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ABSTRACT

The emergence of multidrug-resistant bacteria has attracted much attention from the global community due to
their potential to cause harm to health. In this context, ZnO nanoparticles (NPs) produced under different
synthesis conditions were successfully applied to inhibit several species of multiresistant bacteria from clinical
isolates. Five gram-positive (Staphylococcus epidermidis ATCC 35984, Staphylococcus aureus ATCC 25923,
S. aureus ATCC 8095, Enterococcus faecalis ATCC 29212, and Enterococcus faecium ATCC 700221) and four gram-
negative bacterial isolates (Klebsiella pneumoniae ATCC 700603, Escherichia coli ATCC 25922, Acinetobacter
baumannii ATCC 19606, and Pseudomonas aeruginosa ATCC 27853), known to be involved in healthcare-
associated infections and multidrug resistance, were selected for this study. Due to their physicochemical
properties, we found that ZnO NPs can exhibit selective inhibition. The minimum inhibitory concentration (MIC)
for multidrug-resistant bacteria sensitive to ZnO NPS was determined from varying contact time and catalyst
concentration from exhaustive tests. Different characterization techniques were studied to determine the crys-
talline, optical, morphological, and photocatalytic characteristics of ZnO NPs. The bacterial inhibition mecha-
nisms were discussed in detail with support of photocatalytic assays and cytotoxicity of plant species. In addition,
ZnO NPs have also shown great potential for application in the environmental remediation of ecosystems
contaminated by organic pollutants due to their efficiency in degrading the dye methylene blue (MB) under UV
light with a photocatalytic efficiency of 75% in 60 min. The ZnO NPs showed great potential for multidrug-
resistant bacteria, with MICs ranging from 256 to 512 mg/L. This demonstrates that the ZnO NPs produced
here have the potential to be used as a technology with great application potential in materials used in hospital
environments to mitigate the growth and development of these classes of multi-resistant bacteria.

1. Introduction

damage to health and acquiring drug resistance genes [2,3]. The search
for strategies capable of mitigating and controlling the growth of dis-

In recent years, the number of multidrug-resistant bacteria has been
increasing, partly due to the widespread use of antimicrobials and
improper disposal of these drugs [1]. The ESKAPE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.) group, for example,
generates great concern due to the variety of strains capable of causing
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eases caused by these microorganisms has gained much attention due to
the decreased available therapeutic options [4-6].

Recent advances in nanotechnology have proven the efficiency of
using metallic nanoparticles (NPs) or their oxides in controlling the risks
of contamination by pathogenic microorganisms [7-10]. Because they
have distinct cell structures, the antibacterial effect of NPs often depends
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on specific characteristics of the material, which act selectively [11,12].
The main mechanisms involved in the antimicrobial action of NPs are
the release of ions, direct contact with the NPs by electrostatic interac-
tion, and the indirect mechanism by reactive oxygen species (ROS)
formation. All these mechanisms can damage the cell membrane and
inactivate the bacteria [13,14].

Despite the excellent results presented mainly by NPs of Au and Ag,
using these noble metals can make the production of functionalized
materials from them more expensive and bump into environmental,
health, and safety aspects related to their bioaccumulation and toxicity
[15]. On the other hand, zinc oxide nanoparticles (ZnO-NPs) have
excellent antibacterial, antifungal, and anti-inflammatory properties
and a low cytotoxic effect [16-20]. In addition to antimicrobial activity,
ZnO NPs have also been explored in other areas, such as photocatalysis
in tests involving the degradation of organic compounds in aquatic en-
vironments and analytical methodologies for environmental monitoring
[21].

To improve the properties of ZnO-NPs, some studies have observed
that the control of morphology, lattice parameters, and the formation of
defects can be achieved by changing the synthesis method, metallic
precursors, or pH of the medium [22-27]. Gonzalez et al. [28] observed
that changing the morphology of ZnO NPs (spherical, hexagonal, and
rod shapes) significantly affected antibacterial and anticancer activity.
Mainly, NPs with spherical shapes showed more excellent biocide effects
than hexagonal particles, increasing oxidative stress and apoptosis in
cancer cells. Literature data show that particles with larger crystallite
sizes can exhibit better photocatalytic activity [29], and ZnO nano-
particles can produce ROS even in the dark [30]. However, in the
presence of light, this production is optimized by the photocatalytic
process [31]. Besides being widely applied in the degradation of organic
pollutants, this photocatalytic property also improves the bactericidal
efficiency of the material through the ROS inactivation mechanism[32].

The microwave-assisted hydrothermal method (HaM) has proven
effective in producing various NPs[33]. The HaM promotes uniform,
fast, and easy-to-control heating in which variables such as temperature,
irradiation time, and pressure can be easily changed and investigated
through experimental design approaches [23]. Gusmao et al. [27]
observed that the change in the morphology of pure and Ag-doped ZnO
using the HaM method depends on the alkaline medium in which the
nucleation process occurs. When comparing the biocidal effect of ZnO
obtained with NaOH and the material produced using NH4OH, pure
samples show more significant antimicrobial activity against Saccharo-
myces cerevisiae observed by the medium containing ammonium hy-
droxide at pH 12. In addition, using different Zn?* salt precursors can
guide preferential growth along axial or radial directions due to the
different ZnO facets’ interaction with the metal precursors’ anions [34].

In this work, ZnO-NPs were produced using the HaM. A factorial
planning study was conducted to investigate the influence of experi-
mental parameters, such as the type of metal precursor, the alkaline
medium using different bases, and the microwave irradiation time.
These parameters can play a significant role in modifying the properties
of ZnO NPs, including their antibacterial, photocatalytic, and phytotoxic
properties. By varying these parameters, it is possible to obtain ZnO NPs
with specific characteristics that can improve their antibacterial effi-
cacy, enhance their photocatalytic activity, or influence their toxicity to
living organisms. Therefore, understanding the influence of these pa-
rameters is crucial to optimizing the desired properties of ZnO NPs for
relevant applications.

