a skin simulant. Parafilm sheets were
cut to match the microneedle array dimensions and stacked
into five layers. The microneedle patch was then pressed uni-
formly by hand against the parafilm stack, after which each
layer was separated and examined under a stereo microscope
to count the number of perforations formed. The number of
layers successfully perforated was used as an indicator of the in-
sertion capability and mechanical sharpness of the microneedle
structure (Justyna et al., 2025; Makvandi et al., 2021).

2.10.8 Scanning Electron Microscopy (SEM)

The microneedle arrays were mounted on circular discs and
morphologically characterized using SEM (FEI Quanta™ ESE
M, Quanta 200 FEG) at a pressure of 10~% Torr and a voltage
of 13 kV. Prior to observation, the samples were coated using
an ion beam coating system (PECS™, Gatan) with controlled
thickness. Images were observed using XT Microscope Control
software with parameter settings such as magnification, tilt
angle, spot size, and working distance (Demir et al., 2018).

2.10.4 Mechanical Strength Testing

Microneedle compressive strength or mechanical testing was
performed by axial compression on a Universal Testing Ma-
chine (Zwick Roell, Germany) using a flat probe covering the
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entire array. The sample was mounted, the device calibrated,
and the zero point was determined when the probe touched
the needle apex at a trigger force of 0.02-0.05 N. The probe
was then compressed at a rate of 0.5 mm/s to 0.3-0.7 mm
of needle height. Fracture force was taken from the peak of
the force—displacement curve and reported per array and per
needle, along with analysis of stiffness, permanent deformation,
and absorbed energy (Rabiei et al., 2021).

2.10.5 Fourier Transform Infrared Spectroscopy (FTIR)
The interactions between the microneedles were investigated
using a Fourier transform infrared (FTIR) spectrometer (FT/IR-
4700, Jasco, Tokyo, Japan). The microneedles and the material
were scanned in transmittance mode from 400 to 4000 cm™!
at a resolution of 4 em™! (Wang et al., 2021).

2.11 In Vitro Release Profile

The in vitro release of P. laevigata extract from DMN patches
was evaluated using phosphate-buffered saline (PBS, pH 7.4)
as the release medium. Prior to analysis, the UV-Vis absorption
spectrum of P. laevigata extract dissolved in PBS was scanned
across the range of 200-800 nm, and a maximum absorption
wavelength of 487 nm was identified and selected for quantifi-
cation. A calibration curve was constructed by dissolving DMN
patches of known extract loading concentrations in 5 mL PBS
(pH 7.4) and measuring absorbance at 437 nm; absorbance
values were plotted against nominal extract concentrations to
generate the calibration relationship (R? = 0.9428). Each
DMN patch was individually placed in 5 mL of PBS at 37 +
1 °C under gentle stirring. Aliquots of 1 mL were withdrawn
at predetermined time intervals (5, 10, 15, 30, 60, 120, 240,
480, 960, and 1440 min) and replaced with an equal volume
of fresh PBS to maintain sink conditions. The absorbance of
each aliquot was measured at 437 nm using a UV-Vis spec-
trophotometer, and extract concentration was calculated from
the calibration curve. Cumulative release was expressed as a
percentage of the total extract content loaded in each patch,
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as determined from the calibration. All measurements were
performed in triplicate (n = 3).

2.12 Statistical Analysis

All experiments were performed in triplicate (n = 8) unless
otherwise stated; Parafilm penetration testing was conducted
across three to five replicates per formulation. Data are ex-
pressed as mean + standard deviation (SD). Statistical analysis
was performed using IBM SPSS Statistics version 19.0 (IBM
Corp., Armonk, NY, USA). Differences in Parafilm penetra-
tion performance among DMN formulations at each layer were
assessed by one-way analysis of variance (ANOVA) followed
by Tukey’s honestly significant difference (HSD) post-hoc test.
A p-value of < 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION

3.1 Extraction and Phytochemical Screening
The extraction yield of P. laevigata bark was 8.687%, consistent
with values reported for ultrasonic-assisted ethanol extraction
of polyphenol-rich bark materials under comparable conditions
(Bin Mokaizh et al., 2024).

Phytochemical screening revealed the presence of flavonoid
s, tannins, saponins, and alkaloids in the P. laevigata extract,
while steroids were absent (Table 2). Flavonoids and tan-
nins are well-established contributors to antioxidant and anti-
inflammatory activity; proanthocyanidins - a tannin subclass
previously identified in P. laevigata bark-have been reported
to support tissue repair through modulation of key signalling
pathways (Kamiya et al., 2001; Wu et al., 2025). Alkaloids con-
tribute to antibacterial activity, supporting the potential of this
extract as an anti-acne agent (Yan et al., 2021). The absence of
steroids is consistent with the preferential extraction of polar
and semipolar compounds by ethanol, which is a poor solvent
for nonpolar steroids (Arya et al., 2025). The phytochemical
profile obtained in this study is in agreement with previously
reported findings for P. laevigata (Muharrami et al., 2020).

