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ABSTRACT

Nosocomial infections (NIs) are prevalent in intensive care units due to antibiotic overuse. Metal
oxide nanoparticles (NPs), like ZnO, offer potential solutions, yet understanding how NPs size impacts
their antibacterial efficacy are lacking. This study focuses on the effect of nanoparticle size on
kinetics of bacterial strains growth. NPs were synthesized using a sol-gel process with
monoethanolamine (MEA) and water, characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM), and Raman spectroscopy, confirming crystallization and size variations.
ZnO NPs with mean size of 22, 35 and 66 nm were used against the most common nosocomial
bacteria strains Escherichia coli (Gram-negative), Pseudomonas aeruginosa (Gram-negative), and
Staphylococcus aureus (Gram-positive). The evaluation of NPs minimal inhibitory concentration (MIC)
and bactericidal concentration (MBC) revealed superior antibacterial activity in smaller NPs. The
bacterial population was monitored via optical absorbance, showing reduced specific growth rate,
prolonged latency period, and increased inhibition percentage with smaller NPs, indicating a
substantial deceleration in the growth of microorganisms. Pseudomonas aeruginosa exhibited the
smallest sensitivity to ZnO NPs, attributed to its environmental stress resistance. Furthermore, the
antibacterial efficacy of paint containing 1 wt% of 22 nm ZnO NPs was assessed and displayed activity
against E. coli and S. aureus.

Keywords: ZnO nanoparticle, antibacterial activity, nanoparticle size effect, bacterial growth,
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1. Introduction

Nosocomial infections (NIs) represent common complications among patients admitted to intensive
care units (ICUs), with reported incidences ranging from 5% to 10% in Europe and America [1]. These
infections result from antibiotic overuse, leading to microbial resistance. Consequently, considerable
attention within the pharmaceutical and medical sectors has been directed towards developing new
preventive strategies. This includes exploring alternative methodologies beyond the development of
novel antibiotics and the implementation of regulated bio-decontamination procedures, all aimed at
significantly reducing the incidence of infections.

Metal oxide nanoparticles (NPs) have emerged as promising candidates in this endeavor, offering a
potential solution to prevent the emergence of resistant pathogens [2]. The inherent
physicochemical properties of metal oxide NPs, coupled with their high surface-to-volume ratio,
enable them to exert diverse modes of action (MOAs) against microorganisms. These mechanisms
include the release of reactive oxygen species (ROS), the liberation of ions, and direct interaction
with bacterial cell walls [3]. Consequently, metallic oxide nanoparticles hold promise as potent
antimicrobial agents [4,5], owing to their ability to use multiple mechanisms of action in combating
bacterial resistance.

Zinc oxide garners attention as a compelling metal oxide material due to its biocompatibility, easy
synthesis, chemical stability, high abundancy and affordability [6—8]. These characteristics make it
ideal candidate for various biomedical applications, including its potential use in combating bacterial
infections. Previous studies have demonstrated the effectiveness of ZnO nanoparticles against a
broad spectrum of pathogenic microorganisms, including both Gram-positive and Gram-negative
bacteria [9-11]. Their mode of action relies, in part, on the production of reactive oxygen species
[12-16], initiating the oxidation of cellular components, disruption of bacterial membranes [17-22],
direct contact [18,23-25] and internalization [21, 26, 27], ultimately culminating in cell death.

Enhancing the antibacterial potential of ZnO NPs is crucial for effectively preventing infections. The
existing literature provides insights into how ZnO nanoparticle characteristics, such as shape [28-33],
size [15,34-37], concentration [38,39] and surface modification [40-43], impact their antimicrobial
activity. However, our study focus on the effect of the size nanoparticle on the kinetics of bacterial
strains growth. Indeed, a smaller size implies a high surface area of the materials. This increase in
specific surface area makes them more reactive, resulting in a substantial concentration of surface
particles capable of interacting with electrons and holes. This unique characteristic offers more sites
where electric charges can accumulate, resulting in an increased surface electric charge, which leads
to strong electrostatic interactions between ZnO NPs and bacterial membranes. The particle’s charge
can influence its biocompatibility and ability to traverse biological barriers [44]. The small dimension
of materials also makes them more abrasive [45]. Additionally, the sizes of NPs (ranging from 1 to
100 nm) are comparable to the size of protein globules (2 to 10 nm), the diameter of the DNA helix (2
nm), and the thickness of cell membranes (10 nm) [46]. Thus, the decrease in their size allows them
to easily enter cells and cell organelles.

