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ABSTRACT

Objective: To synthesize silver nanoparticles (Ag-NPs) via a modified citrate reduction method and comprehensively evaluate their
physicochemical properties, antimicrobial efficacy, and cytotoxicity for potential application in wound healing.

Methods: Ag-NPs were synthesized using silver nitrate and trisodium citrate as the reducing agent. The nanoparticles were characterized using UV-
Vis spectroscopy, Fourier-Transform Infrared (FTIR) spectroscopy, X-ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM),
and Transmission Electron Microscopy (TEM). Dynamic light scattering was used to determine particle size, polydispersity index (PDI), and zeta
potential (ZP). The antimicrobial activity was evaluated against a panel of microorganisms, including Escherichia coli, Pseudomonas aeruginosa,
Enterococcus faecalis, Staphylococcus aureus, and Trichoderma asperellum. Cytocompatibility was assessed using the HaCaT human keratinocyte cell
line via an MTT assay after 24 h of exposure.

Results: UV-Vis spectroscopy confirmed the formation of Ag-NPs with a characteristic surface plasmon resonance (SPR) peakat 407 nm. The
nanoparticles were spherical and crystalline, with a size range of 26.82+0.42 nm to 306.00+0.31 nm and a zeta potential ranging from-9.13+0.12
mV to 30.89+0.30 mV, indicating moderate colloidal stability. The Ag-NPs demonstrated significant, broad-spectrum antimicrobial activity against
all tested bacterial and fungal strains. Cytotoxicity assessment revealed a concentration-dependent effect on HaCaT cells, with an ICso value of
approximately 9.93 ug/ml.

Conclusion: The successfully synthesized citrate-stabilized Ag-NPs possess desirable physicochemical characteristics and potent antimicrobial

properties. Overall, the results suggest that Ag-NPs may be utilized as antimicrobial agents to promote wound healing.
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INTRODUCTION

The rapid advancement of nanotechnology has enabled the creation
of nanomaterials with distinct and enhanced physical, chemical, and
biological properties compared to their bulk counterparts [1-3].
Among noble metals, silver (Ag) is extensively researched due to its
remarkable chemical stability, high conductivity, catalytic activity,
and potent antimicrobial capabilities. These properties make Ag-NPs
highly valuable for a broad spectrum of biomedical applications,
including antimicrobial coatings, wound dressings, drug delivery
systems, biosensors, and tissue engineering scaffolds [3-6].

The antimicrobial efficacy of Ag-NPs, which extends to bacteria, viruses,
and fungi, is primarily attributed to the release of silver ions (Ag*). These
ions generate reactive oxygen species (ROS) and can bind to membrane
proteins and nucleic acids, triggering a cascade of events-including
structural alterations, protein denaturation, and inhibition of
replication—that ultimately lead to cell death [4-6]. Furthermore, the
size-dependent optical properties of Ag-NPs, particularly their surface
plasmon resonance, are exploited in applications such as deep tissue
imaging, tumor targeting, and spectroscopic techniques like surface-
enhanced Raman scattering (SERS) [7-14].

A critical factor influencing these properties is nanoparticle size and
morphology, which is fundamentally governed by the kinetics of
nucleation and growth during synthesis. The synthesis temperature
is a well-established parameter for exerting this control, as it
directly influences reaction rates and the final size of metallic
nanoparticles such as Ag-NPs [15].

Smaller particles possess a higher surface-area-to-volume ratio,
leading to greater physiological activity, as evidenced by Tawfeeq

[16], who showed that 100 nm Ag-NPs could induce apoptosis in
human glioblastoma cells.

The citrate reduction method, pioneered by Turkevich et al. in 1951
[17] is a cornerstone for synthesizing Ag-NPs due to its simplicity
and use of benign reagents. However, a significant challenge with the
classical one-pot Turkevich synthesis typically, involving rapid
heating to a rolling boil (~100 °C) with a fixed reagent ratio, was the
precise control over particle size distribution and aggregation
tendency. This can limit its effectiveness for applications requiring
high uniformity. To address this, our study introduces a modified
citrate reduction protocol. While maintaining the core principles of
the method, our modification introduced two specific, quantitative
optimizations designed to decouple nucleation and growth phases
more effectively:

We replaced the standard single boiling step with a precise thermal
ramp, heating the reaction mixture from ambient temperature to 60
°C at a rate of 5 °C/min, holding for 10 min to promote
homogeneous nucleation, before a final ramp to 90 °C to complete
growth. This gradual temperature increase was designed to yield a
narrower size distribution.

We employed a molar ratio of silver nitrate to trisodium citrate of
1:3, deviating from common ratios (e. g., 1:1). This increased citrate
concentration enhances its dual role as a reducing and capping
agent, improving colloidal stability and preventing aggregation.

This strategy was created to attain a more homogeneous nucleation
and growth environment, with the hypothesis that it would yield Ag-
NPs with improved monodispersity and colloidal stability compared
to those from the standard one-pot synthesis. The synthesized Ag-
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NPs were then comprehensively characterized and evaluated using
UV-Vis, FTIR, XRD, FESEM, TEM, and DLS (for size and zeta
potential). To evaluate their potential for biomedical application by
investigating their antibacterial efficacy and cytotoxicity to assess
their potential for wound healing applications.

MATERIALS AND METHODS
Chemicals and reagents

Silver nitrate (AgNO;, 299.0%) was procured from National
Chemicals, India. Trisodium citrate dihydrate (NazCsHs07-2H>0,
299.0%) was procured from Merck, Germany. All other chemicals
and reagents were of analytical grade. Potassium chloride (KCI) and
Absolute ethanol were obtained from Lab India Ltd, India. For cell
culture studies, Dulbecco’s Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), dimethyl sulfoxide (DMSO), and the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
kit were procured from Gibco/Thermo Fisher, USA. Throughout the
synthesis and experimental studies, ultrapure Millipore water with a
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resistivity of 18.2 MQ-cm was utilized. All chemicals were used as
received without further purification.

