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synthesis temperatures (200, 400, 600, and 800 °C), zinc oxide nanoparticles (ZnO-NPs) with aver-
age sizes ranging from 7 to 130 nm, quasi-spherical shapes, and hexagonal prism shapes were syn-
thesized. Larger sizes were obtained by increasing the synthesis temperature. The ZnO crystalline
phase was confirmed by X-ray diffraction and transmission electron microscopy. The sizes and
shapes were observed by field emission scanning electron microscopy. The Zn-O bond vibration
was identified by Fourier transform infrared spectroscopy. Thermogravimetry showed the stability
of ZnO-NPs. The antibacterial evaluations, disk diffusion test, and minimum bactericidal concen-
tration, demonstrated the influence of particle size. The smaller the nanoparticle size, the higher the
inhibition for all pathogenic strains: Staphylococcus aureus, Staphylococcus epidermidis, Escherichia
coli, Pseudomonas aeruginosa, and dental pathogens: Streptococcus mutans, Streptococcus sanguinis,
Porphyromonas gingivalis, and Prevotella intermedia. The molecular docking study showed a favor-
able interaction between ZnO-NPs and some proteins in Gram-positive and Gram-negative bacte-
ria, such as TagF in Staphylococcus epidermidis and AcrAB-TolC in Escherichia coli, which led to
proposing them as possible targets of nanoparticles.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, the number of infections associated with antibiotic-
resistant bacteria has increased. Bacteria are capable of developing
resistance mechanisms. Antibiotic resistance can be acquired through
multiple pathways that include alteration or inactivation of the antibi-
otic, modification of the target, or a metabolic pathway to avoid its
harmful effects, to mention a few (Webster and Seil, 2012).

A compelling alternative is provided by nanoparticles (NPs), which
rely on entirely different mechanisms of antibacterial activity than
antibiotics. For all varieties of NPs, the antibacterial mechanism is
not fully understood. The specific surface area of NPs increases as
the particle size decreases, allowing the material to interact more clo-
sely with the environment. The chemistry, size, and shape of the NPs
are some of the characteristics that influence their antibacterial proper-
ties (Ahmed et al., 2021; Carrouel et al., 2020; Webster and Seil, 2012).

The antibacterial properties of NPs are based on the fact that, due
to their nanometric size, they have a higher surface area to volume
ratio, which provides them with more vital interaction with microbial
structures and thus exerts their antibacterial activity, besides leading to
reactive oxygen species (ROS) generation and ions release that affects
bacteria proteins and deoxyribonucleic acid (DNA), apart from the
fact that bacteria have not developed very efficient resistance mecha-
nisms against NPs (Carrouel et al., 2020; Sirelkhatim et al., 2015).

Green synthesis is one of the methodologies that have relevance in
NPs synthesis, whose purpose is to design chemical processes that
reduce or eliminate hazardous substances (Anastas and Warner, 2014).

This methodology allows synthesizing NPs of different sizes and
shapes, carrying out this procedure without the use of special equip-
ment such as lasers or reactors (Abdelghany et al., 2019; Ahmed
et al., 2020a, 2020b; Mostafa and Menazea, 2020), several substances
or reagents that may be dangerous or expensive (Salavati-Niasari,
2004, Salavati-Niasari, et al., 2009), surfactants (Ghanbari et al.,
2013; Salavati-Niasari et al., 2008, 2010a), catalysts (Salavati-Niasari
et al., 2004), in addition to reducing synthesis times (Mortazavi-
Derazkola et al., 2015; Salavati-Niasari et al., 2010b) by involving
fewer steps and even taking advantage of organic waste material
(Menazea et al., 2021).

One of the most commonly used resources to perform green synthe-
sis is vegetal species. Several plant metabolites, including terpenes,
polyphenols, carbohydrates, alkaloids, and proteins, play an essential
role in NPs synthesis (Salinas Estevané and Sanchez Cervantes,
2012). In particular, the source of the plant extract influences the syn-
thesized sizes and shapes. Different concentrations of metabolites in
plant extracts lead to differences in the synthesized NPs depending
on other factors such as metal ion concentration, pH, time, and tem-
perature (Agarwal et al., 2017; Makarov et al., 2014).

Previously, Dysphania ambrosioides extract was used for silver NPs
(Ag-NPs) (Carrillo-Lopez et al., 2014; Carrillo-Lopez et al., 2016) and
zinc oxide NPs (ZnO-NPs) (Alvarez—Chimal et al., 2021) green synthe-
sis with different particle sizes. However, the synthesized ZnO-NPs
were from 5 to 30 nm, quasi-spherical in shape, and ZnO crystalline
phase. Moreover, ZnO-NPs inhibited the growth of Staphylococcus
aureus, Staphylococcus epidermidis, Escherichia coli, Streptococcus
mutans, Streptococcus sanguinis, Porphyromonas gingivalis, Prevotella
intermedia, and Aggregatibacter actinomycetemcomitans bacterial
strains (Alvarcz—Chimzll et al., 2021).

Aside from their antibacterial activity (Abebe et al., 2020; Kumar
et al., 2017; Mishra et al., 2017;), ZnO-NPs are chemically inert,
water-insoluble, and have high mechanical strength and low toxicity
(Ozgiir et al., 2005). Therefore, ZnO is useful as a matrix to transport
and stabilize drugs (Vasile et al., 2014). It has therapeutic properties
for irritations and superficial wounds due to its astringent and antibac-
terial properties (Agarwal et al., 2017), which make it of medical and
dental interest.

The molecular docking approach can be used to model the interac-
tion between a small molecule, such as NPs, and proteins at the atomic
level, which allows to characterize the behavior of this small molecule
in the binding site of target proteins as well as to elucidate biochemical
processes such as the antibacterial mechanism of NPs (Ismail et al.,
2021; McConkey et al., 2002; Meng et al., 2011).

This work presents a green and fast methodology for the ZnO-NPs
synthesis of different particle sizes without adding any surfactant or
catalyst and without using special equipment. The antibacterial prop-
erties of the synthesized ZnO-NPs against pathogenic strains of medi-
cal and dental interest were studied in depth. Furthermore, this is one
of the first studies to use molecular docking analysis to evaluate the
binding modes of ZnO-NPs with bacterial proteins, providing a better
understanding of the antibacterial mechanism.

