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FeOOH nanoparticles have recently appealed to wide-ranging applications due to their physicochemical properties and size-
tunable synthesis; however, a few studies were performed on the antimicrobial potentials of iron oxyhydroxide nanoparticles.
In this regard, we aimed to design various synthesis experiments to optimize the fabrication of 3-FeOOH nanorods (NRs) with
a desirable size of NRs and high antimicrobial potential. For this purpose, ten experiments were designed by manipulating
reaction conditions of the standard hydrolysis method, including the initial concentration of ferric ions, reaction time, reaction
temperature, and different concentrations of surfactants of PEI and PEG as process control agents. The structural
characteristics of prepared NRs were analyzed using FE-SEM, FTIR, and XRD. The Image] software was also used to measure
the length, width, and aspect ratio of NRs. Five microbial species, including the Gram-positive and Gram-negative bacteria and
fungi species, were applied to investigate the antimicrobial potentials of NRs. The initial concentration of ferric ions revealed a
dominant effect in NRs” morphology, though other reaction conditions also played essential roles. The crystal structure of NRs
was preserved in all synthesis experiments (f3-phase) due to using the same iron salt precursors. The synthesized NRs exhibited
dose-dependent antimicrobial activities against all tested microbial species. Additionally, the presence of surfactants exhibited
an excellent capability of controlling effects on the size and growth pattern of NR crystals and improving their antimicrobial
potentials; PEI could also be more effective on the antimicrobial efficacy of final NRs. Besides, our findings exhibited an
inverse correlation between aspect ratio and antimicrobial potentials of 5-FeOOH NRs. To sum up, it seems that optimization
of synthesis conditions could provide tunable size and structure patterns of 3-FeOOH NRs to achieve a promising tool for
biomedical applications, particularly in combat with resistant microbial species, though further studies are needed in this regard.

[2]. For this purpose, novel nanoscale systems for targeted
antibiotic drug delivery and some potent antimicrobial

Antimicrobial resistance, described as a defense mechanism
of bacteria or fungi to protect against antimicrobial agents, is
one of the ten leading global health issues recommended to
track in 2021, based on recent reports by the World Health
Organization [1]. It can be associated with over and misuse
of conventional antibiotics, the inefficiency of current anti-
microbial agents due to low stability and solubility, and pos-
sible side effects. Accordingly, new innovative strategies are
in high demand to overcome these ever-increasing concerns

nanoparticles (NPs) emerged with great antimicrobial effica-
cies against various resistant microorganisms [3]. Various
nanomaterials have been studied in this regard, like metal
NPs, transition metal dichalcogenide nanostructures, and
carbon-based nanomaterials, in diverse forms, from single-
phase particles to hybrid structures and nanosheets [4-7].
Iron nanoparticles (INPs) are one important and widely
used metal NPs due to their unique physicochemical proper-
ties, high biocompatibility, low toxicity, and simple synthesis
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pathways [8-10]. INPs have received much attention in the
last two decades for wide biomedical applications as imaging
and therapeutic agents such as magnetic resonance imaging
(MRI) and magnetic hyperthermia, gene and drug delivery,
biosensor and immunoassay, antimicrobial functions, tissue
engineering, cancer therapy, and theranostic approaches
[11-14]. Iron oxyhydroxide (FeOOH), as one type of INP,
recently appealed to different applications, including water
treatment and degradation of organic pollutants due to their
potential to generate reactive oxygen species, photocatalyst,
solar cell, and ion batteries [15, 16]. According to crystalline
structures, it can be found in various nanoscale polymorphs
containing goethite (a-FeOOH), akaganeite (B-FeOOH),
lepidocrocite (y-FeOOH), and feroxyhyte (§-FeOOH) [17].
In recent years, there has been growing interest in optimiz-
ing the synthesis of FeEOOH NPs, especially in -phase, to
apply in wide applications. The standard synthetic nano-
structure of B-FeOOH is nanorods (NRs) which can be
achieved by hydrolysis of ferric ions in an aquatic environ-
ment and chloride ions [17].

