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ABSTRACT Biofilm formation is important for microbial survival in hostile environ-
ments and a phenotype that provides microorganisms with antimicrobial resistance. Zinc
oxide (ZnO) and Zinc sulfide (ZnS) nanoparticles (NPs) present potential antimicrobial
properties for biomedical and food industry applications. Here, we aimed to analyze, for
the first time, the bactericidal and antibiofilm activity of ZnS NPs against Staphylococcus
aureus, Klebsiella oxytoca, and Pseudomonas aeruginosa, all medically important bacteria
in developed countries. We compared ZnS NPs antimicrobial activity to ZnO NPs, which
have been extensively studied. Using the colorimetric XTT reduction assay to observe the
metabolic activity of bacterial cells and the crystal violet assay to measure biofilm mass,
we demonstrated that ZnS and ZnO had similar efficacy in killing planktonic bacterial cells
and reducing biofilm formation, with S. aureus being more susceptible to both therapeu-
tics than K. oxytoca and P. aeruginosa. Crystal violet staining and confocal microscopy vali-
dated that Zn NPs inhibit biofilm formation and cause architectural damage. Our findings
provide proof of principle that ZnS NPs have antibiofilm activity, and can be potentially
used in medical and food industry applications, such as treatment of wound infections or
package coating for food preservation.

IMPORTANCE Zinc (Zn)-based nanoparticles (NPs) can be potentially used in medical and
food preservation applications. As proof of principle, we investigated the bactericidal and
antibiofilm activity of zinc oxide (ZnO) and zinc sulfide (ZnS) NPs against medically impor-
tant bacteria. Zn-based NPs were similarly effective in killing planktonic and biofilm-associ-
ated Staphylococcus aureus, Klebsiella oxytoca, and Pseudomonas aeruginosa cells. However,
S. aureus was more susceptible to these investigational therapeutics. Although further
studies are warranted, our findings suggest the possibility of future use of Zn-based NPs
in the treatment of skin infections or preservation of food.

KEYWORDS antimicrobial activity, bacteria, biofilms, nanoparticles, zinc oxide, zinc
sulfide

Biofilm formation by medically-important bacteria represents a problem for the popula-
tion health, because this phenotype is a critical factor for microbial survival, colonization,

and antibiotic resistance (1). Annually, bacterial infections affect ;300 million people
globally, including killing ;2 million children (2), and having an associated cost of ;$24
billion dollars in developed countries (3). Patients in intensive care are particularly vulnerable
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to multidrug-resistant bacterial infections, especially those using nasogastric tubes (4).
About 50% of nosocomial infections are related to patients with indwelling devices used for
medical treatment purposes, such as catheters, cardiac pacemakers, joint replacements, den-
tal prostheses, prosthetic heart valves, and contact lenses (5). These devices provide an ideal
surface for bacterial cell attachment. Biofilm-forming bacteria cause a large number of infec-
tions, including endocarditis, osteomyelitis, sinusitis, urinary tract infections, chronic prostati-
tis, periodontitis, chronic lung infection in patients with cystic fibrosis, and middle ear infec-
tions (5). Moreover, biofilms also cause an enormous economic loss to the food industry
every year (6). For example, food spoilage and degradation also compromise food safety,
which is a major priority in today's globalized market, with worldwide transportation and
consumption of fresh and minimally processed food.

Staphylococcus aureus, Klebsiella oxytoca, and Pseudomonas aeruginosa, are listed as
high priority bacteria by World Health Organization due to their antibiotic resistance (3), and
their biofilm formation ability, representing a threat in medicine and food industry. S. aureus
is a Gram-positive human commensal that persistently colonizes 80% of individuals with
nosocomial infections (7). S. aureus forms biofilms and produces multiple virulence factors,
such as extracellular enzymes (e.g., coagulase A) and toxins (e.g., Panton-Valentine Leukocidin)
(8). Furthermore, S. aureus adheres to host tissue (e.g., bone and heart valves) and medical
implants (e.g., catheters, prosthetic joints, and pacemakers) forming biofilms, which play an
important role in disease establishment and persistence (9). For example, infections caused
by antibiotic-resistant S. aureus alone cost the United States health care systems $1.7 billion
dollars per year, and kills;11,000 patients (10).

