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Highlights

Stable, phase-pure MONCs with Ag* /Cu?* doped on the ZnO NPs were synthesized.
Acquired nanocomposites exhibited antimicrobial activity against Streptococcus spp.
Synthesized MONC:s interacted with specific bacterial cell functional groups.
MONC:s disrupted the structure and function of the outer layers of treated bacteria.

Antibacterial effects of MONCs depended mostly on metal ion release.

Abstract

Oral infections caused by antibiotic-resistant bacteria represent an emerging biomedical hazard
and growing challenge for modern dentistry. To address this issue, Ag— and Cu-ZnO nanocom-
posites (NCs) were synthesized using ZnO carrier to combat the oral pathogens Streptococcus
mutans and Streptococcus sobrinus. A comprehensive analysis of chemically synthesized metal
oxide nanocomposites (MONCs) was performed, combining physicochemical characterization
(TEM, XRD, C-potential, DLS, pH, and PFO/PSO kinetic models) with biological toxicity assess-
ment (MIC, ATR-FTIR, SEM, and FAMEs) to better understand their antimicrobial mechanisms.
The results confirmed that the synthesized nanoproducts fulfill the criteria for nanomaterials
(NMs) (particle size < 100 nm). Among them, Ag-ZnO exhibited the highest antibacterial
activity against both strains (MIC = 50 mg L~!). Kinetic modeling revealed faster and more
efficient Ag ion release from Ag—ZnO NCs compared to Cu from Cu-ZnO NCs. Molecular
analyses indicated strong MONC-bacterial interactions at the cell surface, leading to changes in
protein secondary structures, alterations in lipid composition, and disruption of Gram-positive
bacterial membranes. Additionally, Ag—ZnO inhibited chain and cluster formation in both
bacterial species, while Cu-ZnO affected only S. sobrinus. Overall, Ag— and Cu—ZnO NCs show
strong potential as antimicrobial agents against oral pathogens.

Keywords: oral pathogenic bacteria; nanocomposites; MONC-bacterial cell interactions;
ATR-FTIR spectroscopy; TEM/SEM imaging
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1. Introduction

Modern dental implantology is facing a growing problem of peri-implant infections,
which are one of the leading causes of implant failure. Peri-implantitis, which develops
because of the colonization of implant surfaces by pathogenic biofilms, leads to chronic
inflammation, bone resorption, and eventual implant loss [1-3]. This process is particularly
difficult to control because the microorganisms that form the biofilm exhibit increased tol-
erance to traditional antimicrobial agents. The scale of the problem is significant: according
to data from the World Health Organization, oral diseases affect over 3.5 billion people
worldwide, and in 2022, oral cancers caused nearly 200,000 deaths. Pathogenic biofilms
develop through the adhesion of microorganisms to tooth surfaces and biomaterials, with
bacteria from the genera Streptococcus, Veillonella, Actinomyces, and Neisseria dominating
among the early colonizers [34].

The situation is further complicated by the global rise in antimicrobial resistance
(AMR). Oral pathogens are increasingly exhibiting multidrug resistance, which limits
the effectiveness of standard therapies and complicates infection control, especially in
clinical settings [5-9]. Since the mid-20th century, the rate of bacterial resistance acquisition
has outpaced the rate of new drug development, making AMR one of the most serious
challenges in modern pharmacotherapy. According to CDC data, in 2019 alone, AMR
contributed to nearly 5 million deaths worldwide. In response to this challenge, the
WHO updated its list of priority bacterial pathogens in 2024, including, among others,
methicillin-resistant Staphylococcus aureus (MRSA), 3-lactamase-producing Enterobacterales,
carbapenem-resistant Acinetobacter baumannii, fluoroquinolone-resistant Salmonella typhi,
and vancomycin-resistant enterococci (VRE) [10-13].

In this context, nanomaterials, whose unique physicochemical properties enable ef-
fective interaction with bacterial cells, are of particular interest [14-16]. The antimicrobial
activity of nanoparticles is primarily due to the controlled release of metal ions and their
direct interactions with the cell surface [17,18]. The first point of contact is the cell wall, a
key protective structure of bacteria. Interactions with its components lead to the formation
of pores in the membrane, destabilization of cell integrity, and translocation of ions into the
interior, initiating a cascade of processes including the generation of reactive oxygen species,
metabolic disruption, DNA and ATP damage, and growth inhibition [17-20]. Notably,
metallic NPs and metal oxide NMs are known for their potential for generating highly
reactive oxygen species (ROS): singlet oxygen (1O,), superoxide anion (O,-~), hydroxyl
radical (-OH) and ion (OH™), and hydrogen peroxide (H,O,). This process induces oxida-
tive stress in microbial cells through catalytic oxidation, resulting in lipid peroxidation,
membrane destabilization, protein oxidation, or DNA/RNA molecule damage, disrupting
cell functioning and viability [21,22]. Different NPs and NMs have been shown to stimulate
the production of ROS, such as Ag NPs [23], TiO, NPs [24], and CuO NPs [25] or Fe-ZnO
NMs [26]. More detailed analyses were presented for micro-layered calcium hydroxide
NPs [27] and Co-doped ZnO quantum dots [28] to generate O,-~, 10, and -OH. This allows
nanomaterials to bypass classical resistance mechanisms, inhibit biofilm formation, and act
synergistically with antibiotics [14-16,29].

Previous studies have primarily focused on single metal nanoparticles (Ag, Au, Zn,
Cu, Tij, Si) and metal oxides (e.g., ZnO, CuO, TiO;, SnO;, Fe304, Mn30,), which exhibit
significant antimicrobial activity [29-31]. For instance, Ag nanoparticles demonstrated
antimicrobial effectiveness against Escherichia coli, Pseudomonas fluorescens, Saccharomyces
cerevisiae [32], and showed higher activity against Gram-negative bacteria (E. coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa) than Gram-positive strains (Staphylococcus aureus,
Bacillus subtilis) [33,34]. The antimicrobial potential of Cu NPs has been reported against
E. coli [35] as well as E. coli, Salmonella enteritidis, Staphylococcus epidermidis, S. aureus,
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and P. aeruginosa [36,37]. Au NPs are also effective against a broad range of bacteria,
including Corynebacterium pseudotuberculosis, S. aureus, S. epidermidis, B. cereus, E. coli, K.
pneumoniae, and P. aeruginosa [38-40]. Metal oxide nanoparticles further demonstrate strong
antimicrobial activity. TiO; NPs inhibited the growth of E. coli and S. aureus [41] and were
effective against S. epidermidis, B. subtilis, and E. coli [42], while ZnO NPs showed activity
against S. aureus, S. epidermidis, E. coli, and P. aeruginosa [43—45]. Promising antimicrobial
effects were also reported for CuO and Cu,O NPs against multidrug-resistant Acinetobacter
baumannii, S. aureus, E. coli, and oral pathogens [46—49], as well as for SnO, NPs against
E. coli and B. subtilis [50]. However, nanocomposite systems integrating two or more
materials to enhance functional properties are attracting increasing attention, as synergistic
effects often lead to significantly improved biological activity [51-54]. This strategy is
particularly promising for protecting implant surfaces against bacterial colonization. For
example, Zalnéravic¢ius et al. [52] reported a Fe304~Au nanocomposite stabilized with
D, L-methionine that yielded ultra-small NPs (1.8 nm) with high antibacterial activity
against Gram-negative (Acinetobacter baumannii, S. enterica) and Gram-positive bacteria
(MRSA Staphylococcus aureus, Micrococcus luteus). Similarly, Fe-Cu oxide nanocomposites
exhibited enhanced antibacterial activity compared to single oxides [53], while LDPE
modified with Ag-Cu-ZnO-Fe;O3 NPs achieved 99% antimicrobial effectiveness against
pathogenic bacteria and fungi [54]. Polymer-stabilized metal NPs also demonstrated
improved antimicrobial performance. Ag NPs stabilized with polyvinylpyrrolidone (PVP)
were effective against both Gram-negative and Gram-positive bacteria, although increased
MIC values were observed for selected strains [55,56]. Additionally, Ag NPs stabilized
with BPEI, citrate, or PVP inhibited 3-galactosidase activity in E. coli more effectively than
free Ag* [57], and phenylboronic acid-modified Au NPs showed broad-spectrum activity
against multidrug-resistant bacteria [58]. Synergistic antimicrobial effects were reported
for Ag NPs combined with selected antibiotics and for -lactam antibiotics conjugated
with Au NPs, whereas no enhancement was observed for Fe;O, NPs combined with
tobramycin [55,59-61].

Nowadays, nanotechnology plays an essential role in the development of advanced
nano(bio)materials for biomedical and pharmaceutical applications. Despite their promis-
ing therapeutic potential, the unique physicochemical properties of NMs may significantly
influence their interactions with biological systems, raising important concerns regarding
safety and biocompatibility [62,63]. Nanomaterials have been shown to exert varying
effects on cell viability, cytotoxicity and genotoxicity, depending on their composition, con-
centration and the type of target cells. Ag NPs, for example, demonstrated cytotoxic effects
on B16-F10 (mouse melanoma cell line), MCF-7 (human breast cancer cell line), HEPG2
(human liver cancer cell line human liver cancer cell line) and HeLa cancer cells (human
cervical cancer cell line), while normal CHO-K1 (Chinese hamster ovarian cells) cell line
was less affected [64]. Similarly, Ag and ZnO NPs reduced cell viability, whereas TiO, and
CeO, NPs showed minimal cytotoxicity [65]. Other studies indicated low cytotoxic effects
of ZrO, NPs on normal V-79 (lung normal cells from Chinese hamster) cells [66], while
Au nanorods and graphene quantum dots decreased viability in multiple cell lines, with
normal cells often being more sensitive [67,68]. Nanoparticles can also induce genotoxic
effects, including DNA damage and chromosomal aberrations, as observed for Ag, ZnO
NPs, and Au nanorods in various cancer and normal cells [64,65,68,69].

The present study aimed to engineer and evaluate the antimicrobial efficacy of novel
metal oxide nanocomposites (MONCs), specifically, AgzO4-ZnO (Ag—ZnO) and Cu,O-
ZnO (Cu—ZnO). While previous work has primarily focused on metal nanoparticles or
metal oxides individually, the relationships between ion immobilization, nanocomposite
structure, ion release kinetics, and bactericidal efficacy remain largely unexplored. By
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precisely incorporating Ag* and Cu?* ions into a ZnO matrix, we investigated how the
composition and surface properties of the nanocomposites influence antimicrobial activ-
ity against the clinically relevant oral pathogens Streptococcus mutans (ATCC 25175) and
Streptococcus sobrinus (ATCC 33478). A comprehensive physicochemical characterization
included assessment of the MONCs’ shape and size by transmission electron microscopy
(TEM), crystallographic structure by X-ray diffraction (XRD), zeta () potential, hydro-
dynamic diameter by dynamic light scattering (DLS), pH, and ion release kinetics in a
microbial environment. Antimicrobial activity was quantified by MIC determination, and
nanocomposite-bacterial cell interactions were investigated using ATR-FTIR spectroscopy,
FAME profiling, and surface morphology visualization (SEM). This approach allows for a
comprehensive evaluation of the associations between the physicochemical properties of
the nanocomposites and their biological effects.

2. Materials and Methods

The methodology proposed in this work adopts a multifaceted, integrated approach
(Figure 1), including synthesis and physicochemical characterization of nanocomposites as
well as microbial-nanoproduct interactions, including biomolecules, within a multidisci-
plinary workflow.

Precursors of
Ag or Cu NPs L . .
Transmission  X-Ray diffraction

0\/_ Matrix ¢ ':j’;x;\ = Electron analysis (XRD)
-~ ZnONPs | “—» Jcharacterization —— Microscopy

(TEM) / 1
 d

Nanocomposites

synthesis Ag-ZnO NCs/
Cu-ZnO NCs
Applications ZETA potential, DLS, pH
v ¥ | }
i . EE R

Toxicological N FAME
studies profiles
Figure 1. General schematic workflow of the integrated multidisciplinary methodology employed in
this study. NPs: nanoparticles; NCs: nanocomposite; DLS: Dynamic Light Scattering; SEM: Scanning
Electron Microscope; FTIR: Fourier Transform Infrared Spectroscopy; FAME: Fatty Acid Methyl
Esters. (Created in BioRender. Wasilkowski, D. (2026) https:/ /BioRender.com/52zvgrh, accessed on
14 April 2026).

2.1. Synthesis of Metal Oxide Nanocomposites

The silver/zinc oxide and copper oxide/zinc oxide nanocomposites (Ag—and Cu-ZnO
NCs) were synthesized through a chemical reduction in an aqueous solution (controlled
conditions: air, temperature 100 °C, stirring 130 rpm) according to Nowak et al. [70]. In the
first step, an aqueous solution of the alkaline reducer 1% NaOH (purity > 99.99%; Avantor
Company, Gliwice, Poland) was added to a 1% solution of a commercially available nano-
zinc oxide powder (ZnO NPs, <50 nm; Sigma-Aldrich Merck, St. Louis, MO, USA) serving
as the matrix. To the metal oxide matrix, the 1% stock solution of AgNOj; and (purity
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> 99.9999% with trace metal basis; Merck Life Science Co., Darmstadt, Germany) and
Cu(CH3COO),-HO (assay 98.0-102.0%; VWR International Co., Gdarisk, Poland) was
added dropwise, using the respective ion precursors. Additionally, the synthesis of Cu—NPs
required the use of 2% L-ascorbic acid (Biomus sp z.0.0., Lublin, Poland) as the reductant
for copper ions. Finally, the resulting solution of metal-oxide nanocomposite (MONCs) was
mixed on a magnetic stirrer at 100 °C for 2 h, and the NC product was obtained by filtration
through a polyethylene membrane, and subsequently dried in air at room temperature.

For each experiment, the stock solution of MONCs was prepared with a concentration
of 500 mg L1, followed by sonication (20 kHz, 5 min), before dilution for each use.

2.2. Characterization of Engineered MONCs
2.2.1. TEM Imaging with Energy-Dispersive X-Ray Spectroscopy

TEM microscopy was used to examine the morphology of the newly synthesized
MONC:s. For this purpose, the NC powder was suspended in ethanol, and the solution
was ultrasonicated using a homogenizer (Omni Sonic Ruptor 400; PerkinElmer, Kennesaw,
GA, USA) to disperse agglomerates. The resulting MONC suspension was deposited
onto an amorphous carbon film supported on a copper grid (300 mesh). Particle size
and morphology were characterized by high-resolution transmission electron microscopy
(HR-TEM) and scanning transmission electron microscopy (STEM) with high-angle annular
dark-field (HAADF) imaging. The chemical composition of the samples was determined
using energy-dispersive X-ray spectroscopy (EDS). All measurements were performed
on a Titan 80-300 FEI microscope equipped with an EDAX EDS detector (FEI Company,
Hillsboro, OR, USA) at an acceleration voltage of 300 kV.

2.2.2. X-Ray Diffraction Analysis

X-ray diffraction (XRD) of the synthesized MONCs, as well as the matrix (ZnO NPs),
as a powder, was performed to determine their crystal structure and phase composition.
The Empyrean PANalytical X-ray diffractometer (Malvern, Almelo, The Netherlands) was
used. The powder patterns were recorded in the Bragg—Brentano geometry using CuKo«
radiation (A = 1.54 A). The analysis was carried out in the HighScore software (version
4.1) using data from the Crystallography Open Database (COD). The crystallite size was
estimated using the Scherrer Equation (1):

D =kA/Bcos 0 1)

where D is the crystallite size

k = 0.94 is the shape factor, corresponding to spherical particles
A is the X-ray radiation wavelength

B is the width of the peak at half of its maximum intensity

6 is the diffraction angle.

2.2.3. ¢-Potential, DLS, and pH of MONC/NP Solutions

Surface charge (¢-potential) and hydrodynamic diameter of MONCs and ZnO NPs
were determined by dynamic light scattering (DLS) using a Litesizer 500 (Anton Paar
GmbH, Graz, Austria) at the concentration providing maximum stability, following the
instrument guidelines. The pH of the aqueous suspensions was measured at room tem-
perature (2022 °C) using pH-Fix test strips (Ref. 92110) according to the manufacturer’s
instructions (Macherey-Nagel GmbH & Co. KG, Dueren, Germany).
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2.3. Microbial Strains and Culture Conditions

The model microorganisms chosen in this study were obtained from the American
Type Culture Collection (ATCC). The basic characteristics and selective culture media are
shown in Table 1.

Table 1. Basic characteristics and selective culture media of reference microorganisms from ATCC.

