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Abstract

Green synthesis of silver nanoparticles (AgNPs) has drawn increasing attention for antibacterial surface
applications. However, integrating additional functionalities, such as hydrophobicity, may affect antibacterial
performance. In this study, AgNPs were synthesized in sifu on cotton substrates using bamboo leaf extract as an eco-
friendly reducing agent, followed by hydrophobic surface modification with naturally derived organic acids. The AgNPs
coating and surface modification of the cotton were confirmed by SEM-EDX, XPS, and FTIR spectroscopy. The prepared
AgNP-coated cotton exhibited effective antibacterial activity against both Streptococcus aureus and Escherichia coli,
with inhibition zones ranging from 12.0 to 13.5 mm. While hydrophobic treatment significantly increased water contact
angles up to 148°, indicating enhanced surface repellency. Notably, a reduction in antibacterial performance was observed
after hydrophobic modification, suggesting a functional trade-off associated with altered surface accessibility and ion
diffusion. These results highlight an important design consideration for multifunctional antibacterial surfaces prepared

via green synthesis routes, emphasizing the need to balance antibacterial efficacy and surface engineering strategies.
Keywords: Cotton, Hydrophobic surface, Antibacterial, Natural dye, Green process

Introduction

Cotton is the most widely used natural fiber
because of its comfort, breathability, water absorbency,
and biodegradability [1,2]. However, cotton’s large
surface area and high affinity for water and other liquids
make it a perfect medium for the growth of pathogenic
microorganisms. These microorganisms can pose a
serious health risk to individuals and threaten their well-
being [3]. Additionally, once the microorganisms
propagate on the cotton fabric, the fibers may degrade
and become discolored. Therefore, modifying cotton
fabrics by coating with a functional additive to prevent
degradation and gain new functional properties, such as

improved color and wash fastness, controlled

hydrophobicity, or antimicrobial properties, is needed
[4-6].

The development of antibacterial surfaces through
green, sustainable approaches has become an important
research trend driven by growing concerns about
environmental impact, material safety, and long-term
functionality. Among various antibacterial agents, silver
nanoparticles (AgNPs) remain one of the most widely
explored due to their broad-spectrum antimicrobial
activity [5-8]. In recent years, plant-extract-mediated
synthesis has emerged as an attractive alternative to
conventional chemical routes, enabling AgNP formation

under mild conditions while reducing the use of
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hazardous reagents [9-12]. Despite extensive reports on
green-synthesized AgNPs, most studies focus solely on
antibacterial performance, with limited consideration of
how additional surface modifications affect their
effectiveness.

In practical applications, antibacterial surfaces are
often required to exhibit multiple functionalities
simultaneously, such as water repellency, durability, or
self-cleaning activity [13,14]. Hydrophobic surface
modification is therefore frequently applied to AgNP-
functionalized substrates to improve resistance against
moisture and contamination [15]. However, introducing
hydrophobic layers may unintentionally affect
antibacterial performance by altering nanoparticle
accessibility, surface wettability, and ion diffusion
pathways. This potential trade-off between antibacterial
activity and hydrophobicity has received limited
systematic attention, particularly in systems prepared
via green synthesis routes.

Cotton, as a cellulose-based substrate rich in
surface hydroxyl groups, provides a convenient model
for investigating functional surface modification
strategies. Green in situ synthesis of AgNPs on cotton
enables direct nanoparticle immobilization without
additional binders, while post-synthesis surface
treatment allows tailoring surface wettability. Bamboo
leaf extract (BLE), which contains phenolic and
flavonoid compounds, has been reported as an effective
bio-reducing agent for AgNP synthesis [16,17]. In
parallel, naturally derived organic acids, such as
cinnamic and myristic acids, have attracted attention as
non-fluorinated, hydrophobic modifiers, offering
environmentally benign alternatives to conventional
fluorinated or organosilane coatings [18,19].

In this context, the present study aims to
investigate a green, surface-based approach for
preparing  AgNP-coated cotton, followed by
hydrophobic surface modification using naturally
derived organic acids. Rather than emphasizing
extensive nanoparticle characterization, this work
focuses on the functional consequences of combining
antibacterial and hydrophobic treatments within a single
system. By examining antibacterial activity and surface
wettability before and after hydrophobic modification,
this study highlights a system-level trade-off that is
relevant to the design of multifunctional antibacterial

surfaces prepared via sustainable routes.

