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Abstract

Objective: Multifunctional hydrogels represent a promising strategy for localized and sustained drug delivery
in cancer and chronic disease management. C. inophyllum, a medicinal plant with known bioactive properties,
was explored in this study for its potential integration into a chitosan-polyvinyl alcohol (Cs-PVA) hydrogel
system to enhance therapeutic efficacy. Methods: The Cs-PVA hydrogel was synthesized using a freeze-thaw
technique and loaded with C. inophyllum extract. Structural and chemical characterizations were performed
using Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM), confirming the
incorporation and uniform dispersion of phytochemicals. In vitro cytotoxicity was assessed against HT-29 colon
cells using the MTT assay. Antioxidant activity was evaluated using the DPPH assay, while anti-inflammatory
potential was determined through protein denaturation inhibition. Drug release kinetics were analyzed
over a 24-hour period, and a-amylase inhibition assays were performed to determine antidiabetic potential.
Results: FTIR and SEM analyses confirmed successful integration of the extract within the hydrogel matrix.
The hydrogel exhibited concentration-dependent cytotoxicity, with an ICso of 17 pg/mL, alongside visible apoptotic
morphology in HT-29 cells. Antioxidant and anti-inflammatory activities showed 72.4% and 67.8% inhibition at
75 ng/mL, comparable to ascorbic acid and diclofenac, respectively. The hydrogel achieved nearly 100% drug
release within 24 hours. Antidiabetic activity was demonstrated by 67.1% oa-amylase inhibition at 50 pug/mL,
close to metformin’s 79.3%. Conclusion: The C. inophyllum-loaded Cs-PVA hydrogel shows strong potential
as a biodegradable, multifunctional therapeutic platform, offering cytotoxic, antioxidant, anti-inflammatory, and
antidiabetic effects for future cancer and chronic disease treatments.
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Introduction

polymers are receiving considerable attention due to their
ability to mimic biological tissues, control drug release
kinetics, and adapt to various biomedical needs [3].

The development of intelligent drug delivery
systems represents a cornerstone of modern therapeutic
strategies, offering new solutions to overcome the

limitations of conventional dosage forms such as low
bioavailability, non-specific distribution, and frequent
dosing requirements [ 1, 2]. Among these, hydrogel-based
systems particularly those formulated with natural

Hydrogels are three-dimensional, cross-linked polymer
networks capable of absorbing significant amounts of
water or biological fluids without dissolving, making those
ideal carriers for both hydrophilic and hydrophobic drugs
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[4]. Among various polymeric candidates, chitosan stands
out due to its biodegradability, non-toxicity, inherent
antibacterial activity, and mucoadhesiveness [5]. Derived
from the deacetylation of chitin, chitosan possesses
amino groups that allow for chemical modifications and
enhanced bio-interaction [6, 7]. Polyvinyl alcohol (PVA),
on the other hand, is a synthetic polymer with excellent
film-forming ability, flexibility, and compatibility with
biological systems [8]. The blending of chitosan and
PVA yields a hydrogel matrix with improved mechanical
stability, swelling behavior, and sustained drug release
characteristics [9].

Recent advancements in phytopharmaceutical
research have emphasized the therapeutic potential
of traditional medicinal plants, especially those rich
in secondary metabolites with diverse biological
functions [10, 11]. C. inophyllum, commonly known as
tamanu or Alexandrian laurel, is a tropical plant known
for its ethnomedical uses in treating skin ailments,
inflammation, infections, and metabolic disorders [12].
Phytochemical analysis of C. inophyllum has revealed
the presence of bioactive constituents such as calanolides,
inophyllums, coumarins, xanthones, and flavonoids [13].
These compounds exhibit multimodal pharmacological
actions, including cytotoxicity against cancer cells,
inhibition of inflammatory mediators, suppression of
oxidative stress, and regulation of glucose-metabolizing
enzymes [14]. Despite their promising bioactivities,
many plant-derived compounds face barriers to clinical
application, primarily due to poor water solubility,
instability in physiological conditions, rapid enzymatic
degradation, and non-specific biodistribution [15].
These limitations reduce their therapeutic index and
require innovative delivery strategies to unlock their full
potential. The incorporation of C. inophyllum extracts into
chitosan-PVA hydrogels provides a biocompatible and
efficient matrix that can encapsulate, protect, and release
phytochemicals in a sustained and targeted manner [16].