Synthesis of silver nanoparticles (Ag-NPs)

Silver nanoparticles were synthesized using a modified citrate reduction
method. Briefly, an aqueous solution of silver nitrate (1 mmol, 100 ml)
was heated to 60 °C under vigorous stirring. A predetermined volume of
trisodium citrate solution (10 mmol) was then added dropwise to
achieve a final AgNOs: citrate molar ratio of 1:3. The mixture was
maintained at 60 °C for 10 min before the temperature was raised to 80
°C and held for 30 min. The reaction was continued until a persistent
yellow-brown color indicated nanoparticle formation. The colloid was
then cooled to room temperature, centrifuged, washed twice with
ethanol and water, and the pellet was redispersed in Millipore water for
further characterization [17].

The synthesis parameters for different formulations (F-1 to F-5) are
provided in table 1. To ensure clarity and reproducibility, the table
now includes the calculated molar concentrations of the precursors.
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Fig. 1: The schematic representation of the modified citrate reduction method

Table 1: Composition and molar concentrations of different Ag-NP Formulations (n=3)

Formulation Weight of AgNO3 NasCe¢Hs07(mg) Final volume (ml)  Molarity of AgNO; (mM) Molarity of NazgC¢H50, (mM)
code (mg)

F-1 16.9 200 100 1.0 6.8

F-2 37.8 400 200 1.1 6.8

F-3 20.0 250 140 0.8 6.0

F-4 15.9 180 100 0.9 6.1

F-5 17.9 210 110 0.9 6.1

The endpoint of the reaction was determined quantitatively by monitoring the solution’s UV-Vis absorbance spectrum. Heating was stopped when
the characteristic SPR peak for Ag-NPs was observed between 400-420 nm, which typically occurred within 20-25 min of citrate addition.

Methods
Characterization of prepared Ag-NPs
UV-visible spectroscopy

The maximum absorbance of Ag-NPs was measured at pH 7.4 using a
JASCO V-550 double-beam UV/vis spectrophotometer (JASCO
Corporation, Tokyo, Japan). The UV spectrum of Ag-NPs was obtained
using a 1 cm cell, and the solution scanning was performed at a speed
of 400 nm/min between 200 nm and 800 nm wavelengths.

Size

A Zetasizer (Malvern Zen 350, Malvern Panalytical Ltd, UK) was
used to measure the Ag-NPs’ particle size. Using 1:5-time dilutions,
100 pl** of the produced Ag-NPs dispersion was diluted to 5 ml
using double-distilled water, and the size was determined. Every
sample underwent three examinations.

Polydispersity index

A Zetasizer (Malvern Zen 350, Malvern Panalytical Ltd, UK) was
used to measure the Ag-NPs’PDI. Using 1:5-time dilutions, 100 pl**
of the produced Ag-NPs dispersion was diluted to 5 ml using double-
distilled water, and the size was determined. Every sample
underwent three examinations.

Zeta potential

Ag-NPs'ZP was ascertained using Zetasizer (Malvern Zen 350,
Malvern Panalytical Ltd, UK). Ag-NP samples were diluted with
potassium chloride (KCL) (0.1 mmol) and then placed in an
electrophoretic cell with an electrical field of 15.2 Vem-!. A Zetasizer
(Malvern Zen350) was used to measure the Ag-NPs'ZP. Using 1:5-
time dilutions, 100 pl** of the produced Ag-NPs dispersion was
diluted to 5 ml using double-distilled water, and the size was
determined. Every sample underwent three examinations.

FTIR analysis

An IR spectrophotometer (PerkinElmer Spectrum Two
spectrometer, PerkinElmer Inc., USA) was used to record the spectra
for the Ag-NP formulation. Samples were made using the KBr pellet
method, which involved gently combining 1 mg of the sample with
200 mg of KBr within the scanning range of 4000-400 cm'™.

XRD analysis

One effective method for identifying crystallinity was X-ray
diffractometry (XRD). Cu-Ka radiation with a wavelength of 1.5404
A was used for XRD investigation on a Rigaku Ultima III X-ray
diffractometer (Bruker D8 Advance diffractometer, Bruker
Corporation, USA) at 40kV and 36mA.
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TEM

Using a Transmission Electron Microscope (FEI, Tecnai G2, TF30-ST,
FEI Company, USA), the morphology of Ag-NPs was examined. To do
this, a drop of the nanoparticle formulation was put on the sample
holder and allowed to air dry after the freeze-dried Ag-NPs had been
appropriately diluted 100 times with double-distilled water. A
platinum coating machine (FEI, Tecnai G2, TF30-ST; fine coater) was
used to sputter coat this. The sample was then put in a TEM and
studied at different magnifications at an accelerating voltage of
15,000 volts. In general, a high vacuum was used to perform TEM
imaging.

Field emission scanning electron microscope (FESEM)

The size and shape of Ag-NPs were examined. Carbon-coated copper
grids were coated with a drop of the substance, which was then
allowed to dry. The grid containing the nanoparticle sample as a dry
film was dyed with a suitable reagent after the excess liquid had
been drained off and allowed to dry. A scanning electron microscope
(SEM) (SIGMA VPFESEM, ZEISS, Carl Zeiss AG, Oberkochen,
Germany) was used to view the dry film.

Antimicrobial assay

The minimum inhibitory concentration (MIC) of the Ag-NPs was
determined against selected bacterial strains using the broth
microdilution method as per CLSI guidelines (M07-A10). Briefly,
two-fold serial dilutions of the Ag-NP dispersions were prepared in
Mueller-Hinton broth directly in a 96-well microtiter plate. Each
well was then inoculated with a standardized bacterial suspension
to achieve a final concentration of ~5 x 10° CFU/ml. The positive
control (bacteria without Ag-NPs) and the negative control (sterile
broth) were included. The plate was incubated at 37 °C for 18-24 h,
after which the MIC was recorded as the lowest concentration of Ag-
NPs that prevented visible turbidity.

