Open Access Article. Published on 11 May 2026. Downloaded on 5/17/2026 12:25:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Adv., 2026, 16, 24627

Curcumin release from hydrogels incorporated
with turmeric extract—cyclodextrin complexes for

wound dressing applications
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Curcumin, the major bioactive compound of turmeric, exhibits potent antioxidant and anti-inflammatory

activities with significant therapeutic potential for wound healing. However, its clinical use is hindered by

inherently poor water solubility. In this study, cyclodextrin (CD) inclusion complexes were prepared with

turmeric extract (TE) to enhance the aqueous solubility and release of curcumin from hydrogels intended

as active wound dressings. The TE-to-CD ratio was systematically varied from 10-80% (w/w), yielding
complexes designated as 10TECD-80TECD formulations. Formulations below 20TECD exhibited
superior aqueous solubility while retaining antioxidant activity. SEM analysis showed a morphological

transition from large (~5 um) to smaller (~1 um) flake-like particles in formulations below 40TECD. The

TECD complexes were subsequently incorporated into hydrogel sheets prepared from 3-8% (w/v)

poly(vinyl alcohol) (PVA), which were crosslinked by freeze-thaw cycling followed by electron beam

irradiation. Curcumin release was inversely related to PVA concentration, with the lowest concentration

producing the most porous matrix structure and greatest surface area, thereby facilitating the highest

release. The optimized formulation, consisting of a 3PVA hydrogel loaded with 20TECD, achieved
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a cumulative curcumin release of 13.25% within 6 h, with release characteristics consistent with Fickian

diffusion kinetics. The system exhibited no cytotoxicity and also showed anti-inflammatory activity as
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1. Introduction

Turmeric (Curcuma longa L.) is one of the most popular
medicinal herbs belonging to the Zingiberaceae family. It is
cultivated in tropical and subtropical regions, primarily in Asian
countries, and has been regarded as a traditional medicine in
both Ayurvedic and Chinese systems for centuries.' The main
bioactive components of turmeric are curcuminoids, which
include curcumin, demethoxycurcumin, and bi-
sdemethoxycurcumin.” The U.S. Food and Drug Administration
has designated curcumin and related curcuminoids as
“Generally Recognized as Safe” (GRAS), supporting their
potential for clinical applications.> Among the three curcumi-
noids, curcumin represents the major component, comprising
up to 75% of the total curcuminoid content. Owing to its diverse
biological activities, including antibacterial, anti-inflammatory,
antioxidant, antimutagenic, and anticancer properties,
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confirmed by nitric oxide inhibition assay. These findings highlight the potential of TECD-loaded PVA
hydrogels as effective bioactive wound dressing materials for curcumin delivery.

curcumin has been applied in various medical treatments, such
as wound healing, oral supplementation, and topical thera-
peutic formulations.*® The chemical structures of these
compounds are shown in Scheme 1A.

Curcumin, chemically known as diferuloylmethane
(C31H00¢), is a low molecular weight polyphenol (368.38 g
mol ') with a hydrophobic structure. It is a symmetrical mole-
cule in which the two keto groups can undergo keto-enol tau-
tomerization, interconverting between ketone and alcohol
forms. The enol form predominates in the solid state and in
alkaline aqueous solutions, while the keto form is favored in
acidic and neutral aqueous environments.® Between these two
tautomers, the enol form of curcumin provides higher antioxi-
dant activity.” However, the clinical application of curcumin is
limited by its poor water solubility and low bioavailability, as it
undergoes rapid degradation during first-pass metabolism.*®
Over the years, several strategies have been developed to over-
come these limitations, including nanoparticle-based formula-
tions (such as silica-based systems and single-walled carbon
nanotubes) and cyclodextrin complexation.” Among these,
cyclodextrin complexation has been extensively studied due to
its simple preparation and low cost. This method effectively
enhances curcumin solubility, which in turn improves its
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Scheme 1 Chemical structures and supramolecular assembly concepts: (A) chemical structures of the three principal curcuminoids found in
turmeric; and (B) proposed structural evolution of turmeric extract—cyclodextrin (TECD) complexes.

gastrointestinal absorption and facilitates its transportation to
target tissues.*®

Cyclodextrins (CDs) are cyclic oligosaccharides characterized
by a hydrophobic inner cavity and a hydrophilic exterior."* This
unique structure enables their widespread pharmaceutical
application as delivery vehicles for poorly soluble drugs such as
curcumin,'*® ketoconazole,'** and ibuprofen,'®"” thereby
enhancing their drug stability, solubility, bioavailability, and
release efficiency.”® Curcumin is encapsulated within the inner
cavity of CDs via host-guest interactions mediated by non-
covalent forces, namely van der Waals forces and hydrophobic
interactions.” The most common molar ratios of curcumin and
CD complexes are 1:1 and 1:2 stoichiometry, in which one
curcumin molecule is included within the cavity of one or two
CD molecules, respectively. However, higher stoichiometry
complexes involving more than two CD molecules could also
occur through supramolecular self-assembly, resulting in large
molecular aggregates stabilized by noncovalent interactions
(Scheme 1B).">2°

Hydrogels are hydrophilic polymer
networks with a high capacity to absorb and retain water, often
exceeding 90% of their total weight.** Due to their high-water
content, hydrogels exhibit flexibility and softness, making
them particularly suitable for wound dressing applications.
Compared with conventional wound dressings such as gauze,
bandage, or cotton wool, hydrogels offer several advantages,
including the ability to maintain a moist wound environment,
promote cell migration and proliferation, and serve as carriers
for bioactive agents.”* Poly(vinyl alcohol) (PVA), a synthetic
water-soluble polymer, is one of the most widely used materials
for wound dressing due to its biocompatibility, biodegrad-
ability, non-toxicity, low cost, and ease of processing.”® PVA
hydrogels can be formed through physical, chemical, or
radiation-induced  crosslinking mechanisms.**  Physical

three-dimensional
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crosslinking via freeze-thaw cycles provides a simple and
convenient approach for converting aqueous PVA solutions into
three-dimensional (3D) networks; however, the resulting
hydrogels are not permanent and may revert to their initial
solution state. In contrast, chemical and radiation-induced
crosslinking produce permanent 3D networks. Radiation-
induced crosslinking is especially advantageous, as it avoids
the need for chemical crosslinkers and eliminates concerns
related to residual toxic agents that may leach out and cause
irritation or systemic toxicity.”* By combining physical and
radiation-induced crosslinking approaches, hydrogels with
dual network structures can be formed, resulting in enhanced
mechanical properties.>

