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ABSTRACT
This study evaluated the antimicrobial and antibiofilm effects of bovine serum albumin–gold nanoclusters (BSA–GNCs) against
planktonic and antibiotic-resistant bacteria. BSA–GNCswere synthesized and characterized using UV spectrofluorimetry, Fourier
transform infrared spectroscopy (FTIR), zeta sizing, scanning electron microscopy (SEM)–energy-dispersive x-ray (EDX), and
transmission electronmicroscopy (TEM) analyses. Cytotoxicity was evaluated using theMTT assay. Antimicrobial and antibiofilm
activities were assessed against four bacterial strains:Klebsiella pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa, and
Enterococcus faecalis. A characteristic UV absorption peak at 500 nm, along with a visible color change, confirmed successful
GNC formation. FTIR spectra showed prominent functional groups at 598.33, 1102.79, 1261.21, 1637.84, 2923.54, and 3430.76 cm−1,
and the mean hydrodynamic diameter measured 22.72 nm. BSA–GNC exposure induced moderate cytotoxicity in HaCaT cells at
concentrations above 40 µg/µL. Treatment with 40 µg/µL BSA–GNCs significantly enhanced bacterial growth inhibition zones
(KP: 28 ± 2.44 mm; SA: 27.5 ± 2.45 mm; PA: 31.5 ± 1.91 mm; EF: 29.75 ± 2.5 mm) after 24 h. TEM imaging of BSA–GNC-treated
bacteria revealed shrunken, disrupted cells with degenerated cytoplasm. Additionally, BSA–GNC treatment markedly reduced
biofilm formation at both 24 and 48 h comparedwith untreated controls. These findings indicate that BSA–GNCs enhance reactive
oxygen species (ROS) accumulation, leading to impaired bacterial growth and biofilm formations.

1 Introduction

Antimicrobial drugs have beenwidely used for decades to prevent
the growth of bacteria, fungi, viruses, and other microorganisms.
Although antibiotic resistance is a natural evolutionary process,
the uncontrolled and inappropriate use of antibiotics in various
sectors such as medicine, agriculture, animal husbandry, and
the food industry has significantly reduced their effectiveness
and accelerated the emergence of multidrug-resistant (MDR)
pathogens [1]. In recent years, drug-resistant microorganisms

have become a major public health concern, causing pneumonia,
bloodstream infections, post-COVID complications, and other
severe infections that contribute to increased mortality rates [2].
According to the World Health Organization (WHO), antibiotic
resistance ranks among the top ten global health threats. Several
bacterial species such as Klebsiella pneumoniae (CRKP), Staphy-
lococcus aureus (MRSA), Pseudomonas aeruginosa (CRPA), and
Mycobacterium tuberculosis (MDR-TB) are listed among the most
critical antibiotic-resistant pathogens [3]. Furthermore, these
organisms can complicate or survive medical procedures such
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as surgeries, organ transplants, and the use of medical implants,
including ventilators, catheters, cardiac stents, contact lenses,
orthopedic probes, and dental devices [4, 5].

Over the past few decades, antibiotic resistance has escalated
into a global crisis, with hospitals serving as major reservoirs
for drug-resistant bacteria. Consequently, treating device-related
secondary infections has become increasingly challenging and
costly, largely due to prolonged antibiotic therapies and the
persistence of resistant strains. Infections associatedwithmedical
implants can arise through various routes, and antibiotic expo-
sure itself often contributes to increased rates of implant rejection
and surgical failure. To address these challenges, researchers
have increasingly turned to nanotechnology as a promising
alternative therapeutic approach [6–8]. Nanoparticles possess
unique physicochemical properties such as high surface area,
tunable surface chemistry, and diversemechanisms of action that
distinguish them frombulkmaterials andmake themparticularly
suitable for combating bacterial infections.

In addition to improving drug delivery, nanoparticles can pen-
etrate bacterial biofilms and effectively reach infection sites,
thereby enhancing antibiotic efficacy [7]. Numerous studies have
shown that metal-based nanoparticles exert antimicrobial effects
by inducing membrane damage, generating reactive oxygen
species (ROS), and causing protein dysfunction, ultimately lead-
ing to bacterial cell death [7, 8]. For example, silver (Ag-NPs) and
selenium (Se-NPs) nanoparticles have been shown to inhibit the
growth of MDR Gram-negative bacteria in the lower respiratory
tracts of patients with chronic lung disease [9]. Similarly, Ag-NPs
inhibit the growth of carbapenem-resistant K. pneumoniae [10].
A comparative in vitro study by Kattumuri et al. demonstrated
that gold nanoparticles (AuNPs) offer superior biocompatibility
and photostability compared to silver nanoparticles, without
inducing cytotoxicity in human cells [11]. Likewise, Wang et al.
reported that AuNPs can form a variety of nanostructures such
as rods, tubes, spheres, crystals, and stars which enhance their
antibacterial activity through strong electrostatic interactions
between Au+ ions and bacterial surfaces [12].