Materials and methods

Materials

Silver nitrate (AgNO3, M.W. 169.87 g/mol) as a
precursor of AgNPs, sodium dodecyl sulfate (SDS), and
N, N-dicyclohexylcarbodiimide (M.W. 206.33 g/mol)
were supplied by Sigma-Aldrich. Myristic acid and
ethanol were obtained from Merck. White cotton fabrics
were obtained from PT. Primissima, Indonesia. An
extract of the Tingi plant (Ceriops tagal), a natural dye,
was purchased from the Gama Indigo Workshop Gallery
in  Yogyakarta, Indonesia. = Bamboo leaves
(Gigantochloa apus) were collected from a bamboo

yard in Yogyakarta, Indonesia.

Fabric dyeing

Before the dyeing process, the cotton textiles with
dimensions of 20x60 cm? (21.6 g) were soaked in clean
water for 30 min. After drying at room temperature, the
fabrics were then dipped in a dye bath (500 mL). The
dyeing process was conducted for 1 h with intermittent
stirring. After being removed from the dye bath, the
dyed fabrics were squeezed to remove excess dye. After
that, the dyed fabrics were soaked in a mordant solution
(70 g/L) at room temperature for 30 min, then rinsed
with tap water and dried at room temperature.

Preparation of Bamboo Leaf Extract (BLE)

Dry bamboo leaves of approximately the same
size were gathered and cleaned with water to remove
any dust or dirt that might have adhered to their surfaces.
After drying, they were sliced into small pieces to
prepare for extraction. About 5 g of washed bamboo
leaves were extracted with 100 mL of distilled water for
30 min at 100 °C [16]. The extract was then collected
and filtered through the Whatman 42 filter paper.

Synthesis of silver nanoparticles

AgNPs were synthesized by adding 2 mL of BLE
(50 g/L) into AgNOs solution. BLE was added dropwise
to the solution at 10-minute intervals, and the reaction
was allowed to proceed at 60 °C under constant stirring
for 60 min. The concentrations of AgNO; and BLE were
varied, i.e., 4.7, 5.2, 6.2, and 6.5 mM for AgNO3 and
0.5%, 1%, 2%, and 3% for BLE, to examine the
optimum conditions. The synthesized colloidal AgNPs
were then characterized wusing a UV-visible

spectrophotometer (Genesys 10s UV-Vis
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Spectrophotometry) in the 200 - 600 nm wavelength
range.

In situ preparation of AgNPs-loaded cotton
fabric

Dyed cotton fabric (3x6 cm?) was immersed in
silver nitrate solution and heated at 60 °C. BLE was
added dropwise to the mixture at specific time intervals,
and the reaction was allowed to take place with stirring
for 60 min. After that, the cotton fabric was removed
from the solution, rinsed with distilled water, and
allowed to dry at room temperature. The process was
repeated with varying concentrations of silver nitrate
solutions (4.7, 5.2, 6.2, and 6.5 mM), and the resulting
coated cotton fabrics were labeled Ct-1, Ct-2, Ct-3, and
Ct-4, respectively. In contrast, the uncoated cotton was
labelled as Ct-0.

Preparation of hydrophobic cotton with
myristic acid

The hydrophobic surface was prepared using the
liquid phase deposition method. An ethanol solution of
myristic acid was prepared by adding 20% N,N-
dicyclohexylcarbodiimide relative to the acid
concentration. The cotton or cotton/AgNPs were then
immersed in the solution at 75 °C for 3 h on a hot plate
[20]. Afterward, the fabrics were left to dry at room

temperature.

Characterization

Surface morphology and elemental composition of
cotton fabric samples were examined using scanning
electron  microscope-energy  dispersive  X-ray
spectroscopy (SEM-EDX) (JSM-6510LA, Phenom
ProX desktop series Thermofisher, and JSM-IT700HR
for elemental mapping). Samples were initially coated
with a thin layer of Au particles using a sputtering
machine. Moreover, the interaction between
components in the cotton surface was studied using an
X-ray photoelectron spectroscopy (XPS) Axis Ultra
DLD, Kratos, UK, equipped with an Al Ka X-ray source
(1486.6 eV) at 9 mA for emission and 10 kV for anode

HV. Meanwhile, FTIR analysis was employed using a
Spectrum Two FT-IR Spectrometer to investigate the

functional groups present in the samples.

