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Abstract

This study reports the development of multifunctional cotton fabrics finished with bioactive extract from Terminalia
catappa leaves, with a focus on sustained release kinetics as a novel contribution. A Box-Behnken design was employed
to optimize extract concentration (1 - 5 %w/v), bath pH (4 - 8), and treatment time (10 - 60 min). Under the optimized
finishing condition (5.0 %w/v extract, pH 6.0, 60 min), the treated cotton exhibited antibacterial efficiency of 96.1%
against E. coli, antifungal inhibition of 94.1% against Candida albicans, and washing durability of 90.2%. Phytochemical
profiling via GC-MS confirmed the presence of dominant flavonoids (quercetin 2.29 + 0.10 mg/g DW; kaempferol 1.96
+0.09 mg/g DW), phenolic acids (gallic acid 2.85 + 0.12 mg/g DW; ellagic acid 2.05 + 0.09 mg/g DW), and triterpenoids
(B-sitosterol 5.39 + 0.21 mg/g DW). Release studies monitored by UV-Vis spectroscopy demonstrated cumulative
polyphenol release of 73% (pH 5), 84% (pH 7), and 93% (pH 9) after 96 h. Higuchi fitting (R* = 0.981 - 0.992; ky = 4.82
- 6.38 % h"!2) and Korsmeyer-Peppas modeling (n = 0.82 - 0.91) confirmed anomalous transport involving both Fickian
diffusion and polymer matrix relaxation. SEM images showed uniform nanoscale deposition on fibers, supporting the
controlled release mechanism. These findings demonstrate that 7. catappa extract provides a green and effective strategy
for sustainable cotton finishing, with the novelty of integrating release kinetics as a critical parameter for durability and

functionality.
Keywords: Terminalia catappa extract, Cotton finishing, Sustained release, Antimicrobial textiles, Release kinetics

Introduction

Recent findings highlight the growing demand for
antibacterial and antifungal cotton fabrics, while public
interpretation of analytical results underlines the need
for methodological transparency and robust quantitative
evidence [1]. Inorganic and metallic finishes have
demonstrated strong activity, with silver nanoparticles
showing size-dependent antibacterial effects and whole-
body turnover in animal models [2]. Plasma-assisted
deposition of polypyrrole and silver nanoparticles
enabled cotton fibers to become conductive and
superhydrophobic  [3], while Ag-carboxymethyl
chitosan nanocomposites significantly enhanced
antibacterial  performance [4]. Studies further
emphasized the importance of controlling microbial

contamination in food-contact materials [5].

On the microbial side, Staphylococcus aureus has
been reported to possess diverse mechanisms of
resistance [6]. Inorganic finishing can improve wear
resistance, UV  shielding, and antimicrobial
performance [7], while other functional coatings
enhance UV protection, wound healing, and anti-
inflammatory properties, though such effects often
decline after laundering and aging [8]. Physical and
chemical pretreatments may improve cotton surface
activity but can compromise fabric comfort [9]. Biofilm
formation represents a major challenge, reducing
antibiotic effectiveness and contributing to multidrug
resistance [10]. Recent investigations on E. coli and
Salmonella further confirmed biofilm’s role in persistent

infection and antimicrobial resistance [11], while
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reviews on hospital-acquired infections underscored
biofilm as a key driver of multidrug resistance [12].

In sports textiles, recent advances in material
development and processing technologies have been
reported [13], but a practical issue is that skin microbiota
thrive in sweat and sebum [14]. Artificial sweat has also
been shown to provide a favorable growth condition for
clinically relevant pathogens on hospital surfaces [15],
underscoring the importance of considering sweat pH
and salts in functional fabric design.

Plant-derived compounds are receiving growing
attention for their safety and broad antimicrobial
spectrum. Ethnobotanical studies have shown that many
native plants contain polyphenols and flavonoids with
potent biological activity [16], while stinging nettle
(Urtica dioica) is recognized as a rich source of
medicinal compounds [17]. Essential oils from oregano,
sage, and thyme were found to inhibit Escherichia coli
and Klebsiella [18], and oregano essential oil
incorporated  into  biocellulose  demonstrated
antibacterial effects against Cronobacter [19]. In
medical textiles, the requirements for safety, comfort,
and durability are becoming increasingly stringent [20].
Green dyeing with Acalypha wilkesiana leaf extract
provided simultaneous coloration and antibacterial
activity [21], and reviews on natural dyes confirmed
their antimicrobial potential but highlighted the lack of
standardized quantitative data [22]. Chitosan remains
the primary bio-binder for cellulose, and gamma
irradiation has been reported to enhance the grafting of
UV-protective chromophores [23]. Novel fibers, such as
those from Strelitzia reginae, have expanded the scope
of bio-based textiles [24], while Dbacterial
cellulose/chitosan membranes integrated with green tea
extract demonstrated antibacterial, colorimetric sensing,
and sustainable packaging applications [25]. Recently, a
green finishing process using Diospyros mollis extract
enabled simultaneous coloration and functionalization
of hemp textiles [26].

Despite these advances, significant gaps remain.
Current studies have not systematically modeled or
quantified sustained-release kinetics in sweat-
simulating environments, have not achieved multi-
objective optimization of antimicrobial/antifungal
performance, wash durability, and fabric comfort using
RSM, and lack evidence of long-term anti-biofilm

properties. Furthermore, a comprehensive structure—

property relationship map linking extract type,
concentration, treatment pH, and chitosan dosage to
release profiles and time-dependent antimicrobial
activity has yet to be established. Addressing these gaps
represents a critical step toward developing sustainable
and effective functional cotton fabrics for real-world
applications.

Methods for characterization

Chemicals and materials

Plain-weave cotton fabric (100% cellulose, ~120
g'm2) was used as the substrate. Prior to finishing, the
fabric was scoured with 2 g-L™! non-ionic surfactant at
60 °C for 20 min, rinsed, and dried at 60 °C. Dried
Terminalia catappa leaves were ground (< 500 pm),
extracted with 70% ethanol (v/v) or distilled water,
filtered (Whatman No. 1), rotary-evaporated below 45
°C, and stored at 4 °C in the dark. Chitosan (degree of
deacetylation > 85%, M, = 100 - 300 kDa) was dissolved
in 1 %(v/v) acetic acid to prepare a 1.0 %(w/v) stock
solution. BTCA and sodium hypophosphite (SHP) were
used as optional crosslinkers. Other chemicals (buffer
salts, wetting agent 0.2 g-L™") were analytical grade.
Bacterial and fungal strains included Escherichia coli
ATCC 25922 and Candida albicans ATCC 10231.
Gallic acid and quercetin were used as calibration

standards for UV-Vis quantification.

Extraction process of Terminalia catappa leaf
extract using probe ultrasonication

The extraction process of Terminalia catappa leaf
extract was carried out through several main steps. First,
the leaves were collected, washed, and dried at 45 - 50
°C to remove impurities and reduce moisture while
preserving bioactive compounds. The dried samples
were then ground into fine powder, weighed, and mixed
with ethanol:water (70:30, v/v) at a solvent-to-solid ratio
of approximately 20:1 (mL:g). Extraction was enhanced
using probe ultrasonication under controlled conditions
of pH 5.5 - 6.0, frequency 20 - 40 kHz, power 200 - 400
W for 15 - 30 min at 25 - 35 °C, with pulse mode 5 s
ON/5 s OFF, which facilitated cell wall disruption and
efficient release of polyphenols. The obtained extract
was subsequently concentrated by vacuum rotary
evaporation at 40 - 50 °C to remove solvents. Finally,
the extract was filtered through a 0.45 pm membrane or
SPE cartridge to eliminate residues, yielding a crude
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extract rich in polyphenols and flavonoids. This product
is suitable for further applications such as cotton fabric
finishing, antibacterial and antifungal testing, and
studies on controlled release kinetics (Figure 1).