Gold nanoparticles (AuNPs), when integrated into biomedical
implant surfaces, exhibit strong antibacterial activity. The pri-
marymechanism involves electrostatic adsorption of AuNPs onto
the negatively charged bacterial cell membrane. This interaction
facilitates binding to lysine residues on membrane proteins,
resulting in irreversible pore formation and subsequent loss
of membrane integrity. Following membrane disruption, inter-
nalized AuNPs further impair bacterial viability by decreasing
intracellular adenosine triphosphate (ATP) levels. The reduc-
tion in ATP disrupts essential metabolic pathways, leading to
metabolic failure and cell death [13]. Bovine serum albumin–gold
nanoclusters (BSA–GNCs) have gained increasing attention for
diverse biomedical applications, including antibacterial therapy,
chemosensing, cellular and extracellular imaging, biosensing,
and radiosensitization [14–16]. Javed et al. reported that capping
agents improve nanoparticle biodegradability, biocompatibility,
and stability, enhancing cellular uptake while preventing aggre-
gation [17]. BSA (∼66 kDa) is particularly suitable as a capping
agent because it contains multiple reactive functional groups
(carboxyl, sulfhydryl, and amino groups). Previous studies have
shown that BSA–GNCs enhance the bioavailability of AuNPs,

facilitating cellular uptake via surface receptors and improving
nanoparticle stability, conjugation, and biocompatibility [18, 19].

Therefore, the aim of this study was designed to synthesize
and characterize BSA–GNCs and to evaluate their antimicrobial,
antibiofilm, and cytocompatibility efficacy against antibiotic-
resistant and non-resistant bacterial strains. Additionally, the
study aimed to investigate the morphological and ultrastructural
alterations induced by BSA–GNC treatment to elucidate the
mechanisms underlying their biofilm-inhibitory activity.

2 Materials andMethods

2.1 Chemicals

BSA, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide), and 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFH-DA) were obtained from Life Technologies (USA).
Hydrogen tetrachloroaurate (III) hydrate (HAuCl4⋅3H2O) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
human adult keratinocyte (HaCaT) cell line was obtained from
the American Type Culture Collection (ATCC, USA). Syringe
filtration membranes, dialysis membranes (Sartorius Stedim
Biotech, Göttingen, Germany), and other analytical-grade
reagents were also procured. For electron microscopy analyses
(scanning electron microscopy [SEM] and transmission electron
microscopy [TEM]), carbon-coated copper grids and related
accessories were acquired from TABB Bioscience (UK). Bacterial
culturemedia, includingM63medium, Luria–Bertani (LB) broth,
Nutrient broth, and MacConkey broth/agars were obtained from
Scharlab (Barcelona, Spain).

2.2 Synthesis of BSA–GNCs

BSA–stabilized GNCs were synthesized following the method
described by Purohit and Singh [20], with slight modifications.
Briefly, 5 mL of BSA (65 mg/mL) and 5 mL of 10 mM chloroauric
acid (HAuCl4⋅3H2O; Sigma-Aldrich, St. Louis, MO, USA) were
mixed thoroughly, followed by the addition of 200 µL of 1 M
sodium hydroxide (NaOH). The resulting solution was stirred
continuously at 40◦C for 24 h. The color of the reaction mixture
changed from light yellow (Figure 1A) to brown (Figure 1B),
indicating the formation of BSA–GNCs. The successful synthesis
of BSA–GNCs was confirmed by UV–visible spectrofluorometric
analysis (Figure 1D) and by observing a red fluorescence under
UV illumination (Figure 1C). The obtained BSA–GNCs were
purified by dialysis using a 20 kDa molecular weight cutoff
membrane against 2 L of 10 mM phosphate-buffered saline (PBS,
pH 7.4) for 24 h, with PBS replaced every 6 h. The resulting
solution was considered as a 1× BSA–GNC stock and stored at
4◦C until further characterization.

2.3 UV-Spectrofluorimetric Analysis

The fluorescence properties of BSA and BSA–GNCs were ana-
lyzed using a multimode microplate reader (Infinite 200, Tecan,
Australia). Samples were loaded into a 96-well microplate in
quintuplicate. The fluorescence emission spectra were recorded
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FIGURE 1 Synthesis and characterization of BSA–gold nanoclusters (BSA–GNCs). (A) The initially prepared BSA–HAuCl4 solution appeared light
yellow; (B) after overnight stirring at 40◦C, the color changed to brownish, indicating the formation of BSA–GNCs; (C) the tube containing BSA–GNCs
emitted red fluorescence under a UV lamp; (D) ultraviolet–spectrofluorimetric spectrum showing the fluorescent emission peaks of BSA–GNCs; (E) zeta
potential size distribution graph of the BSA–GNCs; (F) FTIR spectra demonstrating BSA interaction with the gold nanocluster surface. The prepared
BSA–GNCs concentration was 1× per volume. BSA–GNCs, bovine serum albumin–gold nanoclusters.
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in thewavelength range of 300–720 nm to determine the emission
peak. Excitation and emission wavelengths were optimized by
performing a wavelength scan analysis.