Hydrogels loaded with curcumin enable localized drug
release at the wound site, thereby enhancing therapeutic effi-
cacy. Building on these advantages, various curcumin-hydrogel
composite systems have been developed for tissue regeneration
and wound dressing applications.>®**® Zhang et al. (2025) re-
ported a thermoresponsive curcumin-loaded chitin/lignin
micelle hydrogel with tissue-adhesive properties for wound
regeneration, achieving suture-free wound closure and
enhanced healing through reduced inflammatory responses.*®
Similarly, Pan et al. (2021) developed curcumin-loaded self-
healing hydrogels with dynamic boronic ester linkages, which
triggered multi-responsive curcumin release and promoted cell-
layer wound repair.>” Zhao et al. (2019) fabricated chitosan-
alginate dressings incorporating CD-curcumin inclusion
complexes, achieving sustained curcumin release, enhanced
antioxidant activity, and accelerated wound healing in animal
models.”® Despite growing interest in curcumin-based thera-
peutics, previous studies have predominantly focused on puri-
fied curcumin, whereas hydrogels incorporating turmeric
extract (TE) complexed with cyclodextrin (CD) to improve the
solubility of naturally derived curcumin remain largely

© 2026 The Author(s). Published by the Royal Society of Chemistry
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unexplored. Developing such systems offers a more sustainable
and cost-effective alternative without compromising thera-
peutic efficacy.

In this work, curcumin was directly extracted from turmeric,
a locally abundant agricultural resource in Thailand, which
contains all three curcuminoid analogs, including curcumin,
demethoxycurcumin, and bisdemethoxycurcumin. All these
analogs provide biological activities despite different potencies,
and the synergistic activity of all constituents determines the
resultant biological activity of the extract. The aqueous solu-
bility of TE and its release performance from hydrogels were
subsequently enhanced through the formation of inclusion
complexes with CD. Unlike previous studies that typically rely
on purified commercial curcumin, we systematically varied the
TE-to-CD ratio to obtain a series of complexes ranging from
supramolecular assemblies to small-molecule inclusion
complexes. The resulting TECD complexes were then incorpo-
rated into PVA hydrogels, with both TECD formulation and
hydrogel matrix concentration tuned to determine their roles in
curcumin loading and diffusion. We demonstrate that hydro-
gels with larger surface area and more porous matrix structures
facilitate more efficient curcumin release, while increasing PVA
concentration strengthens the network but limits diffusion.
Together, these investigations establish a rational formulation
pathway for improving the delivery of curcumin and other
poorly soluble natural products using CD-based complexes,
thereby validating the system's potential for advanced wound
dressing applications.

2. Materials and method

2.1. Materials

Turmeric powder (100%) was kindly donated by Charoensuk
Pharma Supply Co., Ltd (CPS), Thailand. B-Cyclodextrin (CD;
Ca2H70035; =97%, Mw: 1134.98 g mol '), poly(vinyl alcohol)
(PVA; =99% hydrolyzed, Mw: 89 000-98 000 g mol '), and
Dulbecco's phosphate buffered saline (DPBS; liquid, sterile-
filtered),  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), minimum essential medium (MEM), fetal
bovine serum (FBS), r-glutamine, penicillin-streptomycin, and
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich, USA. Mouse fibroblasts (NCTC clone 929, lot#
62727942) were purchased from ATCC (Manassas, VA, USA).
Reference materials including high-density polyethylene
(HDPE) and polyurethane for the MTT assay were obtained from
Hatano (Kanagawa, Japan). Methanol (MeOH; HPLC-gradient
grade; VWR Chemicals; USA) and ethanol (EtOH; gradient
grade for liquid chromatography; Sigma-Aldrich; USA) were
used for HPLC measurements. Ethanol (EtOH; absolute,
analytical grade; EMSURE, USA) was used as a solvent. The 2,2
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS; =98%), potassium persulfate (K,S,0g; =99.0%), and
t-ascorbic acid (=98%) were purchased from Sigma-Aldrich,
USA, and used in the antioxidant assay. Sodium nitroprusside
dihydrate (SNP; Sigma Aldrich), sulphanilamide (99%, Loba
Chemie), N-(1-naphthyl) ethylenediamine dihydrochloride
(NED; Sigma Aldrich), and phosphoric acid (H;PO,; Sigma
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Aldrich) were used as reagents in anti-inflammatory assay. All
chemicals were of analytical grade. Deionized water (DI water)
was used in all experiments unless otherwise stated.

2.2. Turmeric extraction procedure

The turmeric powder was extracted using the Soxhlet extraction
(SE) technique. Briefly, 10 g of turmeric powder was placed in
a 33 x 94 mm extraction thimble (cellulose thimble, single
thickness; Whatman) and extracted using SE with 350 mL of
70% (v/v) EtOH as the solvent at 100 °C for 5 h. The solvent was
then evaporated using a rotary evaporator (Heidolph, Schwa-
bach, Germany) at a rotational speed of 80 rpm, a pressure of
100 mbar, and a temperature of 45 °C for 1 h. The concentrated
extract was subsequently frozen at —80 °C for 48 h and dried
using a lyophilizer (Labconco, Missouri, USA) for 72 h. Finally,
the turmeric extract powder (TE) was obtained and weighed to
calculate the extraction yield (%). The TE powder was stored at
—20 °C, protected from light, until further use.

2.3. Preparation of turmeric extract-cyclodextrin complexes
(TECD)

This method was modified from the previously reported
protocol by Yallapu et al. (2010).” CD (40 mg) was dissolved in
8 mL of DI water and stirred at 400 rpm for 10 min to obtain
a homogeneous solution. TE was separately dissolved in 0.5 mL
of EtOH at TE concentrations of 10%, 20%, 40%, 60%, and 80%
(w/w) relative to CD (TE : CD). The proportions of each compo-
nent are listed in Table 1. The TE solutions were then slowly
added dropwise to the CD solution and stirred at 400 rpm for
12 h. The resulting samples were centrifuged at 1000 rpm for
10 min. The supernatant was frozen at —80 °C for 24 h and
subsequently dried with a lyophilizer for 72 h to obtain TECD
powder. The powder was weighed to calculate the % yield and
stored at —20 °C, protected from light, until further use.