Taking into account the above, this research aimed to deepen the
antibacterial properties of ZnO-NPs of different particle sizes green
synthesized using Dysphania ambrosioides extract on pathogenic
strains such as Staphylococcus aureus, Staphylococcus epidermidis,
Escherichia coli, Pseudomonas aeruginosa, and dental pathogens such
as Streptococcus mutans, Streptococcus sanguinis, Porphyromonas gin-
givalis, and Prevotella intermedia. The resulting NPs were character-
ized by X-ray diffraction, field emission scanning electron
microscopy, transmission electron microscopy, high-resolution elec-
tron microscopy, X-ray energy dispersive spectroscopy, Fourier trans-
form infrared spectroscopy, and thermogravimetry. The antibacterial
evaluations were by disk diffusion test and determination of the min-
imum bactericidal concentration. Finally, to contribute to the under-
standing of the antibacterial mechanism of green synthesized ZnO-
NPs, a molecular docking study was performed to determine the pos-


http://creativecommons.org/licenses/by-nc-nd/4.0/

Influence of the particle size on the antibacterial activity of green synthesized zinc oxide nanoparticles using 3

1) Macerate in 100 mL H,0
(1 h/room temperature)
2) Stir (1 h/40°C/50 rpm)

Dysphania ambrosioides
(10g)

20 mL extract +

1.5 g Zn(NO,), 200°C
. 1) Synthesis (1 h) 400°C
“ 600°C
> &) 800°C

—
Stir (10 min/ room temperature)

|

White powder

Zn0 nanoparticles

Fig. 1

sible interaction of ZnO-NPs with some proteins in Gram-positive and
Gram-negative bacteria, such as TagF in Staphylococcus epidermidis
and AcrAB-TolC in Escherichia coli.

2. Materials and methods

2.1. Materials

Dried leaves of Dysphania ambrosioides and 99.0% purity zinc
nitrate hexahydrate (Zn(NOj3),-6H,0) purchased from Meyer
were used to perform the green synthesis of the ZnO-NPs.
300-mesh carbon-coated copper grids for TEM. For the
antibacterial tests, trypticase soy agar (TSA) and trypticase
soy broth (TSB) purchased from BD Bioxon, defibrinated
sheep blood, and deionized water were used.

2.2. Green synthesis of ZnO-NPs

10 g of Dysphania ambrosioides dried leaves were macerated in
100 mL of deionized water for 1 h at room temperature with-
out stirring. Then, the mixture was stirred for 2 h at 40 °C and
50 rpm. The synthesis was performed by mixing 20 mL of pre-
viously obtained extract (pH = 6.8) with 1.5 g of Zn(NO3),-
-6H,O and stirring for 10 min at room temperature
(pH = 3.6) before being placed in a muffle for 1 h at the reac-
tion temperature (200, 400, 600, and 800 °C). It was then
removed from the muffle and allowed to cool at room temper-
ature. The resulting powders from each synthesis were washed
in triplicate with deionized water and allowed to dry at room
temperature for 24 h (Alvarez-Chimal et al., 2021; Geetha
et al., 2016) (Fig. 1).

2.3. Characterization

The resulting powders from the synthesis at different tempera-
tures were characterized by X-ray diffraction (XRD), field

Green synthesis of ZnO-NPs of different particle sizes.

emission scanning electron microscopy (FESEM), transmis-
sion electron microscopy (TEM), and high-resolution electron
microscopy (HRTEM), X-ray energy dispersive spectroscopy
(EDS), Fourier transform infrared spectroscopy (FTIR) and
thermogravimetry (TG).

XRD was used to examine the crystalline structure using a
Bruker AXS D8 Advance X-ray diffractometer at a voltage of
40 kV and a current of 30 mA with Cu K radiation (1.541)
between 20 angles of 4° and 110°. The XRD results were indexed
using the powder diffraction file (PDF) #891397 for the ZnO.

The average crystalline size was calculated by the Debye-
Scherrer equation.

D = K A/Bcos6

Where: D: average crystalline size; K: shape factor usually
taken as 0.9; A: wavelength of the X-ray radiation (k = 1.54
1 A) for Akx,Cu; 0: Bragg diffraction angle; B: line width at a
half-maximum height.

For FESEM analysis, the samples were mounted on an alu-
minum sample holder with conductive carbon tape. A JEOL
field emission electron microscope, model JSM7800F, with a
resolution of 0.7 nm was used, equipped with an OXFORD
microprobe for EDS analysis.

For TEM analysis, the samples were placed on the
300-mesh carbon-coated copper grids. A JEOL transmission
electron microscope model JEM 2010 FEG was used, with a
resolution of 0.19 nm, equipped with a NORAN microprobe
Voyager model for EDS analysis. Measurements of the inter-
planar distances were recorded in HRTEM images using the
Fast Fourier Transform (FFT) in Digital Micrograph software
from GATAN.

In FTIR analysis, a Bruker Tensor 27 FTIR spectropho-
tometer was used in the 4000-500 cm~' wavelength region.
The analysis was performed by placing the samples in a KBr
pellet.

For TG analysis, a TA Instruments model SDT Q600
thermo analyzer was used, under air atmosphere conditions,
from 10 to 800 °C with a 10 °C/min increase.
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Table 1 Bacterial strains tested.

Gram-positive Gram-negative

Staphylococcus aureus Escherichia coli

Aerobic (ATCC 25923) (ATCC 33780)
Staphylococcus epidermidis ~ Pseudomonas aeruginosa
(ATCC 14990) (ATCC 43536)
Streptococcus mutans Porphyromonas gingivalis

Anaerobic (ATCC 25275) (ATCC 33277)

Prevotella intermedia
(ATCC 25611)

Streptococcus sanguinis
(ATCC 10556)

2.4. Antibacterial test

2.4.1. Disk diffusion test

The disk diffusion test (Kirby-Bauer method) (Gunalan et al.,
2012; Meraat et al., 2016) was used to evaluate the synthesized
ZnO-NPs at 81400 pg/mL (1 M) and 40700 pg/mL (0.5 M)
concentrations on different bacterial strains of medical and
dental interest (Table 1).