3.2 Total Flavonoids

The total flavonoid content of P. laevigata extract was deter-
mined spectrophotometrically using the AlClg colorimetric
method with quercetin as the reference standard. The quercetin
calibration curve demonstrated acceptable linearity (R% = 0.9-
865) across the tested concentration range. The total flavonoid
content of the extract was 0.120 = 0.002 mg QFE/g extract
(Table 3), with a low standard deviation indicating good inter-
replicate precision. This result confirms the presence of quan-
tifiable flavonoids in P. laevigata extract, consistent with pre-
vious reports on the polyphenolic composition of this plant
(Muharrami et al., 2020; Wu et al., 2025). The flavonoid con-
tent, while moderate, supports the rationale for incorporating
this extract into a DMN delivery system capable of enhancing
transdermal penetration of bioactive compounds.
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3.3 Antioxidant Activity (DPPH, ABTS, and FRAP)
Antioxidant activity of P. laevigata extract was evaluated using
three complementary methods (Table 3). The DPPH assay
yielded an I1C50 of 40.98 ppm (R? = 0.9869), categorised as
strong antioxidant activity, while the ABTS assay produced
an I1Cj0 of 46.92 ppm (R? = 0.988), also within the strong
category (Dontha, 2016). For comparison, the positive control
vitamin C yielded 1Cj( values of 9.2 = 2.21 ppm (DPPH)
and 11.21 £ 3.06 ppm (ABTS), indicating that P. laevigata ex-
tract exhibited approximately 4.5-fold (DPPH) and 4.2-fold
(ABTS) lower radical-scavenging potency than ascorbic acid
on a concentration basis, a ratio consistent with polyphenol-
rich bark extracts of comparable phytochemical composition
(Utami et al., 2024). The consistency between DPPH and
ABTS results confirms that the extract exerts antioxidant activ-
ity through both hydrogen atom transfer and single electron
transfer mechanisms (Santos-Sdanchez et al., 2019). The to-
tal antioxidant capacity measured by FRAP was 70.238 mg
AAE/g extract, reflecting substantial ferric ion-reducing ca-
pacity attributable to the polyphenolic content of the extract,
particularly proanthocyanidin A-2 and cinnamtannin B1 pre-
viously identified in P, laevigata bark (Kamiya et al., 2001). For
comparison, Etlingera elatior leaf extract reported a FRAP value
of 78.52 mg AAE/g (Utami et al., 2024), indicating that P.
laevigata exhibits competitive antioxidant potential as a natural
ingredient. The antioxidant capacity of the extract is directly
relevant to its anti-acne rationale: elevated reactive oxygen
species (ROS) and oxidative stress are well-established con-
tributors to acne pathogenesis, with clinical evidence demon-
strating decreased superoxide dismutase (SOD) activity and
increased malondialdehyde (MDA) levels in acne patients com-
pared to healthy controls, confirming impaired antioxidant de-
fence in this condition (Popa et al., 2023; J.R. et al., 2022).
Furthermore, antioxidant supplementation has been shown to
improve acne outcomes by suppressing lipid peroxidation and
inhibiting pro-inflammatory cytokine expression (Mawu et al.,
2025). These findings collectively validate the biochemical
rationale for incorporating antioxidant-rich P. laevigata extract
into the DMN system for acne therapy, while full pharmacody-
namic validation via cell-based ROS quantification remains an
important future direction. Collectively, the convergent results
across all three methods support the antioxidant basis for the
anti-acne application of this extract within the DMN system.

3.4 Antibacterial Activity of P. laevigata Extract

Antibacterial activity of P. laevigata extract against Staphylococcus
aureus and Cutibacterium acnes was evaluated by well diffusion
at concentrations of 50, 100, and 150 ppm (Figure 1; Table 4).
Against S. aureus, no inhibition zone was observed at 50 ppm,
while total inhibition zone diameters of 8.22 = 0.03 mm and
8.44 + 0.08 mm were recorded at 100 and 150 ppm, respec-
tively. Against C. acnes, inhibition zones were detected at all
tested concentrations: 7.77 +£0.87 mm at 50 ppm, 8.30+0.14
mm at 100 ppm, and 8.46 + 0.28 mm at 150 ppm. The
positive control (chloramphenicol) produced inhibition zones
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Table 2. Phytochemical Screening
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Phytochemical Screening  Reagent Result  Changes

Saponins HCI 2N + Stable foam forms after shaking
Steroids Liberman—Burchad - No green or blue color change occurs
Tanins FeClg (10%) + A blackish-green color forms
Alkaloids Dragendorff + A reddish-brown precipitate forms
Flavonoids NaOH (50%) + The solution turns yellow