2.4. Characterization of TECD

2.4.1. Scanning electron microscope (SEM). The
morphology of TE, CD, and TECD powders was investigated
using a scanning electron microscope (SEM; MIRA3, Tescan,
Brno, Czech Republic) operated at an accelerating voltage of 5
kv and magnifications of 1000x and 10 000x. All samples were
coated with gold prior to testing to enhance electrical
conductivity.

2.4.2. FTIR analysis. The functional groups of TE, CD, and
TECD powders were analyzed using Fourier transform infrared
spectroscopy (FTIR; INVENIO, Bruker, Karlsruhe, Germany) in
the attenuated total reflectance (ATR)-FTIR transmission mode
over a wavenumber range of 550-4000 cm ™" with 32 scans.

2.4.3. Curcumin content. A rapid screening method for
determining curcumin content in TE and TECD was established
using a UV-VIS spectrophotometer (SPECTROstar Nano, BMG
LABTECH, Offenburg, Germany). Samples (1 mg) were dissolved in
1 mL EtOH and diluted with phosphate buffer (pH 7.4) until
homogeneous solutions were obtained at a final concentration of
0.1 mg mL . Aliquots of 100 uL were transferred to a 96-well plate,
and absorbance was measured. The curcumin content was

RSC Adv, 2026, 16, 24627-24639 | 24629
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Table 1 Formulation compositions for TECD inclusion complex preparation

Formulation Initial TE (mg) Initial CD (mg) TE : CD (Wt%) Approximate molar ratio (TE : CD)
10TECD 4 40 10 1:20

20TECD 8 40 20 1:10

40TECD 16 40 40 1:5

60TECD 24 40 60 1:3

80TECD 32 40 80 1:2

quantified using a standard calibration curve. For precise quanti-
fication, curcumin content in TE and TECD was also measured
using High-Performance Liquid Chromatography (HPLC). The
HPLC system (Waters Alliance €2695 HPLC Separation Module,
Massachusetts, USA) equipped with a photodiode array detector
(Waters 2998 PDA, USA) and a C18 reverse-phase column (150 mm
X 4.6 mm x 5 pm; Agilent ZORBAX Eclipse Plus, USA) was
employed. Detection was performed at a wavelength of 425 nm.
The mobile phase consisted of 85% (v/v) EtOH, delivered at a flow
rate of 0.8 mL min ' under isocratic elution at 30 °C. Samples (10
pL) were automatically injected into the HPLC after filtration
through a 0.45 um nylon syringe filter. The retention time of
curcumin was approximately 7 min. The curcumin content was
quantified using a standard curve over a concentration range of
0.01-0.2 mg mL ™",

2.4.4. Water solubility testing. The maximum water solu-
bility of TECD powders was investigated by weighing 1 mg of
each TECD formulation into a microtube, followed by the
gradual addition of DI water in 50 pL increments until the TECD
was completely dissolved. The total volume of DI water required
for complete dissolution was recorded.

2.5. ABTS antioxidant assay

The ABTS'" working solution was prepared by mixing 7 mM
ABTS solution with 4.95 mM K,S,0g and kept in the dark at
room temperature for 16 h. Prior to use, the ABTS'* solution was
diluted with MeOH to obtain an absorbance value of 0.70 £ 0.03
at 734 nm. For the assay, 50 uL of sample solution at various
concentrations was mixed with 150 pL of ABTS* solution in
a 96-well plate and incubated for 10 min at room temperature in
the dark. Absorbance was measured using a microplate reader
at 734 nm. Radical scavenging activity (%) was calculated using
eqn (1) as follows:

ABTS radical scavenging(%) = (7AABTS — Asamph) x 100 (1)
Aagrs
where A,grs represents the absorbance of the ABTS " and Asample
represents the absorbance of the sample. Ascorbic acid was
used as a positive control. The antioxidant capacity was re-
ported as ICs, (mg mL ). All experiments were performed in
triplicate.>

2.6. Preparation of PVA hydrogel

PVA powder (3, 5, and 8 g) was dissolved in 100 mL of boiling
water and stirred with a magnetic stirrer for 30 min. Then,
25 mL of PVA solution was transferred into a 12 x 12 c¢cm’

24630 | RSC Adv, 2026, 16, 24627-24639

square Petri dish and subjected to two freeze-thaw cycles by
freezing at —20 °C for 24 h and thawing at room temperature for
2 h. After that, the samples were irradiated using EB irradiation
generated by an electron accelerator (MB10-50) at a dose of 25
kGy at the Gem Irradiation Center, Thailand Institute of Nuclear
Technology (Public Organization).

2.7. Characterization of PVA hydrogel

2.7.1. Gel fraction. According to Chiangnoon et al. (2023),*
hydrogel samples were cut into two halves of approximately
equal weight. One half was boiled in DI water to remove free
PVA molecules. Both treated and untreated halves were then
dried at 60 °C until a constant weight was achieved. The gel
fraction percentage (%) was calculated using eqn (2) as follows:

Gel fraction(%) = Wa (2)
W
where Wy represents the weight of the insoluble fraction of the
dried hydrogel after boiling, and W, represents the initial
weight of the dried hydrogel. All experiments were performed in
triplicate.

2.7.2. Swelling ratio. The hydrogel samples were first cut
and rinsed with DI water to remove free PVA molecules, and
then fully immersed in water. The swollen hydrogels were
weighed at 24 h. The swelling ratio was determined according to

eqn (3):

. . W
Swelling ratio = W (3)
where W, represents the swollen weight of the hydrogel and W;
represents the initial weight of the hydrogel after irradiation.*®
All experiments were performed in triplicate.

2.7.3. Mechanical properties testing. Hydrogel sheets were
cut into dumbbell-shaped specimens according to ASTM D-
1822, with a gauge length of 9.45 mm and a width of 3.20
mm. Tensile tests were conducted using a texture analyzer
(Lloyd LS1, AMETEK, Largo, FL, USA) equipped with a 50 N load
cell. Both ends of the samples were gripped and stretched at
a crosshead speed of 50 mm min~'. The tensile strength,
elongation at break, and Young's modulus were recorded. Each
test was performed in quintuplicate.