2. Experimental section
2.1. Synthesis and characterization of ZnO NPs
In the preparation of the ZnO NPs, 50 mL of the (Zn(NO3)2-6 HyO or

Zn(CH3COO0)»-2 H,0) solution, at a concentration of 0.06 M prepared
with deionized water, was added in a beaker and kept under stirring at
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60 °C for 20 min. Subsequently, 50 mL of a 1.2 M alkaline solution
(NaOH or NH4OH) was continuously dropped into the salt solution.
During this process, the color change of the solution was observed as the
ZnO precipitates were being formed. Then, the resulting solution was
transferred to a Teflon-lined stainless-steel autoclave (100 mL) and heat
treated in a microwave at 120 °C for different times (15 or 30 min). The
white precipitate from this process was washed successively with
distilled water and ethanol to remove impurities and then dried in an
oven at 60 °C for 24 h. All reagents used in the synthesis of ZnO were of
analytical grade. The samples produced were identified as shown in
Table 1.

The analysis of the crystalline structure of the powders was per-
formed from X-ray diffraction (XRD) using a Shimadzu diffractometer
model XRD-6100 with a range of 10-110° (20) voltage of 40 kV and a
rate of 0.05 °/s. An additional study of the ZnO phase to investigate
possible changes in the network parameters of the materials was carried
out from the Rietveld refinement using the General Structure Analysis
System II (GSAS II) software [35]. The values determined for the crys-
tallite sizes of each sample were calculated using the Scherrer Equation
[36]. The NPs’ morphology was observed using scanning electron mi-
croscopy by field emission (FE-SEM) using a ZEISS model SIGMA mi-
croscope. Compositional analysis of the chemical elements in the
samples was performed by dispersive X-ray spectroscopy (EDS) using an
accelerating voltage of 10 and 20 kV on a Hitachi microscope, TM4000
Plus, with an integrated backscattered electron detector (BSE). The band
gap values of the materials were calculated from the Kubelka-Munk
method using the UV-vis spectra obtained using a Cary 7000 spectro-
photometer coupled with an integrating sphere in the diffuse reflectance
(DRS) mode in the region between 200 - 800 nm [37]. Zeta potential was
respectively measured on a Malvern Zetasizer® nanoZS-equipment in
pH = 6.5 (no adjustment).

2.2. Screening of antibacterial activity

The antimicrobial activity of ZnO NPs was evaluated against Gram-
positive S. epidermidis, S. aureus ATCC 25923, S. aureus ATCC 8095,
E. faecalis ATCC 29212, E. faecium ATCC 700221 and Gram-negative,
K. pneumoniae ATCC 700603, E. coli 25922, A. baumannii ATCC
19606, and P. aeruginosa ATCC 27853 bacteria. Some of these bacteria
are representative of the ESKAPE group, responsible for severe in-
fections, and have become resistant to many antibiotics. Because of this,
the WHO lists most as critical and priority pathogens [38]. To study the
antibacterial activity of different ZnO NPs, 5120 mg/L of the powders
were prepared by dispersion in water and autoclaved to avoid contam-
ination. Subsequently, the stock suspension was diluted at a ratio of 1:10
in Mueller Hinton Cation Adjusted Broth (MHCA) (BD, East Rutherford,
NJ, USA) containing Biolog Redox Dye Mix H (100x) (Biolog, Hayward,
CA, USA) at a ratio of 1.05%. After that, bacterial inoculum at the final
concentration of 10° CFU/mL was added to each 512 mg/L ZnO NPs in a
final volume of 100 pL in a 96-well microdilution plate. The bacteria
were grown in MHCA broth without ZnO NPs for positive control. The
MHCA broth without the bacteria and ZnO NPs were incubated to show
no contamination as a negative control. The incubation was performed

Table 1
Identification of the samples and characteristics related to each synthesis.

Identification samples Characteristic

Metallic precursor Base Irradiation time (min)

Zn0 -1 Zn(NO)3 NaOH 15
Zn0 - 2 Zn(NO)3 NaOH 30
Zn0 - 3 Zn(CH5C00), NaOH 15
Zn0 - 4 Zn(CH3CO0), NaOH 30
Zn0 -5 Zn(NO)3 NH, OH 15
Zn0 - 6 Zn(NO)3 NH,OH 30
Zn0 -7 Zn(CH;C00), NH,0H 15
Zn0 - 8 Zn(CH3CO0), NHOH 30
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at 36 °C + 1 °C, and the reading of the results was done using the
OmniLog® (Biolog, Hayward, CA) equipment every 15 min in the period
of 24 h using Biolog’s OmniLog Data Collection v. 3.0 software [39].
From the colorimetric signal captured by the OmniLog device (OmniLog
units, OU) at various time intervals during the screening test, kinetic
metabolism curves (OU x time) were plotted for each bacterium
analyzed. The screening was considered positive in the absence of bac-
terial metabolism, indicating the antibacterial activity at the concen-
tration tested. The positive screening result in this case was < 512 mg/L.
In the presence of bacterial metabolism, the screening was considered
negative, indicating the absence of antibacterial activity at the concen-
tration tested. The negative screening does not exclude the possibility
that this compound exhibits antibacterial activity at higher concentra-
tions, so the result is expressed as "> 512 mg/L". All assays were per-
formed in triplicate, and both controls received Biolog Redox Dye Mix H
(100 x) in the same proportion.

