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Radiation-induced synthesis of
silver nanocomposites and their
antibacterial applications

Wenbo Liu', Dominique Fourmy?*?, Diana Dragoe?, Hynd Remita**” & Ruxandra Gref'**

The global rise of antimicrobial resistance (AMR) poses a severe threat to public health, with multidrug-
resistant pathogens undermining the efficacy of conventional antibiotics. Silver nanoparticles (AgNPs)
have emerged as promising broad-spectrum antimicrobial agents. Here, we report a gamma radiation-
assisted green synthesis of polyvinylpyrrolidone (PVP) or polyvinyl alcohol (PVA)-stabilized AgNPs,
enabling rapid, sterile production of highly pure, uniformly dispersed nanoparticles without toxic
byproducts, adapted for biomedical applications. Notably, AgNPs derived from Ag,SO, precursor
exhibited superior optical properties, and smaller homogeneous particle sizes compared to those from
conventional AGNO,. Optimized PVP-AgNPs demonstrated a well-known surface plasmon resonance
near 396 nm, with sizes in the range of 5-25 nm as observed by transmission electron microscope, and
a hydrodynamic diameter of ~33 nm. The physicochemical characterization of AQNPs was performed
via different techniques such as X-ray photoelectron spectroscopy and powder X-ray diffraction.
Importantly, PVP-/PVA-AgNPs displayed potent antibacterial activity, with minimum inhibitory
concentrations of ~1 and 1-2 mg/L against Staphylococcus aureus, respectively, and 0.5 mg/L

against Pseudomonas aeruginosa and Escherichia coli. These findings highlight the potential of green,
radiation-synthesized AgNPs as a promising platform for next-generation antimicrobial materials in
medical applications.

Keywords PVP-stabilized silver nanoparticle, PVA-stabilized silver nanoparticle, Radiolytic synthesis,
Antibacterial properties.

Antimicrobial therapy is increasingly challenged by the rise of antimicrobial resistance (AMR) and the emergence
of novel infectious pathogens, posing a severe global public health crisis exacerbated by multidrug-resistant
(MDR) infections and the rapid dissemination of resistant pathogens"?. Among these, ESKAPE pathogens,
including Staphylococcus aureus and Pseudomonas aeruginosa, have become dominant hospital-acquired
infection agents, exhibiting heightened resistance to conventional antibiotics and significantly increasing
treatment failure rates and mortality>*. The widespread misuse and overuse of antibiotics remain primary
drivers of bacterial resistance evolution. Indiscriminate antibiotic administration imposes selective pressure on
bacterial populations, accelerating the evolution and dissemination of resistance genes. As such, the excessive
use of S-lactam antibiotics has led to the rapid evolution of S-lactamases, enzymes capable of hydrolyzing the f3-
lactam ring and rendering these antibiotics ineffective>*. Furthermore, bacteria utilize horizontal gene transfer
mechanisms, like plasmids, transposons and integrons, to propagate resistance genes across different bacterial
populations, contributing to the emergence of multidrug-resistant strains further®. These adaptive mechanisms
have significantly reduced the clinical efficacy of traditional antibiotics, necessitating the development of novel
antimicrobial agents with multi-target mechanisms to effectively combat resistant pathogens.

To mitigate the AMR crisis, researchers have focused on developing alternative antimicrobial strategies that
complement or replace conventional antibiotics. A wide range of antimicrobial materials has been explored,
including polymer-based antimicrobials like quaternary ammonium salts” and guanidine-functionalized
polymers®, photoactive antimicrobial materials like antimicrobial photodynamic therapy®'?, biologically derived
antimicrobial agents like antimicrobial peptides and lysozymes!!, carbon-based nanomaterials like graphene
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oxide and carbon quantum dots!>!*>. Among these approaches, metal-based nanomaterials, particularly silver

nanoparticles (AgNPs), have attracted significant attention due to their broad-spectrum antimicrobial activity
and multiple bactericidal mechanisms, including cell membrane disruption reactive oxygen species generation,
and DNA damage!¥~1°. These multifaceted interactions significantly reduce the likelihood of bacterial resistance
development, positioning AgNPs as a promising solution for combating MDR pathogens.

Silver has long been recognized for its antimicrobial properties, with historical applications dating back
to ancient civilizations where silver vessels were used to preserve food and water!”. The advancement of
nanotechnology has further revolutionized Ag-based antimicrobial materials, expanding their applications
like coatings, wound dressings, and drug delivery systems'®!°. However, the antimicrobial efficacy of AgNPs is
highly dependent on factors like synthesis method, particle size, and the choice of stabilizing agents. Traditional
chemical reduction methods, which rely on reducing agents like sodium borohydride (NaBH,) or hydrazine,
often generate toxic byproducts that limit the biocompatibility of the resulting nanoparticles®®. While biogenic
synthesis offers an eco-friendly alternative, challenges like low yield, poor size control, and batch-to-batch
variability hinder their scalability for biomedical applications®!. Therefore, there is a critical need to develop
a green, controllable, and scalable synthesis approach for AgNPs-based materials to ensure their practical
implementation in medical applications.

Ionizing radiation-assisted in-situ reduction synthesis, particularly gamma radiation process, has emerged as
a promising method for fabricating metal nanoparticles due to its unique advantages as compared to conventional
chemical reduction methods?>?. In deoxygenated aqueous media, gamma irradiation generates highly reducing
hydrated electrons which efficiently reduce silver ions (Ag") to elemental silver (Ag), leading to the formation
of well-dispersed AgNPs with uniform size distribution?>?*-2%, Precise control over nanoparticle size and
morphology is achieved by adjusting dose rate and the irradiation conditions?*. Furthermore, radiation-assisted
synthesis method avoids the need of toxic reducing agents such as NaBH, and hydrazine as the reducing species
(solvated electrons and reducing radicals are induced by solvent radiolysis), thereby minimizing hazardous
byproducts. More importantly, gamma radiation enables the direct synthesis of AgNP composites in aqueous
and complex media, facilitating the production of biocompatible and/or biodegradable materials without the
need for post-synthesis sterilization'®?’. These advantages make radiation-synthesized AgNPs particularly
suitable for biomedical applications, including antimicrobial coatings and wound dressings?”25.

Inradiation-assisted synthesis of AgNPs, the choice of silver precursorslike silver nitrate (AgNO,), silver sulfate
(Ag,SO,), and silver perchlorate (AgClO,), as well as the selection of stabilizing agents like polyvinylpyrrolidone
(PVP), poly(3,4-ethylenedioxythiophene), chitosan, calixarenes, gelatin, carboxymethyl cellulose and polyvinyl
alcohol (PVA), significantly influence the physicochemical properties and biological performance of the
resulting AgNPs?=32. As reported previously, sulfate ions (SO,*") form Ag-SO, complexes that modulate the
reduction rate, leading to smaller and more uniformly distributed AgNPs, in contrast to widely used nitrate-
based Ag precursors®>**. Furthermore, stabilizing agents like PVP not only improve AgNPs dispersion, but also
enhance their biocompatibility, making them more suitable for antimicrobial applications®>*. Despite these
advancements, systematic studies evaluating the influence of different silver precursors and stabilizers on the
antimicrobial efficacy of radiation-synthesized AgNPs remain limited. In particular, research on their long-
term stability and antimicrobial performance in complex biological environments is still lacking, highlighting a
critical gap in the current literature.

To address these challenges, in this study gamma radiation-assisted synthesis is used to fabricate
biocompatible AgNPs stabilized by PVP or PVA in aqueous media. It systematically investigates the effects of
different silver precursors (Ag,SO,, AgNO,, AgClO,), PVP concentration, and radiation dose on nanoparticle
size, dispersion, and antimicrobial efficacy. Additionally, the study evaluates the long-term stability of AgNPs
under different storage conditions (4 °C, 25 °C, 37 °C) and assesses their antibacterial effects against both Gram-
positive (Staphylococcus aureus) and Gram-negative bacteria (Pseudomonas aeruginosa, Escherichia coli). By
addressing these critical factors, this study aims to provide a theoretical foundation and technical framework for
the development of high-efficiency, stable, and environmentally friendly AgNP-based antimicrobial materials,
produced by green gamma radiation-assisted in situ synthesis contributing to the global effort to combat
antibiotic resistance.

