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Abstract

Background/Objectives: Inflammatory skin disorders such as dermatitis, psoriasis, and
acne that affect patients” quality of life and health require safe and effective active delivery
systems. In Thai traditional medicine, Curcuma aromatica has long been used to treat skin
disorders and for cosmetic skin care. However, the research is scarce. This study aimed to
develop and evaluate a novel anti-inflammatory and anti-acne hydrogel patch containing
C. aromatica extract. Methods: The hydrogel patch formulations were prepared, and their
mechanical properties, in vitro release, skin permeation, in vitro anti-inflammatory and
anti-acne activities, and physicochemical properties were studied. Results: The C. aromatica
hydrogel patch (CA2 formulation) made from carrageenan, locust bean gum, PVP-K30,
and C. aromatica extract displayed excellent physical appearance and mechanical properties;
it was smooth, durable, and flexible. Curcumin, an active ingredient, was released from
the C. aromatica hydrogel patch within the first 30 min (19.07 4 1.14%), reaching its peak
at 12 h (50.40 £ 3.94%), with sustained permeation of 38.18 & 0.45% at 24 h. Data from
the drug release and permeation study better fit Higuchi’s kinetic model. Additionally,
the CA2 hydrogel patch demonstrated anti-inflammatory activity, with an ICsy value of
19.85 £ 0.82 ug/mL, and was also effective against Cutibacterium acne, with an inhibition
zone of 12.70 £ 2.10 mm. Conclusions: The developed C. aromatica hydrogel patch not
only showed great physicochemical properties but also had anti-inflammatory and anti-
acne activities; it prolonged curcumin release, enabling delivery of the drug to treat skin
inflammation disorders. The CA hydrogel patch is suitable for use as an anti-acne facial
mask and for inflamed skin areas; however, it should be further evaluated in clinical trials.

Keywords: hydrogel patch; Curcuma aromatica; anti-acne; anti-inflammation; curcumin

1. Introduction

Inflammatory skin disorders including dermatitis, eczema, psoriasis, and acne are com-
mon dermatologic illnesses that considerably affect patients” quality of life and health [1,2].
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The prolonged release of pro-inflammatory mediators increases transepidermal water loss
and compromises skin barrier function, leading to erythema, pruritus, and changes in the
epidermal structure [3,4].

Presently, factors such as air pollution and stress can cause inflammation in the body.
When stimulated externally, irritation or abnormal immune systems result in an inflamma-
tory process where inflammatory mediators are secreted, resulting in skin inflammation
and allergic reactions [5]. Acne has many causes: sebum alteration, aberrant follicular
keratinization, Cutibacterium acnes, and an inflammatory process [6].

Topical corticosteroids are the most common treatment for inflammatory skin disor-
ders. However, they have side effects, such as redness, thinning of the skin, wilting, and
easy bruising [7]. Acne treatments, including retinoids, corticosteroids, and antibiotics,
can also cause adverse effects, such as dryness, redness, peeling, and skin irritation [8,9],
which can dehydrate the skin and cause inflammation. Thus, our research intends to fill
this knowledge gap and find alternative applications that have good anti-inflammatory
effects and antibacterial properties but few side effects.

In Thai traditional medicine, the rhizomes of the Curcuma aromatica Salisb. (CA) family
of Zingiberaceae have long been used to treat inflammatory conditions, wounds, and der-
matological skin diseases, in addition to curing bruises, sprains, pain, and swelling [10,11],
owing to its anti-inflammatory, antimicrobial, antioxidant, anti-allergic, and wound-healing
effects [11-13]. CA powder was traditionally mixed with water or white liquor and applied
topically to the affected area, and currently, it is used in spas and skin care; however, few
research studies exist. The minimum inhibitory concentration (MIC) of the ethanolic extract
and aqueous extract of CA against C. acnes was reported to be 125 ug/mL and 250 pg/mL,
respectively [14]. In addition, it was reported that CA extract can reduce UVB-induced
skin photoaging by reducing MMP-1 expression [15], and that standardized CA extract
suppresses colon cancer in vivo [16]. Curcumin is one of the components of curcuminoids,
the active compound in CA [17], and has anti-inflammatory effects by inhibiting nitric
oxide, IL-1, TNF-«, cox2, and PGE, [18], as well as antioxidant, antimicrobial [19], and
anti-acne properties [20]. Clinical studies have demonstrated the effect of curcumin in
mild to moderate acne [21] and in other dermatological disorders [22]. Therefore, CA is
appropriate for use against acne and skin inflammation. However, curcumin is unstable
and degrades rapidly at alkaline pH, under high temperatures, and upon exposure to UV
or visible light [23,24]. Thus, careful control of pH, temperature, and light is essential for
preserving curcumin’s integrity in experimental and cosmetic applications.