Anti-microbial activity assay (E. coli)

0.5McFarland standard dilution of the microorganisms was
employed in the investigation. Five microliters of prepared
treatment dilutions of varying strengths (0 pg/ml, 1.08 pg/ml, 5.42
ug/ml, 10.79 pg/ml, 26.97 pg/ml, 53.94 pg/ml, and 107.87 pg/ml)
were added to the designated tubes after 100 pl of diluted log
cultures of the test organism (E. coli-MTCC 452) had been
introduced to the microcentrifuge tube. The tubes were then
incubated for twenty-four hours. Following incubation, all of the
material was moved to a 96-well plate, and a turbidity reading was
obtained at 630 nm using an Elisa Plate Reader (iMarkBiorad).
Graph Pad Prism-6 and the gompertz model were used to estimate
the MIC and no inhibitory concentration (NIC) values. Additionally,
the graph displays the junction of the curve’s projection at the
inflection point (red angled) and the horizontal line at the curve's
top (or bottom) plateau (horizontally dotted). The logarithm of
concentration was shown on the X-axis, and the percentage of
growth relative to control was shown on the Y-axis [17, 18].

Anti-microbial activity assay (P. aeruginosa)

0.5 McFarland standard dilution of the microorganisms was
employed in the investigation. The microcentrifuge tube was filled
with 100 pl of diluted log cultures of the test organism (P.
aeruginosa - MTCC 3541). Five pul of prepared treatment dilutions of
varying strengths (0 pg/ml, 1.08 pg/ml, 5.42 pg/ml, 10.79 pg/ml,
26.97 pg/ml, 53.94 pg/ml, and 107.87 pg/ml) were then added to
the designated tubes, and the tubes were incubated for twenty-four
hours. Following incubation, all of the material was moved to a 96-
well plate, and a turbidity reading was obtained at 630 nm using an
Elisa Plate Reader (iMarkBiorad). Graph Pad Prism-6 and the
Gompertz model were used to estimate the MIC and NIC values.
Additionally, the horizontal line intersection at the curve’s top (or
bottom) plateau (horizontally dotted) was displayed on the graph.
Additionally, the graph displays the junction of the curve’s projection
at the inflection point (red angled) and the horizontal line at the
curve's top (or bottom) plateau (horizontally dotted). The logarithm of
concentration is shown on the X-axis, while the percentage of growth
relative to control is shown on the Y-axis [18, 19].
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Anti-microbial activity assay (E. faecalis)

0.5 Mc Farland Standard dilution of microbes to be used for the
study. 100 pl diluted log cultures of test organism (E. faecalis-
MTCC429) was added to the microcentrifuge tube and added with 5
ul of prepared treatment dilutions of different concentrations (0
pg/ml, Positive control (ciprofloxacin 2 mg/ml), 1.08 pg/ml, 5.42
pg/ml, 10.79 pg/ml, 26.97 pg/ml, 53.94 pg/ml, and 107.87 pg/ml) to
the defined tubes and incubated for the 24 h. After Incubation all
content was transferred to the 96 well plate and turbidity reading
was taken by Elisa Plate Reader (iMarkBiorad) at 630 nm.
Ciprofloxacin (2 mg/ml) was used as Positive Control. MIC and NIC
values were estimated using the software Graph Pad Prism-6 and
the Gompertz model. The graph also shows the intersection of the
horizontal line at the top (or bottom) plateau of the curve
(horizontally dotted) and the projection of the curve at the inflection
point (red angled). The X-axis presents the logarithm of
concentration and the Y-axis presents the % Growth vs Control [19].

Anti-fungal activity assay (S. aureus)

0.5 McFarland standard dilutions were employed in the microbes for
investigation. The microcentrifuge tube was filled with 100 pl of
diluted log cultures of the test organism (S. aureus-MTCC 96). 7ul of
prepared treatment dilutions of varying strengths (0 pg/ml, 1.08
pug/ml, 5.42 pg/ml, 10.79 pg/ml, 26.97 pg/ml, 53.94 pg/ml, and
107.87 ug/ml) were then added to the designated tubes, and the
tubes were incubated for 24 h. Following incubation, all of the
material was moved to a 96-well plate, and a turbidity reading was
obtained at 630 nm using an Elisa Plate Reader (iMarkBiorad).
Ciprofloxacin (10pg-SRL Chem-78079) was used as the Positive
Control. Graph Pad Prism-6 and the gompertz model were used to
estimate the MIC and NIC values. Additionally, the horizontal line
intersection at the curve’s top (or bottom) plateau (horizontally
dotted) was displayed on the graph. Additionally, the graph displays
the junction of the curve’s projection at the inflection point (red
angled) and the horizontal line at the curve’s top (or bottom) plateau
(horizontally dotted). The logarithm of concentration is shown on
the X-axis, while the percentage of growth relative to control is
shown on the Y-axis [18-20].

