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ARTICLE INFO ABSTRACT
Keywords: Gentamicin (GEN), a widely used broad-spectrum antibiotic, faces challenges amid the global
Gentamicin emergency of antimicrobial resistance. This study aimed to explore the synergistic effects of zinc

Zinc oxide nanoparticles (ZnO NPs)
Synergic bactericidal activity
Reactive oxygen species (ROS)

oxide nanoparticles (ZnO NPs) in combination with GEN on the bactericidal activity against
various bacterial strains. Results showed ZnO NPs with MICs ranging from 0.002 to 1.5 pg/mL,
while the precursor salt displayed a MIC range of 48.75-1560 pg/mL. Chitosan (CS)-capped ZnO
NPs exhibited even lower MICs than their uncapped counterparts, with the CS-capped synthesized
ZnO NPs demonstrating the lowest values. Minimal bactericidal concentrations (MBC) aligned
with MIC trends. Combinations of CS-capped synthesized ZnO NPs and GEN proved highly
effective, inhibiting bacterial growth at significantly lower concentrations than GEN or ZnO NPs
alone. This phenomenon may be attributed to the conformation of CS on the ZnO NPs’ surface,
enhancing the positive particle surface charge. This possibly facilitates a more effective interac-
tion between ZnO NPs and microorganisms, leading to increased accumulation of zinc and GEN
within bacterial cells and an overproduction of reactive oxygen species (ROS). It’s crucial to note
that, while this study did not specifically involve resistant strains, its primary focus remains on
enhancing the overall antimicrobial activity of gentamicin. The research aims to contribute to
addressing the global challenge of antimicrobial resistance, recognizing the urgent need for
effective strategies to combat this critical issue. The findings, particularly the observed synergy
between ZnO NPs and GEN, hold significant implications for repositioning the first-line antibiotic
GEN.

1. Introduction

Gentamicin (GEN) is a broad-spectrum antibiotic that belongs to the family of aminoglycoside antibiotics that have proven to be
clinically very effective to treat infections caused by Gram-negative bacteria such as Escherichia coli, Klebsiella, Acinetobacter, Pseu-
domonas aeruginosa, and some Gram-positive bacteria like staphylococci and streptococci [1]. However, the alarming rise of
antibiotic-resistant strains substantially threatens global healthcare [2]. To address this challenge, strategies beyond traditional
antibiotic use are essential. One effective approach involves synergistically combining antibiotics with other agents, thereby
enhancing their spectrum of activity. For instance, GEN was combined with quercetin [1], a biofilm inhibitor. It was found that this
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combination had a better anti-bacterial biofilm activity than GEN or quercetin alone. Jiang et al. [3], discovered that GEN plus fructose
exhibited a synergy antibiotic effect on Salmonella infections in chickens. Zhou et al. [4], displayed that the exogenous supplemen-
tation of p-ribose was an adjuvant able to promote the effect of GEN on multidrug-resistant Salmonella.

Although GEN has been frequently used in a synergistic combination with other antibiotics in clinical practice against S. aureus, the
Infectious Diseases Society of America (IDSA) guidelines do not recommend this therapeutic strategy because of potential nephro-
toxicity problems [5]. In this context, several novel approaches are aimed at finding alternative strategies for increasing antibiotic
efficacy, among them is the combination of commercial antibiotics with metal nanoparticles (MNPs) [6]. Within this category are zinc
oxide nanoparticles (ZnO NPs), which have been shown to have widespread antibacterial properties [4,7-9]. Moreover, ZnO NPs are
listed by the US Food and Drug Administration (FDA) as “Recognized as Safe (GRAS)”. Select committee on GRAS substances (SCOGS)
opinion: tannic acid (hydrolyzable gallotannins) [10].

Besides their intrinsic antibacterial properties, ZnO NPs combined with rifampicin could reduce its minimum inhibitory concen-
tration (MIC) against Mycobacterium smegmatis by 4 times [11]. Also, the combination of ampicillin with ZnO NPs increased the
ampicillin antibacterial activity against Citrobacter freundii [12]. Furthermore, various studies have shown that the association of ZnO
NPs with several antibiotics resulted in an increase in their inhibition halos against different bacteria [13]. Therefore, taking advantage
of the antibacterial performance and the potential synergistic effects of ZnO NPs when combined with common antibiotics, in
conjunction to retain GEN in the antibacterial arsenal.

Chitosan, a derivative of chitin, has garnered significant attention in various scientific studies [14-16]. Its widespread application
is particularly notable in enhancing antibacterial activity when employed as a surface coating. The unique properties of chitosan, such
as biocompatibility, biodegradability, and antimicrobial efficacy, make it an ideal candidate for coating surfaces. The positive charge
of chitosan molecules facilitates interactions with negatively charged bacterial cell membranes, leading to membrane disruption and
increased permeability. Additionally, chitosan’s ability to form a protective layer on surfaces provides a physical barrier against
bacterial adhesion and biofilm formation. This versatile biopolymer, derived from natural sources, holds promise for various
biomedical and industrial applications, contributing to the development of advanced materials with improved antibacterial properties
[17-20].

The present study sought to investigate whether chitosan (CS)-coated ZnO NPs enhance the antibacterial activity of GEN. The aim
was to highlight how these combinations can offer benefits, such as increased efficacy, reduced doses of individual drugs, and
increased intracellular concentrations. These mechanisms underscore the potential of synergistic antimicrobial combinations to
prevent or reduce the emergence of antibiotic resistance.

2. Experimental section
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO),.2H,0) was purchased from Pura Quimica (Cérdoba, Argentina). Chitosan (CS; low mo-
lecular weight 50-190 kDa, 85 % degree of deacetylation) was purchased from Sigma Aldrich. Commercial ZnO NPs were purchased
from Sigma Aldrich (nanopowder <100 nm particle size Lot#MKCB2717V). Gentamicin was purchased from Sigma Aldrich. The
Miiller-Hinton broth (MHB, Britania S.A.®, Buenos Aires, Argentina). Resazurin sodium salt was obtained from Sigma Aldrich. The
reagents of analytical grade were used without further purification.