Previous studies have demonstrated that reducing nanoparticle size enhances their antibacterial
activity [15,34-37]. Babayevska et al. [15] found that ZnO nanoparticles showed greater
effectiveness compared to microparticles against Escherichia coli and Staphylococcus aureus. They
explained this difference by examining the mechanism through ROS measurements and found that
NPs produced more ROS than microparticles. Nair et al. [47] demonstrated that the antibacterial
activity of ZnO NPs (ranging from 40 nm to 1.2 um) is higher when their size is smaller. They analyzed
the mode of action of only one ZnO nanoparticles size by conducting scanning electron microscope
(SEM) analysis on both treated and untreated E. coli cells and found bacteria cell destruction.
Raghupathi et al. [35] have discovered a superior antibacterial activity of ZnO NPs at reduced sizes.
They compared the growth curves of bacteria in the presence of ZnO NPs of various sizes (30 nm, 88



nm, 142 nm, and 212 nm) at a concentration of 6 mM during 6-hour cultures. Despite of these
efforts, there is limited research comparing the bacterial growth kinetic across different sizes to
understand the size-dependent mode of action.

To gain new insights into the role of NPs size on their antibacterial activity, this study aims to
investigate the impact of ZnO NPs size on the growth kinetic of both Gram-negative and Gram-
positive bacteria during a 24-hour culture period in the presence of a wide range of NPs
concentrations. The bacterial growth kinetic will be examined in the presence of various NPs sizes by
monitoring the change in bacterial optical density at different NPs concentrations and determining
the specific growth rate of bacteria, their latency period, along with the percentage inhibition of NPs.
Prior to this, we will assess the impact of the size of our synthesized ZnO NPs on their antibacterial
activity by determining their minimal inhibitory concentration (MIC) and bactericidal concentration
(MBC). Finally, we will evaluate the conservation of the antibacterial activity of synthesized ZnO NPs
in a paint formulation as biocidal agent.

2. Material and Methods
2.1.Material

Zinc acetate dihydrate (= 99%), butan-1-ol (> 99.5%), acetone (= 99.5%), and silicone oil were
obtained from Sigma-Aldrich. Isopropanol
Monoethanolamine (100%) was sourced from Emprove. Sodium polyacrylate (PAAS) was supplied by

(> 99.5%) was acquired from Acros Organics.

Cosmedia sp. Muller Hinton broth and Trypto Soybean Casein was purchased from DIFCOTM and
BioMerieux, respectively. Powder paint was sourced from Dolci, and Eugon LT SUP was acquired
from BioMerieux.

2.2.Synthesis of ZnO nanoparticles

The protocol applied to obtain ZnO nanopowders of various sizes was described in detail in our
recent article [48]. A zinc precursor, with a concentration of 0.1 M, was dissolved in 100 mL butan-1-
ol in the presence of a complexing agent, monoethanolamine (MEA). Water was introduced into the
reaction medium to induce NPs precipitation and obtain nanopowders with satisfying yield. NPs size
was mainly controlled by the ratio of zinc ions to complexing agent [Zn?*]/[MEA] and the hydrolysis
rate [Zn%*]/[H20]. Nanopowders were collected by centrifugation, followed by three washes with
isopropanol and acetone. Next, 2 wt% nanopowders were dispersed in Mueller-Hinton broth using
ultrasonication, with 0.4 wt% PAAS serving as a dispersant.

The synthesis parameters used to prepare ZnO nanopowders are summarized in Table 1.

Table 1 : Synthesis parameters of ZnO nanopowders.