Gram-negative bacteria, such as P. aeruginosa and K. oxytoca, have become impervi-
ous to commonly used antibiotics causing infections very difficult to treat resulting in high
mortality. P. aeruginosa has a broad virulence factor armamentarium, including a robust bio-
film formation ability that causes serious health problems in immunocompromised patients,
including those with cystic fibrosis or are wounded/burned (11). K. oxytoca has frequent
commensal occurrence in the nasopharyngeal and intestinal tract of humans causing
opportunistic disease in immunocompromised patients (12). Outbreaks of multidrug-
resistant K. oxytoca have occurred in hospitals around the world (13), particularly in
long-term-care facilities and intensive care units (14), and handwashing stations have been
identified as a possible environmental reservoir (15). Therefore, novel therapeutic and treat-
ment strategies are urgently needed to combat infections by Gram-negative bacteria, espe-
cially those with natural abilities to form biofilms.

Among the possibilities to combat bacterial biofilm formation, inorganic metal-based
nanoparticles (NPs) such as silver, titanium, gold, copper, iron, and zinc (Zn) have been
explored (16). They exhibit antiseptic and antimicrobial properties with potential for bio-
medical applications. For example, zinc oxide (ZnO) NPs have anti-microbial and -biofilm
activity on a wide range of Gram-positive and -negative bacteria (17), which can be ideal
to be used in the food packing industry and agriculture (18). In contrast, the application
of Zn sulfide (ZnS) as an antimicrobial or antibiofilm agent has not been reported. Zn
NPs inhibit bacterial viability and proliferation via generation of reactive oxygen species
(ROS) causing damage to cellular components, i.e., lipids, proteins, and DNA or release
of Zn21 ions inducing toxicity through apoptosis (19). Here, we describe the efficacy of
ZnS NPs on bacterial planktonic and biofilm inhibition and compared it to ZnO. We
report that ZnS NPs kill single bacterial cells and reduce, considerably, biofilm forma-
tion, providing a proof of principle and suggesting the possibility of being promisingly
applied in medicine and the food industry.

RESULTS
Planktonic bacteria are susceptible to Zn NPs.We developed and generated ZnO

and ZnS NPs, as described by La Porta et al. (20) and Savu et al. (21), respectively. First,
we used scanning electron microscopy (SEM) to characterize the shape and size of these
NPs (Fig. 1). ZnO presents a hexagonal prism or wurtzite structure of ;500 nm in size
(Fig. 1, upper panel), while ZnS exhibits a combination of smaller cubic and wurtzite shape
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structures of ;150 nm (Fig. 1, lower panel). Our Zn NPs exhibited the expected shapes and
sizes, thus, validating the synthesis protocols previously described (20, 21). Then, we eval-
uated the antimicrobial activity of ZnO and ZnS NPs against planktonic S. aureus, K. oxytoca,
and P. aeruginosa (Table 1). We determined the MIC and minimal bactericidal concentration
(MBC) for each bacterial strain using the XTT reduction assay and CFU counts, respectively.
K. oxytoca and P. aeruginosa were more resistant than S. aureus to the antimicrobial activity
of Zn NPs. MIC/MBC for S. aureuswere 1 mg/mL for both Zn NPs and MIC/MBC for Gram-neg-
ative bacteria were 4 mg/mL. These results indicate that single microbial cells are sensitive to
ZnO and ZnS NP exposure.