2.2. Synthesis and characterization of ZnO NPs and chitosan (CS)-capped ZnO NPs

2.2.1. Synthesis of zinc oxide nanoparticles (ZnO NPs)

ZnO NPs were synthesized by adding drop-wise to 5 % w/v zinc acetate dihydrate in Milli-Q water, a 1 M NaOH aqueous solution to
adjust the pH to 14 under continuous stirring at 300 rpm and t 70 °C. This mixture was stirred continuously for 3 h at 70 °C. The
resulting precipitate was collected from the suspension by 5 spin cycles at 3500 rpm, at 25 °C for 5 min, and washed with Milli-Q water.
Finally, the resultant wet power was dried in an oven at 70 °C for 18 h to ensure the complete transformation of Zn(OH), to ZnO NPs.

2.2.2. Coating of ZnO NPs with chitosan (CS)

To obtain the CS-capped ZnO NPs, a 2.5 % w/v CS solution in 1 % v/v acetic acid was prepared whose pH was adjusted to 4.5 with a
1 M NaOH solution. To prepare the CS-capped ZnO NPs, 1 mg of marketed ZnO NPs or ZnO NPs synthesized following the method
described in the previous section were added to a mixture of 2.5 mL of Milli-Q water and 2.5 mL of the 2.5 % w/v CS aqueous solution
and stirred at 300 rpm at room temperature for 24 h, respectively. After that, the CS-capped ZnO NPs were separated from the mixture
by centrifugation at 3500 rpm for 5 min. The white precipitate was rinsed with three washing cycles at 3500 rpm for 5 min with Milli-Q
water and then, samples were dried in an oven at 70 °C for 24 h.

2.2.3. Characterization techniques

The particle size and surface charge were measured by dynamic light scattering (DLS) and { potential measurements, respectively,
using a DLS (ZetasizerNano ZS, Malvern, UK). The diameter and PDI of particle size of NPs were estimated using the CONTIN algorithm
analysis through inverse Laplace Transformation of the autocorrelation function. The morphologies and distribution of the ZnO NPs
and CS-capped ZnO NPs were determined by using a FE-SEM Xigma analytical scanning electron microscope on a Carl Zeiss Sigma at an
intensity of 5 kV. The size distributions of the nanoparticles were also evaluated by measuring the diameter of 100 nanoparticles from
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the randomly selected SEM images using ImageJ software. The crystal phases of ZnO NPs were detected by X-ray diffraction (XRD,
Philips-PW1800) in the range 26 = 5°-80°. The total zinc content from ZnO NPs and CS-capped ZnO NPs was determined by atomic
absorption spectrophotometry (AAS, Thermo Fisher iCE 3000) after dissolving the particles in HNOs. A lamp at a wavelength of 213.9
nm with a bandpass of 0.2 nm was used. Background correction was achieved with a deuterium lamp. The calibration curve was
prepared with the zinc acetate salt in the range of 0.098 at 1.56 pg/mL. For thermogravimetric analysis (TGA), samples were placed in
platinum pans and heated from 25 to 600 °C, at a heating rate of 10 °C min~}, under a nitrogen flow of 50 mL min~! in a thermal
analyzer TGA-DSC Instrument, Discovery series.

2.3. Microbiological assays

2.3.1. Bacterial strains
The gram-negative Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 and the gram-positive Staphylococcus
aureus ATCC 29213 and Enterococcus faecalis ATCC 29212) strains from the American Type Culture Collection (ATCC) were evaluated.

2.3.2. Determination of minimum inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)

The minimum inhibitory concentration (MIC) for each antimicrobial agent was determined by the microdilution broth technique
with a 96-well microplate and using Miiller-Hinton broth (MHB, Britania S.A.®, Buenos Aires, Argentina) as an antibacterial assay
medium following the Clinical and Laboratory Standards Institute (CLSI) guidelines [21]. GEN and ZnO NPs, commercially available or
synthesized, with or without capped with CS, respectively, were evaluated at two-fold serial dilution to obtain the following range of
concentrations: 50 to 0.024 pg/mL for GEN and 1 to 0.001 pg/mL of zinc content from ZnO NPs and CS-capped ZnO NPs, respectively.
After that, 100 pL of a bacterial suspension (5 x 10° CFU/mL) was added to each well. The bacterial suspension without any treatment
was added in triplicate as a growth control. The negative control contained only the MHB. Plates were incubated for 24 h at 37 °C. MIC
was defined as the first dilution with no visible bacterial growth after 24 h of incubation at 37 °C and was determined by triplicate. To
confirm the MIC value obtained by visual observation of turbidity, 3 pL of 1 mg/mL resazurin sodium salt was added. Resazurin is a
redox indicator of cellular metabolism, viable bacterial cells reduce non-fluorescent resazurin (blue) to fluorescent resorufin (pink). In
this case, the MIC value was considered the lowest concentration where a color blue was observed.

The minimum bactericidal concentration (MBC) was performed following the MIC assay by inoculating 20 pL of each well with no
visible growth, before adding resazurin, for 24 h at 37 °C and recording the number of bacterial colonies after incubation. MBC was
defined as the lowest concentration of each antimicrobial agent that kills 99.9 % of bacteria.

2.3.3. Checkerboard testing and determination of the fractional inhibitory concentration index (FICI)

The synergistic, additive, indifferent, or antagonistic effects of the combination of GEN with the synthesized CS-capped ZnO NPs
were determined with the microdilution method by serially diluting GEN in the x-axis and CS-capped ZnO NPs synthesized in the y-axis
[22] 100 pL of a bacterial suspension (5 x 10° CFU/mL) were added to each well of the 96-well plate and incubated at 37 °C for 24 h.
The FICI was calculated with the following Equation (1).