2.3. Determination of the minimum inhibitory concentration (MIC)

After a screening step, the ZnO NPs that inhibited the bacterial
metabolism at 512 mg/L were tested against these bacterial isolates to
determine the MIC. Daptomycin and imipenem (Gold Biotechnology, St.
Louis, MO, USA) were antibiotics used as controls against the gram-
positive and gram-negative bacterial isolates, respectively. Daptomy-
cin stock solution and broth were prepared as CLSI (2013) recom-
mended. Serial dilutions (1:2) from the ZnO NPs, daptomycin and
imipenem at 512 mg/L were prepared up to 0.06 mg/L in MHCA broth
plus 1 x Biolog Redox Dye Mix H. Each dilution was tested against 10°
CFU/mL of each bacteria in a final volume of 100 pL in a 96-well
microplate to determine the ZnO NPs MIC. The microplates were incu-
bated in the OmniLog® (Biolog, Hayward, CA, USA) apparatus at 36 °C
+ 1 °C for 24 h, with readings registered every 15 min, followed by a
final visual observation of the plates to follow the metabolism kinetics of
the bacteria. MIC was considered the lowest compound concentration
able to inhibit the bacterium metabolism. In the positive control, bac-
teria were added to the broth without ZnO-NPs to show they could grow
in MHCA broth. In the negative control, there was only MHCA broth,
without bacteria, to prove no broth contamination occurred; both con-
trols also received 1 x Biolog Redox Dye Mix H. All assays were per-
formed in triplicate.

2.4. Photocatalytic activity

In a 100 mL glass beaker, 50 mg of photocatalyst and 50 mL of MB 20
mg/L solution were added. The mixture was kept under stirring in the
dark for 30 min to reach adsorption-desorption equilibrium and then
irradiated for up to 60 min in a reactor containing 6 lamps UV-C lamps
(254 nm). Details of the reactor used in this study can be found in [40].
At each 10 min interval, an aliquot of the sample (1 mL) was taken and
subjected to centrifugation to separate the catalyst and the supernatant
analyzed by UV-Vis spectrophotometry in scanning mode applying a
wavelength range of 500 to 700 nm. To investigate degradation mech-
anisms, studies using 2 mmol silver nitrate (AgNOs - Sigma-Aldrich >
99.0%), tert-butanol [(CH3)3COH - Sigma-Aldrich > 99.5%], methanol
(CH30H, Sigma-Aldrich > 99.8%), and 0.002 mol de p-benzoquinone
(CeH40> - Sigma-Aldrich > 98.0%) as interfering/scavenger of reactive
species of the electron, hydroxyl, hole, and superoxide types, respec-
tively (¢, OH ,h" and O3) [41]. In addition, the specific probe assay for
hydroxyl radicals using coumarin was performed as described in the
literature [42]. To follow Zn3t leaching after 60 min of irradiation using
the photocatalytic conditions described above, the samples were filtered
through a 0.22 ym membrane, the filtrate transferred to a polypropylene
tube, acidified to 1% (v v~ 1) with nitric acid (Sigma Aldrich, 65%) and
analyzed by flame atomic absorption spectroscopy (FAAS) using the
same methodology described in Paris et al. [42].
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2.5. Phytotoxicity

The effect of ZnO-NPs toxicity on the germination rate of Cucumis
sativus (C. sativus) seeds and their root growth was investigated using a
methodology adapted from Wang et al. [43]. Briefly, the seeds of
C. sativus were previously disinfected with 4% sodium hypochlorite and
then moistened with distilled water. Then, 10 seeds were placed on filter
paper (90 mm - 80 g/mz) in sterile disposable Petri dishes (90 x15 mm)
and exposed to a solution of ZnO-NPs at a suspension of 512 ug/mL (the
same maximum concentration used in the tests bactericidal). Petri
dishes were wrapped with PVC plastic film and kept in a dark envi-
ronment at a controlled temperature (25 + 2 °C) for 5 days. The tests
were performed in triplicate, and the same procedure was adopted in the
case of the negative control tests, in this case, using distilled water.

2.6. Statistical treatment

Principal Component Analysis (PCA) is a widely employed statistical
technique to uncover meaningful patterns and reduce the dimension-
ality of complex datasets [44]. In this study, particularly the analysis of
MIC bacterial data, PCA offers a valuable approach to gaining insights
from multidimensional information. The experimental procedure
involved first collecting MIC values, which were organized into a matrix
with antimicrobial agents as rows. PCA, using auto-scaling as a pre-
processing, was the default method of data analysis. By performing PCA
on this matrix, the variability in MIC values was transformed into a set of
orthogonal components called principal components. Data import,
pre-processing, and constructing multivariate models were performed
within the R statistics platform (R Foundation for Statistical Computing)
version 4.3.1 environment [45]. These components are ordered by the
amount of variance they explain in the original data. This trans-
formation highlights the most significant patterns and relationships
between bacterial strains, antimicrobial agents, and MIC values.

3. Results and discussion
3.1. Antibacterial activity of the ZnO structures

To comprehend the antibacterial activity of ZnO nanostructures, it is
imperative to initiate the analysis with a comprehensive characteriza-
tion of these structures. To confirm the ZnO structure, Fig. 1 shows the
XRD patterns of the samples produced using NaOH (Fig. 1a) or NH4OH
(Fig. 1b) in synthesis times of 15 and 30 min, applying nitrate or zinc
acetate as a metallic precursor. Only peaks related to the wurtzite ZnO
structure are observed (ICDD crystal chart no. 36-1451, space group
P63mc), indicating, within the limit of detection of the technique, the
absence of secondary phases [46].

From the kinetic metabolism curves of each bacterium analyzed at
512 mg/mL ZnO-NPs, presented in the Supplementary Material (Figs. S1
- S8), it was possible to determine whether there was antibacterial ac-
tivity. The screening results demonstrated that the ZnO NPs showed only
antibacterial activity against gram-positive bacteria, mostly against
S. epidermidis, S. aureus (ATCC 25923), and E. faecium. Imipenem MICs
for the gram-negative bacteria K. pneumoniae, E. coli, A. baumannii, and
P. aeruginosa were 0.25, 0.25, 8, and 4 mg/L, respectively. The meta-
bolism kinetics curves of the bacterial strains tested against several ZnO
NPs concentrations were obtained from the OmniLog over 24 h and used
to determine the MIC (Table 2).

To ensure that the ZnO NPS synthesized in this study are composed of
the pure wurtzite phase, the Rietveld refinement was applied the fits
obtained were satisfactory (Fig. S9). Through refinement, it was also
possible to extract data on the structural parameters (a,b, and c) density
and cell volume of the ZnO phases (Table 3) based on a CIF file obtained
from the Inorganic Crystal Structure Database. (ICSD) n°® 26170.