2.4 Characterization of BSA–GNCs

The particle size distribution and spectral characteristics of the
synthesized BSA–GNCs were analyzed using dynamic light scat-
tering (DLS) and Fourier transform infrared spectroscopy (FTIR).
The hydrodynamic particle size distribution was determined
using a particle size analyzer (NANOPHOX, Sympatec, Attica,
Greece; Figure 1E). For FTIR analysis (Figure 1F), 2 mg of
BSA–GNCs was thoroughly mixed with 100 mg of potassium
bromide (KBr) powder and compressed into thin pellets using a
pelletizer. The FTIR spectra were recorded in the range of 400–
4000 cm−1 with a resolution of 1 cm−1 using an FTIR spectrometer
(PerkinElmer RX-I, Shelton, CT, USA).

2.5 ElectronMicroscopy Analysis

The morphological characteristics of the synthesized BSA–GNCs
were examined using SEM (JSM-6360, JEOL, Tokyo, Japan)
operated at an accelerating voltage of 7.5 kV. A drop of the BSA–
GNC suspension was vacuum-dried on a graphite stub prior to
imaging. Elemental composition analysis was performed using
an energy-dispersive x-ray spectrometer (EDS; Oxford INCA,
Gujarat, India) attached to the SEM. TEM (JEOL 1400, Tokyo,
Japan) was employed to determine the particle size and structural
details of the BSA–GNCs. For TEM imaging, the BSA–GNC
suspension was ultrasonicated and deposited onto a Formvar-
coated copper grid. The particle size was measured and analyzed
using iTEM software. The TEM micrographs were digitally
color-coded according to particle size (Figure 2B,C).

2.6 Cytotoxicity Assay

Human adult keratinocyte cell line (HaCaT; RRID: CVCL_0038)
was obtained from the American Type Culture Collection (ATCC,
USA). The cytotoxicity of BSA–GNCswas assessed using theMTT
assay on HaCaT cells at passage 12. The assay was performed
following the procedure described by Lillo et al. [21], with minor
modifications. HaCaT cells were exposed to a range of BSA–
GNC concentrations (1–100 µg/µL) for 24 h. After treatment,
cell viability was quantified using the MTT dye to evaluate the
cytotoxic potential of the BSA–GNCs.

2.7 Bacterial Strains and Culture Conditions

The bacterial strains K. pneumoniae (ATCC 700603), S. aureus
(ATCC 43300), P. aeruginosa (ATCC 27582), and Enterococcus
faecalis (ATCC 29212) were obtained from the Department of
Microbiology, King Saud University. The bacterial cultures were
grown overnight at 37◦C in LB broth (Scharlab S.L., Spain). The
cells were then harvested, washed with PBS, and the turbidity of
the bacterial suspension was adjusted by measuring the optical
density at 600 nm (OD600) using a spectrophotometer (Genesys
10S, Thermo Scientific, Waltham, MA, USA).

2.8 Antibacterial Activity Assay

Nutrient agar medium was prepared by dissolving 5 g of peptone,
3 g of beef extract, and 5 g of sodium chloride (NaCl) in 1000 mL
of distilled water, and the pH was adjusted to 7.0. Agar (15 g) was
added to the medium, which was then sterilized in a conical flask
under a pressure of 150 lbs for 30 min. The sterilized mediumwas
poured into Petri dishes under aseptic conditions in a laminar
airflow chamber and allowed to solidify. The bacterial strains
(K. pneumoniae, S. aureus, P. aeruginosa, and E. faecalis) were
inoculated onto the agar surface. The antibacterial activity of the
test samples of 40 µg/µL of 1× BSA–GNCs, 20 µg/µL of penicillin–
streptomycin (PS), BSA, and gold (Au) solutions was evaluated
using the disc diffusion method following standard procedures.
The inoculated plates were incubated at 37◦C for 24 h, after which
the diameter of the inhibition zones was measured inmillimeters
(mm) using a standard scale.