Under sterile conditions, ZnO-NPs suspensions at the con-
centrations to be evaluated were prepared and kept under stir-
ring. First, each bacterial culture was adjusted to an optical
density of 1 (OD = 1) and grown in TSA for aerobic bacteria
and TSA with 5% defibrinated sheep blood for anaerobic bac-
teria. Then, 6 mm diameter filter paper disks were placed on
the already sown culture media. Next, 5 pL of ZnO-NPs sus-
pension were distributed on the filter paper disk in duplicate.
Chlorhexidine (2100 pg/mL) was used as a positive control
and sterile TSB as a negative control (0 pg/mL). Aerobic bac-
teria were incubated at 35 °C for 18 to 24 h and anaerobic bac-
teria for 48 to 72 h at the same temperature and under
anaerobic conditions. After the incubation times, the inhibi-
tion diameters generated were measured.

2.4.2. Minimum bactericidal concentration (MBC)

The determination of MBC was performed by the microdilu-
tion method in broth culture in 96-well plates (Meraat et al.,
2016). ZnO-NPs suspensions were prepared at concentrations
ranging from 81400 pg/mL (1 M) to 5088 pg/mL (0.063 M).
100 pL of each suspension were placed in the wells in dupli-
cate. Each well with ZnO-NPs was aseptically inoculated with
10 pL of a bacterial suspension at a concentration of 107 bac-
teria/mL. Chlorhexidine (2100 pg/mL) was used as a positive
control and sterile TSB as a negative control. Plates were incu-
bated, shaking at 180 rpm for 24 h at 35 °C for aerobic bacte-
ria and 72 h for anaerobic bacteria at the same temperature
and under anaerobic conditions. After the incubation times,
the contents of the wells were transferred to plates with TSA
or TSA with 5% defibrinated sheep blood, depending on the
type of bacteria, and incubated under the same conditions
specified above. The MBC is defined as the lowest concentra-
tion of ZnO-NPs able to eliminate 99.9% of the bacterial
inoculum at the end of the incubation time (no bacterial
growth is observed).

Statistical analysis was done by two-way ANOVA with
Tukey’s post hoc test. Statistical differences are considered
with p < 0.05.

2.5. Molecular docking

Binding mode estimation between ZnO-NPs and the bacterial
proteins TagF enzyme, involved in teichoic acid polymer syn-
thesis in Staphylococcus epidermidis (Lovering et al., 2010) and
AcrAB-TolC protein, an efflux pump that vectorially trans-
ports compounds with low chemical similarity in Escherichia
coli (Du, et al., 2014), was performed by molecular docking.

ZnO-NPs were generated in Avogadro software by assign-
inga5 x 5 x 5 A surface area, Marsilli-Gasteiger charges were
added to the ZnO-NPs in MGL Tools 1.5.6 software. The crys-
tallized structures of the proteins were taken from the protein
database (PDB), TagF polymerase (PDB ID: 3L7I), and the
AcrAB-TolC pump (PDB ID: 5NGS5). The A chain from the
TagF enzyme was selected for the analysis. Solvent residues
were removed in UCSF Chimera 1.15 software, polar hydro-
gens and Kollman charges were added in MGL Tools 1.5.6,
grid size was 60 x 60 x 60 A with 0.375 A spacing and center
at x: —146.318, y: 85.698, and z: 13.278 covering all amino
acids from the enzyme catalytic site, AutoDock 4.2 default
parameters were assigned, and Lamarckian genetic algorithms
were selected. A, B, D, E, G, and H chains from the AcrAB-
TolC pump were considered for the analysis; solvent residues
were removed in UCSF Chimera 1.15 software, polar hydro-
gens and Kollman charges were added in MGL Tools 1.5.6,
the grid size was 120 x 104 x 88 A with 0.375 A spacing
and center at x: 200.504, y: 200.518, and z: 198.92, AutoDock
4.2 default parameters were assigned and Lamarckian genetic
algorithms were selected. Finally, the images were generated
using Pymol software in both cases.

3. Results

3.1. Green synthesis of ZnO-NPs

The powders produced by the green synthesis of ZnO-NPs at
200 °C (ZnO-NPs 200 °C), 400 °C (ZnO-NPs 400 °C),
600 °C (ZnO-NPs 600 °C), and 800 °C (ZnO-NPs 800 °C) were
of various shades of white (Fig. 2a).

3.2. X-ray diffraction

The diffraction patterns from all synthesized ZnO-NPs
(Fig. 2b) showed the Bragg reflections indicated to ZnO
(PDF #891397), 26 values were 31.74°, 34.38°, 36.21°, 47.49°,
56.54°, 62.78°, 66.30°, 67.87°, 69.00°, 72.47°, 76.87°, 81.28°,
and 89.50°, the reflections were indexed as (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004),
(202), (104), and (203) respectively. The ZnO crystalline
structure is hexagonal with lattice parameters of ¢ = b = 3.
252 Aand ¢ = 5213 A.

The average crystalline size calculated by the Debye-
Scherrer equation (Table 2) showed that the average crystalline
size increased as the synthesis temperature was higher.

3.3. X-ray energy dispersive spectroscopy

The EDS analysis of the synthesized ZnO-NPs showed the
atomic percentages of Zn and O in all syntheses was close to
50% (Table 3). A 1:1 ratio of both elements was established,
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supporting the confirmation of ZnO synthesis at different tem-
peratures. Other elements besides Zn and O (Fig. 2c¢), such as
C (0.09%), P (0.04%), S (0.02%), and Cl1 (0.02%), came from
the vegetal species used, but their atomic percentages do not
modify the 1:1 ratio of Zn and O.

3.4. Fourier transform infrared spectroscopy

The FTIR spectra of synthesized ZnO-NPs at different tem-
peratures show (Fig. 2d) that 505 cm™' vibration belongs to
the Zn-O bond stretching mode. The other vibrations belong
to the functional groups of the organic compounds that partic-
ipated in the synthesis. The 1000 cm ™" vibration is due to the
C-C bond. 1383 cm ™' and 1328 cm ™' vibrations are attributed
to the C-OH and C-NH bonds, respectively. The C-H bond
vibrates at 2988 c¢cm™', and the O-H bond vibrates at
3427 cm™!, which appears only in ZnO-NPs 200 °C and
ZnO-NPs 400 °C (Anvekar et al., 2017; Khan et al., 2015;
Liu et al., 2019; Santhoshkumar et al., 2017; Umar et al.,
2018).