The topical active delivery system enables precise targeting to the site of action. The
most commercial products on the market only come in the form of creams, gels, and
lotions, which adhere to clothing and lead to uncontrolled drug release. The patch form,
on the other hand, has various advantages: controlled drug release, a low application
frequency, prolonged duration of action, convenient use, and portability [25]. Hydrogels,
three-dimensional polymer networks with high water-retention capacity, are suitable for
inflamed skin, promoting hydration, providing a cooling effect, and reducing redness and
heat associated with inflammation [26]. Carrageenan, a polysaccharide from red seaweed,
is widely used in cosmetics, foods, and pharmaceuticals due to its excellent gelling ability,
swelling capacity, and biocompatibility [27,28]. Locust bean gum (LG) synergistically
interacts with carrageenan to improve gel strength, flexibility, and biocompatibility, and
thus has potential for wound dressings [29,30]. Polyvinylpyrrolidone K30 (PVP-K30),
widely used in pharmaceutics, exhibits excellent film-forming properties [31].

For these reasons, our study aims to develop a novel hydrogel patch containing CA
extract for use as an anti-inflammation and anti-acne application, with the objectives of
prolonging the duration of action, improving portability, and providing a cooling effect.
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In vitro release and skin permeation studies were undertaken using a Franz diffusion cell,
and the physicochemical properties of the hydrogel patches were evaluated using scanning
electron microscopy (SEM), differential scanning calorimetry (DSC), X-ray diffraction
(XRD), and Fourier-transform infrared spectroscopy (FTIR). The anti-inflammatory and
anti-Cutibacterium acnes activity was assessed by the inhibition of nitric oxide production in
LPS-stimulated RAW 264.7 cells and the disc diffusion method, respectively, confirming
the patches’ effectiveness.

2. Materials and Methods
2.1. Materials and Chemicals

The rhizome of Curcuma aromatica, specimen voucher (SKP 206 03 01 01), was collected
from Kanchanaburi Province, Thailand, at a latitude of 14°1" N, longitude of 99°32' E, and
altitude of 29 m. The specimen voucher was placed in the Southern Center of Thai Medicinal
Plants at Prince of Songkla University’s Faculty of Pharmaceutical Sciences in Thailand.
Carrageenan and locust bean gum were purchased from Beauty Cosmetic Co., Ltd., Seoul,
Republic of Korea, and PVP K-30 was obtained from the Faculty of Pharmaceutical Sciences,
Prince of Songkla University, Thailand. Glycerin was purchased from Sigma-Aldrich
(St. Louis, MO, USA), and standard curcumin was purchased from Sigma (St. Louis, MO,
USA). Acetonitrile high-performance liquid chromatography (HPLC)-grade was purchased
from RCI LabScan (Bangkok, Thailand). The Milli Q® system from Millipore (Bedford, MA,
USA) was used to prepare the purified water. The murine macrophage cell line (ATCC®
TIB-71™) was Apurchased from the American Type Culture Collection (American Type
Culture Collection; ATCC®, Manassas, VA, USA). Sigma (St. Louis, MO, USA) supplied
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT).

2.2. Preparation of Extract

The rhizomes of CA were washed, oven-dried at 45 °C, and ground into a coarse
powder. The powder (200 g) was macerated with 95% ethanol (500 mL) for three days then
filtered through filter paper (Whatman No. 1). The maceration was repeated twice and
concentrated at 45-50 °C using a rotary evaporator. The crude extract was stored at —20 °C
until use. The yield (%) was calculated as follows:

Yield (%) = (Weight of extract obtained /Total weight of herbal raw material used for
extraction) x 100.

2.3. Preparation of CA Hydrogel Patch

Hydrogel patches were prepared by following in Table 1 (Thai Petty Patent Application
Number 2503001915). Carrageenan, locust bean gum (LG), PVP K-30 (0.5 g), and glycerin
were added step by step and stirred in distilled water until homogeneous. Subsequently, CA
extract (1% w/w) was added and stirred until uniform. The matrix solution was degasified
and created the hydrogel patch using a film applicator (3 mm), coated with a polyvinyl
chloride (PVC) sheet, and kept in an aluminum foil sealed bag at 4 °C until use.
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Table 1. Composition of hydrogel patch formulations (% w/w).
Formulations Carrageenan LG and PVP Glycerin Curcuma aromatica
8 K-30 y Extract
B1 (Blank) 1.5 1.5 0.5 -
B2 (Blank) 1.25 1.75 0.5 -
B3 (Blank) 1 2 0.5 -
CA1l 1.5 1.5 0.5 1
CA2 1.25 1.75 0.5 1
CA3 1 2 0.5 1

Note: B1-B3 represent blank hydrogel patch formulations (without Curcuma aromatica extract), and CA1-CA3
represent Curcuma aromatica extract-loaded hydrogel patch formulations.

2.4. Drug Entrapment Efficiency of CA Hydrogel Patches Method

The 95% ethanol was used to dissolve the CA hydrogel patch and sonicated (30 min),
and centrifuged at 5000 rpm for 30 min. The supernatant was filtered through a mem-
brane filter prior to curcumin content determination using the HPLC method described in
Section 2.6.

2.5. In Vitro Release and Skin Permeation Study

The modified Franz diffusion cell method [32,33] was employed to determine the
in vitro release and skin permeation of curcumin from CA hydrogel patches in triplicate.