MIC A withB  MIC B with A

FICI = 1
MICA + MIC B m

Synergy was defined as the FICI values < 0.5, additive >0.5 y < 1, indifferent >1 y < 4 and antagonism by FICI values > 4.

2.3.4. Determination of reactive oxygen species (ROS) in bacterial cells

The intracellular bacterial reactive oxygen species (ROS) levels generated after treatment with CS-capped and uncapped ZnO NPs,
GEN, or the combination CS-capped and uncapped ZnO NPs/GEN, respectively, were determined in Staphylococcus aureus ATCC
29213, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Enterococcus faecalis ATCC 29212 with the 2,7-dichlor-
odihydrofluorescein diacetate (DCFH-DA) assay [23]. The concentrations used corresponded to the concentrations of maximum
synergistic activity of CS-capped and uncapped ZnO NPs, GEN alone or their combinations were incubated with the tested bacteria for
0 and 1 h at 37 °C. Then, 200 pL of each sample were placed in 96-well plates in triplicate and treated with 20 pL of 10 mM DCFH-DA
reagent in the dark, a nonfluorescent compound, which could react with ROS to transform into a fluorophore. The DCFH-DA treated
bacterial cells were incubated 30 min and then the fluorescence was determined by fluorescence spectroscopy in BioTek Synergy™ HT
Microplate Reader, at an excitation and emission wavelength of 488 nm and 535 nm, respectively. In addition, the samples were
observed by microscopy. The green fluorescence intensity of bacteria was recorded using a Leica DMI 8 microscope.

2.3.5. Oxidative stress determined by glutathione (GSH) effect

To evaluate the link between the level of oxidative stress produced through ROS generation by the synergistic combination between
GEN and synthesized CS-capped ZnO NPs and their enhanced antibacterial activity mechanism, the glutathione (GSH) depletion ability
by neutralizing ROS through its oxidation into glutathione disulfide (GSSG) was investigated [24]. Briefly, to a 0.1 mL of bacterial
suspension (ODggp nm 1.0) was added GEN, CS-capped synthesized ZnO NPs, and the GEN/CS-capped synthesized ZnO NPs combi-
nation, respectively, and supplemented with 10 pL of a 1 mM GSH solution in PBS. The mixture was incubated at 37 °C for 1 h. Then,
samples were treated with 10 pL of 10 mM DCFH-DA reagent in the dark and incubated for 30 min. The ROS were determined by
fluorescence spectroscopy determined by fluorescence spectroscopy (BioTek Synergy™ HT Microplate Reader) at an excitation and
emission wavelength of 488 nm and 535 nm, respectively. The negative control was a bacterial suspension with GSH solution and
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without any treatment.
2.4. Determination of intracellular zinc levels after bacterial internalization of ZnO NPs and CS-capped ZnO NPs

The MIC concentrations of ZnO NPs and CS-capped ZnO NPs, respectively, or zinc acetate dihydrate were added to the respective
bacterial suspension (5 x 10 CFU/mL), and cells were incubated for 1 h at 37 °C. After that, the culture was centrifuged at 8000 rpm
for 5 min. Then, the supernatant was removed and the cell pellets were resuspended with 0.5 mL of PBS and subjected to 3 cycles of
freezing in an ultrafreezer at —39 °C and heating in an oven at 60 °C for 30 min each, interspersed with 10 min of sonication. They were
subsequently digested with 10 % v/v concentrated HNO3 and 0.5 mL was taken in a final volume of 10 mL of 10 % HNOs. The digested
samples of bacterial cells and ZnO NPs, with or without capped, zinc atoms were measured by AAS.

2.5. Determination of intracellular gentamicin levels after bacterial internalization combined with CS-coated synthesized ZnO NPs

2.5.1. Validation of an indirect UV-visible spectrophotometric method for gentamicin quantification

Gentamicin (GEN) exhibits poor absorption of ultraviolet and visible light, necessitating the use of an indirect spectrophotometric
method for its quantification. The colorimetric reaction with ninhydrin (NIN) is commonly employed for the qualitative identification
of various drugs containing amino groups. The validation of the indirect UV-visible spectrophotometric method adhered to the criteria
outlined in the ICH and FDA guidelines, focusing on specificity/selectivity, linearity, accuracy, limit of detection (LOD), limit of
quantification (LOQ), and precision (intra-day and inter-day) parameters [25,26].

To assess the specificity or selectivity of the method, UV-visible absorption spectra ranging from 200 to 800 nm were recorded.
Various solutions were prepared, including 1 pg/mL CS-capped ZnO NPs (with and without NIN), 1.25 % w/v NIN, 25 pg/mL GEN, a
solution of 25 pg/mL GEN with 1.25 % w/v NIN, and the supernatant of bacterial strains (without GEN) with and without NIN. All
solutions were prepared in PBS, with PBS serving as the background correction. The calibration curve was generated using GEN sulfate
solutions at seven different concentrations in PBS within the range of 100 to 3.125 pg/mL.

For the colorimetric reaction, 50 pL of a 1.25 % w/v NIN solution prepared in PBS was added to 5 mL of GEN (1:10 ratio). The
samples were heated at 95 °C for 5 min in a thermostatic bath, subsequently cooled with an ice bath, and quantified using a UV-visible
spectroscopy Agilent Technologies Cary 60 UV-Vis® spectrophotometer in the range of 200-800 nm [27,28]. The LOD of the method
was determined by the analyte concentration exhibiting a peak area ratio three times greater than the baseline noise. The LOQ was
defined as the analyte concentration yielding a peak area ratio ten times higher than the baseline noise.

To evaluate the precision parameters of the proposed analytical method, three GEN concentration values were chosen: low (L):
3.125 pg/mL, medium (M): 25 pg/mL, and high (H): 100 pg/mL. Three measurements were taken for each sample. Intra-day precision
involved consecutive measurements on the same day, while inter-day precision encompassed measurements on two different days. The
average and standard deviation (SD) values for GEN were calculated, and precision was expressed as the relative standard deviation
(RSD) according to Equation (2).