2.9 Biofilm Formation and Quantification Assay

The biofilm formation assay was conducted according to the
method described by O’Toole [22], with slight modifications. All
four bacterial strains (K. pneumoniae, S. aureus, P. aeruginosa,
and E. faecalis) were inoculated in LB broth and incubated
overnight at 37◦C with shaking at 120 rpm. Before initiating
the assay, fresh M63 medium (provided by the Department of
Microbiology, King Saud University) was used to resuspend the
bacterial cultures, which were then washed with PBS to adjust
turbidity. The bacterial suspensions were diluted inM63medium
to obtain a final concentration of 1 × 108 CFU/mL. Aliquots of
200 µL of the diluted bacterial cultures were transferred into
the wells of a flat-bottomed 96-well microplate and incubated at
37◦C for 24 and 48 h in the presence of BSA–GNCs (40 µg/µL).
Untreated cultures served as controls. Following incubation, one
set of cultures was harvested to measure the optical density at
600 nm (OD600) using a spectrophotometer (Genesys 10S, Thermo
Scientific, Waltham, MA, USA).

For biofilm quantification, the remaining wells were gently
inverted to remove planktonic cells and rinsed several times with
sterile water to remove unattached bacteria. The plates were then
stained with 150 µL of 0.1% (w/v) crystal violet solution (Sigma-
Aldrich, St. Louis, MO, USA) for 15 min at room temperature.
Excess dye was removed by washing the plates three to four times
with distilledwater, followed by air-drying overnight. The stained
biofilms were photographed to visually assess biofilm formation
(Figure 6A,B). For quantitative analysis, 200 µL of 30% (v/v) acetic
acid was added to each well to solubilize the bound crystal violet,
and the plates were incubated for 15 min. The resulting solution
was transferred to cuvettes, and the absorbance was measured at
550 nm (A550). Each experiment was performed in triplicate, with
six replicates per condition. Quantitative biofilm formation was
expressed as the ratio ofA550 (biofilm biomass) to OD600 (bacterial
growth), normalized to the control cultures.

2.10 Intracellular ROS Detection

Intracellular ROS generation in BSA–GNC-treated microorgan-
isms was analyzed using confocal laser scanning microscopy
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FIGURE 2 Transmission and scanning electronmicroscopy analysis of BSA–GNCs. (A) Transmission electronmicrograph showing BSA–GNCs; (B)
color-coded image of (A), indicating particle size distribution; (C) graph depicting the particle size distribution; (D) scanning electron microscopy with
EDX confirming elemental composition of the BSA–GNCs.

(CLSM 990, Zeiss, Germany). Briefly, 1 mL of LB medium con-
taining approximately 107 CFU of bacterial cells was treated with
BSA–GNCs at a final concentration of 40 µg/mL and incubated
for 12 h at 37◦C. The cultures were then centrifuged at 6000 rpm
for 10 min, and the supernatant was discarded. The bacterial
pellets were washed with PBS and subsequently incubated in
PBS containing 10 µM 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFH-DA; C6827, Life Technologies, OR, USA) for 30 min at
37◦C in the dark. After incubation, excess fluorescent probe was
removed by washing the cells three times with PBS. A small vol-
ume of the labeled bacterial suspensionwas placed on glass slides,
mounted with cover slips using appropriate mounting medium,
and examined under a CLSM (CLSM 990, Zeiss, Germany).
Fluorescence images were captured at an excitation wavelength
of 485–504 nm and an emission wavelength of 525–535 nm using
a Rolera QImaging camera. Image acquisition and quantification
were performed using Zeiss Zen Lite software (version 3.11).

2.11 TEM Analysis

Bacterial strainswere cultured overnight (16 h) in 5mLof nutrient
agar at 37◦C. The cultures were then transferred into separate test

tubes containing LB broth and grown to a final concentration of
approximately 107 CFU/mL. Each bacterial culture was divided
into two equal portions: One served as the untreated control, and
the other was treated with 40 µg/µL BSA–GNCs. Both treated and
untreated cultures were incubated at 37◦C for 24 h. Following
incubation, the cultures were transferred into Eppendorf tubes
and centrifuged at 6000 rpm for 10 min to obtain bacterial
pellets. The collected pellets were processed for TEM analysis.
Samples were fixed in 2.5% glutaraldehyde prepared in 0.1 M
phosphate buffer (pH 7.4) for 2 h at 4◦C, followed by post-
fixation in 1% osmium tetroxide for 1 h. After fixation, the
pellets were washed three times with distilled water (10 min
each) and dehydrated through a graded ethanol series (50%,
70%, 90%, and 100%), followed by 100% acetone for 15 min each.
Dehydrated samples were infiltrated with Spurr resin at ratios of
1:1 (resin:acetone) for 1 h and 2:1 (resin:acetone) for 2 h, followed
by 100% resin infiltration (3 × 8 h). The infiltrated samples were
polymerized in Eppendorf tubes at 70◦C for 8 h to form resin
blocks.

