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uction and antibacterial efficacy of
silver nanoparticles on cellulose nanofibers from
mushroom waste

Charzen Mae Kinoan ab and Haliza Katas *a

Underutilized agricultural wastes, such as spent mushroom substrate (SMS), present valuable opportunities

for developing sustainable biomedical materials. In this study, cellulose nanofibers (CNFs) were successfully

isolated from SMS through a chemo-mechanical process, while the water extract of SMS (WESMS) served as

a green reducing agent for the simultaneous synthesis and in situ loading of silver nanoparticles (AgNPs)

onto TEMPO-oxidized CNFs (AgNP/ToCNF). The chemical structure of the isolated cellulose was

characterized using ATR-FTIR, while UV-vis spectroscopy confirmed the successful synthesis and AgNPs

loading, showing a maximum absorbance at 424 nm. The resulting hybrid nanomaterial exhibited

a nanofiber width diameter range of 273.5–318.5 nm, while the AgNPs had an average diameter of

34.04 nm. The antimicrobial efficacy of AgNP/ToCNF was evaluated against S. aureus, P. aeruginosa, and

E. coli using agar well diffusion, broth microdilution, time-kill, and cell membrane leakage assays. AgNP/

ToCNF exhibited MIC90 values of 250 mg mL−1 against S. aureus and 125 mg mL−1 against P. aeruginosa

and E. coli, whereas free-state AgNPs showed MIC90 values of 62.5 mg mL−1 against S. aureus and 31.25

mg mL−1 against P. aeruginosa and E. coli. Both compounds demonstrated bactericidal activity against all

three bacterial strains. Cytotoxicity was assessed using the LDH assay, revealing a concentration-

dependent toxicity pattern. Notably, AgNP/ToCNF exhibited minimal toxicity to human dermal fibroblasts

(HDFs) at concentrations #500 mg mL−1 after 72 hours, while free-state AgNPs induced >67%

cytotoxicity. Although CNFs derived from SMS lacked intrinsic antimicrobial activity, their incorporation

with AgNPs significantly enhanced antibacterial efficacy while simultaneously reducing AgNPs-induced

cytotoxicity in mammalian cells. These findings underscore the potential of SMS-derived CNFs as

biocompatible nanocarriers for AgNPs and other antibacterial agents, offering a sustainable and eco-

friendly approach to developing antimicrobial biomaterials. This study explores the feasibility of upcycling

SMS into high-value biomedical products, creating opportunities for future applications in wound

healing, antimicrobial coatings, and medical nanocomposites.
Introduction

The sustainable management of agricultural waste is a growing
global concern due to its environmental and economic
implications.1–3 Among various types of biomass waste, spent
mushroom substrate (SMS)—a byproduct generated in large
quantities during mushroom cultivation that is high in organic
matter and low in toxic elements—represents an underutilized
resource with high potential for value-added applications.4,5

Approximately 5 kilograms are generated for every kilogram of
mushrooms cultivated, creating a notable challenge in terms of
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disposal.6,7 Conventional disposal techniques, such as inciner-
ation and landlling, contribute to environmental degradation
through the release of harmful greenhouse gases,8–10 and the
increased risk of public health issues such as respiratory
problems.11 Therefore, the development of sustainable and
innovative strategies to repurpose SMS is both timely and
necessary.

SMS is predominantly composed of lignocellulosic biomass,
such as cellulose, which accounts for 25–47% of its dry
weight.12–18 Cellulose and its derivatives have been extensively
studied as bio-based materials for tissue engineering and drug
delivery due to their biocompatibility, functionality, exibility,
and mechanical strength.19–21 Recent advances in nanotech-
nology have enabled the extraction of nanocellulose—a biode-
gradable nanomaterial with enhanced surface area, mechanical
performance, and functionality—from various lignocellulosic
masses. Nanocellulose has demonstrated signicant potential
in elds such as food packaging, pharmaceuticals, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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regenerative medicine.22–25 However, its application in wound
healing remains limited due to the absence of inherent anti-
microbial properties.26–28 One promising strategy to overcome
this limitation involves the functionalization of nanocellulose
with antimicrobial metal nanoparticles, such as zinc, gold, and
silver. This approach not imparts antimicrobial properties to
the nanomaterial but also controls the release of the metal ions
and reduces their cytotoxicity.29

SMS is not only an abundant source of nanocellulose but its
water extract has also been studied as a reducing agent for metal
nanoparticles.30 LC-MS analysis of the water extract of SMS
(WESMS) reveals the presence of abundant fatty acid deriva-
tives, such as vanillic and decanoic acid – compounds useful for
synthesizing metal nanoparticles.30–32 This positions SMS as
a promising starting material for developing nanomaterials
applicable in various scientic elds.

Based on our current understanding, the integrated use of
SMS both as a source of cellulose nanobers (CNF) and as
a green reducing agent for in situ synthesis of silver nano-
particles (AgNPs) has not been explored. In this study, we
present a novel and sustainable method for producing AgNP-
loaded TEMPO-oxidized cellulose nanobers (AgNP/ToCNF)
from SMS. The antibacterial activity of AgNP/ToCNF was
investigated using agar well diffusion, microbroth dilution
assay, time-kill kinetics, and cell membrane leakage assay.
Furthermore, cell proliferation and nanomaterial cytotoxicity
were also assessed using lactate dehydrogenase (LDH) and
Alamar Blue assays. This dual-functional approach to utilizing
SMS not only contributes to waste valorization but also offers
a potential platform for developing low-cost, biodegradable,
and antimicrobial biomaterials for medical applications.

Experimental section
Materials

Spent mushroom substrate (SMS) of Pleurotus ostreatus (oyster
mushroom) was kindly provided by Nas Agro Farm, Sepang,
Malaysia. Silver nitrate (AgNO3) (ACS reagent grade) and low
molecular weight (LMW) chitosan (50–190 kDa, 75–85%
deacetylated) were purchased from Sigma-Aldrich, MO, USA.
Sodium hydroxide (NaOH) and 10% sodium hypochlorite
(NaOCl), used in the isolation of cellulose nanobers, were
obtained from Bio3 Scientic Sdn. Bhd., Puchong, Malaysia.
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) and sodium
bromide (NaBr), used for TEMPO-mediated oxidation, were
acquired from Sigma-Aldrich, MO, USA, and Bio3 Scientic Sdn.
Bhd., Puchong, Malaysia, respectively.

Three bacterial strains—Staphylococcus aureus ATCC 25923,
Pseudomonas aeruginosa ATCC 27853, and Escherichia coli ATCC
25927—were obtained from Universiti Kebangsaan Malaysia,
Kuala Lumpur, Malaysia. Mueller–Hinton broth (MHB), Muel-
ler–Hinton agar (MHA), and ciprooxacin hydrochloride were
purchased from TargetMol, MA, USA.

Primary human dermal broblasts (HDF, passage 0) were
purchased from ATCC, VA, USA. Dulbecco's Modied Eagle
Medium/Ham's F-12 (DMEM/F-12), supplemented with L-
glutamine, sodium pyruvate, and HEPES, as well as trypsin–
© 2025 The Author(s). Published by the Royal Society of Chemistry
EDTA solution (2.5 g per L trypsin, 1 mmol per L EDTA), were
obtained fromNacalai Tesque, Kyoto, Japan. Fetal bovine serum
(FBS) and penicillin–streptomycin solutions were sourced from
Tico Europe, Amstelveen, Netherlands. The Alamar Blue cell
proliferation reagent was purchased from Invitrogen, MA, USA,
and the LDH cytotoxicity assay kit was obtained from Canvax,
Valladolid, Spain.