Microorganisms Gram Media

-1
(ATCCQ) Nature Reference Number Formula [g L]

(37 g) Calf Brains Infusion, Beef Heart
Infusion, Proteose Peptone, Dextrose,
Sodium Chloride, Disodium Phosphate

S. mutans 25175
S. sobrinus 33478

positive BD 237500

Prior to use, these isolates were thawed from —80 °C by placing them at room temper-
ature (20-22 °C), and then directly transferred to the selective broth media BD BACTO™
Brain Heart Infusion (BD 237500), followed by incubation at 37 °C and 130 rpm for 24 h
according to the product sheet. In the microbial studies, for each experiment, cells corre-
sponding to the half-time (t; /,) of the mid-exponential growth phase (log phase) were
taken. This approach is justified, as it ensures the use of rapidly growing cells with a
species-specific generation time, while maintaining consistent cell size and protein content.

2.4. Toxicological Studies
2.4.1. Evaluation of the Potential Toxicity of MONCs Against Microbial Cells

The potential toxicological effect of engineered MONCs against the studied bacterial
species was determined by the minimum inhibitory concentration (MIC). Additionally, the
effect of matrix ZnO NPs on microbial cells was assessed. Before treating microbial cells,
serial concentrations of MONCs/NPs in the tested range (300, 200, 100, 50, 25, 10, and
1 mg L) were prepared. For each bacterial strain and MONCs and ZnO NPs concentra-
tion, BD 237500 broth medium was dispensed into the wells of 12-well plates. Subsequently,
an appropriate volume of the working solution of MONCS or ZnO NPs, prepared in wa-
ter, was added to each well. The 12-well plates were prepared to achieve a final volume of
3 mL per well. The control well contained only medium without MONCs/NPs. Next, the
washed biomass (equal to the mid-exponential growth phase) of bacteria was added to each
well until ODggp = 0.1 (~107 CFU mL ') was reached. The plates with the samples were
prepared as shown in Figure 2 and then incubated at 37 °C with shaking at 110 rpm for
24 h of treatment. Subsequently, the MIC was defined as the lowest concentration (in
mg L~1) of MONCs or NPs itself that inhibits the growth of a given microbial strain (compared
to the control, no microbial growth was observed, the culture media remained clear, with no
turbidity detected) [71-73]. The analyses were performed in three technical replicates.

mg L™’
pr¢ 1 2 4 1 2 3 4
% | o;ro /7\ { _\\ { _\I /\ ( \v / \ / \
E W AWAT A, B\TATATLAWY,
N ATATATD (oo Yz )0 ) (1)
>§< \ / \__Z \__“Z \__/ \__Z \__7Z L / \ /
ROIOIOIOIINOIOIOI0

Figure 2. Scheme of 12-well plates for the MONC/matrix treatment experiment at NCs/NPs concen-
trations ranging from 1 to 300 mg L~! and in the control. (Created in BioRender. Wasilkowski, D
(2026) https://BioRender.com/307m2v1, accessed on 14 April 2026).
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2.4.2. Active Ag* and Cu?* Ton Release Kinetics

The release rates of Ag* and Cu?" ions from Ag-ZnO and Cu-ZnO MONCs at MIC
concentrations were evaluated in BD Difco Bacto Brain Heart Infusion medium (237500)
for Streptococcus spp. with respect to MONCs exhibiting antibacterial properties (equal
to MIC). Samples (10 mL) were incubated under bacterial cultivation conditions (37 °C,
110 rpm) and collected after 0.5-48 h. Following centrifugation (4700 rpm, 10 min), the
supernatants were transferred for analysis. Ag* and Cu?* concentrations were determined
according to Dulski et al. [74] using a Thermo Scientific iCE 3000 Series Atomic Absorption
Spectrometer (Thermo Fisher Scientific GmbH, Bremen, Germany) equipped with an air—
acetylene flame (flow rate 0.9 L min~!; torch height 7.0 mm for Ag* and 6.2 mm for Cu?*).
Measurements were performed at 328.1 nm (Ag*) and 324.8 nm (Cu?*) with a lamp current
of 75%, spectral slit width of 0.5 nm, and aspiration and measurement times of 4.0 s. Prior
to FL-AAS analysis, Ag* and Cu?* samples were diluted 8- and 10-fold, respectively, with
ultrapure Millipore water. All measurements were conducted in triplicate using deuterium
background correction. Ion concentrations were calculated from calibration curves with
blank correction using Ag* (0.313-2.5 mg L™!) and Cu?* (0.3-3 mg L~ !) standard solutions
prepared from Certipur stock solutions (1000 mg L~1. Merck Life Science Sp. z o.0.,
Darmstadt, Germany). The amount of Ag* or Cu?* absorbed was determined according to
Equation (2) [75]:

1y (G =GV
gmgg™") = 2)
where g; is the amount of adsorbate released into the environment at time ¢ (mg g~1), W is
mass of the adsorbent (g), Cy is the initial concentration of the adsorbate (mg L~') and is
equal to 0, C; is the concentration of the adsorbate at time f (mg L~1), and V is the volume
of the solution (L).

Finally, the rate of adsorption in liquid-solid interactions was estimated with two
widely used adsorption kinetic models [75,76]:

Pseudo-first-order (PFO) expression:

qi(mgg™) = g0 (1—e7M) 3)
Pseudo-second-order (PSO) expression:

q2kot

—_— 4

qi(mgg™") =

where g; is the amount of ions released into the environment at time ¢ (mg g~1), g, is the

amount of ions at equilibrium (mg g_l), ky is the rate constant for the PFO model (h™1), k,

is the rate constant for the PSO model (g mg~! h™!), and t is the adsorption/desorption
time (h).

These models were selected to distinguish adsorption kinetics governed primarily by

diffusion (PFO) from those controlled by chemical interactions or surface complexation
(PSO) [77,78].

2.4.3. Bacterial-MONC Interaction (ATR-FTIR)

The sample preparation method for spectroscopic analysis in the first step enabled
the cultivation of living cells treated with MONCs or untreated control cells for 4 h. Then,
the samples were washed with ultrapure water (H,Owpp), centrifuged (5000 rpm, 20 min),
and the pellet was freeze-dried at —15 °C for 18 h using a lyophilizer (Alpha 2-4 LSCba-
sic, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) [79].
Lyophilized samples were analyzed using Fourier Transform Infrared (FTIR) spectroscopy
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with an Agilent Cary 640 FTIR spectrometer (Agilent Technologies, Inc. Headquarters,
Santa Clara, CA, USA), equipped with a standard source and a DTGS Peltier-cooled detec-
tor. Spectra were collected with a GladiATR diamond accessory over the spectral range
of 400-4000 cm ™. For each strain, ten spectra were acquired for both control and MONC-
treated samples. Each spectrum was accumulated over 16 scans with a spectral resolution
of 4 cm~!. Post-processing of the infrared data was conducted using Win-IR Pro (v2.96)
software, which applied baseline correction, removed water and carbon dioxide inter-
ference, and performed ATR correction (refractive index = 1.388) [80]. Further spectral
pre-processing included second-derivative transformation using a 13-point Savitzky—Golay
algorithm [81], followed by vector normalization. The application of second-derivative
processing enhances multivariate data analysis by reducing non-chemical interferences
such as optical and scattering artifacts [82,83]. Further interpretations were restricted to
the spectral ranges of 1000~1800 cm ™! for specific vibrational bands presented in Table 2.
These quantitative analyses were visualized using box-and-whisker plots [84-86].

Table 2. Selected typical FTIR spectra bands of chemical compounds for tested cells, untreated and
treated with MONC:s [84,87].

Position (cm—1) of Bands Main Contribution

Distribution of phosphate-containing compounds:
phospholipids, nucleic acids, phosphorylated carbohydrates.

1240 Variations in the phosphorylation degree of carbohydrates
and glycoproteins.
1545/1658 Protein structural modifications.
2924/1658 Relative lipid-to-protein ratio.
2924/2955 Structural modifications in saturated lipids, including chain

length and branching degree.

2.4.4. Surface Morphology of Bacterial Cells (Scanning Electron Microscopy, SEM)

The surface morphology of bacterial cells, following exposure to MONCs and un-
treated control, was visualized using a Hitachi SU-8010 field emission scanning electron
microscope (FE-SEM; Hitachi High-Tech Corporation, Tokyo, Japan). Sample preparation
was performed according to the protocols described by Metryka et al. [88] and Fischer
et al. [89] after 4 h of treatment in culture medium. After washing with sterile HyOpp, the
pellet was fixed in 2.5% glutaraldehyde (Sigma-Aldrich Merck, St. Louis, MO, USA) for
18 h at 4 °C and dehydrated through a graded ethanol series (30-99.8%). Samples were
then dried at the critical point of liquid CO, using a Leica EM CPD300 automated critical
point dryer (Leica Microsystems, Vienna, Austria) following the manufacturer’s “Bacteria”
protocol. The dried samples were mounted on conductive carbon tape, sputter-coated with
a 10 nm gold layer (CCU-010 HV, Safematic GmbH, Zizers, Switzerland), and examined at
5 kV using a secondary electron (SE) detector.

2.4.5. Assessment of MONC Exposure on Bacterial Fatty Acid Composition (FAMEs)

The bacterial fatty acids were directly isolated from the cells treated with synthesized
MONCs and the matrix itself after 24 h of exposure. For this purpose, the methodology
described by Sasser [90] was applied to obtain fatty acid methyl esters (FAMEs). After
treatment, 40 mg of bacterial biomass was taken from the culture, washed 3 times, and then
saponified in NaCl:CH30H:H;Oy4 (30 min, 100 °C) solution. Subsequently, the released
fatty acids were methylated in HCl: CH30H (20 min, 80 °C) and extracted into the organic
phase of hexane: methyl tert-butyl ether solution (1:1). The washed FAME extract, prepared
using saturated NaCl solution, was separated using an Agilent 7820A gas chromatograph
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(Agilent Technologies, Inc. Headquarters, Santa Clara, CA, USA) equipped with an FID
detector and a capillary column (Ultra 2-HP, cross-linked 5% phenyl methyl silicone,
25m, 0.2 mm and 0.33 film thickness), and analyzed using Sherlock Microbial Identification
System software and the TSBA library (ver. 6.2B) (MIDI Inc., Newark, DE, USA).

2.5. Statistical Data Analysis

Raw data were statistically analyzed and are presented as the mean + standard devi-
ation (SD) based on at least three independent replicates, depending on methodological
requirements, for each nanocomposite treatment. Statistical differences between MONC-
treated samples and controls were evaluated using one-way analysis of variance (ANOVA),
followed by Tukey’s honestly significant difference (HSD) post hoc test, with significance
set at p < 0.05, and are indicated in the figures by different letters denoting statistically
significant differences. Principal component analysis (PCA) and a loading plot approach
were performed on spectroscopic infrared data transformed into second derivatives to
identify similarities and differences in chemical composition and to qualitatively assess
molecular interactions between MONCs and bacterial cells (ATR-FTIR). Integrated intensity
analysis of specific infrared bands was used to construct box-and-whisker plots, allowing
evaluation of the impact of nanocomposites on bacterial structure. PCA was also applied
to FAME profiles, considering fatty acids with a relative contribution > 1.0% (p < 0.05), to
detect shifts in fatty acid composition. Multivariate clustering of the MONC/NP dataset
was performed to explore relationships between the toxicological index (MIC) and physic-
ochemical properties. This comprehensive cluster analysis across all variables revealed
statistical associations and inherent correlation patterns within the data. All statistical and
graphical analyses were conducted using STATISTICA 13.3 (TIBCO Software Inc., Palo
Alto, CA, USA), OriginPro 2023 (OriginLab Corporation, Northampton, MA, USA), and
MS Office 2019 (Microsoft Inc., Redmond, WA, USA).

3. Results
3.1. Characterization of Newly Synthesized MONCs

Transmission electron microscopy (TEM) was used to assess the morphology and size
distribution of the newly synthesized MONCs. TEM analysis revealed that both silver (Ag)
and copper (Cu) nanoparticles, predominantly spherical in shape, were immobilized on the
surface of the zinc oxide (ZnO) matrix (Figure 3). In contrast, ZnO nanoparticles exhibited
an elongated or rod-like morphology, although some particles appeared irregular or barrel-
shaped depending on their spatial orientation. Energy-dispersive X-ray spectroscopy (EDS)
confirmed the elemental composition, indicating that silver accounted for 14.1 £ 2.7% of
the Ag—ZnO nanocomposites, while copper contributed 9.5 + 1.8% on the ZnO surface
(Table 3). Using Feret’s diameter method, the average particle sizes were determined
to be 22.93 £ 8.25 nm for Ag, 11.91 &+ 6.35 nm for Cu, and 38.14 £+ 19.22 nm for ZnO
nanoparticles. These results show that Cu nanoparticles are approximately half the size of
Ag nanoparticles. In contrast, the apparent size of ZnO particles, which form the primary
matrix framework, is strongly influenced by their crystal orientation, making uniaxial size
estimation challenging.
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Figure 3. (A1-A3) Transmission electron microscopy (TEM) images of Ag— and Cu—-doped ZnO
nanocomposites and the ZnO nanoparticle matrix. (B1-B3) Particle size distribution of Ag and
Cu nanoparticles within the ZnO matrix, and Feret’s diameter-based size distribution of the ZnO
matrix particles.

Table 3. Elemental composition of Ag-ZnO and Cu-ZnO nanocomposites determined by EDS,
expressed as weight percentages (n = 3; +SD).

Ag-7ZnO NCs Cu-ZnO NCs
Element Weight, % (£SD) Element Weight, % (£SD)
(@) 22.49 £ 5.54 @) 22.56 £0.79
Zn 63.18 £ 1.85 Zn 67.88 £2.11
Ag 1412 £2.72 Cu 9.55 +1.84

X-ray diffraction (XRD) analysis was performed to determine the phase composition,
crystallinity, and structural parameters of the MONCs and reference ZnO nanoparticles.
The diffraction patterns confirmed high phase purity, with no detectable reflections corre-
sponding to impurity phases (Figure 4).
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Figure 4. XRD analysis of MONCs doped with silver (Ag) and copper (Cu): structural properties and
phase composition for ZnO-based MONCs (A,B) and ZnO NPs matrix (C). The dots on Figure 4A,B
correspond to the matrix structure shown in Figure 4C.

The reference ZnO nanoparticles (Figure 4C) exhibited a single-phase hexagonal
wurtzite structure (space group P6zmc, No. 186), with lattice parameters a = b = 0.32190 nm
and ¢ = 0.51490 nm, and an average crystallite size of 28.19 nm, serving as a structural
baseline. Ag-ZnO nanocomposites (Figure 4A) also showed ZnO in the hexagonal wurtzite
structure (P63mc, No. 186), with expanded lattice parameters relative to the reference
(Aa = 0.00343 nm, Ac = 0.00583 nm), indicating lattice distortion induced by the pres-
ence of silver species. Additional diffraction peaks were assigned to monoclinic AgzOy
(space group P12;/c1, No. 14), with lattice parameters a = 0.35787 nm, b = 0.92079 nm,
¢ =0.56771 nm, and {3 = 106.14°. The corresponding crystallite sizes were 35.68 nm for
Zn0O and 16.19 nm for Ag3Oy. Similarly, Cu—ZnO nanocomposites (Figure 4B) retained the
hexagonal wurtzite structure of ZnO (P63mc, No. 186), with lattice expansion relative to
the reference (Aa = 0.00241 nm, Ac = 0.00527 nm), suggesting lattice strain associated with
copper incorporation or interaction. Additional reflections were attributed to cubic Cup,O
(a = 0.42700 nm), with crystallite sizes of 29.98 nm for ZnO and 35.12 nm for Cu,O.

The colloidal stability and surface properties of MONCs were evaluated via (-potential
and DLS hydrodynamic diameter measurements at pH 6.5, using concentrations corre-
sponding to optimal dispersion (Table 4). Pristine ZnO NPs had a positive {-potential of
+12 mV. Cu-ZnO NCs were near neutral (—2.6 mV), while Ag-ZnO NCs showed a mod-
erately negative (-potential of —22 mV. Hydrodynamic diameters reflected these trends:
ZnO NPs had the largest aggregates (d = 2059.56 nm), Cu—ZnO NCs were slightly smaller
(d = 1769 nm), and Ag-ZnO NCs had the smallest size (d = 1296 nm), consistent with
enhanced electrostatic stabilization.
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Table 4. The (-potential, hydrodynamic diameter, and pH values of the MONCs and the reference
Zn0O nanoparticles were measured in aqueous (Millipore H,O) suspension.