Methods and materials

Materials

All chemicals were reagent-grade and used without further purification. Silver salts (AgNO,, AgClO,, Ag,SO,),
isopropyl alcohol (IPA), PVA (30-70 kDa, 87-90% hydrolyzed), and PVP (40 kDa) were sourced from Sigma
Aldrich (Saint Quentin Fallavier, France). Staphylococcus aureus ATCC 27217 (S. aureus ATCC 27217) bacteria
strain was obtained from the American Type Culture Collection (ATCC). Pseudomonas aeruginosa PA14 (P
aeruginosa PA14)*” and Escherichia coli MG1655 (E. coli MG1655) and S. aureus were all grown in cation-
adjusted Mueller-Hinton-II broth (MHB-CA) (Becton, Dickinson and Company, USA) or Luria Bertani Broth
(Sigma-Aldrich). Ultrapure water (Millipore) was used as the solvent, and argon gas for degassing was obtained
from Air Liquide (France).

Radiolytic synthesis of PVP-stabilized AgNPs

The radiation-induced reduction synthesis of PVP-stabilized AgNPs (PVP-AgNPs) was conducted as follows:
A well-dispersed aqueous solution (10 mL) containing a silver salt precursor (1 mM Ag*) was prepared using
AgNO,, AgClO,, or Ag,SO,, along with PVP (100 mM, monomer concentration) and isopropyl alcohol (100 mM).
The solution was deoxygenated with argon gas for ~20 min. The synthesis was carried out using a panoramic y-
irradiation source from a ®°Co y-facility (maximum dose rate of 1.8 kGy-h~1!) at the Institut de Chimie Physique,
Orsay, France. All glassware used for handling the silver stock solution was soaked in fresh aqua regia (3:1 v/v
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HCI/HNO3) overnight and thoroughly rinsed with ultrapure water. The physicochemical properties of the PVP-
stabilized AgNPs were optimized by varying the reaction parameters like the concentration and type of silver
precursor, concentration of PVP and total radiation dose. Additionally, PVA-stabilized AgNPs (PVA-AgNPs)
were synthesized via radiation-assisted reduction methods, following our previous report'®. In this case, Ag,SO,
(2mM) and PVA (100 mM) were used instead of Ag,SO, (1 mM) and PVP (60 mM) under the same irradiation
conditions. After synthesis, both PVA-AgNPs and PVA-AgNPs were purged with nitrogen to remove dissolved
gases and stored at 4 °C for future use.

Characterization of AgNPs

The ultraviolet-visible (UV-Vis) absorption spectra were recorded using a Varian Cary 300 UV-Vis
spectrophotometer (Agilent) in the scanning range of 200 to 800 nm, with a 1.0 cm optical path length in a
quartz cuvette. Ultrapure water was used as a reference unless otherwise specified.

Powder X-ray diffraction (PXRD) was performed to analyze the crystal phase of AgNPs at the MORPHEUS
platform, Laboratoire de Physique des Solides, using an X-ray rotating anode generator (Rigaku Corp.)
equipped with multilayer optics (Xenocs SA), delivering a monochromatic X-ray beam with a wavelength of
A(Cu Ka)=1.541 A. The AgNPs were purified and concentrated using the Vivaspin tubes with a 100 kDa cutoff
(Vivaspin' 500 PES), then loaded into 1 mm borosilicate capillaries and flame-sealed. The average crystalline size
of the AgNPs was calculated using the Scherrer equation (Eq. 1)%%:

KA
D= B - cosO M

where D is the mean size of the ordered (crystalline) domains (in nm), K is the Scherrer constant (typically
0.9), A is the X-ray wavelength (for Cu Ka radiation, 1.541 A), B is the full width at half maximum (FWHM, in
radians) of the peak, and 0 is the diffraction (Bragg) angle in radians.

The morphologies of AgNPs were observed using a transmission electron microscope (TEM, JEOL 1400,
Japan). The pristine AgNPs were deposited onto a carbon film-supported copper grid and analyzed at an
acceleration voltage of 120 kV. The corresponding particle size and size distribution were measured using Image]
(version 1.54d).

The hydrodynamic diameter (Z-average, nm) was measured using dynamic light scattering (DLS) with a
Zetasizer Nano ZS (Malvern Instruments, UK) at a scattering angle of 90°. All particle size measurements were
conducted at 25 °C in manual mode, with three independent readings taken in a disposable polystyrene cell.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was used to analyze the
chemical composition of both AgNP samples within the spectral range of 4000-500 cm ™! using a PerkinElmer’
Spectrum Two FT-IR spectrometer equipped with a LiTaO, detector.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a K-Alpha spectrometer from
ThermoFisher, equipped with a monochromated X-ray Source (Al Ka, 1486.6 eV). A spot size of 400 um was
employed corresponding to an irradiated zone of ~1 mm?. The hemispherical analyzer was operated in CAE
(Constant Analyzer Energy) mode, with a pass energy of 200 eV, a step of 1 eV for the acquisition of surveys
spectrum and a pass energy of 50 eV and a step of 0.1 eV for the acquisition of narrow scan spectra. A “dual
beam” flood gun was used to neutralize the charge build-up. AgNP films were prepared on fluorine-doped oxide
(FTO) glass and stored in a vacuum prior to the measurement, enabling high-resolution surface characterization.
Spectral processing was performed using Avantage software with a peak-fitting routine incorporating Linear
background subtraction and symmetrical 30% mixed Gaussian-Lorentzian line shapes. Atomic percentages
were calculated through normalization of peak areas using Scofield sensitivity factors. The binding energy scale
was calibrated against neutral carbon at 285 eV, with a precision of £0.2 eV.

Colloidal stability of AgNPs

The short-term (12 h) and long-term (1 month) colloidal stabilities of the AgNPs were evaluated under three
storage conditions: 4 °C, 25 °C (room temperature), and 37 °C while keeping the samples under static conditions.
The optimized AgNPs, appropriately diluted (10-fold for PVP-AgNP and 20-fold for PVA-AgNP), were stored
in amber glass vials in the darkness. At different time intervals, three representative batches were withdrawn and
analyzed by UV-Vis and DLS to monitor their physicochemical properties.

Bacterial strains culture

The Gram-positive bacterial strain S. aureus ATCC 27217 and the Gram-negative bacterial strains P. aeruginosa
PA14 and E. coli MG1655 were streaked onto a Luria-Bertani agar (LBA) plate for cultivation. A bacterial culture
was obtained by isolating a few single colonies and suspending them in 3 mL of sterile MHB-CA, followed by
overnight incubation (16-18 h) at 180 RPM and 37 °C in a shaking incubator. The overnight bacterial culture
was diluted in sterile MHB-CA for preculturing to obtain bacteria in the exponential growth phase. The optical
density (OD,,) of bacteria in the growth phase was measured at 600 nm, where OD; of 1.0 corresponds to
8x10® colony-forming units (CFU)/mL. The standardized inoculum was further diluted as needed.