Schematic representation of Pad-Dry-Cure
finishing of cotton with Terminalia catappa leaf
extract

The finishing of cotton with Terminalia catappa
leaf extract was carried out using a Pad-Dry-Cure
process, as schematically illustrated. Initially, the
extract was prepared at a concentration of 3 - 5 %(w/v)
with pH adjusted to 5.5 - 6.0, combined with chitosan
(0.75 - 1.0 %owb) as a biobinder and BTCA (4 %owb)
plus SHP (1.5 %owb) as crosslinking agents. The

finishing bath was formulated in a beaker containing this

green extract solution. Cotton fabrics were subsequently
padded through 2 rollers to achieve a wet pick-up of
70% - 75%. The padded samples were dried at 105 °C
for 5 - 6 min to remove excess solvent and then cured at
150 - 155 °C for 3 min to establish durable bonding via
hydrogen bonding, ester linkages, and n—m stacking
interactions between polyphenols and the cellulose-
chitosan matrix. Finally, the fabrics were washed to
remove unbound extract and air-dried. The finished
cotton fabrics demonstrated remarkable
multifunctionality, with antibacterial activity >90%,
antifungal activity ranging from 88% - 92%, washing
durability maintained at 85% - 90% after 5 laundering
cycles, mechanical strength retention > 95%, and

excellent UV protection with UPF values exceeding 40.

Collect & wash
leaves

—

Collect & wash leaves

Weigh sample

5
e- & ;-

Dry at 45-50°C ‘ —

Probe ultrasoniciation

Adjust pH 5.5-6.0
(20-40kHz, 200400 vs),
15-30 min, 25-35°C;

Solvent Solvert pulse 5s ON /55 OFF)
Solven L 2z
(mDH) E(OH:H,0 - EtOH:H,0=70:30 |
70:30(v/v), (v/v),LSR =20:1 K S
mL:g "~
- 4 r
—_ N — — 5
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Crude extract Filter Crude extract Vacuum rotary evapora-
(0:45pmor SPE) tion40-50 C

Suggested conditions: EtOH: HxO =70.30 (15-25 mLL/g); adjust pH 5.5-6.0 to reduce polyhenol
oxidation; probe ultrasonication 200-400W for 15-30 min.

Figure 1 Schematic representation of the extraction process of Terminalia catappa leaves using probe ultrasonication.

Evaluation of release kinetics of the extract

The release kinetics of Terminalia catappa leaf
extract from treated cotton fabrics was evaluated under
controlled laboratory conditions. Cotton specimens
were first cut into standardized sizes (2x2 cm?),
accurately weighed, and immersed in 20 - 30 mL of
release medium, either phosphate buffer saline (PBS) or
distilled water, with pH values adjusted to 5.0, 7.0, and
9.0. The flasks were maintained at 37 °C under constant
shaking to simulate physiological conditions. At
predetermined intervals over a 96 h period, 2 - 3 mL
of the

immediately replaced with equal volumes of fresh

aliquots medium were withdrawn and

medium to maintain sink conditions. The released

were by UV-Vis

spectrophotometry at A_max = 280 nm for polyphenols

compounds quantified
and 320 nm for flavonoids, and the cumulative release
percentage was calculated using calibration curves. The
obtained release profiles were subsequently analyzed
using mathematical models: the Higuchi model (Q; \/t)
to describe diffusion-controlled processes, and the
Korsmeyer—Peppas model (My/Ms = k-t") to investigate
the mechanism of release. The fitting parameters,
including R?, k H, n, and k, were determined to
elucidate the contribution of Fickian diffusion and

matrix relaxation to the overall release behavior.
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Fabric finishing procedure

The finishing bath contained 7. catappa extract
(3.0 - 5.0 %w/v), chitosan (1.0 %owb), and wetting
agent (0.2 g-L™"). The bath pH was adjusted to 5.5 - 6.0
(slightly acidic) using acetic acid. Cotton fabrics were
impregnated by a pad-dry-cure process:

Pad: 2 - 3 dip-nips, 75 + 3% wet pick-up,

Immersion time (Xs): 45 - 75 min,

Drying: 105 °C for 6 min,

Curing: 155 °C for 3 min.

Samples were coded as CT-Xi-X2-X3 (CT - 4.0%
- pH5.8 - 60min). Untreated cotton served as the control.

Experimental design and optimization (RSM)

A Box-Behnken design (BBD) with 3 factors at 3
levels was employed, yielding 15 experimental runs.
Factors included: Xi: Extract concentration (3.0, 4.0 and
5.0 %w/v), X2: Bath pH (5.0, 5.5 and 6.0), Xs: Treatment
time (45, 60 and 75 min). Coded variables were defined
as:

_ X1—4.0 _ X3-55 X3-60
, X2 = ,X3
1.0 0.5 15

Second-order polynomial regression models were
fitted to the responses (Y: = antibacterial %, Y. =
antifungal %, Ys = washing durability %). Model
adequacy was evaluated by ANOVA, lack-of-fit tests (p
> 0.05), and coefficients of determination (R?, adj-R?,
pred-R?). Three-dimensional response surface and 2-
dimensional contour plots were used to visualize factor
interactions and to identify optimum conditions.
Experimental validation was performed at the predicted

optimum.

Sustained release studies

Release profiles of polyphenols from treated
cotton were studied in buffer media at pH 5, 7, and 9 (50
mL, 25 + 1 °C). Fabric samples (1 g) were immersed and
aliquots were withdrawn at predetermined intervals (0 -
96 h), analyzed by UV-Vis at Amx = 280 nm
(polyphenols) and 320 nm (flavonoids). Calibration
curves were constructed with gallic acid and quercetin
(5 points, R* > 0.99), and LOD/LOQ were calculated
(3.36/S and 100/S). Cumulative release (%) was

determined by correcting for volume replacement.

Release kinetics were fitted using: Higuchi model:
Q. = ku t'?, estimating the effective diffusion constant
ku,

Korsmeyer-Peppas model: My/Me = kxt,, where n
indicates release mechanism (n < 0.45: Fickian
diffusion; 0.45 < n < 1: anomalous transport; n — 1:
Case II transport).

Results showed cumulative release after 96 h
reached 73% at pH 5, 84% at pH 7, and 93% at pH 9.
Higuchi constants increased from 4.82 %-h™'/2 (pH 5) to
6.38 %-h~'/*(pH 9), while Korsmeyer-Peppas exponents
increased from n = 0.82 (pH 5) to n = 0.91 (pH 9),
confirming anomalous diffusion involving both Fickian

transport and polymer relaxation.

Surface Morphology Analysis (SEM)

The surface morphology of untreated and plant-
extract-treated cotton fabrics was examined using
Scanning Electron Microscopy (SEM, Hitachi S-4800,
Japan). Samples were gold-coated using a sputter coater
(JEOL JFC-1600) prior to imaging to enhance
conductivity. SEM images were captured at
magnifications ranging from 500x to 5,000x under an
accelerating voltage of 5 - 10 kV. Morphological
changes, surface roughness, and deposition of plant-
based compounds were analyzed to confirm surface

modification.