Based on the calculated values, it is possible to observe that the
change in the metallic precursor does not significantly influence the
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Fig. 1. XRD patterns of samples obtained using (a) NaOH and (b) NH4OH.

Table 2
Minimal inhibitory concentration of ZnO NPs and daptomycin against gram-
positive bacteria.

Bacterial strains MIC (mg/L)
ZnO 1 ZnO 2 ZnO ZnO 4 ZnO 7 Dap
3
S. epidermidis ATCC 512 512 256 256 512 <0.125
35984
S. aureus ATCC 25923  >512 512 512 256 512 0.5
S. aureus ATCC 8095 > 512 > 512 512 512 > 512 1
E. faecium ATCC 512 512 512 >512 512 1
700221

Dap — Daptomycin

values of the two network parameters, a and c. This similarity corrob-
orates the heights of the two diffraction peaks corresponding to the
plane (101), which also did not present differences in both groups of
samples (insert Fig. 1a-b). This result agrees with Gatou et al., which
investigated the effect of zinc acetate, nitrate, chloride, or sulfate on the
preparation of ZnO-NPs [47]. The degree of distortion of the unit cell (R)
was also calculated from values of a and ¢ substituted in Eq. (1), in which
values of R = 1 are attributed to a distortion-free unit cell [48].

c

The R values presented in Table S1 confirm that the synthesis
methods applied in this study efficiently produce ZnO with high crys-
tallinity and without distortion in the unit cells, regardless of the vari-
able used (Table 3). With the similarity of the structural characterization
results of the ZnO samples, the inhibitory selectivity of the ZnO NPs
against gram-positive bacteria can be related to the surface interactions.

This is because there are different interactions at the solid-liquid inter-
face (nanoparticles-test medium) and the solid-liquid contact zone with
biological groups (bacteria). These interactions depend on the polarity
of the crystalline facets of the ZnO NPs and the characteristics of the cell
membranes of the studied bacteria [49].

The plane (101) corresponding to the facet of semi-polar nature
showed the highest peak intensity in the XRD analyses (Fig. 1). This
plane is characterized by presenting an angle of ~ 45° about the eixo-c
(axial) in the 3D ZnO structures contributing to the formation of pointed
shapes in the axial or oval direction when combined with axial growth in
the (100) plane [50]. The morphological characteristics of nano-
materials were evaluated from the type of base solution (NaOH or
NH40H), Zn* [Zn (NOs3)s or Zn (CH3COO),] precursor, and reaction
time (15 or 30 min). In NaOH solution, Fig. 2a shows that using the Zn
(NO3), precursor and 15 min synthesis time, spherical particles
(Insert-Fig. 2a) with an average diameter of 44.17 + 17.13 nm are ob-
tained as agglomerates. Increasing the synthesis time up to 30 min,
particles increase in 30% their average diameter (57.59 nm
+ 17.00 nm) with preferential growth in the radial direction (100),
(101), and moderate in the axial direction (002) until obtaining the oval
form [51]. Still in NaOH solution, when applying Zn(CH3COO); as a
precursor of Zn?", nanorods with an average diameter of 74.59
+ 27.45 nm and face (002) with reduced diameter in the radial direction
are produced in 15 min of synthesis (Fig. 2¢). Increasing time to 30 min,
the amount of nanorods decreases, and a mixture of spherical particles,
and rods are observed, possibly due to the dissolution of the rods and
re-precipitation in an oval shape (Fig. 2d).

To understand the influence of the metallic precursor on the
morphology of the particles, the reactions from 2 to 4 describe the for-
mation of ZnO in a basic medium [52].

Znil) +20H , —Zn(OH )y 2

Table 3

Rietveld refinement parameters and ZnO unit-cells.
Sample a=b (A) c(A) c/a (A) Volume (A%) Density x2 Crystallite size (nm)
ZnO-1 3.2490 (5) 5.2073 (5) 1.6027 47.605 (3) 5.683 (3) 2.15 18.43 +3.22
Zn0O-2 3.2499 (5) 5.2084 (5) 1.6026 47.644 (3) 5.723 (3) 2.23 18.50 + 3.40
Zn0O-3 3.2499 (5) 5.2088 (5) 1.6027 47.646 (3) 5.706 (3) 2.06 19.33 +£3.23
Zn0O-4 3.2499 (5) 5.2087 (5) 1.6027 47.645 (3) 5.708 (3) 2.00 18.51 £+ 3.41
Zn0O-5 3.2534 (5) 5.2134 (5) 1.6027 47.792 (3) 5.586 (3) 1.34 18.83 + 3.40
Zn0-6 3.2491 (5) 5.2074 (5) 1.6027 47.608 (3) 5.708 (3) 2.05 18.66 + 3.02
Zn0O-7 3.2499 (5) 5.2087 (5) 1.6027 47.644 (3) 5.700 (3) 2.06 21.65 + 2.77
Zn0O-8 3.2510 (5) 5.2105 (5) 1.6027 47.695 (3) 5.675 (3) 2.04 22.24 + 4.19
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Fig. 2. SEM micrographs of (a) ZnO-1, (b) ZnO-2, (c) ZnO-3, and (d) ZnO-4 prepared in an alkaline medium using NaOH.