After soaking in a medium for half an hour, the cellulose dialysis membrane, which
has a molecular weight cut-off of 12,000 to 14,000 Da, Cellu Sep T4, Membrane Filtration
Product, Inc., USA, was positioned between the donor and receptor compartments. The
ethanol (20% v/v) in the phosphate-buffered saline solution (pH 7.4) was maintained at
37 £ 1 °C and continuously stirred using a magnetic stirrer. The CA hydrogel patch
(2 x 2 cm?) was placed on a cellulose dialysis membrane, and 1 mL aliquots of the receptor
medium were withdrawn at predetermined intervals and immediately replenished with
an equal volume of fresh medium to maintain sink conditions. Curcumin contents were
quantified by high-performance liquid chromatography (HPLC). For the permeation study,
excised pig ear skin obtained from Prince of Songkla University (Thailand) was used as the
diffusion membrane, and the procedure was performed following the same protocol as the
release study.

2.6. HPLC Analytical Method

The HPLC method was validated according to ICH (2005) guidelines [34], assessing
parameters such as selectivity, linearity, accuracy, precision, limit of detection (LOD), and
limit of quantitation (LOQ). The HPLC system (Dionex Ultimate 3000; Thermo Fisher
Scientific, Waltham, MA, USA), C18 column (C18 Hypersil GOLD™, 4.6 x 250 mm), and
detector (DAD-3000; Thermo Fisher Scientific, Waltham, MA, USA) were used to analyze
the curcumin content. The mobile phase consisted of acetonitrile and 2% (v/v) acetic acid in
DI water at a ratio of 50:50, using an isocratic system. The flow rate was 0.8 mL/min with
column temperature at 33 °C, and the running time was 15 min/sample. Ten microliters of
each sample were injected into the HPLC system and detected using a diode array detector
at a wavelength of 425nm. The curcumin content was calculated from the standard curve
using a linear equation.

2.7. Anti-Inflammatory Activity via Nitric Oxide Inhibition and Cytotoxicity in RAW 264.7
Cells Method

This study used a modified method [35]. RAW 264.7 cells were cultured in DMEM at
37 °Cin a 5% CO; atmosphere and subsequently seeded into 96-well plates at a density
of 1 x 10° cells/well. After 24 h, the cells were treated with lipopolysaccharide (LPS) at
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5ng/mL. For testing, each of 1% CA hydrogel patches was prepared at a stock concentration
of 50 mg/mL then prepared at various concentrations (5-50 pg/mL). Curcumin standard
was prepared at various concentrations (0.1-30 ug/mL). Samples were added to the cells
and incubated for 24 h. Thereafter, the supernatant was transferred to a fresh 96-well plate,
followed by the addition of Griess reagent. The optical density was then measured at
570 nm using a microplate reader. The viability of the treated cells was determined using
MTT solution, and the inhibition and toxicity percentages were calculated. GraphPad
Prism software version 10 (San Diego, CA, USA) was used to calculate the half-inhibitory
concentration (ICsg).

2.8. Determination of Anti-Cutibacterium Acnes Activity of Hydrogel Patch Using Disc
Diffusion Method

The anti-C. acnes activity of the samples was determined using the disc diffusion
method. C. acnes (DMST 14916) was cultured in brain—heart infusion (BHI) broth (Difco,
BBL™ Bacto™ Brain Heart Infusion) under anaerobic conditions (GasPak™ in a gas jar)
at 37 °C for 7 days, and the bacterial suspension was adjusted to a concentration of
10 CFU/mL (O.D. 0.1 at 625 nm). BHI agar plates were inoculated by evenly spreading
the standardized suspension over the surface. Seven-millimeter patches of CA hydrogel
patch (1% CA extract), blank hydrogel patch (without CA extract; negative control), and
0.01% clindamycin hydrogel patch (positive control) were applied to inoculated plates and
incubated anaerobically at 37 °C for 7 days. The inhibition zone was measured across the
disc (mm) using an antibiotic zone reader (Fisher Scientific Lilly, Bristol, PA, USA).

2.9. Determination of Physicochemical Properties of Hydrogel Patch
2.9.1. pH of Product

The pH of the prepared patch solutions was measured using a calibrated pH meter.

2.9.2. Thickness

The hydrogel patch thickness was measured at three points per hydrogel patch using
a Teclock® dial thickness gauge micrometer (1 = 3).

2.9.3. Tensile Strength and % Elongation at Break

Tensile strength (kg/cm?) and percentage elongation at break of the hydrogel patches
were measured using a texture analyzer (TA. XT Plus, Stable Micro Systems, Hamilton, MA,
USA). Hydrogel patch specimens (1 x 4 cm?) were secured between two clamps and tested
using a 5 kg load cell with a pre-test speed (1 mm/s), test speed (1 mm/s), and trigger force
of 5 g. Data were analyzed using the Exponent Lite software version LITE to determine
tensile strength and elongation at break (1 = 3).

2.9.4. Surface Morphology

The CA2 hydrogel patch and blank hydrogel patch were incubated at 45 °C for 48 h
and subsequently attached to a copper shaft and coated with gold using a sputter coater
prior to testing. The surface morphology of the hydrogel patches was investigated using
an FE-SEM (Field-Emission SEM; Merlin, Zeiss, Dublin, CA, USA) configured with a high
voltage of 10 kV.