2.7.4. Scanning electron microscope (SEM). The surface
and cross-sectional morphologies of PVA hydrogels were
investigated using a scanning electron microscope operated at
an accelerating voltage of 5 kv and magnifications of 500 x and
1000x. For cross-sectional analysis, lyophilized hydrogels were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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immersed in liquid nitrogen for 5 min, cold-fractured, and
coated with gold to enhance conductivity.

2.8. Incorporation of TECD in hydrogels

The hydrogels were cut into 3 x 3 cm? squares and partially
dehydrated at 37 °C for 2 h to remove approximately 10% of
their moisture content based on weight loss. Fresh TECD
solutions were prepared by dissolving TECD in 500 pL of DI
water and sonicated for 10 min to obtain homogeneous solu-
tions. Then, the TECD solution was added to the partially
dehydrated hydrogels and kept in a closed container at room
temperature for 4 h. The full absorption of TECD into the PVA
hydrogel was assessed through both visual and tactile obser-
vation and was considered complete when no visible liquid
remained on the hydrogel surface. To further confirm this, a dry
wiper was gently contacted with the hydrogel surface post-
absorption. The absence of any moisture transfer to the wiper
confirmed that no residual TECD solution remained on the
hydrogel surface, validating complete absorption into the
matrix (Fig. S1).

2.9. Invitro TECD release from irradiated PVA hydrogel and
release kinetics

Standard curcumin was dissolved in EtOH at a concentration of
1 mg mL ™' and subsequently diluted with phosphate buffer
using 2-fold serial dilutions to obtain a range of concentrations.
Absorbance was measured using a UV-VIS spectrophotometer at
awavelength of 426 nm, and a calibration curve was constructed
by plotting standard curcumin concentrations (x-axis) against
their corresponding absorbance values (y-axis).

TECD-loaded PVA hydrogel samples were immersed in 5 mL
of phosphate buffer (pH 7.4) to simulate physiological condi-
tions and incubated at 37 °C under shaking at 100 rpm. At
predetermined time intervals, aliquots were withdrawn and
replenished with fresh PBS to maintain sink conditions. The
curcumin content of each aliquot was quantified by UV-VIS
spectroscopy at 426 nm against a pre-established calibration
curve. The cumulative percentage of curcumin released was
calculated using eqn (4):

% Curcumin released

_ amount of curcumin released
"~ \lnitial curcumin amount loaded in hydrogel

> x 100 (4)

The release kinetics of curcumin from the hydrogels were
analyzed using the Korsmeyer-Peppas model, a widely applied
model for describing drug release mechanisms from polymeric
systems. This model relates the cumulative fraction of drug
released to time as a power-law function, as expressed in

eqn (5):

=k (5)

where M, represents the amount of curcumin released at time ¢
(ng), M. represents the total amount of curcumin released (pg),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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k represents the release rate constant of the system (2 "), and n
is the diffusion scaling exponent, which indicates the predom-
inant release mechanism.*

2.10. Cytotoxicity

The cytotoxicity of 20TECD-loaded PVA hydrogel, 20TECD
solution alone, and TE was evaluated using the MTT assay. Prior
to hydrogel incorporation, the 20TECD solution was filter-
sterilized through a 0.22 pm nylon membrane under aseptic
conditions. The hydrogels were cut into 3 x 3 cm?® pieces and
extracted in complete MEM supplemented with 10% FBS, 4 mM
L-glutamine, and 100 IU/mL penicillin-streptomycin at a ratio of
0.1 g mL ™", in accordance with ISO 10993-12.%? Extraction was
carried out in an incubator at 37 °C for 24 h under orbital
shaking at 80 rpm. Polyurethane and HDPE served as positive
(cytotoxic) and negative (non-cytotoxic) controls, respectively,
while complete medium alone was used as the blank control.
The mouse fibroblasts, or L929, cells were seeded at a density
of 1 x 10” cells per well in a 96-well plate containing complete
MEM and incubated at 37 °C in a humidified atmosphere of 5%
CO, for 24 h. Following this initial incubation, the cells were
exposed to either assay medium or extraction medium for
a further 24 h. The medium was then aspirated and replaced
with freshly prepared MTT solution (1 mg mL™"), and the cells
were incubated for an additional 3 h to facilitate formazan
crystal formation. Subsequently, isopropanol (100 pL) was
added to each well to dissolve the formazan crystals, and the
optical density was recorded at 570 nm using a microplate
reader. Cell viability was expressed as a percentage according to
eqn (6):
AbSexiract

% Cell viability = bs
blank

x 100 (6)
where the AbScxract 1S the absorbance from wells treated with
assay or extraction media, and Abspjani is from wells with blank
control. All experiments were conducted in quintuplicates.

2.11. Nitric oxide radical scavenging assay

The nitric oxide (NO) activity was assessed using a cell-free
system based on the Griess reaction, as described by Suksung-
worn et al. (2020).** Briefly, 100 uL of SNP (10 mM) in PBS was
mixed with 100 pL of the sample at various concentrations and
incubated at 25 °C for 60 min under light. Following incuba-
tion, 100 pL of Griess reagent, consisting of 1% sulphanilamide,
0.1% NED, and 2% H3;PO, was added to the mixture. The
absorbance of the resulting nitrite was measured at 546 nm
using a microplate reader. The percentage of NO inhibition was
determined by eqn (7):

NO radical scavenging(%) = (M> x 100 (7)
Aconlrol
where Acontrol TEpresents the absorbance of the reaction mixture
without the sample and Agample represents the absorbance in the
presence of the sample. All experiments were performed in
triplicate.
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2.12. Statistical analysis

GraphPad Prism version 10 (GraphPad Software, San Diego, CA,
USA) with the one-way ANOVA followed by Tukey's post hoc test
was used for the statistical analysis. The data were expressed as
the mean + standard deviation (SD). Statistical significance was
assessed as p-value < 0.05, and high significance was defined as
p-value < 0.01.

3. Results and discussion

3.1. Turmeric extract characterization

Using Soxhlet extraction, a dark orange-red extract powder was
obtained with an extraction yield of 23.02% (w/w). The HPLC
chromatogram and UV-VIS spectrum provided distinct finger-
prints for curcumin, enabling its reliable identification and
quantification in TE.