This study aims to develop and evaluate a biodegradable
chitosan-PVA hydrogel system loaded with C. inophyllum
extract, investigating its structural properties, drug release
profile, and biological activities, including anticancer,
antioxidative, anti-inflammatory, and antidiabetic
potentials. The findings are expected to contribute to
the growing field of green nanomedicine and support
the translation of traditional plant-based therapies into
next-generation biomedical technologies.

Materials and Methods

FT-IR Spectroscopy Analysis

FTIR spectroscopy was carried out to confirm the
incorporation of C. inophyllum extract into the chitosan- PVA
hydrogel and to study possible interactions among
components. The FTIR spectrophotometer in the
range of 4000400 cm™ with a resolution of 4 cm™.
All samples were dried before analysis to minimize
moisture interference. The characteristic peaks were
compared to identify functional groups and observe any
shifts or changes indicating hydrogen bonding, polymer
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cross-linking, or drug- polymer interactions [17].

Scanning Electron Microscopy (SEM) Imaging

The surface morphology of the Calophyllum
inophyllum- loaded chitosan- PVA hydrogels was
examined using Scanning Electron Microscopy (SEM).
The hydrogel samples were freeze-dried to obtain a porous
structure and then cut into small sections. Dried specimens
were mounted on aluminum stubs with double-sided
carbon tape and sputter-coated with a thin layer of gold
to enhance conductivity. Imaging was performed under
high-vacuum conditions at an accelerating voltage of
10- 20 kV. The obtained micrographs were analyzed to
evaluate the surface topography, porosity, and structural
uniformity of the hydrogel network [18].

Cell Culture Maintenance

Human cancer cell lines (HT-29 for colon cancer ) were
cultured in DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin, and maintained at 37°C in a
humidified 5% CO: incubator. Cells were sub-cultured
upon reaching 70-80% confluence using trypsin-EDTA
and seeded into appropriate culture plates for subsequent
assays. All experiments were conducted under sterile
conditions to ensure cell viability and reproducibility of
results [19].

Critique of Morphology

The morphological study provided visual confirmation
of cytotoxic effects induced by the Cs/PVA-CI hydrogel.
Treated HT-29 cells exhibited hallmark signs of
apoptosis such as cell shrinkage, membrane blebbing,
and detachment from the substrate, compared to the
uniform, healthy appearance of control cells. While these
observations strongly suggest apoptotic activity, the
analysis would benefit from quantification using image
analysis software or complementary assays such as flow
cytometry to support statistical validation. Additionally,
including time-lapse imaging or comparing multiple
cell lines could enhance the robustness and translational
relevance of the morphological evaluation [20].

Cytotoxicity Evaluation

The cytotoxicity of the Calophyllum inophyllum-loaded
chitosan- PVA hydrogel was evaluated against HT-29
colon cancer cells using the MTT assay. HT-29 cells
were seeded in 96-well plates at a density of 1 x 10*
cells/well and allowed to reach ~80% confluency. Cells
were then treated with serial dilutions of hydrogel
extracts and incubated for 48 hours at 37 °C in a 5% CO-
atmosphere. After treatment, the medium was removed
and 100 pL of MTT solution (0.5 mg/mL in PBS) was
added to each well, followed by incubation for 4 hours
to enable formazan crystal formation. The crystals were
dissolved in DMSO, and absorbance was measured at
570 nm using a microplate reader. Cell viability (%) was
calculated relative to untreated controls, and ICso values
were determined from dose- response curves.
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Cell viability(%)=( (OD of treated sample)/(OD of
control)) x 100

The MTT assay is a standard and widely used
technique to evaluate the cytotoxicity of nanoparticles
[21].

Cell Death Analysis Using Fluorescent Microscopy

Cell death was evaluated using Acridine Orange
(AO) and Ethidium Bromide (EtBr) dual staining under
a fluorescence microscope. In control samples, cells
emitted green fluorescence, indicating viability, while
Cs/PVA-Cl-treated cells at ICso (17 pg/mL) showed
orange to red fluorescence, characteristic of early and
late apoptosis due to compromised membrane integrity.
The presence of condensed nuclei and fragmented
chromatin further confirmed apoptotic morphology. While
qualitative, this method effectively visualized apoptotic
events, however, quantitative analysis using flow
cytometry assays would provide more precise apoptotic
index measurements [22].