Zn(OH),, + (x —2)OH , ~Zn(OH); 3)

aq)

Zn(OH)}*=Zn0 + H,0 + (x —2)OH~ 4)

As can be seen in Egs. (2)-(4), the anions NO3 and CH3COO'™ do not
participate directly in the precipitation of Zn?" in the form of ZnO.
However, when crystallization nuclei are formed, the polar facets (002)
alternate between negative (02') and positive (Zn2+) due to the O-Zn-O
bonds increasing in the axial direction [53]. Thus, the non-polar facets
(101), (002) interact with the NO3 or CH3COO™ anions when the O-polar
characteristics assume the axial growth plane [54]. Considering that the
acetate ion has a less polar character than NOg3, this is preferentially
deposited on the non-polar facet of ZnO. On the other hand, Zn(OH)ﬁ’
and NOj3 compete for deposition on the Zn-polar facet. When the O-polar
facet takes over the growth face, Zn(OH)?{ can deposit on the non-polar
face in competition with the acetate ion. This behavior results in radial
and ax; however, in the presence of an acetate ion, axial growth is
preferable more significantly greater interaction than the acetate ion
presents with the non-polar face [55]. In addition, Zn(z.;(l) or Zn(OH)z,
formed in NaOH solution, interact with the non-polar face (101), (002),
increasing the diameter in the radial direction, which produces
spherical-shaped particles. As the reaction time increases, the
adsorption-desorption equilibrium exposes all facets, resulting in more
significant interaction in these positions. Consequently, moderate ZnO
precipitation in the axial direction is achieved within 30 min to obtain a
surface that tends to smaller diameters (tape) [56]. Unlike the NaOH

solution, using NH4OH can form other complexes with Zn?*., Thus, the
morphological characteristics of nanomaterials when using an NH4OH
solution in the presence of precursors Zn(NOs), or Zn(CH3COO), after
15 or 30 min of reaction are shown in Fig. 3.

In addition to the [Zn(OH)4] 2 complex and Zn(OH), formed in the
presence of hydroxyls, the dissolved ammonia when the base used is
NH4OH produces the complex [Zn(NH3)4]2+ (Eq. 5) [57].

Zn&hy + 4NHzgq) S [Zn(NHa3)g** (5)

Then, the [Zn(NH3)4]2+ complex reacts with excess hydroxyls,
releasing ammonia to convert to the [Zn(OH)4]2‘ complex, as shown in
Eq. (6).

[Zn(NH3)al*" (aq) + 40H™ (ag) S [Zn(OH)I* ™ (ag) + 4NHs(aq) (6)

In the last step, the reaction proceeds as described in Eq. (7), and ZnO
is finally formed [57].

Zn(OH)y(s) + [Zn(OH)4]>~ (aq) — A 2ZnO(s) + 2 HyOg) + 20H™ (aq) (7)

The chemical composition of non-reacting Zn’>" species is more
complex in the presence of NH4OH compared to NaOH. In NH40H so-
lution, Zn** appears as Zn(zjq), Zn(OH)y(), [Zn(OH)4] (Zéq) and [Zn
(NH3)4]%§EI). As a crystallization nucleus is formed, electrostatic inter-
action can occur in all facets due to the different polarities of the Zn?*
intermediates. When the Zn(NOg3), precursor is used, the NOj3 ion in-
teracts with the polar-Zn facet and inhibits axial growth. However, the
interaction of the polar-Zn facet with [Zn(OH)4] 2 can also occur
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Fig. 3. SEM micrographs of (a) ZnO-5, (b) ZnO-6, (c) ZnO-7, and (d) ZnO-8 prepared in an alkaline medium using NH,OH.

moderately since the mobility of [Zn(OH)4] 2 is lower compared to NO3
[58]. Furthermore, positively charged Zn?* species can interact with the
O-polar face and grow in the axial direction. However, the adsorption
energy of the O-polar facet is unfavorable, and the smaller number of
interaction sites limits growth in this direction [59]. Thus, the in-
teractions of the O-polar facet can be enhanced in the presence of [Zn
(NH3)4]2+, distributing axial growth with the Zn-polar facet, forming
rod structures. At the same time, Zn(OH), can precipitate in the
non-polar facet and increase in diameter in the radial direction. In
general, the complex composition of the system allows growth in all
directions, with a greater tendency towards the radial direction due to
the saturation of the Zn-polar face by NOj3 ions at any reaction time.
In the presence of the zinc acetate precursor, the non-polar facets are
restricted by the more efficient adsorption of the acetate ions, resulting
in preferential growth in the axial direction. This tendency increases
with reaction time, which is evidenced by the more significant number
of rods observed in Fig. 3d. FTIR analyses showed that for the ZnO-3,
Zn0-4, and ZnO-8 samples, peaks centered at 1405 and 1550 em L,
especially, were more intense (Fig. S10). These peaks are attributed to
the presence of acetate ions of the Zn-precursor [60], which were
adsorbed with greater efficiency on the non-polar facets, contributing to
the axial growth and formation of rods in these samples. Therefore, the
Zn0-5 sample mostly showed the presence of nanospheres, and, in some
regions of the image, it was possible to observe the presence of particles
with the shape of a straight hexagonal prism with a central cavity (insert
of Fig. 3a). Particle size was also affected by the microwave oven

treatment time when the histograms of Fig. 3a-b are compared for
samples ZnO-5 and ZnO-6. Nanospheres formed in sample ZnO-5 have
an average length of 64.73 nm ( + 21.97 nm), while in piece ZnO-6 was
43.11 ( £ 14.29). The EDX of ZnO NPs reveals the presence of Zn and O,
which confirms the synthesis of pure ZnO nanoparticles (Fig. S11 -
Supplementary Material).

Crystallite size is a structural parameter associated with preferential
growth in NPs, and their size can be significantly dependent on the
synthesis conditions [61]. Therefore, we chose it as a response to
analyze the effect of metallic precursor, base type, and MW irradiation
time on ZnO synthesis. Thus, the percentage of each effect on the crys-
tallite size and your cumulative sum have been calculated to evaluate
the strategies that have a significant effect (Fig. 4a).

The base (effect B) and the MW irradiation time (effect C) were the
most relevant effects on the crystallite size. The metallic precursor (ef-
fect A) contributed less than 1% to the response and the remaining
secondary and tertiary effects. Fig. 4b illustrates the effects’ magnitude,
direction, and significance. The negligible effects conform to a normal
distribution with a zero mean on the x-axis, according to the fit line
(red). The significant effects exhibit nonzero means and are more distant
from the red straight line. The positive estimated effect B revealed that
the crystallite size increased with increasing B at the studied levels. This
is because in the presence of NH4OH (upper B level), the different
complex structures of Zn?* interact with more ZnO facets, promoting an
increase in crystallite size. The variable C has also shown a significant
effect on the system; increasing the crystallite size when it is increased
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due to the longer interaction time of the ions on the ZnO facets. The
negative estimated effect A reveals that the change in metallic precursor
type is related to the decrease in crystallite size. The mechanisms of ZnO
formation associated with the presence of A, B, and C are detailed below.