Anti-fungal activity assay (T. asperellum)

0.5 McFarland standard dilution of the microbes was employed in
the investigation. 500 pl diluted log cultures of the test organism (T.
asperellum-MTCC4347) was added to the microcentrifuge tube and
added with 25 pl of prepared treatment dilutions of different
concentrations (0 ug/ml, 1.08 pg/ml, 5.42 pg/ml, 10.79 ug/ml, 26.97
pug/ml, 53.94 pg/ml, and 107.87 pg/ml) to the defined tubes and
incubated for 24 h. After Incubation, all content was transferred to
the 96-well plate, and turbidity reading was taken by Elisa Plate
Reader (iMarkBiorad) at 630 nm. Amphotericin B (50 pg) was used
as a Positive Control. Graph Pad Prism-6 and the gompertz model
were used to estimate the MIC and NIC values. Additionally, the
horizontal line intersection at the curve’s top (or bottom) plateau
(horizontally dotted) was displayed on the graph. Additionally, the
graph displays the junction of the curve’s projection at the inflection
point (red angled) and the horizontal line at the curve's top (or
bottom) plateau (horizontally dotted). The logarithm of
concentration is shown on the X-axis, while the percentage of
growth relative to control is shown on the Y-axis [18-20].

In vitro cytotoxicity study
Sample preparation for Ag-NPs

For biological testing, a stock suspension of the synthesized Ag-NPs
was prepared in sterile phosphate-buffered saline (PBS) or cell
culture medium (as appropriate) at a concentration of 1 mg/ml. This
stock was sonicated for 15 min to ensure homogeneity and prevent
aggregation. From this stock, a series of working concentrations (e.
g, 1, 5,10, 25, 50, 100 pg/ml) was prepared via serial dilution in the
relevant sterile medium (Mueller-Hinton broth for antimicrobial
tests or DMEM for cytotoxicity assays) immediately prior to each
experiment. The sterility of the nanoparticle suspensions was
confirmed by the absence of microbial growth in control samples.
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MTT assay

The MTT assay was used to assess the samples’ cytotoxicity on the
HaCaT (purchased from NCCS Pune) cell line. 10,000 cells per well
were cultivated in 96-well plates for 24 h in DMEM medium
(Dulbecco's Modified Eagle Medium-AT149-1L-HIMEDIA)
supplemented with 1% antibiotic solution (Penicillin-Streptomycin-
Sigma-Aldrich P0781) and 10% FBS (Fetal Bovine Serum-HIMEDIA-
RM 10432) at 37 °C with five percent CO2 [21]. Cells were treated
with varying doses of the samples the following day (0 pg/ml, 0.11
pug/ml, 1.08 pg/ml, 5.42 pg/ml, 10.79 pg/ml, 26.97 pg/ml, 53.94
pug/ml, and 107.87 pg/ml). To obtain varying quantities in an
inadequate cell culture medium (without FBS), a stock solution of
samples was made in distilled water and then further diluted [22].
MTT (5 mg/ml) was added to the cell culture after a 24-hour
incubation period, and the culture was then incubated for an
additional 2 h. Untreated cells were taken into consideration. Cells
without MTT were referred to as Blank, and cells without treatment
were referred to as Control. Following the removal of the culture
supernatant after the experiment, the cell layer matrix was dissolved
in 100 pl of Dimethyl Sulfoxide (DMSO-SRL-Cat no. 67685), and the
results were measured at 540 nm using an Elisa plate reader (iMark,
Biorad, USA) [23]. Graph Pad Prism-6 was used to compute the IC50.
Images were taken with a camera (Am Scope digital camera 10 MP
Aptima CMOS) and an inverted microscope (Olympus ek2). Results
were presented as mean+SEM. The given formula was used for
calculating the percentage of viable cells [24].
Atest

% Viable cells = mXI 00

(Atest - Absorbance of the test sample)
(Acontrai= Absorbance of control sample)
Lyophilization of NPs

The Ag-NPs solution was made and stored for the night at-40 °Cin a
deep freezer (Scanlaf, cool safe 55-4). The frozen formulation
samples were then placed in a freeze-dryer (Vaccubrand RZ2.5;
Scanlaf, cool safe 55-4). To obtain a powdered lyophilized product,
the sample was dried for approximately 72 h while a vacuum was
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applied. Once the ZP, PDI, and particle size have been measured, the
powdered formulation is employed for additional research.

Stability studies

For 6 mo, the freeze-dried Ag-NPs producedwere kept in a
refrigerator. Particle size, PDI, ZP, assay, and entrapment efficiency
were measured at regular intervals after one, three, and six months
of storage to track formulation changes.

Statistical analysis

For MIC/NIC value data are presented as the mean value from n=3
independent antimicrobial assays. Data from stability studies are
presented as meantstandard deviation (SD) of triplicate
measurements. For a DLS/TEM size distribution graph: value
represent the meanzstandard deviation (SD) from n=3
measurements of independently prepared samples. For an MTT
assay dose-response curve: Data points show the meantstandard
error of the mean (SEM) from n=3 independent experiments, each
performed in triplicate. The IC5 was calculated from the combined
data. Statistical significance between time points was determined
using one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test, with for p<0.05 considered significant.

RESULTS AND DISCUSSION
UV-visible spectra

The SPR band of Ag-NPs was indicated by a peak in UV-visible
absorption spectra at 407 nm. This revealed the existence and
behavior of Ag-NPs in the sample, enabling thorough
characterization of the nanoparticles and offering important insights
into their optical characteristics. In addition to confirming the
presence of Ag-NPs, the accurate measurement and characterization
of this SPR band at 407 nm provided a better understanding of their
behavior and interactions in the solution. The SPR band at 407 nm
using UV-visible spectroscopy highlighted the value of precise and
accurate analytical methods in the study of nanomaterials such as
silver nanoparticles, illuminating their fascinating optical
phenomena. Fig. 2 displays the synthesized Ag-NPs’ UV-vis spectrum
[25].

T
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Fig. 2: UV-vis spectrum of Ag-NPs

Size

Dynamic light scattering (DLS) measured particle size distribution of
nanoparticles, ranging from 26.82+0.42 to 306.00+0.31 nm. This
increased surface area enhances interaction with microbial cell
membranes, releasing silver ions and disrupting cell physiology. The
diffusion of nanoparticles within microorganisms is significantly
influenced by their smaller size. The main way that silver ions work
is by causing the creation of ROS, which starts the biocidal or
fungicidal effects. This initiates a series of events that culminate in
the delamination and rupturing of the cell membrane. It also messes
with transport and membrane proteins, as well as metabolic and
signalling networks. Replication failure ultimately results from this,

which lyses and kills microbial cells [26]. The particle size of
synthesized Ag-NPs is given in fig. 3.