DLS

MONCSs/NPs ¢ (mV) * (nm) ** pH
Ag-ZnO ~22 1296 6.5
Cu-ZnO ~26 1769 6.5

ZnO 12 2059 6.5

SD: * £0.8 mV; ** £400 nm.

3.2. Antimicrobial Potential of Newly Synthesized MONCs

The antibacterial activities of the newly synthesized MONCs and nanoparticles of the
matrix itself (ZnO NPs) were assessed by determining the MIC. In this study, the model
microorganisms—Streptococcus spp. strains, from the American Type Culture Collection
(ATCC), were chosen due to their important role in oral inflammation. The results revealed
that both MONCs based on the ZnO matrix demonstrated antimicrobial properties and
were dependent on the type of metal used (Figure 5). Among these materials, Ag—ZnO
NCs exhibited the highest activity against S. mutans and S. sobrinus, with an MIC of 50 mg
L1 In contrast, Cu-ZnO NCs showed considerably weaker antimicrobial activity, with
an MIC of 200 mg L~!. In turn, ZnO NPs used alone as the matrix did not exhibit any
toxic effect against S. mutans at the highest tested concentration of 300 mg L~!; however, at
200 mg L1, a growth-inhibitory effect was observed for S. sobrinus.
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Figure 5. MIC values (mg L) for Streptococcus spp. strains treated with MONCs/NPs and untreated

“

controls after 24 h. “+” indicates bacterial growth, “-” indicates the lack of growth, “no sign”
refers to an empty well (no sample added). (Created in BioRender. Wasilkowski, D. (2026) https:
/ /BioRender.com/0zmdpby, accessed on 14 April 2026).

3.3. Ag* and Cu®* Ions Kinetics Release

The release kinetics of Ag* and Cu?* ions from MONCs were investigated under
conditions identical to microbiological assays, using BD 237500 medium for Streptococcus
spp. and MONC concentrations corresponding to MIC values. As shown in Figure 6,
Ag" concentration reached 10.71 + 0.08 mg L~! after 4 h and remained stable up to
48 h, indicating attainment of equilibrium. In contrast, Cu?* release reached a higher
absolute concentration (14.00 + 1.26 mg L) after approximately 3 h; however, due
to the fourfold higher initial MONC concentration (200 mg L~! vs. 50 mg L~! for Ag-
Zn0), the relative release was significantly lower. Specifically, Ag* release corresponded
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to 21.42% of the initial dose, whereas Cu®* accounted for only ~7%, indicating markedly
different desorption efficiencies. Although Cu,O was identified by XRD, copper is expected
to be released predominantly as Cu?* under aqueous experimental conditions due to
oxidation processes.
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Figure 6. Release profiles of Ag* and Cu®* ions over 48 h from MONCs in BD 237500 medium for
Streptococcus spp. Means sharing the same letter(s) are not significantly different (p < 0.05).

Metal ion release kinetics were quantitatively evaluated using pseudo-first-order
(PFO) and pseudo-second-order (PSO) models to elucidate the underlying mechanisms.
For Ag" ions, both models showed good agreement with experimental data (R? > 0.90),
with the PFO model providing the best fit (R? = 0.998), indicating that the release process is
predominantly governed by diffusion-controlled surface desorption. The high correlation
and apparent maximum desorption capacity (qmax = 209.97 mg g~!) suggest that Ag*
ions are weakly bound to the ZnO surface and are readily released into the surrounding
medium. In contrast, Cu?* ion release showed lower conformity with the PFO model
(R? = 0.93) and a greater deviation from ideal kinetic behavior, indicating a more complex
release mechanism. The lower apparent desorption capacity (qmax = 139.2 mg g~ !) suggests
stronger retention of Cu?* within the ZnO matrix, likely due to partial lattice incorporation
or stronger surface interactions. This behavior is consistent with a mixed mechanism
involving both diffusion limitations and chemical interactions, as described by the PSO
model (Figure 7).

250 T T T T T

200 -f"

150

mgg ™)

6:100_

50 I

. 200 .

T
1

- ‘T’\ 150

~

—— PFO R?=0.930
—— PSO R?=0.867 |
1

—— PFO R?=0.998
—— PSOR?*=0.995 | 0
1

20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Figure 7. Desorption profiles of Ag* (a) and Cu?* (b) ions over 48 h from MONCs in BD 237500
medium for Streptococcus spp. fitted using PFO and PSO models.
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Direct comparison of Ag* and Cu?* release under identical experimental conditions
(Figure 8) further confirms that silver ions are released more rapidly and with higher
efficiency than copper ions. Based on the pseudo-first-order kinetic constant (k;), cor-
responding to the time required to reach 63% of equilibrium concentration, Ag* release
reached equilibrium after approximately 28 min (k; = 3.39 h™1). In contrast, Cu?* ions
required approximately 2 h 11 min (k; = 0.727 h~1), indicating slower kinetics and stronger
retention within the nanocomposite matrix. Although Cu?* reaches its maximum concen-
tration earlier due to higher initial loading, its release kinetics are slower, as indicated by
the lower k; value and reduced release efficiency.

250 T T 5
200 [ 44
150 =43

d. (Mg g™")
k, (")

100 |

50 -

0 L

Ag* Cu?

Figure 8. Summary of equilibrium release (qe) values (bars, left axis) and PFO model rate constants
(k1) (markers, right axis) for the desorption of Ag* and Cu?* ions from MONCs. Error bars represent
standard deviations.

3.4. Microbial-MONC Surface Chemical Interactions

FTIR analysis of S. mutans revealed composition-dependent biochemical responses
to metal-loaded ZnO NCs. Cu-ZnO NCs induced pronounced changes (p < 0.05), no-
tably in the integrated intensity 1(1545 em 1) /1(1658 cm™1) (amide I1/1) ratio. Changes
in 1(2924 cm~1)/1(1658 cm™1) and 1(2924 cm™1)/1(2955 cm ™) ratios indicated altered
contributions of fatty acids/proteins and lipid chain composition (Figure 9A-C). Ag-
ZnO NCs caused less pronounced but significant alterations (p < 0.05), primarily de-
creasing the 1(2924 em 1) /(1658 cm 1) ratio. Both treatments affected carboxyl and
phosphoryl groups, including nucleic acid phosphodiester bonds (1230 cm™!), as re-
flected in the 1(1230 cm~1)/I(1540 cm~!) ratio. Opposite trends were observed in the
1(1230 cm~1)/1(2924 cm~1) ratio: increased for Cu-ZnO and decreased for Ag-ZnO relative
to the control (Figure SIA-C). PCA supported these observations: PC1 (43.3% variance)
separated control from Cu-ZnO-treated samples, indicating extensive molecular alter-
ations, while PC2 (24.4% variance) differentiated control from Ag—ZnO-treated samples
and captured secondary Cu-ZnO effects. Together, PC1 and PC2 account for ~68% of
spectral variability, highlighting the biochemical impact of the nanocomposites (Figure 9D).
PCA loading plots identified the spectral features responsible for differentiating samples
(Figure 9E). PC1 was dominated by negative contributions at 1708 cm ! (C=0 stretching in
membrane lipids/fatty acids), 1610 cm ™! (B-sheet structures), and 1484 cm~! (CH, bending
in lipids/amide II bands), explaining the main separation. PC2 showed negative loadings
at 1714 cm~! (C=0 stretching in fatty acids, carboxylic acids, and ester groups), 1143 cm !
(O-C-O asymmetric stretching of polysaccharides/nucleic acids), and 1052 cm~! (C-O
vibrations of carbohydrates), reflecting biochemical changes upon Ag-ZnO NC exposure.
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Figure 9. Box-and-whisker plots of protein and lipid-related biochemical parameters in S. mu-
tans exposed to Ag-ZnO and Cu-ZnO NCs at the MIC compared with untreated control (A-C).
Data are presented as medians with interquartile ranges and minimum and maximum values from
vector-normalized infrared spectra. Statistical significance was assessed using the Mann-Whitney
test, with * indicating p < 0.05. (D) PCA score plot based on vector-normalized spectra in the
950-1800 cm ! range (95% confidence level). (E) PC1 and PC2 loading plots showing the spectral
features responsible for group separation and associated biochemical variations.

FTIR analysis of S. sobrinus revealed composition-dependent biochemical responses
to metal-modified ZnO NCs. Cu—-ZnO NCs induced pronounced changes (p < 0.05), no-
tably in the integral intensity (1545 cm~!)/1(1658 cm 1), 1(2924 cm 1) /1(1658 cm 1), and
1(2924 cm 1) /1(2955 cm~!) peak area ratios (Figure 10A-C), while Ag-ZnO NCs affected
only the [(1545 cm 1) /1(1658 cm 1) ratio. In the phosphate region (1230 cm~!), Cu-ZnO sig-
nificantly increased contributions of phosphate-containing compounds, whereas Ag-ZnO
caused minor, insignificant deviations (Figure 10A). The 1(1230 cm1)/1(2924 cm™1) and
1(1230 cm 1) /1(1540 cm ') ratios indicated reduced DNA relative content, particularly for
Cu—ZnO-treated cells (Figure S2A-C). PCA supported these findings: PC1 (50.8% variance)
separated control from Cu-ZnO samples, showing extensive molecular alterations, while
PC2 (23.6% variance) differentiated control from Ag-ZnO-treated cells and captured sec-
ondary Cu-ZnO effects. Together, PC1 and PC2 accounted for >74% of spectral variability
(Figure 10D). PCA loading plots showed that PC1 was dominated by negative contributions
at 1659 cm~! (C=0 stretching of a-helical amide I) and 1550 cm~! (N-H bending/C-N
stretching of amide II), reflecting protein backbone remodeling. PC2 featured negative
loadings at 1614 cm ! (B-sheet amide I) and 1481 cm~! (B-structured peptide bonds, COO~
stretching, NH;* deformation), highlighting nanocomposite-induced changes in protein
structure and charge (Figure 10E).
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Figure 10. Box-and-whisker plots of protein and lipid-related biochemical parameters in S. sobrinus
exposed to Ag—ZnO and Cu-ZnO NCs at the minimum inhibitory concentration (MIC) compared with
untreated control (A—C). Data are presented as medians with interquartile ranges and minimum and
maximum values from vector-normalized infrared spectra. Statistical significance was assessed using
the Mann-Whitney test, with * indicating p < 0.05. (D) PCA score plot based on vector-normalized
spectra in the 950-1800 cm~! range (95% confidence level). (E) PC1 and PC2 loading plots showing
the spectral features responsible for group separation and associated biochemical variations.

3.5. Fatty Acid Profiling of Microbial Responses to Engineered MONCs

In this study, FAME analysis assessed the impact of MONCs on bacterial mem-
brane composition and the effect of ZnO NPs. Streptococcus spp. treated with nanoprod-
ucts showed shifts in major saturated and unsaturated fatty acids compared to controls
(Figures 11 and 12). For S. mutans, PCA of FAME profiles revealed 60.31% and 26.66%
variance, separating Ag-ZnO and Cu-ZnO NC-treated samples into a distinct cluster (PC1),
while ZnO and control formed another group (Figure 11A). MONC treatment primarily
affected unsaturated fatty acids 18:1 w7c, 18:1 w9c, and 20:1 w9c, whereas ZnO NPs also
influenced 16:0, 18:0, 18:1 w9c¢, and 20:1 w9c (Figure 11B, Table S1).

The analysis of fatty acid composition in S. sobrinus reveals that MONCs and released
ions altered membrane composition (Figure 12A). PCA (PC1 67.04%, PC2 27.27%) identified
three groups: Cu-ZnO, Ag-ZnO NCs with ZnO NPs, and control. MONC treatment
reduced branched-chain fatty acids (15:0, 17:0, 19:0 iso/anteiso) and affected 16:0. Metal-
specific effects were observed: 19:0 anteiso doubled with Ag*, 18:1 w9c doubled with Cu?*,
and 11:0 iso 30H appeared only in Cu-ZnO-treated cultures (2.66%) (Figure 12B, Table S2).
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Figure 11. Projection of PCA analysis of FAME profiles profiles of treatment and control samples (A)
and individual FAMEs (B) for S. mutans after 24 h of exposure to MONCs/NPs at MIC concentrations
and in control.
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Figure 12. Projection of PCA analysis of FAME profiles of treatment and control samples (A) and
individual FAMEs (B) for S. sobrinus after 24 h of exposure to MONCs/NPs at MIC concentrations
and in control.

3.6. SEM Imaging of Cell-MONC Effect

Scanning electron microscopy was used to visualize the bacterial surface morphology
after Ag—ZnO and Cu-ZnO NC treatment compared with non-treated control cells. The
micrographs obtained reveal the destructive impact of the tested MONCs on bacterial
cells after 4 h of exposure (Figure 13). A prominent cytotoxic effect observed was the
leakage of cytoplasmic content through membrane disruptions at sites of direct contact
with the Ag-ZnO NC (Figure 13C,D). The consequence of disrupting the continuity of
the wall and cell membrane structure is, according to the control cells, also accompanied
by cell maceration. Furthermore, a loss of the ability of S. mutans and S. sobrinus to form
chain or cluster structures was observed in the culture with Ag-ZnO NCs (Figure 13C,D),
whereas this phenomenon in Cu-ZnO NC treatment was observed only in S. sobrinus
culture (Figure 13F). It is also worth noting a slight deformation of the cell surface only of S.
sobrinus in the presence of Cu-ZnO NCs was noted (Figure 13E,F). Furthermore, treatment
with Ag—ZnO NC resulted in an increased volume of S. mutans cells as compared to control
(Figure 13C).
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Figure 13. SEM micrographs of S. mutans and S. sobrinus in untreated control (A,B) and after treatment
with Ag* (C,D) and Cu?* (E,F) MONCs. Red loops indicate chain-like structures formed by the cells.

3.7. Multivariate Analysis of MIC in Relation to Physicochemical Properties of MONCs and NPs

A multivariate analysis was performed to assess the effects of Ag-ZnO, Cu-ZnO,
and the ZnO matrix on the variability of both Streptococcus strains, as well as on the rela-
tionship between the toxicological index (MIC) and the physicochemical properties of the
MONC/NP dataset. Furthermore, a cluster analysis encompassing all variables was con-
ducted to verify their statistical associations and identify any correlation patterns present
in the dataset. The performed cluster analysis for S. mutans and S. sobrinus exposed to
MONCs and NPs revealed that the most differentiating were Ag—ZnO NCs, while Cu-ZnO
NCs and matrix ZnO NPs had a comparable impact on both bacteria (Figure 14). Moreover,
it was found that iron release and crystallite size had a major discriminating influence on
the obtained dendrogram projection. It is also worth noting that MIC, representing the
biological parameter, was characterized by a strong positive correlation with (-potential
and DLS (r = 0.999, p < 0.05). In contrast, it was negatively correlated with Ir (r = —0.999,
p <0.01).
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Figure 14. Visualization of (-potential, Dynamic Light Scattering (DLS), Minimum Inhibitory Con-
centration (MIC), crystallite size (D), and ion release (Ir) via cluster analysis, revealing prominent
agglomeration trends in the heatmap under Ag-ZnO NCs, Cu-ZnO NCs, and ZnO NPs matrix stress.
Each color represents a different cluster, grouping together objects that are more similar to each other
than to those in other clusters.

4. Discussion
4.1. Evaluation of Novel MONCs Obtained by Chemical Synthesis

Implants are commonly used in modern medicine. However, their long-term function-
ality is often affected by microbial colonization and the formation of biofilms. It can lead to
serious infections and impact failure. Preventing bacterial adhesion and growth on implant
surfaces, therefore, is a critical challenge in clinical practice. To respond to this problem,
researchers are looking into materials with vast antimicrobial potential. Among many
engineering nanomaterials, particularly silver (Ag) and copper (Cu), have received signif-
icant attention due to their well-documented ability to inhibit and eliminate pathogenic
microorganisms [30]. In this study, soft chemical hydrolysis with polycondensation was
used for synthesis. Metal nitrate (AgNO3)and acetate (Cu(CH3COO);,-H,O) salts were
used as the precursors of metal NPs and a ZnO NPs matrix. This process produced two
types of metal oxide nanocomposites (MONCs): AgzO4-ZnO (Ag-ZnO) and Cuy,O-ZnO
(Cu—-Zn0). Moreover, integrating metallic nanoparticles with ZnO makes it a suitable
matrix for systems used in biological applications due to their high biocompatibility, low
cytotoxicity, and affordability [91,92].