Water extraction of SMS (WESMS)

The starch binder from the SMS was removed, and the bers
were dried at 40 °C for 48 hours. The dried samples were then
ground using a Pulverisette 14 grinder equipped with a 1.0 mm
sieve ring at 10 000 rpm and stored in a sealed container.
Subsequently, 20 g of SMS bers were soaked in 100 mL of
puried water and heated at 60 °C for 30 minutes with
continuous stirring. The mixture was ltered using Whatman
No. 1 lter paper. The solid residue was retained for CNF
isolation (see Subsection: Preparation of SMS Fibers). The
resulting ltrate was centrifuged at 5000 rpm, ltered again to
completely remove any remaining bers, and stored at 4 °C
until use.

Isolation of CNF from SMS

Preparation of SMS bers. The residue obtained aer water
extraction of SMS was oven-dried at 60 °C for 24 hours and then
nely ground using a mortar and pestle. The resulting bers
were subsequently subjected to sequential treatments under
controlled conditions using standardized protocols to ensure
consistency and reproducibility.

Alkaline treatment. SMS bers were treated with varying
concentrations of NaOH (2%, 4%, 8%, 16%, and 32% w/v) at
80 °C for 2 hours. The treated bers were then washed with
distilled water until neutral pH was achieved and subsequently
dried in an oven at 60 °C for 24 hours. One gram of each treated
sample was reserved for biomass composition analysis using
the Chesson–Datta method.

Bleaching. The alkali-pretreated SMS bers were then
bleached with 10% NaOCl at 80 °C for 2 h until decolorization,
washed with distilled water to neutral pH, and oven-dried at 60 °
C for 24 h. One gram of each bleached sample was reserved for
biomass composition analysis using the Chesson–Datta
method.

Chesson–Datta biomass composition determination. The
lignocellulosic components (lignin, hemicellulose, and cellu-
lose) were quantied using the Chesson–Datta method. One
gram (a) of the dried sample was soaked in distilled water at
100 °C for 1 hour. The bers were then ltered and oven-dried
until a constant weight (b) was obtained. The dried residue (b)
was suspended in 150 mL of 1 N H2SO4 and reuxed in a water
bath at 100 °C for 1 hour. The mixture was ltered, and the
residue was washed with distilled water to neutrality and then
dried to a constant weight (c). Next, 10 mL of 72% H2SO4 was
added to the residue (c) and allowed to react at room temper-
ature for 4 hours. The sulfuric acid was subsequently diluted to
4%, and the mixture was reuxed in a water bath at 100 °C for 1
hour. The resulting residue was ltered, washed to neutrality,
RSC Adv., 2025, 15, 19726–19740 | 19727
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and dried to a constant weight (d). Finally, the residue was
ignited in a muffle furnace at 600 °C for 4 hours or until
a constant weight (e) was obtained.

The percentages of lignin, hemicellulose, and cellulose in
the biomass were then calculated as follows:

%Extractives ¼ b� a

a
� 100 (1)

%Hemicellulose ¼ b� c

a
� 100 (2)

%Cellulose ¼ c� d

a
� 100 (3)

%Lignin ¼ d � e

a
� 100 (4)

%Ash content ¼ e

a
� 100 (5)

TEMPO oxidation. The procedure was adapted from the
protocol developed by Isogai et al. with minor modications.33

First, the bleached bers were nely ground using a mortar and
pestle and then subjected to TEMPO-mediated oxidation. The
oxidation solution was prepared by dissolving 0.1 mmol of
TEMPO and 1 mmol of NaBr in 100 mL of puried water. The
ground bers were added to the solution at a 1 : 100 (w/v) ratio.
Oxidation was initiated by adding 10 mmol of NaOCl per gram
of ber to the suspension at room temperature, under contin-
uous stirring at 500 rpm. The pH was maintained at 10 using
0.5 M NaOH throughout the reaction. Aer one hour, the
oxidation was quenched by adding 30 mL of denatured alcohol.
The oxidized cellulose nanobers were then washed twice with
distilled water via vacuum ltration. Structural modication
was conrmed by ATR-FTIR analysis (PerkinElmer Spectrum
100, Waltham, MA, USA).

Mechanical disintegration. A slurry of TEMPO-oxidized
cellulose nanobers (ToCNFs) in 25 mL water at 0.5% (w/v)
was stirred at 1000 rpm for 6 hours prior to ultrasonication
for 30 minutes. The resulting suspension was then centrifuged
at 5000 rpm to separate large bers from the nanobers.
Simultaneous green synthesis and in situ loading of AgNPs to
ToCNFs

The nanocomposite was prepared following the procedure
described by Shin et al. and Suleman Ismail Abdalla et al. with
some modications.30,34 Briey, a slurry of ToCNFs and 0.01 M
AgNO3 were mixed in a 1 : 1 ratio and heated at 37 °C for 1 hour.
The bers were then collected and washed to remove unreacted
AgNO3. The ToCNFs/Ag+ were subsequently reacted with SMS
water extract in a 1 : 5 ratio until the mixture turned reddish
brown—a visual indication of AgNP formation. To conrm the
synthesis of AgNPs, the mixture was analyzed by UV-vis spec-
troscopy (Genesys™, ThermoFisher, Waltham, MA, USA) across
a scan range of 200–700 nm. A characteristic absorption peak
between 400 and 500 nm conrmed the presence of AgNPs. The
mixture was then sonicated for 20 minutes and stirred at room
19728 | RSC Adv., 2025, 15, 19726–19740
temperature for 30 minutes. It was subjected to ultracentrifu-
gation (15 000 rpm for 15 minutes) to remove unreacted
components and washed three times with puried water. The
resulting AgNP-loaded ToCNFs were resuspended in 5 mL of
deionized water and stored at −80 °C prior to lyophilization.
Freeze-drying was performed using a ScanVac Coolsafe (Labo-
gene, Lillerød, DK) at −40 °C to −60 °C for 48 hours until
a constant weight was achieved. The morphology of the lyoph-
ilized nanocomposite was examined using SEM.

Characterization of ToCNF and AgNP/ToCNF

Zeta potential, size distribution, and morphology. The zeta
potentials of ToCNFs and AgNP/ToCNF were measured at 25 °C
using Malvern Zetasizer Nano ZS (Malvern Instruments, Wor-
cestershire, UK). Measurements were performed in triplicate,
and results are presented as the mean ± standard deviation.
The morphology and size distribution of the samples were
analyzed by scanning electron microscopy (SEM; Zeiss, Wetzlar,
Germany). Prior to analysis, samples were stored at −80 °C for
72 hours and subsequently lyophilized for 48 hours using
a freeze dryer.

Evaluation of antibacterial activity

Inoculum preparation by growth medium. S. aureus (ATCC
25923), E. coli (ATCC 25927), and P. aeruginosa (ATCC 27853)
were cultured on Mueller–Hinton agar (MHA) plates using the
streak method and incubated at 37 °C for 18 hours (Memmert,
Büchenbach, Germany). Inocula were prepared by transferring
three colonies from each plate into a universal bottle containing
10 mL of Mueller–Hinton broth (MHB) using a sterile loop. The
bacterial suspensions were incubated overnight to promote
growth. Aer 18 hours, the turbidity of each culture was
adjusted spectrophotometrically to an absorbance of 0.08–0.10
at 625 nm by diluting with sterile broth, resulting in a stan-
dardized microbial suspension of approximately 1 × 108 CFU
mL−1 for all strains.