RSD (%) = AjD % 100 @

ean
The accuracy was assessed through the percentage recovery (Recovery %) of the analyte at three concentration levels (L, M, and H).
The recovery % of GEN was calculated using Equation (3).
Observed concentration

& %) — 100 3
ecovery (%) Expected concentration x ’

2.5.2. Intracellular determination assay of gentamicin

To 700 pL of a bacterial suspension (5 x 10° CFU/mL) in PBS was added 700 pL of a GEN solution in PBS or 700 L the synergic
combination GEN/CS-capped synthesized ZnO NPs in PBS. Then, mixtures were incubated at 37 "C for 1 h and centrifuged at 8000 rpm
for 5 min. The supernatant was then removed and the cell pellets were resuspended in 1 mL of PBS and subjected to 3 cycles of freezing
in a deep freezer at —39 °C and heating in an oven at 60 °C for 30 min each, interspersed with 10 min of sonication. Subsequently, 50 pL
of acetone was added and centrifuged at 8000 rpm for 5 min to separate the CS and the acetone-insoluble proteins. After that, 1 mL of
the supernatant was taken out to which 10 pL of 1.25 % w/v NIN previously prepared in PBS was added. Samples were heated at 95 °C
for 5 min in a thermostatic bath, subsequently cooled with an ice bath, and quantified by UV-visible spectroscopy Agilent Technologies
Cary 60 UV-Vis® spectrophotometer) at 400 nm. In this way, the amount of intracellular GEN was quantified.

2.6. Data analyses

Quantitative data are expressed as the mean =+ standard deviation (SD). One-way analysis of variance (ANOVA) was used to carry
out the statistical analysis. A significance level value between groups of p < 0.05 was considered significant.
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3. Results and discussion
3.1. Characterization of nanoparticles (NPs)

Table 1 shows average hydrodynamic particle size, polydispersity index (PDI), and zeta potential values (¢-potential) obtained from
DLS. The commercialized ZnO NPs were larger compared to the synthesized ZnO NPs. However, in both cases the PDI was less than
0.25, meaning that the size distribution of the ZnO NPs was homogeneous. Both ZnO NPs had a ¢-potential negative of approximately
—22 mV. This high ¢-potential value indicated that ZnO NPs were moderately stabbecause of electricalcal repulsion between the NPs
preventing their aggregation. Both commercial and synthesized ZnO NPs coating with CS slightly increased in size, although their PDI
values remained less than 0.25, so the distribution of both CS-capped ZnO NPs was kept homogeneous. However, the ¢-potential values
of these CS-capped ZnO NPs changed to positive values with values higher than 30 mV, evidencing the presence of CS, a positively
charged polyelectrolyte, onto the surface of the ZnO NPs. Therefore, both types of CS-capped ZnO NPs were electrically stable.

The X-ray patterns of ZnO NPs, commercialized and synthesized, with or without coating with CS, zinc acetate dihydrate and CS are
displayed in Fig. 1. The x-ray diffraction (XRD) patterns of both commercial (Fig. 1A) and synthesized ZnO NPs (Fig. 1B) showed the
diffraction peaks located at 20 values of 31.76°, 34.41°, 36.25°, 47.52°, 56.58°, 62.84° and 67.92°, which were consistent with the
(100), (002), (101), (102), (110), (103), and (112) reflection planes of the hexagonal structure of ZnO described in JCPDS (JCPDS: 01-
080-0074) (Joint Committee on Powder Diffraction Standards) [29]. Therefore, both commercial and synthesized ZnO NPs had a
hexagonal structure with sharp diffraction peaks, indicating good crystallinity [30]. On the other hand, no traces of the zinc acetate
dihydrate (Fig. 1F), the precursor salt in the synthesis of ZnO NPs, were evident in the XRD pattern of synthesized ZnO NPs (Fig. 1B),
indicating that the ZnO NPs were pure without the presence of contamination from its precursor. On the other hand, XRD patterns of
both, commercially available and synthesized, CS-capped ZnO NPs (Fig. 1C and D) displayed that their peak intensities were reduced.
The ratio of intensities between the 100/002 peaks of uncapped and capped ZnO NPs was modified, from 0.9 to 0.8, respectively, and
the intensities ratio between the 101/002 peaks, changed from 1.6 to 1.3, respectively. Also, a slight broadening of all peaks was
observed in the XRD patterns from the CS-capped ZnO NPs in comparison with the XRD patterns from the ZnO NPs without capping;
which revealed a reduction in the particle size and crystallinity in the structure of ZnO NPs [31]. Additionally, observed peaks around
10.39° and 20.61° in the XRD patterns of the CS-capped ZnO NPs, which was attributed to the crystal domain of CS, coincident with the
pure compound (Fig. 1E) [32].

The morphology of ZnO NPs, commercialized and synthesized, with or without coating with CS, was evaluated by scanning electron
microscopy (SEM). SEM images (Fig. 2) display that in all samples, ZnO NPs were agglomerated with uniform particle sizes. ZnO NPs
were spherical with smooth surfaces, with an average size range of 15-90 nm for commercial ZnO NPs and 25-50 nm for synthesized
ZnO NPs, respectively (Fig. 2A and B). On the other hand, SEM images of CS-capped ZnO NPs showed the polymeric surrounding shell
onto the ZnO NPs surface, although the CS-capped commercially available ZnO NPs looks tight (Fig. 2C and D) in comparison with that
one of the synthesized ZnO NPs. The tendency to increase particle size when incorporating CS was in agreement with the analysis
previously carried out by DLS. However, some differences are observed in the values obtained by SEM since this technique does not
allow determining the average diameter in the solvated state, therefore the observed sizes are smaller than those obtained by DLS [33].