3.5. Thermogravimetry

The TG analysis (Fig. 2e) showed that ZnO-NPs 200 °C had
three weight losses, one of 6.65% at 100 °C, the other of
8.40% at 150 °C, and finally a weight loss of 11.30% at around
400 °C. After the process, 25% of the initial weight of these
NPs was lost. The ZnO-NPs 400 °C were more stable. A loss
of 0.94% at 100 °C, then they remained stable until 550 °C,
where there was a loss of 9.41% of their weight. At the end
of the process, only near 10% of the initial weight was lost.
The ZnO-NPs 600 °C were the most stable until about
550 °C, which they lost 11.61% of the initial weight. The
ZnO-NPs 800 °C had similar behavior to ZnO-NPs 400 °C.
A loss of 1.71% at 100 °C, 1.01% at around 250 °C, and
9.41% at 550 °C. At the end of the treatment, there was a
weight loss of approximately 12%. The reasons for each
weight loss are explained in the discussion section.

Table 2 Average crystalline sizes (+standard deviation).
ZnO-NPs

ZnO-NPs 200 °C
ZnO-NPs 400 °C
ZnO-NPs 600 °C
ZnO-NPs 800 °C

Average crystalline size (nm)

6.74 (£3.17)
10.10 (£2.68)
16.37 (£3.53)
29.53 (% 5.90)

Table 3 Atomic percentages (% at) of Zn and O in synthe-
sized ZnO-NPs.

ZnO-NPs Zn (% at) O (% at)
ZnO-NPs 200 °C 49.58 50.42
ZnO-NPs 400 °C 50.76 49.24
ZnO-NPs 600 °C 52.68 47.32
ZnO-NPs 800 °C 53.40 46.60

3.6. Field emission scanning electron microscopy

The FESEM images (Fig. 3) showed that the ZnO-NPs 200 °C
were quasi-spherical in shape (Fig. 3a). Their particle sizes ran-
ged from 4 to 10 nm, with an average of 7 nm. The ZnO-NPs
400 °C were also quasi-spherical in shape (Fig. 3b). The parti-
cle size ranged from 8 to 24 nm, with an average of 14 nm. The
ZnO-NPs 600 °C (Fig. 3c) had two shapes: quasi-spherical and
hexagonal prisms. The quasi-spherical shaped particle sizes
ranged from 12 to 45 nm with an average of 22 nm, while
the hexagonal prisms ranged from 20 to 100 nm with an aver-
age of 70 nm. Finally, the ZnO-NPs 800 °C (Fig. 3d) also
exhibited two shapes, quasi-spherical and hexagonal prisms.
The quasi-spherical shaped particle sizes ranged from 50 to
200 nm with an average of 130 nm, and hexagonal prisms ran-
ged from 30 to 140 nm with an average of 90 nm. It was
observed that, as the synthesis temperature increased, the size
of the NPs was larger, and at 600 and 800 °C, a new shape
appeared.

3.7. Transmission electron microscopy

The TEM images (Fig. 4 and Fig. 5) showed the crystallinity of
the synthesized ZnO-NPs. The crystalline planes and interpla-
nar distances belonged to ZnO using PDF #891397 for ZnO as
a reference. The quasi-spherical-shaped ZnO-NPs 200 °C were
observed (Fig. 4a). High-resolution transmission electron
microscopy (HRTEM) image analysis of an irregularly shaped
nanoparticle (Fig. 4b) confirmed the presence of ZnO crys-
talline planes by fast Fourier transform (FFT) in the [010]
direction. The HRTEM analysis of the quasi-spherical shaped
NPs-ZnO 400 °C of larger size (Fig. 4c) confirmed the presence
of ZnO crystalline planes (Fig. 4d). The NPs-ZnO 600 °C
showed the quasi-spherical and elongated shapes with hexago-
nal faces along the “C” growth axis of the hexagonal prisms
(Fig. 5a). The FFT analysis of both shapes (Fig. 5b and 5e)
demonstrated the presence of ZnO crystalline planes. The same
analysis was performed for quasi-spherical and hexagonal
prism shapes of the NPs-ZnO 800 °C (Fig. 5¢). FFT analysis
(Fig. 5d and 5f) of both shapes confirmed the presence of
ZnO crystalline planes. These analyses supported the confir-
mation of ZnO synthesis, and the hexagonal crystalline struc-
ture of this compound could be appreciated, confirming the
XRD analysis.

3.8. Disk diffusion test

Once ZnO-NPs of different particle sizes were synthesized,
antibacterial tests were performed to determine the influence
of particle size on this biological activity.

This test showed inhibition of all the bacterial strains eval-
uated, both Gram-positive and Gram-negative, with both con-
centrations of ZnO-NPs (Fig. 6a). It was observed that the
inhibition diameters generated were more significant as the size
of the NPs decreased, as well as that at a high concentration,
the inhibition increased. Pseudomonas aeruginosa was the most
resistant to ZnO-NPs, inhibited at the highest concentration
with the smallest ZnO-NPs (410 nm); Streptococcus sanguinis
and Prevotella intermedia were the most sensitive, with larger
inhibition diameters at both ZnO-NPs concentrations, even
greater than those generated by chlorhexidine. Inhibition
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diameters caused by ZnO-NPs were generally smaller than
those produced by chlorhexidine used as a positive control.