Sample size [Zn?*]/ [MEA] [Zn?*]/[H20] Agitation time Temperature Solvent
22 nm 1 5 22 h 80°C
35 nm 1 10 2h 110°C Butan-1-ol
66 nm 2 10 22 h 110°C

2.3.Characterization of ZnO nanoparticles

Phase identification and structural and microstructural characterization of ZnO nanopowders were
performed by X-ray diffraction (XRD) measurements on an INEL XRG 3000 diffractometer using a
monochromatic cobalt source (A Kal (Co) = 1.788976 A). Diffraction patterns were processed using
the Rietveld method implemented in MAUD (Material Analysis Using Diffraction) software. Pattern
was fitted according to a standardized procedure. The parameters refined were cell parameters, NPs



size and the presence of micro deformation. The crystallographic information file for ZnO wurtzite
was obtained from Crystallography Open Database (Ref 2300450). In a final step, in order to optimize
the quality of the Rietveld pattern refinement, an arbitrary texture option was used. This
characterization was completed by Transmission Electronic Microscopy performed on a JEOL 2011
equipped with a Gatan Imaging Filter (DIF) 200. Raman spectroscopy measurements were also
carried out on the powder samples using a HORIBA Jobin-Yvon HR800 spectrometer with an
excitation wavelength (A = 633 nm) to confirm the formation of ZnO NPs.

2.4.Minimal Inhibitory Concentration (MIC)

The produced ZnO nanopowders were dispersed in Muller Hinton broth in the presence of a
dispersant, the PAAS, for subsequent antibacterial activity studies. NPs solutions underwent
ultrasonication in J.P. Selecta ultrasonic bath at 150 W and 42 kHz for 1h. The protocol for preparing
stable NPs suspensions was inspired by that of Luo et al. [49].

Subsequently, microdilutions of the ZnO NPs suspension were performed, without cascade, to obtain
different concentrations of NPs. This dilution took place in a dispersant solution composed of PAAS
and culture medium to maintain the concentration of the dispersant. The samples were then
inoculated on a 96-well microplate in contact with microorganisms. The total volume of a well was
210 pl including 200 uL of NPs suspensions and 10 pL of microorganism suspension. The inoculated
concentration of all tested microorganisms was 6 Logio UFC/mL. It was prepared from optical density
calibration. The negative controls were the culture medium, NPs solution and sodium polyacrylate
solution. The positive control were the dispersant solution in contact with microorganisms without
NPs and the microorganisms in the culture medium alone without dispersant either NPs. The
experiences were performed in triplicate.

Bacterial strains examined included E. coli (ATCC 8739), P. aeruginosa (ATCC 9027), and S. aureus
(ATCC 6538). Incubation temperatures were set at 37°C for E. coli and S. aureus, and at 30°C for P.
aeruginosa. Incubation time for all bacteria was 24 hours. The 96-well microplate was incubated in a
FLUOstar Omega spectrophotometer. Microorganisms were cultured from cryotubes stored at -80°C.

Additionally, physiological water was added to empty wells during microplate preparation to ensure
proper humidity.

The MIC corresponds to the lowest concentration of NPs that prevents visible growth of bacteria
after the incubation period. It was determined visually and confirmed by the evolution of optical
density at 600 nm (ODego) on the FLUOstar Omega spectrophotometer.

2.5.Minimal Bactericidal Concentration (MBC)

The MBC is the lowest concentration of an antibacterial agent that results in at least a 99.9%
decrease in cell viability. After incubation in FLUOstar, the samples in the microplate wells were
plated on Muller Hinton (MH) agar and incubated at 37°C for E. coli and S. aureus, and 30°C for P.
aeruginosa. The samples underwent a dilution process, and for each dilution, 1 pL of the resulting
solution was inoculated. The number of colonies present on MH Petri dishes was then counted after
24 h of incubation. The cell reduction percentage was calculated according to the following formula:

Percentage of reduction = (1 — (C¢/C;)) X 100in % (1)
Cif =log(n/(V+d)) (2)
where,

Ci: Is the initial concentration of microorganisms in contact with NPs before incubation



Cf : is the final concentration of microorganisms in contact with NPs after 24 h of incubation
n : Is the number of colonies counted
V: Is the inoculated volume
d : Is the dilution factor
2.6.Kinetic growth of microorganisms