One of the promising applications of 3-FeOOH NRs is
the capability of converting to magnetic iron oxide NRs.
The fabrication of elongated iron oxide NPs directly from
iron salts takes complicated procedures due to their prefer-
ential cubic orientation in the crystal growth process [18].
This conversion can be implemented by using a reducing
agent or calcinating FeOOH NRs in high temperatures
above 400°C [19]. Besides, the composites of FeFOOH NRs
revealed high efficiency in potassium and lithium-ion batte-
ries due to their excellent electrochemical performances,
high capacity, and decent cycling stability [20]. Nanoellip-
soids of FeOOH were also suggested as food-grade NPs with
a good source of ferrous ions in food fortification and sup-
plements [21]. In addition, there is a vast amount of litera-
ture on the antimicrobial benefits of FeOOH NPs
individually or in a composite of nanostructures incorpo-
rated with other elements. Nanocomposites of FeOOH/
AlOOH containing iron oxyhydroxide and aluminum oxy-
hydroxide NPs presented synergistic antimicrobial effects
against Gram-positive and Gram-negative bacterial strains
without any significant cytotoxicity [22]. Moreover, iron-
based nanopillar arrays consisting of Fe,0; and FeOOH
NPs exhibited good antimicrobial effects against tested bac-
teria and fungi strains, which suggested ideal surface disin-
fection and their ability to grow in various substrates [23].
B-FeOOH NRs have also exhibited high inhibitory effects
on biofilm formation, the leading cause of bacterial antibi-
otic resistance [24].

Despite this interest, no one, as far as we know, has opti-
mized the synthesis of -FeOOH NRs for antimicrobial
applications by considering the influential roles of particle
size and concentration of NPs along with preserved mor-
phology. Previous evidence indicated that the initial concen-
tration of iron ions and reaction conditions such as reaction
times could significantly effect on characteristics of NRs,
particularly the length of rods which, unlike NRs’ width, is
much tuneable as a result of these changes [25]. Accordingly,
we aimed to design different experiments to synthesize f3-
FeOOH NRs by manipulating reaction conditions of com-
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mon hydrolysis approaches with different concentrations
of iron salt precursors to obtain a potent antimicrobial agent.
The antimicrobial evaluation of synthesized NPs was
assessed against five microbial species, including the Gram-
positive and Gram-negative bacteria and fungi species. In
addition, earlier studies highlighted that the presence of
additional compounds as surfactants, including polymers
such as polyethyleneimine, carbohydrates, salts, acids, and
also algal culture supernatant, could improve the fabrication
of FeOOH NRs by controlling size, the growth pattern of
crystals, and stability [18]. Therefore, we also carried out
the synthesis of FEFOOH NRs in the presence of two widely
used chemical polymers, polyethyleneimine (PEI) and poly-
ethylene glycol (PEG), in deferent concentrations to evaluate
their effects on synthesis process and antimicrobial activities
of final NRs.

2. Materials and Methods

2.1. Synthesis. FeFOOH NRs were generally synthesized by
the hydrolysis of ferric ions in aqueous environments, as
shown in

Fe(TIT) + 2H,0 —> FeO(OH) + 3H* (1)

A total of ten experiments were designed based on previ-
ous studies to optimize the synthesis of 3-FeOOH NRs with
the highest antimicrobial properties. Parameters considered
in designed experiments are as follows, which exhibited sig-
nificant roles in morphology and size of final NRs: initial
concentration of ferric ions; different concentrations of sur-
factant, PEI, and PEG; and reactions time and temperature.
The second compounds containing PEI and PEG were
employed in the one-pot method to control the variables of
the synthesis process. Firstly, a 40 mL homogeneous ferric
chloride solution was prepared with certain concentrations
of ferric chloride hexahydrate (FeCl,.6H,O) and deionized
water. The surfactant compounds were employed to control
the size of final NPs. So, PEG with final concentrations of 1,
3, and 6% w/v and PEI with concentrations of 0.25, 0.5, and
1.25% w/v were added. Then, the mixture was heated to 80-
120°C for 2-12h under sealed conditions (Table 1). Brown-
ish suspension of synthesized NPs was centrifuged
(10000 rpm, 30 min) and rinsed three times with deionized
water, and finally, obtained precipitates were dried at 60°C
for 24h and stored at 4°C. During the synthesis process,
the color change was observed from light orange to deep
brown, confirming the fabrication of -FeOOH NRs [26].