Table 3. Phytochemical Content and Antioxidant Activity of P. laevigata Extract

Parameter Unit Value (mean + SD, n = 3)
Extraction yield % 8.68

Total flavonoid content (TFC) mg QE/g extract  0.120 = 0.002

DPPH scavenging activity (IC5) ppm 40.98 + 4.32

DPPH scavenging activity (IC5g) - vitamin C (positive control)  ppm 9.2+ 221

ABTS scavenging activity (IC30) ppm 46.92 + 3.25

ABTS scavenging activity (ICj() - vitamin C (positive control)  ppm 11.21 + 3.06

FRAP reducing capacity mg AAE/g extract  70.24 + 6.41

Table 4. Inhibition Zone Diameters of Parameria laevigata Bark
Extract Against Acne-Associated Bacteria by Disc Diffusion
Method

Mean
Inhibition
Test Bacteria Concentration . Zone
Diameter +
SD (mm, n =
3)
Staphylococcus aureus 50 ppm 0+0
100 ppm 8.22 + 0.08
150 ppm 8.44 + 0.08
Positive control ~ 10.86 = 0.03
Negative control 0+0
Cutibacterium acnes 50 ppm 7.77 £ 0.87
100 ppm 8.30 £0.14
150 ppm 8.46 + 0.28
Positive control ~ 10.57 + 0.17
Negative control 0+0

Positive control: chloramphenicol solution; Negative control: sterile distilled
water. Values represent total inhibition zone diameter including well diameter
(6 mm).

of 10.86 + 0.08 mm against S. aureus and 10.57 + 0.17 mm
against C. acnes, while the negative control produced no inhibi-
tion. The dose-dependent increase in inhibition zone diameter
confirms a concentration—response relationship for both or-
ganisms. Based on the classification proposed by Davis and
Stout (1971), inhibition zone diameters of 5—10 mm indicate
moderate antibacterial activity; accordingly, P. laevigata extract
demonstrated moderate activity against both organisms at 100

© 2026 The Authors.

and 150 ppm, and moderate activity against C. acnes at 50 ppm,
while no activity was recorded against S. aureus at the lowest
concentration tested. The slightly greater sensitivity of C. acnes
relative to S. aureus may reflect differences in cell envelope com-
position and susceptibility to polyphenolic compounds. The
antibacterial activity is attributed to flavonoids and proantho-
cyanidins - including proanthocyanidin A-2 and cinnamtannin
B1 previously identified in P. laevigata bark - which disrupt
bacterial membrane integrity and inhibit cell wall permeability
(Kamiya et al., 2001; Chaves et al., 2020).

Although the activity observed at the tested concentrations
remains moderate relative to the antibiotic positive control, this
outcome must be interpreted in the context of the intended
delivery route. The well diffusion assay inherently underesti-
mates the antibacterial performance of compounds destined
for DMN delivery, since extract loaded into the well must first
diffuse through the surrounding agar matrix - a process that is
particularly restricted for high-molecular-weight polyphenols
such as proanthocyanidins, which exhibit limited diffusivity
in hydrophilic gels due to their extensive hydroxyl-mediated
interactions with the matrix (Chaves et al., 2020; Kamiya et al.,
2001). DMN application bypasses this diffusional barrier by
depositing the loaded dose directly into the micro-channels of
the viable epidermis, which may enhance local bioavailability
of the active compounds at the pilosebaceous unit compared to
conventional topical application where permeation is limited
by the intact stratum corneum (Hashempur et al., 2025; Zhang
etal., 2024). The well diffusion method employed in this study
is a widely validated approach for initial antimicrobial screen-
ing of liquid plant extract preparations against reference strains
(Balouiri et al., 2016), and inhibition zone diameter represents
the standard quantitative output for this methodology. Regard-
ing the ethanol solvent effect, the concentration of residual
ethanol introduced per well was negligible relative to the agar
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(b)

Figure 1. Antibacterial Activity of the Extract Against (a) Staphylococcus aureus (b) Cutibacterium acnes

volume, resulting in an effective ethanol concentration well
below the 2% v/v threshold for intrinsic antimicrobial activity;
the negative control confirmed the absence of spontaneous
inhibition.