The growth kinetic of microorganisms was monitored using the FLUOstar Omega spectrophotometer
at ODego. Different concentrations of NPs were aliquoted into a 96-well microplate under the same
conditions as before, including the same volume, incubation period, incubation temperature, and
bacterial concentration. The ODgo measurement was employed as a rapid and cost-effective means
to track bacterial growth throughout their culture in liquid media and in contact with NPs.
Subsequently, percentage of inhibition, specific growth rate, lag period, and generation time of
microorganisms in contact with various ZnO NPs concentrations with diverse sizes were evaluated
using ODggo data at exponential phase. The formulas used were previously cited in reference [48] and
are given below :

iy = (In(X3) —In(Xy))/(t; —t;) in h™* (3)

G = In(2)/py in hour (4)

Inhibition = (le)acteria _ (ODFPHbacteria _ 0DCNOPnst—rBlacteria)/Olenacteria) x1001in % (5)
with,

Ux : the specific growth rate

Xz and X : represent the biomass at the end and the beginning of the exponential growth phase in
CFU/mL, respectively

t,—t;: the duration of the exponential phase in hour.
G : the generation time in hour

OD}’ acteria . the final optical density of the positive control with bacteria alone

ODp'Fstbacteria . the final optical density of bacteria with NPs

ODNPs-bacteria . the optical density of NPs alone without bacteria

The conversion of ODgoo to CFU/mL was performed using a calibration equation DO = f(X) established
within the laboratory for each bacteria under the operational conditions, where X represents the
biomass in CFU/mL.

2.7.2D presentation of microorganisms’ kinetic growth

The growth kinetics of bacteria in the presence of nanoparticles is represented in 2D using the finite-
dimensional Gaussian Process approximation outlined in equation (6), as developed in [50]. Gaussian
Processes (GPs) are powerful Bayesian statistical approaches employed as prior distributions over
function spaces, used to solve tasks such as regression and classification [51].

N d
yi= 2o Zil &g [o], (Xi(l))x XCP,%1 (Xl( ))] (6)

j1=1



where & . = Y(uj,,....,uj,) and (p]-(Z are hat basis functions (see [50] for more details on the

properties of these basis functions). With Y a zero-mean GP with covariance function k, i.e., Y~GP
(0,k).

2.8.Paint formulation with ZnO nanoparticle

To achieve an appropriate dispersion, a preservative-free paint powder was dispersed in sterile
distilled water at a mass ratio of 1:1 using a EUROSTAR 20 digital stator rotor emulsifier. Next, a 1w%
solution of 22 nm ZnO NPs was added. The paint was then applied to standard glass substrates
(VWR) pre-treated with sulfuric acid to ensure better paint adhesion. The paint was left to deeply dry
for 24 hours.

2.9.Measurement of the antibacterial activity of prepared paints

The antibacterial activity was assessed following the 1SO 22196:2011 [52] standard with some
modifications. In a typical procedure, strains were cultured on nutrient agar (5.0 g of meat extract,
10.0 g of peptone, 5.0 g of sodium chloride, and 15.0 g of agar powder) and incubated at (35 £ 1) °C
for 16 to 24 hours. Subsequently, they were transferred onto fresh slant nutrient agar and further
incubated at (35 % 1) °C for 16 to 20 hours. Bacterial suspensions of 6 Log CFU/mL was then prepared
in 1/500 NB nutrient broth (3.0 g of meat extract, 10.0 g of peptone, and 5.0 g of sodium chloride)
and a volume of 0.1 mL of the suspension was spread onto paint films. These films were covered with
a polypropylene film (2 x 5 cm?) to maintain moisture, and the samples were incubated at 35°C with
a relative humidity of > 90% for 24 hours. After incubation, bacterial cells were recovered from the
paint films by stirring in 10 mL of Eugon LT broth in presence of 10 g of 1 mm glass beads for 1
minute.