3.9. Minimum bactericidal concentration

By MBC determination, the influence of particle size over the
elimination of bacterial strains was observed (Fig. 6b); a smal-
ler particle size led to a lower MBC; observed in Staphylococ-
cus aureus and Escherichia coli strains. Staphylococcus
epidermidis, Porphyromonas gingivalis, and Prevotella interme-
dia were the most sensitive to ZnO-NPs. There was no influ-
ence on particle size; all ZnO-NPs eliminated these strains at
the lowest concentration evaluated. Streptococcus sanguinis
was also sensitive to ZnO-NPs, and no influence of particle size
was observed with the smallest ZnO-NPs. With the larger ones
(50-200 nm), the MBC increased. Streptococcus mutans was
sensitive to ZnO-NPs. The influence of particle size was also
observed. The smallest ZnO-NPs (4-10 nm and 8-24 nm) led
to a lower MBC, while with larger ZnO-NPs the MBC was
increased. Pseudomonas aeruginosa was the most resistant to
ZnO-NPs, the MBC was the highest. Only the smallest ZnO-
NPs (4-10 nm) were able to eliminate it at low MBC. In all
cases, the MBCs achieved by ZnO-NPs were higher than those
of chlorhexidine and agreed with disk diffusion test results.

3.10. Molecular docking

According to antibacterial test results, Staphylococcus epider-
midis and Escherichia coli strains were sensitive to ZnO-NPs,
so molecular docking was performed to analyze the possible
binding mode of ZnO-NPs to TagF polymerase in Staphylo-
coccus epidermidis and the AcrAB-TolC pump in Escherichia
coli, which were considered as potential antibacterial targets.
The free binding energy of —7.54 Kcal/mol and the inhibition
constant of 2.99 uM were calculated for the TagF polymerase.
The ZnO-NPs formed hydrogen bonds with arginine 548 and
histidine 584 amino acids (Fig. 7a). Histidine 584 is part of
the catalytic domain of this enzyme (Lovering et al., 2010).
The free binding energy of —7.36 Kcal/mol and the inhibition
constant of 4.02 pM were calculated for the AcrAB-TolC
pump. The ZnO-NPs formed hydrogen bonds with glutamine
71 and threonine 177 amino acids of the AcrA portion,
involved in the interaction with the periplasmic space (Du
et al., 2014) of these bacteria (Fig. 7b).

4. Discussion

ZnO is a versatile, inorganic, polar, non-toxic, crystalline,
chemically stable, and safe mineral found in the earth’s crust
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Fig. 4 TEM images of ZnO-NPs 200 °C and ZnO-NPs 400 °C. a) ZnO-NPs 200 °C with quasi-spherical shapes (red circles). b) The
HRTEM analysis of irregularly shaped NPs with [010] atomic resolution, FFT analysis is inserted, and the identified crystalline planes
(hkl) corresponded to ZnO. ¢) ZnO-NPs 400 °C with quasi-spherical shapes (red circles). d) The HRTEM analysis with [010] atomic
resolution, FFT analysis, and calculated interplanar distances for ZnO (PDF #891397).

(Kotodziejczak-Radzimska and Jesionowski, 2014). It has
anti-inflammatory and wound healing properties, especially
in its nanometric size (Krol et al., 2017; Limo et al., 2018).
Due to their high antimicrobial properties (Abebe et al.,
2020; Kumar et al., 2017; Mishra et al, 2017), ZnO-NPs are
found in personal care products (Oprea et al., 2014), incorpo-
rated into new food packaging alternatives (Motelica et al.,
2020, 2021), or used for medical purposes (Fasiku et al.,
2020; Martinez-Carmona et al., 2018).

One of the methods used to synthesize ZnO-NPs is green
synthesis, where plant extracts are used as a reducing medium
(Chan et al., 2021). In this work, the extract of Dysphania
ambrosiodes was used, which is consumed in Mexican tradi-
tional medicine as infusions or decoctions of the leaves and
roots, as well as its essential oil for its use as an anthelmintic,
antiparasitic, etc. Monoterpenes and sesquiterpenes have been
identified among their components, mainly ascaridol and limo-
nene, trans-pinocarveol, aritasone, fB-pinene, myrcene, cam-
phor, and o-terpineol in addition to phenolic compounds
such as flavones and flavonols, most of them quercetin
and kaempferol derivatives (Carrillo-Lopez et al., 2016;
Gomez-Castellanos, 2008).

The ZnO-NPs green synthesis mechanism using Dysphania
ambrosiodes extract (Fig. 8) has been associated with polyphe-
nols and terpenes interactions as binding agents. Zinc ions
(Zn*") make coordination compounds, and the fundamental
structural unit is the central zinc ion surrounded by four coor-
dinate groups spatially arranged at the corners of a regular
tetrahedron. Polyphenol aromatic hydroxyl (-OH) groups
bind to Zn>" and form a stable coordination complex. This
system undergoes direct decomposition above 200 °C, leading
to the release of NPs from the complex system (Nava et al.,
2017).

Flavonoids, terpenes, tannins, reducing sugars, etc., have
the characteristic of possessing —OH groups that surround
Zn>" by losing electrons, forming the complex. After this pro-
cess, the OH'" ions are oxidized to carbonyl groups. The car-
bonyl groups are involved in NPs stabilization. The synthesis
is favored if the molecules involved have at least two —OH
groups in ortho and para positions (Carrillo-Lopez et al.,
2016; Nava et al., 2017; Yuvakkumar et al., 2014).

The concentration and type of amino acids present in the
extract, combined with the reaction conditions, give rise to a
wide variety of NPs (Limo et al., 2018; Makarov et al.,
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Fig. 5 TEM images of ZnO-NPs 600 °C and ZnO-NPs 800 °C. a) ZnO-NPs 600 °C with quasi-spherical shapes (red circles) and
hexagonal prism shapes (blue squares). b) The HRTEM analysis of the quasi-spherical shaped ZnO-NPs 600 °C with atomic resolution in
the [010] direction, FFT analysis is inserted. ¢) ZnO-NPs 800 °C with quasi-spherical (red circles) and the hexagonal prism shapes (blue
squares). d) The HRTEM images of the quasi-spherical shaped ZnO-NPs 800 °C with atomic resolution in the [010] direction. In FFT
analysis, the ZnO interplanar distances (/k/) were identified. ) In the FTT analysis of the hexagonal prism-shaped ZnO-NPs 600 °C in the
[010] direction, ZnO interplanar distances are indicated. f) In the FTT analysis of the hexagonal prism-shaped ZnO-NPs 800 °C in [010]
direction, ZnO interplanar distances are indicated.
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a) The binding mode simulation of ZnO-NPs to the Staphylococcus epidermidis TagF protein shows the probable binding site and

the hydrogen bonds between ZnO-NPs and arginine 548 and histidine 584 amino acids in this protein. b) The binding mode simulation of
ZnO-NPs to the Escherichia coli AcrAB-TolC pump shows the probable binding site and the hydrogen bonds between ZnO-NPs and

glutamine 71 and threonine 177 amino acids.