2.9.5. Differential Scanning Calorimetry (DSC)

The blank hydrogel patch and CA2 hydrogel patch were incubated at 45 °C for 48 h
prior to testing. Under a liquid nitrogen, DSC thermograms were performed on a DSC
apparatus (DSC 6000, Perkin Elmer (Hopkinton, MA, USA) scanning at a heat flow from
20 °C to 350 °C at a heating rate of 10 °C/min.
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2.9.6. X-Ray Diffraction (XRD)

The crystallinity of carrageenan powder, LG powder, PVP-K30 powder, the blank
hydrogel patch, and the CA2 hydrogel patch was investigated using XRD (model: Bruker
AXS Model D8 Advance, Karlsruhe, Germany). Both hydrogel patches were incubated at
45 °C for 48 h prior to testing. The conditions were set as follows: X-ray source of 40 mA;
voltage of 40 kV; increments of 0.02 degree/step; and angle (26) range of 5-40°.

2.9.7. FTIR Spectroscopy

CA, standard curcumin, carrageenan, LG, PVP-K30 powder, the blank hydrogel patch,
and the CA2 hydrogel patch were all analyzed using an FTIR spectrometer (Nicolet iS50,
Thermo Scientific, USA). Before testing, the blank and CA2 hydrogel patches were incubated
at 45 °C for 48 h. The test included 64 scans at a resolution of 4 cm~! and a wave number
range from 4000 to 400 cm ! [35].

2.10. Statistical Analysis

All data are the mean of three replications, and the values of the hydrogel patches’
anti-inflammatory activity parameters is expressed as mean + SEM. Mechanical and
physicochemical properties, and anti-acne activity against C. acnes using the disc diffusion
method are expressed as mean + SD, as are those of the in vitro release and skin permeation.
The Prism software version 10 was used to determine the IC5 values. Tukey’s multiple
comparison tests and one-way ANOVA were used to examine the data. p < 0.05 was
considered statistically significant.

3. Results and Discussion
3.1. C. aromatica Extract and Physical Appearance of Hydrogel Patch

The CA ethanolic extract had a yellow—orange color, and its yield percentage was
18.26% (w/w). The blank hydrogel patch was clear and colorless, and the CA hydrogel patch
was yellow (Figure 1). The yellow color of the CA hydrogel, due to curcumin, confirms that
the extract was fully loaded and compatible with the hydrogel matrix, forming a smooth,
uniform surface that is both suitable and visually appealing for use. However, the yellow
color may cause skin staining.

(b)

Figure 1. The physical appearance of hydrogel patches: (a) blank hydrogel patch (without C. aromatica
extract); (b) CA hydrogel patch (hydrogel loaded with C. aromatica extract).
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3.2. Mechanical and Physicochemical Properties of Hydrogel Patches

The mechanical and physicochemical properties of six formulations are shown in
Table 2. The thickness of the blank hydrogel patches (B1-B3) varied between 0.59 £ 0.01 and
0.63 & 0.01 mm, and the thickness of the CA hydrogel patches varied between 0.57 £ 0.02
and 0.63 =+ 0.03 mm, indicating a slight decrease in thickness when adding CA, but one
that is not significant within the same formula.

Table 2. Results of mechanical and physicochemical properties of hydrogel patches (mean =+ SD).

. ) Thickness pH Tensile Elongation at

ormulation (mm) + SD Value + SD Strength Break
(kg/cm?) + SD (%) &+ SD

Bl 0.63 £ 0.01 6.83 £0.31 121+0.13 209.41 + 4.90

B2 0.59 £ 0.01 6.80 £0.26 1.14 +0.21 242.65 +7.95

B3 0.61 £ 0.01 6.83 £ 0.29 1.20 £0.18 269.00 & 5.52

CAl 0.63 £ 0.03 558 £0.10* 1.52+0.13* 199.75 + 13.37

CA2 0.57 £0.02 557 £0.12*% 1.50 +0.09 * 264.15 £ 19.08

CA3 0.60 £ 0.01 557 £0.12*% 1.46 +0.12 285.02 £ 18.56

B1-B3 indicate blank hydrogel patches (without C. aromatica extract); CA1-CA3 indicate hydrogel patches
(hydrogel loaded with C. aromatica extract) * A significant difference (p < 0.05) was observed between the blank
hydrogel patch and the CA hydrogel patch; CA, Curcuma aromatica.

The pH values of the CA hydrogel patch, at 5.57-5.58, were significantly lower
(p < 0.05) than those of the blank hydrogel patches, indicating the acidity of the CA extract.
The human skin surface is considered to have an acidic nature, with a pH of 4.1-5.8 [36],
which is beneficial for epidermal physiology and cutaneous microbiota, and especially
cosmetic-relevant skin conditions and skin disorders. Skin care products with a pH level
of 4.0-5.5 help to maintain the skin’s protective barrier and prevent irritation and dry-
ness [37-39]. Thus, the pH of CA hydrogel patches is suitable for use in skin.

The tensile strength values of blank hydrogel patches (B1-B3) ranged from
1.14 + 021 kg/cm? to 1.21 4 0.13 kg/cm?, whereas those of CA hydrogel patches
(CA1-CA3) ranged from 1.46 + 0.12 kg/cm? to 1.52 4 0.13 kg/cm?.