Polydispersity index

The PDI values of Ag-NPs range between 0.2801+£0.09 and
0.439+0.217. This confirms the stability, uniformity, and quality of
Ag-NPs, indicating a moderate to high polydispersity.
Characterization of different Ag-NP formulations is given in table 2.

Zeta potential

The ZP values for formulations F-1, F-2, F-4, and F-5 are negative, as
expected for citrate-capped Ag-NPs. However, the strongly positive
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value for formulation F-3 (+30.89 mV) is inconsistent with a pure be interpreted with caution, and the formulation is not
citrate-stabilized system. This suggests potential contamination, recommended for applications requiring the well-established
incomplete removal of unreacted Ag* ions, or a measurement anionic surface chemistry of citrate-capped nanoparticles. The Zeta
artifact specific to that sample. Consequently, the data for F-3 should potential of Ag-NPs is given in fig. 4.
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Fig. 3: Particle size of Ag-NPs (F-1)
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Fig. 4: Zeta potential of Ag-NPs (F-2)

Table 2: Characterization of different Ag-NP formulations

Formulation code Particle size(nm) Zeta potential (mV) Polydispersity index
F-1 26.82+0.347 -9.126+0.124 0.383+0.189

F-2 148.00+0.542 -13.34+0.165 0.439+0.217

F-3 306.00+0.478 30.89+0.298 0.418+0.209

F-4 152.5+0.321 -15.67+0.185 0.394+0.178

F-5 131.10+0.245 -41.61+0.267 0.2801+0.145

Results are presented as mean+SD, n=3

FTIR analysis

FTIR spectroscopy was employed to confirm the role of sodium
citrate as both a reducing and capping agent on the surface of the
synthesized Ag-NPs. The FTIR spectra of pure sodium citrate and the
citrate-capped Ag-NPs are compared in fig. 5 to identify key binding
interactions.

The spectrum of pure sodium citrate (fig. 5) displays characteristic
peaks of its carboxylate groups. The strong, broad band centered at
~3450 cm™ is attributed to O-H stretching vibrations. The two most
significant features are the asymmetric stretching vibration (v,s
C007) at 1587 cm™ and the symmetric stretching vibration (vs
C007) at 1390 cm™ [27, 28].

The FTIR spectrum of the synthesized Ag-NPs (fig. 5) shows distinct
shifts in these key carboxylate peaks, confirming the coordination of
citrate to the silver surface. The asymmetric COO™~ stretch shifts from
1587 cm™ to 1602 cm™, while the symmetric COO™ stretch shifts
from 1390 cm™* to 1384 cm™™. This change in the peak positions and
the reduction in the separation (Av) between v,s and vy from ~197

cm™ to ~218 cm™ indicates a binding mode where the carboxylate
groups coordinate directly to the Ag® surface, likely in a unidentate
or bridging configuration [27, 29].

The broad O-H stretching band persists in the Ag-NPs spectrum,
which is expected due to the hydroxyl groups of citrate and
potentially adsorbed water. Peaks in the range of 1000-1300 cm™,
corresponding to C-0 and C-C stretching vibrations of the citrate
backbone, are also observed in both spectra but with minor shifts

upon binding.

Notably, the absence of a characteristic C=0 stretch above 1700
cm™ in the Ag-NPs spectrum confirms that the citrate remains in its
deprotonated (carboxylate) form and did not convert back to a
carboxylic acid during synthesis.

In conclusion, the FTIR analysis confirms the successful
chemisorption of citrate molecules onto the nanoparticle surface via
carboxylate groups. The functional groups present are consistent
with citrate and adsorbed water, featuring O-H and COO~ bands,
with no evidence of extraneous nitrile or amine moieties.
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Fig. 5: FTIR spectrum of synthesized Ag-NPs

XRD analysis

XRD analysis was employed to unambiguously determine the
crystalline phase, purity, and structural characteristics of the
synthesized nanoparticles. The diffraction pattern, presented in fig. 6,
provides critical insights into the outcome of the synthesis process.

A definitive observation from the XRD pattern was the complete
absence of the characteristic diffraction peaks for face-centered
cubic (fcc) metallic silver (Ag®). The expected peaks for Ag® (JCPDS
04-0783), such as 38.1°, 44.3°, 64.4°, and 77.3°, were not present.
Instead, the observed set of peaks at 26 = 12.55°, 17.45° 24.15°,
27.45°, 29.40°, 31.95° 37.05° 41.08° 50.48° and 61.05° indicates
the formation of a different, non-metallic crystalline product.

Phase identification and synthesis pathway

Careful comparison with the ICDD database reveals an excellent
correspondence between the acquired pattern and those of silver
oxide (Ag;0, JCPDS 41-1104) and silver carbonate (Ag,COs, JCPDS
26-0339) [30, 31]. The prominent peak at approximately 32.0° was a
signature reflection for the plane of Ag,0, while the peak at 37.05°
could be indexed to its plane. The lower-angle peaks (e. g., 12.55°,
17.45°) were consistent with the crystal structure of Ag,COs.

Therefore, the synthesized nanoparticles were not metallic silver
but a composite of silver oxide (Ag,0) and silver carbonate
(Ag.C03). This phase composition suggests a specific synthesis
pathway:

Incomplete reduction

The presence of Ag,0 indicates that the reducing power of citrate
under the applied conditions was insufficient to fully reduce all Ag*
ions to Ag®, leaving a significant fraction as Ag* in an oxide matrix.