Agar well diffusion assay. Preliminary screening of the
samples against S. aureus, E. coli, and P. aeruginosa was con-
ducted using the agar well diffusion assay. Standardized
bacterial suspensions (1 × 108 CFU mL−1) for each strain were
prepared and uniformly spread on Mueller–Hinton agar (MHA)
plates using an L-shaped cell spreader. Five wells, each 6 mm in
diameter, were then created on the agar surface using a sterile
pipette tip. Ciprooxacin HCl (20 mg mL−1) and distilled water
served as the positive and negative controls, respectively. Fiy
microliters of AgNPs, ToCNFs, and AgNP/ToCNF suspensions at
concentrations of 500 and 1000 mg mL−1 were added to the
wells. The plates were incubated at 37 °C for 18 hours, aer
which the diameters of the inhibition zones were measured
with a vernier caliper. Samples exhibiting inhibition zones
larger than 4.0 mm were considered to possess antibacterial
activity and were selected for further antibacterial proling and
membrane leakage assays. The experiments were performed in
six independent trials.

Microbroth dilution assay. Two-fold serial dilutions of the
samples (ranging from 1000 to 2 mg mL−1) were prepared using
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mueller–Hinton broth (MHB) as the diluent. The standardized
bacterial suspension was diluted 1 : 100 with MHB to achieve
approximately 1 × 106 CFU mL−1. Subsequently, 100 mL of each
bacterial strain suspension was added to wells of a 96-well plate
containing 100 mL of the treatment samples, resulting in a nal
bacterial concentration of 5 × 105 CFU mL−1. The plates were
then incubated at 37 °C for 18 hours. Bacterial growth was
measured by optical density at 600 nm (OD600) using a micro-
plate reader (Multiskan™ FC, ThermoFisher, Waltham, MA,
USA). The percentage of growth inhibition was calculated to
determine the minimum concentration that inhibits 90% of
bacterial growth (MIC90).

Time-kill assay. The procedure used for the time-kill kinetics
was adopted from Tenover et al.35 Time-kill kinetics of the three
bacterial strains were conducted using Mueller–Hinton broth
supplemented with test compounds at their respective MIC, two
timesMIC, and four timesMIC. Growth controls were included in
each experiment. Ciprooxacin HCl (20 mg mL−1) was used as the
positive control. The initial inoculum was adjusted to 5× 105 to 5
× 106 CFU mL−1. Viability counts of cultures containing test
compounds were performed at 0, 3, 6, 12, and 24 hours. Colony
counts were determined from plates containing 30 to 300 bacte-
rial colonies, with an upper sensitivity limit set at 300 CFU mL−1.
Time-kill assays were analyzed to determine which antimicrobial
agents produced a Dlog 10 CFU mL−1 reduction of −1 (90%
killing), −2 (99% killing), and −3 (99.9% killing). Assay readings
at 3, 6, 12, and 24 hours were compared to bacterial counts at
0 hours. Bactericidal activity was dened as the lowest antimi-
crobial agent concentration that reduced the original inoculum
by $3 log 10 CFU mL−1 (99.9%), while bacteriostatic activity was
dened as a reduction of <3 log 10CFUmL−1. All Petri dishes with
no signs of bacterial growth were allowed to incubate for an
additional 24 hours to conrm bactericidal activity.

Cell membrane leakage assay. Overnight broth cultures of S.
aureus, P. aeruginosa, and E. coliwere used in this experiment. The
bacterial inocula were then exposed to the test compounds at
their respectiveMIC, two timesMIC, and four timesMIC for 4 and
8 hours. Briey, 200 mL of the cell supernatants were transferred
to a 96-well plate. Leaked nucleic acids were measured at 260 nm,
and protein leakage was measured at 280 nm using a microplate
reader. Tween 80 (5%) was used as the positive control.
In vitro proliferative effects and cytotoxicity

Alamar blue cell proliferation assay. Human dermal bro-
blast (HDF) cells (1.0 × 104 cells per well) were seeded in a 96-
well plate containing 90 mL of DMEM and incubated for 24
hours until approximately 70% conuency was achieved. All
cells were maintained in an incubator at 37 °C in a humidied
atmosphere of 5% CO2 and 95% air. Aer 24 hours, the cells
were treated with 10 mL of AgNP, AgNP/ToCNF, and ToCNF at
concentrations of 125, 250, 500, 750, and 1000 mg mL−1. Blank
media without cells was used as the negative control, while
untreated cells in DMEM served as the positive control. The
cells were then incubated for 24, 48, and 72 hours. Aer each
incubation period, 10 mL of Alamar Blue reagent (10% of the
well volume) was aseptically added to the wells and incubated
© 2025 The Author(s). Published by the Royal Society of Chemistry
for a further 3 hours. The absorbance of each sample was
measured at 570 and 600 nm using a microplate reader (Biotek
PowerWave XS, Marshall Scientic, NH, USA) at 24, 48, and 72
hours. The number of viable cells was calculated as a percentage
of Alamar Blue reduction (eqn (6)).

AB reduction % ¼ ½ð3oxd2ÞðAd1Þ� � ð3oxd1ÞðAd2Þ
ð3redd1Þ

�
A

0
d2
�
� ð3redd2Þ

�
A

0
d1
�� 100 (6)

where 3d1 and 3d2 are constants representing the molar extinc-
tion coefficient of AB at 570 and 600 nm, respectively, in the
oxidized (3ox) and reduced (3red) forms. The constant values are
117 216 ð3oxd2Þ, 80 586 ð3oxd1Þ, 155 677 ð3redd1Þ, and 14 652
ð3redd2Þ. Ad1 and Ad2 represent the absorbance of the test wells at
570 and 600 nm, respectively. A

0
d1 and A

0
d2 represent the

absorbance of the negative control wells at 570 and 600 nm,
respectively. The values of AB reduction % were corrected for
background values of negative controls containing medium
without cells.

The relative cell proliferation was then calculated to quantify
the cell viability effects of the test compounds to HDF. The
values obtained from treated and untreated cells were used to
compute the relative cell proliferation percentage (%RCP) using
the formula below (eqn (7)):

%RCP ¼ ðAB reduction of treated cellsÞ
ðAB reduction of untreated cellsÞ � 100 (7)

LDH cytotoxicity assay. HDF cells were prepared and treated
as described in 2.8. For each time point, 50 mL of the cell culture
supernatant from each well was transferred to a new 96-well
plate before 50 mL of the LDH reaction mixture was added. Cells
treated with lysis solution of the assay kit representing maximal
LDH release were used as the positive control and untreated
cells were used as a blank to represent background LDH release.
The intensity was then measured using a microplate reader
(Thermo Scientic Multiskan GO, Thermo Fisher Scientic, MA,
USA) at 450 nm. Relative cytotoxicity (%RCyt) was then calcu-
lated (eqn (8)):

%RCyt ¼ Abs experimental�Abs untreated

Abs lysis control�Abs untreated
� 100 (8)

Statistical analysis

All statistical analyses were performed using GraphPad Prism 10.
Data are presented as mean ± standard deviation (SD). For
comparisons involving a single independent variable, one-way
ANOVA was followed by Tukey's post hoc test. For analyses
involving two independent variables, two-way ANOVA were per-
formed followed by Tukey's post hoc test for pairwise compari-
sons. A p-value of <0.05 was considered statistically signicant.
Results and discussion
Isolation of CNF from SMS

Fig. 1 shows the diagram illustrating the isolation of CNF
extracted from SMS. SMS bers underwent alkaline hydrolysis
RSC Adv., 2025, 15, 19726–19740 | 19729
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Fig. 1 Schematic diagram of the chemo-mechanical process used to
isolate cellulose nanofibers (CNF) from spent mushroom substrate
(SMS).
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using varying concentrations of NaOH, followed by bleaching
with 10% NaOCl to remove lignin—a complex polymer in plant
cell walls that can hinder the extraction of cellulose bers.
Different concentrations of NaOH were tested to determine the
optimal level for effectively removing lignin from the raw
material. Subsequently, the bers were bleached with 10%
NaOCl for 3 cycles to eliminate any remaining lignin and to
decolorize the bers.