The antibacterial activity was evaluated by colony counting on agar plates. Positive controls were
conducted using paint without NPs. The concentration of the bacterial population deposited on the
positive control immediately after inoculation was measured to determine the actual concentration
deposited. All tests were performed in triplicate, and the antibacterial activity was calculated using
the following formula [52] :

R= U —A(7)
where,
R : is the antibacterial activity

U is the average of the common logarithm of the number of viable bacteria, in cells/cm2, recovered
from the untreated test specimens after 24 h

A:: is the average of the common logarithm of the number of viable bacteria, in cells/cm2, recovered
from the treated test specimens after 24 h.

3. Results
3.1.Characterization of ZnO NPs

All ZnO samples are well crystallized in the wurtzite phase, as confirmed by X-ray diffraction (Fig.1, a)
and Rietveld refinement (Fig.1, b). The analysis showed stability of the cell parameters (a, c) and
reveals varying sizes: 22 nm, 35 nm, and 66 nm (Table 2). Furthermore, transmission electron
microscopy (TEM) image provide visual confirmation of the formation of small, well-crystallized ZnO



wurtzite NPs (Fig.1, c). Raman spectra further affirm the crystallinity of the samples, exhibiting
characteristic Raman modes indicative of the wurtzite structure of ZnO (Fig.1,d).
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Figure 1. a) XRD patterns of samples; b) Rietveld refinement of 22 nm ZnO; c) TEM of 22 nm ZnO
dispersed in culture medium and d) Raman spectra of samples.

Table 2 : Crystallographic parameters of the obtained ZnO nanoparticles.

Crystallite | Lattice parameters (A) | Microstrain Sig =
size (nm) a=b C (%) GoF
22 3.25 5.20 0.002 1.18
35 3.25 5.21 0.001 1.21
66 3.25 5.21 0.001 1.60

3.2.Correlation between ZnO NPs size and minimal inhibitory concentration (MIC)

The MIC represents the lowest concentration of ZnO NPs that inhibits visible bacterial growth
following the incubation period. A significant decrease in the MIC of ZnO NPs against E. coli was
observed as their size decreased, with respective values of 0.45 mg/mL, 0.40 mg/mL, and 0.85
mg/mL for sizes of 22 nm, 35 nm, and 66 nm. Similarly, a reduction in MIC was noted for P.
aeruginosa, with values decreasing from 1.25 mg/mL, 1.60 mg/mL, to 1.85 mg/mL for sizes of 22 nm,
35 nm, and 66 nm, respectively. The MIC of ZnO NPs against S.aureus remained stable at 0.15 mg/mL
regardless of their size. These results are presented in Fig. 2.
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Figure 2. Effect of ZnO nanoparticles size in MIC against E.coli ; P.aeruginosa and S.aureus.

3.3.Correlation between ZnO NPs size and minimal bactericidal concentration (MBC)

The MBC refers to the lowest concentration of NPs that leads to the death of 99.9% of the initial
bacterial population. Its assessment underscores the size-dependent efficacy of ZnO NPs against
these bacterial strains (Fig.3). It was observed that the MBC decreases in a size-dependent manner
across all three bacteria. Specifically, its values are 0.5 mg/mL, 0.6 mg/mL, and 1.05 mg/mL for sizes
of 22 nm, 35 nm, and 66 nm against E. coli, respectively. For P. aeruginosa, the values are 11 mg/mL,
13 mg/mL, and 15 mg/mL for sizes of 22 nm, 35 nm, and 66 nm, respectively. The same trend was
observed against S. aureus, with MBC values of 0.30 mg/mL, 1.55 mg/mL, and 1.70 mg/mL for sizes
of 22 nm, 35 nm, and 66 nm, respectively.
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Figure 3. Effect of the size of ZnO NPs on their MBC against E. coli, P. aeruginosa and S .aureus.



3.4.Zn0 NPs size effect on bacterial growth kinetic

The effects of ZnO NPs with different sizes (22 nm, 35 nm, and 66 nm) and concentrations on
bacterial growth inhibition were analyzed. The growth kinetics of bacteria in contact with varying
concentrations of NPs of different sizes are visualized in Fig.4, which uses the Gaussian Process (GP)
approximation, as outlined in equation (4) and further developed in reference [50]. This GP-based
simulation fits well with the observed data, highlighting a rapid reduction in surface optical density as
the concentration of NPs increases and the size of NPs decreases. Analysis of ODgoo growth curves
(Fig.4) enabled the determination and comparison of lag phase duration, specific growth rate, and

inhibition percentage at different concentrations and sizes.
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Figure 4. ODesoo growth of i) E. coli ; ii) P. aeruginosa and iii) S .aureus in contact with column a) 22
nm; b) 35 nm and c) 66 nm of ZnO nanoparticles at different concentrations.