2014), as seen in this study, where mostly quasi-spherical and
hexagonal prism shapes were synthesized.

The ZnO hexagonal crystalline structure was confirmed by
XRD analysis. The positions of indexed reflections coincided
with the diffraction patterns of synthesized ZnO-NPs at differ-
ent temperatures and with the standard diffraction pattern for
ZnO indicated in PDF #891397, used as a reference. The inten-
sities were different, which is related to crystalline size. The
average crystalline size was calculated with the Debye-
Scherrer equation, and it was found that the average crys-
talline size increased as the temperature was higher. These
results supported HRTEM image analysis where ZnO crys-
talline planes in all synthesized ZnO-NPs were determined.

As was mentioned in the results section, the FESEM and
TEM images showed the different sizes and shapes of the syn-
thesized ZnO-NPs. The difference between the crystallite size
and the nanoparticle size indicates they are polycrystalline.

These results coincide with green synthesized ZnO-NPs
using other vegetal species. For example, with Pandanus odor-
ifer, spherical NPs of 90 nm at 400 and 600 °C were synthe-
sized (Hussain et al., 2019). With Medicago sativa, quasi-
spherical NPs of 10 nm at 110 °C were synthesized (Krol
et al., 2019). Spherical-shaped NPs ranging from 25 to
90 nm were synthesized with Trianthema portulacastrum
(Khan et al., 2019). Using Solanum torvum, NPs ranging from

30 to 40 nm in spherical shape were synthesized at 60 °C
(Ezealisiji et al., 2019). With Trifolium pratense, quasi-
spherical NPs ranging from 100 to 190 nm at 400 °C were syn-
thesized (Dobrucka et al., 2016). With Brassica oleracea, NPs
ranging from 14 to 17 nm at 450 °C were synthesized
(Osuntokun et al., 2019). NPs ranging from 20 to 40 nm were
synthesized with Berberis aristata (Chandra et al., 2019). At
80 °C, with Limonia acidissima, NPs ranging from 12 to
45 nm in spherical shape were synthesized. (Patil and
Taranath, 2016). NPs ranging from 9 to 18 nm in hexagonal
prism shapes were synthesized with Aloe vera and Hibiscus sab-
dariffa (Mahendiran et al., 2017), which are very similar to
those obtained in this study. NPs of 32.98 nm and 81.84 nm
were synthesized with Punica granatum at 600 and 700 °C,
respectively. Their shapes were quasi-spherical and hexagonal
(Sukri et al., 2019). This result coincides with those obtained in
this work. By increasing the synthesis temperature, the size of
the NPs increased, and new shapes emerged. This result coin-
cides with those obtained in this work; by increasing the syn-
thesis temperature, the size of the NPs increased, and new
shapes emerged.

Therefore, the plant species and the synthesis temperature
influence the size and shape of the resulting NPs.

The growth of the hexagonal prism-shaped structure and
quasi-spherical shaped structures of the ZnO-NPs is due to
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Fig. 8 A proposed mechanism for the green synthesis of ZnO-NPs using Dysphania ambrosioides extract.

the presence of zincate ions (Zn(OH)4)> from the interaction
of Zn>" with the OH" ions in the plant extract. When the
solution containing zincate ions is heated, it slowly converts
into ZnO. This phenomenon occurs because the ZnO crystal
structure is constructed gradually by OH'" ions, and acts as
a polar crystal. When the particles become saturated, the
ZnO nucleus grows, resulting in spherical or quasi-spherical-
shaped nanoparticles. The heat treatment provides sufficient
heat energy for atom nucleation and enhanced surface mobility
allowing these structures to be placed onto the surface of pre-
viously formed hexagonal crystallites, which leads to the for-
mation of the hexagonal prism-shaped structure. The organic
compounds participate in the nucleation centers, stabilizing
them, also influencing the resulting shapes, and defining the
nanometric size. (Hassan et al., 2020; Kumar and Rani, 2013).

The EDS results analysis supported the confirmation of
ZnO synthesis as the atomic percentages of Zn and O were
close to 50%. A tendency was observed that, at higher synthe-
sis temperatures, the atomic percentage of Zn increased and
that of O decreased. This is because, at high temperatures, sev-
eral organic compounds are degraded. These compounds have
O in their structure, so when they are degraded, they no longer
participate in the reaction as they cannot form the complex
with Zn, which will form complexes with the remaining
organic molecules (Kre¢zel and Maret, 2014). The increase in
temperature causes the release of surface oxygen, which also
causes a decrease in its atomic percentage (Wang et al., 2018).

The ZnO increases its particle size by increasing the anneal-
ing temperature (Oprea et al., 2013). The influence of temper-
ature on particle size in liquid-phase synthesis may be
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explained by the phenomenon known as “Ostwald ripening,”
in which smaller particles are redissolved due to their high sol-
ubility and surface energy within the solution. At higher tem-
peratures, there are more collisions of these redissolved
particles, allowing the larger particles to grow further and
reprecipitate into larger particles (Gommes, 2019; Thanh
et al., 2014). This behavior was confirmed by analyzing the size
of the synthesized ZnO-NPs at different temperatures, and it
was observed that the particle size increased with higher
temperatures.

The FTIR characterization of the synthesized ZnO-NPs at
different temperatures showed the vibration corresponding to
the Zn-O bond in all syntheses and the presence of other vibra-
tions corresponding to the functional groups of the remaining
organic compounds involved in the reaction (Anvekar et al.,
2017; Khan et al., 2015; Liu et al., 2019; Santhoshkumar
et al., 2017; Umar et al., 2018).