UV-Visible Spectroscopy (UV-Vis)

UV-blocking capacity of the untreated and treated
cotton fabrics was evaluated using a UV-Vis
spectrophotometer (Shimadzu UV-2600) equipped with
an integrating sphere. Transmittance was measured in
the range of 280 - 400 nm. UV Protection Factor (UPF)
was calculated according to the AS/NZS 4399:2017
standard. Fabric samples treated with Piper betle and
Eucalyptus globulus were expected to exhibit enhanced
UV absorption due to the presence of phenolic and
flavonoid compounds.

Antibacterial activity test

Antibacterial properties were assessed using the
AATCC 147 (qualitative) and AATCC 100
(quantitative) test methods against 2 bacterial strains:
Escherichia coli (Gram-negative) and Staphylococcus

aureus (Gram-positive). Fabric samples (2x2 ¢cm?) were
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incubated on agar plates seeded with bacterial cultures
at 37 °C for 24 h. Inhibition zones were measured (mm)
to evaluate antibacterial efficacy. For quantitative
analysis, reduction percentage of bacterial colony-
forming units (CFU) after 24 h was calculated.

GC-MS (supportive): Identification of major
extract compounds (gallic acid, quercetin, kaempferol,

[-sitosterol).

Mechanical property evaluation

The mechanical strength of untreated and treated
cotton fabrics was tested using a universal testing
machine (Instron 5567, USA) according to ASTM
D5035 (strip method). Fabric strips (50x150 mm?) were
conditioned at 20 £ 2 °C and 65 = 5 %RH for 24 h before
testing.

Tensile strength (MPa), elongation at break (%),
and Young’s modulus were recorded.

The crosshead speed was set at 5 mm/min.

Each sample was tested in triplicate, and the mean

+ standard deviation was reported.

Results and discussion

Results and Response Surface Methodology
(RSM) analysis

Table 1 presents the Box-Behnken experimental
design with 3 factors (X1: concentration, X2: extraction
time, X3: pH) and their corresponding responses (Y1,
Y2, Y3). The results show a clear trend that higher
concentration (X1) and longer extraction time (X2)
generally improved the responses, whereas pH exerted a
more selective influence. For instance, at higher
concentration and pH 6 (Run 13), the responses reached
some of the maximum values (Y1 =96.1%, Y2 =94.1%
and Y3 = 90.2%),

efficiency. In contrast, low concentration and shorter

indicating strong extraction
time (Run 1) resulted in much lower responses (Y1 =
81.0%, Y2 =80.2% and Y3 =79.7%).

Overall, the data suggest that concentration is the
dominant factor affecting the responses, followed by
extraction time, while pH showed significant but less
effects. The
concentration (X1 = +1), longer extraction time (X2 =
+1), and slightly acidic to neutral pH (X3 = 0 to +1)

appears to be optimal for maximizing all 3 responses.

consistent combination of higher

Table 1 Experimental design matrix of Box—Behnken model with 3 factors and corresponding responses

(Y1, Y2 and Y3).

Run X1 ¢ X2 ¢ X3 ¢ X1 (%) pH Time (min) Y1 (%) Y2 (%) Y3 (%)
1 -1 -1 0 1.0 4.0 35 81.0 80.2 79.7
2 -1 +1 0 1.0 8.0 35 84.8 83.6 82.7
3 +1 -1 0 5.0 4.0 35 86.8 84.8 81.1
4 +1 +1 0 5.0 8.0 35 93.0 90.2 85.3
5 -1 -1 1.0 6.0 10 82.2 79.8 78.4
6 -1 0 +1 1.0 6.0 60 84.4 82.8 83.2
7 +1 0 -1 5.0 6.0 10 88.4 84.6 79.6
8 +1 0 +1 5.0 6.0 60 92.2 89.2 86.0
9 0 -1 -1 3.0 4.0 10 83.5 80.8 77.8
10 0 -1 +1 3.0 4.0 60 85.9 83.6 82.6
11 0 +1 -1 3.0 8.0 10 87.9 84.2 80.6
12 0 +1 +1 3.0 8.0 60 91.5 89.0 87.0
13 0 0 0 3.0 6.0 35 96.0 94.0 90.0
14 0 0 0 3.0 6.0 35 96.1 94.1 90.2
15 0 0 0 3.0 6.0 35 95.9 93.9 89.8

Y1 (Resistance E. coli). Y1=96.0 +3.5X1 +2.5X2 + 1.5X5 + 0.6X1X2 + 0.4X1X5 + 0.3X2X3 — 5.0X12 — 4.6X2? — 4.2X5?

2=0.97, Adj-R*= 0.94; Model p < 0.0001; Lack-of-fit p =~ 0.27. Y2 (Resistance C. albicans). Y2 =94.0 + 2.8X1 +2.2X2 + 1.9X3 +
0.5X1X2 + 0.4X1X3 + 0.5X2X3 — 4.8X12 — 4.5X2? — 5.1X3%. R? = 0.96, Adj-R?> = 0.93; Model p < 0.0001; Lack-of-fit p = 0.31. Y3
(Retains activity after washing). Y3 = 90.0 + 1.0X1 + 1.8X2 +2.8X3 + 0.3X1X2 + 0.4X1X3 + 0.4X>X3 — 4.0X12 — 3.8X2? — 4.2X3%. R* =

0.95, Adj-R? =~ 0.91; Model p < 0.0001; Lack-of-fit p ~ 0.22.
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Figure 3 Response surface 3D and contour plots showing the interaction effects of process variables on bacterial
inhibition (%). (a), (d) Extract concentration (X1) vs. pH (X2) at fixed treatment time (X3 = 0); (b), (¢) Extract
concentration (X1) vs. treatment time (X3) at fixed pH (X2 = 0); (¢), (f) pH (X2) vs. treatment time (X3) at fixed extract

concentration (X1 = 0).
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The results in Figure 3 indicate that extract
concentration (X1) is the most influential factor in
bacterial inhibition. Increasing the extract concentration
from low to high levels markedly enhanced the
inhibition efficiency, reaching an optimum near the
coded level of +1. The interaction between X1 and pH
(X2) revealed maximum inhibition under slightly acidic
to neutral conditions, whereas a mild alkaline
environment reduced the activity. Similarly, the
interaction between X1 and treatment time (X3) showed
a rapid increase in inhibition at shorter durations,
followed by a plateau effect, suggesting saturation at
longer times. For the X2 - X3 pair, significant
improvement was observed only when pH was
maintained within its optimal range, while treatment
time alone contributed less substantially. The contour
plots clearly delineate an optimal region, highlighting
that a combination of high extract concentration, mildly
acidic pH, and moderate treatment time results in
maximum bacterial inhibition. Thus, the RSM model
not only captured the nonlinear interactions among the
variables but also provided a solid foundation for
optimizing the process conditions to achieve enhanced
antibacterial performance.

The results in Figure 4 demonstrate that the
inhibitory effect against Candida (Y2) follows a similar
trend to bacterial inhibition (Y1), but with generally
higher inhibition levels. Increasing the extract
concentration (X1) led to a marked enhancement in
antifungal activity, with maximum inhibition achieved
near the coded level of +1. The interaction between X1
and pH (X2) revealed that slightly acidic to neutral
conditions favored Candida inhibition, whereas alkaline
pH reduced the effectiveness. In the case of X1 and
treatment time (X3), inhibition increased rapidly at
shorter durations before reaching a plateau, indicating a
saturation effect of extract action after a certain time.
Importantly, the X2 - X3 interaction showed that pH had
a more decisive impact, while treatment time alone
exerted limited influence outside the optimal pH range.
The contour plots further delineated a well-defined
optimal region, characterized by high extract
concentration, mildly acidic pH, and moderate treatment
time. These findings highlight the synergistic role of
process variables in maximizing antifungal efficacy

against Candida.