As shown in Fig. 2, the highest yield of 43.21% ± 0.73 was
obtained using 2% NaOH under bleaching conditions.
Increasing the NaOH concentration to 4% and 8% resulted in
a gradual decline in yield to 40.24% ± 0.48 and 38.25% ± 0.44,
respectively. At even higher concentrations (16% and 32%), the
yield further dropped to approximately 32.8%, indicating
a signicant reduction in CNF recovery. This trend suggests that
as the NaOH concentration increases, the CNF yield decreases.
Apart from losses incurred during transferring, ltering, and
washing, a reduction in weight typically indicates the effective
degradation or removal of lignin and other non-cellulosic
components from the biomass. These components—including
hemicellulose, lignin, and extractives – contribute to the bulk of
the raw material but are undesirable for pure cellulose extrac-
tion.36,37 Further loss in weight was observed aer bleaching due
Fig. 2 Yield of cellulose nanofibers (CNF) obtained from spent
mushroom substrate (SMS) following various chemical treatments,
n = 9.

19730 | RSC Adv., 2025, 15, 19726–19740
to the removal of the remaining impurities, which resulted in
a whiter appearance of the bers.38 The biomass composition of
the untreated and treated SMS bers was analyzed using the
Chesson–Datta method to quantify the relative amounts of
lignocellulosic materials—cellulose, hemicellulose, and
lignin—as well as other residual impurities remaining aer pre-
treatment. Fig. 3 shows the changes in the percentages of these
components aer the pre-treatment processes. Untreated SMS
bers derived from P. ostreatus contained 24.19% ± 0.46
cellulose. Previous studies on SMS from the same mushroom
species reported cellulose contents ranging from approximately
29 to 37%.14,15,18 These variations in the cellulose content are
inuenced by the differences in the initial substrate materials
used and cultivation practices.4 In addition to cellulose, the
untreated SMS also contained 18.98% ± 0.35 hemicellulose,
and 28.41%± 0.47 lignin, which are comparable to the ndings
of Adi et al., who reported similar levels of structural poly-
saccharides in SMS.39

Aer treatment with increasing NaOH concentrations,
signicant compositional changes were observed. Cellulose
content increased progressively from 29.8% at 2% to 64.36% at
32% NaOH, indicating effective preservation of cellulose. This
substantial increase in cellulose content recovery is accompa-
nied by a pronounced reduction in hemicellulose content, from
18.46% at 2% to a minimum of 12.62% at 16% NaOH, with
a slight increase to 14.54% at 32% NaOH, suggesting some
variability in hemicellulose removal at higher alkali concen-
trations. Lignin content showed a notable reduction from
29.67% at 2% to approximately 13.26% and 14.3% at 16% and
32% NaOH, respectively, conrming effective delignication
with stronger alkali treatments. Ash content similarly declined
sharply from 9.15% at 2% NaOH to just above 1% at 16% and
32% NaOH, indicating effective removal of inorganic impuri-
ties. Extractives also decreased from 12.93% at 2% NaOH to
5.68% at 32% NaOH, further evidencing purication.

Although both 16% and 32% NaOH treatments effectively
removed impurities, no signicant difference in the nal
Fig. 3 Biomass composition (hemicellulose, cellulose, lignin, ash, and
extractives) of untreated and chemically treated SMS fibers. Treat-
ments include NaOH at varying concentrations (2%, 4%, 8%, 16%, and
32%) followed by bleaching, where A–B denotes alkali (NaOH) treat-
ment followed by bleaching. Data are expressed as percentage of dry
weight, n = 9.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cellulose content was detected between the two. Therefore, 16%
NaOH-treated bers were selected for the isolation of CNF,
given their economic advantages, including lower chemical
consumption and easier handling compared to the 32% NaOH-
treated bers. Additionally, the use of 16% NaOH-treated bers
offers a cost-effective and practical solution for large-scale
production.
ATR-FTIR analysis of CNF

The extracted cellulose from the selected treatment was further
subjected to TEMPO-mediated oxidation—a selective chemical
modication process that converts the primary hydroxyl groups
(–OH) on the cellulose chains into carboxylate groups (–COOH).
This transformation enhances the surface charge of the bers
and improves their dispersibility in water, which is important
for producing high-quality CNF. The oxidation process was
conrmed using Attenuated Total Reectance Fourier Trans-
form Infrared (ATR-FTIR) to identify organic functional groups
in the sample.

Fig. 4 presents the spectra of the SMS bers aer each
treatment. The dominant spectral band observed around∼3350
corresponds to O–H stretching vibrations, while the peak
∼1640 cm−1 is attributed to the C]O stretching of the
carboxylate groups in the TEMPO-oxidized sample—indicating
the successful conversion of the primary hydroxyl groups to
carboxylates. Bands in the region of 1630–1650 cm−1 observed
in the other samples represent the presence of adsorbed water,
which is commonly retained within the cellulose matrix due to
strong hydrogen bonding interactions and is difficult to elimi-
nate completely.

Additional peaks at ∼1370 cm−1 and ∼1316 cm−1 corre-
spond to C–H and O–H bending vibrations, respectively. The
prominent band at∼1040 cm−1 is assigned to C–O–C stretching
vibration in pyranose ring of cellulose, a hallmark of the
cellulose backbone. Furthermore, the signal at 890–898 cm−1 is
characteristic of cellulosic b-glycosidic bond stretching vibra-
tion in cellulose, conrming the preservation of the structural
integrity of cellulose.

Overall, the ATR-FTIR analysis veried the successful
oxidation of the cellulose, as indicated by the emergence of
Fig. 4 ATR-FTIR spectra of untreated SMS, 16% A (16% NaOH-
treated), 16% A–B (16% NaOH-treated followed by bleaching), and
TEMPO (TEMPO-oxidized fibers).

© 2025 The Author(s). Published by the Royal Society of Chemistry
carboxylate-specic peaks while maintaining the key structural
features of cellulose. These modications improve the nano-
material's functional properties—particularly water affinity and
surface charge—making it better suited for applications
requiring well-dispersed, high-performance CNF.40,41
Zeta potential, particle size distribution, and surface
morphology of ToCNF

In addition to chemical oxidation, the bers were subjected to
mechanical disintegration to further reduce their diameter.
Mechanical treatments, such as ultrasonication, are commonly
employed to break down the cellulose bers into nanobers by
applying shear forces that separate the bers and reduce their
size. This process is especially important in the production of
CNF, as it signicantly increase the surface area, improves
dispersion, and enhances their mechanical strength and func-
tional interactions with other composite systems.42

The resulting ToCNFs demonstrated a zeta potential ranging
from 34.68 to −40.9 mV (Fig. 5), indicating a negatively charged
surface area due to the introduction of the carboxylate groups
during the oxidation process. A zeta potential of below −30 mV
typically signies strong electrostatic repulsion between the
bers, which is associated with good colloidal stability in
aqueous suspensions.43 This high surface charge helps prevent
aggregation and ensures stable dispersion.44

SEM micrographs (Fig. 6) reveal that the ToCNFs possess
high aspect ratio, with ber diameters ranging from 42 nm to
216 nm. The nanobers appeared web-like, overlapping
bundles, making it challenging to determine their precise
length due to the bundling and entanglement. This morphology
is typical of cellulose nanobers produced by TEMPO-mediated
oxidation, consistent with the observations of Isogai and Zhou,
who reported the overlapping, branched bers with extended
lengths in ToCNFs.45 The observed network-like structure
suggests that ToCNFs can form strong entanglements through
hydrogen bonding, which is critical for reinforcing polymer
matrices and improving mechanical properties in composite
materials.46,47 Fiber curling was also observed, a common
morphological change during brillation and drying
processes.48 Similar curling phenomenon was reported byWang
et al., who noted that this morphology can be hypothetically
attributed to the residual starch and hemicellulose creating
a physical barrier.49 Levanič et al. likewise noted ber curling
and demonstrated that it can be minimized by ber swelling
Fig. 5 Zeta potential distribution of TEMPO-oxidized cellulose
nanofibers (ToCNF).
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Fig. 6 SEM micrographs of ToCNFs taken at 15 000× magnification
with a scale bar of 1 mmand the corresponding particle size distribution
histogram illustrating the diameter range of the nanofibers, n = 60.