The fundamental step in nanotoxicological and biomedical research is the detailed
characterization of nanoproducts, including physicochemical and morphological properties
such as size, structure, chemical composition, shape, and surface charge. A crucial factor
influencing the functionality of NPs is their tendency to form aggregates [30,31]. The
in vivo aggregation behavior of nanoparticles remains uncertain and may evolve. Moreover,
particles near implants are unlikely to remain uniformly monodisperse and stable [93].
Therefore, for each experiment, the aqueous working solution of MONCs was sonicated
before usage to minimize this phenomenon, in accordance with the approach used in the
studies by Long et al. [94] and McQuillan et al. [95].

In this study, TEM was used to analyze the morphology and size of the newly syn-
thesized MONCs as well as their composition. The obtained nanoproducts meet the
criteria for nanoparticles as defined by the European Commission Recommendation
2022/C229/01 [96], where 50% or more of their particles have an external dimension
of 1-100 nm. According to the TEM micrographs, the ZnO NCs were rod-liked shape, ex-
hibiting a higher efficiency of Ag* ion immobilization than Cu?* on the matrix surface. XRD
analysis provides more detailed information about the structure and size of MONC:s. This
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analysis confirmed that the final products are stable and of high purity. After Ag-ZnO NC
synthesis, silver oxide Ag3O4 (21.3%) was formed, which is in accordance with Al-Gaashani
et al. [97], with a crystallite size of 16.19 nm. In turn, Cu ions phase into ZnO NCs, forming
CuyO, which is measured to be 35.12 nm crystallite size. Overall, the XRD results demon-
strate that Ag— and Cu-modified ZnO systems preserve the wurtzite ZnO framework while
introducing secondary metal oxide phases and measurable lattice distortions, reflecting
strong interfacial interactions that are expected to influence the functional properties of the
nanocomposites. It is also worth noting that the crystallite size of the ZnO NP matrix was
consistent with the SDS card data, while XRD analysis confirmed their hexagonal structure.
For example, Ag—ZnO NMs synthesized by Abdel Messih et al. [98] through a combined
chemical reduction method yielded larger products than in this study, crystalline particles
measuring 47.5-61 nm and with a hexagonal ZnO shape, while Al-Gaashani et al. [97]
reported particle sizes in the range of 60.20-74.09 nm using Scherrer modeling. The hexag-
onal Ag-ZnO nanoproducts obtained using the starch-mediated method, as applied by
da Silva et al. [99], were characterized by a crystallite size of 13.9-16.5 nm, which is in
accordance with the product in this study. Similarly, Khatir and Zak [100] used Cu NMs
with a crystallite size of 18 nm, doped in a spherical ZnO matrix (approximately 40 nm).
The ultrasonic-assisted method was employed to fabricate Cu—ZnO NMs with an average
size of 34 nm and unspecified shape [101].

Surface charge is one of the crucial physicochemical parameters strongly influenc-
ing biocompatibility and cellular interactions of nanoscale materials. The (-potential,
as a critical factor in nanomedicine design, indicates how nanoparticles are internalized
and processed in biological systems. The surface potential of nanomaterials affects their
interactions with cells, proteins, and biological environments, thereby influencing their bio-
compatibility and uptake in medical applications [102,103]. Moreover, negatively charged
nanomaterials can improve stability and reduce non-specific interactions, which often leads
to improved biocompatibility and, consequently, better suitability for medical applications.
This phenomenon is associated with the higher affinity of positively charged particles for
negatively charged cell membranes, causing them to interact more strongly with human
cells and potentially leading to cytotoxic effects [102,104]. In this study, a ZnO NP matrix
was defined by imparting a positive ¢-potential, which can be attributed to protonated
surface hydroxyl groups (Zn-OH, " /Zn—OH) under slightly acidic conditions. The largest
hydrodynamic diameter, indicating a tendency towards extensive agglomeration in the
aqueous suspension, is consistent with its relatively low surface charge. Among both
MONC:s, the highest (-potential was observed for Ag—ZnO NCs (—22 mV), indicating
high stability and a substantial change in surface chemistry, most likely arising from the
presence of silver-containing species, altered surface hydroxylation, and/or adsorption of
anionic groups. A similar trend was observed by Dutta et al. [105], Ramakrishnegowda
et al. [106], and Efthimiou et al. [107]. In contrast, Wang et al. [108] presented Ag/ZnO
characterized by a lower {-potential compared to our results. In turn, the Cu—ZnO system
exhibited a C-potential close to neutral, suggesting partial charge compensation at the ZnO
surface and significantly weaker electrostatic stabilization. Moreover, such near-neutral (-
potential values typically favor particle-particle interactions. In turn, this negative surface
charge enhances electrostatic repulsion between particles and is generally associated with
improved colloidal stability. These trends clearly indicate distinct interaction mechanisms
of Ag* and Cu?* with the ZnO NPs carrier. A comparable potential as an ion carrier has
been reported for a widely used material, TiO, nanoparticles, which serve, among others,
as a matrix for Ag* and Cu?" ions. These systems produce nanomaterials with a negative
surface potential, as reported, for example, by Baydar et al. [109] and Jariyaboon et al. [110]
for Ag-TiO,; NMs, as well as by Gan et al. [111] and Ning et al. [112] for Cu-TiO, NMs,
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who observed negative {-potential for metal oxide nanomaterials with TiO,, making our
MONC:s suitable for applications, including those in medicine. This result indicates that Ag
incorporation most effectively suppresses particle agglomeration among the investigated
systems. Notably, all measured hydrodynamic diameters are substantially larger than the
crystallite sizes derived from XRD, confirming that the nanoparticles exist as secondary
agglomerates in aqueous media rather than as isolated primary nanocrystals. All disper-
sions maintained a slightly acidic pH, demonstrating that neither the ZnO matrix nor the
Ag- or Cu—modified nanocomposites significantly altered the acidity of the medium. This
stable pH environment likely governs the surface protonation state and, consequently, the
observed (-potential values and aggregation behavior. Overall, the combined (-potential
and hydrodynamic diameter analyses demonstrate that Ag* incorporation significantly
enhances the colloidal stability of ZnO-based nanocomposites. In contrast, Cu modification
leads to near-neutral surface charge and a higher propensity for aggregation, highlight-
ing the critical role of metal identity in tuning the interfacial and colloidal properties of
ZnO nanomaterials.

The inhibitory mechanism of nanoparticles against bacteria depends on the release of
active metal ions that attack the biological molecules (membrane proteins, lipids, polysac-
charides) and cover the cell surface, forming a molecular layer due to the high surface
reactivity [18]. This interaction initiates pore formation in cell membranes and cell wall
damage, causing translocation and internalization of NP ions inside the cell, starting the
interruption and damage of DNA and ATP or generating reactive oxygen species (ROS),
disrupting cellular structure and cell cycle, interfering with physiological processes, and
leading to inhibition of cell growth [20-22]. In this study, the release of Ag* and Cu?*
ions was estimated using adsorption kinetic models, specifically the PFO and PSO ex-
pressions, for Streptococcus spp. medium. Culture media were selected for this study, as
the composition of the medium strongly influences ion release kinetics and may alter the
behavior of NPs in dispersion, and is therefore critical for accurately reflecting experimental
conditions [113]. The obtained data indicate that Ag* ions in the BD medium were released
more rapidly, reaching near-equilibrium within approximately 30 min, and attaining a
maximum concentration after 4 h of incubation. In contrast, Cu?* ions reached their maxi-
mum concentration earlier (after approximately 3 h); however, their overall release was less
efficient. These results suggest that, although surface diffusion contributes to ion release,
Cu?* ions experience stronger interactions with the composite matrix, which limit their
desorption. The apparent desorption capacity, based on the PFO model, was 209.97 mg g~ !
for Ag* and 139.2 mg g~ ! for Cu?* ions. The maximum Ag* concentration corresponded
to 21.42% of the initial MONC dose, whereas the released Cu?* ions represented only ~7%
of the initial Cu-ZnO nanocomposite concentration. Only a limited number of studies
addressing nanoparticle toxicity have quantitatively evaluated the release of active ions
in biologically relevant media, despite their key role in determining the functional and
antimicrobial properties of such systems. In the study by McQuillan et al. [95], the rate of
dissolution for the Ag NPs in the modified Luria—Bertani (LB) medium (100 pg mL~1) was
determined. The sample was next sonicated, giving an initial Ag* dose of 134.49ng g™,
which reached a maximum of 440 ng g~ ! after 24 h at 37 °C and with gentle shaking
(100 rpm). These results suggest a more favorable approach for achieving efficient Ag* ion
release, comparable to the levels observed in the present study. In another study, Long
et al. [94] investigated the release of Ag ions in NaHCO3; medium (Sinopharm) for E. coli in
toxicological experiments, observing the highest ion release from an initial concentration
of Ag NPs coated with sodium citrate (15 mg L), reaching 68.9 ng mL~! after 24 h. The
release of copper ions from nanoparticles in different media has been considerably less
explored than that of silver. Nonetheless, a few experimental studies have addressed this
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issue. Among them, Reyes et al. [114] investigated algal growth in tris—acetate-phosphate
medium using Chlamydomonas reinhardtii exposed to Cu NPs at an initial concentration
of 20 mg L1 and 37 °C. After 96 h of incubation, the concentration of released Cu ions
ranged from 0.4 to 13.15 mg L~!. This substantial difference confirms that Ag* desorption
is more dynamic and kinetically favorable than Cu?* release. The observed disparities in
ion release behavior can be rationalized by differences in metal-carrier interactions and
colloidal properties of the MONCs. Ag ions are known to form weaker surface interactions
with oxide matrices compared to Cu ions, facilitating their faster desorption. Additionally,
the smaller hydrodynamic diameter and more negative (-potential of the Ag-ZnO NCs
enhance electrostatic repulsion and ion mobility, promoting Ag* release into the medium.
In contrast, the larger hydrodynamic diameter and near-neutral ¢-potential of Cu-ZnO
indicate higher colloidal stability and stronger copper binding, which collectively hinder
Cu?* desorption and prolong the time required to reach equilibrium.

4.2. Investigation of the Antimicrobial Properties of Synthesized MONCs

Engineered nanoparticles are a useful and promising tool against bacterial pathogens,
particularly those resistant to antibiotics. Among them, Ag and Cu NPs are characterized
by efficient antimicrobial activities. Similarly, ZnO NPs exhibit a wide spectrum of activity
against microorganisms [29]. Therefore, in this study, metal ions doped into ZnO NPs were
used as a matrix to synthesize nanoproducts as promising antibacterial tools.

Currently, studies are increasingly being conducted in the field of nanotoxicology to
assess the potentially toxic effects of nanostructures on microorganisms. In such studies,
reference bacterial strains are most commonly used. Accordingly, the effects of engineered
nanocomposites, obtained through chemical synthesis, on two reference bacterial strains,
Streptococcus mutans and S. sobrinus, were tested. These bacterial strains are among the
primary microbial contributors to dental caries, exhibiting cariogenic potential through
their ability to adhere to tooth surfaces, synthesize extracellular polymeric substances (EPS),
and promote biofilm formation [3,4].

The results of this study highlight that metal NPs combined with a ZnO matrix exhibit
the strongest antimicrobial activity. Among these, Ag-ZnO NCs demonstrated the highest
effectiveness against the tested bacterial strains. This may appear counterintuitive because
Gram-positive bacteria are able to oxidize Cu NPs more easily and faster than Ag NPs
on the cell surface [115]. This can be explained by silver’s interaction with dissolved
O, in media, which oxidizes metallic silver and produces Ag* ions that act as active
antimicrobial agents [116]. Notably, Cu-ZnO NCs also exhibited high activity towards
both Streptococcus spp. strains, but at a concentration four times higher than that of Ag-
ZnO NCs. Unfortunately, the weak antibacterial effect of Cu-ZnO (—2.8 mV) NCs can be
attributed to the formation of larger agglomerates and reduced surface and contact with
the cells. Moreover, the low value of (-potential between —30 and 30 mV is considered
to indicate lower reactivity and toxicity of metal NPs [117]. DLS of synthesized MONCs
in the media solution distinguished Cu-ZnO NCs with the largest hydrodynamic size,
which reduced their reactivity, confirming lower antimicrobial properties of Cu-ZnQO than
Ag-7Zn0O NCs. This situation can be attributed to the neutral pH of bacterial culture media,
which reduces the dissolution of copper oxide and the release of Cu?* or Cu* ions [118].
The dependency between the culture media and the level of Cu ion release was studied
by Kékinen et al. [119], who observed five times lower Cu?* ion concentration in M9
mineral media than in those supplemented with amino acids and NaCl. Additionally,
this phenomenon can be attributed to the reaction of Cu?* ions with Cl~ ions in the
medium [120]. The present research distinguished ion release and crystallite size as the
primary factors driving the observed differences among the samples.
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Although several studies have reported the synthesis and antimicrobial properties
of Ag—and Cu-ZnO NCs, research on their effectiveness against oral pathogenic bacteria
remains limited. Moreover, only a minority of studies to date have focused on using
ZnO NPs, rather than the commonly employed TiO, NPs, as a matrix for antimicrobial
ions such as Ag and Cu in medical applications. A case in point is the study of Wang
et al. [108], revealing the toxic effect of Ag/ZnO nanocomposite against S. mutans at the
concentration of 256 ug mL~1, i.e., lower than in the present study. For comparison, a
nanoproduct with greater efficacy than that reported in this study was achieved against S.
mutans at a lower concentration, MIC = 25 pg mL~! [121] and MIC = 31.25 pg mL~! for NC
modified with reduced graphene oxide [122]. In contrast, at half the MIC (128 ug mL 1),
no difference in viability was observed compared with the control [123]. Also, similar
effectiveness according to our observations in the case of S. sobrinus treated with Cu—ZnO
NC was achieved by Seving and Hanley [124] with a MIC concentration of 50 pg mL 1.
Interesting results obtained by Ramazanzadeh et al. [125], where NPs CuO-ZnO coated
brackets caused no colony growth of S. mutans after two hours of exposure. The studies
conducted in this area have primarily focused on the evaluation of ZnO nanomaterials with
antibacterial potential against E. coli and S. aureus. For instance, Ag/ZnO and Cu/ZnO
NCs, as 1% concentration treatment, showed a reduction in the growth of S. aureus, with
inhibition rates of 92.2% and 62.2%, respectively [126]. Ramakrishnegowda et al. [106]
reported promising results of the biocompatible nanocomposite AgO-Ag-ZnO with strong
antimicrobial activity, inhibiting growth in the following order: E. coli (Gram-negative)
> S. aureus (Gram-positive) > B. cereus (Gram-positive) (most resistant). Cu NP-doped
ZnO nanocomposites have also been studied as antimicrobial agents. For instance, the
Cu@ZnO nanocomposite reported by Medina-Ramirez et al. [127] exhibited antibacterial
activities for the very high applied NP doses of 750 mg L~! in the case of E. coli and
500 mg L~ for S. aureus, which may pose a concern about safety for the environment. In
this study, the tested Cu-ZnO NCs were characterized by better antimicrobial activities for
the lower NC concentrations against S. mutans and S. sobrinus (MIC = 200 mg L’l). Also,
Tsogoo et al. [128] applied 2 x 1077 g mL~! of Cu~doped ZnO NPs onto bacteria-seeded
Petri dishes, observing after 24 h of incubation 91.3-98.9% inhibition of E. coli colonies and
67.2-97 4% inhibition of S. aureus colonies. The antimicrobial potential of Ag—and Cu-ZnO
NCs has also been demonstrated against extensively drug-resistant bacterial strains, includ-
ing Mycobacterium tuberculosis, E. coli (rifampicin-resistant), S. aureus (methicillin-resistant),
K. pneumoniae, and Salmonella enterica, by Sukri et al. [129], Govindasamy et al. [130], and
Heidary et al. [131]. The promising antipathogenic properties exhibited by the synthesized
MONCs against strains responsible for oral infections suggest that the present results
provide a promising basis for further research on the application of these materials as
antimicrobial agents for preventing oral infections.

It is also worth noting that the metal oxide matrix ZnO NPs generally had no toxic
effect on the tested microorganism. However, these findings are contrary to the prevailing
literature trends, as ZnO NPs are widely recognized for their antibacterial properties while
simultaneously being non-toxic to human cells and exhibiting good biocompatibility [92].
An example of the adverse effects of ZnO nanoparticles on bacterial cells was provided by
Jowkar et al. [91] against S. mutans. In contrast, higher sensitivity of B. cereus to ZnO NPs
was observed by Esmailzadeh et al. [132] and Krzepitko and Matyszczuk [133], and can
be attributed to the presence of phosphodiester bonds between teichoic acid in the thick
peptidoglycan layer, which makes the cell surface more attractive for positively charged
ions [132].