The elongation at break (%) values of blank hydrogel patches (B1-B3) ranged from
209.41 +£ 4.90 to 269.00 + 5.52%, while those of CA hydrogel patches (CA1-CA3) ranged
from 199.75 + 13.37 to 285.02 + 18.56%. These results show that, when the CA extract
is added to the hydrogel, the tensile strength and % elongation at break values slightly
increase, indicating that some phytochemicals of CA may interact, favorably forming hy-
drogen bonds with polymers and enhancing mechanical strength. These findings have
been observed in other medicinal plant-loaded hydrogels, where they increased flexibil-
ity [40,41].

In our study, the CA hydrogel patch was made from biodegradable polymers such as
carrageenan and LG, which are widely used in cosmetics, food, and pharmaceuticals [42,43].
The synergistic interaction between carrageenan and LG enhanced the hydrogel forming
and strength [44,45]. Glycerin was used as a plasticizer, increasing the hydrogel patch’s
flexibility [46].

CA-loaded hydrogel patches demonstrate improved mechanical strength, resilience,
and a favorable skin-acidic pH profile, making them strong candidates for effective, user-
friendly active delivery systems.

3.3. Drug Entrapment Efficiency of CA Hydrogel Patches

The curcumin entrapment efficiency of hydrogel patches was analyzed using the
HPLC method, and was determined as 93.78 4 2.64, 91.49 + 1.39, and 86.78 + 1.60% for the
CA2, CA3, and CA1 hydrogel patches, respectively. The CA2 hydrogel formula resulted in
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Cumulative release of Curcumin (%)

60

the highest percentage of curcumin loaded relative to the amount initially incorporated
and released from the hydrogel matrix.

3.4. In Vitro Drug Release Study

The release profiles of all formulations of the CA1 (high proportion of carrageenan),
CA3 (high proportion of LG), and CA2 hydrogel patches (1:1 ratio of carrageenan-LG)
exhibit a gradual and sustained release of curcumin over a 12 h period (Figure 2). A rapid
initial release phase is observed within the first 30 min at 15-22% for all formulations,
indicating a burst release, which is beneficial for use as a mask hydrogel, whereas the
profiles between 2 and 6 h suggest controlled diffusion from the matrix.

—-CA2
——CA3
—4—CAl

2 3 4 5 6 7 8 9 10 11 12
Time (hours)

Figure 2. The in vitro cumulative release of curcumin (%) from CA1, CA2, and CA3 hydrogel patches
using a modified Franz diffusion cell.

The CA2 hydrogel patch exerted the highest cumulative curcumin release at 12 h,
with 50.40 & 3.94%, while the CA3 and CA1 hydrogel patches reached 45.15 & 1.90% and
43.55 £ 2.46%, respectively. The effect of the polymer proportion on curcumin release was
evident in this study: formulations CA1 (high proportion of carrageenan) and CA3 (high
proportion of LG) exhibited lower cumulative curcumin release. This may be attributed to
the higher contents of carrageenan and LG, which increase the structural rigidity of the
hydrogel patch, potentially reducing its solubility and thereby limiting drug release. Our
results are in line with the previous research study by Kaur et al., in which an increase in
the concentrations of LG and montmorillonite resulted in a reduced release of curcumin
from k-carrageenan/locust bean gum/montmorillonite composite films [47].

According to Table 3, Higuchi’s model was best fitted with the CA2 hydrogel patch’s
release kinetics model (R? = 0.9147). Furthermore, the sustained release of curcumin is
advantageous for a prolonged duration of action.
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Table 3. Study of the kinetic models of CA hydrogel patches upon release.

Zero Order First Order Higuchi
Hydrogel Patches Qt = Kot + Qo (Q¢ = Qpe Ky Q¢ =Ku V1)
R2 R2 R2
CA1l 0.6524 0.7321 0.8890
CA2 0.6951 0.7948 0.9147
CA3 0.6200 0.7037 0.8650

3.5. Anti-Inflammatory Activity via Nitric Oxide Inhibition and Cytotoxicity in RAW 264.7 Cells

As shown in Figure 3, C. aromatica (CA) extract demonstrated strong inhibitory activity,
with an ICsg value of 14.25 + 1.29 ug/mL. Curcumin showed high activity, with an ICs
value of 4.91 £ 0.46 pg/mL, and prednisolone, the positive control, exerted inhibitory
activity, with an ICsy value of 1.13 £ 0.16 pg/mL. However, if used as a topical drug for a
long duration, side effects such as steroid acne, steroid-addicted skin, thinning skin, stretch
marks, easy bleeding, and red skin emerged [48].

100
90
80—
70
60—
50—
40
30 *
20
10

ICs (ug/mb)

Figure 3. Anti-inflammatory activity via nitric oxide inhibition in RAW 264.7 cells; the ICsy values
(ug/mL) of prednisolone (positive control), curcumin, CA extract, CA hydrogel patch formulations
(CA1-CAB3), and blank hydrogel patch formulations (B1-B3). * Significant difference (p < 0.05) when
compared with CA2 hydrogel patch in groups of CA hydrogel patch (CA1-CA3) analyzed by Tukey’s
multiple comparisons test.