Zn NPs reduce biofilm biomass. Biofilm formation on 96-well microtiter plates was
compared among the different bacterial strains using the crystal violet method, which
stains both cellular and matrix component of biofilms (Fig. 2). Like planktonic bacterial
cells, Zn NPs significantly decreased mature biofilm (24 h) biomass for all the strains,
especially for S. aureus. ZnO-treatment of S. aureus biofilms had 23% biomass when
the initial bacterial density was 106 CFU/mL (Fig. 2). Biofilms grown with ZnS had sub-
stantially reduced biomass (38%) when the initial microbial density was 105 CFU/mL. Zn NPs
completely reduced S. aureus biofilm biomass at bacterial cell concentrations #104 CFU/mL.
ZnS and ZnO reduced K. oxytoca biofilm biomass to ;50% at #104 CFU/mL. The biomass of

FIG 1 Analysis of ZnO and ZnS nanoparticles (NPs) by scanning electron microscopy (SEM). SEM photographs
show zinc oxide (ZnO, upper panel) and zinc sulfide (ZnS, lower panel) nanoparticles (NPs). ZnO NPs
consists of uniformed rectangles of ;500 nm. ZnS NPs exhibited smaller structures of ;150 nm. Scale
bar: 1 mm.

TABLE 1Minimum inhibitory (MIC) and bactericidal (MBC) concentrations of ZnO and ZnS
NPs against bacteria (n = 3)

Bacteria

MIC (mg/mL) MBC (mg/mL)

ZnO ZnS ZnO ZnS
S. aureus 1.0 1.0 1.0 1.0
K. oxytoca 4.0 4.0 4.0 4.0
P. aeruginosa 4.0 4.0 4.0 4.0
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K. oxytoca biofilms were completely reduced at cell densities #102 and #101 CFU/mL after
treatment with ZnO and ZnS, respectively. Likewise, P. aeruginosa showed higher susceptibility
to ZnS NPs than K. oxytoca, evincing 30% biofilm biomass at density #104 CFU/mL and less
than 10% at#103 CFU/mL. P. aeruginosa biofilm biomass was almost completely reduced at a
density #102 CFU/mL. To confirm the ability of Zn NPs to inhibit bacterial biofilm formation,
confocal microscopy was used to monitor S. aureus, K. oxytoca, and P. aeruginosa biofilm for-
mation for 24 h in absence (untreated) or presence of ZnO or ZnS (Fig. 3). Since S. aureus is
more sensitive (e.g., MIC and MBC) to Zn NPs, we treated the cocci with a lower concentra-
tion than for K. oxytoca and P. aeruginosa (0.5 mg/mL versus 2 mg/mL). All untreated
bacteria grown formed robust biofilms characterized by uniformed cell-matrix distribu-
tion across the microscopic field. SEM shows individual bacterial cells, clustered cocci
for S. aureus, and rod-shape for K. oxytoca and P. aeruginosa (Fig. 3A, insets). Untreated
S. aureus, K. oxytoca, and P. aeruginosa formed biofilms of a depth of 120, 80, and
160 mm, respectively (Fig. 3A). ZnO and ZnS NPs substantially reduced the depth of
the bacterial biofilms and their distribution across the fields. ZnS NPs-treated bacteria
exhibited more biofilm reduction relative to ZnO NPs. Interestingly, although untreated
P. aeruginosa showed a denser and deeper biofilm than the other bacteria, treatment
with either Zn NPs considerably reduced this Gram-negative bacterium biomass. To validate
the image visualization, we analyzed and quantified the fluorescent intensity/mm2 of the
biofilm images of bacteria grown in absence or presence of Zn NPs (Fig. 3B to D). Untreated
S. aureus biofilms demonstrated significantly higher fluorescent intensity/mm2 than biofilms
grown with ZnO (P, 0.0001) and ZnS (P, 0.0001) (Fig. 3B). In contrast, ZnS-treated S. aureus
biofilms exhibited the lowest fluorescent intensity/mm2. Untreated K. oxytoca biofilms dis-
played significantly higher fluorescent intensity/mm2 than ZnS-treated biofilms (P , 0.05),
although no difference was observed between ZnO-treated biofilms and the untreated or
ZnS-treated conditions (Fig. 3C). The fluorescent intensity/mm2 of P. aeruginosa biofilms
was similarly reduced after treatment with either ZnO or ZnS NPs (P , 0.0001) (Fig. 3D).
Our findings indicate that Zn NPs are effective in inhibiting biofilm formation, suggesting a
possible application in medicine and food preservation.