Fig. 8 UV-vis absorption spectra of AgNO3, ToCNFs, ToCNFs/Ag+,
WESMS, ToCNFs/Ag+/WESMS on Day 0 (a) and Day 3 (b).
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from prolonged TEMPO oxidation time and thorough pulp
washing.41 In this study, the observed curling may be further
attributed to the lyophilization step, which commonly induces
ber shrinkage and aggregation due to the removal of bound
water and structural collapse during freeze-drying.50

Simultaneous green synthesis and in situ loading of AgNPs to
ToCNFs

Fig. 7 illustrates the synthesis route for the fabrication of AgNP/
ToCNF. The process began with ion exchange between silver
ions (Ag+) and sodium ions (Na+) present on the sodium salt
form of the oxidized nanobers, converting them into Ag+-
ToCNFs complex. This ion exchange reaction was conducted at
37 °C for 1 hour. During the thermal treatment, the ber color
changed from white to brown, indicating successful silver ion
incorporation. Thereaer, the in situ reduction of the Ag+ to
AgNPs was carried out using WESMS.

In a previous study, WESMS was analyzed by LC-MS to
identify its phytochemical constituents.30 The presence of
vanillic acid and decanoic acid derivatives in WESMS has been
reported to act as reducing agents for producing AgNPs and
Fig. 7 Pictorial diagram of the simultaneous green synthesis and in
situ loading of AgNPs onto ToCNFs.

19732 | RSC Adv., 2025, 15, 19726–19740
other metal nanoparticles.31,32 The mixture was monitored daily
using UV-vis spectroscopy to track the formation of AgNPs. A
characteristic absorption peak between 400 and 500 nm indi-
cates the successful reduction to AgNPs, attributable to the
surface plasmon resonance of the AgNPs, which corresponds to
the observed reddish-brown color change.51 Fig. 8 presents the
UV-vis spectra of Day 0 and Day 3 of the mixtures. On Day 3, the
ToCNFs/Ag+ sample showed no distinct absorption peak in the
400–500 nm range, whereas the ToCNFs/Ag+/WESMS mixture
exhibited clear absorption peaks within this range, conrming
the role of WESMS as a reducing agent in the in situ synthesis of
AgNPs on the ToCNFs. Aer thoroughly removing the unreacted
reactants from the mixture by centrifugation at 15 000 rpm,
AgNP/ToCNF was successfully isolated, with the maximum
absorbance detected at 424 nm (Fig. 9). Additionally, the peaks
observed at 200–230 nm corresponds to the characteristic
absorption bands of CNF.

A similar reduction procedure was also performed on AgNPs
without ToCNFs, and the reduction using WESMS was observed
on Day 5, consistent with the ndings of Suleman Ismail
Abdalla et al.30 This indicates that the presence of ToCNFs
accelerates the nucleation and growth of AgNPs, likely due to
the functional groups on the nanober surface acting as
nucleation sites and stabilizers.52 This synergistic effect
between WESMS and ToCNFs not only facilitates faster reduc-
tion kinetics but also enables stable loading of AgNPs on the
Fig. 9 UV-vis absorption spectrum of synthesized AgNP/ToCNF
nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cellulose nanober matrix, which is advantageous for applica-
tions requiring well-dispersed metal nanoparticles with anti-
microbial activity.

Zeta potential, particle size distribution, and surface
morphology of AgNP/ToCNF

The zeta potential of the AgNP/ToCNF composite was −48.3 ±

0.58 mV, indicating good colloidal stability. SEM analysis
revealed the size and surface morphology of the nanocomposite
(Fig. 10). As shown in Fig. 10b, the mean diameter of reduced
AgNPs loaded on the ToCNFs surface was 34.04 nm, while the
ToCNFs exhibited a mean width diameter of 296 nm (Fig. 10d).
The increase in the width diameter of ToCNFs compared to neat
ToCNFs is attributed to the spherical AgNP deposition on the
ber surface. Similar morphological changes were observed by
Smiechowicz et al., where AgNP decoration led to increased
ber dimensions and enhanced surface roughness.53

This decoration of AgNPs resulted in a distinctly roughened
nanocomposite surface (Fig. 10f) compared to the smooth
surface observed on the neat ToCNFs (Fig. 10e), which is
consistent with the ndings of Jatoi et al., who reported similar
surface topography changes in AgNP-modied cellulose nano-
bers.54 Notably, the reduced AgNPs were well dispersed
without signicant agglomeration—an improvement over
typical AgNP synthesis processes, where nanoparticle agglom-
eration is a common challenge.55,56 This selective loading is
likely due to the preferential attachment of silver nanoparticles
Fig. 10 SEM micrographs of (a) AgNPs at 40 000× magnification
(scale bar = 500 nm) and their corresponding size distribution (b); (c)
ToCNFs at 40 000× magnification (scale bar = 500 nm) with size
distribution (d); and surface morphology comparison of (e) neat
ToCNFs and (f) AgNP-loaded ToCNFs at 15 000× magnification (scale
bar = 1 mm). Particle size distributions are based on n = 60
measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
to the oxidized regions of the cellulose structure, as previously
reported.57

While the current study demonstrates the successful
synthesis of AgNP/ToCNF nanocomposite, it is important to
note that long-term stability assessments were beyond the scope
of this work. Future studies should focus on evaluating the
structural and functional stability of the materials under
various storage and physiological conditions to further validate
their practical applicability.
Evaluation of antibacterial activity

Preliminary screening for antibacterial activity of ToCNFs,
AgNPs, and AgNP/ToCNF. The antibacterial activity of the test
compounds was initially assessed using the agar well diffusion
method. A zone of inhibition measuring 4.0 mm or greater was
considered indicative of effective antibacterial activity. Fig. 11
shows the inhibition zones produced by the tested samples
against the three bacterial strains, S. aureus, E. coli, and P.
aeruginosa.