The preferential growth associated with the facets [(100), (002), and
(101)] proved to be an essential factor in obtaining different morphol-
ogies. As their polarities improve interaction with the bacterial cell wall,
the intensity of the 3 principal peaks [(100), (002), and (101)] was
normalized by the highest intensity peak (101), and the ratio 1(100)/I
(002) was calculated [62]. All the calculated values of Ir100)/I002) > 1
confirm that the non-polar (100) and semi-polar (101) facets compose
the majority of the ZnO nanostructures. The selective toxicity of
ZnO-NPs against gram-positive bacteria is explained by the more sig-
nificant electrostatic interaction that the non-polar facets (100, 101)
show with the exposed peptidoglycan layer in this group of bacteria [63,
64]. Pranjali et al. [65] suggested that ZnO-NPs can interact and adsorb
biological fluids, such as proteins, lipids, and metabolites, which could
hinder the stability and reduce the antibacterial action of this [66].
Furthermore, zeta potential analyses (Fig. 5a) showed negative surface
charges due to hydroxyl or acetate on the surface of ZnO-NPs.

The acetate and hydroxyl groups on the ZnO-NPs surface can easily
link with the amine or hydroxyl groups of peptidoglycans to increase
bacteria exposure to ZnO-NPs [67]. In this way, when the electrostatic
interaction (ZnO-NPs/Gram-positive bacteria) occurs, in addition to the

Zn0-8 ZnO NPS
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Zn0-6 )
%Znoé
§ z04 g °
2n0-3
n0-2 { ]
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30 20 -0 0 10 20 Pa
Zeta Potential (mV) Sram positive
(C) Gram Gram

Positive Negative

PEPTIDOGLYCAN LAYER [

.
CELL[
MEMBRANE Lo

]Outer membrane

.. 0

.
o  JPEPTIDOGLYCAN LAYER
1CELL
MEMBRANE

Fig. 5. (a) zeta potential values (b) illustration of the mechanism of damage to
the surface of gram-positive bacteria (membrane disruption and cytoplasmic
leakage) caused by electrostatic interaction between NPs and the microor-
ganism and (c) characteristic structures of the bacterial membrane.

damage caused to the peptidoglycan layer, the Zn?* ions dissolved in the
solution or present in the polar facet (001) more easily reach the cell
cytoplasm [68]. Only ZnO-7 showed a positive surface charge, which
can be attributed to the more significant amount of Zn?* ions on the
surface of this material (Fig. 5b).

As Zn%" ions are also highly toxic to bacteria, their bactericidal ac-
tivity is also noted. The inactivity observed for Gram-negative bacteria is
due to the thinner and more complex cell wall, composed of an outer
layer of lipopolysaccharides that can act as a protective shield against
damage to the surface and, consequently, override the inactivation
mechanisms [67,69-73]. Fig. 5¢ shows the characteristic structures of
the bacterial membrane. Other results of the antibacterial activity of
ZnO-NPs are reported in the literature [74,75]. Considering the prop-
erties of ZnO NPs discussed above, the samples that exhibited antibac-
terial activity, namely ZnO-1, ZnO-2, ZnO-3, ZnO-4, and ZnO-7, were
chosen for determining the MIC followed by the PCA analysis.

3.2. Minimum inhibitory concentration and PCA analysis

The objective was to apply the MIC values in conjunction with PCA to
evaluate the metabolic response of bacterial strains after treatment with
ZnO antibacterial materials. By transforming MIC values into a reduced
set of uncorrelated components, PCA reveals hidden relationships and
trends that might be obscured in the original high-dimensional data. The
plot of the PCAs discrimination functions with the MIC values (Fig. 6)
revealed a degree of segregation between the classes, meaning that the
methodology allowed for detecting variables that differentiate antimi-
crobial agent groups. PCA eigenvalues indicate that the first two axes
explain 94.6% of the total variability (PC1 explains 85.5% and PC2
9.1%). Therefore, these two PCs were selected for further analysis and
visualization. The contribution of each variable, their relationships, and
the resulting principal components were illustrated in Fig. 6. The PC1
exhibited a strong positive correlation with the < 128 mg/mL concen-
trations, i.e., inhibition is not overly evidenced compared to controls.
However, the antibacterial activity at 256 and 512 mg/mL concentra-
tions showed a significant negative correlation with PC2, indicating that
the bactericidal action is inhibited at these concentrations.

A few observations were made from the score plot for PC1 to PC2 for
all treatments (Fig. 6), where the samples of bacterial strain pure and
those treated with ZnO materials (ZnO-1, ZnO-2, ZnO-3, ZnO-4, and
Zn0-7) are grouped. It is essential to notice that the PCAs models could
distinguish well the samples of all non-treated bacterial strains, as a
bacterial control group, from those exposed to one of the antibacterial
agents. In one quadrant, the control samples are positioned as a distinct
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cluster, markedly distant from other classes, displaying exclusively
negative score values for both PCs. The bacterial strains (S. aureus ATCC
25923 and 8095, and S. epidermidis ATCC 35984) treated with ZnO
materials in the upper right quadrant, e.g., ZnO-3 and ZnO-4, were
compelling and inhibited bacterial growth. In contrast, materials on the
low right quadrant, e.g., ZnO-1, ZnO-2, ZnO-3, and ZnO-7, were less
effective. The E. faecium ATCC 700221 samples are mainly placed in a
cluster on the upper left quadrant of the plot. Similarly, E. faecium ATCC
700221 samples treated with ZnO materials such as ZnO-3 and ZnO-4
effectively inhibit bacterial growth—conversely, other tests like ZnO-
1, ZnO-2, ZnO-3, and ZnO-7are comparatively less effective.