DISCUSSION

Bacterial cutaneous infections, antibiotic resistance, food poisoning, and food spoilage
are prevalent in developed countries exacerbating morbidity and mortality. There is an urgent

FIG 2 Zn NPs decrease Staphylococcus aureus, Klebsiella oxytoca, and Pseudomonas aeruginosa biofilm
biomass as determined by the crystal violet assay. Crystal violet solubilization assay with 30% acetic acid
in distilled water, with inoculum of S. aureus, K. oxytoca, and P. aeruginosa added together with ZnO and
ZnS, and grown in 96-well polystyrene microtiter plates for 24 h. Microbial biofilms were grown alone or
with 0.5 mg/mL (S. aureus) or 2 mg/mL (K. oxytoca or P. aeruginosa). All experiments were performed three
times (representative data shown), and similar results were obtained each time.
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need for new therapeutics to reduce these incidences and enhance people’s quality of life.
Here, we reported, for the first time, the efficacy of ZnS NPs against bacteria of medical impor-
tance due to their ability to form biofilms and become resistant to commonly used antibiotics.
We also validated the effectiveness of ZnO NPs, which have been extensively characterized
(22, 23). We obtained similar size and shape ZnS NPs as described in (20), which consisted of
blended nano cubic and wurtzite structures. MIC and MBC results indicate that planktonic
cells of the Gram-positive S. aureus strain are more susceptible to Zn NPs than Gram-negative
K. oxytoca and P. aeruginosa strains. It is possible that differences in the cell surface between
Gram-positive and Gram-negative bacteria influence the antimicrobial activity of the Zn NPs.
For example, the presence of, or alterations to, the double membrane (24), having a periplas-
mic space, production and secretion of proteins (23, 25), and overexpression of efflux pumps
(26, 27), or porins (28) in Gram-negative bacteria may reduce the Zn NPs antimicrobial or anti-
biofilm activity. P. aeruginosa produces pyocyanin to protect itself against NPs by inactivating
ions produced or released (23). Moreover, P. aeruginosa strain CCM 3955 overexpresses a flag-
ellin matrix that causes the agglomeration of silver NPs to avoid direct contact, which is bacte-
ricidal (25). K. oxytoca shows high resistance to diverse metals, including Zn, and robust bio-
film formation in wastewater (29), providing a plausible explanation to the persistence of this
bacterium in handwashing reservoirs and its ability to cause disease in immunocompromised

FIG 3 Confocal microscopy of bacterial biofilms after 24 h of growth in the presence ZnO or ZnS NPs. (A) Bacterial
biofilms were grown alone (untreated) or with 0.5 mg/mL (S. aureus) or 2 mg/mL (K. oxytoca or P. aeruginosa).
Representative images of untreated-, ZnO-treated, or ZnS-treated biofilms (green [SYTO9]) are shown. The thickness
and morphology of the bacterial biofilms can be observed in the Z-stack reconstruction. The photographs were taken
at a magnification of �63. Scale bar: 200 mm. Insets show SEM of single bacterial cells taken at a magnification
of �100. Scale bar: 1 mm. The fluorescent intensity/mm2 of (B) S. aureus, (C) K. oxytoca, and (D) P. aeruginosa biofilm
images of bacteria grown in absence or presence of Zn NPs was quantified using ImageJ software within a defined
100 mm x 100 mm region of interest (ROI). For (B to D), bars and error bars denote the means and standard
deviations (SDs), respectively. Each symbol represents an individual ROI (n = 20 for S. aureus; n = 25 for K. oxytoca;
n = 16 for P. aeruginosa). Asterisks denote P value significance (*, P , 0.05; and ****, P , 0.0001) calculated using
analysis of variance (ANOVA), and adjusted by use of the Tukey’s post hoc analysis. ns denotes not statistically
significant comparisons. a.u. signifies arbitrary units. These experiments were performed twice, and similar results were
obtained each time. All the results combined are presented.