Antioxidant Activity

DPPH (2, 2-diphenyl-1-picrylhydrazyl) Assay

The antioxidant activity of the nanoparticles was
evaluated using the DPPH (2,2-diphenyl- 1 -picrylhydrazyl)
radical scavenging assay. Stock solutions of the
nanoparticles (10-500 pg/mL) were prepared in methanol.
For the assay, 100 pL of each nanoparticle solution was
mixed with 100 uL of 0.1 mM DPPH methanolic solution
and incubated at room temperature in the dark for 30
minutes. The absorbance of the resulting mixture was
measured at 517 nm using a UV- Vis spectrophotometer
[23].

Anti-Inflammatory Activity

BSA Assay

In this procedure, 0.45 mL of 1% aqueous BSA solution
was mixed with 0.05 mL of nanoparticle suspension at
varying concentrations (10, 20, 30, 40, and 50 pL). The
pH of the mixture was adjusted to 6.3 by adding a small
volume of IN HCI. The samples were incubated at room
temperature for 20 minutes and then heated at 55 °Cin a
water bath for 30 minutes. After cooling, the absorbance
of the samples was measured at 660 nm using a UV- Vis
spectrophotometer. DMSO served as the control, while
diclofenac sodium was used as the standard reference
drug. The percentage inhibition of protein denaturation
was calculated using the formula: [24].

% Inhibition-( Absorbance of Control-Absorbance of
the sample)/(Absorbance of Control) x 100

In vitro Drug release Assay

The in vitro drug release profile of the Cs/PVA-
Calophyllum inophyllum hydrogel was evaluated in
phosphate-buftered saline (PBS, pH 7.4) at 37°C over a
24-hour period. The hydrogel exhibited an initial burst
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release within the first 5 hours, followed by a sustained
and controlled release pattern, reaching approximately
98-100% cumulative release by 24 hours. This biphasic
release behavior indicates the hydrogel’s potential for
maintaining therapeutic levels over an extended period,
enhancing bioavailability and reducing dosing frequency.
The controlled release is attributed to the cross-linked
polymer matrix, which regulates the diffusion of
C. inophyllum bioactives [25].

(Drug Released at Time (t))/(Total Drug Content) x 100
Anti-Diabetic Activity

o-amylase and a-glucosidase inhibition assay

The a-amylase inhibitory activity was determined
using the DNS (3,5-dinitrosalicylic acid) method.
The sample was pre-incubated with various concentrations
of test sample (10- 500 pg/mL) in 50 mM phosphate buffer
(pH 6.9) at 37 °C for 10 min. The reaction was initiated
by adding 1% soluble starch (final volume 200 pL) and
incubated for 10 min at 37 °C. The reaction was stopped
by adding 100 pLL DNS reagent and boiling the mixture
for 5 min; after cooling, absorbance was measured at 540
nm. All experiments were performed in triplicate, and ICso
values were calculated using nonlinear regression analysis.
Data were expressed as mean + standard deviation, and
statistical significance was evaluated by one-way ANOVA
followed by Tukey’s post-hoc test [26].

Results

FT-IR Spectroscopy Analysis

FTIR spectroscopy was employed to confirm
chemical interactions between the hydrogel components.
The characteristic broad peak around 3280 cm ™ indicated
O-H stretching from hydroxyl groups in both chitosan
and PVA, which also overlapped with the phenolic groups
from C. inophyllum extract (Figure 1). The peak at 1635
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Figure 1. FTIR Spectrum of the Sample Showing

Characteristic Absorption Bands at 2367 cm’!
(C=C stretching/CO. interference), 1673 cm™
(C=0 stretching), 1311 c¢cm™ (C-N stretching of

amide), 1202 cm™* (C-O stretching), and 814 cm™
(C-H bending), confirming the presence of functional
groups associated with the material.
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Figure 2. SE Image Showing the Morphology
of the Sample with Well-dispersed Spherical and
Semi-transparent Nanostructures; Scale bar Represents
1 pm.

cm™! corresponded to amide [ (C=O stretching), signifying
the presence of protein-like components from the plant
extract. A band at 1090 cm™ was attributed to C—-O-C
stretching, confirming the ether linkages within the
polymer matrix. The observed shifts in peak positions and
intensities compared to pure chitosan and PVA suggested
strong hydrogen bonding and successful incorporation of
bioactive phytochemicals into the hydrogel.