Regarding the CA1, CA2, and CA3 hydrogel patches, the CA2 hydrogel patch showed
the strongest inhibitory activity, with an ICsq value of 19.85 & 0.82 pug/mL, followed by the
CA3 and CA1 hydrogel patches, with ICs values of 22.00 & 0.17 and 23.48 £ 0.92 pg/mL,
respectively, while the blank hydrogel patch (B1-B3) did not inhibit nitric oxide production.
These results indicate that the anti-inflammatory activity of the CA hydrogel patch is
derived directly from C. aromatica extract, not from the hydrogel base. In addition, the
anti-inflammatory activity of the CA2 hydrogel patch was similar to that of the C. aromat-
ica extract, indicating that the hydrogel base neither interferes with nor diminishes the
bioactivity of the extract.
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In the comparison of anti-inflammatory activity among CA hydrogel patches (CA1-
CA3), the best formula was the CA2 hydrogel patch. These results are consistent with
drug entrapment efficiency, with a higher entrapment correlating with distinct release
behavior and anti-inflammatory activity. A previous research study reported the potential
of the crude extract of C. aromatica and curcumin to inhibit NF-«B activity [49]. In addition,
the extracts of C. aromatica showed anti-inflammatory activity in an in vivo study, orally
administered to mice, suppressing IL-6, TNF-«, and IL-13 expression [50], and curcumin
also showed anti-inflammatory activity [51]. These previous reports are in line with the
anti-inflammation of CA and curcumin indicated in our results; however, our results
demonstrate the first report of anti-inflammatory activity by the inhibition of nitric oxide
production and cytotoxicity on RAW 264.7 cells.

Cytotoxicity was determined using an MTT assay: curcumin showed toxicity at
concentrations greater than 20 pug/mL, while CA hydrogel patches were not toxic at all
concentrations. Therefore, our study demonstrates that the CA hydrogel patch has anti-
inflammatory activity and is not toxic to cells.

3.6. Anti-Acne Activity Against Cutibacterium Acnes of Hydrogel Patch

The anti-Cutibacterium acnes activity of various hydrogel patch formulations was eval-
uated using the disc diffusion method (Table 4 and Figure 4). The CA2 hydrogel patch
exerted the strongest activity, with an inhibition zone of 12.70 & 2.10 mm, followed by the
CA3 and CA1 hydrogel patches, with inhibition zones of 11.20 & 1.10 and 9.60 £ 0.50 mm.
The difference in inhibition zones between the CA1 and CA2 hydrogel patches was signifi-
cant (p < 0.05). The blank hydrogel patch formulations (B1, B2, and B3) exhibited no activity
against C. acnes, indicating that the CA hydrogel patches” anti-C. acnes effect was derived
directly from the CA extract. In agreement with a previous study reported that the ethanolic
extract of CA demonstrated activity against C. acnes, with an MIC of 125 pg/mL [14].

The 0.01% clindamycin hydrogel patch (positive control) exhibited a significantly
larger inhibition zone of 29.10 &= 1.80 mm. Although the 0.01% clindamycin hydrogel patch
demonstrated greater inhibition than the CA2 hydrogel patch, it also resulted in adverse
effects such as dry, itchy, irritated, and red skin [52]. Our results show that adding CA
ethanolic extract at a concentration of 1% w/w to the hydrogel patch was sufficient for
inhibiting C. acnes.

Table 4. Anti-acne activity of hydrogel patch against C. acnes using the disc diffusion method.

Inhibition Zone

Samples Code (mm; Mean + SD, n = 6)

CA1 hydrogel patch 1% CA1l 9.60 4+ 0.50 *
CA2 hydrogel patch 1% CA2 12.70 4+ 2.10
CAS3 hydrogel patch 1% CA3 11.20 £ 1.10

B1 hydrogel patch Bl NA

B2 hydrogel patch B2 NA

B3 hydrogel patch B3 NA
Clindamycin hydrogel patch 0.01%  Clindamycin 0.01% 29.10 - 1.80

Commercial anti-acne patch

product; Salicylic acid 0.4% patch s 0.00 = 0.00
Commercial anti-acne patch M 0.00 & 0.00

product; Acne-absorbing patch

NA means no inhibition zone. * Significant difference (p < 0.05) when compared with CA2 hydrogel patch in CA
hydrogel patch groups (CA1-CA3) analyzed by Tukey’s multiple comparisons test.
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Clindamycin 0.01%

Figure 4. The anti-acne activity of the CA hydrogel patch against C. acnes using the disc diffusion
method: (a) CA hydrogel patches (CA1, CA2, CA3) and 0.01% clindamycin hydrogel patch (positive
control); (b) CA hydrogel patches (CA1, CA2, CA3) and CS (commercial anti-acne patch product;
salicylic acid 0.4% patch); (c) CA hydrogel patches (CA1, CA2, CA3) and CM (commercial anti-acne
patch product; acne-absorbing patch); (d) blank hydrogel patches (B1, B2, B3) and 0.01% clindamycin
hydrogel patch (positive control); (e) control C. acnes (DMST 14916); (f) 0.01% clindamycin hydrogel
patch (positive control).

Regarding commercial anti-acne patch products, the salicylic acid 0.4% patch (CS) and
commercial acne-absorbing patch (CM) showed no inhibition against C. acnes. Although
salicylic acid has comedolytic and bactericidal properties for acne patients [53], the salicylic
acid 0.4% patch (CS) showed no inhibition against C. acnes in this study due to the low
concentration (0.4%) and its mode of action, which is primarily keratolytic rather than
bactericidal. The commercial acne-absorbing patch (CM) also showed no inhibition, poten-
tially due to its mechanism focusing on fluid absorption and wound protection rather than
antimicrobial action.