3.5 Microneedle Mold

The fabricated PDMS female mold produced a complete 7 x 7
array cavity system corresponding to 49 pyramidal needles,
replicated from the resin-based 8D-printed male mold (Fig-
ure 2a-c). The male mold exhibited a mean needle height of
781.22 + 3.25 pum and a base width of 390.52 + 2.19 um,
representing approximately 22% reduction in height and 307%
increase in base width relative to the original 3D design spec-
ifications of 1000 pum height and 800 um base width. This
dimensional deviation from the digital design is attributable to
three main factors: first, the XY resolution of the 8D printer
(19 x 24 pm) introduces a staircase discretisation effect in the
pyramidal geometry, truncating sub-resolution tip features and
broadening the effective base width; second, resin shrinkage
during UV curing typically reduces final dimensions by 10-20%
for stereolithographic resins (Jiang and Drummer, 2022); and
third, the discretisation of the pyramidal slope at discrete XY
voxel steps may also contribute to apparent base widening at
the mold—printer interface. Although the Z-axis layer thick-
ness of 25 um is theoretically capable of reproducing heights
up to 1000 pum (requiring 40 layers), the combined XY dis-
cretisation and resin shrinkage effects dominate the final male
mold dimensions. The resulting PDMS female mold (Figure
2d) additionally undergoes minor thermal shrinkage during
curing (typically 1-3%), which further modifies the replicated
cavity dimensions relative to the male template (Oliveira et al.,
2024); as PDMS cavities were not directly measurable due to
their concave geometry, this contribution was inferred from
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DMN dimensional measurements presented in Section 3.6.
Despite these cumulative deviations, the fabricated mold cavity
remains within the functional dimensional range established
for transdermal DMN applications (height: 300-1000 um;
base width: 100-300 um) (Luo et al., 2023). The PDMS
mold surface was smooth and free of air bubbles, confirming
homogeneous mixing of the PDMS base and curing agent and
successful negative replication of the male template.

3.6 Croneedle Morphology

Stereomicroscopic evaluation revealed that the PVA:PVP ra-
tio markedly influenced DMN needle morphology across all
formulations (Table 5; Figure 3). One-way ANOVA con-
firmed statistically significant differences in both needle height
(F(8,18) =112.55, p < 0.001) and base width (¥'(8, 18) =
58.85, p < 0.001) across the master mold and eight DMN
formulations, and Tukey HSD post hoc analysis demonstrated
that every DMN formulation produced needles significantly
shorter and narrower than the master mold (p < 0.001). F2
produced the optimal morphology, with all 49 needles fully
formed in a uniform 7 x 7 array (Figure 3a), a mean height
of 581.0 £ 1.7 pm, a base width of 822.8 + 0.6 pm, and no
visible physical defects. The exceptionally low standard devi-
ations obtained for F2 reflect well-matched solution viscosity
that enabled complete mold cavity filling and uniform needle
replication. F2 exhibited the smallest reduction relative to the
master template - approximately 25.6% in height and 17.5% in
base width - and was statistically superior to 5, F6, F7, and F8
in retaining needle height (p < 0.05), and superior to all other
formulations except F5, 6, and F8 in retaining base width
(p < 0.05). This cumulative dimensional loss is attributable to
shrinkage occurring at two sequential stages: thermal shrinkage

of the PDMS female mold during curing (~1-3%), followed
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Figure 2. Fabrication Stages of the Microneedle Mold: (a) 3D Design of the Master Mold Generated Using Fusion 360; (b)
3D-Printed Resin Male Mold; (c) Stereomicroscopic Image of the Male Mold Needle Structure Showing Measured Needle
Dimensions; (d) Final PDMS Female Mold Replicated from the Male Mold

by aqueous solvent evaporation and polymer matrix consoli-
dation during DMN drying, which induces further volumetric
contraction of the PVA/PVP matrix as it solidifies within the
mold cavity (Oliveira et al., 2024).

In contrast to F2, suboptimal PVA:PVP ratios produced
four distinct types of morphological defects (Figure 3b): air
bubbles (observed in F1 and F5), attributed to entrapment dur-
ing the mold-filling process that disrupts matrix continuity and
may compromise mechanical integrity (Tijani et al., 2023);
broken needles (F3), consistent with excessive solution viscos-
ity impeding complete flow into the narrow mold tip cavities,
resulting in structurally weak needles prone to shear failure
during demolding; incomplete tip formation (F4), likewise aris-
ing from viscosity-driven incomplete filling of the apical mold
regions; and reduced needle count (F6-F8: 39-43 needles),
indicating that high polymer concentrations increased solution
viscosity beyond the threshold for reliable cavity filling (Amano

© 2026 The Authors.

et al., 2025). Formulations with the highest PVA content (F6,
F7, and F8) exhibited the most pronounced height reduction,
with F6 and F8 reaching mean heights of 496.8 + 2.4 pm
and 498.7 + 1.5 pm respectively - significantly shorter than
F1-F4 (p < 0.05) and representing a 36.2-36.4% loss relative
to the master mold. F7 further displayed the narrowest base
width (234.3 + 5.1 pm), a 40.0% reduction from the master
template and significantly different from all other formulations
(p < 0.001), consistent with severe capillary retention of the
highly viscous solution at the mold cavity entrance. Across
all formulations, DMN needle heights ranged from 496.8 to
581.0 ym and base widths from 234.3 (o 322.3 pm, all within
the accepted range for stratum corneum penetration without

reaching the dermis (Arora and Laskar, 2023).
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Table 5. Physical Morphology and Dimensions of P. laevigata-Loaded DMN Arrays Across Formulations (n = 3)