In vitro antibacterial evaluation of AgNPs

The minimum inhibitory concentrations (MIC) of both AgNPs were determined using a modified microdilution
method, following the International Standard ISO 20776-1 recommended by EUCAST?. Briefly, the standardized
inoculum was further diluted to 1 x 10° CFU/mL. Aliquots of each bacterial strain culture were mixed with 50
uL of MHA-CA-diluted AgNPs containing two-fold serial dilutions in a 96-well flat-bottomed microtiter plate in
technical triplicate. Additionally, the undiluted filtrates from each AgNPs suspension mixed with the same final
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bacterial density and the bacterial strain cultures with equivalent final density served as positive controls, while
MHB-CA alone was the negative control. The AgNPs suspension filtrates were centrifuged at 50 RPM for 1 h
and separated using the Vivaspin tubes with a 100 kDa of cut-off. The inoculated microtiter plate was incubated
at 37 °C in an incubator overnight (16-18 h) with no shaking. The final OD of overnight bacterial culture
was measured at 600 nm using a PerkinElmer’ Victor X5 microplate reader. The MIC is defined as the lowest
AgNPs concentration at which no visible bacterial growth is observed. Here, MIC is calculated as the lowest
concentration of AgNPs at which no significant increase in OD is observed, indicating inhibition of bacterial
growth. To determine the minimum bactericidal concentration (MBC), wells showing no visible bacterial
growth in the MIC assay were selected, and the bacterial suspensions from these wells were diluted in sterile
MHB-CA and dropped onto LBA plates. The MBC is defined as the lowest concentration of the antimicrobial
agent that causes at least a 3 log!? reduction in the number of surviving cells after incubation, compared to the
initial concentration®.

SEM observation of bacterial morphology

The morphological changes of bacterial cells in the treatment of PVA-/PVP-AgNPs were examined by scanning
electron microscopy (SEM) to evaluate surface attachment, membrane disruption, and potential intracellular
localization. S. aureus ATCC 27217 and P. aeruginosa PA14 were cultured in the medium of MHB-CA and
then standardized to 1x 10° CFU/mL. Subsequently, the bacterial suspensions were exposed to both AgNPs at
their respective MICs overnight at 37 °C. For each assay, aliquots of bacterial cells were dispensed into a 96-well
microtiter plate, followed by the addition of 200 pL of PVA-/PVP-AgNPs. The mixtures were incubated at 37 °C
for 18 h to allow sufficient interaction. After incubation, the samples were centrifuged at 6000 rpm for 5 min, the
supernatant was discarded, and the pellets were washed twice with phosphate-buffered saline (PBS) to remove
unbound AgNPs.

For SEM sample preparation, pellets were resuspended in 2.5% glutaraldehyde prepared in 0.1 M sodium
cacodylate buffer (pH 7.2) and fixed overnight at 4 °C. Post-fixation, the cells were centrifuged at 6000 rpm for
5 min, the supernatant was removed, and the pellets were washed twice with PBS. Dehydration was performed
by passing the samples sequentially through graded ethanol concentrations (30%, 50%, 70%, 80%, 90%, and
100%), followed by drying with hexamethyldisilazane. The dried specimens were mounted on silicon wafer
substrates and sputter-coated with gold for SEM imaging. Imaging was conducted with a Zeiss 1540 SEM with
an accelerating voltage of 1.5-3 kV to obtain high-resolution images.

Statistical analysis

All data were obtained from three independent experiments performed on different days, and data analysis was
then performed using OriginPro 2021. All results were expressed as mean + error bars (expressed in standard
deviation (SD)) from triplicate independent samples unless otherwise specified.

Results and discussion

Polyvinylpyrrolidone (PVP) was reported to stabilize AgNPs nanoparticles during their synthesis by various
routes, allowing control over their sizes*>3. Although non-biodegradable, PVP is a water-soluble biocompatible
polymer with low toxicity widely used for fabricating antibacterial medical materials*"*2. This study investigates
the influence of PVP (40 kDa) on the physicochemical properties of PVP-stabilized AgNP nanocomposites
prepared by radiolysis, a convenient method allowing to obtain directly sterile medical materials. The PVP-
AgNPs and PVA-AgNPs were characterized by TEM, UV-Vis spectroscopy, XPRD, XPS, and DLS particle size
analysis. Among them, PVA-AgNPs were resynthesized with a maximum dose rate of 1.8 kGy-h™!, referring
to our previously reported protocol'®. Compared to the previously synthesized ones (20.0 + 2.0 nm) at 4.25
kGy-h™!, the resynthesized PVA-AgNPs still displayed well-dispersed and uniformly spherical particles with a
size distribution of 34.3 + 4.7 nm, which confirmed by TEM images (Fig. S1). This change in size is attributed to
the decay of ®Co y-radiation source dose rate with time'®.

Radiation-induced reduction mechanism in AgQNP synthesis
The interaction of high-energy radiation (gamma rays, X-rays, electron beams, ion beams) with a polar solvent
leads to its excitation and production of various radiolytic species, in case of water?>:

H20 — e;,, HO® ,H* \H30", H203, Hz , HO2' (Reaction 1)

The radiolytic yield (G-value, expressed in mol-J™!) represents the amount of radiolytic species formed per
Joule of absorbed energy in the system?®. Hydrated electrons e, He and hydroxyl radicals (HOs) are the most
abundant and reactive transient species in the diluted aqueous solutions. e, is a strongly reducing highly
reactive species with a redox potential of — 2.8 V.24, He is a reducing radical with a redox potential
of — 2.3V ..%° whereas HO« is a strongly oxidizing radical with a redox potential of E° (HO«/H,0) = 2.73
V. o at neutral pH**%. Scavenging oxidizing species is essential for the y-radiation-assisted reduction of
silver ions. In this study, isopropyl alcohol was used as a scavenger for HO and He radicals. In the presence of a
high concentration (100 mM) of isopropanol, both radicals are quantitatively scavenged to produce isopropanol

radical (CH,),CeOH with reducing capacity (Reaction 2):

(CHs),CHOH + H® (or HO®* ) — (CHs),C® OH + Hy(or H,0) (Reaction 2)
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y-irradiation of deoxygenated, diluted Ag*-containing aqueous solutions generates in the presence of
(CHS)%CHOH two highly reactive transient species: e54 (G=2.8x1077 mol-J™") and (CH,),CsOH (G=3.4x 1077
mol-J™1). Notably, (CH,),CeOH acts as a reducing agent with a redox potential of —1.8 V... at neutral pH 2%,

Upon yp-irradiation, Ag* in the deoxygenated diluted aqueous solution is quantitatively reduced by
(CH,),CeOH and e, forming silver atoms that further aggregate into Ag clusters or nanoscale silver species
(Egs. 2, 3, and 4). The reduction reaction process leading to AgNP formation is detailed in the reactions (3)-(9),
as previously described!®#2246, Specifically, e, produced by the radiolysis of water is highly reducing and can
efficiently convert Ag* in solution to their elemental form. In addition, it is worth noting that the reduction of
silver ions can also occur through the formation of a complex in which the metal ion is coordinated by an alcohol

radical, serving as a ligand (reactions 10 and 11)?233,
Agt + €aq — Ag® (Reaction 3)
Ag’ + Ag” — Ag, (Reaction 4)
Ag’ + Agt — Agh (Reaction 5)
Ag, + Agt — AgLrl (Reaction 6)
Agiﬂz + AgZiy - Ag;iz (Reaction 7)
Agzﬂ +eaq = Ag, (Reaction 8)
Ag" + (CH;),C* OH — Ag® + (CH3),CO + H* (Reaction 9)
Ag" + (CH3),C* OH — [Ag(CH3),C* OHJ™ (Reaction 10)
[Ag(CH3),COH]" + Ag" — Agj + (CH3),CO + H" (Reaction 11)

In this study, PVP serves as a surface stabilizer and dispersant. When reacting with reducing species such as €aq,
PVP might undergo intramolecular or intermolecular cross-linking thus forming a multidimensional polymer
network, which prevents the aggregation of AgNP by lowering the surface tension (Reaction 12)*.

PVP + e;q — PVP® — PVP — PVP (Crosslinked polymer) (Reaction 12)

The irradiation dose D (measured in Grays, where 1 Gy=1 J/kg or 1 J/L for a diluted solution), required for the
quantitative consumption of a species in the irradiated aqueous medium, depends on the species’ concentration
(C) and the radiolytic yield (G). This relationship is expressed as follows:

D (Gy) =C (mol - L™") /G (mol - J71) )

All Ag* ions at 0.5 mM are theoretically reduced under deoxygenated aqueous conditions, enabling the
quantitative synthesis of AgNPs at a total radiation dose of 1.0 kGy in the presence of isopropanol (Eq. 2).