The inhibition percentage increased with decreasing NPs size regardless of the bacteria and ZnO
concentration (Fig.5, a). While no significant impact is observed with E. coli and S. aureus, the
influence of ZnO NPs size is clearly evident with P. aeruginosa. The 22 nm and 35 nm ZnO NPs
showed similar inhibition levels on E. coli growth across tested concentrations except at 0.3 mg/mL,

where inhibition percentages were 74.78%, 76.93%, and 65.59% for 22 nm, 35 nm, and 66 nm NPs,
respectively.

The impact of NPs size on inhibition percentage was particularly pronounced in P. geruginosa across
all concentrations tested. At 1.35 mg/mL, inhibition percentages decreased from 100%, 59.70% to
39.33% for 22 nm, 35 nm, and 66 nm NPs, respectively. Similarly, at 1.50 mg/mL, inhibition



percentages decreased from 100%, 84.72% to 79.72% for the respective NPs sizes as compared with
the control. At 1.60 mg/mL, inhibition percentages decreased from 100% for 22 nm and 35 nm NPs
to 87.59% for 66 nm NPs.

For S. aureus, inhibition percentages were identical for 35 nm and 66 nm NPs across all tested
concentrations, at 37% compared to 34% for 22 nm NPs at 0.05 mg/mL. At 0.1 mg/mL, it was 56%
compared to 74.10% for 22 nm NPs.

Regarding the specific growth rate, representing bacterial proliferation rate, we observe a general
trend across all microorganisms where smaller ZnO decreased the specific growth rate. For E. coli,
the specific growth rate was 0.67 h™* with 22 nm NPs, compared to 0.8 h* with 35 nm and 66 nhm NPs
at 0.1 mg/mL concentration. At 0.25 mg/mlL, it decreased to 0.2 h%, 0.3 h', and 0.49 h'! with 22 nm,
35 nm, and 66 nm NPs, respectively. At 0.3 mg/mL NPs concentration, the specific growth rate was
0.35 h™* with 22 nm and 35 nm NPs, and 0.65 h™* with 66 nm NPs.

P. aeruginosa exhibited rates of 0 h, 0.25 h', and 0.50 h** with 22 nm, 35 nm, and 66 nm NPs,
respectively, at a concentration of 1.35 mg/mL. At 1.50 mg/mL concentration, the rates were 0 h7,
0.12 h%, and 0.14 h! with the respective NPs sizes. Finally, at a concentration of 1.60 mg/mL, the
specific growth rate of P. aeruginosa was 0 h™* for 22 nm and 35 nm NPs, and 0.10 h* for 66 nm NPs.

For S. aureus, at 0.05 mg/mL, the specific growth rate was 0.71 h'}, 0.77 h'%, and 0.85 h'! with 22 nm,
35 nm, and 66 nm NPs, respectively. On average, it was 0.52 h* with 22 nm and 35 nm NPs, and 0.67
h? with 66 nm NPs.

Further elucidation of the impact of NPs size on bacterial growth kinetic was provided by examining
the lag phase (Fig.5, c). The lag phase, representing the time for bacteria to initiate growth after
inoculation, also exhibits a general trend across all microorganisms, wherein the presence of smaller
Zn0 particles prolongs the bacterial latency period. At 0.1 mg/mL, the lag phase remained stable
across all sizes for E. coli, averaging 4 hours. However, notable reductions were observed at higher
concentrations. For instance, at 0.25 mg/mL, the lag phase of E. coli decreased from 8.5 hours, 10
hours to 4 hours with 22 nm, 35 nm, and 66 nm NPs, respectively. Similarly, at 0.30 mg/mL, it further
decreased to 12 hours, 14.5 hours, and 4.5 hours with the respective NPs sizes.