Formula Needles Formed Needle Height (um)¢  Base Width (um)“  Physical Defects

Master Mold 49 781.22 + 8.25 390.52 + 2.19 None

F1 49 568.3 + 8.2 288.7 + 11.0°  Air bubbles

F2 49 581.0 = 1.7° 822.3 + 0.6 None

F3 49 566.7 + 7.6 290.7 + 8.6¢ Broken needles

F4 49 545.0 + 10.0° 290.3 + 8.1¢ Incomplete tip formation
F5 49 507.7 + 19.4¢ 804.3 = 14.0°  Air bubbles

F6 48° 496.8 + 2.44 302.8 + 16.2  Incomplete needle count
F7 39¢° 518.7 + 35.9¢ 234.3 +5.1¢ Incomplete needle count
F8 41°¢ 498.7 + 1.5¢ 298.0 + 3.5% Incomplete needle count

@ Values are expressed as mean + standard deviation (n = 8). Diflerent superscript letters within the same column indicate statistically significant differences
between groups (one-way ANOVA followed by Tukey HSD post hoc test, p < 0.05).

¢ Incomplete array - fewer than the expected 49 needles formed per patch.

(b)

(@)

Figure 3. Stereomicroscopic Characterization of P. laevigata-L.oaded DMN Morphology. (A) Side View (Top) and Top View
(Bottom) of the Optimum Formulation F2. (B) Representative Morphological Defects Observed in Suboptimal Formulations:
Air Bubbles (F'1), Broken Needles (F3), Incomplete Tip Formation (F4), and Incomplete Needle Count (F'7)

3.7 Microneedle Penetration

Parafilm penetration testing demonstrated statistically signif-
icant differences in mechanical performance across formula-
tions at both layer 2 and layer 8 (one-way ANOVA: F' = 5.02,
p =0.0016 and F = 3.32, p = 0.0145, respectively; Table
6; Figure 4). F2 achieved the highest penetration consistency,
with 97.45 + 1.02% penetration at layer 2 - the lowest SD
among all formulations - and 60.20 + 33.84% at layer 8, main-
taining detectable penetration to layer 4 (13.27 + 13.89%).
Post-hoc Tukey HSD analysis revealed that F2 differed signifi-
cantly from F4 and F5 at layer 2 (p = 0.0097 and p = 0.0108,
respectively) and from F5 and F7 at layer 8 (p = 0.0147 and
p = 0.0220, respectively), while no significant differences were
observed between F2 and F1, F3, F6, or F8. Although F1, F3,
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and F6 reached layer 4, their penetration depth was accom-
panied by higher inter-replicate variability (SD: 6.12-18.487%
at layer 2) compared to F2 (SD: 1.02%), indicating less repro-
ducible mechanical performance. F7 penetrated only to layer
2(79.77 + 16.40%), and F4 and F5 showed markedly reduced
second-layer penetration (48.02 +36.14% and 48.33 +16.14%,
respectively), consistent with insufficient needle rigidity in PVP-
dominant formulations. The superior penetration of F2 reflects
the balanced mechanical contribution of PVA and PVP: PVA
confers structural rigidity sufficient for stratum corneum pen-
etration, while PVP provides {lexibility that prevents brittle
fracture under compressive load. Penetration to four Parafilm
layers exceeds the two-to-three layer threshold considered ad-
equate for stratum corneum penetration (Mohammadi et al.,
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Figure 4. Parafilm Insertion Test of the Microneedle: (A) Percentage of Needle Penetration for Each Formula (F1-F8) and (B)
Representative Images of Penetration Holes From F2 Across Layers 1 To 5. Data are Presented as Mean + SD (n=38)

Table 6. Parafilm Penetration Performance of DMN Arrays Across Formulations (% Needles Penetrating Each Layer, Man + SD)

Formula Layer 1 Layer 2 Layer 3 Layer 4 Max. Layer
F1 1000 94.90+6.12¢ 38.78 £ 18.48°  3.06 £ 6.12¢ 4
F2 1000 97.45+1.02 60.20 £ 33.84 13.27 + 18.89° 4
F3 100+ 0 82.84 +£12.48* 21.50+30.61 4.90 +10.95¢ 4
F4 100 +0 48.02 +36.14"  17.67 + 17.28¢ 0 3
F5 100+ 0 48.33 + 16.14° 1.74 + 8.49° 0 3
F6 100+ 0 88.24 £ 11.54* 19.85 +9.86¢ 5.69 + 9.86¢ 4
F7 1000 79.77 + 16.40° 0 0 2
F8 100+ 0  69.94 +10.08° 11.90 + 2.55° 0 3