Influence of silver precursors on AgNP growth

The irradiated silver solutions are brown and the UV-Vis spectra of diluted PVP-AgNP aqueous suspensions
obtained with different silver salt precursors (Ag,SO,, AgNO,, and AgClO,) were recorded (Fig. 1). The AgNPs
exhibited significant variations in both the position (Ag,,) and intensity of the absorption peaks corresponding
to surface plasmon resonance (SPR). The absorption peaks, observed at around 400 nm for all prepared
AgNPs, correspond to the well-dispersed orange-colored sample solutions shown in the inset. These peaks are
characteristic of the SPR of AgNPs (Fig. 1)

As shown in Table 1, PVP-AgNP synthesized from Ag,SO, (denoted as PVP-AgNP, ... ,) exhibited the
strongest absorption peak at 399.3+2.2 nm with an absorbance of 0.72+0.10, measured at the same initial
silver ion concentration across all silver precursors (Ag,SO,, AgNO,, and AgCIO,) used in this experiment.
The presence of a single absorption peak in the UV-Vis spectrum suggests a homogeneous size distribution
and small particle size, as confirmed by TEM (Fig. 2). In the TEM images, spherical PVP-AgNP, ., particles
ranged from 5 to 20 nm in size, with a mean diameter of 45+4 nm. Additionally, the lower full 'width at half
maximum (FWHM) and polydispersity index (PDI) of PVP-AgNP Ag2504 indicate better dispersibility compared
to PVP-AgNP, s and PVP-AgNP, ... Moreover, both PVP-AgNP, o3 and PVP-AgNP, ., exhibited
secondary absorption peaks in the range of 500-600 nm in the UV-Vis spectrum, indicating two distinct particle
size distributions. Both PVP-AgNP, ... and PVP-AgNP, ., contain large particles (40-60 nm), as indicated
by their high PDI of 0.53 +0.05 and 6.57+0.09, respectively (Figs. 1 and 2, and Table 1).

Thus, in radiation-induced AgNP synthesis, the type of silver salt precursor significantly affects both the
mean particle size and the particle size distribution. Meanwhile, previous pulse radiolysis studies using Ag,SO,
and AgCIO, salts have demonstrated that sulfate ions (SO,*") facilitate the disappearance of Ag, by forming
complexes with Ag,*, promoting aggregation and leading to the formation of larger silver clusters or colloidal
silver, compared to perchlorate ions (ClO,")***%. Therefore, sulfate ions play a significant role in regulating
the growth Kinetics and size distribution of AgNPs. More importantly, SO,*~ and ClO,~ do not react with
radiolytically generated species, unlike nitrate ions'®. The AgNP samples obtained from AgNO, precursor showed
broad size distribution, which may be due to differences in the reduction rate induced by the consumption
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Fig. 1. Ultraviolet-visible absorption spectra of a y-irradiated AgNP aqueous suspension diluted 10-fold in
ultrapure water, showing the effects of different silver precursors at the silver ionic concentration of 1 mM:
Ag,S0,, AgNO,, and AgClO,. Optical path length is 1.0 cm. Inset: Corresponding optical images of pristine
PVP-AgNP samples.

DLS size (nm)
Silver precursor | Absorbance (+SD) | A, (nm) (+SD) | FWHM (nm) (+SD) | (+SD) PDI (+SD)
AgZSO4 0.72+0.10 399.3+2.2 51.5+5.6 45.2+4.6 0.47 £0.05
AgNO3 0.36+0.04 403.3+£2.6 56.0+4.2 34.6+8.8 0.53+0.05
AgClO4 0.54+0.01 401.3+1.5 54.7+5.8 58.5+12.7 0.57+0.09

Table 1. Comparison of absorbances and absorption peaks (A, nm) corresponding to the surface plasmon
resonance, full width at half maximum (FWHM, nm), DLS particle size (nm), and polydispersity index (PDI)
of PVP-AgNPs (10-fold diluted in ultrapure water) synthesized using different silver precursors (Ag,SO,,

AgNO,, and AgCIO,).
i R e R AR S .
ot Ag,50, -AgNO,
sEEe e . By ;
e 0% 2 S LAY G
S e , Sanl
o E Sl "
28 T . 5. sy p
Ga s Bu & s ..v : : » : i, ‘ . 5
B0 s S ¢
g e 3 fo . L
= % " S o b 2} (,q, § . )
z e - y
o . ..Lk. . o 5 “
. G ke :
h 2 e : e
1100 nm = s . 100 nm .
0.20
b Ag2SO4 0.75{ AgNO3 0.75-
a0.16- 50501 go.so-
H o
@ - 3
§0.1z- 30.45 | 8 0.45-
= & &
3 s 2
> > 2
£ 0.08 £0.30 £ 0.30-
k| K K
s e 2
3 @ ©
0.04- 0.15- 0.15-
0.00- . . . . 0.00- - ; . . 0.00- . - . x
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Diameter <d> (nm)

Diameter <d> (nm)

Diameter <d> (nm)

Fig. 2. (a) Transmission electron microscopy (TEM) images and (b) size distribution histograms of PVP-
AgNPs synthesized using different silver precursors (Ag,SO,, AgNO,, and AgCIO,) with a silver ionic
concentration of 1 mM. The scale bar in the TEM images represents 100 nm.
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Fig. 3. (a) UV-Vis absorption spectra of a y-irradiated AgNP aqueous suspension, 10-fold diluted in ultrapure
water, recorded as a function of the concentration of silver ions derived from silver sulfate ([Ag*]) ranging
from 0.5 mM to 2.0 mM. Optical path length is 1.0 cmn. Inset: corresponding optical images of pristine PVP-
AgNP samples. (b) TEM images and (c) size distribution histograms of PVP-AgNPs as a function of [Ag*]

ranging from 0.5 mM to 2.0 mM. The scale bar in the TEM images represents 100 nm.

Agpg (nm) | FWHM (nm) | DLS size (nm)
[Ag*] (mM) | Absorbance (+SD) | (+SD) (£SD) (+SD) PDI (+SD)
2.0 1.88+0.02 416.0+2.8 | 70.5+2.1 74.1+£8.5 0.23+0.04
1.5 0.90+0.01 426.5+2.1 | 86.5+0.7 63.1+£3.9 0.31+0.03
1.0 0.70+0.07 398.3+1.3 | 51.8+£5.6 45.2+4.6 0.47+0.05
0.5 0.42+0.01 396.3+0.6 | 70.7£5.1 32.5+2.2 0.59+0.03

Table 2. Comparison of absorbances, absorption peaks (Aspp, nm), full width at half maximum (FWHM,
nm), DLS size (nm), and PDI of PVP-AgNPs (10-fold diluted in ultrapure water) as a function of silver ion
concentration ([Ag*]) ranging from 0.5 mM to 2.0 mM.

of some ez, by NO, '8, In this study, AgNPs synthesized from Ag,SO, exhibited good dispersion, uniform
particle distribution, and smaller particle size, making them more suitable for medical applications, particularly
in antimicrobial treatments.

Influence of silver ion concentration on AgGNP formation

The UV-Vis spectra of diluted PVP-AgNP aqueous suspensions were recorded in the range of 300-800 nm
as a function of silver ion concentration, using Ag,SO, as the silver precursor (Fig. 3a). The absorbance in
the surface plasmon resonance region increased significantly from 0.42 + 0.01 to 1.88 + 0.02, as the silver ion
concentration ([Ag*]) increased from 0.5 mM to 2.0 mM (Table 2). This increase suggests a greater formation
of nanoparticles in the suspension. This is visually represented in the inset of Fig. 3a, showing the PVP-AgNP
suspension darkening as the silver ion concentration increases. Additionally, when [Ag*] concentration
increases, the absorption peak (Agp,) of AgNPs gradually red-shifts from 396.3 + 0.6 nm to 416.0 + 2.8 nm,
which suggests a progressive increase in the AgNP particle size!. This tendency is consistent with that observed
in the TEM images, which shows that PVP-AgNP size increases from 5 to 25 nm at 0.5 mM to 20-60 nm at 2.0
mM (Figs. 3b, c). When the [Ag*] concentration exceeds 1 mM, the absorption peaks A, of PVP-AgNP appear
around 420 nm. These peaks are accompanied by broad full width at half maximum (FWHM) values of 70.5 +
2.1 and 86.5 + 0.7 nm, along with larger hydrodynamic particle sizes of 74.1 + 8.5 and 63.1 + 3.9 nm (Table 2).
Notably, the 1.5 mM concentration exhibited a broader size distribution, with diameters ranging from 5 nm to
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70 nm, indicating a mixture of very large and small particles (Fig. 3c). In contrast, at [Ag*] below 1 mM, AgNPs
remained well-dispersed with minimal aggregation, maintaining consistently small sizes, as confirmed by TEM
images. At [Ag*] of 0.5 mM, silver clusters exhibited good dispersibility and small particle sizes, possibly due to
the strong steric hindrance of the PVP polymeric layer!.