In the case of P. aeruginosa, at a concentration of 1.35 mg/mL, the lag phase reduced from 23 hours
to 13 hours with 22 nm, 35 nm, and 66 nm NPs. This reduction was also observed at 1.50 mg/mL,
where the lag phase was 24 hours, 21 hours, and 15 hours with 22 nm, 35 nm, and 66 nm NPs,
respectively. Similarly, at 1.60 mg/mL NPs concentration, the lag phase remained 24 hours for both
22 nm and 35 nm sizes, and decreased to 18 hours for 66 nm NPs.

Similarly, for S. aureus, distinct differences in lag phase duration were observed at different
concentrations and NPs sizes. At a concentration of 0.05 mg/mL, the lag phase persisted for 9 hours
with 22 nm NPs, while it was reduced to 7 hours with 35 nm and 66 nm NPs. Conversely, at a
concentration of 0.1 mg/mL, the lag phase extended to 15 hours with 22 nm NPs, while it remained
at 10 hours with 35 nm and 66 nm NPs.
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Figure 6 shows an increase in the bacterial growth inhibition with decreasing NPs size for all
microorganisms, at different ZnO nanoparticle doses. For E. coli, inhibition was consistent with 22 nm
and 35 nm nanoparticles, and higher than with 66 nm nanoparticles. P. aeruginosa inhibition
increases with decreasing size. Furthermore, as nanoparticle concentration increases, inhibition
tends to converge for all three nanoparticle sizes. As for S. aureus, inhibition is consistent with 66 nm
and 35 nm nanoparticles, but weaker in relation to contact with 22 nm nanoparticles. These results
confirm those obtained for growth parameters, MIC and MBC.
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Figure 6. Effect of ZnO NPs size on bacterial growth kinetics.

3.5. Antibacterial activity of prepared paint

The paint formulation incorporating 22 nm ZnO demonstrates superior efficacy against S. aureus and
E. coli in contrast to P. aeruginosa (Fig.7). Remarkably, we have the same trend of results compared
to those of the nanoparticle suspension; P.aeruginosa is the least sensitive to NPs. It is noteworthy
that the detachment of paint from the slides occurred subsequent to the vortexing step used to
remove bacteria from the glass slide.
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Control paint without NPs at 24h Paint with NPs at 24h

S.aureus

E.coli

Paeruginosa

Figure 7. Evaluation of antibacterial properties of paint containing ZnO nanoparticles against
S.aureus ; E.coli and P.aeruginosa.

Figure 8. An illustration of a paint film with 22 nm nanoparticles, onto which 0.1 mL of bacterial
suspension is spread, covered with a polypropylene film.
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4. Discussion

The most important findings of this study can be summarized as follows: Firstly, decreasing the size
of ZnO NPs (22 nm, 35 nm, and 66 nm) enhanced their antibacterial efficacy by lowering their
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). Notably,
P.aeruginosa exhibited a lower susceptibility to NPs compared to the other bacterial strains,
necessitating higher concentrations for bactericidal effect. Furthermore, the reduction in MIC and
MBC with decreasing NPs size was particularly pronounced when dealing with P. aeruginosa.

Several investigations have explored the effects of ZnO NPs on MIC and MBC values
[9,10,36,37,53,54,54]. Consistent with our findings, most researchers have observed a significant
enhancement in antibacterial effectiveness with smaller NPs. For instance, Pasquet et al. [9] reported
superior antimicrobial activity with smaller ZnO crystals against E. coli and P. aeruginosa, noting a
proportional increase in MIC and MBC with larger NPs.

Alvarez-Chimal et al. [55] have observed consistent findings, indicating that ZnO NPs sized at 7 nm,
10 nm, 16 nm, and 30 nm show increased MBC against both S. aureus and E. coli as their size
increases. Remarkably, MBC values reported in their study, ranging from 10 to 80 mg/mL, are higher
than those observed in the present investigation, likely due to differences in NP composition.
However, our results regarding S. aureus diverge from those of Lallo Da Silva et al. [43] and Nicole et
al. [10], who have documented elevated MIC values with larger NPs against S.aureus strains.
Additionally, Palanikumar et al. [36] reported that ZnO NPs with sizes of 15 nm, 25 nm, and 38 nm
exhibited identical MICs against S. aureus MRSA, with a value of 0.2 mg/mL, aligning with our
findings. Despite S. aureus consistently displaying similar MIC values regardless of NPs size, we
observed a decline in cell viability, as indicated by MBC measurements, with decreasing particle size.
The lack of variation in MIC of NPs against S. aureus based on their size may be attributed to
challenges in turbidity detection arising from the small size of bacterial cells.