In TG analysis, the weight around 100 °C in all ZnO-NPs
corresponded to water evaporation. At 150 °C, the weight loss
in the ZnO-NPs 200 °C was caused by the decomposition of
Zn(OH),, which was formed by diluting the Zn(NO3), in the
extract and remained to be converted to ZnO, because it
decomposes at temperatures above 125 °C (Wang et al.,
2011). At 400 °C, the weight loss from the decomposition of
nitrate groups and the remaining organic matter was 11.30%
(Fatimah et al., 2016; Pinjari et al., 2016). At 550 °C, weight
loss of 9.41% in the ZnO-NPs 400 °C, 11.61% in the ZnO-
NPs 600 °C, and 9.41% in the ZnO-NPs 800 °C were caused
by the decomposition of NOJ" and OH!" groups, as well as
the O evaporation (He et al., 2019; Pinjari et al., 2016). At
250 °C, the organic compound decomposition causes a weight
loss of 1.01% in the ZnO-NPs 800 °C (Fatimah et al., 2016).
The increase in synthesis temperature promotes higher stability
of the ZnO-NPs due to the presence of oxygen vacancies in the
ZnO crystalline structure. As the synthesis temperature
increases, a greater number of oxygen vacancies appear, reach-
ing a maximum when the synthesis is carried out at 600 °C,
which is the temperature at which the greatest number of oxy-
gen vacancies are generated. When the synthesis is above
600 °C, the ZnO-NPs begin to present a lower number of oxy-
gen vacancies, which makes them more sensitive to the increase
in temperature (He et al., 2019). This is why the ZnO-NPs
800 °C show a higher weight loss than the ZnO-NPs 600 °C.

The antibacterial tests showed that all the bacterial strains
evaluated were sensitive to ZnO-NPs, and particle size did
influence their inhibition or elimination.

Gram-positive and Gram-negative bacteria are structurally
different; the cell wall of Gram-positive bacteria is a peptido-
glycan layer of 20 to 50 nm bound to teichoic acids that are
unique to these bacteria. In contrast, Gram-negative bacteria
are more complex; the cell wall consists of a thin layer of pep-
tidoglycan located in the middle of two membranes, the outer
and inner membrane. The outer membrane contains
lipopolysaccharides and proteins called porins, where the
transport of nutrients and ions that are essential for the struc-
tural integrity and viability of the bacteria takes place
(Hajipour et al., 2012). These structural differences influence
Gram-positive bacteria to be generally more sensitive to NPs
than Gram-negative bacteria because they do not have many
protective barriers.

Staphylococcus aureus and Staphylococcus epidermidis were
sensitive to ZnO-NPs, Staphylococcus epidermidis being one of

the most sensitive. These results coincide with the inhibition
achieved by ZnO-NPs of 50 nm evaluated at the same concen-
trations on these bacterial strains (Tayel et al., 2011). Gram-
positive bacteria are usually the most sensitive to ZnO-NPs
where inhibition diameters of 17-23 mm have been reported
with NPs ranging from 10 to 90 nm, spherical and elongated
shapes, and the MBC is also lower (Gaddala et al., 2014;
Stan et al., 2016), conserving the characteristic that the smaller
the size, the greater the inhibition and being concentration-
dependent (Elumalai and Velmurugan, 2015).

Escherichia coli and Pseudomonas aeruginosa were also sen-
sitive to ZnO-NPs, observing that NPs ranging from 14 to
25 nm and quasi-spherical shape inhibit them (Azam et al.,
2012). The MBC is higher than with other Gram-positive bac-
teria and is also size-dependent (Igbal et al., 2019; Mirza et al.,
2019). Pseudomonas aeruginosa was the most resistant to NPs
(Elumalai and Velmurugan, 2015), coinciding with the results
obtained in this work.

The growth inhibition of Streptococcus mutans, Streptococ-
cus sanguinis, Prevotella intermedia, and Porphyromonas gingi-
valis, which are related to dental diseases, showed that these
bacterial strains were the most sensitive to the ZnO-NPs. Lar-
ger inhibition diameters were generated and the MBCs were
obtained at the lowest concentrations. It was observed that
there was an influence of the particle size on their inhibition.
The larger the NPs, the smaller the inhibition diameters. As
for the MBC, only with Streptococcus mutans and Streptococ-
cus sanguinis was it possible to observe an influence of particle
size. The growth inhibition of Streptococcus mutans, Strepto-
coccus sanguinis, Prevotella intermedia, and Porphyromonas
gingivalis was similar to that obtained by ZnO-NPs, ranging
from 10 to 50 nm, and irregular shape, generating inhibition
diameters ranging from 12 to 17 mm (Vargas-Reus et al.,
2012; Wang et al., 2019). The MBC results obtained in this
work were higher than those reported in other investigations
where bacteria inoculum destruction can occur at concentra-
tions ranging from 0.3 pg/mL with 30 nm NPs (Modaresi,
2017) up to 2500 pg/mL with NPs ranging from 10 to 50 nm
(Khan et al., 2016) or even enhance their inhibitory effect by
placing them in mouthwashes where ZnO-NPs of 20 nm at a
concentration of 25 pg/mL were able to inhibit them (Eslami
et al., 2015).

These bacteria are involved in several dental diseases, such
as dental caries, where Streptococcus mutans is the most com-
monly associated pathogen (Zhang, 2014). Streptococcus san-
guinis, together with other bacteria, forms the yellow
complex, one of the bases of the pyramid of Socransky that
groups the different bacteria involved in periodontal disease
development. The yellow complex participates in the initial
colonization of the tooth surface and increases its proliferation
in the early stages of the disease. Prevotella intermedia belongs
to the orange complex, located in the middle of the pyramid.
This complex groups the most bacteria and interacts with the
bacteria of the base complexes of the pyramid to further aggra-
vate the damage. It also acts as a bridge to the late colonizers
that make up the red complex, the tip of the pyramid, where
Porphyromonas gingivalis is located together with two other
bacteria that generate the pathology and inflammatory
response (Socransky et al., 1998; Socransky and Haffajee,
2005). Therefore, the ZnO-NPs could be an alternative to
treating these conditions in their different stages of
development.
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The ZnO-NPs antibacterial mechanisms that have been
studied are alteration of protein and enzyme functions by
direct interaction, ROS generation, cell membrane damage
by electrostatic interaction, DNA damage, and Zn>" release,
which together enhance this property (Raghunath and
Perumal, 2017) (Fig. 9).