Note: Penetration percentage was calculated as the ratio of perforations formed on each Parafilm layer to the total number of needles formed in each DMN array
(refer to Table 5 for actual needle counts per formulation: F1-F5 = 49 needles; F6 = 43; F7 = 39; F8 = 41), expressed as a percentage. Values represent mean +
SD across independent replicates. Within each column, values sharing the same superscript letter are not significantly different, whereas values with different

superscript letters indicate statistically significant differences (p < 0.05) as determined by one-way ANOVA followed by Tukey’s honestly significant difference

(HSD) post-hoc test. Max. Layer = the deepest Parafilm layer reached by at least one needle in the array.
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2021) and is consistent with or superior to reported PVA/PVP
DMN systems with comparable needle dimensions (Lundborg
etal., 2018). Based on the combination of superior morpholog-
ical completeness, dimensional uniformity, and reproducible
penetration performance, F2 was selected as the optimal for-
mulation and is hereafter referred to as DMN.

3.8 Scanning Electron Microscopy

Mag= 35X
WD =17.6 mm

Signal A = SE1
EHT = 13.00 kv

zerss il

Mag= 200X
WD = 10.5 mm

Signal A = SE1
EHT = 13.00 kv

ZEISS - "

Figure 5. SEM Micrographs of Microneedle Formula 2 (F2):
(A) Top View Morphology and (B) Side View Showing

Needle Dimensions

SEM analysis of DMN arrays confirmed the sharp, pyra-
midal needle morphology observed by stereomicroscopy, with
greater dimensional resolution (Figure 5a-b). Needle heights
measured 608-618 pm and base widths 355-876 pm by SEM,
showing good agreement with stereomicroscopic measurements
(581.0 £ 1.7 pm height; 322.8 £ 0.6 pm width). The marginal
dimensional differences (~5%) between techniques are attributa
ble to sample-to-sample variation and differences in measure-
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ment reference points, and fall well within acceptable ranges
for microneedle characterisation. The 49-needle array was
complete and regularly arranged, with symmetrical tip geom-
etry and a relatively smooth needle surface. The smooth sur-
face indicates homogeneous dispersion of extract within the
PVA/PVP matrix during fabrication, with minimal phase sep-
aration or surface aggregation. The sharp pyramidal tip ge-
ometry is consistent with the penetration performance demon-
strated in Parafilm testing and supports effective stratum corneu
m penetration upon application (Makvandi et al., 2021).

3.9 Mechanical Properties

Compression testing of DMN arrays demonstrated a charac-
teristic biphasic force—displacement response with a critical
failure point at 65 mN per needle occurring at 670 pm dis-
placement (Figure 6, red marker). Three distinct mechanical
stages were observed during compression. In the initial stage
(0-200 pm displacement), force response remained minimal
(< 5 mN per needle), reflecting the progressive flattening of
the sharp pyramidal tips, which present very small apical con-
tact area and therefore negligible resistance to low compressive
loads. From 200 to 670 pm, force increased progressively and
non-linearly, corresponding to the elastic—plastic deformation
phase of the needle shaft, during which the applied load was
distributed across the bulk pyramidal structure until the critical
buckling threshold was reached. Beyond 670 pm, a brief force
plateau at approximately 65—-70 mN per needle was observed,
indicative of needle yielding, followed by a steep force increase
beyond 0.8 mm as the compression head engaged the patch
base, marking the onset of matrix densification rather than
continued needle-specific deformation.

140 4
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Figure 6. Mechanical Strength Profile of DMN (F2) Under
Compression Test

Stereomicroscopic inspection before and after compression,
shown as insets in Figure 6, confirmed the predicted failure
mode. Prior to compression, the DMN exhibited well-defined,
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Table 7. Kinetics of DMN Release
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Model R? K n Interpretation
Zero-order 0.5566 - - Poor fit
First-order 0.2175 - - Poor fit

Higuchi 0.6106 0.8579%-min~1/2 0.5 (fixed) Moderate fit
Predominantly

Korsmeyer—Peppas  0.7199

8.79 %-min 2

’ Fickian diffusion
with minor polymer

relaxation

0.488

sharp pyramidal tips arranged uniformly across the 7 x 7 ar-
ray (left inset), consistent with the SEM observations reported
above. Following compression to the failure point, the needle
tips were visibly blunted and flattened (right inset), with the
overall array geometry preserved and no evidence of catas-
trophic fracture, needle detachment, or base-level structural
collapse. This localised tip deformation without full structural
failure is characteristic of buckling-mode failure, in which com-
pressive stress exceeds the critical load for elastic stability and
initiates plastic deformation concentrated at the needle apex
(Tsuboko et al., 2024).