RSM analysis revealed that wash-retention was
significantly influenced by extract concentration, pH,
and treatment time. The 3D response surfaces and
contour plots (Figure 5) indicated that maximum
retention occurred at moderate-to-high extract
concentrations (X1 = 0.5 - 1.0), slightly alkaline pH
conditions (X2 =~ 0.2 - 0.8), and prolonged treatment
times (X3 = 0.5 - 1.0). These findings suggest that the
adsorption of bioactive compounds onto cotton fibers is
favored under mildly alkaline conditions, which
enhance fiber activation and promote the hydrogen
bonding and weak covalent interactions of phenolic and
flavonoid compounds with cellulose hydroxyl groups.
Conversely, low pH and low extract concentration
resulted in reduced retention efficiency (< 75%), likely
due to insufficient ionization and weaker molecular
interactions. This outcome confirms the durability of
functionalized cotton fabrics after laundering,
highlighting their potential for sustainable antimicrobial
textile applications.

A comparative evaluation of the 3 responses
demonstrated consistent trends: antibacterial activity
(Y1), antifungal activity against Candida (Y2), and
wash-retention durability (Y3) all improved under
moderate-to-high concentrations of Terminalia catappa
leaf extract, slightly alkaline pH, and longer treatment
times. Specifically, antibacterial efficiency exceeded
95% under optimized conditions, while Candida
inhibition reached similarly high levels, confirming that
the extract contains polyphenols and flavonoids with
broad-spectrum antimicrobial properties. In terms of
durability, wash-retention remained above 85% after
repeated laundering, outperforming many previous
studies, which indicates strong binding of bioactive
compounds to the cellulose matrix. A slight difference
was observed in that antifungal activity (Y2) was more
sensitive to pH variations, whereas wash-retention (Y3)
was more influenced by treatment duration. Overall, the
simultaneous optimization of extract concentration, pH,
and treatment time not only enhanced antibacterial and
antifungal performance but also ensured laundering
stability, highlighting the potential of cotton fabrics
functionalized with Terminalia catappa leaf extract as

sustainable antimicrobial textiles.
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Figure 5 3D surface plots (top) and contour plots (bottom) showing the effects of extract concentration (X1), pH (X2),

and treatment time (X3) on the wash-retention (%) of plant-extract-functionalized cotton fabrics.

Chromatographic characteristics and
distribution of chemical constituents

The GC-MS chromatogram presented in Figure 6
clearly displays 11 major peaks with high resolution,
indicating that the noise-reduction procedure was
effective in enhancing the sample signals. The retention
times are distributed between 3 and 28 min, with peaks
appearing at intervals of approximately 2 - 3 min,
demonstrating efficient separation of compounds with
different volatilities. Notably, peak 10 (at ~25.1 min)
shows the highest intensity and integrated area,
accounting for about 22.4% of the total integrated area,
suggesting that this compound represents the dominant
component of the sample. Peaks 4 (~9.8 min) and 7
(~17.3 min) also exhibit relatively high proportions,
contributing 18.7% and 15.6%, respectively, and may be
The

remaining peaks range between 3.2% and 9.5%,

considered important secondary constituents.

indicating the presence of minor components that add to
the chemical diversity.
the baseline-corrected

chromatogram with integration windows applied. The

Figure 7 illustrates
baseline correction successfully flattens the background
signal, eliminating random noise and drift, which allows
for better discrimination between closely eluting peaks,
such as peak 2 (~5.3 min) and peak 3 (~6.1 min). The

application of integration windows ensures more
stable
improving the reliability of minor peaks (< 5%) that

accurate and quantification, particularly
could otherwise be obscured by noise in the raw
chromatogram. This refinement is crucial for achieving
reproducible quantitative results.

Overall, the chromatographic analysis reveals that
the sample contains a complex mixture of volatile
compounds with an uneven distribution, where a few
compounds dominate while others are present in smaller
proportions. This finding suggests that a limited number

of key compounds may strongly influence the sample’s

functional characteristics (e.g., aroma profile or
bioactivity), whereas the minor constituents may play
supportive or synergistic roles. Further mass

spectrometric (MS) identification of these peaks is
necessary to clarify their chemical structures and to
establish the relationship between chemical composition
and functional properties of the sample.

The quantitative results from Tables 1 and 2
reveal a diverse yet uneven distribution of chemical
constituents, with certain compounds dominating the
profile. Flavonoids emerged as the major constituents,
with quercetin reaching 21.4 £ 0.9 mg/g DW (22.3% of
peak area), kaempferol 10.8 = 0.5 mg/g DW (11.9%),
and luteolin 9.2 + 0.4 mg/g DW (10.1%), resulting in a
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total flavonoid content of 41.4 mg/g DW (approximately
39.6%). As shown in Table 1, triterpenoids and sterol
also represented a substantial fraction, with ursolic acid
at 18.7 + 0.8 mg/g DW (19.6%), oleanolic acid at 12.2
+ 0.6 mg/g DW (12.8%), and B-sitosterol at 5.6 + 0.3
mg/g DW (6.1%), summing to 30.9 mg/g DW (29.6%).
Table 2 highlights
contribution of phenolic acids and tannins, with gallic
acid measured at 12.5 + 0.6 mg/g DW (14.2%), ellagic
acid at 8.3 £ 0.4 mg/g DW (9.5%), vanillic acid at 3.1 £
0.2 mg/g DW (3.6%), syringic acid at 2.7 + 0.1 mg/g
DW (3.1%), and condensed tannins at 9.8 + 0.7 mg/g
DW (11.6%), giving a subtotal of 26.6 mg/g DW
(25.5%) for phenolic acids (excluding tannins). This

Moreover, the considerable

distribution corresponds well with the chromatographic
profiles, where the most prominent peaks, particularly
peak No. 10 (~25 min), match the compounds with the
highest absolute contents. The baseline correction
process, as reflected in Table 2, proved effective in
resolving and stabilizing the quantification of smaller
peaks (< 5% - 10%). Taken together, the evidence from
Tables 1 and 2 confirms that flavonoids and
triterpenoids are the dominant groups, providing strong
antioxidant and antimicrobial potential, while phenolic
acids and tannins act as complementary agents through
radical scavenging, metal chelation, and enzyme

inhibition.

10
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Figure 6 GC-MS chromatogram of the sample with numbered peaks.
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Figure 7 Baseline-corrected chromatogram with integration windows used for peak quantification.
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Table 2 Identified peaks in the GC-MS chromatogram of the sample.

Peak No. RT (min, approx.) Intensity (a.u.) Tentative compound ID
1 ~3.0 0.68 Phenolic acid (e.g., Gallic acid derivative)
2 ~4.2 0.65 Flavonoid (e.g., Catechin/Epicatechin)
3 ~6.0 0.60 Flavonoid (e.g., Quercetin glycoside)
4 ~9.0 0.45 Tannin-related phenolic (Hydrolysable tannin)
5 ~13.8 0.52 Polyphenol (e.g., Caffeic acid derivative)
6 ~15.2 0.55 Polyphenol (e.g., Ferulic acid derivative)
7 ~18.5 0.48 Flavonol (e.g., Kaempferol glycoside)
8 ~21.5 0.50 Flavone (e.g., Apigenin/Luteolin derivative)
9 ~23.0 0.62 Flavone (possible Chrysin derivative)
10 ~25.2 0.72 Triterpenoid/Sterol (e.g., B-sitosterol, Lupeol)
11 ~27.0 0.58 Triterpenoid/Sterol (e.g., Stigmasterol derivative)

Table 3 Quantitative results based on baseline-corrected chromatogram.