One of the main ZnO-NPs antibacterial mechanisms is
through the alteration of protein and enzyme functions when
ZnO-NPs interact directly with these molecules and leads to
the loss of their function, as was demonstrated in molecular
docking analysis. This damage is increased due to the reaction
between -SH groups in proteins and Zn>" released by ZnO-
NPs. Zn>" oxidize the amino acid chain, leading to protein
denaturation and loss of enzyme activity, resulting in meta-
bolic and growth function blockage (Aggarwal et al., 2009;
Lynch et al., 2020).

As was mentioned before, the molecular docking study
showed that ZnO-NPs could interact with bacterial proteins
or enzymes, enhancing their antibacterial properties. Although
the free binding energies of both proteins were similar, Ki indi-
cates the inhibitor concentration required for half of the active
sites to be occupied (Ferreira et al, 2015; Yuriev et al., 2015).
In both cases, a low concentration of NPs is required to inhibit
these sites and thus their function.

The TagF polymerase is involved in catalyzing the nucle-
ophilic substitution to bind glycerol-phosphate units in tei-
choic acid synthesis in the cell wall of Staphylococcus aureus
and Staphylococcus epidermidis (Weidenmaier and Peschel,
2008). Teichoic acid deficiency compromises virulence, biofilm
formation, and even bacteria protection (Eiff et al., 1999;
Lovering et al., 2010), resulting in higher antibacterial activity
by NPs against these kinds of bacteria and the fact that NPs

can interact with amino acids present in the enzyme catalytic
site. The AcrAB-TolC efflux pump is a protein that crosses
the inner and outer membranes of Gram-negative bacteria; this
pump vectorially transports diverse compounds with little
chemical similarity, conferring Escherichia coli resistance to a
broad spectrum of antibiotics (Du et al., 2014). These trans-
porters act synergistically with the outer membrane by expel-
ling drugs or toxic compounds from the inner membrane
and periplasm space to the external environment (Abdali
et al., 2016). Inactivation of this protein completely abrogates
the output of various compounds and leads to increased sus-
ceptibility to several antimicrobial agents such as NPs. The
binding site of NPs was similar to that reported for potential
organic inhibitors (Weidenmaier and Peschel, 2008).

Another important antibacterial mechanism is ROS gener-
ation. These species originate in the medium of the NPs as a
change in their electronic properties. The smaller the particle
size, the more interaction there is between donor and acceptor
active sites of electrons, which generates a cascade of reactions
and, consequently, the concentration of these species increases
(Ali et al., 2018; Sivakumar et al., 2018). The ROS are super-
oxide anion (e0;), hydroxyl radical (¢OH), and hydrogen per-
oxide (H,05). One of the ROS targets is the electron transport
chain, which leads to ATP production decreasing by attacking
enzymes involved in bacterial metabolism; they cause damage
to other processes such as proteins, lipids, cell wall synthesis,
etc. (Jiang et al., 2020). Another consequence is lipid peroxida-
tion, which leads to deterioration of membrane integrity and
conformational changes in membrane proteins. Finally, this
imbalance between oxidants and antioxidants causes oxidative
stress within the bacteria, leading to cell death (Dutta et al.,
2012).
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e +0,="0,
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Fig. 9 ZnO-NPs antibacterial mechanisms.
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DNA damage is caused by a similar mechanism where
ZnO-NPs intercalate into this structure or Zn>* react with
the phosphate group of nucleotides (Nair et al., 2008).

The electrostatic interaction that leads to cell membrane
damage is due to the charge differences between the negatively
charged membrane and the generally positively charged ZnO-
NPs, which causes them to accumulate in this structure. The
NPs, depending on their size, will have a larger surface area,
allowing higher interaction with the membrane, causing its
alteration and subsequent permeability (Krol et al., 2017). In
addition, Gram-negative bacteria are susceptible to outer
membrane damage because they contain lipopolysaccharides,
which increase the negative charge compared to Gram-
positive bacteria that do not have this structure (Beveridge,
1999).

Bacterial resistance mechanisms to different sized ZnO-
NPs, mainly observed with Pseudomonas aeruginosa, are due
to the production of extracellular matrix responsible for NPs
agglomeration and deactivation, biofilm formation, electrical
charge regulation of their surface or gene overexpression
related to oxidative stress control, and active expulsion pumps,
which allow the bacteria to reduce the generated damage
(Nino-Martinez et al., 2019). These mechanisms are still under
study, but as observed in this work, the antibacterial activity is
different for each bacteria strain evaluated and where NPs par-
ticle size is an important property.

Nanometer-sized antibacterials have the potential to pre-
vent the development of many diseases by controlling bacterial
growth and biofilm formation (Allaker, 2011; Li et al., 2015).
The ZnO-NPs, because of their antibacterial, anti-adhesive,
and release properties, as well as their combinations with adhe-
sives, polymers, resins, or surface coatings (Allaker, 2010;
Allaker, 2011), broaden the range of possible antibacterial
applications, including clinical use in the treatment of several
bacterial-related diseases.

5. Conclusion

The green synthesis process using Dysphania ambrosioides extract
allowed synthesizing ZnO-NPs of different sizes, on average rang-
ing from 7 to 130 nm depending on the applied temperature
(200, 400, 600, and 800 °C). The synthesis temperature influenced
the obtained sizes and shapes of the ZnO-NPs. At higher temper-
atures, their sizes increased, and quasi-spherical and hexagonal
prism shapes appeared. The synthesis of the ZnO-NPs, their sizes,
shapes, stability, and ZnO crystalline structures were analyzed by
characterization techniques. The influence of ZnO-NPs sizes on
bacterial strain inhibition was demonstrated by higher inhibition
or elimination of the strain with smaller ZnO-NPs (4-10 nm). This
was mainly observed with Staphylococcus aureus and Escherichia
coli strains, although all the evaluated strains were sensitive to
ZnO-NPs. The molecular docking analysis evidenced the possible
interaction between ZnO-NPs and bacterial proteins, as they are
potential targets of ZnO-NPs, which would explain one of the bac-
terial inhibition mechanisms.
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