The HPLC chromatogram (Fig. 1A) showed a sharp and well-
defined peak at a retention time of 2.135 min, which matched
the characteristic retention time for pure curcumin. This peak
served as a reference fingerprint, confirming the presence of
curcumin in the sample. The narrow and symmetrical nature of
the peak indicated high purity and minimal interference from
other compounds. Quantification based on the area under the
curve demonstrated that the crude extract contained 16.6% (w/
w) curcumin.

The UV-VIS spectrum of curcumin typically features a strong
absorption band in the range of 420-430 nm, attributable to the
conjugated diketone chromophore within the molecule.** As
shown in Fig. 1B, TE exhibited a characteristic absorbance peak
centered at 426 nm, providing an additional fingerprint for

(A) 2.50

2.00

curcumin-=2:136—

1.50

1.00

0.50

Absorbance (a.u.)

0.00

300 400 500 6.00 7.00 800 9.00 10.00
Retention time (min)

0.00 1.00 2.00

C

426 nm

Absorbance (a.u.)

N SR S T S N I (R (N (A vl OO T
T T T T

300 400 500 600 700 800
Wavelength (nm)

Fig. 1 Characterization of curcumin fingerprint in TE: (A) HPLC
chromatogram showing the retention time of curcumin, and (B) UV-
VIS spectrum showing the characteristic absorption peak at 426 nm.
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Table 2 Complexation yield and water solubility of TECD complexes

Sample % Yield Water solubility (mg mL ")
CD 87.78 >10

10TECD 84.55 3.25 £ 0.05

20TECD 72.50 1.40 £+ 0.10

40TECD 60.00 1.14 + 0.04

60TECD 58.75 1.00 £ 0.00

80TECD 59.03 1.00 + 0.00

curcumin and related curcuminoids. Based on absorbance
values and a standard calibration curve, TE showed a high
apparent curcumin content of 40.5% (w/w). The 2.4-fold higher
value obtained by UV-VIS compared to HPLC can be attributed
to its non-selective response to all conjugated chromophores
present in the extract, including demethoxycurcumin, bi-
sdemethoxycurcumin, and other phenolic co-extractives, which
absorb at similar wavelengths and therefore inflate absorbance-
based estimates.*® Although UV-VIS spectroscopy lacks the
chromatographic resolution required to distinguish individual
curcuminoids, it offers several practical advantages, including
simplicity, low cost, rapid analysis, and high throughput with
minimal sample preparation. These advantages make UV-VIS
a useful tool for preliminary evaluation of total chromophoric
content and for routine quality screening during formulation
development.®®

3.2. Characterization of TECD and its curcumin content

The TECD complexation yield exhibited a clear inverse rela-
tionship with TE loading, and a similar trend was observed in
previous work.”® The % yield decreased from 84.55% for
10TECD and reached a constant value of approximately 60% for
the 40TECD formulation and higher TE loadings (Table 2).
Statistical analysis indicated no significant differences among
the % yield of 40TECD, 60TECD, and 80TECD formulations (p >
0.05), suggesting that the cyclodextrin inclusion capacity was
saturated at TE: CD ratios above 40 wt%. This constant yield
implies that TE in excess of this threshold cannot be effectively
complexed and remains as free extract, which is lost during the
process.

The curcumin content in TECD was measured by both UV-
VIS and HPLC. Quantitative HPLC analysis showed that curcu-
min content in TECD formulations increased linearly with

£
C

o
N
3

HPLC uv-vis

E 030

Amount of curcumin (mg/mL)
e e K
o 2
5 3

Amount of curcumin (mg/mL)

e
o
38

Fig. 2 Curcumin content in TE and TECD complexes: (A) quantifica-
tion by HPLC; and (B) UV-VIS spectroscopy. ND = Not detected.
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Fig. 3 SEM micrographs showing the surface morphology of: (A) CD powder; (B—F) TECD samples containing TE at different concentrations

(10-80 wt%); and (G) TE powder.

increasing initial TE loading, from 0.028 =+ 0.002 mg mL~" for
10TECD to 0.115 + 0.009 mg mL ™" for 80TECD (Fig. 2A). This
increase contrasts with the constant complexation yield
described above, indicating that although excess TE is lost
during TECD processing at high loadings, the resulting
complexes still contain proportionally more curcumin as the TE
input increases. This outcome is consistent with the known
selective affinity of cyclodextrins for hydrophobic curcumi-
noids, which promotes their retention within the TECD
complex. UV-VIS measurements showed the same pattern
(Fig. 2B), further supporting these observations.

However, aqueous solubility did not follow this linear trend.
Instead, solubility peaked at 10TECD (3.25 mg mL™') and
decreased sharply, reaching a constant value of approximately
1.0-1.14 mg mL™" for the 40-80TECD formulations (Table 2).
This trend is related to the amount of CD in each formulation,
as the outer surface of CD is hydrophilic and contributes to
enhancing the aqueous solubility of the inclusion complexes.**
Higher CD contents result in higher aqueous solubility, since
free TE has poor water solubility, and the overall solubility of
the complexes is primarily derived from the presence of CD.

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

3.3. Morphology of TE, CD, and TECD powder

SEM analysis showed distinct morphological differences
between the starting materials and the TECD complexes (Fig. 3).
The morphology of CD exhibited an irregular flake-like shape
(Fig. 3A), whereas TE appeared as small particles (0.11 + 0.04
pm). For the complexation, a clear morphological trans-
formation was observed. All TECD formulations showed
predominantly square, plate-like particles that were markedly
different from both starting materials (Fig. 3B-F). The particle
size decreased with increasing TE content by 4.7-fold, from 3.69
+ 1.67 pum to 0.79 + 0.20 pm. This trend reflects a transition
from supramolecular CD aggregates formed at low TE loading,
where multiple CD molecules self-assemble around a limited
number of curcumin molecules, to smaller molecular inclusion
complexes at higher TE loading (Scheme 1B), in which most CD
molecules are individually occupied by guest molecules.®” This
observation aligns with the TE : CD molar ratios shown in Table
1, which were calculated by assuming a curcumin molecular
weight of 368.38 ¢ mol ™" and based on the HPLC-determined
curcumin content of 16.6% (w/w) in TE. Notably, all TECD
particles were substantially larger than TE particles (0.11 um)

RSC Adv, 2026, 16, 24627-24639 | 24633
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Fig. 4 FTIR spectra of TE, CD, and TECD powders, showing the
characteristic peaks of each functional group.