Zn NPs Decrease Biofilm Biomass Microbiology Spectrum

March/April 2023 Volume 11 Issue 2 10.1128/spectrum.04831-22 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

17
 A

pr
il 

20
23

 b
y 

20
01

:1
2d

0:
20

40
:1

80
:9

cb
1:

ed
61

:3
f7

c:
4f

80
.

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04831-22


individuals in contact with these environmental sources. It is also important to explain that
the MIC and MBC concentrations of Zn NPs that inhibited and killed planktonic bacteria
were the same, because the XTT reduction assay and CFU determinations typically corre-
late, even though either approach measure different parameters, such as metabolic activity
and viability.

Two main mechanisms of Zn NPs-mediated bacterial growth inhibition have been
proposed, including ROS production and release of Zn21 ions. For example, ZnO damages
bacteria and inhibits biofilm formation by increasing ROS, such as hydroxyl superoxide
anion (O2

�2), hydroxyl free radicals (�OH), and hydrogen peroxide (H2O2) that can lead to the
destruction of cellular components, such as DNA, proteins, and lipids through oxidative
stress (30). Another mechanism involves the production of Zn21 ions upon dissolution of
ZnO NPs (22). Zn21 ions prolong the lag phase of growth and interfere in biochemical
processes, such as glycolysis, active and passive proton transport across the membrane,
acid tolerance, and quorum sensing (31). These mechanisms are important to further eluci-
date how ZnS NPs kill bacteria.

The crystal violet staining and confocal microscopy demonstrated that bacterial biofilm
formation was significantly reduced when bacteria was cultured with Zn NPs, corroborating
the results obtained in MIC and MBC assays. In addition to the bactericidal activity of Zn
NPs, it is conceivable that Zn NPs interfere with cell-to-cell interactions by altering their
surface negative charge or zeta potential, inhibiting adhesion to the substrate surface.
Similarly, Zn NPs may alter gene expression, especially genes associated with adhesion
structures, such as fimbriae, pilus, or capsule (32), quorum sensing (33), or extracellular
matrix synthesis (32). The adhesion and capsular encoding genes are critically associated
with biofilm formation among K. oxytoca isolates (32). ZnO NPs stop capsular gene
expression in Klebsiella pneumoniae clinical isolates (34). ZnO NPs inhibit quorum sensing
(35) and its dependent virulence factors and biofilm formation in P. aeruginosa isolates
(33). In addition, ZnO NPs inhibit S. aureus quorum sensing (e.g., accessory gene regula-
tor, agr)- and biofilm formation (e.g., intercellular adhesion A, icaA)-associated genes (36).
Since we found that ZnS NPs have similar antibiofilm activity than ZnO NPs, it is likely
that both damage and kill bacteria using comparable mechanisms. Regardless, Zn NPs
can be used in surface coating applications to prevent biofilm formation, such as cathe-
ters, used in the medical field or antimicrobial agents, or applied to the food industry,
reducing non-deposition areas. Since bacterial resistance has not been described in Zn
NPs (at least not yet), the fact that they are easy to produce, inexpensive, and biocompat-
ible molecules make them very attractive for future development.

MATERIALS ANDMETHODS
ZnO and ZnS NPs. The ZnS and ZnO NPs were synthesized by the Institute of Chemistry of the São