2.2. Characterizations. FeFOOH NRs synthesized with and
without surfactants were characterized by field emission
scanning electron microscopy (FE-SEM, Mira3, XMU, Ger-
many) and energy-dispersive X-ray spectroscopy detector
and mapping (EDX, Mira III, TESCAN) to determine mor-
phology, size distribution, and qualitative analysis; X-ray dif-
fraction (XRD, Siemens D5000, Karlsruhe, Germany) to
analyze crystal structures and crystallite size; zeta potential
analysis using Zetasizer (Nano ZS-90, Malvern Instruments,
UK) to assay surface charge of final NRs; and Fourier
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TaBLE 1: Mean size of FeFOOH nanorods, length, width, and aspect ratio based from FE-SEM results along with crystallite size of nanorods

measured by using XRD data.

Experiment FeCl;.6H,0 Tem;zerature Time Surfa'ctant Length ~ Width Aspect ra}tio: Crystallite size
(gr/mL) (@) (hours)  concentration (%w/v) (nm) (nm) length/width (nm)
1 0.0027 80 10 125 34 3.676 23
2 0.0324 80 2 120 30 4 18
3 0.05 120 425 85 5 26
4 0.008 80 12 PEG-1% 216 74 2919 24
5 0.008 80 10 PEG-3% 165 49 3.367 34
6 0.008 80 2 PEG-3% 129 36 3.58 23
7 0.008 80 10 PEG-6% 154 44 3.5 20
8 0.008 120 4 PEI-0.25% 124 88 1.409 28
9 0.15 120 4 PEI-0.5% 772 103 7.495 21
10 0.15 120 4 PEI-1.25% 661 90 7.34 26

transform infrared spectroscopy (FTIR Spectroscope, Vertex
70, Bruker, Germany) to identify chemical bonds in mole-
cules and assess their chemical properties. The FTIR spec-
trum of NPs was recorded in the range of 400-4000cm™ at
room temperature using the standard KBr pellet method.
The Fe content of each sample was measured by Inductively
Coupled Plasma Optical Emission (ICP-OES) spectroscopy
(ICP-OES Spectrometer, Perkin Elmer Optima 7300 DV,
USA) before treating microorganisms. The Image] software,
open-source image analysis software, was also used for the
measurement of length, width, and aspect ratio of NRs.

2.3. Antimicrobial Assay. The antimicrobial potential of as-
prepared B-FeOOH NRs was assessed by microdilution
methods, based on the clinical and laboratory standard insti-
tute (CLSI, 2019), against Gram-positive and Gram-negative
bacterial species and a common fungal pathogen of humans.
For this purpose, Staphylococcus aureus (S. aureus) PTCC
1112, Enterococcus faecalis (E. faecalis) PTCC 1778, Escheri-
chia coli (E. coli) PTCC 1399, Salmonella typhi (S. typhi) PTCC
1609, and fungal species of Candida albicans (C. albicans)
PTCC 5027 were purchased from Persian type culture collec-
tion center. Bacterial species were cultured in BHI media at
37°C with 200 rpm agitation, and C. albicans was cultured in
an RPMI culture medium. The microdilution method was
applied to achieve the minimum inhibitory concentration
MIC of NRs and quantitatively report their antimicrobial
potentials against microbial strains. The MIC value was con-
sidered the lowest concentration of NRs able to inhibit 90%
of microbial growth after overnight incubation.

10 pL of prepared bacterial suspension containing about
5 x 10° CFU/mL inoculated to the wells of a 96-well micro-
plate containing 90 uL medium with the concentration of
500, 250, 125, 62.5, 31.25, 16.12, 8, and 4 ug/mL of each syn-
thesized NRs. After 24 hours of incubation of microplates at
37°C, the optical density of all wells was measured by a
microplate reader (PowerWave XS2, BioTek Instruments
Inc., US) at 600 nm. Control groups were defined as wells
containing medium with the same microbial inoculation
without any NRs and blank groups containing medium
without microbial inoculation or NRs.