Carbonate formation

The detection of Ag,CO; was a significant finding. Silver ions in
solution were known to react with atmospheric carbon dioxide
(COy) in the presence of a base (e. g., from the NaOH often used to
adjust pH in such syntheses) to form insoluble silver carbonate [32].
This side reaction effectively competes with the reduction process,
consuming a portion of the silver precursor.

Structural and morphological inferences

The X-ray diffraction pattern reveals the presence of both Ag,0 and
Ag,CO3 phases, indicating a composite nanostructure. The
diffraction peaks attributed to Ag,0O were notably broadened. This

confirms the successful formation of nanoparticles, as opposed to
bulk crystalline material. However, the presence of multiple phases
(Ag20 and Ag,C03) implies a composite nanostructure.

Implications of the composite nature

The synthesis yielded an Ag,0/Ag,C0O3; nanocomposite, not metallic
Ag® nanoparticles. This has direct implications for interpreting the
material’s properties. While metallic silver was renowned for its
plasmonic activity (explaining the observed UV-Vis peak), silver
oxide (Ag,0) was a p-type semiconductor with recognized potential
in photocatalysis and as an antimicrobial agent that releases Ag*
ions. Silver carbonate was also an active compound. Consequently,
all subsequent discussions of antimicrobial activity and cytotoxicity
must be framed in the context of this Ag,0/Ag,C0Os; composite, not
metallic Ag°.

TEM

The properties of the Ag-NPs were evaluated using TEM, revealing
crucial information about their size and shape. A thorough analysis
made possible by the use of TEM provided a thorough
comprehension of the morphology of the Ag-NPs. The findings
demonstrated that the Ag-NPs were primarily approximately
spherical, which was consistent with the results predicted from the
micrographs shown in fig. 7.

FESEM

FESEM reveals a pattern of agglomeration in the synthesized Ag-NPs
particles, suggesting interconnected particles during the synthesis
process. This insight into particle formation allows for a better
understanding of their properties and potential applications. The
images provided valuable information for further analysis and
interpretation of the agglomerated state of Ag-NPs. FESEM of Ag-
NPs is given in fig. 8.

Anti-microbial activity assay

The antimicrobial action of Ag-NPs was directly proportional to their
size, as smaller Ag-NPs enhance internalization and growth
inhibition, as seen in Ag-NPs against E. coli, P. aeruginosa, E. faecalis,
S. aureus, and T. asperellum.

Anti-microbial activity assay (E. coli)

The investigation revealed variable bacterial reactivity by testing
substances against E. coli at different doses. The MI Cof Ag-NPs in
the case of E. coli was 14.35 pg/ml, which was the lowest
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concentration of Ag-NPs needed to stop the bacteria’s growth. In the
same way, Ag-NPs’ NIC value is 4.89 pg/ml. According to these
results, E. coli was not inhibited by concentrations below 4.89 pg/ml,
however, doses over 14.35 pg/ml significantly limit bacterial
growth. The study recorded MIC and NIC values, indicating the
potency of possible antimicrobial effects. As shown in fig. 9, the
percentage of growth MIC was 100, 63.46, 59.26, 48.25, 44.54,42.94,

Int ] App Pharm, Vol 18, Issue 2,2026,97-111

and 40.62 for Ag-NPs concentrations of 0 ug/ml, 1.08 pg/ml, 5.39
pg/ml, 10.79 pg/ml, 26.97 pg/ml, 53.94 pg/ml, and 107.87 pg/ml,
respectively, when compared with the control group [28-31]. MIC
assay of (E. coli) of Ag-NPs is given in fig. 9. %Growth vs control and
concentration (ug/ml) of MIC of (E. coli) of Ag-NPs is given in fig. 10.
% Growth vs control vs concentration (pug/ml) of NIC of (E. coli) of
Ag-NPs is given in fig. 11.
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Fig. 6: X-ray diffraction patterns of Ag-NPs
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Fig. 7: TEM image of Ag-NPs
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Fig. 8: Field emission scanning electron microscopy of Ag-NPs
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Anti-microbial activity assay (P. aeruginosa)

The study found that the substances exhibited differing levels of
antimicrobial activity against P. aeruginosa when tested at different
doses. The MIC of silver Ag-NPs in the case of P. aeruginosa was 29.36
ug/ml, which was the lowest concentration of Ag-NPs needed to stop
the bacteria’s growth. In the same way, Ag-NPs’ NIC value is 13.15
ug/ml; According to these results, P. aeruginosa was not inhibited by
concentrations below 13.15 pg/ml, however, doses over 14.35 pg/ml
significantly limit bacterial growth. The study recorded MIC and NIC

values, indicating the potency of possible antimicrobial effects. The
study recorded MIC and NIC values, indicating the potency of possible
antimicrobial effects. As shown in fig. 12, the percentage of growth
MIC was 100, 77.59, 74.40, 73.75, 48.99,47.50, and 42.43 for Ag-NPs
concentrations of 0 ug/ml, 1.08 pg/ml, 5.39 pg/ml, 10.79 pg/ml, 26.97
pg/ml, 53.94 pg/ml, and 107.87 pg/ml, respectively, when compared
with the control group [28-31]. MIC assay of (P. aeruginosa) of Ag-NPs,
fig. 12. % Growth vs control and concentration (ug/ml) of MIC of (P.
aeruginosa) of Ag-NPs is given in fig. 13. % Growth vs control vs
concentration (ug/ml) of NIC of (P. aeruginosa) of Ag-NPs fig. 14.
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Anti-microbial activity assay (E. faecalis)