Paulo State University - UNESP. ZnS NPs were synthesized by the microwave-assisted solvothermal method, as
previously described (20). Briefly, 7.34 mmol of zinc acetate and 15.44 mmol of tetrabutylammonium hydroxide
were dissolved in 25 mL of ethylene glycol (EG) and heated to 100°C (solution 1). Concurrently, 7.34 mmol of
thiourea were diluted separately in another 25 mL of EG (solution 2). Under vigorous magnetic stirring, solution
1 was then quickly mixed with solution 2. The final pH of the solution was 10. Then, the mixed solution was
transferred to a Teflon autoclave (Techinstro) that was sealed and placed inside a residential microwave-solvo-
thermal system (2.45 GHz, maximum power 800 W) at 140°C for 1 min. The resultant solution was flushed with
deionized water and ethanol multiple times to neutralize the pH of the solution (;7), and the precipitates
were finally collected, which were followed by heat treatment at 70°C for 24 h. Similarly, ZnO NPs were synthe-
tized using the hydrothermal method reported previously in (21). ZnO nanostructures were made by using
aqueous solutions of zinc nitrate and hexamethylenetetramine as precursors. The reagents were dissolved in
distilled water (dH2O) at room temperature (RT), with the template solution being slowly added to the zinc so-
lution under continuous stirring. The resulting transparent solution was placed in a polytetrafluorethylene-lined
stainless-steel pressure vessel. The substrates were suspended in the solution with the zinc-coated surface fac-
ing the bottom of the flask. The hydrothermal process was performed in a hot Vaseline bath at 110°C for a 6 h
synthesis time under continuous stirring of solution. The pressure vessel was then removed from the hot bath
and allowed to cool down naturally (in air), or immersed in a RT Vaseline bath in order to increase the heat-
transfer rate. After 1 min immersed in the room-temperature Vaseline bath, the final temperature reached was
50°C. The nanostructured deposits were washed several times with dH2O and ethanol and dried in an oven at
75°C. The NPs were characterized by SEM analysis.

SEM. SEM analyses were performed to characterize Zn NPs shape and size and bacterial shape. After
dehydration, the samples were placed in a vacuum desiccator until analysis. Each sample was coated with
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gold by sputtering for 20 sec under pressure of 2 � 10-1 mBar, and examined in the high-resolution SEM
JEOL JSM-7500F (Jeol USA) with PC-SEM v 2,1,0,3 operating software, equipped with secondary electron
backscattered detectors.

Bacteria. S. aureus (Gram-positive; ATCC 25923), K. oxytoca (Gram-negative; ATCC 13182), and P. aer-
uginosa (Gram-negative; ATCC 27853) strains were used and grown in Muller-Hinton agar (Kasvi).
Microbial suspensions were prepared from a single colony grown overnight in fresh medium at 37°C,
and adjusted to an optical density (625 nm) equivalent to 108 CFU per milliliter (CFU/mL) using a spec-
trophotometer, and according to the protocol of the Clinical and Laboratory Standards Institute (CLSI).

Determination of the MICs and MBCs. The MICs were determined by the XTT reduction (2,3-Bis (2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) assay to evaluate the
effect of Zn NPs on microbial metabolism. Briefly, we used a microdilution method in 96-microtiter well
plates, according to the M7-A10 protocol of the CLSI (37) that was modified by using Mueller-Hinton me-
dium. A serial dilution of microbial cells was performed in Mueller-Hinton broth starting with a standardized
0.5 McFarland [optical density 625 nm (OD 625 nm)] or 10

8 CFU/mL, while maintaining a constant concentra-
tion of the NPs of 1.0 mg/mL for S. aureus, and 4.0 mg/mL for K. oxytoca, and P. aeruginosa. Afterwards, the
microtiter plates were incubated at 37°C for 24 h. Then, aliquots of 50mL of an XTT tetrazolium salt solution
(1 mg/mL in phosphate-buffered saline [PBS]; Sigma) and 4 mL of a menadione solution (1 mM in acetone;
Sigma) were added to each well of a microtiter plate containing Zn NPs-treated bacteria, followed by their
incubation at 37°C for 5 h. The electron transport system in the cellular membrane of live bacteria reduces
XTT tetrazolium salt to XTT formazan, resulting in a colorimetric change that correlates with cell viability
(38). The colorimetric change was measured using a microtiter plate reader at 492 nm. The lowest concen-
tration that presented a red-orange coloration after incubation with XTT indicated the MIC. After the deter-
mination of the optimal bacterial concentrations (S. aureus, 104 CFU/mL; K. oxytoca and P. aeruginosa, 103

CFU/mL) for our studies, an MBC assay was performed, where the bacterial density was kept constant, and
the NPs were serially diluted in a microtiter plate (range: 0.0078-1 mg/mL for S. aureus and 0.0031 to 4 mg/
mL for K. oxytoca and P. aeruginosa). The MBC represented the lowest Zn NP concentration, where colonies
did not grow after subculturing the samples from the microplates on petri dishes with Mueller-Hinton agar
incubated at 37°C for 24 h. These experiments were performed in triplicate.