3. Results and Discussion

Nanostructures of akaganeite are generally found in elon-
gated orientations such as rods or ellipsoids, which can be
formed in iron- and chloride-rich environments and heating
to at least 80°C. In contrast, this hydrothermal reaction pro-
longs at least six months at room temperature [27]. Through
the akaganeite synthesis process, as Fe salts dissolve in water,
Fe’* ions will make a complex with water molecules and
from [Fe(H20)6]3 *. Then, the synthesis process is continued
by hydrolysis reaction in two steps, release of protons from
water molecules and formed double octahedral units via Fe
—OH-Fe bonds, which can interact strongly or weakly with
various anions, and form various morphology and size of
FeOOH nanorods in the polymerization step [28]. Thus,
the type of anions of ferric salt plays a determinative role
in the final size and crystallization of the products. Yue
et al. described the synthesis of 3-FeOOH NPs from differ-
ent iron salts in an experimental and theoretical study and
suggested FeCl, for achieving f-FeOOH NRs [29]. Accord-
ing to their evidence, firstly, hydrothermal reaction arranges
FeO, octahedral units to form FeOOH seeds, double octahe-
dral units, and finally lattices.

During the growth process, chloride ions are adsorbed
on the surface of FeOOH lattices due to high electronegati-
vity and direct the growth of NPs through elongated struc-
tures by strong interactions (Figure 1). This study
highlighted the significant effects of various anions of ferric
salts on the morphology and size of obtained FeOOH NPs.
FeCl, salt leads to the formation of FeFOOH NRs in the
phase. However, other salts of iron provide different mor-
phology of FeOOH NPs. Fe(NO;); helps the synthesis of
spherical goethite NPs (a-FeOOH), and the Fe,(SO4), salt
leads to produce amorphous FeOOH NPs with irregular
morphology [29].

There is a considerable amount of optimization studies
on NP synthesis using almost the same synthesis protocols,
obtaining distinct characteristics and properties, including
size, morphology, crystallinity, and biological activities. It
has been performed just with some simple and facile changes
in reaction conditions or precursors without any remarkable
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FIGURE 1: Schematic diagram illustrating the synthesis mechanism of $-FeEOOH nanorod structures from ferric ions in the aquatic

environment.

modifications in the protocol of synthesis. Sayed and Pol-
shettiwar reported the synthesis of iron oxide nanoparticles
in six different morphologies denoted as follows, based on
the same protocols with simply changing precursor iron
salts: distorted, nanocubes, porous spheres, and self-
oriented flower shapes [30]. Moreover, Moradpoor et al.
described nine different synthesis experiments of cobalt
oxide NPs to obtain an optimal antibacterial agent. In this
case, the same protocol was applied in experiments with
changes in the reaction conditions, such as stirring time
and concentrations of precursors containing cobalt salts
and reducing agents [31].

In this work, we aimed to optimize the fabrication of -
FeOOH NRs to achieve the desired size along with the high
potent antimicrobial activity. Although FeOOH NPs can be
formed in rod-like morphologies without using addictive
compounds, however, appropriate surfactants can facilitate
the synthetic process and control the growth pattern of crys-
tals in uniform size and shape [32]. Accordingly, we applied
PEG and PEI polymers as process control agents to the one-
pot synthesis of f-FeOOH NRs and four Gram-positive and
Gram-negative bacterial strains, including S. aureus, E. fae-
calis, E. coli, and S. typhi, and one of the pathogenic fungal
species, C. albicans, to find the best antimicrobial potent
NR of as-prepared NPs.

3.1. Characterizations. Figure 2 displays the FE-SEM micro-
graph of synthesized NPs achieved from designed experi-
ments. All NPs exhibited elongated and rod-like morphology
with almost good monodispersity. The mean size and aspect
ratio of NRs were evaluated by size measurement of at least
100 NPs selected at random per condition by the Image]J soft-
ware. Table 1 illustrates the measured length and width mean
sizes and aspect ratio per experiment individually.