In conclusion, silver ion concentration significantly affects the size, distribution, and optical properties of
PVP-AgNPs during the radiation reduction process. Higher concentrations lead to larger particles and broader
distributions, while lower concentrations result in smaller, well-dispersed particles.

Role of PVP in controlling AgNP size

In this part, we systematically investigated how PVP concentration influences the controlled synthesis of AgNPs,
focusing on its impact on particle morphology, size distribution, optical properties, and dispersibility. The UV-
Vis absorption spectra of diluted PVP-AgNP aqueous solutions, recorded as a function of PVP concentration
using Ag,SO, as the precursor at 0.25 mM in the range of 300-800 nm, are shown in Fig. 4a. PVP concentration
significantly influences AgNP synthesis, affecting particle morphology, size distribution, and surface plasmon
resonance behavior. The UV-Vis spectra in Fig. 4a show that SPR peak intensity around 400 nm increases
as PVP concentration rises from 20 mM to 100 mM. This suggests that higher PVP concentrations provide
better control over the silver ion reduction process and silver cluster growth, resulting in more uniform
particles. Additionally, TEM images and corresponding particle size distributions further confirm that as PVP
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Fig. 4. UV-Vis absorption spectra of y-irradiated AgNP aqueous suspension, recorded after 10-fold dilution in
ultrapure water, as a function of (a) PVP concentration ranging from the monomer concentration of 20 mM to
100 mM at the total radiation doses of 2.0 kGy and (b) total radiation doses ranging from 0.25 kGy to 4.0 kGy
at the PVP concentration of 60 mM. Optical path length is 1.0 cm. Inset: Corresponding optical images of
pristine PVP-AgNP samples. (c) TEM images and (d) size distribution histograms of PVP-AgNPs separated
using the Vivaspin tube with a 100 kDa cutoft, as a function of PVP concentration ranging from the monomer
concentration of 60 mM to 100 mM at the total radiation doses of 2.0 kGy. The scale bar in the TEM images
represents 100 nm.
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concentration increases, particle size gradually decreases, and size distribution becomes slightly narrower,
highlighting PVP’s regulatory role in particle morphology and uniformity (Fig. 4c and d and Fig. S2). As PVP
concentration increases from 20 mM to 100 mM, the FWHM of the SPR peak plateaus within the 40-80 mM
range, while the absorption coefficient increases. This suggests that high PVP concentrations lead to a narrower
size distribution and improve particle quality and yield. Meanwhile, the absorption peak position (1) remains
stable at approximately 400 nm, suggesting that concentration changes have little effect on the nanoparticles’
optical properties. DLS analysis shows that as PVP concentration increases, the hydrodynamic diameter of PVP-
AgNPs gradually decreases (Fig. S2). This indicates that higher PVP concentrations prevent particle aggregation,
thereby enhancing dispersibility. In the light of these findings, a PVP concentration of 60 mM was selected for
further studies as the best compromise between minimizing PVP usage in the synthesis and obtaining PVP-
AgNPs with optimal physicochemical properties.

Impact of radiation dose on AGNP growth

As previously mentioned, the total radiation dose plays a crucial role in AgNP synthesis, primarily affecting
particle size, dispersibility, and optical properties. Thus, the UV-Vis absorption spectra of diluted AgNP aqueous
solutions were recorded in the range of 300-800 nm as a function of total radiation dose (Fig. 4b). As the
radiation dose increases from 0.25 kGy to 4.0 kGy, the absorbance of AgNPs gradually rises before stabilizing.
This suggests that higher radiation doses significantly enhance the reduction and nucleation rates of silver ions
(Ag"), leading to increased AgNP formation®2. However, when the dose exceeds 1.5 kGy, the absorbance increase
slows with increasing dose, likely due to the near-complete reduction of silver ions and depletion of Ag* in the
reaction mixture.

Shifts in the absorption peak position (Ag,,) provide insights into particle size trends. At doses < 1.0
kGy, Ay gradually redshifts, indicating the formation of larger particle, as indicated by the appearance of
a second absorption peak for the irradiation doses of 0.5 and 1.0 kGy (Fig. 4b). When the dose exceeds 1.0
kGy, Agpp stabilizes, suggesting a slowdown in particle growth. Combined with DLS results, higher radiation
doses result in the complete reduction of silver ions, leading to the formation of silver clusters or AgNPs, with
PVP-stabilized AgNPs eventually reaching a steady state. The optimized and well-dispersed AgNPs exhibit a
hydrated particle size of ~ 33 nm and a PDI of ~ 0.57 (Figure S3). Interestingly, the total radiation dose required
to reduce silver ions at 0.5 mM deviates from theoretical predictions. This discrepancy may be explained by
infrared spectroscopy findings, which suggests that the PVP polymer can react with the radicals induced by
solvent radiolysis. This process likely enhances intra- and intermolecular hydrogen bonding, contributing to the
formation of a multidimensional polymer network®.

Structural and chemical characterization of AgNPs

Powder X-ray diffraction (PXRD) was performed to analyze the crystal structure of AgNPs synthesized in the
aqueous solution (Fig. 5). Two distinct peaks at 37.1° and 44.3° (20) correspond to the [111] and [200] crystal
planes in both AgNP samples. These findings confirm the crystallinity of the AgNPs, with face-centered cubic
(fec) structure of AgNPs>, as referenced in the file No. 04-0783 of the Joint Committee on Powder Diffraction
Standards (JCPDS) (Fig. 5a). The average crystalline sizes (in diameter) of optimized PVA-AgNPs and PVP-
AgNPs, estimated from the [111] peak using the Scherrer equation, are ~ 9.5 nm and ~ 9.0 nm, respectively®.

ATR-FTIR spectra recorded from 4000 to 500 cm™ ! provide chemical insights into the as-prepared PVP- and
PVA-coated AgNPs. The FTIR spectrum of PVP-AgNPs (Fig. 5b) shows C-H stretching vibrations (Vas(F—H)
and VS(OH)) and bending vibrations from the -CH,-CH- and -CH, groups at 2949, 2919, and 2881 cm™!, as
well as peaks between 1493 and 1227 cm™. In PVP-AgNPs, these C-H peaks shift slightly to 2963, 2922, and
2881 cm™!, along with peaks between 1494 and 1229 cm™!. These shifts likely result from coordination between
nitrogen and oxygen in the PVP polymer and silver in PVP-AgNPs?". The C = O resonance peak in the lactone
amide of PVP on AgNPs shifts slightly from 1656 (free PVP) to 1654 cm™'°. The stretching vibration of the C-C
bond in the PVP skeleton chain changed to varying degrees; specifically, v, . , at 895 cm™, assigned to PVP
alone, shifted to 881 cm™! in PVP-AgNPs. Notably, the characteristic resonance peaks of the C-N bonds in the
tertiary amine group, which were originally observed at 1167, 1102, and 1071 cm™ ! for the lactone amide of PVP
alone, showed significant shifts to 1170, 1089, and 1049 cm~!in PVP-AgNPs. This change can be attributed to
the high affinity of nitrogen in PVP, which has multiple lone electron pairs that interact strongly with silver in
PVP-AgNPs>. The broad resonance peak of PVP at 3454 cm™ likely arises from absorbed water molecules
and intermolecular hydrogen bonding. However, in the case of PVP-AgNPs, the corresponding peak for the
stretching vibration of the O-H bond has shifted in both position and wavenumber. This change is likely due to
increased intermolecular hydrogen bonding resulting from PVP chain crosslinking during ionizing radiation
(Fig. 5b)*”. Given the theoretical total radiation dose required for silver reduction, this evidence suggests that
PVP chain crosslinking consumes a portion of the hydrated electrons generated by the radiolysis of water
molecules.