The thermogravimetric analysis (TGA) allowed inferences about the structural organization of the organic coating onto the surface
of ZnO NPs [34]. Fig. 3A and B displays the TGA and DTG plots of NPs, respectively, over a temperature range up to 600 °C, under a
nitrogen atmosphere. The commercial nanoparticles and the synthesized nanoparticles presented good thermal stability in the studied
temperature range from 25 to 600 °C (Fig. 3A and B (A and B)). An accumulative weight loss at 600 °C of approximately 46 wt% was
recorded for commercially available ZnO NPs coating with CS (Fig. 3A (C)). Meanwhile, the amount of the organic lost at 600 °C for
CS-capped synthesized ZnO NPs reached approximately 24 wt% (Fig. 3A (D)). Thus, in this last case, a more thermally stable coating
was established on the surface of ZnO NPs. In both samples, the organic coating was left in multiple decomposition steps as can be seen
in the DTG curves shown in Fig. 3B (C and D). Differences could be attributed to different conformations of the CS molecules around
ZnO NPs, different binding sites, or the number of CS layers on the surface of ZnO NPs [22]. The thermal events of the raw materials CS
(Fig. 3A and B (E)) and Zn acetate dihydrate (Fig. 3A and B (F)) coincide with what is described in the literature [35,36].

3.2. Antimicrobial evaluation

3.2.1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) determinations
Commercial and synthesized ZnO NPs, with or without CS coating, were tested for their antibacterial activities against S. aureus,
E. coli, E. faecalis and P. aeruginosa and results are shown in Table 2. MIC and MBC of GEN and zinc acetate dihydrate were also

Table 1
Average hydrodynamic particle size, polydispersity index (PDI), and zeta potential values ({-potential) obtained by DLS.
Sample Size (nm) + SD PDI + SD ¢-potential (mV) + SD Zn content (mg)
/1 mg NPs + SD
Commercial ZnO NPs 108.0 + 28.0 0.22 £+ 0.08 —22.7 £1.2 0.73 £ 0.01
Synthesized ZnO NPs 83.3+15.3 0.17 + 0.08 —225+1.3 0.86 + 0.02
CS-coated commercially available ZnO NPs 135.0 + 15.0 0.24 + 0.07 33.2+3.8 0.26 + 0.01

CS-coated synthesized ZnO NPs 98.7 +7.6 0.24 + 0.03 36.2+7.0 0.51 + 0.01
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Fig. 1. X-ray diffraction (XRD) patterns of A. commercial ZnO NPs, B. synthesized ZnO NPs, C. CS-capped commercially available ZnO NPs, D. CS-
capped synthesized ZnO NPs, E. CS, and F. zinc acetate dehydrate. The figure contains the diffractogram (red) of the JCPDS standard: 01-080-0074,
hexagonal zinc oxide. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

determined.

As shown in Table 2, all NPs demonstrated increased antimicrobial activity against all bacterial strains tested in comparison to the
precursor zinc acetate dihydrate used in the synthesis of the ZnO NPs. Table 2 Despite that the MIC values of NPs ranged from 0.002 to
1.5 pg/mL, whereas the MIC range for the precursor salt was between 48.75 and 1560 pg/mL.

On the other hand, commercially available and synthesized ZnO NPs, with or without capping, showed different degrees of
antibacterial activity among them concerning the bacterial species used herein, in some cases the MIC values obtained with the
synthesized ZnO NPs slightly lower in comparison to commercially available ZnO NPs. Moreover, as shown in Table 2, the CS-capped
ZnO NPs showed even lower MIC values compared to those MIC values obtained with the uncapped ZnO NPs, being in some cases, the
MIC values measured with the CS-capped synthesized ZnO NPs lower than the MIC values obtained with the CS-capped commercially
available ZnO NPs.

On the other hand, it was tested the ability of NPs to kill the tested microorganisms; i.e., to demonstrate bactericidal activity by
determining their MBC values. Table 2 shows that the MBC results measured with all the samples evaluated against the 4 tested
bacterial strains followed the same trend obtained with the MIC values measured. As shown in Table 2, all NPs had an MBC/MIC ratio
<4, indicating that NPs were bactericidal.

In this work, it is also a remarkable fact that all ZnO NPs showed a very good antibacterial performance against both P. aeruginosa
and E. faecalis in contrast to the results obtained in the report of Riahi et al. [37], who showed that the ZnO NPs they obtained did not
show bacterial activity against these bacterial strains.

In summar, susceptibility data found in this work showed that the tested CS-capped synthesized ZnO NPs exhibited the highest
antibacterial activity against the tested bacterial strains in comparison to CS-capped commercially available ZnO NPs, or the uncapped
synthesized or commercially available ZnO NPs. These results allowed us to infer that the conformation of CS adsorbed on the ZnO NPs
surface and probably, the smaller size of the synthesized ZnO NPs compared to the commercially available ones have a favorable effect
on the antibacterial activity of these NPs.
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Fig. 2. Scanning electron microscopy (SEM) images and their respective size distribution histograms (diameter, nm) and Gaussian curve as a
function of frequency (%) of A) commercial ZnO nanoparticles, B) synthesized ZnO nanoparticles, C) commercial ZnO NPs from CS-ZnO and D)
synthesized nanoparticles from CS-ZnO. Scale: 100 nm. The inset circular images show an enlarged view of the nanoparticles with their respective
diameter value acquired. The histograms were constructed by taking 100 nanoparticle diameter measurements with the ImageJ software. The
respective averages and standard deviation are presented for each nanoparticle sample.
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Fig. 3. Thermogravimetric plots recorded during thermal treatment up to 600 °C A) Weight (%) vs. temperature (°C) and B) Derivative weight (%)
(DTG) for: A. ZnO NPs commercial, B. ZnO NPs synthesized, C. CS-capped synthesized ZnO NPs, D. CS-capped commercially available ZnO NPs, E.

CS and F. zinc acetate dihydrate.