Antibacterial activity

The antibacterial activity was examined against
Streptococcus aureus and Escherichia coli bacteria
using the inhibitory zone method. After the samples
were prepared in circular shapes with a diameter of 1.0
cm, they were placed on an agar medium containing S.
aureus and E. coli. The agar medium plates were then
incubated at 37 °C for 24 h. The antibacterial activity of
the samples was examined by measuring a zone of
inhibition surrounding the sample on the incubated
plates. Each sample was measured in four replications,

and the mean value was reported.

Hydrophobicity by water contact angle

Water contact angles (WCA) were determined by
taking images of a 10 uLL water droplet on the cloth using
a smartphone camera in macro mode. The obtained
images were then converted to “B&W” mode and
processed using ImagelJ software. Three separate spots
on the cloth’s surface were used to assess WCA, and the

mean value was reported.

Results and discussion

Synthesis of AgNPs in solution

The development of AgNPs was indicated by the
emergence of a yellowish-brown tint. It is due to the
localized surface plasmon resonance (LSPR) absorption
of AgNPs upon exposure to visible light [21,22]. The
LSPR band was examined using a UV-vis
spectrophotometer and is presented in Figure 1. This
LSPR phenomenon gives rise to absorption peaks in the
400 - 450 nm wavelength region. The resulting
absorption increased with increasing concentration of
the precursor AgNOj3 solution (Figure 1(a)). Similarly,
the higher the concentration of BLE, which also
corresponds to a higher phenolic content, the higher the
peak intensity (Figure 1(b)), indicating that the higher
the concentration of AgNPs formed.
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Figure 1 The UV-Vis absorbance spectra of AgNPs prepared with varying (a) AgNOs concentration and (b) BLE

concentration.

It was observed that the formation of AgNPs
occurred after 60 min of reaction. However, the
formation of AgNPs continues to occur, as indicated by
the increasing absorbance and the hypsochromic shift of
the absorption peak from 445 - 422 nm. The low-
intensity and broad absorbance peak centered at 445 nm
observed on day 1 (Figure 2) suggests a low
concentration of AgNPs and a broad range of particle
sizes. After 3 days, the peak became narrower, and the
absorbance peak was higher. This indicates that more
AgNPs with more consistent size distributions were
generated. Further observation revealed that the
intensity of the peak continues to increase over time.

However, after the 83™ day, the increase is no longer

2.0

absorbance

significant, and the absorbance remains almost the
same, which can be explained by the fact that all Ag"
from the precursor has been fully reduced to form
AgNPs. Meanwhile, the absorbance peak at around 360
nm of the phenolic functional groups from BLE
decreased as the concentration of AgNPs increased.
Thus, these data further confirm the role of phenolic
compounds in BLE as reducing agents in the formation
of AgNPs, which is in accordance with previous studies
on the use of plant extracts as reducing agents [23].
Therefore, BLE can be used to synthesize AgNPs,
resulting in AgNPs with good stability that last for more

than 80 days.
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Figure 2 The UV-Vis spectra showing the formation and stability of AgNPs.
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As reported elsewhere, during synthesis, the
hydroxyl groups of the phenolic compounds initially
form an intermediate complex with Ag*. Then, the Ag*
ions withdraw electrons from the hydroxyl groups and
form AgNPs. Meanwhile, the phenolic compounds were
oxidized into quinones. These quinone compounds then
attach to the AgNPs surface and stabilize the
nanoparticles [10,24-26].

In situ synthesis of AgNPs-loaded cotton fabrics
In the in situ synthesis of AgNPs-loaded cotton,
the microfibrillar cotton network, which expands in
aqueous solution, allows Ag* ions to permeate into the
cotton fibers. Additionally, this process produces

nanoscale channels that facilitate the Ag* reduction
reaction and regulate particle growth [27]. Both
phytochemical compounds in BLE and the building
units of the cotton fabrics work to stabilize the AgNPs.
The larger nanoparticles are typically confined in the
polymeric structure of the cotton fiber. On the other
hand, smaller nanoparticles are easily attracted by
porous cotton fiber structures and then entrapped by
plant extract compounds and cotton fiber structures [28].