The FTIR spectrum of PVA-AgNPs (Fig. 5¢) shows an O-H stretching vibration at 3287 cm™!, characteristic
of polymeric O-H stretching and hydrogen bonding, likely arising from intramolecular and intermolecular
interactions in the PVA polymer. This peak shifts to 3298 cm™ in PVA-AgNPs. Interestingly, the stretching
vibration of the C-O bond in the PVA skeleton chain shifted from 1088 to 1022 cm™! to 1086 and 1046 cm™!
in association with PVA-AgNP. This change is probably due to the coordination bonding between the oxygen in
PVA and the silver in AgNP**. The C-H bond stretching vibrations (v, _;) and v, ) from the ~-CH,-CH-
group in the PVA polymer skeleton exhibited slight shifts, moving from 2938 to 2909 cm™ ! to 2940 and 2913
cm™ !, which correspond to PVA-AgNPs?’.

The surface chemical states and elemental composition of silver nanoparticle (AgNP) films stabilized with
PVA and PVP were systematically investigated by employing X-ray photoelectron spectroscopy. Survey spectra
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Fig. 5. Physicochemical characteristics of optimized PVP-AgNP and PVA-AgNP, in which PVP-AgNP was
optimized in the condition of silver ionic concentration of 0.5 mM [Ag,SO,], PVP monomer concentration
of 60 mM and total radiation dose of 2 kGy, and PVA-AgNP was optimized in the condition of silver ionic
concentration of 2.0 mM [Ag,SO,], PVA monomer concentration of 100 mM and total radiation dose of

4.5 kGy. (a) PXRD patterns of as-prepared PVP-AgNP and PVA-AgNP in liquid phase, and further purified
using a Vivaspin tube with a 100 kDa of cut-off. ATR-FTIR spectra of: (b) PVP-AgNP and PVP polymer alone
and (c) PVA-AgNP and PVA polymer alone, recorded in the wavenumber range of 4000-500 cm™. (d) XPS
survey spectra analysis of PVP-AgNP and PVA-AgNP. Core-level spectra and chemical state assessment of (e)
Ag3d, (f) C1s, (g) O 1s in PVA-AgNP and (h) N Is (i) Ag 3d, (j) C 1s, (k) O 1s in PVP-AgNP.

demonstrated prominent signals corresponding to Ag, O, and C elements in both samples, while a distinct N 1s
peak, attributed to the pyrrolidone moiety in PVP, was observed exclusively in PVP-AgNPs. These observations
confirm the successful functionalization of AgNPs with each polymer.

Core-level Ag 3d spectra for both PVA- and PVP-stabilized AgNPs revealed characteristic spin-orbit doublets
at 368.1 eV for Ag 3d,,, and 374.1 eV for Ag 3d,,,, with a splitting step of 6.0 eV, indicating the presence of
metallic silver (Figs. 5e, i)*°. Notably, metallic Ag (0), accounting for 82.7%, is the main chemical state on the
PVA-stabilized AgNPs, indicating that the PVA coating has excellent antioxidant protection. To further support
the identification of metallic silver in AgNPs, the Ag Auger (MNN) spectra in Figure S4d show kinetic energies
and Auger parameters consistent with metallic Ag, confirming its predominant chemical state®”. Additionally,
in the case of C 1s core level spectrum of the PVA-AgNP (Fig. 5f), four peaks are considered to be C-C/C-H
(284.8 eV), C-0 (286.3 V), C= 0 (287.8 V), and O-C = O (289.3 eV). Among them, the O-C = O peak at ~
289.3 eV originates from the incompletely hydrolyzed pure PVA polymer (87-90% hydrolyzed) (Figure S4b).
Additionally, partial oxidation of the hydroxyl groups during film formation contributed to the C = O signal.
The O 1s core-level spectrum (Fig. 5g) shows that in addition to the main O-H peak at 532.3 eV, the Ag-O
peak at 530.4 eV, accounting for 4%, further indicates the formation of coordination bonds or other interactions
between Agand the functional groups in the PVA molecules, and may partly come from the Ag,O on the surface
of the PVA-AgNP film, considering that XPS is a surface-sensitive spectroscopic technique®®2. In the case of
PVP-AgNP, the proportion of the Ag-O peak reaches 77.9%, which is probably attributed to the formation of
strong coordination bonds or other interactions between Ag and the carbonyl groups in the PVP molecules,
as well as the oxidation process of the PVP-AgNP film formed by the smaller particles of PVP-AgNP¢L. Also,
subsequent long-term stability measurements showed that the colloidal stability of PVP-AgNP is weaker than
that of PVA-AgNP (Fig. 5). The core-level C spectrum of PVP-AgNP was considered into C-C/C-H (284.8 V),
C-N (285.9 ¢V), C-C = O (287.6), and C = O (286.4 eV) of different carbon chemical states in PVP (Fig. 5j).
These peaks shifted slightly compared to pure PVP molecules, reflecting the structural characteristics of PVP
and its interaction with Ag clusters’ surface®®. Additionally, the presence of organic oxygen species and Ag,0
was further confirmed by the O 1s spectrum. The peak at ~ 531.8 eV was attributed to the carboxyl oxygen (C
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= O) in the PVP molecule, which was shifted to be higher binding energy compared to the carboxyl (C = O)
oxygen in pure PVP (531.3 eV), indicating that the electron density around the carboxyl (C = O) oxygen was
reduced®. The N (1s) peak of PVP-AgNP at 399.5 eV was slightly and negatively shifted compared to that in pure
PVP molecules, indicating that the N atom was affected by the final state effect of the core silver clusters®. In
conclusion, different surface chemical environments imparted by different stabilizers are expected to affect the
physicochemical properties of AgNPs and their potential applications in antimicrobial activity and other areas.

Colloidal stability of AgNPs

Assessing the colloidal stability of AgNPs under different temperatures, including low and physiological
conditions, is essential for understanding their biomedical performance and optimizing storage and
transportation. Flattened waterfall plots of UV-Vis spectra for optimized PVP-AgNP and PVA-AgNP in short-
term (12 h) and long-term (1 month) stability tests are shown in Fig. 6, where both samples were stored in
amber glass under ambient air conditions. These plots illustrate the colloidal stability of AgNPs under different
temperatures and incubation times, highlighting their dynamic changes. The results indicate that temperature
is a key factor affecting AgNP colloidal stability. In short-term stability tests, both PVP- and PVA-stabilized
AgNPs remained highly stable at 4 °C, as indicated by relatively constant absorbance and a stable maximum
absorption peak. This suggests good dispersion and colloidal stability at 4 °C. In contrast, absorbances of both
AgNPs slightly decreased at 25 °C and 37 °C, and the maximum absorption peak redshifted gradually, with more
pronounced effects at 37 °C for PVP-AgNP. DLS measurements confirm that the hydrodynamic diameter and
PDI values increased significantly at 37 °C (Figs. S5, S7), indicating substantial NP aggregation or degradation,
which can be attributed to temperature-induced factors such as enhanced surface atom mobility leading to
particle agglomeration and oxidative processes reducing nanoparticle stability®>®”.