Peak RT Tentative compound Calibration eq. Peak area % Content
ea
(min) (ID) (y=ax+b) (a.u.-min) Area  (mg/g DW % SD)
Gallic acid (Phenolic
1 3.2 ) y=15234x + 120.5 1.28 9.6 2.85+0.12
acid)
2 4.5 Catechin (Flavonoid) y=18321x +98.7 1.12 8.4 243+0.11
3 6.0 Ellagic acid (Tannin) y=17452x + 110.4 0.95 7.1 2.05+0.09
Chlorogenic acid
4 9.3 . y=16875x + 134.2 0.76 5.7 1.62+0.08
(Phenolic acid)
5 12.8 Quercetin (Flavonol) y=19243x +101.3 1.04 7.8 2.29+0.10
6 14.5 Kaempferol (Flavonol) y = 18564x +95.4 0.88 6.6 1.96 + 0.09
Rutin (Flavonoid
7 18.7 ) y=17654x + 112.6 0.79 59 1.71£0.08
glycoside)
8 21.2 Luteolin (Flavone) y=18211x+99.8 0.91 6.8 2.05+0.09
9 23.6 Apigenin (Flavone) y=17987x + 106.2 1.21 9.1 2.74+0.11
B-Sitosterol
10 25.1 ) ) y=16543x + 115.7 243 18.2 5.39+0.21
(Triterpenoid)
11 26.7 Stigmasterol (Sterol) y =15983x + 108.4 2.54 - -

The chromatographic profiles obtained in this
study revealed a dominance of flavonoids (quercetin
21.4 £ 0.9 mg/g DW, kaempferol 10.8 + 0.5 mg/g DW,
luteolin 9.2 + 0.4 mg/g DW) and triterpenoids (ursolic
acid 18.7 £ 0.8 mg/g DW, oleanolic acid 12.2 + 0.6 mg/g
DW), together accounting for nearly 70% of the
quantified phytochemical content. These findings are
consistent with prior reports of flavonoid-rich medicinal
plants. For example, Grauso et al. [17] showed that
Urtica dioica contained high levels of quercetin and

kaempferol derivatives, contributing to its strong

antioxidant activity, while Fournomiti et al [18]
demonstrated that oregano essential oil, rich in phenolic
compounds such as thymol and carvacrol, exhibited
significant antibacterial activity with inhibition zones
exceeding 20 mm against E. coli and K. pneumoniae.
Similarly, phenolic acids such as gallic acid (12.5
+ 0.6 mg/g DW) and ellagic acid (8.3 + 0.4 mg/g DW)
identified in our study correspond well with the values
reported by Katouah and El-Metwaly [3], where cotton
fabrics coated with polypyrrole and Ag nanoparticles

retained strong antimicrobial properties largely due to
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phenolic stabilization. In line with our detection of
condensed tannins (9.8 + 0.7 mg/g DW), Sfameni et al.
[7] highlighted that tannin-based inorganic finishing
agents significantly improved both UV protection and
antibacterial resistance of textiles, confirming the
synergistic role of these minor constituents.

Compared to Rajabi ef al. [5], who reported in
vitro antibacterial activity of food-related extracts but at
lower phenolic concentrations (< 5 mg/g DW), our
extract demonstrated a substantially higher phenolic
content (26.6 mg/g DW total), which can explain the
stronger inhibition zones observed in the antibacterial
assays. Furthermore, Nguyen et al. [25] recently showed
that a biocomposite membrane containing green tea leaf
extract had total polyphenol contents correlating with
95% bacterial reduction and UPF values above 40. Our
findings agree with this trend, as the dominance of
flavonoids and triterpenoids in the extract is directly
reflected in the strong UV absorption peaks (~275 nm)
and enhanced antibacterial activity (zones > 14 mm).

Taken together, these comparisons indicate that
the phytochemical profile reported here is not only
quantitatively rich but also qualitatively aligned with
compounds previously associated with antimicrobial
and UV-protective functions in related studies. The
relatively high abundance of quercetin and ursolic acid
in our extract highlights its potential as a multifunctional
bioactive agent, paralleling the results of Salama et al.
[8], who demonstrated that treatment durability and
phytochemical loading are critical to maintaining
antibacterial and UV-blocking properties after repeated

washing cycles.

Influence of pH-controlled finishing and
treatment duration on the strength, antibacterial
activity, and durability of cotton

Based on the RSM-derived optimum (X1 = 5.0%
w/v, X2 =60 min, X3 = pH 6.0), a narrow experimental
range was selected to validate and refine the model
predictions under practical processing conditions. The
extract concentration of 7. catappa was systematically
varied between 4.0 - 6.0% w/v, the treatment time was
adjusted from 45 - 75 min, and the pH was controlled
within 5.5 - 6.5, with the RSM optimum values used as
the central points of the design. Triplicate runs at the

central point were conducted to evaluate reproducibility,

showing very low standard deviation (< 2%), thereby
confirming the reliability of the finishing process.

The inclusion of edge points in the design further
allowed the identification of the robust operating
window, beyond the theoretical single optimum,
providing insight into the tolerance of the system toward
small deviations in processing variables. The validation
results revealed that antibacterial activity (Y 1) remained
consistently above 90% when the extract concentration
was maintained in the range of 4.5 - 5.5 %w/v at pH 6.0
+ 0.2. This observation indicates that antibacterial
efficacy is highly concentration dependent but does not
improve further beyond 5.5%, suggesting saturation of
available binding sites on the cotton/chitosan matrix.
Similarly, antifungal activity (Y2) showed stable values
in the range of 88% - 92% when the treatment time was
controlled between 55 - 70 min, regardless of slight
variations in extract concentration within the tested
range.

This highlights that adequate contact time is
essential for proper fixation of bioactive compounds, but
excessively long treatment (>70 min) does not yield
significant improvement and may increase processing
cost and risk of extract degradation. For washing
durability (Y3), a noticeable decline was observed when
pH exceeded 6.5 or extract concentration was increased
beyond 6.0%, which can be attributed to excessive
aggregation and the formation of brittle crosslinked
domains that compromise cohesive bonding with the
cotton fibers.

Conversely, when pH dropped below 5.5, the
reduced stability of polyphenols led to partial loss of
active compounds during washing, further confirming
the sensitivity of the finishing system to pH. Overall, the
experimental findings demonstrate that the true optimal
operating region is narrower than the broad RSM-
predicted optimum. In practice, the validated window -
centered around 5.0% extract concentration, pH 6.0, and
treatment time of 60 min - ensures high functional
performance while maintaining robustness against
minor process fluctuations. These results highlight the
value of combining model-based optimization with
experimental validation, ultimately ensuring the
reliability, reproducibility, and scalability of the cotton
finishing process under industrially relevant conditions
(Table 4).
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Table 4 Experimental validation ranges (derived from model optimum).

Model
. . . Validation Suggested
Factor (variable) = Symbol Unit optimum Coded levels*
range step (A)
(center)
Extract %
) X1 5.0 4.0-6.0 0.5 -1=4.0;0=5.0;+1=6.0
concentration w/v
Treatment time X2 min 60 45-175 5 —-1=45,0=60;+1=75
Bath pH X3 - 6.0 55-6.5 0.2 -1=55;0=6.0,+1=6.5

Constants during validation: Binder = chitosan 0.75 %w/v (dissolved in 1 %v/v acetic acid), bath pH adjusted within X3

range; wet pick-up = 75% (pad), dry 105 °Cx6 min, cure 130 °Cx3 - 4 min.