Table 2

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values of different ZnO NPs formulations and Zn acetate
salt, against S. aureus, E. faecalis, P. aeruginosa, and E. coli strains. Concentrations are expressed as the equivalent quantity of zinc (pg/mL).

S. aureus E. faecalis P. aeruginosa E. coli
MIC MBC MBC/ MIC MBC MBC/ MIC MBC MBC/ MIC MBC MBC/
(ng/ (ng/ MIC (pg/mL)  (pg/mL)  MIC (ng/ (ng/ MIC (ng/ (ng/ MIC
mL) mL) ratio ratio mL) mL) ratio mL) mL) ratio
Zn acetate dihydrate 48.75 48.75 1 1560 1560 1 97.5 97.5 1 97.5 97.5 1
Commercial ZnO 0.4 0.8 2 0.08 0.08 1 1.5 1.5 1 0.01 0.01 1
NPs
Synthesized ZnO 0.4 0.4 1 0.02 0.02 1 1.5 1.5 1 0.01 0.01 1
NPS
CS-coated 0.08 0.08 1 0.0025 0.0025 1 0.08 0.08 1 0.04 0.04 1
commercially
available ZnO
NPs
CS-coated 0.04 0.04 1 0.0025 0.0025 1 0.08 0.08 1 0.01 0.01 1
synthesized ZnO
NPs
GEN 6.25 50 8 12.5 50 4 6.25 50 8 6.25 50 8
ot *kokk
120 - l— H GEN
100 - . M CS-capped synthesized
Zn0O NPs
80 B GEN/CS-capped
;\? synthesized ZnO NPs
> *E¥ combination
= 60 *
el
8
>
40

20

S. aureus E. coli

E. faecalis

P. aeruginosa

Fig. 4. Effect of GEN and CS-capped synthesized ZnO alone and their combination on the viability (%) of tested bacterial strains (mean &+ SD, n = 3,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The concentrations (ug/mL) were defined by the synergistic activity, in S. aureus it was 0.012
and 0.02, E. coli 0.098 and 0.005, E. faecalis 0.78 and 0.001 and P. aeruginosa 0.049 and 0.005 for GEN and CS-ZnO synthesized NPs, respectively.
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3.2.2. Checkerboard testing

The CS-capped ZnO NPs were selected to evaluate the interaction between NPs and GEN because these NPs showed better MIC and
MBC values against the 4 tested bacterial strains compared to the rest of the NPs evaluated in this work. Fig. 4 shows the effects of GEN,
and the combination of GEN with CS-capped synthesized ZnO NPs, on the susceptibility of tested bacterial strains. Although bacteria
treated with GEN alone showed a decreasing percentage of bacterial viability, their survival was significantly reduced when combined
with CS-capped synthesized ZnO NPs. For S. aureus the viability ranged from 78 to 22 %, for E. coli from 100 to 13 %, for E. faecalis from
100 to 2 %, and for P. aeruginosa from 37 to 27 % of GEN compared to the treatment in combination with NPs respectively.

Table 3 displays the checkerboard assay results used to assess the effects of CS-capped synthesized ZnO NPs on the antibiotic ef-
ficacy of GEN against S. aureus, E. coli, E. faecalis, and P. aeruginosa. As shown in Table 3, some combinations between CS-capped
synthesized ZnO NPs and GEN inhibited the growth of all bacterial strains tested at much lower concentrations than GEN or NPs
alone. For S. aureus GEN MIC value declined from 6.25 pg/mL to 0.012 pg/mL (1/525 MIC) and for CS-capped ZnO NPs, its MIC value
was reduced from 0.04 pg/mL to 0.02 pg/mL (% MIC). For E. coli, GEN MIC value decreased by 64 times, whereas for the NPs the
decrease of its CIM value was 2-fold. In the case of E. faecalis, the MIC values decreased 16 and 2.5 times for GEN and NPs, respectively,
and for P. aeruginosa, their MIC values decreased 128 and 32, respectively.

The results obtained in this study are in very close agreement with those obtained in the report of Hemmati et al. [28], who ob-
tained a nanocomposite (CS-ZnO NPs) loaded with GEN and evaluated its antimicrobial and antibiofilm formation against
P. aeruginosa and S. aureus. These authors showed a four-fold MIC reduction when these bacterial strains were treated with the
GEN-loaded CS-ZnO nanocomposite in comparison with the MIC value of CS-ZnO nanocomposite alone. They found that for
P. aeruginosa, the GEN nanocomposite MIC value decreased from 128 pg/mL to 0.5 pg/mL, while for S. aureus, the MIC value was
reduced from 64 pg/mL to 0.125 pg/mL.

Comparing the results obtained in the present study of MIC values combining GEN with CS-capped ZnO NPs against P. aeruginosa
and S. aureus with those MIC values obtained in the report of Hemmati et al. significantly lowest MIC values for the bacteria tested were
found herein with the combined concentration levels of GEN and CS-capped ZnO NPs because of synergistic action of GEN and CS-
capped ZnO NPs.

3.3. Determination of intracellular reactive oxygen species (ROS)

Table 4 and Fig. 5SA-H summarize the measured levels of ROS after the preincubation of bacterial cells with GEN and CS-capped
synthesized ZnO NPs alone, as well as in combination, respectively. There was an increase in ROS production after bacterial treatment
with both GEN and NPs, compared to untreated (control) bacteria. Moreover, the increase in ROS levels was significantly higher when
bacteria were treated with the combination of GEN and NPs, S. aureus (p-value 0.002), E. coli (p-value 0.003), and E. faecalis (p-value
0.004), with the difference being much greater with P. aeruginosa (p-value 0.0006). On the other hand, in the presence of ROS, green
fluorescence is produced because of oxidation of the dye, which can be seen in Fig. 5A-D. Furthermore, enhanced ROS generation by
the synergistic GEN/NPs combination was confirmed by intracellular ROS levels measurements in the presence of glutathione (GSH; a
known ROS inhibitor). GSH can protect different cellular components by neutralizing ROS as it oxidizes into glutathione disulfide
(GSSG) [38]. Fig. 5E-H and Table 4 display that the GEN/CS-capped synthesized ZnO NPs combination showed a notably higher GSH
oxidation ability than GEN or CS-capped synthesized ZnO NPs alone, indicating that ROS generation by the combination was amplified
concerning GEN or NPs themselves.