As indicated in previous literature, the concentration of
ferric salts plays a defining role in the synthesis of 3-FeOOH
NPs by controlling the growth of nanocrystals. Increasing

the concentration of ferric jons leads to an increase in the
length of NRs without significant width change and subse-
quently elevated aspect ratio since a higher concentration
of ferric salts provides more ferric precursor along with
more acidic pH, facilitating parameters in the hydrolysis
process and further growth of NRs [28, 33]. In this regard,
we also found that increasing the concentration of ferric ions
raises the length of NRs without a significant change in
aspect ratio (Table 1). Moreover, surfactants are considered
a decisive factor in NR synthesis by tuning the morphology
[34, 35]. As shown in the results, more concentration of
PEG leads to a decreased size of final NRs without significant
change in aspect ratio, 3.5 compared to 2.9 (Exp. 7 to Exp.
4). Kasparis et al. also confirmed the significant role of sur-
factants on the morphology of FeOOH nanorods. A high
concentration of PEI revealed significant decreases in NPs
with well-preserved crystal structure and aspect ratio [18].
However, unlike the expected effects of surfactants, the
increase of PEI concentrations in Exp. 9 and 10 made their
particle size larger than Exp. 8 and remarkably changed in
aspect ratio (7.34 compared to 1.41). This reveals the domi-
nant role of higher ferric ions concentration in synthesis
reaction that minimizes the surfactant effects, increasing
the length of NRs and, after that, increasing the aspect ratio.

Nevertheless, reductive effects of PEI on the mean size of
NPs can be observed in NPs obtained from Exp. 10 compared
to Exp. 9. All of the synthesis conditions were similar in the
two experiments except for the increased concentration of PEI
surfactant in Exp. 10, providing a smaller size of NPs with a
similar aspect ratio. Additionally, we found that although Exp.
7 was carried out in the presence of a higher concentration of
PEG compared to Exp. 6, however, size of NPs increased with-
out a change in aspect ratio. It can result from an increased time
reaction of up to 10 hours that could improve the growth of
crystals and provide a larger size of NRs. Notably, the aspect
ratio did not change significantly in this experiment, and the
size change was limited due to the tuning effects of surfactants.
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FIGURE 2: FE-SEM micrographs of the 3-FeOOH nanorods synthesized by various synthesis experiments: (a—j) Exp. 1-10, respectively.

As proposed in previous studies, the evidence we found  distribution of final 3-FeOOH NRs during fabrication.
highlights the influential role of surfactants like PEG and =~ PEG molecules favor the fabrication of smaller sizes of f3-
PEI in controlling the particle size and improving the size =~ FeOOH NRs, as suggested by Wei et al. The possible
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TaBLE 2: Effects of various synthesis parameters on the structural properties of prepared -FeOOH nanorods.

Structural properties of final NPs Kind of Fe salts (anions)

Fe salt concentration Reaction time Surfactant concentration

*

Morphology (size)

%

Aspect ratio

%

Crystal structure

s * *

5

*Dependent-Independent.

mechanisms that PEG surfactant firmly coordinated with
ferric ions (Fe**) through OH functional groups were pro-
posed to explain this effect, which prevents nuclei aggrega-
tion and subsequently achieves the smaller size of f-
FeOOH NRs. Furthermore, PEG surfactant avoids the
aggregation of final synthesized NRs and maintains the size
and morphology [34].

In addition, in earlier investigations, the role of PEI poly-
mer in improving the morphology of metal oxide NRs and
reducing their diameters and length has been argued in
detail. For this purpose, PEI as a cation surfactant was sug-
gested to limit the lateral growth of NRs remarkably by
adsorbing on the negatively charged lateral facets of NRs
during the synthesis process owing to electrostatic interac-
tion. Moreover, amino groups of this surfactant coordinated
with NRs, which led to obtaining NRs with smaller diame-
ters than synthesized NPs without surfactants [36]. Besides,
PEI was argued to be the controlling agent of length and
width of 5-FeOOH NRs by Mohapatra et al. The adsorption
of PEI molecules on the lateral plan of NRs was suggested
for the mechanism of this action [37].

Reaction time is one of the other factors that can affect
the morphology of FeFOOH NRs. Kasparis et al. reported that
the increasing reaction time from 30 min to 4 hours made
larger NRs without effects on the aspect ratio [18]. In this
study, we also found that NRs achieved larger size with pre-
served aspect ratio by extending reaction times from 2 to
10h in the presence of a consistent concentration of PEG
and ferric ions (Exp. 5 compared to Exp. 6), even though this
size change was limited due to presence of surfactant. In
addition, while the reaction time of Exp. 1 was more than
Exp. 3, obtained NPs did not show a larger size and even
revealed a smaller size and aspect ratio. These findings con-
firm the dominant effect of ferric ions concentration, as the
concentration of iron salts applied more in Exp. 3.