The recorded critical failure force of 65 mN per needle
falls within the 30—=100 mN per needle range required for ef-
fective stratum corneum penetration (Tsuboko et al., 2024),
confirming that DMN possesses adequate mechanical integrity
for transdermal application without premature structural col-
lapse during insertion (Alrimawi et al., 2024; Amano et al.,
2025). Importantly, the retention of the 7 X 7 array geometry
post-compression, combined with the localisation of deforma-
tion exclusively to the tip region, indicates that the balanced
PVA/PVP matrix in DMN provides sufficient bulk rigidity to
preserve patch integrity throughout the application process,
while allowing controlled tip-level deformation conducive to
skin dissolution-mediated drug release.

3.10 FTIR Spectroscopy

The FTIR spectra of the individual components and the opti-
mized DMN formulation (F2) are presented in Figure 7. The
PVA spectrum exhibited characteristic bands at 8278 ¢cm™!
(O-H stretching), 2925 cm~! (C-H stretching), 1606 cm™!
(O-H bending), 1519-1866 cm™! (C-H deformations), 1280
em™! (C=O stretching), and 820 and 765 cm™! (skeletal vi-
brations), consistent with reported PVA profiles (Teodorescu
etal., 2019; Oh et al., 2022). The PVP spectrum displayed
bands at 3889 cm~! (N-H/O-H), 2958 cm™~! (C-H stretch-
ing), 1494 ecm~! (C=0 amide I of the lactam ring), 1461-1288
em™! (C=H and C-N deformations of the pyrrolidone ring),
and 1041 and 1018 em™! (C-N ring vibrations), in agreement
with the vinylpyrrolidone backbone (Aisyah et al., 2024; Ku-
rakula and Rao, 2020). The P. laevigata extract showed a broad
O-H band at 8294 cm™! attributable to phenolic hydroxyls of
epicatechin-based condensed tannins (parameritannin A-1 and
A-2) as the dominant bark constituents (Kamiya et al., 2001),
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Figure 7. FTIR Spectra of PVP, PVA, P. laevigata Extract, and
DMN

with additional bands at 1646 cm™! (aromatic C=C of the
catechin B-ring; Ciobanu et al., 2023), 1714 em™! (carbonyl
of hydrolyzable tannin moieties), 1248 ecm™! (C—-O—-C inter-
flavanic ether of type-A proanthocyanidins), and 1088 cm™!
(C-O polyphenolic stretching) (Kamiya et al., 2001; Luo et al.,
2019).

The DMN (F2) spectrum retained all characteristic bands
of its components, with the O-H stretching band shifting
bathochromically to 8258 em™! - a displacement of 86 cm™!
from the extract and 15 cm™! from PVA - indicative of inter-
molecular hydrogen bonding between phenolic hydroxyls of P.
laevigata proanthocyanidins and the carbonyl of PVP’s lactam
ring and hydroxyl groups of PVA (Teodorescu et al., 2019).
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No new absorption bands were detected and no existing bands
were eliminated, confirming the absence of new covalent bond
formation and establishing the physicochemical compatibility
and biocompatibility of the extract—polymer system (Aisyah
et al., 2024; Oh et al., 2022).

3.11 In Vitro Release Profile

The cumulative release profile of P. laevigata extract from DMN
patches in PBS (pH 7.4, 837 + 1°C) over 1440 min is presented
in Figure 8. The release pattern demonstrated a biphasic be-
haviour, characterised by an initial rapid burst phase followed
by a sustained plateau phase. Within the first 10 min, approxi-
mately 10.81% of the loaded extract was released, increasing
substantially to 43.68% by 120 min, representing the burst
release phase. This initial burst release is mechanistically ex-
plained by the structural geometry of the DMN patch, as evi-
denced by SEM observations (Figure 5a-b). The sharp, pyrami-
dal needle tips - with heights of 608-613 um and base widths
of 3556-876 um - present a high surface area-to-volume ratio
upon contact with the release medium, facilitating rapid and
simultaneous dissolution across all 49 needle tips and creat-
ing multiple parallel diffusion fronts that collectively drive the
burst release observed within the first 120 min (Yang et al.,,
2021). Furthermore, during the fabrication process, solvent
evaporation dynamics within the mould cavity promote pref-
erential accumulation of extract molecules near the needle tip
surfaces, establishing a steep initial concentration gradient that
further accelerates early-phase diffusion into the PBS medium.
In contrast, the backing layer of the DMN patch requires a
substantially longer period for complete hydration, progres-
sive swelling, and polymer chain relaxation before the deeply
entrapped extract molecules can diffuse outward through the
expanding PVA/PVP network, accounting for the transition to
the sustained release phase observed beyond 120 min (Onesto
et al., 2020).