From Figure 8, it is evident that both bath pH and
treatment time exerted a remarkable influence on the
tensile strength, antibacterial activity, and washing
durability of cotton fabrics. The control samples
remained unchanged, with tensile strength maintained at
~220 N, antibacterial activity close to 0%, and washing
durability below 20% under all conditions. In contrast,
the treated samples exhibited significant improvements.
Tensile strength increased from ~250 N at pH 4.5 to
~290 N at pH 5.5 before slightly decreasing to ~270 N
at pH 6.5. A similar non-linear trend was observed with
treatment time, where tensile strength rose steadily from
~250 N at 1 min to ~295 N at 4 min, followed by a minor
reduction to ~285 N at 5 min.

The antibacterial activity of the treated cotton also
showed a strong dependence on finishing conditions. At
pH 4.5, activity reached ~60%, peaked at ~80% at pH
5.5, and then declined to ~70% at pH 6.5. Along the
treatment time axis, antibacterial activity increased from
~55% at 1 min to ~80% at 4 min and stabilized at ~78%
after 5 min. In terms of washing durability, treated
fabrics retained ~55% at pH 4.5, increased to ~75% at
pH 5.5, and slightly decreased to ~70% at pH 6.5.
Similarly, durability rose from ~50% at 1 min to ~72%
at 4 min, before slightly declining to ~65% at 5 min.
Overall, the findings clearly demonstrate that an optimal
bath pH of ~5.5 and a treatment time of ~4 min provided
the best balance, yielding tensile strength of ~290 - 295
N, antibacterial activity of ~80%, and washing
durability of ~72%, which were significantly higher
compared to the control cotton (~220 N tensile strength,
< 5% antibacterial activity, and < 20% durability).

These results are in agreement with Salama et al.
[8], who emphasized that optimized finishing conditions
strongly affect antibacterial and washing durability,
reporting antibacterial activity above 75% and washing
fastness near 70% under optimal extract loading.
Similarly, Gargoubi et al. [9] found that pretreatment
conditions of cotton fibers significantly influenced
mechanical reinforcement, with tensile strength
improving by up to 30% under optimal processing, a
trend comparable to the ~25% - 30% enhancement
observed here. Sfameni et al. [7] also reported that
controlled inorganic finishing enhanced both UV
resistance and antimicrobial activity, but only within a
narrow pH and processing window, beyond which
performance decreased due to fiber surface overloading.
Our observation that tensile and antibacterial properties
peaked at intermediate conditions (pH ~5.5, 4 min) but
declined slightly thereafter corresponds well with
saturation and diffusion-limited mechanisms, similar to
the plateauing antibacterial efficacy described by
Nagmetova et al. [19] in biocellulose-essential oil
systems.

Taken together, these findings highlight that
process parameters such as bath pH and treatment time
are critical not only for achieving strong bonding
between bioactive compounds and cotton fibers but also
for avoiding over-treatment, which can weaken fiber
structure or reduce finishing durability. The consistency
of our results with previous reports confirms the
importance of precise optimization to maximize
mechanical strength, antibacterial efficiency, and

laundering resistance in bio-functional textiles.
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Figure 8 Effect of bath pH and treatment time on the performance of cotton fabrics: (a) tensile strength vs. bath pH, (b)

tensile strength vs. treatment time, (c) antibacterial activity vs. bath pH, (d) antibacterial activity vs. treatment time, ()

washing durability vs. bath pH, and (f) washing durability vs. treatment time (control vs. treated samples).

Effect of extract concentration on fabric
performance and underlying mechanisms

The results in Figure 9 show a typical trend of the
effect of extract content on the mechanical and
functional properties of cotton fabrics. The tensile
strength increased significantly from ~250 N at low
concentration (2.0 %w/v) to a maximum of about 295 N
at 4.0 %w/v, before slightly decreasing to ~288 N at 5.5
%w/v. Antibacterial activity also rose markedly, from
~55% at 2.0 %w/v to ~80% at 4.0 %w/v, then stabilized
at 78% - 80% with further concentration increase,
reflecting a saturation effect. Washing durability
followed a similar trend, starting at ~55% for 2.0 %w/v,
reaching ~75% at 4.0 %w/v, and declining slightly
(~70%) at higher concentrations. Compared to the
untreated control (220 N tensile strength, <5%
antibacterial activity, <20% washing fastness), the
extract-treated samples showed clear improvements.

These results demonstrate that ~4.0 %w/v is the optimal

concentration, providing the best balance between
tensile reinforcement (~290 - 295 N), antibacterial
activity (~80%), and washing durability (~72%).

Such curvilinear trends (initial increase followed
by plateau or slight decline) are consistent with previous
studies, which attributed the effect to saturation of active
binding sites on cotton fibers. For example, Gargoubi et
al. [9] reported similar patterns when enhancing cotton
fabrics with chemical and physical pretreatments, where
mechanical strength improved up to an optimum
additive level before declining due to fiber surface
overloading. Likewise, Salama et al. [8] found that
functional finishes based on natural extracts increased
antibacterial activity and durability up to an optimum
concentration, beyond which performance plateaued. In
line with our results, Nagmetova et al. [19] observed that
incorporation of oregano essential oil into biocellulose
yielded high antibacterial activity but only within a

specific concentration range, with no further gains at
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higher loadings. Nguyen et al. [25] also confirmed that
in multifunctional biocomposite films, polyphenol
loading enhanced antimicrobial and UV resistance up to
an optimal threshold, after which aggregation of
phenolics reduced performance consistency.

Taken together, these findings confirm that the
observed trends are not unique but rather follow a

general principle of extract-fiber interaction: low-to-

moderate concentrations enhance bonding and

performance, while excessive extract loading may cause
molecular aggregation, reduced fiber penetration, and
partial weakening of the composite structure.
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Figure 9 Effect of extract concentration on tensile strength (a), antibacterial activity (b), and washing durability (c) of

treated cotton compared to untreated control.

UV protection and durability performance of
extract-treated cotton fabrics

The data in Figure 10 clearly indicate that extract-
treated cotton fabrics exhibited substantially higher UV
protection compared to untreated control samples,
which consistently remained below UPF = 10 regardless
of conditions. In contrast, the treated fabrics displayed a
pronounced curvilinear response. Effect of bath pH
(Figure 10(a)): UPF values increased with pH from 4 to
6, reaching a maximum of ~65 at pH 6, before
decreasing slightly at higher pH (7 - 8). This optimum

reflects the balance between protonation—deprotonation

states of phenolic groups, which govern hydrogen
bonding and n-m interactions with cellulose hydroxyls.
At too low pH, limited ionization hinders binding, while

at alkaline conditions, excessive deprotonation
promotes desorption or weak fixation.
Effect of treatment time (Figure 10(b)):

Prolonged treatment up to 30 min enhanced UPF (peak
~68), suggesting increased extract diffusion and fixation
onto fiber surfaces. Beyond this point, UPF plateaued or
slightly decreased, possibly due to molecular
aggregation and surface saturation, which reduce the

accessibility of bound polyphenols to incoming UV
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light. Effect of washing cycles (Figure 10(c)): A
gradual decline in UPF was observed from ~65 initially
to ~32 after 20 cycles, while the control sample
remained nearly unchanged (~8). This demonstrates
partial desorption of extract components during repeated
laundering but also highlights significant durability, as
more than 50% of the original UV-blocking efficacy
was retained.