Following the incorporation of AgNPs, the fibers
turned darker (Figure 3). The higher the concentration
of AgNO;, the darker the fabrics obtained. This
indicates that the density of attached AgNPs on fabrics
increases, as previously reported [29].

Figure 3 Digital images of (a) Tingi dyed cotton fabric (Ct-0), and AgNPs-loaded Tingi dyed cotton fabric with different
AgNOs; precursor concentrations (b) 4.7 mM (Ct-1), (c) 5.2 mM (Ct-2), (d) 6.2 mM (Ct-3), (e) 6.5 mM (Ct-4).

Furthermore, the surface morphology and
chemical composition of the treated fabrics were
examined using SEM-EDX spectroscopy (Figures 4
and 5). Pristine cotton fabrics have a clear, clean, and
smooth surface (Figure 4(a)). The Tingi-colored cotton
fabric (Figure 4(c)) exhibits a rough surface, which may

be attributed to the residue from the dyeing process. The
surface of AgNPs-loaded Tingi-dyed cotton (Figure
4(e)) is similar to that of Tingi-dyed cotton (Figure
4(c)), but with the presence of AgNPs. The EDX data
shows a peak at 3 keV, which is the characteristic peak
of AgNPs with a percentage of 2.98% (Figure 4(f)). The
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SEM-EDX mapping further confirmed the presence of images also showed that AgNPs were evenly distributed

AgNPs, as shown in Figure 5. The elemental mapping over the cotton surface.
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Figure 4 SEM images and EDX spectra of (a), (b) untreated cotton, (c), (d) Tingi-dyed cotton, (e), (f) AgNPs-treated
Tingi-dyed cotton. Scale bar 5 pm.
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Figure 5 SEM-EDX spectral mapping of C (red), O (yellow), and Ag (green). (a) Tingi-dyed cotton fabric, (b) AgNPs-
treated Tingi-dyed cotton fabric. Scale bar 5 pm.
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Green hydrophobic AgNPs-cotton fabric

In order to produce a cotton fabric with a
hydrophobic surface, the AgNPs-treated cotton was
further coated with myristic acid (MA). The MA coating
made the color of the cloth darker due to the heat
generated during the coating process (Figure 6). Figure
7 shows the FTIR spectra of the Tingi-dyed cotton and
myristic acid-coated Tingi-dyed cotton. Both spectra
show a band at 3,330 cm™!, associated with the

stretching of hydroxyl groups. The spectral bands at
2,893 and 1,313 cm! refer to the stretching and

deformation vibrations of C-H groups in the glucose unit

of cellulose [30] from the cotton fabric. The absorption
band at 1,623 cm™' is due to the C=O vibrations of
carbonyl groups in myristic acid or amide in the dye.
The absorption band from the -C-O- groups of
secondary alcohols and ethers in the cellulose chain
backbone appears at 1,025 cm™!. The band at 1,162 cm™!
is attributed to the beta-glycosidic linkage between
glucose units [31]. Apart from the carbonyl groups
(1,623 cm™), the presence of myristic acid in the fabric
is indicated by a vibration peak of -C-H bending of
methylene groups at 1,540 cm™!.
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Figure 7 Infrared spectra for Tingi-dyed cotton and myristic acid-coated Tingi-dyed cotton.

The WCA data of the myristic acid-coated cotton
fabric are presented in Figure 8(a). The original white
cotton fabric is hydrophilic. Water drops on the surface
will quickly be absorbed by the fibers. Meanwhile,
cotton fabrics dyed with Tingi natural dye become

slightly hydrophobic, with a WCA of 122°. The
hydrophobic property might be a result of the organic
compounds of the dye. After coating with myristic acid,
the WCA increased significantly. An almost spherical
droplet with a WCA of 148° appeared on the surface of
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a myristic acid-coated cloth (Ct-0 MA 3%). The
hydrophobic property increases because myristic acid
has a nonpolar alkyl chain. On the other hand, the
carboxylate group of the acid serves as an active site that

2

binds to the cotton surface (Figure 10). However, the
long-chain fatty acid probably has a random orientation;
thus, the acid coating was insufficient to achieve a
superhydrophobic surface [32].
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Figure 8 (a) Water contact angle of Tingi-dyed cotton (Ct-0) and functionalized Tingi-dyed cotton with in-situ synthesized

AgNPs and myristic acid (Ct-4), (b) photograph displaying different droplets with a spherical shape on the treated cotton

(Ct-0 MA 3%) surface. MA: myristic acid.