The study showed that the substances displayed differing levels of
antimicrobial activity when tested against E. faecalis at various
concentrations. The MIC of silver Ag-NPs in the case of E. faecalis was
74.17 pg/ml, which was the lowest concentration of Ag-NPs needed to
stop the bacteria’s growth. In the same way, Ag-NPs’ NIC value is 27.86
pg/ml. According to these results, E. faecalis was not inhibited by
concentrations below 27.86 pg/ml, however, doses over 74.17 pg/ml
significantly limit bacterial growth. The study recorded MIC and NIC

values, indicating the potency of possible antimicrobial effects. The study
recorded MIC and NIC values, indicating the potency of possible
antimicrobial effects. As shown in fig. 12, the percentage of growth MIC
was 100, 60.39, 96.38, 95.01, 93.32, 90.58, 73.35, and 62.96 for Ag-NPs
concentrations of 0 pg/ml, positive control (ciprofloxacin 2 mg/ml), 1.08
pg/ml, 5.39 pg/ml, 10.79 pg/ml, 26.97 pg/ml, 53.94 pg/ml, and 107.87
pg/ml respectively [28-31]. MIC assay of (E. faecalis) of Ag-NPs fig. 15. %
growth vs control and concentration (ug/ml) of MIC of (E. faecalis) of Ag-
NPs is given in fig. 16. % growth vs control vs concentration (ug/ml) of
NIC of (E. faecalis) of Ag-NPs is given in fig. 17.
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Anti-microbial activity assay (S. aureus)

Variable bacterial reactivity was revealed by the investigation
through testing substances against S. aureus at different doses. The
MIC of Ag-NPs in the case of S. aureus was 34.21 pg/ml, which was
the lowest concentration of Ag-NPs needed to stop the bacteria’s
growth. In the same way, Ag-NPs’ NIC value is 3.69 ug/ml, the study
recorded MIC and NIC values, indicating the potency of possible
antimicrobial effects. As shown in fig. 18, the percentage of organism
MIC was 100, 23.01, 87.17, 86.28, 72.57, 67.26, 62.39, and 61.06 for
Ag-NPs concentrations of 0 pg/ml, 1.08 pg/ml, 5.39 pg/ml, 10.79
ug/ml, 26.97 pg/ml, 53.94 pg/ml, and 107.87 pg/ml, respectively,
when compared with the control group [28-31]. MIC assay of (S.
aureus) of Ag-NPs, fig. 18. % Growth vs control and concentration
(ng/ml) of MIC of (S. aureus) of Ag-NPs is given in fig. 19. % Growth
vs control vs concentration (ug/ml) of NIC of (S. aureus) of Ag-NPs is
given in fig. 20.

Anti-microbial activity assay (T. asperellum)

The investigation revealed varying bacterial reactivity of T.
asperellum when testing substances at different doses. The MIC of
Ag-NPs in the case of T. asperellum was 15.52 pg/ml, which was the
lowest concentration of Ag-NPs needed to stop the bacteria’s
growth. In the same way, Ag-NPs’ NIC value is 8.86 pg/ml. The study
recorded MIC and NIC values, indicating the potency of possible
antimicrobial effects. As shown in fig. 21, the percentage of organism
MIC was100,3.15, 77.95, 77.17, 59.84, 30.17, 29.53, and 27.56 for
Ag-NPs concentrations of 0 pug/ml, 1.08 pg/ml, 5.39 pg/ml, 10.79
pug/ml, 26.97 pg/ml, 53.94 pg/ml, and 107.87 pg/ml, respectively,
when compared with the control group [28-31]. MIC assay of (T.
asperellum) of Ag-NPs, fig. 21. % growth vs control and
concentration (ug/ml) of MIC of (T. asperellum) of Ag-NPs is given in
fig. 22. % Growth vs control vs concentration (pg/ml) of NIC of (T.
asperellum) of Ag-NPs is given in fig. 23.
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MTT assay

Using the MTT assay, the investigation revealed useful information
about how different sample quantities affected the HaCaT cell line, a
model for human Kkeratinocytes. It was shown that these cells’
exposure to varying sample concentrations caused noticeable changes
in their cytotoxic activity during the course of the experiment.

The cytotoxicity of the Ag,0/Ag,C0O3; nanocomposite against HaCaT
keratinocytes was assessed via MTT assay. The results revealed a
clear dose-dependent reduction in cell viability. The half-maximal

inhibitory concentration (ICso) was calculated to be approximately
9.9 pg/ml [30, 31].

Stability studies

For six months, stability studies of the produced Ag-NPs were
carried out in a refrigerator. Periodically, the samples were gathered
and examined for size, PDI], and zeta potential. Ag-NPs’ vulnerability
to stability issues during storage in a refrigerator was demonstrated
by the results, which showed some size and zeta potential value
variations that were statistically insignificant (table 3).
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Table 3: Stability studies of different Ag-NP formulations

Month/s (after) Formulation code Particle size(nm) Zeta potential (mV) Polydispersity index
1 F-1 26.61£0.335 -9.026+0.113 0.361£0.178
1 F-2 148.54+0.537 -13.04+0.154 0.409+0.205
1 F-3 305.67+0.439 30.19+0.285 0.378+0.202
1 F-4 152.22+0.317 -15.13+0.182 0.345+0.172
1 F-5 131.66+0.238 -41.38+0.258 0.2739+0.136
3 F-1 26.27+0.319 -9.006+0.105 0.335£0.155
3 F-2 148.11+£0.514 -12.72+0.136 0.386+0.156
3 F-3 305.27+£0.413 29.99+0.265 0.378+0.198
3 F-4 152.02+0.226 -15.02+0.173 0.329+0.184
3 F-5 131.16+0.213 -41.18+0.132 0.2613+0.116
6 F-1 26.05+0.289 -9.001+0.102 0.331+0.124
6 F-2 148.03+0.428 -12.63+0.126 0.374+0.165
6 F-3 305.11+0.363 29.87£0.216 0.359£0.176
6 F-4 151.84+0.192 -15.01£0.110 0.317+0.151
6 F-5 131.05+0.188 -41.04+£0.205 0.2601+0.104

Results are presented as mean+SD, n=3

DISCUSSION

This study successfully synthesized a citrate-capped silver
oxide/silver carbonate (Ag,0/Ag,C03) nanocomposite, as confirmed
by XRD and FTIR, which demonstrated broad-spectrum
antimicrobial activity. The key findings—moderately high MICs (14-
74 pg/ml) compared to some literature reports, an ICso of ~9.9
ug/ml against human keratinocytes, and good colloidal stability over
six months require interpretation within the framework of the
material’s unique physicochemical properties and the established
mechanisms of Ag-NP action.