In toxicology, to understand the interactions of NPs with biological systems, it is
necessary to know their physicochemical properties, including surface charge, which is
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particularly responsible for NPs adhering to bacterial cell surfaces [79]. The adhesion of NPs
to the bacterial surface can then lead to the formation of cell cavities, destabilization of the
outer layer, and changes in the composition of functional groups [134]. The combined effect
of mechanical and microbial properties of NPs can result in the incorporation of NPs into
the bacterial surface, which is regulated by the peptidoglycan thickness, turgor pressure
maintenance, and mechanical properties [135]. Furthermore, copper nanoparticles exhibit
enhanced activity against Gram-positive bacteria and can also induce biofilm dispersion
or inhibit biofilm formation [115]. The SEM micrograph in our study provides evidence
that the synthesized MONCs cause destruction of the Gram-positive bacterial surface
integrity by binding to thiol, sulfur, and phosphorus groups, resulting in visible membrane
disruptions that lead to membrane perforation and subsequent leakage of intracellular
contents [116]. Moreover, treatment with Ag—ZnO NCs impaired the ability of both bacterial
strains to form chain or cluster structures, whereas this phenomenon was observed only in
the S. sobrinus culture with Cu-ZnO NC treatment. Consistent with our results, ZnO-based
matrix combined with a zeolite nanocomposite (ZnONC-CS) induced a reduction in S.
mutans biofilm formation [4]. In other studies, Ag—ZnO NC inhibited biofilm formation by
both the Gram-negative P. aeruginosa and Gram-positive S. aureus [136] and by S. mutans,
achieving 69% inhibition [123]. Also, Wang et al. [108] and Wu et al. [122] confirmed
proliferation and maceration of the cell surface as well as lack of biofilm formation in S.
mutans culture treated with Ag/ZnO NCs.

Despite extensive investigation, the influence of elemental composition and atomic
chemical states of the prepared nanoparticles on their antimicrobial activity remains un-
explored. For this reason, we performed a detailed analysis of NCs with bacterial cell
interactions at the level of chemical functional groups using FTIR spectroscopy as well
as bacterial FAME profiling. The analyses for S. mutans and S. sobrinus, representing a
Gram-positive bacterial strain, demonstrated biochemical responses dependent on both
composition and chemical functional groups in the presence of metal-loaded ZnO NCs.
In the case of Cu—ZnO NC treatment, structural alterations in protein conformation likely
caused by interactions between the bacterial cell wall and NCs were observed, especially a
shift in protein secondary structure, particularly within the amide II and amide I regions.
This tendency was confirmed by Thakur et al. [137], who observed similar absorption
peaks for produced CuO and Cu-ZnO NCs. Furthermore, membrane lipid reorganization,
reflected by alterations in fatty-acid chain length, saturation level, and branching, indicated
a substantial disruption of lipid membrane integrity [86,138]. For comparison, the results
obtained for Ag—ZnO NCs indicated a reduced relative DNA contribution, consistent with
previous FTIR-based studies on nucleic acid—protein discrimination in microbial systems,
along with divergent changes in phosphate-containing compounds and saturated fatty
acids, suggesting fundamentally different biochemical interactions for copper- and silver-
modified ZnO NCs [139,140]. In the present study, Ag-ZnO-induced perturbations in S.
mutans were observed in relation to carboxyl and phosphoryl functional groups, including
the phosphodiester bonds of nucleic acids. In contrast, in S. sobrinus cultures, the rela-
tively weaker impact on lipid-associated structures, along with slightly elevated values,
indicates an enhanced contribution of phosphate-related compounds associated with a
stress-response mechanism. Overall, the FTIR band-ratio analysis confirms distinct molecu-
lar targets and mechanisms of interaction for Cu—ZnO and Ag—ZnO NCs in Streptococcus
spp., which act through distinct molecular pathways and lead to different patterns of
biochemical responses, primarily related to proteins and phosphate-containing compounds,
likely reflecting stress-induced remodeling and/or changes in membrane fluidity. Both sets
of experiments showed that MONCs altered the bacterial FAME composition compared to
the control, with changes in the percentage of monounsaturated fatty acids, specifically C18
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and C20 fatty acids, in the S. mutans membrane. This finding is in accordance with the FTIR
results, which showed a prominent loading at 1328 cm~! for CH; groups. In turn, a quite
different situation was observed for S. sobrinus, where the MONCs treatment resulted in a
decrease in the percentage of branched-chain fatty acids (C15, C17, and C19) for both iso
and anteiso conformations, accompanied by an increase in 18:1 w9c. This effect was more
pronounced under Cu-ZnO NCs treatment. The antibacterial activity of NPs is largely
dependent on the release of active metal ions from the NCs. The first line of defense against
microbial stressors, which are present in the cellular environment, including NPs and ions,
constitutes the surface layer of cells. Its components, such as membrane proteins, lipids,
and polysaccharides, due to their high reactivity, can form a molecular surface layer with
NPs [18]. This effect is characteristic, especially for a positive microbial surface charge and
a metal ion core, because of electrostatic interactions [57]. Among the synthesized MONCs,
the Ag—ZnO NCs variant showed the highest efficiency against bacterial cells. This trend
suggests that increased NPs attachment efficiency is associated with bacteria possessing
more negatively charged surfaces, likely because the stronger electrostatic attraction en-
hances binding between Ag ions and electron-donating chemical groups, such as microbial
membranes and proteins (sulthydryl, amino, phosphate, or carbonyl) [56]. Moreover, in the
presence of Ag NPs, stressors can increase resistance mechanisms through significant struc-
tural changes in the peptide and amino acid regions or the amid composition in bacterial
cells [141]. Unfortunately, chemical-level investigations of NCs—cell interactions are rarely
used to assess changes in the composition of specific chemical groups associated with these
interactions. Such an approach seems particularly justified and necessary in the context of
the deliberate use of nanomaterials, especially with respect to their targeted applications,
for instance in nanomedicine. For example, the treatment of S. aureus with Ag and Cu
NPs, as revealed by FTIR spectroscopy, showed a decrease in the amid (I and II) bands
and CH, groups, resulting in an increase in membrane fluidity [142]. In turn, Metryka
et al. [79] reported that treatment of B. cereus and S. epidermidis with Ag* NPs induced shifts
in protein structure (1545/1658 cm ') and phosphate-containing compounds (1240 cm™1).
These observations are consistent with our results for S. sobrinus in the presence of Ag
MONCs. In accordance with our study, Metryka et al. [72] reported that the treatment of S.
epidermidis with Cu?* nanomaterials resulted in a decrease in the content of unsaturated
fatty acids. Rogowska et al. [143] observed an increase in the levels of free fatty acids in E.
coli, K. pneumoniae, and S. epidermidis due to ZnO NPs stress, which may also indicate cell
membrane degradation resulting from the breakdown of long-chain phospholipids.

5. Conclusions

Antimicrobial resistance (AMR) represents a critical global health challenge due to
the increasing prevalence of multidrug-resistant bacterial strains. Engineered nanoparti-
cles have emerged as a promising strategy to combat antibiotic-resistant pathogens and
pathogenic biofilms, including those implicated in oral diseases, which remain a significant
public health concern. In this work, nano-scale metal oxide materials incorporating Ag*
and Cu?* ions on a ZnO matrix were successfully synthesized using the chemical reduction
method. The synthesized nanocomposites were characterized using TEM, XRD, {-potential,
DLS, and pH measurements, confirming that the obtained nanoproducts fulfill the criteria
for nanomaterials. Moreover, these analyses provided evidence of successful coating of Ag
and Cu NPs on the ZnO NPs matrix and demonstrated that the final products Agz;O4-ZnO
(Ag—Zn0O) and CupO-ZnO (Cu-ZnO) are stable and pure.

The obtained nanocomposites exhibited significant antimicrobial activity. Among
them, Ag—ZnO NCs showed the highest efficacy against the tested bacterial strains (MIC
50 mg L 1), specifically Streptococcus mutans and S. sobrinus, which are clinically relevant
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pathogens associated with oral and dental infections. The superior antimicrobial efficacy
observed for Ag—ZnO NCs was likely due to enhanced electrostatic interactions between
the negatively charged bacterial cell surfaces and the Ag ions present in the nanocomposites.
The research also documented that the most differentiating nanoproduct was Ag—ZnO
NCs. At the same time, ion release and crystallite size exhibited a major discriminating
influence on the observed differences among the samples. The adsorption kinetic models
revealed that Ag ions were released more rapidly and efficiently from Ag-ZnO NCs com-
pared to Cu ions and Cu—-ZnO NCs. The use of ATR-FTIR supported by FAMEs and SEM
analytical techniques demonstrated their strong potential for molecular-level cell analysis,
complementing biochemical and microbiological studies to enable a comprehensive un-
derstanding of MONC-bacterial cell interactions. These interactions induced alterations
in protein secondary structures as well as modifications in lipid composition, including
changes in saturated fatty acid content. SEM micrographs revealed that the synthesized
MONC:s disrupted the surface integrity of both Gram-positive bacteria, causing visible
membrane damage, perforations, and subsequent leakage of intracellular contents. More-
over, treatment with Ag—ZnO NCs impaired chain and cluster formation in both bacterial
strains, whereas this effect following Cu—ZnO NCs treatment was observed only in S.
sobrinus cultures.

Overall, these findings demonstrate that the newly developed nanocomposites exhibit
strong antimicrobial activity, highlighting Ag—7ZnO and Cu-ZnO NCs as promising next-
generation materials for the inactivation of oral pathogenic microorganisms. Future studies
should focus on optimizing dosage and concentration thresholds to ensure therapeutic
efficacy while maintaining biocompatibility for safe biomedical applications.
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Abbreviations

The following abbreviations are used in this manuscript:

NCs nanocomposites

MONCs metal oxide nanocomposites

TEM transmission electron microscopy

XRD X-ray diffraction

DLS dynamic light scattering

PFO pseudo-first-order (PFO) expression

PSO pseudo-second-order (PSO) expression
MIC minimum inhibitory concentration
ATR-FTIR  Attenuated Total Reflectance Fourier Transform Infrared
SE scanning electron microscopy

FAMEs fatty acid methyl esters

AMR antimicrobial resistance

CDC Centers for Disease Control and Prevention
MRSA methicillin-resistant Staphylococcus aureus
VRE vancomycin-resistant enterococci

DNA deoxyribonucleic acid

ATP adenosine triphosphate

BPEI branched polyethylenimine

PVP polyvinylpyrrolidone

NPs nanoparticles

STEM scanning transmission electron microscopy
HAADF high-angle annular dark field

EDS energy-dispersive X-ray spectroscopy
COD Crystallography Open Database

ATCC American Type Culture Collection

SD standard deviation

ANOVA one-way analysis of variance

HSD honestly significant difference

PCA principal component analysis

FL-AAS flame atomic absorption spectroscopy
NMs nanomaterials

ROS reactive oxygen species

10, singlet oxygen

O~ superoxide anion

-OH hydroxyl radical

OH™ hydroxyl ion

LB Luria-Bertani medium

CMA L-glutamine

CMB Ultraglutamine

EPS extracellular polymeric substances

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 28 of 34

References

1. Berglundh, T.; Andrea Mombelli, A.; Schwarz, E; Derks, J. Etiology, pathogenesis and treatment of peri-implantitis: A European
perspective. Periodontol. 2000 2023, 2024, 1-36. [CrossRef]

2. Rokaya, D.; Srimaneepong, V.; Wisitrasameewon, W.; Humagain, M.; Thunyakitpisal, P. Peri-implantitis Update: Risk Indicators,
Diagnosis, and Treatment. Eur. J. Dent. 2020, 14, 672—-682. [CrossRef] [PubMed]

3.  Leventis, M,; Deliberador, T.; Alshehri, F; Alghamdi, H. Topical oxygen therapy as a novel strategy to promote wound healing
and control the bacteria in implantology, oral surgery and periodontology: A review. Saudi Dent. |. 2024, 36, 841-854. [CrossRef]

4. Afrasiabi, S.; Bahador, A.; Partoazar, A. Combinatorial therapy of chitosan hydrogel-based zinc oxide nanocomposite attenuates
the virulence of Streptococcus mutans. BMC Microbiol. 2021, 21, 62. [CrossRef] [PubMed]

5. Bobrova, N.O.; Vazhnychaya, E.M.; Ananieva, M.M.; Faustova, M.O.; Lugova, L.O.; Dobrovolska, O.V.; Dobrovolskyi, O.V.
Antimicrobial Properties of Metal/Metal Oxide Nanoparticles and Their Possibilities in Dental Implantology. Bull. Probl. Biol.
Med. 2024, 1, 17. [CrossRef]

6. Forouzani, F; Khasti, T.; Manzouri, L.; Ravangard, S.; Shahriarirad, R.; Koleini, M.; Ayareh, N.; Nikbakht, G. Resistance pattern of
isolated microorganisms from 783 clinical specimen cultures in patients admitted to Yasuj Educational Hospitals, Iran. BMC
Microbiol. 2023, 23, 205. [CrossRef]

7.  Hetta, HF; Ramadan, Y.N.; Al-Harbi, A.L; Ahmed, E.A ; Battah, B.; Abd Ellah, N.H.; Zanetti, S.; Donadu, M.G. Nanotechnology as
a Promising Approach to Combat Multidrug Resistant Bacteria: A Comprehensive Review and Future Perspectives. Biomedicines
2023, 11, 413. [CrossRef]

8.  Shafiq, N.; Pandey, A.K.; Malhotra, S.; Holmes, A.; Mendelson, M.; Malpani, R. Shortage of essential antimicrobials: A major
challenge to global health security. BM] Glob. Health 2021, 6, e006961. [CrossRef] [PubMed]

9. Jain, AK.; Singh, D.; Dubey, K.; Maurya, R.; Mittal, S.; Pandey, A.K. Models and Methods for In Vitro Toxicity. In In Vitro
Toxicology; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 45-65. [CrossRef]

10. Urban-Chmiel, R.; Marek, A.; Stepiei-Py$niak, D.; Wieczorek, K.; Dec, M.; Nowaczek, A.; Osek, ]J. Antibiotic Resistance in
Bacteria—A Review. Antibiotics 2022, 11, 1079. [CrossRef]

11. Terreni, M.; Taccani, M.; Pregnolato, M. New antibiotics for multidrug-resistant bacterial strains: Latest research developments
and future perspectives. Molecules 2021, 26, 2671. [CrossRef]

12.  Karaman, D.S.; Manner, S.; Fallarero, A.; Rosenholm, ].M. Current Approaches for Exploration of Nanoparticles as Antibacterial
Agents. In Antibacterial Agents; InTech: London, UK, 2017. [CrossRef]

13.  Birlutiu, V,; Birlutiu, R M. An Overview of the Epidemiology of Multidrug Resistance and Bacterial Resistance Mechanisms:
What Solutions Are Available? A Comprehensive Review. Microorganisms 2025, 13, 2194. [CrossRef]

14. Joudeh, N.; Linke, D. Nanoparticle classification, physicochemical properties, characterization, and applications: A comprehensive
review for biologists. J. Nanobiotechnology 2022, 20, 262. [CrossRef]

15. Baig, N.; Kammakakam, I.; Falath, W.; Kammakakam, I. Nanomaterials: A review of synthesis methods, properties, recent
progress, and challenges. Mater. Adv. 2021, 2, 1821. [CrossRef]

16. Khan, I; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908-931. [CrossRef]

17.  Fan, X.; Yahia, L.; Sacher, E. Antimicrobial properties of the Ag, Cu nanoparticle system. Biology 2021, 10, 137. [CrossRef]
[PubMed]

18. Liu, Q. Liu, E; Li, J.; Qiu, Y.; Chen, R. Rapid ultrasonic-microwave assisted synthesis of spindle-like Ag/ZnO nanostructures and
their enhanced visible-light photocatalytic and antibacterial activities. Catal. Today 2020, 339, 391-402. [CrossRef]

19. Hallmann, L.; Gerngrof3, M.D. Antibacterial Polysaccharides in Dental Implantology. Mar. Drugs 2025, 23, 321. [CrossRef]

20. Judarez-Maldonado, A.; Tortella, G.; Rubilar, O.; Fincheira, P.; Benavides-Mendoza, A. Biostimulation and toxicity: The magnitude
of the impact of nanomaterials in microorganisms and plants. J. Adv. Res. 2021, 31, 113-126. [CrossRef]

21. Slavin, Y.N.; Asnis, J.; Hifeli, U.O.; Bach, H. Metal nanoparticles: Understanding the mechanisms behind antibacterial activity. J.
Nanobiotechnology 2017, 15, 65. [CrossRef]

22. Wang, L.; Hu, C.; Shao, L. The antimicrobial activity of nanoparticles: Present situation and prospects for the future. Int. J.
Nanomed. 2017, 12, 1227-1249. [CrossRef] [PubMed]