Coating with 1%, 2%, and 3% myristic acid on the
dyed cotton (Ct-0) resulted in a hydrophobic surface,
with a WCA of 135°, 139°, and 148°, respectively.
Meanwhile, myristic acid coating on cotton/AgNPs (Ct-
4) resulted in slightly lower hydrophobicity than dyed
cotton without AgNPs (Ct-0). This is likely due to both
AgNPs and myristic acid being attached to the fabric
through hydroxyl groups on the cotton cellulose, thereby
reducing the available attachment sites for myristic acid.
As a result, the AgNPs-treated surface exhibited a lower
water contact angle than expected. Water repellency to
common liquids is also demonstrated by the spherical
shape of the tea, milk, and distilled water droplets on the
treated cotton surface (Figure 8(b)). The results showed
that the green chemical myristic acid can be utilized as
a hydrophobic coating on the cotton surface. This
environmentally friendly hydrophobic agent can be
applied as an alternative to the high-cost materials and
the toxicity of organosilane and fluorine-based
compounds.

Figure 9 presents the XPS spectra of Tingi-dyed
cotton (Ct-0) and MA/AgNPs/Tingi-dyed cotton (Ct-4).
Consistently, the survey spectrum of the Tingi-dyed
cotton shows only C, N, and O peaks (Figure 9(a)).

Furthermore, the C 1s XPS spectrum of Tingi dyed
cotton (Figure 9(b)) showed the characteristic peaks of
sp? C, sp® C, C-OH, and O-C-O with the binding energy
of 283.2, 284.7, 286.3, and 288 eV, respectively. The
additional peak of Ag 3d appeared on the survey
spectrum of MA/AgNPs/dyed cotton (Figure 9(c)),
confirming the attachment of AgNPs to the cotton.
Meanwhile, the C 1s spectrum of MA/AgNPs/dyed
cotton was deconvoluted into five distinct peaks (Figure
9(d)) with binding energies of 284.5, 285.2, 286.4,
287.9, and 289.1 eV corresponding to C-H or C-C, C-
OH, C-O-C, C=0, and O-C=0, respectively. A decrease
in the intensity of the C-OH peak in the
MA/AgNPs/dyed cotton fabric compared to that of the
dyed cotton confirms the interaction between hydroxyl
groups on the cotton surface with AgNPs and myristic
acid. The appearance of C-C, C-H, and C=0 peaks in
the MA/AgNPs/dyed cotton spectrum clearly verified
the presence of myristic acid on the cotton surface.

The XPS signature peak of the Ag 3d doublet
(3ds2 and 3d3») for the AgNPs deposited on dyed cotton
is illustrated in Figure 9(e). The analysis of Ag 3d
exhibits the existence of 2 Ag 3d doublets at 367.8 and
373.8 eV and 369.1 and 375.0 eV, respectively. The
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shifting of the second doublet peak corresponds to the
Ag 3d peak to a higher binding energy compared to the
characteristic peaks of metallic silver (368.2 and 374.2

eV), which could be attributed to a charge transfer

between the cellulose polymer in the cotton fabric and
the silver [33]. Moreover, two satellite peaks appearing

at 370.1 and 376.2 eV were assigned to plasmon losses.
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Figure 9 XPS spectra of Tingi dyed cotton (Ct-0): (a) survey spectrum, (b) C 1s, and MA/AgNPs/Tingi dyed cotton (Ct-
4): (c) survey spectrum, (d) C s, and e Ag 3d. MA: myristic acid.
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The combined SEM-EDX, FTIR, and XPS results
indicate that AgNPs are immobilized on the cotton
surface and subsequently covered by a myristic acid
layer, which alters the surface chemistry from
hydrophilic to hydrophobic. Based on the current
results, we propose a conceptual mechanism for the in-
situ incorporation of AgNPs into cotton fabrics,
followed by a hydrophobic coating with myristic acid
(Figure 10). Firstly, when the fabrics were immersed in
a silver nitrate solution, a complexation and/or ion-
exchange interaction between silver ions and the
functional groups of cotton (-COOH and -OH) took