Five replicates were prepared for both untreated and BSA–GNC-
treated bacterial samples. The polymerized resin blocks were
sectioned into ultrathin sections (approximately 75 nm) using an
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FIGURE 3 Cytotoxicity of BSA–GNCs in HaCaT cells determined by MTT assay after 24 h incubation. (A) Representative images showing HaCaT
cell morphology in the control and after treatment with 1–40 µg/µL BSA–GNCs for 24 h; (B and C) graphs representing percentage cytotoxicity in a
concentration-dependent manner. Data are shown asmean± SE (n= 6, each concentration assessed in triplicate, experiment repeated twice). Statistical
analysis by the Mann–Whitney unpaired t-test; p < 0.01, indicated by *.

RMC Ultracut microtome. Sections were collected on 200-mesh
copper grids and stained with 2% uranyl acetate and lead citrate.
The ultrastructural features of bacteria were examined using a
TEM (JEOL 1400, Tokyo, Japan). Digital images were captured
using a bottom-mounted 15-megapixel Quemesa camera and
analyzed with iTEM software.

2.12 Statistical Analysis

All experimental data are presented as the mean ± standard
error (SE) from at least three independent experiments. Statistical
analyses were performed using GraphPad Prism software (ver-
sion 8.2; GraphPad Software, San Diego, CA, USA). Differences
between experimental groups were evaluated using the Mann–
Whitney unpaired t-test for multiple comparisons. p values of
0.01, 0.001, and 0.0001 were considered statistically significant
and are denoted as *, **, and ***, respectively, compared to the
untreated bacterial control group.

3 Results

3.1 Characterization of BSA–GNCs

UV–spectrofluorimetric analysis of the synthesized BSA–GNCs
exhibited a distinct fluorescence emission peak at 500 nm
(Figure 1D), confirming the successful formation of gold nan-
oclusters that emitted characteristic red autofluorescence under
UV illumination (Figure 1C). DLS and zeta potential analyses
revealed that the BSA–GNCs possessed an average hydrody-
namic size distribution peak and a negative surface charge of
−8.29 mV (Figure 1E), indicating good colloidal stability. FTIR
spectroscopy further confirmed the presence of major functional
groups associated with BSA capping (Figure 1F). The FTIR
spectrum displayed sharp absorption peaks between 400 and
4000 cm−1, corresponding to characteristic functional vibrations
at 598.33, 1102.79, 1261.21, 1637.84, 2923.54, and 3430.76 cm−1,
which represent C = O, phenolic, PO2, N─H, C─H, and O─H
groups, respectively.
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TEM images showed that the BSA–GNCs were well-dispersed,
forming small clusters with variable diameters (Figure 2A,B).
The mean particle diameter was 22.72 ± 0.93 nm, with a normal
distribution pattern (Figure 2C). SEM coupled with EDX analysis
confirmed the uniform distribution of BSA–GNCs (Figure 2D).
The EDX spectrum exhibited a prominent Au-M peak at 2.12 keV,
verifying the presence of gold and indicating efficient surface
coating of Au atoms with BSA molecules.

3.2 Cytotoxicity Assessment of BSA–GNCs

The cytotoxic potential of the synthesized BSA–GNCs was eval-
uated in cultured HaCaT skin keratinocytes. Figure 3 illustrates
the dose-dependent cytotoxicity profile of BSA–GNCs across
various concentrations. Representative microscopic images of
HaCaT cells treated with 1–40 µg/µL of BSA–GNCs are shown
in Figure 3A. As depicted in Figure 3B,C, exposure to BSA–
GNCs at concentrations ranging from 1 to 40 µg/µL resulted
in minimal cytotoxicity (less than 20%), showing no significant
difference compared to untreated control cells. However, at
higher concentrations (60, 80, and 100 µg/µL), a significant
increase in cytotoxicity (greater than 40%, p < 0.01) was observed
after 24 h of exposure. On the basis of these findings, 40 µg/µLwas
considered an optimal, nontoxic concentration and was selected
for subsequent experiments.

3.3 Antibacterial Activity of BSA–GNCs

Treatment with 40 µg/µL of BSA–GNCs exhibited significant
antibacterial activity against all tested bacterial strains. The
maximum zones of inhibition observed after 24 h of incubation
were 28 ± 2.44 mm for K. pneumoniae, 27.5 ± 2.45 mm for S.
aureus, 31.5 ± 1.91 mm for P. aeruginosa, and 29.75 ± 2.50 mm
for E. faecalis (Figure 4A–E). In comparison, treatment with
20 µg/µL of PS produced inhibition zones of 32 ± 2.48, 33 ± 1.80,
37 ± 2.16, and 39.33 ± 1.80 mm, respectively. Although the PS-
treated group exhibited slightly higher inhibition zones than the
BSA–GNC-treated group. The antibacterial performance of BSA–
GNCs was further evaluated relative to the control (0.9% saline),
BSA, and gold ion (Au) solutions, confirming that the observed
activity was primarily attributed to the synthesized nanoclusters
(Figure 4A–E).