It is known that ROS can increase the sensitivity of bacteria to antimicrobial agents; e.i., Huang et al. [39], found that Fe*® jons at
low concentrations promoted the bactericidal effectiveness of GEN against E. coli. Results suggest that enhanced ROS production may

Table 3
Drug interactions between ZnO NPs synthesized capping with chitosan (CS) and gentamicin (GEN) against different bacterial strains in vitro.
Bacterial MICgen MICcs.capped synthesized CGeN Ccs-capped synthesized Change of Change of MICcs.capped FICI Interaction
Strain (pg/mL) zn0 Nps (Hg/mL) (pg/mL) zn0 Nps (Hg/mL) MICgen synthesized ZnO NPs
S. aureus 6.25 0.04 6.25 0.0025 NC 16 1.1 I
6.25 0.005 NC 8 1.1 I
6.25 0.01 NC 4 1.0 Ad
0.012 0.02 521 2 0.3 S
E. coli 6.25 0.01 0.195 0.0025 32 4 0.3 S
0.098 0.005 64 2 0.5 S
E. faecalis 12.5 0.0025 0.78 0.001 16 2.5 0.5 S
P. aeruginosa 6.25 0.08 0.049 0.0025 128 32 0.04 S
0.049 0.005 128 16 0.07 S
0.049 0.01 128 8 0.1 S
0.049 0.02 128 4 0.3 S
0.049 0.04 128 2 0.5 S

GEN: gentamicin, CS-capped synthesized ZnO NPs: zinc oxide nanoparticles synthesized capping with chitosan. FICI: fractional inhibitory concen-
tration index. MIC. minimum inhibitory concentration.

MICggn and MICgz,0 nps: MICs of GEN and ZnO NPs when used alone.

Cgen and Cz,o nps: MICs of GEN and ZnO NPs when used in combination.

S: synergist, Ad: additive, I: indifferent.
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Table 4
Intracellular levels of ROS (%) without GSH and with GSH of GEN, CS-capped synthesized ZnO NPs, and a combination of both in different bacterial
strains: S. aureus, E. coli, E. faecalis, and P. aeruginosa with its respective reduction in ROS production (%).

Bacterial Strain ~ Sample ROS + SD (%) without ROS =+ SD (%) with Reduction in ROS production by GSH
GSH GSH (%)

S. aureus GEN 20+ 4 4+4 81+3
CS-capped synthesized ZnO NPs 22+3 1+1 96 + 4
GEN + CS-capped synthesized ZnO 30+1 1+1 97 +5
NPs

E. coli GEN 7+6 3+5 61 +£5
CS-capped synthesized ZnO NPs 17 +£2 0+3 100 + 1
GEN + CS-capped synthesized ZnO 18+1 1+5 95+ 4
NPs

E. faecalis GEN 9+1 3+4 69 £+ 2
CS-capped synthesized ZnO NPs 10+2 1+4 91+3
GEN + CS-capped synthesized ZnO 18+2 1+5 93+4
NPs

P. aeruginosa GEN 15+3 3+1 77 £5
CS-capped synthesized ZnO NPs 12+ 4 0.3+23 97 +£3
GEN + CS-capped synthesized ZnO 25+2 242 92+2
NPs

Light field DCFH-DA Merge

m
-

B Without GSH B With GSH

% 40 e _g 40 ns
830 g 30 *k
i o
220 S 20
@ o
) x
*10 210
B IS £
>0 o
8 GEN CS-capped  GEN + CS- 8 GEN CS-capped  GEN + CS-
synthesized capped synthesized capped
ZnO NPs synthesized ZnONPs  synthesized
G ZnO NPs H ZnO NPs
c g 40 E 40
8 . *% § 30 e
-
g 20 §20
& 2
a
£ 10 210
S =
-3 GEN CS-capped  GEN +CS- g GEN CS-capped  GEN +CS-
D synthesized  capped synthesized  capped
ZnONPs  synthesized ZnONPs  synthesized
ZnO NPs ZnO NPs

Fig. 5. Photographs obtained by fluorescence microscopy representative of the production of intracellular ROS in the S. aureus bacterial strain. The
DCFH-DA marker (green) is an indicator of greater ROS production. A. Control, B. GEN, C. CS-capped synthesized ZnO NPs and D. CS-capped
synthesized ZnO NPs combined with GEN. Scale bar: 1 pm. The white arrows indicate bacteria with ROS production. On the other hand, bar
graphs represent intracellular levels of ROS (%) without GSH (pink) and with GSH (purple) of GEN, CS-capped synthesized ZnO NPs, and a
combination of both in different bacterial strains: E. S. aureus, F. E. coli, G. E. faecalis and H. P. aeruginosa (mean + SD, n = 3, ns: no significant

difference, **p < 0.01, ***p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

be partly responsible for the synergistic effects of the combined CS-capped ZnO NPs/GEN.

3.4. Intracellular uptake of ZnO NPs by bacterial cells

Fig. 6A-D shows the zinc accumulation in bacterial cells treated with commercially available and synthesized ZnO NPs, CS-capped
of both kinds of ZnO NPs, and zinc acetate dihydrate after 1 h of incubation at 37 °C.