Thus, the CA2 hydrogel patch demonstrated in vitro anti-inflammatory and anti-acne
activities, and strong anti-acne activity against C. acnes using the disc diffusion method
rather than commercial anti-acne patch products. In addition, hydrogel patches provide
moisture to the inflamed area and can also absorb fluids due to the hydrogel’s proper-
ties [54,55]. To our knowledge, this is the first report on the development of a hydrogel
patch delivery platform incorporating C. aromatica extract, highlighting its potential as a
novel anti-acne and anti-inflammatory application for acne and skin disorders.

3.7. In Vitro Skin Permeation Study

The in vitro skin permeation study of the CA2 hydrogel patch was carried out using a
modified Franz diffusion cell. As shown in Figure 5, at 3 h, the CA2 hydrogel patch demon-
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strated initial curcumin permeation of 28.62 £ 0.45%; moreover, at 24 h, it demonstrated the
maximum cumulative curcumin permeation of 38.18 £ 0.45%. The skin permeation kinetics
model of the CA2 hydrogel patch better fit Higuchi’s model, with R? = 0.7011 (Table 5).
Glycerin, which was used as a plasticizer in our study, could act as a penetration enhancer,
increasing the permeability of curcumin from the CA2 hydrogel patch to the skin [56]. This
result confirms that the active compound curcumin efficiently penetrates the skin from
the CA2 hydrogel patches. However, approximately 62% of curcumin remained on the
skin surface, providing continued topical activity and prolonged topical efficacy. For acne,
the effective target is local action (epidermis/follicle). These properties make it suitable
for use in skin applications or as a hydrogel mask, where the results suggest that it could
be applied directly for dermatological purposes or further adapted for other applications.
These findings provide supportive evidence and serve as valuable preliminary data.

Cumulative permeation of Curcumin (%)

T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hours)

Figure 5. The skin permeation (in vitro) of curcumin from the CA2 hydrogel patch using a modified
Franz diffusion cell containing 20% v/v ethanol in phosphate-buffered saline.

Table 5. The kinetic models of CA2 hydrogel patches in the permeation study.

Zero Order First Order Higuchi
Hydrogel Patch Qi =Kpt + Qo (Q¢ QOe_Kt) (Q; =Kgu \/E)
R2 R?2 R2
CA2 0.4957 0.4763 0.7011

3.8. Physicochemical Properties of the Hydrogel Patch
3.8.1. The Surface Morphology

The surface morphology of the blank hydrogel patch and the CA2 hydrogel patch was
determined using SEM. As shown in Figure 6A (100x) and Figure 6B (500 %), the surface
of the blank hydrogel patch exhibited a smooth and continuous surface without visible
pores or disruptions, suggesting a uniform polymeric matrix. The surface of the CA2
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hydrogel patch (Figure 6C at 100x and Figure 6D at 500 x) showed several vesicles in the
matrix, indicating that C. aromatica extract presented distinct spherical domains dispersed
throughout it. These results support that C. aromatica extract is completely loaded and

evenly distributed in the hydrogel patch matrix.

Figure 6. Surface morphology of hydrogel patch: (A) surface morphology of a blank hydrogel patch
x100; (B) x500; (C) the surface morphology of the CA2 hydrogel patch x100; (D) x500.

3.8.2. Differential Scanning Calorimetry Analysis

The DSC thermograms of the CA2 hydrogel patch, blank hydrogel patch, carrageenan
powder, LG powder, and PVP-K30 powder are displayed in Figure 7. The DSC thermogram
of LG powder exhibited a broad endotherm peak at 90.06 °C and melting point at 191.69 °C,
whereas that of carrageenan powder showed an endothermic peak at 97.35 °C, correspond-
ing to the melting of its crystalline regions, a melting point at 151.43 °C, and an exothermic
peak at 207.99 °C, indicative of its thermal degradation caused by the fragmentation of
the polymeric backbone [57]. This finding aligns with a prior study, where carrageenan
exerted exothermic peaks at 239 °C [58]. The DSC thermogram of PVP-K30 demonstrated a
characteristic broad thermal transition near 88.56 °C, associated with water loss.
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Figure 7. DSC thermograms of LG powder, carrageenan powder, PVP-K30, the blank hydrogel patch,
and the CA2 hydrogel patch.

The analysis thermogram of the blank hydrogel patch revealed an endothermic peak
at 79.30 °C, which is similar to those of pure carrageenan, LG, and PVP-K30. The melting
point was 209.54 °C. The CA2 hydrogel patch exhibited high broad endothermic peaks
at 82.93 °C and 209.79 °C. The DSC thermograms of both the blank and CA2 hydrogel
patches showed no additional thermal events, indicating the absence of significant chemical
interactions or incompatibilities among the components. This thermal compatibility is
crucial for the stability and efficacy of the hydrogel formulation. The thermal analysis
results also showed that the CA2 hydrogel patch maintained thermal stability up to 250 °C
and is hence suitable for cosmetic/skin care applications.

3.8.3. XRD Analysis

The blank hydrogel patch’s XRD pattern showed amorphous characteristics, with a
broad diffraction region at 10° and 20° (20) and no sharp peaks. The XRD pattern of the
CAZ2 hydrogel patch also showed amorphous characteristics, with a large diffraction region
at 20° (20) and no crystalline peaks (Figure 8).