a) Nq HO HQ  HO H? Hp HQ HO HQ HQ HQ

cotton surface

BLE

1 AgNO,

HO  HQ HO HO HO HO HO HO HQ HQ HQ

cotton surface

+

Wou

myristic acid
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water
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— 0

place [26,34,35]. Following the addition of BLE, the
phenolic compounds of BLE are oxidized to their
quinone form, and Ag" is reduced to form AgNPs. The
formed AgNPs were then attached to the cotton, as
confirmed by SEM-EDX and XPS, facilitated by the
cotton’s hydroxyl groups (reaction 1). Furthermore, the
added myristic acid molecules form surface interactions
between the acid’s hydroxyl groups and the cotton fabric
(reaction 2). The non-polar tails of the myristic acid,
now attached to the cotton surface as confirmed by FTIR
and XPS, create a hydrophobic surface that repels water
drops.
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Figure 10 (a) Schematic illustration of in situ incorporation of AgNPs in cotton fabric using bamboo leaf extract (BLE)

as reducing agent (reaction 1) and myristic acid coating (reaction 2), (b) water repellence mechanism, (c¢) photograph of

hydrophobic cotton surface.

Antibacterial activity

The presence of AgNPs in the cotton provides
antibacterial properties [36]. It is well-documented that
AgNPs exhibit excellent antibacterial activity against a
variety of bacterial species [37-39]. The antibacterial
activity of the treated cotton in this investigation was
assessed qualitatively using the zone of inhibition
method. Streptococcus aureus and Escherichia coli
were used as the tested bacteria, representing Gram-

positive and Gram-negative bacterial strains.

Figures 11 and 12 show the inhibition zone of the
untreated and treated cotton fabric against S. aureus and
E. coli, respectively. As a control, the untreated cotton
(Ct-0) showed no antibacterial activity. The assay
results indicate that both Gram-negative and Gram-
positive bacterial strains were effectively inhibited by
the treated cotton, with varying inhibition zone
diameters, as shown in Table 1. The results are in
agreement with previous research, which has shown that

functionalizing cotton fabric with AgNPs can provide
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antibacterial activity, with inhibition zones ranging from
0.7 to 3.0 mm against S. aureus and E. coli [40-42].
This qualitative evidence shows that the treated
cotton exhibits antibacterial properties regardless of
whether an outer lipid membrane is present on the
bacterial cells or the thickness of the peptidoglycan
layer. The results indicate that the presence of AgNPs in
cotton fabric confers an antibacterial effect, resulting in
either a bactericidal or bacteriostatic effect, where the
bacteria are either killed or their growth is inhibited.
According to the literature, AgNPs have the ability to
alter the morphology of bacterial cells by damaging their

cell wall and membrane [43,44]. They can also adhere
to microbial cells, penetrate inside the cells, and
generate reactive oxygen species (ROS) and free
radicals. AgNPs have demonstrated promising
antimicrobial activity against Gram-positive bacteria,
including Staphylococcus aureus and Brevibacterium
luteolum, as well as against Gram-negative bacteria such
as Escherichia coli and Pseudomonas aeruginosa [43-
45]. Tt should be noted that the antibacterial evaluation
in this study is primarily qualitative; therefore, the
results reflect comparative trends rather than absolute

quantitative antibacterial efficacy.

Table 1 The antibacterial performance of cotton against S. aureus and E. coli.

Inhibition zone (mm)?*

Sample
S. aureus E. coli

Ct-0 NDP ND

Ct-1 12.0+£0.0 13.5+0.1

Ct-2 13.0+£0.0 12.8£0.1

Ct-3 12.8 0.1 12.0£0.0

Ct-4 13.0+0.1 13.0£0.0
Ct-4 + MA 2% ND ND

daverage of 4 replicates.

"ND denotes that no bacterial growth inhibition was detected.