Higher intracellular zinc accumulation was observed when bacterial cells were treated with CS-capped ZnO NPs in comparison to
uncapped ZnO NPs or the zinc salt, which might be because of CS coating produced a highly positive surface charge onto the ZnO NPs
compared to the uncapped ZnO NPs, which had a negative surface charge (Table 1). CS-capped ZnO NPs might be electrostatically
attracted to the anionic cell wall of bacterial cells more effectively than the uncapped ZnO NPs, even more than Zn?* ions. Addi-
tionally, the positive surface charge of CS-capped synthesized ZnO NPs was even higher than that of CS-capped commercially available
ZnO NPs (Table 1). Therefore, the difference in particle charge surface could have contributed to the higher zinc accumulation inside
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Fig. 6. Intracellular uptake of the different ZnO NPs formulations in tested bacterial strains: A. S. aureus, B. E. coli, C. E. faecalis, and D. P. aeruginosa
(mean + SD, n = 3).

the bacterial cells and the overproduction of ROS by bacteria.

On the other hand, differences in the zinc accumulation between Gram-positive (Fig. 6A and C) and Gram-negative bacteria (Fig. 6B
and D) were also shown. Although the zeta-potential value of both Gram-positive and Gram-negative bacteria is negative, differences
might be attributed to the structural disparity in cell wall composition between these kinds of bacteria [40-42]. Results were also in
agreement with the higher ROS production obtained with the Gram-positive bacteria in comparison to the Gram-negative bacteria
tested herein.

3.5. Intracellular uptake of GEN combined with synthesized CS-capped ZnO NPs by bacterial cells

3.5.1. Validation of an indirect UV-visible spectrophotometric method for gentamicin quantification

Table 5 presents the outcomes derived from various validation parameters for the indirect colorimetric method employed in the
quantification of Gentamicin (GEN). The interaction of Ninhydrin (NIN) with the amino acids of GEN results in the formation of a
purple complex (GEN-NIN). Initially, the specificity or selectivity of the method was established. UV spectra for all components were
acquired separately (NIN alone, GEN alone, bacterial supernatants with and without NIN, ZnO NPs synthesized with CS capping (with
and without NIN)), revealing no interferences. The wavelength of maximum absorption for the complex was identified as 400 nm. With
bacterial supernatants, a peak at approximately 4 260 nm, attributed to RNA and DNA nucleic bases, was observed. Synthesized ZnO
NPs covered with CS exhibited an absorption maximum of around 4 360 nm. However, because of their breakdown during the
quantification process, the final sample contained Zn rather than ZnO. As free Zn does not absorb in the UV-visible range, no inter-
ference was observed, allowing for the determination of the GEN-NIN complex at 1 400 nm.

The calibration curve is fitted linearly by the least squares method with an r? of 0.9996. Sensitivity was gauged through the
calculation of the LOD) and LOQ, yielding values of 0.0432 £ 0.0001 pg/mL and 3.125 + 0.005 pg/mL, respectively. Accuracy fell
within the range of 97 %-101 % across the three tested concentrations. Precision, assessed as both intra-day and inter-day precision at
three quality control levels, was less than 2 %. These findings affirm that the method adheres to the requisite validation standards for
GEN quantification.

3.5.2. Quantification of intracellular gentamicin

As observed in Fig. 7 there was an increase in GEN uptake into bacterial cells when combined with the CS-capped synthesized ZnO
NPs in comparison to GEN alone. Moreover, the difference was even larger with the Gram-negative bacteria E. coli compared with the
other bacteria strains tested. These results might be ascribed to membrane damage of the bacteria cells produced by the CS-capped
synthesized ZnO NPs, since it is known that ZnO NPs can disrupt the bacterial cell membrane thus allowing a greater internaliza-
tion of the antibiotic by the bacterial cells [37].

GEN exerts its antibacterial action through an irreversible binding with mRNA and therefore inhibiting the synthesis of proteins in
bacteria [43]. Hence, the enhanced amount of GEN getting access to bacterial cytosol will determine that bacteria is more susceptible
to this antibiotic [44].

4. Conclusions

The current investigation reveals that the combination of ZnO NPs with GEN yields robust synergistic bactericidal effects. Notably,
the ZnO NPs with chitosan (CS) coating emerge as the most efficacious in eliciting this phenomenon. This heightened efficacy is
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Table 5
Method validation parameters (mean + SD; n = 3) Levels of gentamicin concentration (ug/mL) low: L: 3.125, medium: M: 25,
high: H: 100. r: linear coefficient correlation.

Parameter Concentration Result
Selectivity
Maximum absorption wavelength (nm) 400
No interference observed
Linearity
Regression equation (ug/mL) y = 0.0015x - 0.0432
I 0.9996
Sensibility
LOD ug/mL 0.0432 £ 0.0001
LOQ pg/mL 3.125 + 0.005
Accuracy (% recovery)
L 97 £ 6
M 99 + 4
H 101 +£3
Precision (% RSD)
Intra-day
L 0.5922 + 0.0003
M 1.908 + 0.002
H 1.728 £+ 0.003
Inter-day
L 0.4221 + 0.0002
M 1.679 £+ 0.001
H 1.324 + 0.003
6 -
% %k %k
2°7 * %
% *
24
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(=}
= B GEN
S 3
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w
O 1
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S. aureus E. coli E. faecalis P. aeruginosa

Fig. 7. Intracellular uptake of GEN alone and combined with CS-capped synthesized ZnO NPs in tested bacterial strains (mean + SD, n = 3, *p <
0.05, **p < 0.01, ***p < 0.001).

attributed to the conformational coating of CS onto the surface of the NPs, which imparts the highest positive surface charge. This
characteristic likely facilitates enhanced proximity between ZnO NPs and microorganisms, surpassing the effectiveness of other NPs
examined in this study. Consequently, this interaction leads to heightened internalization of zinc and GEN into bacterial cells,
accompanied by an intracellular overproduction of reactive oxygen species (ROS).

In conclusion, the bactericidal synergistic combination between GEN and CS-capped synthesized ZnO NPs might be a powerful
therapeutic alternative for repositioning the first-line antibiotic GEN.

Future research will explore combinations of GEN with NPs for resistant bacterial strains. Furthermore, it would be important to
determine the cytotoxicity in eukaryotic cells of these combinations.
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