In long-term stability tests, higher temperatures had a more pronounced negative impact on colloidal
stability. At 4 °C, both absorbance at Ag,; and hydrodynamic diameters remained stable (Figs. S6, S8). In
contrast, the absorbance declined significantly over time at 25 °C and 37 °C. Particularly, at 37 °C, the absorption
peak for PVP-AgNP dropped sharply and redshifted slightly, suggesting potential particle degradation or
reorganization®. These findings suggest that at elevated temperatures, stabilizing agents (PVP or PVA) may
partially lose effectiveness, reducing electrostatic repulsion and steric hindrance between particles'*’. Overall,
the findings demonstrate that AgNPs exhibit optimal colloidal stability at low temperatures (4 °C), while higher
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Fig. 6. Ultraviolet-visible absorption spectra presented as flattened waterfall plots, illustrating the colloidal
stability of (a-c) PVP-AgNP aqueous suspensions (10-fold diluted in ultrapure water) and (d-f) PVA-AgNP
aqueous suspensions (20-fold diluted in ultrapure water) as a function of incubation time at three different
temperatures of 4, 25, and 37 °C from left to right.
Scientific Reports|  (2025) 15:40570 | https://doi.org/10.1038/541598-025-24235-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

=~ 1.0
S X PVA-AgNP 14 =10 -

a S S. aureus | PVP-AgNP b g PA 14 B PVA-AGNP c S E. coli I PVA-AgNP
S - 812 B PVP-AgNP 2 [ PVP-AgNP
S 0.8 o o
= o Qos
c E 1.0 §
S 064 e So6
2 Sos -

S ® ®
>
£ o4 208 Zoa
: £o04 2
2 02 Ch 202
2 802 3
3 b b
0.0 8 o
N P oA%02505 4 2 A 8 16 2 0.0 0.0
A“ Nl:co:centration (mglL) ¥ N P oA02505 4 2 A B 46 32 N P oA02505 A 2 A B 46 32
9 9 AgNP concentration (mg/L) AgNP concentration (mg/L)
10 10
d S. aureus [ PVA-AGNP e 7] Pa1a  mmrvaagne]  f E.coli W PVAAGNP
s I PVP-AgNP © [ PVP-AgNP © ~ [ PVP-AgNP
3 g6 g8
3 K3 ]
@ Q5 2
s ° @4
© r-3 e
£ 4 3
5 2 %
- _J° 3 © 4 -
E E £
z 22 2
o g! g: 2
5 3
0 == 0
2 4 8 16 32 0.5 1 2 4 8 05 1 2 4

AgNP concentration (mg/L)

AgNP concentration (mg/L) AgNP concentration (mg/L)

14

Fig. 7. Comparative antibacterial activity of PVA-AgNP and PVP-AgNP against S. aureus ATCC 27217 (a, d),
P aeruginosa PA14 (b, e) and E. coli MG1655 (c, f) based on optical density (OD,) and viability assays. “N”
denotes the negative control (MHB-CA broth alone), while “P” represents the positive control (bacterial
culture without treatment).

PVA-AgNP PVP-AgNP

MIC,, | MIC, ; | MIC, , | MIC__  |MIC  |MIC,  |MIC,, |MIC .
S. aureus ATCC 27217 | 2 1 1 1~2 1 1 1 1
P. aeruginosa PA14 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
E. coli MG1655 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Table 3. Comparative analysis of minimum inhibitory concentration (MIC, mg/L) of PVA-AgNPs and PVP-
AgNPs against S. aureus ATCC 27217, P. aeruginosa PA14 and E. coli MG1655.

PVA-AgNP PVP-AgNP

MBC,, | MBC, , | MBC, , | MBC . (MBC, |MBC, 6 |MBC,, 6 |MBC
S. aureus ATCC 27217 | 16 16 16 16 16 8 16 8~16
P. aeruginosa PA14 2 2 1 1~2 2 2 1 1~2
E. coli MG1655 1 4 1 1~4 1 2 2 1~2

Table 4. Comparative analysis of minimum bactericidal concentration (MBC, mg/L) of PVA-AgNPs and PVP-
AgNPs against S. aureus ATCC 27217, P. aeruginosa PA14 and E. coli MG1655.

temperatures promote destabilization and/or degradation. At high temperatures, PVP-AgNPs exhibit lower
colloidal stability than PVA-AgNPs, likely due to their smaller particle size and lower stabilizer content.

Antibacterial activity of AgNPs

In this study, antimicrobial efficacies of two AgNP nanocomposites (PVA-AgNP and PVP-AgNP) were
systematically evaluated against three different bacterial strains as models (S. aureus ATCC 27217, P. aeruginosa
PA14, and E. coli MG1655) at the NPs’ concentration ranging from 0.125 to 32 mg/L (Fig. 7; Tables 3 and 4).
Bacterial growth and viability under the treatment of AgNP nanocomposites were assessed using optical density
(ODy,,) and bacterial viable count (log CFU/mL) measurements, respectively. Antibacterial activities across
three bacterial strains revealed a clear dose-dependent antibacterial effect exhibited by both AgNPs.
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As shown in Figs. 7a-c, the OD, values, indicative of bacterial growth, decreased significantly with
increasing concentrations of AgNP composites. For the pathogenic Gram-positive strain S. aureus ATCC 27217,
complete growth inhibition was achieved at 1 mg/L for PVP-AgNP and 1-2 mg/L for PVA-AgNP (Table 3). In
contrast, lower minimum inhibitory concentrations of 0.5 mg/L were observed for Gram-negative strains of P
aeruginosa PA14 and E. coli MG1655 (Table 3).

Both PVP-AgNPs and the larger PVA-AgNPs exhibited stronger inhibitory effects on Gram-negative bacteria
at lower concentrations, likely attributable to the contrasting architecture of the bacterial cell envelope between
Gram-positive and Gram-negative bacteria, as illustrated in Fig. 8. Specifically, Gram-negative bacteria are
protected by a dual-membrane system comprising an outer membrane densely packed with lipopolysaccharide
(LPS) and interspersed with porins, as well as an underlying thin peptidoglycan layer (2-3 nm)®. This could
facilitate the adhesion of the nanoparticles to the surface of Gram-negative cells, resulting in a locally elevated
Ag" concentration at the outer membrane interface®.

Furthermore, in previous colloidal stability tests, PVP-AgNPs with a higher specific surface area than the
PVA-AgNPs were observed to be more susceptible to destabilization at 37 °C. Such instability may further
accelerate the release of silver ions. Once released, Ag* could traverse the 1-2 nm porins, entering the periplasmic
space. After crossing the thin peptidoglycan barrier, Ag* could exert an antibacterial action by interfering with
respiratory enzymes and generating reactive oxygen species’®’!. By contrast, Gram-positive bacteria lack an
outer membrane but possess a substantially thicker and highly porous peptidoglycan layer (> 20 nm) interwoven
with teichoic acids that could impede AgNPs penetration. Additionally, teichoic acids could further chelate
silver ions within the cell wall, delaying their arrival at the cytoplasmic membrane’". For instance, interactions
between green-synthesized AgNPs (G-AgNPs, using leaf extracts) and pathogenic bacteria were investigated
by atomic force microscopy’?, revealing that G-AgNPs accumulate on bacterial surfaces via electrostatic or
hydrophobic interactions, triggering oxidative stress and metabolic collapse. Notably, G-AgNPs demonstrated
selective affinity for Gram-negative bacteria like E. coli, where nanoscale penetration and increased membrane
roughness critically compromise structural integrity. In contrast, the thick peptidoglycan layer of Gram-
positive bacteria like S. aureus impedes nanoparticle penetration, necessitating higher AgNP concentrations for
bactericidal activity.