Ciprooxacin (20 mg mL−1) served as the positive control and
exhibited the largest zones of inhibition, with mean diameters
of 25.29 ± 1.19 mm, 27.85 ± 0.64 mm, and 15.02 ± 1.12 mm for
S. aureus, E. coli, and P. aeruginosa, respectively (Table 1). As
expected, ToCNF alone (both at 250 and 500 mg mL−1) showed
no antibacterial activity against any tested strain, consistent
with previous ndings by Jiang et al.58. In contrast, AgNPs
demonstrated signicant antibacterial effects at 500 mg mL−1,
producing large inhibition zones of 18.34 ± 1.47 mm, 20.61 ±

1.43 mm, and 13.38 ± 0.82 mm for S. aureus, E. coli, and P.
aeruginosa, respectively. These values indicate strong antibac-
terial efficacy, approaching the activity of ciprooxacin, espe-
cially against P. aeruginosa. The AgNP/ToCNF composite also
exhibited antibacterial activity, though slightly reduced
compared to AgNPs alone, with inhibition zones at 500 mg mL−1

measuring 13.17 ± 0.95 mm for S. aureus, 16.96 ± 0.40 mm for
E. coli, and 11.23 ± 1.04 mm for P. aeruginosa. At the lower
concentration of 250 mg mL−1, both AgNPs and AgNP/ToCNF
showed diminished antibacterial activity but maintained
Fig. 11 Zones of inhibition of 500 mg mL−1 (a) and 250 mg mL−1 (b) of
the different test compounds against S. aureus (left), E. coli (middle),
and P. aeruginosa (right) grown on Mueller–Hinton agar. (Legend: C =

ciprofloxacin, B = blank, T = ToCNF, A = AgNP, AT = AgNP/ToCNF).
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Table 1 Zones of inhibition of ToCNF, AgNP, and AgNP/ToCNF
against S. aureus, E. coli, and P. aeruginosa, n = 6a

Inhibition zone diameter in mm

S. aureus E. coli P. aeruginosa

Mean � SD Mean � SD Mean � SD

Cipro20 25.29 � 1.19 27.85 � 0.64 15.02 � 1.12
dH2O — — —
T500 — — —
T250 — — —
A500 18.34 � 1.47 20.61 � 1.43 13.38 � 0.82
A250 13.63 � 1.32 15.87 � 0.91 11.51 � 0.87
AT500 13.17 � 0.95 16.96 � 0.40 11.23 � 1.04
AT250 10.38 � 0.68 11.62 � 0.41 8.67 � 1.21

a Abbreviations: Cipro20 = ciprooxacin 20 mg mL−1; T500 = ToCNF
500 mg mL−1; A500 = AgNP 500 mg mL−1; AT500 = AgNP/ToCNF 500
mg mL−1.
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measurable zones of inhibition. The lack of activity in ToCNFs
alone conrms that the observed antibacterial effects are
primarily attributable to the silver nanoparticles. These ndings
suggest that the incorporation of AgNPs into ToCNF effectively
imparts antibacterial properties, making the composite
a promising candidate for antimicrobial applications.

Minimum inhibitory concentration. The test compounds
that exhibited antibacterial activity were further evaluated by
the broth microdilution method to determine their MIC90.
AgNPs showed greater antibacterial activity against E. coli, with
97% inhibition at 31.25 mg mL−1 (Fig. 12d), while 93% inhibi-
tion was observed for P. aeruginosa at the same concentration
(Fig. 12g). In comparison, S. aureus exhibited only 91%
Fig. 12 MIC90 against S. aureus of AgNP (a) and AgNP/ToCNF (b) and
photograph of the wells (c), against E. coli (d–f), and P. aeruginosa (gi);
bar graphs data present the percentage of growth inhibition after 24
hours of treatment exposure measured by OD600. MIC90 against S.
aureus of AgNP (a) and AgNP/ToCNF (b) and photograph of the wells
(c), against E. coli (d–f), and P. aeruginosa (g–i); bar graphs data
present the percentage of growth inhibition after 24 hours of treat-
ment exposure measured by OD600. The experiment was done in
triplicate and performed in three trials.

19734 | RSC Adv., 2025, 15, 19726–19740
inhibition but at twice the concentration (Fig. 12a). A similar
trend was observed for AgNP/ToCNF, where the MIC90 against S.
aureus (250 mg mL−1) (Fig. 12b) was twice that of the MIC90

against the Gram-negative bacterial strains (125 mg mL−1)
(Fig. 12e and h).

These ndings align with previous studies demonstrating
that Gram-negative bacteria are generally more susceptible to
silver nanoparticles.59–61 The exact mechanism of action of
AgNPs remains an area of active research, but the most well-
studied mechanism involves the ability of AgNPs to cause
damage to bacterial cell membranes.62,63 This is mainly due to
their high surface area relative to volume; smaller particle sizes
result in greater silver penetration into the cells, causing
bacterial cell death. In our experiment, the higher concentra-
tion of both test compounds needed to achieve 90% growth
inhibition against Gram-positive S. aureus compared to Gram-
negative bacteria may be linked to differences in the struc-
tural composition of their cell walls. Cell walls of Gram-positive
bacteria have a thicker peptidoglycan layer (∼20–80 nm thick),
whereas Gram-negative bacteria possess a much thinner
peptidoglycan layer (∼2–7 nm thick). The dense, multilayered
peptidoglycan layer of Gram-positive bacteria acts as a protec-
tive barrier, reducing the diffusion of AgNPs into the cells.64–66

Another possible mechanism explaining the lower MIC of
AgNP-containing compounds against Gram-negative bacteria is
their ability to penetrate bacterial cells through porin channels
in the outer membrane of Gram-negative bacteria. Porins are
transmembrane proteins primarily involved in the passive
transport of molecules of various sizes and charges across the
membrane.67 This provides an additional pathway for AgNP
entry into Gram-negative bacterial cells, while Gram-positive
bacteria rely solely on diffusion through their thick peptido-
glycan layer—a much slower and less efficient process.

Additionally, the results showed that AgNPs were more
potent across all bacterial strains compared to AgNP/ToCNF.
This can be explained by the presence of ToCNFs: the in situ
loading of AgNPs on ToCNFs limits the accessibility of the
AgNPs to directly contact bacterial cells, which is crucial for
their antibacterial activity while free AgNPs are more potent,
their immobilization on ToCNF reduces their potency but
serves an essential purpose—mitigating cytotoxicity while
providing a slow release of AgNPs for a sustained antibacterial
activity.68 This trade-off is further discussed in the LDH cyto-
toxicity subsection.

Time-kill assay. The time-kill kinetics proles offer valuable
insight into the dynamics of antibacterial activity over time. As
expected, bactericidal agents achieved a $3 log reduction in
CFU mL−1 within 24 hours, while bacteriostatic agents resulted
in less than a 3 log reduction. Ciprooxacin (20 mg mL−1) served
as the positive control, demonstrating reliable antimicrobial
efficacy, whereas untreated bacteria acted as the negative
control.

For S. aureus, AgNPs exhibited bactericidal effects at
concentrations of 62.5 mg mL−1 (MIC), 125 mg mL−1 (2× MIC),
and 250 mg mL−1 (4× MIC), while AgNPs loaded on ToCNF
required higher concentrations—250 mg mL−1 (MIC), 500 mg
mL−1 (2×MIC), and 1000 mgmL−1 (4×MIC)—to achieve similar
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Killing kinetics profile of AgNP and AgNP/ToCNF against S.
aureus (n = 5). Representative culture plates of S. aureus are shown at
(a) 3 h, (b) 6 h, (c) 12 h, and (d) 24 h following treatment.

Fig. 15 Killing kinetics profile of AgNP and AgNP/ToCNF against P.
aeruginosa (n = 5). Representative culture plates of P. aeruginosa are
shown at (a) 3 h, (b) 6 h, (c) 12 h, and (d) 24 h following treatment.
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effects. Conversely, for the Gram-negative bacteria E. coli and P.
aeruginosa, both free AgNPs and AgNP/ToCNF demonstrated
effective bactericidal activity at lower concentrations, reecting
the generally higher susceptibility of these strains.