(Fig. 3G), confirming the successful incorporation of TE
into CD.

3.4. FTIR analysis of TE, CD, and TECD powder

The molecular interactions between TE and CD and the
formation of TECD complexes were confirmed by FTIR analysis
(Fig. 4). The characteristic bands of TE powder at 3279, 2918,
and 1026 cm™ " correspond to O-H stretching, C-H stretching,
and C-O-C stretching vibrations, respectively. The bands at
1625 and 1511 cm ™" are attributed to symmetric aromatic ring
(C=C) stretching and mixed stretching vibrations of C=C and
C=O0, while the band at 1601 cm ' corresponds to the
stretching of benzene ring skeleton. The characteristic bands of
CD were observed at 3284, 2924, 1642, 1152, and 1022 cm ™%,
corresponding to O-H stretching, C-H stretching, H-O-H
bending, C-O stretching, and C-O-C stretching vibrations,
respectively.”**” The FTIR spectra of the TECD powder showed
bands corresponding to functional groups of both TE and CD at
3316, 2924, 1627, 1155, and 1026 cm ™ '. Small shifts in wave-
number were observed, which can be attributed to the host—
guest interactions between TE and CD molecules in the inclu-
sion complexes, namely hydrogen bonding and van der Waals
interactions.

In addition, the bands at 1601 and 1511 cm ™' in the TECD
spectra were reduced at lower TE loadings, likely because the
guest molecules are shielded within the CD cavity, thereby
reducing their interaction with infrared radiation. This obser-
vation is consistent with previous reports.*****” Therefore, these
FTIR results qualitatively confirm the successful formation of
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Fig. 5 ABTS antioxidant activity of curcumin in TE and TECD: (A) ICsq
values of the total complexes, and (B) ICsq values based on equivalent
curcumin content. ND = Not detected.

inclusion complexes between TE and CD while preserving the
chemical characteristics of both the host and guest molecules.

3.5. Antioxidant activity

ABTS assay was selected to evaluate antioxidant activity due to
the greater hydrophilicity of the ABTS radical cation (ABTS'"),
which enables it to penetrate the CD cavity more readily and
interact with complexed curcumin.*®?* The antioxidant activity
of TE and each TECD formulation was expressed as ICs, values
(ng mL ") (Fig. 5A), which were further converted to curcumin
equivalents to compare the relative antioxidant potency of each
complex (Fig. 5B). Ascorbic acid was used as the positive control
and exhibited an ICs, of 5.58 4 0.01 ug mL ™",

Free TE exhibited the strongest ABTS'" scavenging activity
(ICso = 16.60 + 0.61 ug mL '), while CD alone showed negli-
gible activity. All TECD complexes showed reduced apparent
activity compared to TE, with ICs5, values decreasing as TE
content increased (from 140.91 to 31.31 pg mL™"). At low TE
content (10TECD), excess CD promotes the formation of
supramolecular assemblies in which curcumin is trapped
within multiple CD shells. Although this extensive complexa-
tion improves solubility, the number of accessible active sites is
limited because only a small fraction of curcumin is actually
available for reaction, thereby requiring a higher amount of
TECD to achieve a measurable effect. Increasing the TE content
shifted the complexes toward smaller inclusion forms, thereby
enabling more effective interaction between curcumin and
ABTS™".%

When normalized to curcumin equivalents, all TECD
complexes required similar amounts of curcumin (3.80 £+ 0.61
to 7.45 £+ 1.26 pg mL’l) to achieve ICs, values comparable to
that of free TE (6.72 £ 0.25 ug mL™'). These findings demon-
strate that TECD complexation preserves the intrinsic radical
scavenging capacity of curcumin, which is an essential quality

Table 3 Gel fraction, swelling ratio, and surface pore diameter of PVA
hydrogels

Sample Gel fraction (%) Swelling ratio Surface pore diameter (pm)

3PVA 90 £ 3 1.02 £+ 0.01 18.87 £ 5.87
5PVA 90 £+ 2 1.09 £ 0.01 1.25 &+ 0.39
8PVA 88 +1 1.20 £+ 0.01 2.51 £ 0.89

© 2026 The Author(s). Published by the Royal Society of Chemistry
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attribute for therapeutic applications targeting oxidative stress
in wound healing.

3.6. Physical properties of PVA hydrogels

The physical properties of PVA hydrogels were determined by
gel fraction and swelling ratio measurements (Table 3). Gel
fraction represents the percentage of polymer that forms
a stable hydrogel network and is commonly used to measure the
effectiveness of network formation. All hydrogels showed high
gel fraction values, approximately exceeding 90%, indicating
a high degree of crosslinking within the hydrogel networks.*"

The swelling ratio refers to the hydrogel's capacity to absorb
and retain water within its polymeric network after irradiation.
All hydrogels exhibited swelling ratios slightly above 1, indi-
cating moderate water uptake across the different PVA
concentrations. Among them, the 8PVA hydrogel showed the
highest swelling ratio, indicating a greater water uptake
capacity compared to the 3PVA and 5PVA hydrogels. This
behavior can be attributed to the higher PVA content, which
may form a more hydrophilic network structure after irradia-
tion, along with its lower initial water content, allowing it to
absorb more water when exposed to an aqueous environment.
Over time, water continued to diffuse into the hydrogel matrix,
reaching near equilibrium by 24 h.

3.7. Mechanical properties of PVA hydrogel

Mechanical testing indicated that tensile properties increased
as PVA concentration rose. Specifically, tensile strength values
were 15.37 + 4.38, 35.85 + 8.04, and 71.94 + 8.89 kPa for 3PVA,
5PVA, and 8PVA hydrogels, respectively (p < 0.01). Elongation at
break also increased, with values of 87.09 + 9.39, 146.07 +

(A) BT
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16.60, and 208.24 + 14.20% for 3PVA, 5PVA, and 8PVA hydro-
gels, respectively (p < 0.01). However, Young's modulus values
for 3PVA, 5PVA, and 8PVA hydrogels were 17.00 £ 5.23, 20.65 £
2.52, and 22.42 + 2.32 kPa, respectively, with no statistically
significant differences (p > 0.05).