23. He,J.;Ma, Y.;; Niu, X;; Pei, J.; Yan, R.; Xu, F.; Ma, J.; Ma, X; Jia, S.; Ma, W. Silver nanoparticles induce endothelial cytotoxicity
through ROS-mediated mitochondria-lysosome damage and autophagy perturbation: The protective role of N-acetylcysteine.
Toxicology 2024, 502, 153734. [CrossRef]

24. Wang, Q.; Yang, Y.; Li, P; Dong, R.; Sun, C.; Song, G.; Wang, Y. Titanium dioxide nanoparticles induce apoptosis through
ROS—Ca2+—p38 /AKT/mTOR pathway in TM4 cells. |. App. Toxicol. 2024, 44, 818-832. [CrossRef]

25. Moore, ].D.; Avellan, A.; Noack, C.W.; Guo, Y.; Lowry, G.V.; Gregory, K.B. Time-dependent bacterial transcriptional response to

CuO nanoparticles differs from that of Cu>* and provides insights into CuO nanoparticle toxicity mechanisms. Environ. Sci. Nano
2017, 4, 2321-2335. [CrossRef]

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.1111/prd.12549
https://doi.org/10.1055/s-0040-1715779
https://www.ncbi.nlm.nih.gov/pubmed/32882741
https://doi.org/10.1016/j.sdentj.2024.04.004
https://doi.org/10.1186/s12866-021-02128-y
https://www.ncbi.nlm.nih.gov/pubmed/33622240
https://doi.org/10.29254/2077-4214-2024-2-173-17-23
https://doi.org/10.1186/s12866-023-02952-4
https://doi.org/10.3390/biomedicines11020413
https://doi.org/10.1136/bmjgh-2021-006961
https://www.ncbi.nlm.nih.gov/pubmed/34728479
https://doi.org/10.1016/B978-0-12-804667-8.00003-1
https://doi.org/10.3390/antibiotics11081079
https://doi.org/10.3390/molecules26092671
https://doi.org/10.5772/68138
https://doi.org/10.3390/microorganisms13092194
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3390/biology10020137
https://www.ncbi.nlm.nih.gov/pubmed/33578705
https://doi.org/10.1016/j.cattod.2019.01.017
https://doi.org/10.3390/md23080321
https://doi.org/10.1016/j.jare.2020.12.011
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.2147/IJN.S121956
https://www.ncbi.nlm.nih.gov/pubmed/28243086
https://doi.org/10.1016/j.tox.2024.153734
https://doi.org/10.1002/jat.4583
https://doi.org/10.1039/C7EN00600D
https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 29 of 34

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Saxena, V.; Pandey, L.M. Bimetallic assembly of Fe(IlI) doped ZnO as an effective nanoantibiotic and its ROS independent
antibacterial mechanism. J. Trace Elem. Med. Bio. 2020, 57, 134-145. [CrossRef]

Samanta, A.; Podder, S.; Ghosh, C.K.; Bhattacharya, M.; Ghosh, J.; Mallik, A.K.; Dey, A.; Mukhopadhyay, A.K. ROS mediated high
antibacterial efficacy of strain tolerant layered phase pure nano-calcium hydroxide. J. Mech. Behav. Biomed. 2017, 72, 110-128.
[CrossRef]

Liu, J.; Wang, Y.; Shen, |J.; Liu, H.; Li, ].; Wang, A.; Hui, A.; Munir, H.A. Superoxide anion: Critical source of high performance
antibacterial activity in Co-Doped ZnO QDs. Ceram. Int. 2020, 46, 15822-15830. [CrossRef]

Basavegowda, N.; Baek, K.H. Multimetallic nanoparticles as alternative antimicrobial agents: Challenges and perspectives.
Molecules 2021, 26, 912. [CrossRef]

Singh, A.V.; Varma, M.; Laux, P.; Choudhary, S.; Datusalia, A.K.; Gupta, N.; Luch, A.; Gandhi, A.; Kulkarni, P; Nath, B. Artificial
intelligence and machine learning disciplines with the potential to improve the nanotoxicology and nanomedicine fields: A
comprehensive review. Arch. Toxicol. 2023, 97, 963-979. [CrossRef] [PubMed]

Ameen, F; Alsamhary, K.; Alabdullatif, ].A.; ALNadhari, S. A review on metal-based nanoparticles and their toxicity to beneficial
soil bacteria and fungi. Ecotoxicol. Environ. Saf. 2021, 213, 112027. [CrossRef]

Ivask, A.; Kurvet, I.; Kasemets, K.; Blinova, I.; Aruoja, V.; Suppi, S.; Vija, H.; Kdkinen, A.; Titma, T.; Heinlaan, M.; et al. Size-
dependent toxicity of silver nanoparticles to bacteria, yeast, algae, crustaceans and mammalian cells in vitro. PLoS ONE 2014,
9, €102108. [CrossRef]

Acharya, D.; Singha, K.M.; Pandey, P.; Mohanta, B.; Rajkumari, J.; Singha, L.P. Shape dependent physical mutilation and lethal
effects of silver nanoparticles on bacteria. Sci. Rep. 2018, 8, 201. [CrossRef]

Wasilewska, A.; Klekotka, U.; Zambrzycka, M.; Zambrowski, G.; Swiecicka, I.; Kalska-Szostko, B. Physico-chemical properties
and antimicrobial activity of silver nanoparticles fabricated by green synthesis. Food Chem. 2023, 400, 133960. [CrossRef]

Lai, M.].; Huang, Y.W.; Chen, H.C ; Tsao, L.I.; Chang Chien, C.F,; Singh, B.; Liu, B.R. Effect of Size and Concentration of Copper
Nanoparticles on the Antimicrobial Activity in Escherichia coli through Multiple Mechanisms. Nanomaterials 2022, 12, 3715.
[CrossRef]

Chalayon, P; Tangwongsan, C. Antibacterial effects of Copper Microparticles/Copper Nanoparticles/Copper(II) Oxide Nanopar-
ticles and Copper Microparticles/Copper Nanoparticles/Copper(I) Oxide Nanoparticles from Ultrasono-Electrochemical with
Hydrothermal assisted synthesis method. Eng. J. 2021, 25, 55-66. [CrossRef]

Yadav, L.; Tripathi, R M.; Prasad, R.; Pudake, R.N.; Mittal, ]. Antibacterial activity of Cu nanoparticles against E. coli, Staphylococcus
aureus and Pseudomonas aeruginosa. Nano Biomed. Eng. 2017, 9, 9-14. [CrossRef]

Mehravani, B.; Ribeiro, A.L; Zille, A. Gold nanoparticles synthesis and antimicrobial effect on fibrous materials. Nanomaterials
2021, 11, 1067. [CrossRef]

Elbehiry, A.; Al-Dubaib, M.; Marzouk, E.; Moussa, I. Antibacterial effects and resistance induction of silver and gold nanoparticles
against Staphylococcus aureus-induced mastitis and the potential toxicity in rats. Microbiol. Open 2019, 8, e698. [CrossRef]
[PubMed]

Mohamed, M.M.; Fouad, S.A.; Elshoky, H.A.; Mohammed, G.M.; Salaheldin, T.A. Antibacterial effect of gold nanoparticles
against Corynebacterium pseudotuberculosis. Int. J. Vet. Sci. Med. 2017, 5, 23-29. [CrossRef] [PubMed]

Ahmed, O.B.; Alamro, T. Evaluation of the antibacterial activities of face masks coated with titanium dioxide nanoparticles. Sci.
Rep. 2022, 12, 18739. [CrossRef]

Priyadarshini, S.; Mainal, A.; Sonsudin, F; Yahya, R.; Alyousef, A.A.; Mohammed, A. Biosynthesis of TiO, nanoparticles and their
superior antibacterial effect against human nosocomial bacterial pathogens. Res. Chem. Intermed. 2020, 46, 1077-1089. [CrossRef]
da Silva, L.B.; Caetano, B.L.; Chiari-Andréo, B.G.; Pietro, R.C.L.R.; Chiavacci, L.A. Increased antibacterial activity of ZnO
nanoparticles: Influence of size and surface modification. Colloids Surf. B Biointerfaces 2019, 177, 440—447. [CrossRef] [PubMed]
Albukhaty, S.; Al-Karagoly, H.; Dragh, M.A. Synthesis of zinc oxide nanoparticles and evaluated its activity against bacterial
isolates. J. Biotech. Res. 2020, 11, 47-53.

Dadi, R.; Azouani, R.; Traore, M.; Mielcarek, C.; Kanaev, A. Antibacterial activity of ZnO and CuO nanoparticles against gram
positive and gram negative strains. Mater. Sci. Eng. C 2019, 104, 109968. [CrossRef] [PubMed]

Elwakil, B.H.; Toderas, M.; El-Khatib, M. Arc discharge rapid synthesis of engineered copper oxides nano shapes with potent
antibacterial activity against multi-drug resistant bacteria. Sci. Rep. 2022, 12, 20209. [CrossRef]

Ghadiri, A.M.; Rabiee, N.; Bagherzadeh, M.; Kiani, M.; Fatahi, Y.; Di Bartolomeo, A.; Dinarvand, R.; Webster, T.]. Green synthesis
of CuO- and Cu20-NPs in assistance with high-gravity: The flowering of nanobiotechnology. Nanotechnology 2020, 31, 425101.
[CrossRef]

Amiri, M.; Etemadifar, Z.; Daneshkazemi, A.; Nateghi, M. Antimicrobial Effect of Copper Oxide Nanoparti-cles on Some Oral
Bacteria and Candida Species. |. Dent. Biomater. 2017, 4, 347-352.

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.1016/j.jtemb.2019.126416
https://doi.org/10.1016/j.jmbbm.2017.04.004
https://doi.org/10.1016/j.ceramint.2020.03.129
https://doi.org/10.3390/molecules26040912
https://doi.org/10.1007/s00204-023-03471-x
https://www.ncbi.nlm.nih.gov/pubmed/36878992
https://doi.org/10.1016/j.ecoenv.2021.112027
https://doi.org/10.1371/journal.pone.0102108
https://doi.org/10.1038/s41598-017-18590-6
https://doi.org/10.1016/j.foodchem.2022.133960
https://doi.org/10.3390/nano12213715
https://doi.org/10.4186/ej.2021.25.6.55
https://doi.org/10.5101/nbe.v9i1.p9-14
https://doi.org/10.3390/nano11051067
https://doi.org/10.1002/mbo3.698
https://www.ncbi.nlm.nih.gov/pubmed/30079629
https://doi.org/10.1016/j.ijvsm.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/30255044
https://doi.org/10.1038/s41598-022-23615-w
https://doi.org/10.1007/s11164-019-03857-6
https://doi.org/10.1016/j.colsurfb.2019.02.013
https://www.ncbi.nlm.nih.gov/pubmed/30798065
https://doi.org/10.1016/j.msec.2019.109968
https://www.ncbi.nlm.nih.gov/pubmed/31500003
https://doi.org/10.1038/s41598-022-24514-w
https://doi.org/10.1088/1361-6528/aba142
https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 30 of 34

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Singh, A.; Ahmed, A.; Prasad, K.N.; Khanduja, S.; Singh, S.K,; Srivastava, ].K.; Gajbhiye, N.S. Antibiofilm and membrane-
damaging potential of cuprous oxide Nanoparticles against Staphylococcus aureus with reduced susceptibility to vancomycin.
Antimicrob. Agents Chemother. 2015, 59, 6882-6890. [CrossRef]

Chavez-Calderén, A.; Paraguay-Delgado, F; Orrantia-Borunda, E.; Luna-Velasco, A. Size effect of SnO2 nanoparticles on bacteria
toxicity and their membrane damage. Chemosphere 2016, 165, 33—40. [CrossRef]

Seil, ].T.; Webster, T.]. Antimicrobial applications of nanotechnology: Methods and literature. Int. ]. Nanomed. 2012, 7, 2767-2781.
[CrossRef]

Zalnéravicius, R.; Mikalauskaite, A.; Niaura, G.; Paskevitius, A.; Jagminas, A. Ultra-small methionine-capped Au0/Au+
nanoparticles as efficient drug against the antibiotic-resistant bacteria. Mater. Sci. Eng. C 2019, 102, 646-652. [CrossRef] [PubMed]
Bhushan, M.; Kumar, Y.; Periyasamy, L.; Viswanath, A.K. Study of synthesis, structural, optical and magnetic characterizations of
iron/copper oxide nanocomposites: A promising novel inorganic antibiotic. Mater. Sci. Eng. C 2019, 96, 66-76. [CrossRef]
Janczak, K.; Kosmalska, D.; Kaczor, D.; Raszkowska-kaczor, A.; Wedderburn, L.; Malinowski, R. Bactericidal and fungistatic
properties of LDPE modified with a biocide containing metal nanoparticles. Materials 2021, 14, 4228. [CrossRef] [PubMed]
Vazquez-Murioz, R.; Meza-Villezcas, A.; Fournier, PG.J.; Soria-Castro, E.; Juarez-Moreno, K.; Gallego-Herndndez, A.L.; Bog-
danchikova, N.; Vazquez-Duhalt, R.; Huerta-Saquero, A. Enhancement of antibiotics antimicrobial activity due to the silver
nanoparticles impact on the cell membrane. PLoS ONE 2019, 14, e0224904. [CrossRef]

Tang, S.; Zheng, J. Antibacterial Activity of Silver Nanoparticles: Structural Effects. Adv. Healthc. Mater. 2018, 7, 1701503.
[CrossRef]

Silva, T.; Pokhrel, L.R.; Dubey, B.; Tolaymat, T.M.; Maier, K.J.; Liu, X. Particle size, surface charge and concentration dependent
ecotoxicity of three organo-coated silver nanoparticles: Comparison between general linear model-predicted and observed
toxicity. Sci. Total Environ. 2014, 468-469, 968-976. [CrossRef]

Wang, L.; Li, S.; Yin, ].; Yang, J.; Li, Q.; Zheng, W.; Liu, S.; Jiang, X. The Density of Surface Coating Can Contribute to Different
Antibacterial Activities of Gold Nanoparticles. Nano. Lett. 2020, 20, 5036-5042. [CrossRef] [PubMed]

Rai, A.; Prabhune, A.; Perry, C.C. Antibiotic mediated synthesis of gold nanoparticles with potent antimicrobial activity and their
application in antimicrobial coatings. J. Mater. Chem. 2010, 20, 6789-6798. [CrossRef]

Armijo, L.M.; Wawrzyniec, S.J.; Kopciuch, M.; Brandt, Y.I; Rivera, A.C.; Withers, N.J.; Cook, N.C.; Huber, D.L.; Monson,
T.C.; Smyth, HD.C,; et al. Antibacterial activity of iron oxide, iron nitride, and tobramycin conjugated nanoparticles against
Pseudomonas aeruginosa biofilms. J. Nanobiotechnology 2020, 18, 35. [CrossRef]

Giraldez-Pérez, R.M.; Grueso, E.M.; Carbonero, A.; Alvarez Mairquez, J.; Gordillo, M.; Kuliszewska, E.; Prado-Gotor, R. Synergistic
Antibacterial Effects of Amoxicillin and Gold Nanoparticles: A Therapeutic Option to Combat Antibiotic Resistance. Antibiotics
2023, 12, 1275. [CrossRef]

Kumar, R.; Dutt, S.; Tripathi, A.D.; Singh, A K.; Chaturvedi, V.K.; Singh, S.K. Navigating Safety and Toxicity Challenges in
Nanomedicine: Strategies, Assessment, and Mitigation. In Nanomedicine; Gautam, V., Kumar, R., Das Manandhar, K., Kamble,
S.C., Eds.; Nanotechnology in the Life Sciences; Springer: Cham, Switzerland, 2024. [CrossRef]

Arunachalam, P; Karuppiah, P.; Al-Dhabi, N.A. Biocompatibility and safety of nanobiomaterials. In Handbook on Nanobiomaterials
for Therapeutics and Diagnostic Applications; Elsevier: Amsterdam, The Netherlands, 2021; pp. 103-115. [CrossRef]

Veeragoni, D.; Deshpande, S.; Rachamalla, HK.; Ande, A.; Misra, S.; Mutheneni, S.R. In Vitro and In Vivo Anticancer and
Genotoxicity Profiles of Green Synthesized and Chemically Synthesized Silver Nanoparticles. ACS Appl. Bio Mater. 2022, 5,
2324-2339. [CrossRef] [PubMed]