The data depicted in Fig. 13–15 illustrate that both forms of
AgNPs exerted potent bactericidal activity against all tested
strains. Free AgNPs at 2× and 4×MIC rapidly reduced bacterial
counts by 6 logs within just 3 hours, while the MIC concentra-
tion achieved the same reduction by 6 hours without any
regrowth observed over the subsequent 24 hours. AgNP/ToCNF
also demonstrated strong bactericidal properties, though with
slightly delayed kinetics, reaching a 6 log reduction at 4× MIC
within 3 hours and at lower concentrations by 6 hours. This
concentration-dependent killing pattern underscores the sus-
tained antimicrobial potential of both treatments. Importantly,
the absence of bacterial regrowth during the 24-hour observa-
tion period, conrmed by an additional 24-hour incubation of
culture plates, supports the conclusion that bacterial death
rather than temporary inhibition was responsible for the
observed effects.

Both test compounds were effective at eliminating 99.9999%
bacterial populations. However, the more rapid and potent
bactericidal action of free AgNPs compared to AgNP/ToCNF can
be attributed to the greater immediate bioavailability and direct
Fig. 14 Killing kinetics profile of AgNP and AgNP/ToCNF against E. coli
(n= 5). Representative culture plates of E. coli are shown at (a) 3 h, (b) 6
h, (c) 12 h, and (d) 24 h following treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
contact of silver nanoparticles with bacterial cells. Immobili-
zation of AgNPs onto ToCNFs likely moderates their release,
resulting in a slower but sustained antimicrobial effect.34 This
controlled release may offer advantages in reducing cytotoxicity
and prolonging antibacterial efficacy, a trade-off that warrants
consideration in therapeutic applications.

Cell membrane leakage assay. The cell membrane leakage
assay was performed to assess the integrity of bacterial cell
membranes following exposure to the test compounds.
Disruption of membrane integrity was evaluated by quantifying
the leakage of intracellular components—specically nucleic
acids and proteins—into the extracellular medium. The pres-
ence of these biomolecules in the supernatant is a well-
established indicator of membrane damage. Untreated bacte-
rial cells were used as the negative control to establish baseline
membrane integrity, while 5% Tween 80, a known membrane-
permeabilizing agent, served as the positive control. The
extent of membrane damage was expressed as a percentage of
protein and nucleic acid leakage relative to the values observed
with 5% Tween 80 treatment. Fig. 16 shows elevated absorbance
Fig. 16 Relative leakage of bacterial intracellular materials (a) DNA, at
260 nm; (b) proteins, at 280 nm for AgNPs and AgNP/ToCNF, n = 9.
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at 260 nm and 280 nm following treatment with AgNP and
AgNP/ToCNF, indicating the release of nucleic acids and
proteins, respectively. These results suggest that both test
compounds compromised bacterial cell membrane integrity. A
concentration-dependent increase in leakage was observed,
demonstrating a dose–responsive interaction between the
AgNP-containing compounds and the bacterial membranes.
Notably, the free-state AgNPs induced greater leakage of both
DNA and proteins compared to AgNP/ToCNF, highlighting their
more immediate and pronounced membrane-disruptive effect.

Moreover, the slightly lower levels of DNA and protein
leakage observed in S. aureus compared to E. coli and P. aeru-
ginosa further support the role of bacterial cell wall structure in
modulating susceptibility to AgNP-based treatments. The thick,
multilayered peptidoglycan wall of Gram-positive S. aureus
likely acts as a barrier, limiting the penetration of AgNPs and
reducing their subsequent interaction with the cytoplasmic
membrane. In contrast, the thinner peptidoglycan layer and
outer membrane of Gram-negative bacteria may facilitate easier
access and internalization of AgNPs, resulting in greater
membrane disruption and leakage.65

The cell membrane disruption induced by silver-containing
compounds, particularly at the nanoscale, is closely associated
with the particle size of AgNPs and their affinity for sulfur-
containing proteins in the bacterial cell wall. Numerous
studies have demonstrated that smaller AgNPs exhibit greater
antibacterial activity, primarily due to their higher surface area-
to-volume ratio, which enhances their interaction with bacterial
membranes and intracellular targets.69–72 This increased surface
reactivity enables more effective attachment to the bacterial cell
surface and facilitates penetration through the cell envelope.

Additionally, AgNPs are known to interact strongly with thiol
(–SH) groups in sulfur-containing proteins present in the
bacterial cell wall and membrane. This interaction leads to the
denaturation of these proteins and irreversible structural
alterations in the cell wall, ultimately compromising membrane
integrity and function.62,73 These combined properties—
enhanced surface interaction due to small size and specic
affinity for thiol groups—allow AgNPs to overcome bacterial
defenses, disrupt the membrane, and induce cell lysis. Such
mechanisms underpin the potent bactericidal activity observed
in silver nanoparticles and their nanocomposites.
Fig. 17 Cell proliferation percentages at different time points relative
to untreated cells for AgNP and AgNP/ToCNF (n = 6).
In vitro proliferative effects and cytotoxicity

The Alamar Blue assay was employed to assess the proliferative
response of broblasts to AgNP and AgNP/ToCNF exposure.
This assay measures cellular metabolic activity based on the
reduction of resazurin, a non-uorescent dye, to resorun,
a uorescent and colorimetric compound. A decrease in resor-
un signal indicates reduced metabolic activity, which corre-
sponds to compromised cell viability or proliferation.74,75 Fig. 17
illustrates the effects of the different treatments on broblast
proliferation.

ToCNFs were tested for their proliferative effects on HDFs,
showing little to no difference in cell proliferation compared to
untreated controls. This biocompatibility aligns with previous
19736 | RSC Adv., 2025, 15, 19726–19740
ndings.76,77 Both untreated and ToCNF-treated cells exhibited
high Alamar Blue (AB) reduction, indicating healthy metabolic
activity and viability. In contrast, treatment with free-state
AgNPs resulted in a dose- and time-dependent decrease in AB
reduction, suggesting reduced metabolic activity at higher
concentrations and longer exposure durations. A statistically
signicant reduction in metabolic activity was observed at
concentrations of 125 mgmL−1 and above, likely due to cytotoxic
effects. Time-course analysis further conrmed that prolonged
exposure to AgNPs progressively decreased AB reduction. This
decline in cell proliferation may be attributed to AgNP-induced
© 2025 The Author(s). Published by the Royal Society of Chemistry
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disruption of cellular metabolism, possibly via oxidative stress,
mitochondrial damage, and depletion of intracellular antioxi-
dants such as reduced glutathione.78 Interestingly, the combi-
nation treatment (AgNP/ToCNF) did not signicantly affect HDF
metabolic activity or proliferation under the tested conditions,
suggesting that the ToCNF matrix may mitigate the cytotoxic
effects of AgNPs by moderating their release and limiting direct
interaction with cells.

However, it is important to note that the Alamar Blue assay
evaluates cell viability based on metabolic activity, which is an
indirect indicator of cytotoxicity. To complement this, a lactate
dehydrogenase (LDH) assay was performed to assess membrane
integrity and quantify actual cell damage.

LDH is a stable cytoplasmic enzyme present in all cells and is
released into the extracellular medium upon loss of membrane
integrity. Its release serves as a hallmark of cellular damage due
to apoptosis, necrosis, or other cytotoxic events. The LDH assay
quanties cell death by detecting NADH production during the
conversion of lactate to pyruvate, which then reduces a tetrazo-
lium salt (INT) into a red, water-soluble formazan product. The
absorbance of formazan is directly proportional to the number
of damaged or lysed cells.79,80

A concentration- and time-dependent increase in LDH
release was observed in AgNP- and AgNP/ToCNF-treated cells,
Fig. 18 Cytotoxicity of AgNP, AgNP/ToCNF, and ToCNFs relative to
the lysis control (n = 6).