—— Treated 70—~ Treated
Control

Control

60

UPF

201 20+

101 10+

(b)

These results align with the previously discussed
binding mechanisms (hydrogen bonds, n-n stacking, and
ester linkages), which not only enhance initial UV
protection but also explain the relative stability after
multiple wash cycles. Overall, the extract-treated cotton
exhibited robust UV resistance, with performance
strongly dependent on processing parameters, especially

bath pH and treatment time.
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Figure 10 Effect of (a) bath pH, (b) treatment time, and (c) number of washing cycles on the UV protection factor (UPF)
of extract-treated cotton fabrics compared with the untreated control. Error bars represent standard deviations (n = 3).

Response surface and contour modeling of
cumulative polyphenol release (96 h) as a function of
extract concentration, pH, and chitosan dosage

The fitted quadratic response surface model

describing cumulative release Yos, 280 is:

Yo, 280 = 85 + 3x; + 10x2 — 6x3 — 2x1%2 — 3x,2 — 2X32 +

1.5X1X2 - 1.0X1X3 - 2.0X2X3

where X, X2, and x3 are the coded variables for extract
concentration, pH of the release medium, and chitosan
dosage, respectively.

From the results in Figure 11, it is evident that the
cumulative release of polyphenols after 96 h is strongly
affected by the 3 studied factors. Extract concentration
vs. pH (Figures 11(a) and 11(d)): The release increases
with both higher extract concentration and moderately
alkaline pH. At 4.0% - 4.5% w/v extract and pH 7 - 7.5,
the response reaches ~92% - 94%. Contour isocurves
indicate that the target release of > 90% is only
achievable within this combined region, confirming a
synergistic effect of extract loading and neutral pH
stability. Extract concentration vs. Chitosan dosage

(Figure 11(b), Xe): A higher extract concentration

favors release, but excess chitosan (> 1.2% owb)
reduces it, likely due to denser crosslinking that restricts
diffusion. The optimum is located at ~4.0% w/v extract
and 1.0% chitosan, yielding ~93%. pH vs. Chitosan
dosage (Figures 11(c) and 11(f)): Release profiles are
maximized around neutral pH (7.0 - 7.5) combined with
moderate chitosan (1.0% owb). Too acidic (pH 5) or too
alkaline (pH 9) conditions reduce release to <85%,
that

interactions are both pH-dependent. Overall, the surface

suggesting polyphenol stability and matrix
and contour plots consistently point to an optimum
region at ~4.0% extract, pH 7.0, and 1.0% chitosan,
corresponding to a predicted release of 93% - 95%. The
alignment of the fitted model with experimental
observations (response surface curvature and isocontour
zones) confirms the robustness of the optimization. The
observed optimum at neutral pH (~7.0) and moderate
chitosan dosage (~1.0% owb) can be rationalized based
on the interplay between polyphenol stability and
pH,
polyphenols and flavonoids remain more chemically

polymer—matrix  interactions. At  neutral
stable, minimizing degradation or auto-oxidation that
occurs under strongly acidic or alkaline conditions. In

addition, the hydroxyl groups of polyphenols form
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hydrogen bonds with the amino groups of chitosan and

hydroxyls of cellulose, while moderate curing
conditions promote limited ester linkages between
BTCA (crosslinker) and cellulose chains. This hybrid
bonding ensures sufficient immobilization of bioactive
compounds within the cotton/chitosan matrix, while still
allowing gradual diffusion into the release medium. At
higher chitosan levels (> 1.2%), the network becomes
overly dense, restricting pore size and hindering release,
whereas too low levels (< 0.8%) lead to insufficient
retention and burst release. The curvilinear response

thus reflects a balance: strong enough interactions to
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control release, yet not so restrictive as to completely
block diffusion. These findings suggest that practical
finishing conditions targeting ~4.0% extract loading, pH
adjustment to ~7.0, and ~1.0% chitosan as binder will
provide the most favorable balance between stability,
controlled release, and sustained antibacterial/antifungal
performance. This mechanistic understanding serves as
a guideline for subsequent experimental validation,
ensuring that optimization not only enhances release
kinetics but also preserves fabric durability and

functional bioactivity after laundering.
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Figure 11 Response surface (a) - (¢) and contour plots with target isocontours (d) - (f) for cumulative release at 96 h (Yos,

280) as a function of extract concentration, pH, and chitosan dosage.

Release Kinetics of polyphenols and the effect of
pH (Higuchi and Korsmeyer-Peppas analysis)

The release kinetics results clearly demonstrated
the significant influence of pH on polyphenol release
mechanisms. After 96 h, the cumulative release reached
93% at pH 9, 84% at pH 7, and 73% at pH 5, indicating
that release
efficiency. Higuchi analysis exhibited strong linearity
(R? = 0981 - 0.992), with kH increasing from
4.82%h'/2 (pH 5) to 6.38%h'/? (pH 9), suggesting
accelerated diffusion at higher pH. The Korsmeyer—
Peppas fitting yielded n values in the range 0f 0.82 - 0.91
(0.45 < n < 1), consistent with an anomalous transport

alkaline conditions promote higher

mechanism involving both Fickian diffusion through the
cellulose network and matrix relaxation/swelling.
Notably, n increased from 0.82 (pH 5) to 0.91 (pH 9),
while k rose from 5.62 to 6.84, confirming that matrix
relaxation contributes more significantly under alkaline
conditions, resulting in a faster initial burst and higher
equilibrium release.

These findings are in line with Nguyen et al. [25],
who reported pH-responsive release of polyphenols
from bacterial cellulose/chitosan—green tea films, where
higher release rates were observed at alkaline pH due to
polymer swelling and hydrogen-bond weakening.
[23] demonstrated that

Similarly, Islam et al
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functionalized cellulose matrices grafted with natural
chromophores exhibited faster release under alkaline
conditions, which correlated with enhanced UV-
protective efficiency. By contrast, Salama et al. [8]
highlighted that sustained release at neutral-to-acidic pH
is crucial for maintaining antibacterial and anti-
inflammatory properties in coated cotton fabrics,
supporting our interpretation that pH 5 - 7 is optimal for
prolonged efficacy. Moreover, comparable release
patterns have been reported for essential oil-loaded
biocellulose composites by Nagmetova ef al. [19], who
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observed enhanced antibacterial activity when burst
release occurred in alkaline environments.

Taken together, these comparisons demonstrate
that our results are consistent with the broader literature,
confirming that alkaline conditions accelerate
polyphenol diffusion and matrix relaxation, while
neutral-to-acidic conditions favor more controlled and
sustained release. This dual behavior provides flexibility
for designing bio-functional textiles and biomedical
systems, where either rapid or prolonged release can be
tailored to the intended application (Figure 12).
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Figure 12 Release kinetics of extract from cotton fabrics under different pH conditions: (a) UV-Vis 280 nm:

Concentration vs time (polyphenols); (b) UV-Vis 280 nm: Cumulative release vs time; (c¢) Higuchi plot (Cum% vs \/t) at

280 nm; (d) Flavonoid release profile at 320 nm (Cum?% vs time); (¢) Korsmeyer-Peppas fits for flavonoids (Mt/Mw vs

time) with model overlays. Error bars = SD (n = 3).
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Structural morphology characterization (SEM,
FE-SEM)

The SEM images reveal that the treated cotton
fibers are uniformly coated with extract-derived
bioactive compounds. At lower magnifications (1,000
and 2,000x), the fiber surface appears smoother with a
continuous layer, indicating successful adhesion of the
extract without causing fibril damage. At higher
magnifications (5,000x and 10,000%), nanoscale
particles and irregular clusters (100 - 400 nm) are clearly
visible, distributed evenly across the fiber surface. This
morphology confirms that the slightly acidic bath pH
promotes stable hydrogen bonding and electrostatic
interactions between polyphenolic hydroxyl groups,
cellulose, and protonated amino groups of chitosan. In
addition, partial esterification during curing enhances
the durability of the coating. The microstructural
evidence is consistent with the release kinetics data,
which demonstrated that fabrics prepared under these
conditions achieve both sustained release and high
antibacterial/antifungal efficacy, while maintaining
washing durability (Figure 13).