3.4 Ultrastructural Analysis of Bacteria Treated
With BSA–GNCs

TEM was used to compare the ultrastructural morphology of
untreated and BSA–GNC-treated bacteria. Untreated K. pneumo-
niae cells were uniformly distributed and contained dense cyto-
plasm with numerous electron-dense ribosomes (Figure 5.1A).
The cytoplasmwas enclosed by a well-defined plasmamembrane
and cell wall, both covered by a thin biofilm layer (Figure 5.1B–
D). In contrast, BSA–GNC-treated K. pneumoniae cells exhibited
distinct cytoplasmic vacuolation (Figure 5.2A,B), with most
cross-sections showing shrunken and degenerated cytoplasm
(Figure 5.2C–F).

E

FIGURE 4 Antibacterial activity of BSA–GNCs against antibiotic-
resistant and non-resistant bacteria. (A–D) Agar plates showing bacterial
growth inhibition after 24 h treatmentwithBSA (20 µg/µL),Au (20 µg/µL),
BSA–GNCs (40 µg/µL), and penicillin–streptomycin (PS; 20 µg/µL).
Red circles indicate zones of inhibition; (E) graphical representation
of inhibition zones for each treatment group. Data are mean ± SE
(n = 6, each concentration assessed in triplicate, experiment repeated
twice). Statistical analysis by the Mann–Whitney unpaired t-test; p < 0.01
compared to BSA and Au groups.

Untreated S. aureus formed compact clusters and exhibited
an electron-dense cytoplasm surrounded by a thick biofilm
(Figure 5.3A–D). Upon exposure to BSA–GNCs, S. aureus cells
displayed severe structural damage, including vacuolation and
cytoplasmic degeneration (Figure 5.4A–D). Many bacterial cells
exhibited shrunken cytoplasm or remnants of intracellular con-
tent (Figure 5.4E,F).

Similarly, untreated P. aeruginosa cells exhibited a dense
cytoplasm bounded by an intact plasma membrane, cell wall,
and biofilm (Figure 5.5A–D). Following BSA–GNC treatment,
P. aeruginosa cells displayed extensive degeneration and
cytoplasmic shrinkage (Figure 5.6A,B), with many cells showing
disorganized or collapsed cytoplasmic remnants (Figure 5.6C–F).

Chemistry & Biodiversity, 2025 7 of 16
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FIGURE 5 Ultrastructural analysis of untreated and BSA–GNC-treated bacterial strains by electron microscopy. 5.1 (A–D) Untreated Klebsiella
pneumoniae showing dense cytoplasm and biofilm coating. 5.2 (A–F) BSA–GNC-treated K. pneumoniae showing vacuolated cytoplasm, degenerated
cytoplasmic contents, and disrupted membranes. 5.3 (A–D) Untreated Staphylococcus aureus displaying clustered cells with electron-dense cytoplasm,
intact plasma membrane, cell wall, and biofilm. 5.4 (A–F) BSA–GNC-treated S. aureus showing degenerated membranes, cytoplasmic shrinkage, and
vacuolization. 5.5 (A–D) Untreated Pseudomonas aeruginosa with dense cytoplasm, intact membranes, and biofilm coating. 5.6 (A–F) BSA–GNC-
treated P. aeruginosa showing cytoplasmic degeneration, membrane folding, and vacuolated structures. 5.7 (A–F) Untreated and BSA–GNC-treated
Enterococcus faecalis; untreated bacteria fused via biofilm, while treated bacteria displayed shrunken cytoplasm, broken cell walls, and vacuolization.
S=nucleoid strands, red arrow= fusion of bacteria. BO, biofilm;CW, cellwall; DC, degenerated cytoplasm; P, plasmamembrane; RC, remnant cytoplasm;
SC, shrunken cytoplasm.

The ultrastructure of untreated E. faecalis resembled that of S.
aureus, displaying an electron-dense cytoplasm surrounded by
a plasma membrane, cell wall, and a prominent biofilm layer
(Figure 5.7A,B). Treatment with BSA–GNCs caused pronounced
morphological damage, including cytoplasmic shrinkage and
degradation of the cell wall and membrane disintegrates
(Figure 5.7C–F).

3.5 Quantification of Biofilm Inhibition and
Bacterial Degeneration

Biofilm formation was assessed both qualitatively (Figure 6A,B)
and quantitatively (Figure 6C,D) using crystal violet staining.
Visual observations from the top-down view of the microtiter
plates revealed substantial biofilm formation in untreated bac-
terial cultures at 24 and 48 h (Figure 6B). The extent of
biofilm formation varied among bacterial species, depending
on motility and adhesion properties, as evident from the dense
colonies and adherent layers observed around the microplate
wells (Figure 6A).