© 2025 The Author(s). Published by the Royal Society of Chemistry
whereas ToCNFs induced only a slight, concentration-
dependent increase in LDH release, with minimal variation
across 72 hours (Fig. 18). Notably, AgNPs exhibited signicant
cytotoxicity at concentrations above 250 mg mL−1 aer 24 hours
of exposure, and marked LDH release was observed at concen-
trations of 125 mg mL−1 and higher from 48 to 72 hours. This
trend suggests a cumulative cytotoxic effect, where extended
exposure leads to progressive membrane damage.

In contrast, AgNP/ToCNF-treated cells showed no signicant
LDH release at concentrations up to 500 mg mL−1 across all time
points, indicating reduced cytotoxicity. Furthermore, ToCNFs
alone did not induce signicant toxicity at any concentration
tested, further supporting their biocompatibility.

As shown in Fig. 19, cells treated with free-state AgNPs
exhibited noticeable deposition of nanoparticles on the cell
surface, whereas this phenomenon was not observed in cells
treated with AgNP/ToCNF. These ndings suggest that the
cytotoxic effects of free AgNPs are primarily mediated by
disruption of cell membrane integrity, likely due to the accu-
mulation of free silver particles on the cytoplasmic membrane.
This accumulation may trigger a cascade of cellular responses,
including oxidative stress, inammatory signaling, DNA
damage, lipid peroxidation, and ultimately, cell death via
apoptosis and necrosis.81–84 The signicantly lower LDH release
observed for AgNP/ToCNF across all concentrations and time
points suggests that immobilizing AgNPs on the surface of
ToCNFs reduces their bioavailability and limits direct interac-
tions with the cell membrane. This indicates that the ToCNF
carrier plays a modulating role by regulating the release of
AgNPs, resulting in a slower, more controlled interaction with
the membrane and thereby reducing cytotoxicity.85 The
demonstrated non-toxicity of ToCNFs reinforces their potential
as a safe and biocompatible carrier for biomedical applications.
This intrinsic biocompatibility likely plays a key role in miti-
gating the cytotoxic effects of the AgNP/ToCNF composite,
contributing to its improved cellular compatibility compared to
free-state AgNPs.

The precise mechanism governing the release of Ag+ ions
from ToCNFs remains incompletely understood and warrants
further investigation. Current hypotheses suggest that the
release may occur through multiple pathways, including the
desorption of loosely bound AgNPs from the nanober surface,
Fig. 19 Microscopic images of HDF captured under inverted micro-
scope at 400× magnification at each time point of the LDH cytotox-
icity assay.
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Fig. 20 Graphical representation of the relationship of antibacterial
activity vs. cytotoxicity of ToCNF, AgNP, and AgNP/ToCNF.
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the diffusion of Ag+ ions from the nanobers via oxidation of
metallic silver (Ag0) in the presence of oxygen and protons, and
partial degradation and swelling of the ToCNF matrix.60,86,87

These processes may collectively contribute to the gradual
exposure and controlled release of silver from the composite
material, but more detailed kinetic and mechanistic studies are
needed, particularly under physiological conditions.

Fig. 20 illustrates the relationship between the antibacterial
activity and cytotoxicity of the test compounds. While free-state
AgNPs exhibit superior antibacterial efficacy compared to AgNP/
ToCNF, their higher cytotoxicity restricts their suitability for
biomedical applications. Conversely, AgNP/ToCNF shows
slightly reduced antibacterial potency but signicantly lower
cytotoxicity relative to the free nanoparticles. The low cytotox-
icity observed in AgNP/ToCNF, combined with its strong anti-
bacterial activity—particularly at concentrations between 125
and 500 mg mL−1—is likely due to the controlled release of
AgNPs from the ToCNF matrix.

This controlled release mechanism enables effective pene-
tration and disruption of bacterial membranes while mini-
mizing harmful effects on mammalian cells. The differential
susceptibility between bacterial and mammalian cells may be
attributed to structural and functional differences; for instance,
mammalian cells like HDF possess more robust repair and
defense mechanisms that help mitigate damage from AgNP
exposure.88 However, further in vivo studies are necessary to
validate these ndings. Future research should focus on eluci-
dating the precise release kinetics of AgNPs from the ToCNF
matrix and assessing antibacterial efficacy and cytotoxicity
within complex biological environments. Additionally, opti-
mizing AgNP loading on the ToCNF scaffold could improve
antibacterial performance while maintaining biocompatibility,
thereby expanding its potential for diverse biomedical
applications.
Conclusion

A green and sustainable method for synthesizing silver nano-
particles (AgNPs) in situ on TEMPO-oxidized cellulose nano-
bers (ToCNFs) derived from spent mushroom (SMS), an
underutilized agro-industrial residue, was successfully develop.
The resulting AgNP/ToCNF nanocomposite exhibited potent,
19738 | RSC Adv., 2025, 15, 19726–19740
dose-dependent antibacterial activity (125–500 mg mL−1)
against both Gram-positive and Gram-negative bacterial strains,
while demonstrating minimal cytotoxicity towards human
dermal broblasts (HDFs).

Compared to free-state AgNPs, which showed rapid bacteri-
cidal effects but higher cytotoxicity, AgNP/ToCNF achieved
comparable antibacterial efficacy with signicantly reduced
toxicity. This is attributed to the controlled release of silver ions
from the ToCNF matrix, which limits direct nanoparticle–cell
interaction, thus preserving mammalian cell viability. The
observed membrane-disruptive mode of action and selective
cytotoxicity underline the potential of the composite to selec-
tively target microbial cells while sparing human cells. These
ndings highlight the potential of the nanocomposite synthe-
sized from agricultural waste for biomedical applications,
particularly in antimicrobial coatings and wound healing
materials.

Future research should focus on evaluating the long-term
stability and controlled release behavior of AgNP/ToCNF
composites under physiological conditions. In vivo studies are
essential to assess pharmacokinetics, biodistribution, efficacy,
and biocompatibility. Scalability, reproducibility, cost-
effectiveness, and environmental sustainability must also be
addressed for clinical translation.

Additionally, integrating AgNP/ToCNF into formats such as
wound dressings, implant coatings, medical textiles, and
biodegradable packaging could enable eco-friendly antimicro-
bial solutions. Optimizing AgNP loading and release kinetics
will be key to enhancing antibacterial efficacy while minimizing
cytotoxicity across biomedical and environmental applications.
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2023, 13, 1064095.

62 T. C. Dakal, A. Kumar, R. S. Majumdar and V. Yadav, Front.
Microbiol., 2016, 7, 1831.

63 E. O. Mikhailova, Antibiotics, 2025, 14, 5.
64 S. Anees Ahmad, S. Sachi Das, A. Khatoon, M. Tahir Ansari,

M. Afzal, M. Saquib Hasnain and A. Kumar Nayak,Mater. Sci.
Energy Technol., 2020, 3, 756–769.

65 P. R. More, S. Pandit, A. D. Filippis, G. Franci, I. Mijakovic
and M. Galdiero, Microorganisms, 2023, 11, 369.

66 I. X. Yin, J. Zhang, I. S. Zhao, M. L. Mei, Q. Li and C. H. Chu,
Int. J. Nanomed., 2020, 15, 2555–2562.
19740 | RSC Adv., 2025, 15, 19726–19740
67 E. O. Mikhailova, J. Funct. Biomater., 2020, 11, 84.
68 S. Elayaraja, K. Zagorsek, F. Li and J. Xiang, Carbohydr.

Polym., 2017, 166, 329–337.
69 S. Pal, Y. K. Tak and J. M. Song, Appl. Environ. Microbiol.,

2007, 73, 1712–1720.
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