Biofilm formation. Two hundred microliters of a suspension with 103 (K. oxytoca or P. aeruginosa) or
104 (S. aureus) cells in Muller-Hinton broth (Kasvi) alone, or with Zn NPs (0.5 mg/mL, S. aureus or 2 mg/mL,
K. oxytoca or P. aeruginosa) was added to individual wells of polystyrene 96-well plates. As a control, the
initial inoculum of each bacterial species was serially diluted and plated on Muller-Hinton agar to corrobo-
rate having the same number of microbial cells per condition. The plates were incubated at 37°C in a 5%
CO2 aerobic atmosphere, and biofilms were formed over 24 h. After incubation, the medium was gently
aspirated, and biofilms were gently washed three times with 200mL of PBS to remove non-adhered bacte-
ria. Bacteria that remained attached to the plastic surface were considered true biofilms. Biofilm formation
was verified by crystal violet assay and confocal microscopy. All assays were carried out in triplicate.

Crystal violet assay. The crystal violet assay was performed to assess the efficacy of Zn NPs in reducing
S. aureus, K. oxytoca, and P. aeruginosa biofilm biomass by modifying protocols described in (39). Twenty-four h
biofilms were grown alone or with 0.5 mg/mL (S. aureus) or 2 mg/mL (K. oxytoca or P. aeruginosa), and gently
washed with PBS to remove non-adherent bacteria. A solution of 0.1% crystal violet was added for 15 min.
Wells containing the biofilms were rinsed three times with dH2O, shaken against a paper towel to remove all
excess dye, and air-dried. Then, a suspension of 30% acetic acid in dH2O was added to each well containing bio-
films to solubilize the crystal violet (Fisher Scientific), and the plate was incubated at RT for 15 min. Finally, solubi-
lized crystal violet was measured in a microtiter reader at 550 nm using 30% acetic acid in dH2O as negative
control. These experiments were performed in triplicate, and the obtained results were reported as mean 6

standard deviation.
Confocal microscopy. The architecture of biofilms was examined using the Live/Dead biofilm viability kit

(Invitrogen) and confocal microscopy. Briefly, biofilms were grown for 24 h in 35-mm glass-bottom culture
dishes (MatTek Corp.), alone or with 0.5 mg/mL (S. aureus) or 2 mg/mL (K. oxytoca or P. aeruginosa); rinsed
three times with PBS; and incubated for 30 min at RT in 2 mL of dH2O containing the fluorescent stain SYTO9
(6 mL; excitation wavelength, 500 nm; emission wavelength, 535 nm), with protection from light. The dishes
were then rinsed three times with dH2O to remove excess stain. Microscopic examinations of biofilms formed
in glass-bottom plates were performed using an inverted Zeiss LSM 780 confocal laser scanning microscope.
To determine the structure and thickness of the biofilms, a series of horizontal (x-y) optical sections with a
thickness of 1.175 mm were taken throughout the full length of the biofilm using a 63� objective. Confocal
images of green fluorescence were recorded simultaneously using a multichannel mode. The fluorescent in-
tensity/mm2 of each biofilm image was quantified using ImageJ V5.3 software (NIH) within a defined 100mm x
100 mm region of interest. Z-stack images and measurements were corrected by utilizing Zeiss Zen Lite soft-
ware in the deconvolution mode.

Statistical analyses. All data were subjected to statistical analysis using Prism 9.5 (GraphPad
Software). P values for multiple comparisons were calculated by analysis of variance (ANOVA) and adjusted
using the Tukey’s multiple comparison test. P values of,0.05 were considered significant.
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