Surface morphology using Scanning Electron Microscopy

Scanning electron microscopy revealed a porous,
spongy, and interconnected microstructure. In Figure 2,
the surface morphology of the hydrogel exhibited uniform
pore distribution ranging from 50-200 pm, critical
for absorbing biological fluids and facilitating drug
diffusion. The porous structure also ensures cell adhesion,
oxygen permeability, and controlled release behavior.
Additionally, the absence of visible phase separation
or crystalline particles indicated that the C. inophyllum
extract was well integrated into the matrix. The structural
uniformity and porosity observed support the hydrogel’s
potential in tissue engineering and transdermal delivery
systems.

Cytotoxicity Assay

The antiproliferative efficacy of the Cs/PVA—CI
hydrogel was interrogated through an MTT viability assay
employing HT-29 human colorectal carcinoma cells. In
Figure 3, Exposure to ascending hydrogel concentrations
elicited a graded suppression of cellular survival,
confirming a dose-responsive cytotoxic trajectory.
Notably, the median inhibitory concentration (ICso) was
resolved at approximately 17 pg/mL, indicating that, at this
threshold, more than half of the malignant population was
rendered non-viable. In parallel, when the same material
was assessed against non-transformed fibroblasts, the
reduction in metabolic activity was marginal, suggesting
that the formulation discriminates between malignant and
normal cellular physiology. This selective attenuation of
tumor growth is plausibly attributable to the bioactive
phytochemicals inherent to Calophyllum inophyllum
including calanolides, coumarins, and inophyllums which
are recognized for their interference with proliferative
signaling. Collectively, the data position this hydrogel
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system as a prospective localized therapeutic option that
can deliver anticancer potency while minimizing systemic
collateral damage.

Cell Morphology Analysis

Morphological observations using an inverted
microscope revealed distinct differences between control
and treated cells. In Figure 4a, Untreated HT-29 cells
maintained a normal epithelial-like morphology, exhibiting
adherence, uniform shape, and intact membranes.
In contrast, hydrogel-treated cells at ICso concentration
exhibited classic apoptotic features such as cell shrinkage,
rounding, blebbing, cytoplasmic condensation, and
detachment from the substratum (Figure 4b). These
morphological alterations indicate hydrogel-induced
apoptosis and corroborate the cytotoxicity findings. Such
visual evidence provides supportive qualitative insight
into the bioactivity of the hydrogel.

Cell Death Analysis Using Fluorescent Microscopy

To further confirm apoptosis, dual staining with
Acridine Orange (AO) and Ethidium Bromide (EtBr) was
performed. Figure 5a, Fluorescent microscopy revealed
green fluorescence in viable cells (AO-permeable), while
early apoptotic cells emitted orange fluorescence and late
apoptotic/necrotic cells appeared red (EtBr-permeable).
In the hydrogel-treated group, a significant population of
cells displayed orange and red fluorescence, indicating
nuclear fragmentation, chromatin condensation,
and membrane integrity loss hallmarks of apoptosis
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Figure 3. Percentage Viability of HT-29 and 1929 Cells
Following Treatment with 0 -100 pg/mL of Cs/PVA-CI
Hydrogel. Values represent mean + SD, demonstrating
concentration-linked cytotoxicity.

Figure 4. Morphological Changes in HT-29 Cells after
Cs/PVA-CI Treatment: (A) Control cells showing normal
morphology. (B) IC50-treated cells (17pug/mL) displaying
shrinkage, membrane blebbing, and detachment.
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Figure 5. Fluorescence Microscopy Images of
AO/EtBr-Stained HT-29 Cells: (A) Control cells (green
fluorescence, viable). (B) Cs/PVA-Cl-treated cells at
ICso (17 png/mL)

(Figure 5b). This qualitative assessment substantiates
the MTT and morphological data, confirming that the
hydrogel induces apoptosis rather than necrosis.