The improved mechanical performance with increasing the
PVA concentration can be attributed to the formation of
a greater number of hydrogen bonds between the hydroxyl
groups of the PVA chains after the freeze-thaw process.*>*
Additionally, the irradiation process randomly introduced
chemical crosslinking of PVA chains through free-radical
formation.** At higher PVA concentrations, the increased
availability of polymer chains likely resulted in more reactive
free radical sites, leading to a higher crosslink density. There-
fore, the combination of higher PVA concentration with both
physical and chemical crosslinking mechanisms significantly
enhanced the mechanical properties of the PVA hydrogel.

3.8. Morphology of PVA hydrogel

The SEM images exhibited distinct structural differences
among the 3, 5, and 8% (w/v) PVA hydrogels, indicating the
influence of polymer concentration on network formation and
pore structure (Fig. 6A). The 3PVA hydrogel exhibited a highly
porous, open-cell structure with large, interconnected pores
distributed throughout the matrix in both surface and cross-
sectional images, indicating the formation of a loosely cross-
linked network. In contrast, the 5PVA hydrogel displayed
a denser and smoother surface with only small pores (yellow
arrows). The corresponding cross-sectional images (Fig. 6B)
showed a transition toward a more compact, layered structure
with reduced pore size and fewer open channels compared to
the 3PVA hydrogel, suggesting increased polymer chain

Fig. 6 SEM images of PVA hydrogels prepared at different polymer concentrations: 3PVA, 5PVA, and 8PVA. (A) Top surface morphology; (B)
cross-sectional morphology. Yellow arrows indicate small pores observed in 5PVA and 8PVA samples. Insets in the 5PVA and 8PVA surface
images highlight the finer pore structures at higher magnification (5000 x).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crosslinking during the freeze-thaw cycles and irradiation. With
a further increase in polymer concentration to the 8PVA
hydrogel, the surface becomes even more compact, with non-
uniform visible porosity (yellow arrows). The cross-sectional
images show large pores accompanied by smaller micropores
(vellow arrows), consistent with a denser and more highly
crosslinked network. Therefore, increasing PVA concentration
resulted in reduced pore size (Table 3) and lower pore inter-
connectivity, consistent with previous studies,* and leads to
a transition from the highly porous structure of the 3PVA
hydrogel to the dense, compact network observed in the 8PVA
hydrogel.

3.9. Invitro curcumin release study and release kinetics

The in vitro curcumin release from the 3PVA hydrogel, used as
a representative matrix, was investigated to evaluate the impact
of different TECD formulations on release behavior. Each 3 x 3
cm?® hydrogel patch contained 40.5 ug of curcumin equivalent
for each TECD formulation prior to the release study (Fig. 7A).
In this study, the curcumin was released in the form of TECD. At
the early time points (1 and 2 h), the highest cumulative release
was observed for the 20TECD formulation, indicating a faster
initial burst release. By 6 h, 10TECD followed 20TECD closely,
and both formulations maintained higher cumulative release
compared to all other formulations through 24 h, while the
lowest release was observed with free TE (7.87% at 6 h) (p < 0.05)
as shown in Fig. 7B. At lower TE loading (corresponding to
higher CD content), the aqueous solubility of curcumin was
enhanced due to effective inclusion complexation with CD,
resulting in faster release during the initial period. In contrast,
at higher TE loading, curcumin release was limited by the lower
aqueous solubility of the TECD complexes, leading to aggrega-
tion of TECD within the hydrogel matrix and restriction of
diffusion pathways.*® Based on its superior early-stage release
profile, 20TECD was selected as the optimal formulation for
further investigation.
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Fig. 7 (A) Schematic illustration of the preparation of PVA hydrogel
and TECD-loaded PVA hydrogel. Curcumin release profiles under the
effects of: (B) TECD formulations incorporated into a representative
3PVA hydrogel; and (C) PVA hydrogel concentrations loaded with
20TECD.

24636 | RSC Adv, 2026, 16, 24627-24639

View Article Online

Paper

The 20TECD formulation was selected to investigate the
curcumin release as a function of hydrogel matrix concentra-
tion. The amount of curcumin released at 6 h from the 3PVA,
5PVA, and 8PVA hydrogels was 13.25%, 11.86%, and 9.54%,
respectively, whereas the amount of curcumin released at 24 h
was not significantly different (p > 0.05) (Fig. 7C). During the
first 6 h, the amount of curcumin released decreased with
increasing PVA concentration due to the denser polymer
network and smaller pore size at higher PVA contents (Fig. 6), as
evidenced by SEM analysis, which restricted the diffusion
pathway of TECD complexes. This pore size-dependent diffu-
sion behavior is consistent with previous reports on curcumin-
pluronic micelle released from hydrogel matrices, in which
increasing polymer density reduced pore size and consequently
impeded curcumin diffusion.” The 3PVA hydrogel reached
equilibrium earlier, while the higher PVA hydrogels exhibited
delayed but comparable final release amounts. For comparison,
the release profiles of the 10TECD formulation across the same
hydrogel matrices are provided in Supplementary Fig. S2,
further supporting the selection of 20TECD as the optimal
formulation due to its consistently superior release behavior.
These results indicated that increasing PVA concentration
enhances the mechanical properties of the hydrogel, but
reduces the initial curcumin release rate.

The release mechanism was further elucidated by fitting the
experimental data to the Korsmeyer-Peppas model, which
characterizes the release mechanism based on the diffusion
exponent (n): (i) Fickian diffusion (n = 0.5); (ii) anomalous (non-
Fickian) diffusion (0.5 < n < 1); (iii) case II (time-independent)
transport (n = 1); and (iv) super case II transport (n > 1).** All
formulations exhibited n values well below the 0.5 threshold,
confirming that Fickian diffusion as the predominant release
mechanism, whereby curcumin release is primarily driven by
concentration gradients with minimal contribution from poly-
mer chain relaxation, swelling-induced convection, or matrix
erosion. This behavior is consistent with the high gel fractions
(~90%) and stable crosslinked network formed across all
hydrogel compositions. The release rate constant, or Kk,
decreased with increasing PVA concentrations, from 0.32
(3PVA) to 0.13 (5PVA) and 0.12 (8PVA), consistent with
progressively restricted diffusion in denser polymer networks.
The faster release observed for the 3PVA hydrogels containing
20TECD can be attributed to their larger pore size, as reflected
by their highest k value among all formulations tested. This
system was selected to further investigate cytotoxicity.