Previous studies have suggested that E. coli is more susceptible to ZnO NPs than P. aeruginosa, while
S. aureus is more sensitive than P. aeruginosa. The variation in susceptibility among these bacteria
can be attributed to a complex interplay of factors, including the production of extracellular
polymeric substances (EPS) [56,57], detoxification systems, and specific metabolic and genetic
responses. The extensive coding capacity of the P. aeruginosa genome enables remarkable metabolic
adaptability and versatility in response to environmental changes [58,59].

Secondly, the study suggested that the diminution in the size of ZnO NPs is able to slow down the
bacterial growth. Few studies in the literature have delved into the role of ZnO NPs size in the kinetic
growth of bacteria. Nevertheless, Baek et al. discovered that the growth inhibition rate (%) of E. coli
increased as the size of ZnO NPs decreased (12.7 nm, 15.7 nm, and 17.2 nm)[60]. These results are in
line with findings from Nicole et al. [10] and Raghupathi et al. [35], who have similarly observed an
increase in growth inhibition against S.aureus and E.coli with smaller ZnO NPs sizes.

The antibacterial activity of ZnO NPs is attributed to several mechanisms, including the release of
reactive oxygen species (ROS), destruction of the cell membrane, and internalization of NPs into
bacterial cells. The reduction in NPs size can influence these mechanisms and slow bacterial growth
in several ways. The heightened reactivity of smaller-sized NPs due to their larger specific surface
area can promote increased ROS release upon interaction with bacteria, leading to greater oxidation
and deterioration of essential cellular components, thus slowing bacterial growth. Also, the reduced
size of NPs can result in more efficient internalization into bacterial cells. Lastly, the decrease in NPs
size can also increase the likelihood of direct contact with the cell membrane, potentially causing
more significant membrane disruption and leakage of cellular components, thereby compromising
bacterial viability. Furthermore, the similar antibacterial activity of the 35 nm and 66 nm NPs against
S. aureus, in contrast to the distinct activity observed with the smaller 22 nm NPs, which
demonstrate greater efficacy specifically against S. aureus, may be attributed to the unique
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characteristic of S. aureus to form aggregates in suspension[61]. There appears to be a maximum size
beyond which NPs cannot penetrate between these aggregates, thus maintaining unchanged
antibacterial activity. Furthermore, the inhibitory effects of NPs on P. aeruginosa growth tend to
converge as their concentration increases, probably because the minimum inhibitory concentration
(MIC) is close.

Thirdly, ZnO nano-based paints exhibit bactericidal activity against E. coli and S. aureus. These
findings align with literature demonstrating the effectiveness of paints containing ZnO nanoparticles
against various bacteria, including E. coli and S. aureus [62—64]. For example, Fiori et al. [62] found
that the most significant antimicrobial effect against S. aureus, assessed using an agar diffusion test,
was achieved with the paint formulated with 1.2% of 9 nm nanoZnO.

5. Conclusion

The reduction in the size of ZnO nanoparticles enhances their antibacterial activity against E. coli, P.
aeruginosa, and S. aureus. Additionally, it decelerates the growth kinetics of bacteria by reducing
their specific growth rate, prolonging their lag time, and increasing their inhibition percentage. This
study emphasizes the critical importance of ZnO NPs size in their ability to inhibit and eradicate
pathogenic Gram-negative and Gram-positive bacteria. Furthermore, the application of these ZnO
nanoparticles in paint formulations presents a promising strategy to combat nosocomial infections. A
prospective direction for this study is to investigate the safety of our ZnO NPs and the antibacterial
activity of thin films of ZnO nanoparticles.
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