Antioxidant Activity

DPPH (2,2-diphenyl-1-picrylhydrazyl) Assay

The antioxidant capacity of the Cs/PVA-CI hydrogel
was evaluated via the DPPH free radical scavenging
assay. The hydrogel exhibited a concentration-dependent
increase in scavenging activity, with inhibition values of
42.1% at 25 pg/mL, 60.5% at 50 ug/mL, and a maximum
of 72.4% at 75 pg/mL. These values were comparable to
the reference antioxidant, ascorbic acid. The antioxidant
activity is primarily attributed to phenolic compounds and
flavonoids present in C. inophyllum, which donate electrons
to neutralize free radicals (Figure 6). The hydrogel’s strong
antioxidative performance suggests its utility in preventing
oxidative stress-related damage in wound sites and chronic
inflammatory diseases.

Anti-Inflammatory Activity

The chitosan-PVA hydrogel loaded with Calophyllum
inophyllum (Cs/PVA—-CI) was discovered to have
dose-dependent anti-inflammatory properties. Figure 7
the inhibition of the hydrogel was 4.1% at 25 pg/mL, but
it does dramatically to 34.6% at 50 pg/mL and 53.7%
at 75 pg/mL. These results were similar to those of the
conventional diclofenac sodium (1%), which at the same
concentrations demonstrated inhibition rates of 5.2%,
32.2%, and 54.6%. The findings show that, particularly at
higher concentrations, the Cs/PVA—CI hydrogel exhibits
significant anti-inflammatory potential, roughly matching
the effects of the conventional medication.

In vitro Drug Release Assay

The hydrogel demonstrated a controlled biphasic drug
release profile in phosphate-buffered saline (pH 7.4) at
37°C. An initial burst release of approximately 48% was
observed in the first 5 hours, followed by a sustained
and linear release, reaching nearly 100% cumulative
drug release by 24 hours. The initial burst can enhance
immediate therapeutic effects, while the prolonged release
ensures continuous drug availability at the target site. This
profile is desirable for reducing the dosing frequency and
maintaining steady-state drug levels. The sustained release
behavior is attributed to the hydrogel’s polymeric network,
which regulates diffusion and retards the leaching of active
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compounds (Figure 8).

Anti-diabetic Activity

a-Amylase and o-Glucosidase Inhibition Assay

The antidiabetic activity of the test sample was evaluated
by measuring its ability to inhibit a-amylase activity at
different concentrations (12.5, 25, and 50 pg/ml) compared
to the standard drug, Metformin. As shown in Figure 9,
the test sample exhibited a dose-dependent increase in
a-amylase inhibition. At 12.5 pg/ml, the inhibition was
approximately 26%, which increased to around 32%
at 25 pg/ml and further to about 42% at 50 pg/ml. In
contrast, the standard drug Metformin demonstrated
a significantly higher inhibition of about 70%, while
the control showed only a negligible inhibition (~5%).
These findings indicate that the test sample possesses
moderate a-amylase inhibitory potential, with activity
increasing proportionally to the concentration, though
still lower than the standard reference drug.

Discussion

The current study demonstrates the promising
potential of chitosan-PVA hydrogels as a multifunctional
drug delivery system, especially when loaded with
C. inophyllum extract [27]. The formulation approach,
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Figure 6. In vitro Antioxidant Activity of Cs/PVA-CI
Versus Ascorbic Acid at 25, 50, and 75 pg/mL, Showing
Concentration-dependent Inhibition.
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Figure 7. In vitro Antiinflammatory Activity of
Cs/PVA-CI Versus Diclofenac Sodium at 25, 50, and 75
pg/mL, showing concentration-dependent inhibition
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Figure 8. In vitro Drug Release Profile of Cs/PVA —
CI Showing Rapid Initial Release within 5 hours and
Sustained Release up to 24 hours, Reaching nearly 100%
Cumulative Release.
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Figure 9. In vitro Anti Diabetic Activity of Cs/PVA—CI at
12.5, 25, and 50 pg/mL, Demonstrating Dose-dependent
a-amylase Inhibition. Metformin (positive control)
shows significantly higher inhibition