In the present system, the capacity of CD to form hydrogen
bonds with PVA matrix may simultaneously compete with
TECD-water interactions, thereby hindering curcumin diffusion
into the release medium, a phenomenon consistent with
previously reported findings.*® To further improve release effi-
ciency, external stimuli such as thermal, ultrasound, or electric
fields could be applied to disrupt hydrogen bonding interac-
tions and promote curcumin mobility.**** Compared with
similar hydrogel-based curcumin delivery systems reported in
the literature, the release profiles observed in this work are
consistent with values ranging from 10-25% over comparable

timeframes,***> as well as release amounts of 0.2-3.5 nug

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reported in related studies.*® Notably, the enhanced release
observed for the 20TECD formulation highlights the advanta-
geous role of CD complexation in improving curcumin disper-
sion within hydrophilic matrices. Overall, these findings
suggest that TECD-loaded PVA hydrogels represent a promising
platform for curcumin delivery, performing comparably with
previously reported systems while offering potential advantages
for wound dressing applications.

3.10. Cytotoxicity test

To assess the biocompatibility of TECD and TECD-loaded
hydrogels, cytotoxicity testing was conducted in accordance
with ISO 10993-5,>* which provides standardized guidelines for
evaluating the cytotoxicity of medical devices and their mate-
rials. Using an MTT-based assay, both TE and 20TECD were
evaluated across a concentration range of 7.8-250 pg mL™" to
distinguish whether any cytotoxic effects could be attributed to
the crude extract or to the TECD complexation. Both TE and
20TECD maintained cell viability within the range of 80-100%
across all tested concentrations, comparable to the blank
control (culture medium alone), confirming that neither the
crude extract nor the complexation process compromised cell
viability (Fig. 8A). The 20TECD-loaded hydrogel demonstrated
a cell viability of 105.91 + 5.43%, closely comparable to the
negative control (~110%), and in stark contrast to the positive
control (~10%), which confirmed a cytotoxic response. This
result exceeds the 70% threshold defined by ISO 10993-5 as non-
cytotoxic, confirming the cytocompatibility of the hydrogel
(Fig. 8B). As the highest cumulative curcumin released from the
20TECD-loaded hydrogel was 13.25%, corresponding to 5.37 pg
of released curcumin, this amount remains well below the
cytotoxicity threshold observed for the extract alone. Therefore,
these results confirm that incorporation of TECD into the PVA
matrix at this dosage does not induce adverse cellular
responses.
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sponding ICsq values indicated.
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3.11. NO inhibition assay

The anti-inflammatory activity of TE and 20TECD was evaluated
through an in vitro NO inhibition assay, a widely accepted
method for assessing the anti-inflammatory potential of
bioactive materials.® In this assay, NO radical (NO") inhibition
was quantified via the Griess reaction, which detects nitrite as
the end product. A reduction in nitrite levels in the presence of
the sample therefore indicates NO® inhibition and potential
anti-inflammatory activity.®® The results, expressed as
percentage NO radical scavenging as a function of concentra-
tion, demonstrated that both TE and 20TECD exhibited
concentration-dependent inhibitory activity. The ICs, of TE was
25.28 + 2.93 pg mL ™" (Fig. 8C), while 20TECD showed a higher
ICsq of 243.23 + 9.42 pg mL~" (Fig. 8D), suggesting a reduction
in apparent activity upon complexation, likely attributable to
the dilution effect of the CD carrier within the TECD complex.
However, when ICs, values were normalized to the curcumin
equivalent concentration, the values were 10.24 and 14.11 pg
mL~"' for TE and 20TECD, respectively, indicating that the
intrinsic anti-inflammatory activity of curcumin is largely
preserved after complexation. Furthermore, CD alone showed
no inhibitory effect, confirming that the observed scavenging
activity originates from the curcumin rather than the CD
carrier. Based on the cumulative curcumin release of 5.37 pg
(92.75 pg of 20TECD) from the 20TECD-loaded hydrogel, the
released dose corresponds to approximately 30.5% NO" scav-
enging activity, confirming that the released amount remained
biologically active and supporting its potential application as an
anti-inflammatory wound dressing material.

These findings are consistent with previous studies reporting
concentration-dependent NO scavenging activity in curcumin-
based systems. For example, Iftikhar et al. (2026) reported that
nanocurcumin derived from turmeric rhizomes exhibited NO*
scavenging activity of 55% at 200 pug mL ™", increasing to 92% at
1000 pg mL~ "% Similarly, Gouthamchandra et al. (2021) evalu-
ated the anti-inflammatory activity of a bisdemethoxycurcumin-
enriched turmeric extract (REVERC3) against a regular turmeric
extract using the NO inhibition assay, finding inhibitory effects
ranging from 10-90% at concentrations of 5-160 ug mL™", with
an ICs, of 69.5 ng mL™". The authors further suggested that
REVERCS3 reduced nitrite production by disrupting the interac-
tion between NO" and oxygen.*®

4. Conclusions

This study demonstrates that the complexation of TE with CD
prior to incorporation into PVA hydrogels significantly improves
aqueous solubility and enhances curcumin release. Increasing
the TE-to-CD ratio induced a transition from supramolecular
assemblies to small-molecule inclusion complexes, achieving
greater solubility compared with non-complexed TE. SEM
analysis confirmed that higher PVA concentrations produced
denser matrices with smaller pore sizes, restricting TECD
diffusion and curcumin release, highlighting pore structure as
a critical design parameter for tailoring release profiles. The
optimized formulation, 20TECD-loaded 3PVA hydrogel,
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achieved the highest curcumin release within 6 h, following
Fickian diffusion kinetics, demonstrated non-cytotoxicity, and
exhibited NO radical scavenging activity. Overall, these findings
supported the potential of TECD-loaded PVA hydrogels as
bioactive wound dressing materials.
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