Quantitative assessment based on the ratio of crystal violet
absorbance at 550 nm to culture absorbance at 600 nm revealed
a significant increase in biofilm formation in untreated bacteria
over time (Figure 6C). In contrast, BSA–GNC-treated bacteria

(40 µg/µL) exhibited a significant reduction in biofilm density
at 48 h compared to 24 h (Figure 6D). These results indicate
that BSA–GNCs effectively inhibit bacterial biofilm formation
and promote structural degeneration in both Gram-positive and
Gram-negative species.

3.6 Intracellular ROS Generation in
BSA–GNC-Treated Bacteria

An in vitro assay was performed to further elucidate the intra-
cellular ROS generation induced by BSA–GNCs in bacterial cells.
CLSM imaging (Figure 7.1A–H) clearly distinguished between
untreated and BSA–GNC-treated bacteria. In comparison to the
untreated groups (Figure 7.1A,C,E,G), BSA–GNC-treated bacteria
(Figure 7.1B,D,F,H) exhibited a markedly higher intensity of
green fluorescence, indicating increased ROS production.

Similarly, mean fluorescence intensity spectral distribution anal-
ysis confirmed these findings (Figure 7.2A–H). The BSA–GNC-
treated bacteria displayed pronounced mean green fluorescence
intensities (Figure 7.2B,D,F,H), whereas less fluorescence inten-
sity was observed in untreated cells (Figure 7.2A,C,E,G). These
results collectively demonstrate that exposure to BSA–GNCs
induces significant ROS accumulation within bacterial cells,
ultimately leading to oxidative stress–mediated cell death.

8 of 16 Chemistry & Biodiversity, 2025

 16121880, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbdv.202500865 by Y

eungnam
 U

niversity, W
iley O

nline L
ibrary on [09/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 5 (Continued)
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FIGURE 5 (Continued)
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FIGURE 5 (Continued)

4 Discussion

The present study investigated the effects of BSA-GNCs on
the susceptibility of antibiotic-resistant and non-resistant bac-
terial strains, as well as their influence on biofilm formation.
Earlier, Housni et al. reported that BSA-capped gold nanopar-
ticles were monodispersed and stabilized through BSA cross-
linkages compared with uncapped gold nanoparticles [23]. In
the current study, successfully synthesized BSA–GNCs were
characterized by UV spectrofluorimetry, showing an emission
peak at 500 nm with red fluorescence, consistent with previ-
ous reports [24]. Similarly, Lopez-Miranda et al. observed that
increasing the concentration of BSA–GNCs to 3 mM enhanced
the gold nanoparticle peak at 540 nm, confirmingGNC formation
[25].

FTIR analysis in this study revealed distinct peaks at 1637.84,
1102.79, and 3430.76 cm−1, corresponding to C = O, C─H, and
O─H functional groups, respectively, which is consistent with
previous reports [26]. These functional groups are critical for
capping and stabilizing AuNPs. TEM analysis confirmed that
the synthesized BSA–GNCs were homogeneous, non-aggregated,

and exhibited various morphologies (spherical and cluster’s)
with an average diameter of 22.7 nm, which aligns closely with
previous findings (25.5 nm) [26, 27]. Bronze-Uhle et al. and
Shankar et al. also reported similar BSA–AuNP morphologies
and elemental confirmation through EDS peaks at approximately
2.1 keV [28, 29]. Our SEM–EDX analysis likewise demonstrated
a uniform distribution of BSA–GNCs with a characteristic Au-
M peak at 2.12 keV, verifying successful BSA coating [30]. DLS
analysis indicated that the hydrodynamic diameter of BSA–
GNCs was larger than the core particle size, likely due to ligand
adsorption and formation of an electrical double layer around the
particles [31].

Cytotoxicity evaluation using the MTT assay revealed that
BSA–GNCs exhibited minimal toxicity toward HaCaT cells at
concentrations up to 40 µg/µL, with cell viability exceeding 80%.
However, concentrations above 60 µg/µL induced significant
cytotoxic effects (p < 0.01). This suggests that at lower doses,
BSA–GNCs exert mild oxidative stress–mediated effects without
triggering cell death, whereas higher concentrations elicit intrin-
sic toxicity, consistent with previous reports on gold nanoclusters
[21].
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FIGURE 5 (Continued)

Antibacterial assays demonstrated that 40 µg/µL BSA–GNCs
produced significant inhibition zones compared with BSA and
Au alone, confirming their superior antibacterial efficacy. TEM
ultrastructural analyses revealed severe bacterial damage, includ-
ing cytoplasmic vacuolation, membrane shrinkage, and cell
wall disruption, indicative of compromised integrity. Similar
ultrastructural alterations have been observed following expo-
sure to membrane-permeabilizing agents such as phenethyl
alcohol and triethylsilanol [31–33]. Gold nanomaterials pos-
sess unique antibacterial advantages due to their tunable size,
shape, and multivalent surface chemistry [34]. Their ability
to adopt various morphologies—including spheres, rods, stars,
and nanoclusters—enables controlled interactions with bacte-
rial cell walls and biofilm matrices. The multivalent nature of
AuNPs facilitates bindingwithmultiple bacterial ligands, thereby
enhancing antibacterial potency against both Gram-positive and
Gram-negative species [35].