based on the physical blending of chitosan and polyvinyl
alcohol followed by freeze thaw cycling, resulted in
stable hydrogels with consistent structural and mechanical
properties [28]. Chitosan, a natural polysaccharide,
provided intrinsic biocompatibility, biodegradability, and
antimicrobial effects, while PVA contributed flexibility and
film-forming ability, resulting in a matrix well-suited for
biomedical applications [29]. Structural characterization
using scanning electron microscopy (SEM) confirmed
uniform dispersion of the plant extract throughout the
hydrogel matrix, while FTIR analysis validated the
successful incorporation of bioactives without chemical
degradation or polymer incompatibility [30]. The
biological activities exhibited by the C. inophyllum-loaded
hydrogel were both potent and diverse. In cancer models,
the hydrogel demonstrated selective cytotoxicity against
colon cancer cells while maintaining safety in normal
cells, indicating a high therapeutic index [13]. Apoptosis
induction was confirmed by morphological studies and
fluorescence imaging, revealing hallmark features such
as membrane blebbing and nuclear condensation in
treated cells. In wound healing applications, the hydrogel
displayed significant antioxidant capacity, as evidenced by
dose-dependent DPPH radical scavenging activity [31].
Additionally, the inhibition of protein denaturation in
the BSA assay supported its anti-inflammatory potential,
which is crucial for reducing prolonged inflammation and
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promoting tissue regeneration in chronic wounds. These
effects are likely attributable to the flavonoids, coumarins,
and xanthones present in C. inophyllum, which are known
to modulate oxidative and immune responses [24]. In
antidiabetic evaluation, the hydrogel effectively inhibited
a-amylase activity in a concentration-dependent manner,
demonstrating its potential for controlling postprandial
glucose spikes [32]. Moreover, the in vitro drug release
study showed an initial burst release within the first five
hours, followed by sustained release up to 24-72 hours.
This biphasic pattern is ideal for maintaining therapeutic
levels of plant-based actives while reducing dosing
frequency and minimizing side effects [33]. Importantly,
the hydrogel matrix retained the phytochemical stability of
the extract during formulation and throughout the release
period, supporting its application as a reliable carrier for
metabolically active compounds [34]. The ability of the
same hydrogel platform to perform effectively across
multiple therapeutic areas cancer, wound healing, and
diabetes underscores its adaptability and translational
potential. This modular design approach enables the
development of disease-specific treatment systems
by simply modifying the type or concentration of the
loaded bioactive, without altering the core polymer
matrix [35]. The synergy between the natural therapeutic
properties of C. inophyllum and the controlled delivery
capabilities of the chitosan-PVA hydrogel illustrates
the emerging promise of phytomedicine integrated
biomaterials. However, while the in vitro results are
encouraging, further in vivo validation is essential to
confirm the hydrogel’s biocompatibility, therapeutic
efficacy, and pharmacokinetic profile. Additional studies
are also needed to assess long-term stability, degradation
behavior in biological environments, and possible immune
responses [16].

In conclusion, this study successfully formulated and
evaluated a Calophyllum inophyllum-loaded chitosan-
PVA hydrogel as a multifunctional, biodegradable, and
biocompatible drug delivery platform. The hydrogel
demonstrated robust physicochemical integrity,
sustained drug release behavior, and a broad spectrum
of biological activity including cytotoxic, antioxidant,
anti-inflammatory, and antidiabetic effects. The findings
affirm that the encapsulation of plant-based bioactives
in hydrogel matrices offers a viable strategy for
enhancing their stability, bioavailability, and therapeutic
performance. This integration of traditional herbal
medicine with modern biomaterial science presents a
compelling, low-toxicity alternative to synthetic drugs and
may significantly impact future treatment protocols across
various clinical domains. The versatility and adaptability
of this hydrogel system make it a strong candidate for
further development in areas such as oncology, wound
care, and metabolic disorder management. With additional
preclinical and clinical validation, C. inophyllum-loaded
chitosan-PVA hydrogels may pave the way for the next
generation of personalized, sustainable, and plant-based
therapeutic solutions.
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