Consequently, the XRD pattern of the CA2 hydrogel patch confirmed its amorphous
nature, indicating that curcumin was completely dispersed within the hydrogel matrix.
Furthermore, amorphous regions led to enhanced drug diffusion [59].
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Figure 8. The XRD patterns of the CA2 hydrogel patch and blank hydrogel patch.

3.8.4. FTIR Analysis

The FTIR spectra of curcumin, Curcuma aromatica extract, the CA2 hydrogel patch,
the blank hydrogel patch, carrageenan, LG, and PVP-K30 are shown in Figure 9. The
spectrum of the blank hydrogel patch demonstrated characteristic absorption bands, in-
cluding a broad O-H stretching vibration at 3300-3400 cm !, C-H stretching in the range
of 2900-3000 cm !, and ester sulfate groups at 1220-1223 cm ™!, which is similar to the
spectrum of carrageenan (1221.45 cm '), indicating that ester sulfate moieties are an in-
herent structural component of carrageenan [45]. The FTIR spectrum of LG exhibited a
broad O-H stretching vibration at 3329.08 cm ! and an aliphatic C-H stretching band at
2890.22 cm ™!, consistent with characteristic functional groups commonly found in polysac-
charides. Evidence of chemical interaction between carrageenan and LG is supported by a
noticeable shift in the C-O stretching vibration of the C-O-H functional group. Specifically,
the peak at 1155.80 cm ™! observed in pure carrageenan was shifted to 1150.87 cm ™! in
the spectrum of the blank hydrogel patch. This shift suggests potential hydrogen bonding
intermolecular interactions between carrageenan and LG [47].

The FTIR spectrum of PVP-K30 revealed a strong and sharp band at 1614.99 cm ™!
attributed to the C=0 stretching of the pyrrolidone ring, similar to previous research [60,61].
A broad O-H band centered at 3411.32 cm ! and a C-H stretching peak at 2950.79 cm ™!
were also observed, both typical for hygroscopic polymer systems. These peaks remained
visible in both the blank and CA2 hydrogel patches, implying that the physical structure of
PVP-K30 was retained post-formulation.

The FTIR spectrum of curcumin exhibited characteristic bands at 3507.29 cm™!, at-
tributable to O-H stretching vibrations arising from phenolic hydroxyl groups. The aro-
matic C=C stretching (1626.33 cm™!), benzene ring stretching vibrations (1600-1605 cm™1),
and C=0 stretching (1500-1515 cm~!) determined were similar to previous research [62,63].

The FTIR spectrum of the C. aromatica extract showed a slight shift in the O-H band to
3475.12 cm~! and C=0/C=C stretching to 1658.75 cm~!, along with an additional band
at 1513.66 cm ™! from curcumin, suggesting the presence of other phytoconstituents in the
extract that may influence the vibrational environment. However, it also demonstrated
characteristic bands at 1658.75 and 1513.66 cm ™!, closely matching the spectrum of cut-
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cumin (at 1626.33 and 1505.57 cm™!), thereby suggesting the presence of curcumin in
the extract.

The FTIR spectrum of the CA2 hydrogel patch exhibited key absorption bands at
3330.70 cm ! (O-H stretching) and 2925.85 cm ™! (C-H stretching), confirming the hy-
drophilic polymeric nature of the matrix. Importantly, the C=0O stretching peak observed
in the CA extract (1658.75 cm 1) was retained in the CA2 hydrogel patch at 1652.79 cm~!.
Moreover, the aromatic C=C band was preserved at 1513.85 cm™ . Its characteristic bands
were close to those in the spectrum of the curcumin and extract, indicating that curcumin,
an active marker of the CA extract, was completely dispersed in the hydrogel patch matrix
without significant structural degradation.

I
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Figure 9. The FTIR spectra of curcumin, C. aromatica extract, the CA2 hydrogel patch, the blank
hydrogel patch, carrageenan, LG, and PVP-K30.

4. Conclusions

This study revealed that the ethanolic extract of Curcuma aromatica (CA) had potent
anti-inflammatory activity. A novel CA extract-loaded hydrogel patch was developed and
demonstrated excellent physical appearance, homogeneity, and mechanical properties. The
CAZ2 hydrogel patch reached the maximum rate of curcumin release at 12 h, and the skin
permeation was sustained to 24 h. Moreover, the CA2 hydrogel patch not only showed
excellent anti-inflammatory activity but also exerted anti-acne activity against C. acnes.
The homogeneity and compatibility of all ingredients were demonstrated by its physic-
ochemical characteristics using SEM, DSC, and XRD. The functional group of curcumin
was detected by FTIR. Therefore, this study supports the traditional dermatological use
of CA and indicates that the CA2 hydrogel patch showed strong cosmetic potential for
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anti-inflammatory and anti-acne skincare applications. Furthermore, based on its bioactive
response, the CA2 hydrogel patch may serve as a preliminary platform for future thera-
peutic development in dermatology, pending further studies on product stability, in vivo
evaluation, and clinical investigations to confirm its safety and efficacy.

5. Patents
Thai Petty Patent Application Number 2503001915.
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