Yamani, N.E.; Collins, A.R.; Rundén-Pran, E.; Fjellsbg, L.M.; Shaposhnikov, S.; Zienolddiny, S.; Dusinska, M. In vitro genotoxicity
testing of four reference metal nanomaterials, titanium dioxide, zinc oxide, cerium oxide and silver: Towards reliable hazard
assessment. Mutagenesis 2017, 32, 117-126. [CrossRef]

Mourya, D.; Dubey, K,; Jha, S.; Maurya, R.; Pandey, A.K. In Vitro Effects of Zirconia Nanoparticles: Uptake, Genotoxicity, and
Mutagenicity in V-79 cells. Biol. Trace Elem. Res. 2024, 202, 927-940. [CrossRef]

Goldstein, A.C.; Araujo-Lima, C.E; Fernandes, A.S.; Santos-Oliveira, R.; Felzenszwalb, 1. In vitro genotoxicity assessment of
graphene quantum dots nanoparticles: A metabolism-dependent response. Mut. Res. Genet. Toxicol. Environ. Mutagen. 2023,
885, 503563. [CrossRef]

Rashad, S.E.; Haggra, A.A.; Aboul-Ela, E.I; Shaalan, A.H.; Abdoon, A.S.S. Cytotoxic and genotoxic effects of 50nm Gold Nanorods
on mouse splenocytes and human cell lines. Egypt. J. Chem. 2022, 65, 509-515. [CrossRef]

George, ].M.; Magogotya, M.; Vetten, M.A.; Buys, A.V.; Gulumian, M. An investigation of the genotoxicity and interference of
gold nanoparticles in commonly used in vitro mutagenicity and genotoxicity assays. Toxicol. Sci. 2017, 156, 149-166. [CrossRef]
[PubMed]

Nowak, A.; Szade, ].; Talik, E.; Ratuszna, A.; Ostafin, M.; Peszke, J. Structural, spectroscopic and biological investigation of copper
oxides nanoparticles with various capping agents. Mater. Chem. Phys. 2014, 145, 465—470. [CrossRef]

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.1128/AAC.01440-15
https://doi.org/10.1016/j.chemosphere.2016.09.003
https://doi.org/10.2147/ijn.s24805
https://doi.org/10.1016/j.msec.2019.04.062
https://www.ncbi.nlm.nih.gov/pubmed/31147036
https://doi.org/10.1016/j.msec.2018.11.009
https://doi.org/10.3390/ma14154228
https://www.ncbi.nlm.nih.gov/pubmed/34361422
https://doi.org/10.1371/journal.pone.0224904
https://doi.org/10.1002/adhm.201701503
https://doi.org/10.1016/j.scitotenv.2013.09.006
https://doi.org/10.1021/acs.nanolett.0c01196
https://www.ncbi.nlm.nih.gov/pubmed/32463246
https://doi.org/10.1039/c0jm00817f
https://doi.org/10.1186/s12951-020-0588-6
https://doi.org/10.3390/antibiotics12081275
https://doi.org/10.1007/978-3-031-72467-1_2
https://doi.org/10.1016/B978-0-12-821013-0.00014-3
https://doi.org/10.1021/acsabm.2c00149
https://www.ncbi.nlm.nih.gov/pubmed/35426672
https://doi.org/10.1093/mutage/gew060
https://doi.org/10.1007/s12011-023-03739-4
https://doi.org/10.1016/j.mrgentox.2022.503563
https://doi.org/10.21608/ejchem.2022.134210.5914
https://doi.org/10.1093/toxsci/kfw247
https://www.ncbi.nlm.nih.gov/pubmed/28108664
https://doi.org/10.1016/j.matchemphys.2014.02.049
https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 31 of 34

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Chavan, N.W. Understanding the Spread of Coronavirus (COVID-19) in Ireland Using S-I-R Model and Logistic Growth Function.
Doctoral Dissertation, Dublin Business School, Dublin, Ireland, 2020.

Metryka, O.; Wasilkowski, D.; Nowak, A.; Adamczyk-Habrajska, M.; Mrozik, A. Impact of an engineered copper-titanium dioxide
nanocomposite and parent substrates on the bacteria viability, antioxidant enzymes and fatty acid profiling. Int. J. Mol. Sci. 2020,
21,9089. [CrossRef] [PubMed]

Hazan, R.; Que, Y.A.; Maura, D.; Rahme, L.G. A method for high throughput determination of viable bacteria cell counts in
96-well plates. BMC Microbiol. 2012, 12, 259. [CrossRef]

Dulski, M.; Strach, A.; Zaleski, R.; Gorgol, M.; Matyja, E.; Laskowska, M.; Nowak, A.; Pawlik, K.; Rawicka, P.; Grebnevs, V.; et al.
Mechanisms of silver capture, reduction, and release in propyl carboxylic acid-functionalized SBA-15. Sep. Purif. Technol. 2026,
386, 136542. [CrossRef]

Moussout, H.; Ahlafi, H.; Aazza, M.; Maghat, H. Critical of linear and nonlinear equations of pseudo-first order and pseudo-
second order kinetic models. Karbala Int. ]. Mod. Sci. 2018, 4, 244-254. [CrossRef]

Gharibzadeh, F,; Kalantary, R.R.; Esrafili, A.; Ravanipour, M.; Azari, A. Desorption kinetics and isotherms of phenanthrene from
contaminated soil. . Environ. Health Sci. Eng. 2019, 17, 171-181. [CrossRef] [PubMed]

Tran, H.N. Applying Linear Forms of Pseudo-Second-Order Kinetic Model for Feasibly Identifying Errors in the Initial Periods of
Time-Dependent Adsorption Datasets. Water 2023, 15, 1231. [CrossRef]

Wang, J.; Guo, X. Adsorption kinetic models: Physical meanings, applications, and solving methods. J. Hazard. Mater. 2020,
390, 122156. [CrossRef]

Metryka, O.; Wasilkowski, D.; Dulski, M.; Adamczyk-Habrajska, M.; Augustyniak, M.; Mrozik, A. Metallic nanoparticle actions on
the outer layer structure and properties of Bacillus cereus and Staphylococcus epidermidis. Chemosphere 2024, 354, 141691. [CrossRef]
Liu, PY,; Chin, L.K; Ser, W.; Ayi, T.C.; Yap, PH.; Bourouina, T.; Leprince-Wang, Y. Real-Time measurement of single bacterium'’s
refractive index using optofluidic immersion refractometry. In Procedia Engineering; Elsevier Ltd.: Amsterdam, The Netherlands,
2014; pp. 356-359. [CrossRef]

Savitzky, A.; Golay, M.]J.E. Smoothing and Differentiation of Data by Simplified Least Squares Procedures. Anal. Chem. 1964, 36,
1627-1639. [CrossRef]

Vongsvivut, ].; Heraud, P; Gupta, A.; Puri, M.; McNaughton, D.; Barrow, C.J. FTIR microspectroscopy for rapid screening and
monitoring of polyunsaturated fatty acid production in commercially valuable marine yeasts and protists. Analyst 2013, 138,
6016-6031. [CrossRef]

Rieppo, L.; Saarakkala, S.; Narhi, T.; Helminen, H.J.; Jurvelin, ].S.; Rieppo, J. Application of second derivative spectroscopy for
increasing molecular specificity of fourier transform infrared spectroscopic imaging of articular cartilage. Osteoarthr. Cartil. 2012,
20, 451-459. [CrossRef]

Drozdz, A.; Matusiak, K.; Setkowicz, Z.; Ciarach, M.; Janeczko, K.; Sandt, C.; Borondics, F.; Horak, D.; Babic, M.; Chwiej, J.
FTIR microspectroscopy revealed biochemical changes in liver and kidneys as a result of exposure to low dose of iron oxide
nanoparticles. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2020, 236, 118355. [CrossRef] [PubMed]

Lorenz-Fonfria, V.A. Infrared Difference Spectroscopy of Proteins: From Bands to Bonds. Chem. Rev. 2020, 120, 3466-3576.
[CrossRef] [PubMed]

Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta Bioenerg. 2007, 1767, 1073-1101. [CrossRef]

Kawon, K.; Setkowicz, Z.; Drozdz, A.; Janeczko, K.; Chwiej, J. The methods of vibrational microspectroscopy reveals long-term
biochemical anomalies within the region of mechanical injury within the rat brain. Spectrochim. Acta A Mol. Biomol. Spectrosc.
2021, 263, 120214. [CrossRef]

Metryka, O.; Wasilkowski, D.; Adamczyk-Habrajska, M.; Mrozik, A. Undesirable consequences of the metallic nanoparticles
action on the properties and functioning of Escherichia coli, Bacillus cereus and Staphylococcus epidermidis membranes. . Hazard.
Mater. 2023, 446, 130728. [CrossRef] [PubMed]

Fischer, E.R.; Hansen, B.T.; Nair, V.; Hoyt, EH.; Dorward, D.W. Scanning electron microscopy. Curr. Protoc. Microbiol. 2012, 25,
2B.2.1-2B.2.47. [CrossRef]

Sasser, M. Bacterial Identification by Gas Chromatographic Analysis of Fatty Acid Methyl Esters (GC-FAME); Technical Note #101;
Revised 2006; MIDI: Newark, DE, USA, 1990.

Jowkar, Z.; Askarzadeh, S.; Hamidi, S.A.; Fattah, Z.; Moaddeli, A. Assessment of the Antimicrobial Properties of Mesoporous
Zinc Oxide Nanoparticles Against Streptococcus mutans: An In Vitro Investigation. Int. J. Dent. 2025, 2025, 4438269. [CrossRef]
Sun, Y.,; Zhang, W.; Li, Q.; Liu, H.; Wang, X. Preparations and applications of zinc oxide based photocatalytic materials. Adv. Sens.
Energy Mater. 2023, 2, 100069. [CrossRef]

Hahn, A.; Fuhlrott, J.; Loos, A.; Barcikowski, S. Cytotoxicity and ion release of alloy nanoparticles. J. Nanopart. Res. 2012, 14, 686.
[CrossRef]

Long, YM.; Hu, L.G.; Yan, X.T.; Zhao, X.C.; Zhou, Q.F; Cai, Y,; Jiang, G. bin Surface ligand controls silver ion release of nanosilver
and its antibacterial activity against Escherichia coli. Int. |. Nanomed. 2017, 12, 3193-3206. [CrossRef]

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.3390/ijms21239089
https://www.ncbi.nlm.nih.gov/pubmed/33260385
https://doi.org/10.1186/1471-2180-12-259
https://doi.org/10.1016/j.seppur.2025.136542
https://doi.org/10.1016/j.kijoms.2018.04.001
https://doi.org/10.1007/s40201-019-00338-1
https://www.ncbi.nlm.nih.gov/pubmed/31297207
https://doi.org/10.3390/w15061231
https://doi.org/10.1016/j.jhazmat.2020.122156
https://doi.org/10.1016/j.chemosphere.2024.141691
https://doi.org/10.1016/j.proeng.2014.11.743
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1039/c3an00485f
https://doi.org/10.1016/j.joca.2012.01.010
https://doi.org/10.1016/j.saa.2020.118355
https://www.ncbi.nlm.nih.gov/pubmed/32344375
https://doi.org/10.1021/acs.chemrev.9b00449
https://www.ncbi.nlm.nih.gov/pubmed/32202114
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/j.saa.2021.120214
https://doi.org/10.1016/j.jhazmat.2023.130728
https://www.ncbi.nlm.nih.gov/pubmed/36610340
https://doi.org/10.1002/9780471729259.mc02b02s25
https://doi.org/10.1155/ijod/4438269
https://doi.org/10.1016/j.asems.2023.100069
https://doi.org/10.1007/s11051-011-0686-3
https://doi.org/10.2147/IJN.S132327
https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 32 of 34

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

McQuillan, ].S.; Groenaga Infante, H.; Stokes, E.; Shaw, A.M. Silver nanoparticle enhanced silver ion stress response in Escherichia
coli K12. Nanotoxicology 2012, 6, 857-866. [CrossRef]

European Commission Recommendation 2022/C229/01. Available online: https://op.europa.eu/en/publication-detail /-
/publication/c3b749b9-e319-11ed-a05c-01aa75ed71al/language-en (accessed on 10 June 2025).

Al-Gaashani, R.; Pasha, M.; Jabbar, K.A ; Shetty, A.R.; Bagiah, H.; Mansour, S.; Kochkodan, V.; Lawler, J. Antimicrobial activity of
Zn0O-Ag-MWCNTs nanocomposites prepared by a simple impregnation—calcination method. Sci. Rep. 2023, 13, 21418. [CrossRef]
[PubMed]

Abdel Messih, M.E;; Ahmed, M.A; Soltan, A.; Anis, S.S. Synthesis and characterization of novel Ag/ZnO nanoparticles for
photocatalytic degradation of methylene blue under UV and solar irradiation. J. Phys. Chem. Solids 2019, 135, 109086. [CrossRef]
da Silva, M.R.P.; Matos, R.S.; Monteiro, M.D.S.; da Fonseca Filho, H.D.; Ramos, G.Q.; Santos, S.B.; Andrade, G.S.; Andrade,
G.R.S.; Almeida, L.E. Defect-engineered Ag/ZnO and Ag,O/ZnO nanomaterials prepared with nanoparticles synthesized by a
sustainable sol-gel method and their biological responses. |. Nanopart. Res. 2024, 26, 69. [CrossRef]

Khatir, N.M.; Zak, A K. Antibacterial activity and structural properties of gelatin-based sol-gel synthesized Cu-doped ZnO
nanoparticles; promising material for biomedical applications. Heliyon 2024, 10, €37022. [CrossRef]

Sajjadi, S.M.; Fardi Ilkhchy, A.; Aygani, A. Investigating the efficiency of the ultrasonic-assisted sol-gel synthesized Cu/ZnO
photocatalysts in degradation of textile dyes. Mater. Chem. Phys. 2025, 337, 130590. [CrossRef]

Bhuma, S.R.; Potti, S. Advanced Analytical Techniques for Characterizing Nanoparticle-Drug Conjugates: Enhancing Cancer
Therapy through Precision and Innovation. World J. Curr. Med. Pharm. Res. 2024, 6, 68-75. [CrossRef]

Sanita, G.; Carrese, B.; Lamberti, A. Nanoparticle Surface Functionalization: How to Improve Biocompatibility and Cellular
Internalization. Front. Mol. Biosci. 2020, 7, 587012. [CrossRef]

Sabzehei, F.; Taromchi, A.H.; Danafar, H.; Rashidzadeh, H.; Ramazani, A. In vitro Characterization of Polyethyleneimine-Oleic
Acid Cationic Micelle as a Novel Protein Carrier. Adv. Biomed. Res. 2023, 12, 126. [CrossRef]

Dutta, G.; kumar Chinnaiyan, S.; Sugumaran, A.; Narayanasamy, D. Sustainable bioactivity enhancement of ZnO-Ag nanoparticles
in antimicrobial, antibiofilm, lung cancer, and photocatalytic applications. RSC Adv. 2023, 13, 26663-26682. [CrossRef]
Ramakrishnegowda, D.H.; Swamy, C.K.; Kumar, B.M.A.; Rangappa, S.; Rangappa, K.S.; Shivanna, S. Ag mediated plasmonic
AgO/Zn0O composite and its pharmaceutical relevance. Mater. Sci. Eng. 2023, 292, 116437. [CrossRef]

Efthimiou, I.; Kalamaras, G.; Papavasileiou, K.; Anastasi-Papathanasi, N.; Georgiou, Y.; Dailianis, S.; Deligiannakis, Y.; Vlastos, D.
ZnO, Ag and ZnO-Ag nanoparticles exhibit differential modes of toxic and oxidative action in hemocytes of mussel Mytilus
galloprovincialis. Sci. Total Environ. 2021, 767, 144699. [CrossRef] [PubMed]

Wang, S.; Wu, J.; Yang, H.; Liu, X.; Huang, Q.; Lu, Z. Antibacterial activity and mechanism of Ag/ZnO nanocomposite against
anaerobic oral pathogen Streptococcus mutans. J. Mater. Sci. Mater. Med. 2017, 28, 23. [CrossRef] [PubMed]

Baydar, S.Y.; Bagirova, M.; Allahverdiyev, A.; Abamor, E.S. Synthesis and Characterization of TiO,, Ag ve TiO,@Ag Nanoparticles
via Assessing the Effects on Stem Cells in vitro. Degerlendirilmesi. AKU . Sci. Eng. 2022, 22, 454-464. [CrossRef]

Jariyaboon, M.; Masrinoul, P.; Komaikul, J.; Muenkaew, K.; Juntarapornchai, S.; Ketsuwan, K.; Rodpai, E.; Ruangdachsuwan,
S.; Palabodeewat, S.; Chitichotpanya, C. Optimization of Ag-TiO, nanocomposite at a low toxicity dose as a self-virucidal
disinfectant against COVID-19. Emergent Mater. 2023, 6, 1259-1272. [CrossRef]