The SEM images provide strong and direct
evidence of how the concentration of Terminalia
catappa extract influences the surface morphology and
coating behavior on cotton fibers. At a loading of 3.0%
w/v (Figures 14(a) and 14(b)), the fiber surface still
retains much of its smooth texture, with only a thin,
discontinuous layer of deposited bioactive compounds
visible under higher magnification. The extract-derived
particles appear as scattered microdomains with partial
coverage, and only limited adhesion to the cotton
grooves can be observed. These discrete and small
agglomerates, although confirming the presence of

polyphenols, indicate that fixation is not complete at this

concentration. The incomplete and uneven coating layer
suggests that the hydrogen bonding and ionic
interactions between the hydroxyl groups of cellulose
and polyphenols, as well as between the amino groups
of chitosan and the fabric surface, are not sufficient to
create a dense network.

Consequently, the extract molecules remain more
mobile and loosely bound, which explains the tendency
for easier leaching during washing and the weaker long-
term antibacterial efficacy. In contrast, the SEM
micrographs at 5.0% w/v loading (Figures 14(c) - 14(f))
reveal a markedly different scenario. Here, the surface
of the cotton fibers is densely covered with extract-
derived deposits, forming a more continuous, uniform,
and cohesive layer across the fiber structure. The
coating is characterized by clusters of irregular sizes,
ranging from approximately 200 nm to over 1 pm, with
clear evidence of strong adhesion along the fiber
grooves and inter-fibrillar spaces.

This higher concentration facilitates enhanced
crosslinking reactions during the curing stage,
particularly ester linkages between BTCA and cellulose
hydroxyls, further reinforced by m-m stacking among
polyphenols and hydrogen bonding with chitosan. As a
result, the fiber surface becomes rougher, denser, and
more compact, indicating stronger immobilization of the
bioactive compounds. Such surface modifications
correlate directly with the observed improvements in
functional properties, such as increased antibacterial
activity, stronger antifungal inhibition, higher UV
resistance, and improved washing durability.
Importantly, the more uniform coverage also suggests
better stability of the coating matrix, reducing the risk of

extract detachment under mechanical stress.
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IMS-NKL 2.0kV 5.8mm x1.00k SE(M)

Figure 13 SEM micrographs of cotton fabrics finished with 4.0% w/v Terminalia catappa extract under optimized
experimental conditions (bath pH 5.5 - 6.0, chitosan 1.0% owb, cure 155 °C).

However, the SEM results also reveal an important
trade-off. While a 5.0% w/v loading significantly
enhances surface coverage and overall functional

durability, the presence of densely packed aggregates

may create overly compact domains. These compact
regions could restrict pore size and diffusion pathways,
thereby slowing down the controlled release of bioactive
compounds. This morphological observation highlights
a delicate balance: While increased loading improves
immediate performance (antimicrobial activity, UV
shielding), it can simultaneously reduce the efficiency
of sustained release, which is essential for long-term
functional textiles. Such findings emphasize that
optimal loading levels should not only target surface

coverage but also maintain sufficient porosity for
diffusion-driven release.

The SEM evidence aligns strongly with the release
kinetics data obtained through the Higuchi and
Korsmeyer—Peppas models. At 3.0% w/v loading, the
relatively sparse and discontinuous coating correlates
with a faster initial burst release, as diffusion pathways
remain relatively open and polyphenols are less strongly
bound. This is consistent with the lower diffusion
constant (k_H) and smaller release exponent (n ~ (.70 -
0.78), which indicate a predominantly Fickian diffusion
mechanism through a porous and less compact network.
The lower cumulative release efficiency over 96 h also
reflects the fact that a significant fraction of polyphenols
is rapidly leached during the early stage, leaving fewer
compounds for sustained activity.
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(¢): 5.0% w/v Terminalia catappa
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Figure 14 SEM micrographs of cotton fabrics finished with different extract concentrations of Terminalia catappa (a-b:

3.0% w/v; c-f: 5.0% w/v) under optimized finishing conditions.

At 5.0% w/v loading, by contrast, the denser
surface coverage observed in SEM explains the slower,
more controlled release. Here, the release profiles
exhibit higher cumulative retention values over the 96 h
test, with a reduced burst effect and a more gradual
release curve. The fitted Korsmeyer-Peppas exponent
values (n = 0.85 - 0.91) indicate an anomalous transport
mechanism, where both Fickian diffusion and polymer
matrix relaxation/swelling contribute to the overall
release. The presence of larger aggregates and
continuous coating layers confirms that polyphenol
molecules are trapped within a more crosslinked and
swollen matrix, requiring matrix relaxation or
hydrolysis to facilitate release. Moreover, the higher

diffusion constants (k) and better linearity (R? = 0.98 -
0.99) observed at this concentration support the
hypothesis that the release is more sustained, controlled,
and reliable, with reduced loss during the early phase.
Overall, the integration of SEM morphological
evidence with mathematical release modeling highlights
a converging narrative: extract concentration plays a
dual role in controlling both the structural integrity of
the coating and the kinetics of bioactive release. A
moderate concentration such as 3.0% w/v may ensure
faster diffusion but compromises durability and long-
term activity, whereas a higher concentration such as
5.0% w/v secures durability, stronger antimicrobial and
UV performance, and better washing stability, at the
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cost of slightly slower release. These insights suggest
that future work should focus on fine-tuning the
concentration window to balance surface coverage with
sustained release efficiency, thereby achieving
multifunctional cotton fabrics with long-lasting

protection and stability.

Conclusions

In conclusion, the present work successfully
fabricated cotton fabrics functionalized with Terminalia
catappa extract under optimized eco-friendly finishing
conditions. The treated fabrics achieved high
antibacterial activity (> 95%), antifungal efficacy
(~94%), and durable washing resistance (~90%), while
also exhibiting UV protection and enhanced tensile
strength (~290 vs. 220 N in control). Phytochemical
analysis confirmed flavonoids and triterpenoids as the
dominant active groups responsible for bioactivity.
Importantly, this study demonstrated for the first time
that the functional performance of plant-extract-treated
fabrics can be mechanistically explained by sustained
release behavior. The cumulative release profiles,
together with kinetic modeling (Higuchi and
Korsmeyer-Peppas), showed that polyphenols are
gradually released through a combined diffusion—
relaxation mechanism, with higher release under
alkaline conditions (pH 9) and more sustained efficacy
under slightly acidic to neutral environments (pH 5 - 7).

This dual understanding of finishing durability and
release kinetics provides a new framework for designing
next-generation green textiles. The approach ensures not
only immediate antimicrobial protection but also
prolonged functionality after multiple wash cycles.
Future prospects include extending this strategy to
scale-up production, tailoring release rates for specific
applications (e.g., medical textiles, UV-protective
apparel), and integrating multifunctional properties such
as antioxidant capacity and flame retardancy.
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