This tendency could be associated with the mentioned nanoparticles’
high antibacterial activity and structural differences. The different MIC
values are due to the sensitivity by which other mechanisms can inac-
tivate each type of Gram-positive bacteria. Our results showed that the
possible tools are the direct interaction between material-bacteria in the
non-polar facets, the presence of Zn?" ions in the solution, and especially
ROS. For the latter, the production of ROS by the ZnO-NPs is an essential
mechanism for inhibited bacterial activity since these can be produced
even without light [76,77]. The formation of ROS (OH®, H,0,, O3 and
°02) and the interaction of these species with DNA, proteins, and en-
zymes can lead to the deregulation of vital processes for the cellular
maintenance of these microorganisms. Among the ROS species with the
most significant potential to cause oxidative stress, the hydroxyl radical
(OH®) can react with virtually all constituents present in bacteria. Its
first targets are proteins, DNA, and lipids, which can form other sec-
ondary ROS from the interaction and reaction [78]. As the formation of
ROS is enhanced under light, photocatalytic studies have been carried
out.

3.3. Photocatalytic and cytotoxic activity

From diffuse reflectance measurements, the bandgap energy (Eg,p,) of
the ZnO samples was calculated using the Tauc equation (Table 4,
Fig. S15) [79]. The Egyp values varied from 3.09 to 3.12eV, and
considering all the samples, an Egapmean) = 3.11 + 0.01 eV was ob-
tained. The results reveal that the absorption of light energy does not
show significant variation for the different samples and that the pho-
tocatalytic activity is expected for A < 401 nm, corresponding to the
region of transition of ultraviolet-visible absorption. Therefore, the
photodegradation assays of MB under UV light confirmed the photo-
catalytic activity of materials for the dye degradation (Figs. S16 and

Table 4
Band gap values of ZnO-NPs samples, BET surface area, percentage of MB
removal after photocatalysis tests using a UV lamp, and kinetic data.

Sample Band gap BET Surface Area ~ Maximum kx 1073
(eV) (m?/g) removal (%) min~'/R?

Photolysis - - 6 0.76 / 0.443
ZnO —1 3.12 19.106 75 22.9 /0.955
ZnO — 2 3.10 10.163 40 8.05 / 0.955
ZnO -3 3.09 3.846 67 17.6 / 0.992
ZnO — 4 3.11 10.020 72 22.3/0.983
ZnO — 5 3.11 2.116 75 24.1 / 0.980
ZnO — 6 3.11 16.098 8 1.24 / 0.945
ZnO -7 3.12 18.385 50 11.4 7/ 0.991
ZnO — 8 3.12 1.000 57 13.7 / 0.937

S17), except ZnO-6, which reached a very low efficiency (<10%) and
was comparable to photolysis (Table 4).

For the other materials, the photocatalytic efficiency was at least
75% in 60 min, which represents a significant increase when compared
to the photolysis and ZnO-6 (Fig. 7a). The pseudo-first-order kinetic
constants were calculated and displayed in Table 4 together with the
respective linear correlation coefficients (Rz). The values of R% > 0.9 for
the photocatalytic tests show an excellent adjustment to the kinetic
model attributed, evidencing a better performance for the samples that
tend to form rods with smaller average diameters. In addition, the
improved photocatalytic process observed for the ZnO-1 and ZnO-4
samples (Table 4) may be related to the increased surface area and,
consequently, the more significant number of reactive sites available for
charge transfer. The literature shows that using ZnO as a photocatalyst
has some limitations due to the recombination processes of the photo-
generated charge carriers, and the low photocatalytic activity of the
Zn0-6 sample can be attributed to this factor [80]. On the other hand,
the high efficiency and higher kinetic constants obtained for ZnO-1,
Zn0-3, Zn0-4, and ZnO-5 allow us to conclude that the recombination
processes are not very significant in these samples. Therefore, the pho-
tocatalytic mechanism was studied in detail using reactive oxygen spe-
cies (ROS) scavengers, selecting as reference the sample ZnO-5 that
achieved optimal removal and the highest value of k in the MB photo-
degradation assays. The results shown in Fig. 7b confirm a reduction in
photocatalytic efficiency when MeOH and TBA are used as *OH and h™
scavengers, respectively. The contribution of h* and *OH to the photo-
chemistry mechanism directly correlates with each other and shows that
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the optimal photocatalytic response of materials occurs in the oxidation
sites. However, removal efficiency was increased in the presence of
AgNOs3 and p-BQ compared to pure photocatalysts. These results show
that the electrons photogenerated and available in the BC are easily
transferred to the respective electron acceptors, maintaining the flow of
formation of h™ and consequent oxidation of water to produce the *OH.
Thus, in the absence of electron acceptors, the formation of O3 cannot be
ruled out even if its activity is insignificant compared to the h™ and *OH
in the degradation mechanism (Fig. 7c).

In summary, when ZnO is stimulated by light, the VB electrons are
excited to BC. The photogenerated holes are active to oxidize water into
hydroxyl radicals, which were verified in this study using the coumarin
probe assay and shown in Fig. 7d. In this test, when *OH is formed, it
reacts with coumarin and forms umbelliferone, which exhibits an
emission peak centered at 453 nm when excited with A = 332 nm [81].
In sequence, the photo-excited electrons for CB can reduce O to O3, as
shown in Fig. 7c and the series of reactions described in Eqs. (8)-(12),
promoting efficient oxidation of the organic pollutant.