The observed antimicrobial potency, while significant, places our
nanocomposite in a moderately active range compared to some
state-of-the-art Ag-NPs. For instance, studies reporting ultra-small
(<10 nm), pure metallic Ag-NPs (Ag®) stabilized by potent reducing
agents often achieve MICs below 5 pg/ml against similar bacterial
strains [32, 33]. The higher MICs we report (e. g., 14.35 pg/ml for E.
coli, 74.17 pg/ml for E. faecalis) can be directly interpreted through
the lens of our material’s characteristics:

Unlike metallic Ag°, our Ag,0/Ag,CO; composite possesses a
semiconductor surface. The dissolution kinetics of Ag* ions from
such an oxide/salt matrix are likely slower and more controlled than
the rapid release from highly reactive metallic nanoscale silver [32,
33]. This necessitates a higher total mass to achieve the critical
intracellular Ag* concentration required for biocidal action.

DLS and FESEM data indicated aggregation, leading to a larger
effective hydrodynamic size. Aggregation reduces the total surface

area-to-volume ratio, a key determinant of Ag-NP activity.
Consequently, the concentration of “bioavailable” nanoparticles or
ion release sites at the microbial interface is lower than for well-
dispersed, monodisperse systems, explaining the need for higher
mass concentrations [33].

The citrate capping, evidenced by FTIR, ensures colloidal stability
but also forms a physical and electrostatic barrier. This layer must
be compromised via ion exchange or biomolecular adsorption
before Ag* release or direct contact can occur efficiently, potentially
delaying the onset of antimicrobial action [34].

The spectrum of activity, with Gram-negative E. coli and the fungus
T. asperellum being most susceptible, aligns with general trends for
Ag-NPs but also hints at specific interactions. The superior
sensitivity of E. coli may be attributed to its thinner peptidoglycan
layer, facilitating faster penetration of Ag* ions or ROS. The relative
resilience of E. faecalis could be due to its robust cell wall structure
and inherent tolerance mechanisms.

A critical interpretation of our results lies in the relationship
between the MICs and the ICso (~9.9 pug/ml) against HaCaT cells.
This reveals a narrow in vitro therapeutic window, particularly for
the more resistant strains like E. faecalis (MIC 74.17 pg/ml), where
the antimicrobial concentration overlaps with the cytotoxic range.
This is not an anomalous finding but a common challenge for many
potent, non-selective antimicrobial agents, including silver. The
shared mechanism induction of oxidative stress via ROS and Ag*
ionsexplain this parallel toxicity in prokaryotic and eukaryotic cells
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[35]. For translational applications (e. g, wound dressings or
coatings), this necessitates formulations that localize the
antimicrobial effect, such as through controlled release from a
polymer matrix, to protect host tissues while maintaining efficacy at
the infection site.

The observed stability in refrigerated storage, with minimal variation
in size and PDI over six months, is a significant practical strength of the
citrate-capped nanocomposite. This contrasts with reports of rapid
oxidation or aggregation in less-stabilized Ag-NP suspensions [36].
The stability can be attributed to the electrostatic repulsion provided
by the negative zeta potential from the citrate layer and the potentially
passivating nature of the oxide/silver carbonate surface itself. This
indicates that the material would retain its physicochemical, and by
extension, its functional properties during shelf storage, a vital
consideration for real-world applications.

LIMITATIONS

While this study provides valuable insights, it is not without
limitations. The primary limitation is the lack of a direct mechanistic
investigation into the ionic release Kkinetics of the Ag-NPs.
Correlating the Ag* ion release profile with the MIC data would have
provided a more direct explanation for the antimicrobial efficacy.
Furthermore, the study is limited to in vitro models, and the
translation of these findings to in vivo or clinical scenarios requires
further investigation. The stability of the positively charged F-3
formulation in complex biological fluids also remains an open
question. Future work will focus on quantifying Ag* release,
performing more detailed surface characterization (e. g., XPS) to
confirm the composition of the F-3 surface, and evaluating the most
promising formulations in advanced infection models.

CONCLUSION

Microbe management and treatment have grown to be a costly and
difficult task. As a result, antibacterial Ag-NPs have lately drawn
attention as essential nanoparticle properties. Consequently, our
results showed that spherical, cationic, and stable Ag-NPs may be
efficiently produced using trisodium citrate. As demonstrated by the
MIC and NIC, the Ag-NPs exhibited strong antibacterial activity with
reduced toxicity to HaCaT cells. The presence of metallic silver
nanoparticles is linked to the distinct UV-VIS absorption peaks at
around 407 nm. The complexation between Ag-NPs and NOs ions
was demonstrated by chemical shifts seen in the FTIR bands at
various wave numbers. The zeta potential measurements
demonstrated the great stability of the produced Ag-NPs. MIC and
NIC values, which show the strength of potential antimicrobial
actions, were recorded during the investigation. Lastly, this
approach stays away from the use of hazardous and potent reducing
agents, which offer stability over the long run. Consequently,
preventing or lowering the expense of therapy and patient
morbidity from bacterial infections associated with surgical wounds.
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