Figure 11 Antibacterial test against S. aureus of (a) Ct-0, (b) Ct-1, (c) Ct-2, (d) Ct-3, (e) Ct-4, (f) Ct-4 + MA 2%. The
arrows indicate the zones of inhibition (clear areas with no bacterial growth).
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Figure 12 Antibacterial test against E. coli of (a) Ct-0, (b) Ct-1, (c) Ct-2, (d) Ct-3, (e) Ct-4, (f) Ct-4 + MA 2%. The arrows
indicate the zones of inhibition (clear areas with no bacterial growth).

As previously reported, the release of silver ions
(Ag") is the primary mechanism of the antibacterial
effect of AgNPs [46]. The silver ions enter the bacterial
cell wall and disrupt the DNA’s metabolic function,
resulting in bacterial death. However, the hydrophobic
property of the myristic acid layer on the treated cotton
fabric results in no inhibition, which may reduce the
release of AgNPs from cotton. Hence, the formation of
antibacterial silver ions is more difficult.

The results indicate a clear trade-off between
antibacterial activity and hydrophobicity in the
functionalized cotton fabrics. Cotton fabrics treated with
in  situ-synthesized AgNPs exhibited effective
antibacterial performance against both S. aureus and E.
coli. However, after coating with myristic acid, the
antibacterial activity was no longer observed. This
reduction can be attributed to the formation of a
hydrophobic surface layer, which limits water
penetration and suppresses the release of silver ions
(Ag"), a key component in the antibacterial mechanism
of AgNPs [38,46]. Similar observations have been
reported for hydrophobic antibacterial textiles, where
surface water repellency reduces direct contact between
AgNPs and the surrounding medium, thereby
decreasing antibacterial effectiveness [47].

This trade-off reflects the contrary demands of
hydrophobicity and antibacterial performance; while
antibacterial  activity benefits from accessible
nanoparticle surfaces and ion diffusion, hydrophobicity
requires low surface energy and restricted water contact,
often leading to reduced nanoparticle accessibility.
Therefore, balanced design strategies, such as layer-by-
layer assembly [48], may be necessary to optimize both
functionalities without sacrificing either.

This functional trade-off should be considered an
important design parameter rather than a limitation. For
hygienic applications, such as wound dressings and
antimicrobial clothing, strong antibacterial activity is
more critical than hydrophobicity. Therefore, AgNPs-
functionalized cotton without an additional hydrophobic
coating may be a more suitable option [49]. In contrast,
for outdoor, protective, and self-cleaning applications,
such as workwear, upholstery, and packaging materials,
hydrophobicity and water repellency are often
prioritized, and reduced antibacterial activity may be
acceptable or even beneficial in minimizing silver
release and environmental impact [18,32,50].
Accordingly, controlling the surface modification
strategy provides flexibility in tailoring cotton fabrics
for specific end-use requirements in sustainable textile

finishing.
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Strengths and limitations

This study provides a practical and system-level
evaluation of multifunctional surface design by
combining green-synthesized AgNPs with hydrophobic
surface modification on a cellulose-based substrate. A
key strength of the work lies in its focus on functional
performance and design trade-offs rather than isolated
material properties, offering insights relevant to
sustainable antibacterial surface development.

Nevertheless, several limitations should be
acknowledged. Quantitative determination of silver
mass loading was not performed, and elemental analysis
was limited to semi-quantitative techniques. In addition,
separate control systems for each treatment step were
not exhaustively explored, which limits detailed
deconvolution of contributions from each component.
Furthermore, the study does not include cytotoxicity or
environmental impact assessments, and application-
related  implications are therefore  discussed
qualitatively. These limitations define the scope of
interpretation and highlight opportunities for future

investigations.

Conclusions

This study demonstrates a green and surface-based
approach for preparing AgNP-coated cotton substrates
with additional hydrophobic functionality using
naturally derived materials. While in situ synthesized
AgNPs provided effective antibacterial performance,
subsequent  hydrophobic  surface = modification
significantly altered surface wettability and reduced
antibacterial effectiveness. These findings reveal a
functional trade-off that should be considered when
designing multifunctional antibacterial surfaces via
sustainable routes. Rather than optimizing individual
properties in isolation, future research should focus on
balancing surface modifications and antibacterial
performance while addressing quantitative nanoparticle

loading, toxicity, and long-term environmental impact.
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