Our findings appeared well substantiated by previous
studies on effective parameters for synthesis reactions con-
taining ferric ion concentration, presence of surfactant, and
reaction time (Table 2). Findings suggest that ferric ion con-
centration is the dominant factor in the morphology of NRs.
Also, surfactants such as PEI and PEG can be good candi-
dates to tune the size and aspect ratio of 3-FeOOH NRs effi-
ciently. The aspect ratio is independent of all factors except
ferric ion concentrations. Moreover, in the consistence of
other synthesis parameters, time reactions can cause the
overgrowth of NRs; therefore, it should also be considered
to tune NR morphology. Furthermore, EDX spectroscopy
was performed for qualitative analysis and chemical charac-
terization of 3-FeOOH NRs prepared with and without the
presence of surfactants, as revealed in Figure 3. As shown

in the results, a desirable percentage of Fe and O was
obtained in all NRs, which confirms the successful formation
of 3-FeOOH NRs. Moreover, the contents of C, N, and O in
the results related to NRs obtained from synthetic EXP 4-10
indicated the surface functionalization of NRs by PEG and
PEL

The FTIR spectrum of prepared NRs is exhibited in
Figure 4. According to previous studies, specific characteris-
tic peaks should be assessed to analyze and confirm the
appropriate synthesis of FeOOH NPs chemically. The
absorption peaks in the 300 to 700 cm™ have frequently been
assigned to fundamental vibrational bands of inorganic ions
[3]. FeOg4 octahedral units of 3-FeOOH NRs are identified
by characteristic peaks of two prominent vibration bands,
FeO and OH groups. The vibration of FeO groups of octahe-
dral units was observed as Fe—O bending vibrations at about
400cm™ and Fe-O stretching vibrations containing sym-
metrical stretching bands from 435 to 495cm™ and asym-
metrical stretching bands at 647 to 700 cm’! 28, 38, 39].
As shown in Figure 4, the characteristic absorption peaks
related to Fe—O bands of octahedral sites are perceptible
between 400 and 700 cm™ in all sample graphs. In addition,
structural OH bands as Fe-OH in the octahedral site are rec-
ognized by bending vibration at ~8§18cm™. Also, O-H...O
bending vibration in Fe~O—OH bands is reported between
840 and 850 cm-" [28, 39]. The FTIR spectrum of all samples
represents the prominent absorption peaks in the range of
820-850cm™’, confirming the existence of structural OH
groups in octahedral units of FeFOOH NRs. In line with for-
mer findings, the stretching and bending vibrational bands
of surface hydroxyl groups were found at a range of about
3390-3490 and 1620-1650 cm™, respectively, corresponding
to possible adsorbed water molecules in FeOOH NPs [14,
38]. The additional bands detected in the region of 1550-
1350cm ™" and 2850-3000cm ™ are assigned to artefacts of
the preparation or organic contaminants. However, some
evidence considered the absorption bands located in 1350
to 1490 cm™" peculiar to f-FeOOH NPs and convenient to
differentiate it from other phases [39]. Additionally, surface
functionalization of NRs with PEG and PEI surfactants
could be confirmed by the characteristic peaks related to
C-H and N-H vibration of hydrocarbon chains and the
amine groups of the polymer structures in the FTIR spec-
trum of NRs (Figure 4). The corresponding peaks of the
stretching and bending vibration of C-H bond appeared at
2800-3000cm ™" and 1300-1500 cm™", respectively [40-43],
as our findings also illustrated these absorption ranges as
small peaks (Figures 4(b) and 4(c)). Moreover, previous
findings reported that the absorption peak range of 1500-
1650cm™" and 3000-3400cm™' were ascribed to N-H
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Ficure 3: EDX pattern of 3-FeOOH nanorods synthesized by various synthesis experiments. (a-c) Exp. 1-3, NRs without surface
functionalization. (d-g) Exp. 4-7, NRs with PEG surface functionalization. (h-j) Exp. 8-10, NRs with PEI surface functionalization.
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FIGURg 4: FTIR spectra of the J-FeOOH nanorods prepared by various synthesis experiments. (a) Exp. 1-3, NRs without surface
functionalization. (b) Exp. 4-7, NRs with PEG surface functionalization. (c) Exp. 8-10, NRs with PEI surface functionalization.

bending and stretching vibration region related to the amine
groups of PEI molecules [44-46], which are illustrated in
Figure 4(c) as a broad peak in the region of 3000 to
3500cm™" that seems to be overlapped with the peaks of
O-H stretching vibrations.