Our results demonstrated that BSA–GNCs effectively inhibited
both resistant and non-resistant bacterial strains. The biofilm
inhibition assay further confirmed that BSA–GNC treatment
markedly reduced biofilm formation at both 24 and 48 h, as evi-
denced by crystal violet staining. The qualitative and quantitative

data were consistent, showing a pronounced reduction in biofilm
density and coloration in treated groups. The spatial biofilm
distribution differed across species:K. pneumoniae formed upper-
surface aggregates, whereas S. aureus, P. aeruginosa, and E.
faecalis developed denser, uniform biofilms across plate surfaces.
All strains exhibited thinner biofilm layers at 48 h following
BSA–GNC exposure, consistent with literature emphasizing the
importance of initial microbial adherence in biofilm formation
[36, 37].

BSA–GNCs likely inhibit biofilm development by impairing
bacterial cell wall permeability and disrupting metabolic and
signaling pathways essential for extracellular polymeric sub-
stance (EPS) synthesis. Previous studies have demonstrated that
BSA-capped GNCs promote the generation of ROS, lipid perox-
idation products such as malondialdehyde (MDA), and leakage
of cytoplasmic proteins and sugars [34, 38, 39]. These effects
collectively compromise bacterial envelope integrity and interfere
with EPS assembly. The proposed antibacterial mechanism of
BSA–GNCs involves their penetration through bacterial pores
and efflux channels, resulting in the inhibition of EPS formation
and biofilm development. Consequently, the bacterial plasma
membrane retracts from the cell wall, creating electron-lucent
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FIGURE 6 Quantitative and qualitative assessment of biofilm formation in untreated and BSA–GNC-treated bacteria. (A) Photograph showing
untreated bacterial biofilm formation at 24 h; (B) crystal violet staining of untreated and BSA–GNC-treated bacteria at 100× magnification; (C and
D) quantitative biofilm formation in Klebsiella pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa, and Enterococcus faecalis at 24 and 48 h.
(C) Untreated bacterial biofilm formation; (D) inhibition in BSA–GNC-treated bacteria. Data are mean ± SE (n = 6, triplicate per concentration). The
Mann–Whitney unpaired t-test; p < 0.01 compared to control. BSA–GNC, bovine serum albumin–gold nanocluster.

spaces between these layers and leading to cytoplasmic degrada-
tion. The disintegration of cytoplasmic content and the disruption
of structural integrity ultimately impair bacterial adhesion and
colonization. These findings are consistent with previous reports,
which demonstrated that functionally engineered materials can
induce the loss of bacterial physical and mechanical stability
[13, 40, 41]. Hence, the functionalized nanomaterials exhibited
minimal adverse effects on mammalian cell viability, yet effec-
tively inhibited bacterial adhesion and early biofilm formation.

This differential response highlights the selective antimicrobial
potential of BSA–GNCs, supporting their suitability as promising
candidates for anti-biofilm and surface-protective applications.

5 Conclusion

This study demonstrates the antibacterial, anti-biofilm, and
cytocompatible properties of BSA–GNCs; however, several limi-
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FIGURE 7 Confocal microscopy analysis of intracellular ROS gen-
eration in untreated and BSA–GNC-treated bacteria. 7.1 (A–H) DCFH-
DA–stained bacteria imaged after 12 h incubation at 400× magnification
(scale bar = 20 µm); (A, C, E, G) untreated, (B, D, F, H) BSA–GNC-treated
groups. 7.2 (A–H) 3D spectral analysis of ROS accumulation quantified
using Zen Lite 3.11 software. Green fluorescence indicates ROS-positive
cells, which markedly increased in BSA–GNC-treated bacteria at 12 h.

tations should be noted. First, all experiments were performed in
vitro, which cannot fully represent in vivo biological complexity,
immune responses, or systemic toxicity.Mechanistic insights into
how BSA–GNCs exert antimicrobial action remain incomplete,
as pathways such as membrane disruption, cytosolic alterations,
and quorum sensing interference were not extensively explored.
Additionally, cytotoxicity was assessed using only one cell line
(HaCaT), and long-term stability of the nanoclusters under
physiological conditions was not evaluated.

Future studies should expand antibacterial testing to a broader
range of MDR pathogens, and evaluating BSA–GNCs against
mature and polymicrobial biofilms will enhance clinical rele-
vance. Additionally, exploring formulation optimization, targeted
delivery approaches, and potential synergistic effects with antibi-

FIGURE 7 (Continued)

otics could support translation of BSA–GNCs into practical
biomedical applications.
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