Beyond 120 min, the cumulative release plateaued, reach-
ing 56.48% at 1440 min. The absence of complete release over
24 h suggests that a fraction of the extract remained entrapped
within incompletely dissolved polymer regions or formed in-
soluble aggregates within the PBS medium, a phenomenon
previously reported for polyphenol-rich plant extracts under
aqueous sink conditions (Briuglia et al., 2014). Values recorded
at 480 and 960 min showed negligible variation relative to adja-
cent time points, consistent with the plateau phase rather than
progressive release. The sustained release profile over 24 h is
consistent with the kinetic requirements for prolonged topi-
cal anti-acne therapy; however, whether this in vitro release
pattern translates to sustained compound availability within
the viable skin layers remains to be confirmed through ex vivo
permeation studies.

To elucidate the underlying release mechanism, cumulative
release data were fitted to four mathematical kinetic models:
zero-order, first-order, Higuchi, and Korsmeyer—Peppas (Table
7). The Korsmeyer—Peppas model yielded the highest coeffi-
cient of determination (R? = 0.7199), with a release rate con-
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Figure 8. Cumulative Release Profile of the Extract from DMN
(F2) Over Time. Data are Presented as Mean + SD (n=3)

stant K = 8.79 %-min~" and diffusion exponent n = 0.4880,
followed by the Higuchi model (R? = 0.6106; K =), while
zero-order (R% = 0.5566) and first-order (R2 = 0.2175) mod-
els showed substantially weaker fits. The Korsmeyer—Peppas
model was therefore selected as the most representative descrip-
tor of the release kinetics. The very low R? of the first-order
model confirms that the release rate is not governed by the con-
centration gradient of the remaining extract within the matrix,
but is instead primarily determined by the physical dissolution
behaviour of the polymer (Yazdani et al., 2022). The moderate
fit of the Higuchi model suggests that diffusion through the
dissolving matrix contributes partially to the overall release
mechanism (Hashempur et al., 2025). The diffusion expo-
nent n = 0.4880 falls marginally above the Fickian diffusion
threshold for flat membrane geometry (n = 0.45), placing
the release mechanism at the boundary between Fickian and
anomalous transport, wherein molecular diffusion is the pre-
dominant mechanism accompanied by a minor contribution of
polymer chain relaxation through swelling of the hydrophilic
PVA/PVP matrix (Ali et al., 2020).

The biphasic release behaviour, combined with Korsmeyer—
Peppas kinetics, supports the suitability of this DMN system for
controlled transdermal delivery in acne therapy, providing an
initial therapeutic dose through burst release from the needle
tips, followed by sustained delivery from the dissolving backing
layer over 24 h. In this study, UV-Vis spectrophotometry at
437 nm was utilized as a robust and widely accepted initial
screening method to evaluate the macroscopic release profile
of total flavonoid compounds from the complex PVA/PVP
matrix. The calibration approach, which employed DMN
patches of known loading concentrations to account for ma-
trix effects, yielded an acceptable linearity (R? = 0.9428) for
semi-quantitative estimation. This macroscopic evaluation suc-
cessfully captured the overall release kinetics and confirmed the
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sustained delivery capability of the DMN system, despite poten-
tial minor background absorption from the dissolving polymer
excipients (Shimamoto et al., 2019). To build upon these base-
line kinetic findings, future investigations could employ HPLC-
based quantification targeting specific marker compounds of
P. laevigata such as its characteristic proanthocyanidins along-
side ex vivo skin permeation models to provide deeper insights
into the biological penetration dynamics (Kamiya et al., 2001;
Anggraini et al., 2022).

4. CONCLUSION

This study confirmed the successful characterization of Parame-
ria laevigata bark extract and its integration into a PVA/PVP-
based dissolving microneedle system for transdermal acne ther-
apy, as evidenced by phytochemical screening, antioxidant
assays, antibacterial evaluation, and physicochemical analy-
ses. The extract exhibited strong antioxidant activity across
DPPH, ABTS, and FRAP methods alongside moderate an-
tibacterial activity against Staphylococcus aureus and Cutibacterium
acnes, supporting a dual-action rationale addressing both mi-
crobial colonization and oxidative stress in acne pathogenesis.
The optimized formulation (F2) demonstrated that a balanced
PVA:PVP ratio was critical in determining morphological com-
pleteness, mechanical integrity sufficient for stratum corneum
penetration, and extract—polymer compatibility confirmed by
FTIR, with in vitro release following diffusion-controlled Ko-
rsmeyer—Peppas kinetics. These findings demonstrate that both
coformer-in this context, polymer ratio-selection and bioactive
source play critical roles in tuning the biological efficacy and
structural performance of plant-based dissolving microneedle
platforms. Overall, P. laevigata - loaded F2 arrays were iden-
tified as the most viable candidate for further development,
underscoring the potential of Indonesian medicinal plant ex-
tracts as functional actives in transdermal DMN systems.
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