ZnO-NPs + hy — AT (VB) + ¢ (CB) (8)
h*(VB) + H,O - *OH + H" 9
*OH + MB - byproducts (10)
e (CB) + 0, —» OF an
035 + MB — byproducts 12)

Zn?" leaching after 60 min of photocatalysis was monitored by FAAS
and reached values of 3.13 4+ 0.01% (ZnO-1), 23.4 & 0.11% (ZnO-2),
0.77 £+ 0.01% (ZnO-3), 2.80 £ 0.00% (ZnO-4), 10.3 £ 0.09% (ZnO-5),
0.60 + 0.01% (Zn0-6), 4.28 + 0.01% (ZnO-7) and 1.33 + 0.01% (Zn)—
8). Except for the ZnO-2 and ZnO-5 samples, the leaching was insig-
nificant, confirming that the Zn?>" was crystallized in the form of ZnO
with high efficiency. However, the highest leaching values observed for
the ZnO-2 and ZnO-5 samples indicate the presence of Zn?* ions
adsorbed on the materials’ surface, which migrate easily into the solu-
tion. As the literature reports that Zn?* ions are excellent bactericidal

agents, in addition to the evidenced photocatalytic activity, the bacte-
ricidal activity of the materials can be obtained. The excellent perfor-
mance of the ZnO NPs obtained in this study was compared to other
works in the literature under approximate application conditions
(Table 5). After comparison, it is evident that ZnO-5 is a competitive
photocatalyst for oxidation studies of organic pollutants, which added to
the optimal results of bactericidal activity discussed above, confirming
its versatility.

In addition to considering the toxic effects of ZnO NPs against mi-
croorganisms of global interest, it is also essential to understand these
materials’ effects on plants, as these are considered critical components
of ecosystems [87]. This is even more important because some studies
have demonstrated the possibility of translocation and subsequent bio-
accumulation process of the NPs from their contact with the soil and
their displacement to the plants from the roots [87-89]. The phytotox-
icity tests investigated here were based on the seed germination rate and
root growth of C. sativus due to the high germination rate and rapid root
growth time of this species [90,91]. Evaluating these two parameters
represents a fast and effective method to test phytotoxicity, presenting
several advantages, such as sensitivity, simplicity, and low cost [43].
The germination rate values of C. sativus seeds did not vary as signifi-
cantly compared to the control sample (Fig. 8a-b). Despite this, samples
Zn0-1, ZnO-2, and ZnO-7 presented, respectively, a growth rate around
90%, 80% and 90% (Fig. 8a). This behavior can be attributed to the
smaller particle size of these samples (44.17, 57.59, and 35.79 nm,
respectively), which facilitated the penetration process of the NPs into
the seeds. Zhang et al. [87] also observed a lower effect of ZnO NPs on
the germination rate of C. sativus seeds. They attributed these results to
some sensitive factors that need further investigation, such as the low
concentration of the NPs used in the tests for accurate toxicity deter-
mination and the short exposure time.

Regarding root length, it can be observed that all treatments with the
ZnO-NPs affected root growth resulting in rates of less than 10%
(Fig. 8b). This reduction in root size of C. sativus may be mainly asso-
ciated with the high release rate of Zn?* ions due to dissolution of ZnO
NPs, as was discussed by Zhang et, al who found no NPs per TEM even at
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Table 5
Properties of ZnO photocatalysts produced under different conditions for MB degradation.
Catalyst characteristic MB (mg/L) and photocatalyst Bandgap (eV) and Removal efficiency (%) Size and shape of Ref
dose (g/L) Irradiation type and time NPs
ZnO biosynthesized using the seed extract of 50, ? UV irradiation (k360 71in24 h 28 nm, spherical [82]
Moringa oleifera 20 nm)
ZnO biosynthesized using different amounts of 15 ? UV irradiation 84 in 120 min 8 nm, rounded [83]
Camellia sinensis extract 1 particles
ZnO synthesized using precipitation and sol-gel 20 3.44 and 3.35 81.02 € 92.48 in b [84]
method 0.25 UV lamp (Philips, 12 W) 180 min
ZnO 10 sunlight 95.30 in 70 min 5 nm, nano-flakes [85]
0.25
ZnO synthesized using Tabernaemonana divaricate 10 3.26 ~100 in 90 min 20 - 50 nm [86]
1 Direct sunlight Spherical
ZnO synthesized by microwave-assisted 20 ~3.11 75 in Different This
hydrothermal method 1 uv 60 min morphologies work
*dye concentration not mentioned.
@ Bandgap not informed.
b Size and shape not informed.
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Fig. 8. Effect of ZnO-NPs on (a) germination rate and (b) root growth of C. sativus.

relatively high concentration (1000 mg/L) [87]. Furthermore, the gen-
eration of ROS above the capacity of the detoxification mechanisms of
the investigated species and the effect of the morphology of the NPs may
directly impact plant development. Plant cell walls have pore sizes of up
to 20 nm, making the entry of NPs within this size range possible.

4. Conclusion

ZnO NPs with different morphologies were easily obtained using the
microwave-assisted hydrothermal method with varying zinc precursors.
The physicochemical properties of ZnO NPs showed high crystallinity
and a tendency to form non-polar and semi-polar facets in all samples. In
the application step, high kinetic constant values (k =24.1 x 10
min~!/R? = 0.980) and removal rates of 75% in 60 min for MB pollut-
ants were achieved. This efficiency was due to the photocatalytic
mechanism of the formation of ROS, especially hydroxyl radicals. As an
essential technological application of ZnO NPs, the bactericidal activity
of the materials showed high selectivity to inactivate highly resistant
Gram-positive bacteria. The PCA results confirm that two key compo-
nents can explain the MIC values for various groups of bacteria and
materials. Among these, the MIC values of 256 and 512 mg/mL are the
only ones displaying significance in inhibition rates. Notably, this sig-
nificance is observed mainly for the ZnO-3 and ZnO-4 materials, which
effectively inhibit the bacterial growth of all four gram-positive bacteria
evaluated in this study. Phytotoxicity assays also showed changes in
plant cells in the presence of ZnO NPs, and this behavior is due to the
formation of ROS and Zn®" ions from nanomaterials. Therefore, mate-
rials with high photocatalytic activity and inhibition of resistant bacteria
were quickly produced. These ZnO NPs can be natural alternatives to
obtain new technologies applied to the chemical treatment and bacte-
riological inactivation of contaminated water.
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