The XRD patterns FeOOH NRs as prepared through dif-
ferent designed experiments of the one-pot hydrothermal
method are provided in Figure 5. All of the diffraction peaks
were consistent well with the typical values of f-FeOOH NR
pattern based on the Joint Committee of Powder Diffraction
Standards (JCPDS) database (reference code: 00-034-1266),
related to the tetragonal body-centered crystal structure of
B-FeOOH with lattice parameters: a=b=10.5354, c=
3.03A, and V =336.29 A®>. As shown in Figure 5, all of the
reflection peaks were well indexed to a similar tetragonal
phase of -FeOOH and in line with previous reports [47];
the crystal structure of -FeOOH NRs is independent of
synthesis parameters manipulated in this work, including
ferric ion concentration, surfactant concentration (PEG
and PEI), temperature, and time reaction.

In this regard, a similar experiment reported that the
presence and concentration of size-controlling agents such
as PEI and different HCl molarities have no significant
impacts on the crystal structure of prepared S-FeOOH
NRs [18, 48]. Similar results were also confirmed that the
B-FeOOH crystals are independent of the concentration of
ferric ions in hydrolysis synthesis [28, 33]. Moreover, Para-
meshwari et al. reported that a sufficient amount of dextrose
as a chelating agent is required to acquire a stable and single
phase of f-FeOOH in the coprecipitation method. The coex-
istence of the secondary phase of FeOOH occurred in low
concentrations of dextrose [38].

In addition, in this study, the crystallite size of NRs was
measured using XRD data, which revealed a narrow-range
difference between all samples, 18-34 nm. It implies that var-
ious synthesis conditions could not significantly impact the
crystallite size of NRs, despite their remarkable impacts on
the length and width of final NRs (Table 1). Before assessing
the antimicrobial effects of synthesized NRs, each sample’s
surface charge and iron concentration were determined by
zeta potential analysis and ICP-OES spectroscopy, as shown
in Table 3. The results noticeably indicated the positive sur-
face charge of 3-FeOOH NRs prepared in the presence of

PEI surfactant (Exp. 8-10), which increased 15.5+5.8 to
62.9 £ 0.6 due to the rise of PEI concentration from 0.25-
1.25% w/v, while zeta potential measurement showed the
negative surface charge of 3-FeOOH NRs synthesized in
the presence of PEG or without surfactant agents (Exp. 1-
7). Consistent with previous evidence, this positive surface
charge owning to surface modification of NPs could play a
significant role in their biological behaviors, particularly
antimicrobial activities [49, 50]. Moreover, according to
ICP data, the concentration of Fe was found within a narrow
range of concentration in all samples, between 212.68 and
307.38 ug/mL (Table 3). The impact of this difference
between the iron content of samples seems negligible in eval-
uating NRs’ antimicrobial properties.

3.2. Antimicrobial Assay. Antibacterial and antifungal activ-
ities of prepared 3-FeOOH NRs synthesized with and with-
out surfactants were evaluated by microdilution against five
pathogenic microorganism species, including S. aureus, E.
faecalis, E. coli, S. typhi, and C. albicans. Figure 6 represents
the viability percentage of microorganisms treated by 500,
250, 125, 62.5, 31.25, 16.12, 8, and 4 ug/mL of each synthe-
sized NRs. All NRs exhibited dose-dependently inhibitory
effects on microbial growth; higher concentrations led to
more growth inhibition, as shown in the results. According
to MIC value (Table 4), Gram-negative species demon-
strated more susceptibility than Gram-positive bacterial spe-
cies; S. typhi showed the most and S. aureus and E. faecalis
the least susceptibility to NRs. Gram-positive bacteria such
as staphylococci, enterococci, and pneumococci are cur-
rently known as pathogens of great concern due to their
intrinsic virulence inducing various infections and excep-
tionally high multidrug resistance, which should be
addressed before long [51]. Based on the results, Synthesized
NRs could inhibit the growth of S. aureus and E. faecalis,
mostly just in high concentrations.