Gan, Y.; Zhang, M.; Xiong, J.; Zhu, J.; Li, W.; Zhang, C.; Cheng, G. Impact of Cu particles on adsorption and photocatalytic
capability of mesoporous Cu@TiO, hybrid towards ciprofloxacin antibiotic removal. J. Taiwan Inst. Chem. Eng. 2019, 96, 229-242.
[CrossRef]

Ning, D.; Zhang, A.; Murtaza, M.; Wu, H. Effect of surfactants on the electrodeposition of Cu-TiO, composite coatings prepared
by jet electrodeposition. . Alloys Compd. 2019, 777, 1245-1250. [CrossRef]

Hachenberger, Y.U.; Rosenkranz, D.; Kromer, C.; Krause, B.C.; Dreiack, N.; Kriegel, F.L.; Koz'menko, E.; Jungnickel, H.; Tentschert,
J.; Bierkandt, ES.; et al. Nanomaterial Characterization in Complex Media—Guidance and Application. Nanomaterials 2023,
13, 922. [CrossRef]

Reyes, V.C.; Spitzmiller, M.R.; Hong-Hermesdorf, A.; Kropat, J.; Damoiseaux, R.D.; Merchant, S.S.; Mahendra, S. Copper status
of exposed microorganisms influences susceptibility to metallic nanoparticles. Environ. Toxicol. Chem. 2016, 35, 1148-1158.
[CrossRef]

Videira, V.D.C.G.; Harada, B.N.; Vital, V.G.; da Silva, R.A.G.; de Vasconcellos, S.P.; Pellosi, D.S. Structural and antibacterial
evaluation of copper, silver, and bimetallic silver/copper nanoalloys synthesized in chitosan biopolymer. Next Mater. 2024,
3,100071. [CrossRef]

Karami, A ; Xie, Z.; Zhang, ].; Kabir, M.S.; Munroe, P; Kidd, S.; Zhang, H. Insights into the antimicrobial mechanism of Ag and I
incorporated ZnO nanoparticle derivatives under visible light. Mater. Sci. Eng. C 2020, 107, 110220. [CrossRef]

Serrano-Lotina, A.; Portela, R.; Baeza, P.; Alcolea-Rodriguez, V.; Villarroel, M.; Avila, P. Zeta potential as a tool for functional
materials development. Catal. Today 2023, 423, 113862. [CrossRef]

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.3109/17435390.2011.626532
https://op.europa.eu/en/publication-detail/-/publication/c3b749b9-e319-11ed-a05c-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/c3b749b9-e319-11ed-a05c-01aa75ed71a1/language-en
https://doi.org/10.1038/s41598-023-48831-w
https://www.ncbi.nlm.nih.gov/pubmed/38049503
https://doi.org/10.1016/j.jpcs.2019.109086
https://doi.org/10.1007/s11051-024-05973-w
https://doi.org/10.1016/j.heliyon.2024.e37022
https://doi.org/10.1016/j.matchemphys.2025.130590
https://doi.org/10.37022/wjcmpr.v6i2.338
https://doi.org/10.3389/fmolb.2020.587012
https://doi.org/10.4103/abr.abr_303_22
https://doi.org/10.1039/D3RA03736C
https://doi.org/10.1016/j.mseb.2023.116437
https://doi.org/10.1016/j.scitotenv.2020.144699
https://www.ncbi.nlm.nih.gov/pubmed/33636791
https://doi.org/10.1007/s10856-016-5837-8
https://www.ncbi.nlm.nih.gov/pubmed/28044252
https://doi.org/10.35414/akufemubid.1030781
https://doi.org/10.1007/s42247-023-00520-0
https://doi.org/10.1016/j.jtice.2018.11.015
https://doi.org/10.1016/j.jallcom.2018.11.077
https://doi.org/10.3390/nano13050922
https://doi.org/10.1002/etc.3254
https://doi.org/10.1016/j.nxmate.2023.100071
https://doi.org/10.1016/j.msec.2019.110220
https://doi.org/10.1016/j.cattod.2022.08.004
https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 33 of 34

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Wang, Y.; Wen, T.; Mao, E; Yang, S.; Zhang, Q.; Fu, X.; Zhai, C.; Zhang, H. Engineering copper and copper-based materials for a
post-antibiotic era. Front. Bioeng. Biotechnol. 2025, 13, 1644362. [CrossRef]

Kékinen, A.; Bondarenko, O.; Ivask, A.; Kahru, A. The effect of composition of different ecotoxicological test media on free and
bioavailable copper from CuSO4 and CuO nanoparticles: Comparative evidence from a cu-selective electrode and a cu-biosensor.
Sensors 2011, 11, 10502-10521. [CrossRef]

El-Batal, A.L; El-Sayyad, G.S.; Mosallam, EM. Penicillium chrysogenum-Mediated Mycogenic Synthesis of Copper Oxide Nanopar-
ticles Using Gamma Rays for In Vitro Antimicrobial Activity Against Some Plant Pathogens. ]. Clust. Sci. 2020, 31, 79-90.
[CrossRef]

Mortezagholi, B.; Movahed, E.; Fathi, A.; Soleimani, M.; Forutan Mirhosseini, A.; Zeini, N.; Khatami, M.; Naderifar, M.; Abedi
Kiasari, B.; Zareanshahraki, M. Plant-mediated synthesis of silver-doped zinc oxide nanoparticles and evaluation of their
antimicrobial activity against bacteria cause tooth decay. Microsc. Res. Tech. 2022, 85, 3553-3564. [CrossRef] [PubMed]

Wu, J; Zheng, X.; Lv, Y,; Li, Y.; Zhang, G. Preparation and characterization of GO/ZnO/Ag nanocomposites and their synergistic
antibacterial effect on Streptococcus mutans. AIP Adv. 2023, 13, 035313. [CrossRef]

Huang, Q.; Wang, S.; Sun, Y.; Shi, C.; Yang, H.; Lu, Z. Effects of Ag/ZnO nanocomposite at sub-minimum inhibitory concentrations
on virulence factors of Streptococcus mutans. Arch. Oral Biol. 2020, 111, 104640. [CrossRef] [PubMed]

Seving, B.A.; Hanley, L. Antibacterial activity of dental composites containing zinc oxide nanoparticles. J. Biomed. Mater. Res. B
Appl. Biomater. 2010, 94, 22-31. [CrossRef]

Ramazanzadeh, B.; Jahanbin, A.; Yaghoubi, M.; Shahtahmassbi, N.; Ghazvini, K.; Shakeri, M.; Shafaee, H. Comparison of
Antibacterial Effects of ZnO and CuO Nanoparticles Coated Brackets against Streptococcus mutans. J. Dent. Shiraz. Univ. Med. Sci.
2015, 16, 200-205.

Geioushy, R.A.; El-Sherbiny, S.; Mohamed, E.T.; Fouad, O.A.; Samir, M. Mechanical characteristics and antibacterial activity
against Staphylococcus aureus of sustainable cellulosic paper coated with Ag and Cu modified ZnO nanoparticles. Sci. Rep. 2024,
14,29722. [CrossRef]

Medina-Ramirez, L.E.; Arzate-Cardenas, M.A.; Mojarro-Olmos, A.; Romo-Lépez, M.A. Synthesis, characterization, toxicological
and antibacterial activity evaluation of Cu@ZnO nanocomposites. Ceram. Int. 2019, 45, 17476-17488. [CrossRef]

Tsogoo, A.; Tsedev, N.; Gibaud, A.; Daniel, P; Kassiba, A.; Fukuda, M.; Kusano, Y.; Azuma, M.; Tsogbadrakh, N.; Ragchaa, G;
et al. Experimental and ab initio studies on the structural, magnetic, photocatalytic, and antibacterial properties of Cu-doped
ZnO nanoparticles. RSC Adv. 2023, 13, 1256-1266. [CrossRef]

Sukri, S.N.A.M.; Shameli, K.; Teow, S.Y.; Chew, J.; Ooi, L.T.; Lee-Kiun Soon, M.; Ismail, N.A.; Moeini, H. Enhanced antibacterial
and anticancer activities of plant extract mediated green synthesized zinc oxide-silver nanoparticles. Front. Microbiol. 2023,
14,1194292. [CrossRef]

Govindasamy, G.A.; Mydin, R.B.S.M.N.; Sreekantan, S.; Harun, N.H. Compositions and antimicrobial properties of binary
ZnO-CuO nanocomposites encapsulated calcium and carbon from Calotropis gigantea targeted for skin pathogens. Sci. Rep.
2021, 11, 99. [CrossRef]

Heidary, M.; Bostanabad, S.Z.; Amini, S.M.; Jafari, A.; Nobar, M.G.; Ghodousi, A.; Kamalzadeh, M.; Darban-Sarokhalil, D. The
anti-mycobacterial activity of Ag, ZnO, and Ag-ZnO nanoparticles against MDR-and XDR-Mycobacterium tuberculosis. Infect.
Drug Resist. 2019, 12, 3425-3435. [CrossRef] [PubMed]

Esmailzadeh, H.; Sangpour, P.; Shahraz, F; Hejazi, J.; Khaksar, R. Effect of nanocomposite packaging containing ZnO on growth
of Bacillus subtilis and Enterobacter aerogenes. Mater. Sci. Eng. C 2016, 58, 1058-1063. [CrossRef] [PubMed]

Krzepitko, A.; Matyszczuk, K.M.; Swiecilo, A. Effect of Sublethal Concentrations of Zinc Oxide Nanoparticles on Bacillus cereus.
Pathogens 2023, 12, 485. [CrossRef]

Yeh, Y.C.; Huang, T.H.; Yang, S.C.; Chen, C.C.; Fang, ].Y. Nano-Based Drug Delivery or Targeting to Eradicate Bacteria for
Infection Mitigation: A Review of Recent Advances. Front. Chem. 2020, 8, 286. [CrossRef] [PubMed]

Linklater, D.P; Baulin, V.A,; Juodkazis, S.; Crawford, R.J.; Stoodley, P.; Ivanova, E.P. Mechano-bactericidal actions of nanostruc-
tured surfaces. Nat. Rev. Microbiol. 2021, 19, 8-22. [CrossRef]

Burlibasa, L.; Chifiriuc, M.C.; Lungu, M.V.; Lungulescu, E.M.; Mitrea, S.; Sbarcea, G.; Popa, M.; Marutescu, L.; Constantin,
N.; Bleotu, C.; et al. Synthesis, physico-chemical characterization, antimicrobial activity and toxicological features of Ag-ZnO
nanoparticles. Arab. |. Chem. 2020, 13, 4180-4197. [CrossRef]

Thakur, A.; RolikaGupta, S.T.; Sharma, S.; Thakur, S.; Devi, A. Development and Characterization of Copper Oxide and
Copper-Zinc Oxide Nanoparticles Synthesized Using Moringa oleifera: Photocatalytic and Antibacterial Applications. J. Neonatal
Surg. 2025, 14, 388-397. Available online: https://www.jneonatalsurg.com/index.php/jns/article/view /3253 (accessed on 14
April 2026).

Litvinov, R.L; Faizullin, D.A.; Zuev, Y.F,; Weisel, ] W. The «-helix to 3-sheet transition in stretched and compressed hydrated
fibrin clots. Biophys. J. 2012, 103, 1020-1027. [CrossRef]

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.3389/fbioe.2025.1644362
https://doi.org/10.3390/s111110502
https://doi.org/10.1007/s10876-019-01619-3
https://doi.org/10.1002/jemt.24207
https://www.ncbi.nlm.nih.gov/pubmed/35983930
https://doi.org/10.1063/5.0137874
https://doi.org/10.1016/j.archoralbio.2019.104640
https://www.ncbi.nlm.nih.gov/pubmed/31884336
https://doi.org/10.1002/jbm.b.31620
https://doi.org/10.1038/s41598-024-79265-7
https://doi.org/10.1016/j.ceramint.2019.05.309
https://doi.org/10.1039/D2RA07204A
https://doi.org/10.3389/fmicb.2023.1194292
https://doi.org/10.1038/s41598-020-79547-w
https://doi.org/10.2147/IDR.S221408
https://www.ncbi.nlm.nih.gov/pubmed/31807033
https://doi.org/10.1016/j.msec.2015.09.078
https://www.ncbi.nlm.nih.gov/pubmed/26478403
https://doi.org/10.3390/pathogens12030485
https://doi.org/10.3389/fchem.2020.00286
https://www.ncbi.nlm.nih.gov/pubmed/32391321
https://doi.org/10.1038/s41579-020-0414-z
https://doi.org/10.1016/j.arabjc.2019.06.015
https://www.jneonatalsurg.com/index.php/jns/article/view/3253
https://doi.org/10.1016/j.bpj.2012.07.046
https://doi.org/10.3390/ma19081634

Materials 2026, 19, 1634 34 of 34

139.

140.

141.

142.

143.

Mourant, ].R.; Yamada, Y.R.; Carpenter, S.; Dominique, L.R.; Freyer, ].P. FTIR Spectroscopy Demonstrates Biochemical Differences
in Mammalian Cell Cultures at Different Growth Stages. Biophys. J. 2003, 85, 1938-1947. [CrossRef] [PubMed]

Perromat, A.; Melin, A.-M.; Lorin, C.; Deleris, G. Fourier Transform IR Spectroscopic Appraisal of Radiation Damage in
Micrococcus luteus. Biopolymers 2003, 72, 207-216. [CrossRef]

Faghihzadeh, F; Anaya, N.M.; Schifman, L.A.; Oyanedel-Craver, V. Fourier transform infrared spectroscopy to assess molecular-
level changes in microorganisms exposed to nanoparticles. Nanotechnol. Environ. Eng. 2016, 1, 1. [CrossRef]

Saraeva, I.; Tolordava, E.; Yushina, Y.; Sozaev, I.; Sokolova, V.; Khmelnitskiy, R.; Sheligyna, S.; Pallaeva, T.; Pokryshkin, N.;
Khmelenin, D.; et al. Direct Bactericidal Comparison of Metal Nanoparticles and Their Salts against S. aureus Culture by TEM
and FT-IR Spectroscopy. Nanomaterials 2022, 12, 3857. [CrossRef] [PubMed]

Rogowska, A.; Railean-plugaru, V.; Pomastowski, P.; Walczak-skierska, J.; Krél-gérniak, A.; Golebiowski, A.; Buszewski, B.
The study on molecular profile changes of pathogens via zinc nanocomposites immobilization approach. Int. J. Mol. Sci. 2021,
22,5395. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/mal19081634


https://doi.org/10.1016/S0006-3495(03)74621-9
https://www.ncbi.nlm.nih.gov/pubmed/12944306
https://doi.org/10.1002/bip.10381
https://doi.org/10.1007/s41204-016-0001-8
https://doi.org/10.3390/nano12213857
https://www.ncbi.nlm.nih.gov/pubmed/36364634
https://doi.org/10.3390/ijms22105395
https://www.ncbi.nlm.nih.gov/pubmed/34065496
https://doi.org/10.3390/ma19081634

	Introduction 
	Materials and Methods 
	Synthesis of Metal Oxide Nanocomposites 
	Characterization of Engineered MONCs 
	TEM Imaging with Energy-Dispersive X-Ray Spectroscopy 
	X-Ray Diffraction Analysis 
	-Potential, DLS, and pH of MONC/NP Solutions 

	Microbial Strains and Culture Conditions 
	Toxicological Studies 
	Evaluation of the Potential Toxicity of MONCs Against Microbial Cells 
	Active Ag+ and Cu2+ Ion Release Kinetics 
	Bacterial-MONC Interaction (ATR-FTIR) 
	Surface Morphology of Bacterial Cells (Scanning Electron Microscopy, SEM) 
	Assessment of MONC Exposure on Bacterial Fatty Acid Composition (FAMEs) 

	Statistical Data Analysis 

	Results 
	Characterization of Newly Synthesized MONCs 
	Antimicrobial Potential of Newly Synthesized MONCs 
	Ag+ and Cu2+ Ions Kinetics Release 
	Microbial-MONC Surface Chemical Interactions 
	Fatty Acid Profiling of Microbial Responses to Engineered MONCs 
	SEM Imaging of Cell-MONC Effect 
	Multivariate Analysis of MIC in Relation to Physicochemical Properties of MONCs and NPs 

	Discussion 
	Evaluation of Novel MONCs Obtained by Chemical Synthesis 
	Investigation of the Antimicrobial Properties of Synthesized MONCs 

	Conclusions 
	References