The dose-dependent bactericidal effects of both AgNPs were further corroborated by plate-counting assays
(Figs. 7d-f). These results also highlighted the impact of structural differences between Gram-positive and
Gram-negative bacteria on their susceptibility to AgNPs. For S. aureus ATCC 27217 system, treatments with
PVA- and PVP-AgNP at 16 mg/L and 8-16 mg/L, respectively, reduced the viable bacterial counts by three
orders of magnitude, compared to the initial bacterial density (Table 4). At higher concentrations, both materials
achieved complete eradication of the bacteria. For P. aeruginosa PA14 and E. coli MG1655 (Figs. 7e, f), significant
reductions in viable bacteria were observed even at 2 mg/L, as evidenced by the substantially lower bacterial
counts compared to the initial density. Notably, PVP-AgNP demonstrated slightly higher bactericidal efficacy at
lower doses than PVA-AgNP, potentially due to its smaller nanoparticle size facilitating enhanced penetration
into Gram-negative bacteria and Gram-positive bacteria employed in this study (Fig. 8)'>7>. Besides, previous
investigations have shown that smaller AgNPs show higher antibacterial activity than larger ones. While AgNPs
of 20-80 nm mainly act via oxidative dissolution and Ag* release, 10 nm AgNPs exhibit markedly greater toxicity
against E. coli. Their reduced size allows closer contact with bacterial cells, enhancing internalization, silver ion

L]

% . OH

NN,

O - n
PVP-AgNPs o  — L

— . (PVA)

gpolysagcharid@s
t‘('l‘l ‘(‘(‘(‘( «“(“"‘(‘(‘(‘(‘(“V Outer membrane

g Lipoproteins g
= H3
3 Peptidoglycan g
2 2
¢ ©w

. ——— Periplasmic space Protein
W thoPlasmic W
membrane
Gram-negative Gram-positive

Fig. 8. Schematic representation of the proposed size-dependent antibacterial mechanisms of PVP- and
PVA-stabilized AgNPs. Smaller AgNPs (TEM insets) are presumed to penetrate more easily through the outer
membrane/porins and thin peptidoglycan layer of Gram-negative bacteria. In contrast, in Gram-positive
bacteria, the thick peptidoglycan layer hinders nanoparticle access.
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Fig. 9. SEM comparison of ultrastructural alterations in S. aureus and P. aeruginosa following exposure to
different AgNPs at their respective MICs. (a) Control group; (b) Treated with PVP-AgNPs; (c) Treated with
PVA-AgNPs. The scale bar in the SEM images is 200 nm.

release, and free radical generation. This size-dependent effect makes smaller AgNPs more efficient at disrupting
bacterial cells®®7274,

Besides, additional antibacterial investigation of non-AgNP components in the composites confirmed that
the broad-spectrum antimicrobial activity of both PVP-AgNP and PVA-AgNP against all three strains originated
exclusively from the AgNP fraction (Figure S9). Furthermore, although the optical scattering effect of silver
nanocomposites at high concentrations led to elevated OD, values associated with bacterial density, bacterial
growth was fully suppressed at these concentrations, as evidenced by CFU data.

SEM observation of bacterial morphology

SEM was employed to observe the possible morphological alterations in the bacterial cells. As shown in Fig. 9,
SEM images reveal distinct morphological alterations in both S. aureus and P. aeruginosa following exposure
to PVP-AgNPs and PVA-AgNPs, respectively, compared with untreated controls. Untreated S. aureus and P.
aeruginosa displayed characteristic intact morphologies (Fig. 9a): S. aureus in the control group exhibits smooth,
complete grape-like cocci while P. aeruginosa possesses uniform rods with continuous, undamaged surfaces.
In contrast, bacteria treated with both PVP-AgNPs and PVA-AgNPs exhibited severe surface modifications,
deposits and/or deformations, suggesting the onset of envelope stress and disruption. These morphological
changes indicate that polymer-stabilized AgNPs can induce substantial structural damage to both Gram-positive
and Gram-negative bacteria.

AgNPs and silver-based nanocomposites have been extensively utilized in medical, food processing, textile,
and environmental management applications due to their remarkable antimicrobial properties’. Their broad-
spectrum antibacterial activity primarily stems from their unique physicochemical characteristics and diverse
bactericidal mechanisms*!%. Metallic silver at the nanoscale of 1-100 nm exhibits exceptionally high surface
energy and specific surface area. The size-dependent effect significantly enhances interactions with microbial
cells, enabling effective adhesion to cell membranes and even penetration into intracellular environments. The
antibacterial efficacy of silver-based materials is closely linked to the sustained release of Ag*. Notable mechanisms
include disruption of bacterial membrane structures, interference with DNA replication and gene expression,
inactivation of essential proteins, and induction of intracellular oxidative stress, all of which synergistically
amplify antimicrobial effects!>’¢. In addition to Ag" release, AgNPs themselves exert direct physical damage
by binding to bacterial surfaces, altering membrane fluidity, integrity, and permeability, ultimately leading to
cell death. Recently, the formulation of Ag*-coordinated Fmoc-amino acid metallohydrogel, reported by Yan
et al.”’, leveraged the synergistic effects of Ag* release and Fmoc-amino acids to disrupt bacterial membrane
integrity while generating reactive oxygen species (ROS), thereby damaging DNA and protein functionality.
Furthermore, the in-situ synthesis of ultrasmall AgNPs (< 6 nm) uniformly dispersed within hydrogel fibers
exhibited enhanced membrane permeability through hydrophobic interactions with amino acids. These AgNPs
demonstrated effective penetration across both Gram-negative and Gram-positive bacterial cell walls, achieving
broad-spectrum antimicrobial efficacy.

Compared to conventional antibiotics, AgNPs act on multiple antibacterial targets, making it difficult
for bacteria to develop resistance through single mutations or adaptive mechanisms!>’8. Moreover, studies
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have shown that some antibacterial materials like AgNPs exhibit notable synergistic effects when combined
with conventional antibiotics, a phenomenon known as “antibiotic synergism”, which significantly enhances
antimicrobial performance’”®. One of our future research objectives is to develop multifunctional platforms
combining AgNPs, photoactive antimicrobial materials, and antibiotics. Such strategies aim to reduce bacterial
resistance, mitigate potential cytotoxicity of silver-based materials, and advance silver nanocomposites as leading
candidates for next-generation broad-spectrum antimicrobial applications.

Conclusion

In response to the escalating global threat of AMR, this study presents a green, efficient, and scalable strategy for
synthesizing AgNPs via gamma radiation-assisted reduction in aqueous media, using PVP or PVA as stabilizers.
This approach eliminates the need for toxic chemical reducing agents and enables direct, sterile production of
AgNPs, making it highly suitable for biomedical applications. Systematic investigations revealed that the choice
of silver precursor and stabilizer critically influences the physicochemical properties and antimicrobial efficacy
of AgNPs. Notably, AgNPs synthesized from Ag,SO, exhibited smaller, more uniform particle sizes and superior
optical properties compared to those derived from AgNO, or AgClO,. Comprehensive characterization by
TEM, UV-Vis, PXRD, FTIR, XPS, and DLS confirmed the crystalline structure, surface chemistry, and colloidal
stability of the optimized AgNPs. PVP-AgNPs displayed a classic surface plasmon resonance at ~396 nm, a
narrow size distribution (5-25 nm by TEM), and a hydrated diameter of ~ 33 nm. Both PVP- and PVA-stabilized
AgNPs demonstrated excellent colloidal stability for at least 1 month at 4 °C. PVA-AgNPs showed enhanced long-
term stability due to higher metallic silver content and stronger antioxidant protection. Notably, both AgNPs
composites exhibited potent, broad-spectrum antibacterial activity against clinically relevant Gram-positive
(S. aureus) and Gram-negative (P aeruginosa, E. coli) pathogens, with MICs as low as 0.5 mg/L for Gram-
negative strains and 1-2 mg/L for S. aureus. The enhanced efficacy against Gram-negative bacteria is attributed
to their thinner peptidoglycan layer, facilitating AgNPs penetration and bactericidal action. Overall, this work
provides a robust theoretical and technical foundation for the green synthesis of high-performance, stable, and
environmentally friendly AgNP-based antimicrobial materials. The gamma radiation-assisted method not only
ensures precise control over NP properties and inherent sterility, but also paves the way for the development
of next-generation antimicrobial platforms to combat AMR. The radiolytic process is reproducible, green and
scalable and many industries in France and all over the world are selling irradiations for different application
such as sterilizations of food, surgical materials and medicines.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request. Please contact Ruxandra Gref at ruxandra.gref@cnrs.fr.
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