The impacts of surfactant presence on the antimicrobial
properties of final NRs were evaluated by comparing the
results of Exp. 1, 6, and 8, NRs with fairly similar length sizes
that were obtained, respectively, in the absence of any surfac-
tants and in the presence of PEG and PEI NRs synthesized in
the absence of surfactants exhibited the least antimicrobial
effects on all tested microbial species; however, surfactant
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FiGURE 5: XRD patterns of the 3-FeOOH nanorods synthesized by various synthesis experiments (1-10) and the standard pattern of

akaganeite (8-FeOOH) crystals (JCPDS 00-034-1266).

TABLE 3: Zeta potential values and ICP-OES analysis results of 3-
FeOOH nanorods obtained from synthetic Exp. 1-10, with and
without the presence of surfactants.

Experiment Sur(factants po%eertl:ial Charge Final content
w/v) (mV) (pg/mL)
1 — —5.21.4+ 1.4 Negative 307.38
2 — -14.1+£2.2 Negative 278.38
3 — —21.2+2.3 Negative 212.68
4 PEG-1%  —-27.4+2.0 Negative 242.02
5 PEG-3% —41.3+0.3 Negative 240.89
6 PEG-3% —45.3+£0.5 Negative 286.84
7 PEG-6% —54.2+0.4 Negative 235.67
8 PEI-0.25% 15.5+5.8  Positive 257.845
9 PEI-0.5%  56.3+0.2  Positive 270.65
10 PEI-1.25% 62.9+0.6  Positive 252.54

presence PEI in the synthesis process contributed to achieving
NRs with remarkably higher potential of antimicrobial activi-
ties: Exp. 8> > Exp. 6 > Exp. 1. PEG and PEI are synthetic poly-
mers considered individually antimicrobial agents and act as
microbicidal enhancers in antibiotics, especially against resis-
tant bacterial species [52, 53]. Coating of polycationic poly-
mers such as PEI exhibited highly electrostatically interact
with the bacterial membrane due to its negatively charged

and result in increased membrane permeability, penetration
of conjugated materials to bacteria cells, and finally disturbing
cell structure and raising cell death [53]. Grafted PEG coating
was also found to be contributed to the bactericidal effects of
nanocomposites, particularly against resistant bacteria species,
by providing a hydrophilic environment to avoid bacterial
inhesion and biofilm formation, which also gives the conju-
gated nanomaterials offer additional bactericidal effects [54].
Thus, the higher antibacterial action of PEG and PEI conju-
gated synthesized NRs could be assigned to polymers’ instinct
antimicrobial properties as well as synergistic effects of these
polymers.

On the other hand, the impact of aspect ratio on the
antibacterial efficacy of NRs cannot be ignored. The aspect
ratio is considered a critical factor in the cellular uptake of
rod-like NPs [55]. NP uptake by microorganisms is related
to physicochemical properties, particle orientation, and
membrane properties. Moreover, the surface active agents
can be involved in particle characterization changes such
as aspect ratio and interactions with biological samples,
membrane wrapping, and subsequent internalization [56].
The higher aspect ratio of NRs is less favored for microbial
particle uptake and antimicrobial efficacy.

In the present case, Exp. 1, 6, and 8 displayed the aspect
ratios of 3.676, 3.58, and 1.409, respectively. Exp. 8 obtained
a lower aspect ratio due to different synthesis conditions and
the presence of PEI. Based on the results, these samples
exhibited remarkably more antimicrobial impacts on all
microbial species, which along with PEI antimicrobial activ-
ities; it could be related to the decreased aspect ratio of these
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FIGURE 6: Viability percentage of five tested microorganism species, E.coli, S. typhi, E. faecalis, S. aureus, and C. albicans, treated by various
concentrations of each as-prepared -FeOOH nanorod based on the designed experiments (1-10).

samples (Figure 6). Our experiments were consistent with
previous results of NR antimicrobial analysis. Ojha et al.
reported that the lower aspect ratio of silver NRs exhibited
significantly further antibacterial efficiency against both
Gram-positive and Gram-negative bacterial species, com-
paring the aspect ratio of 1.8 and 3 [57].

More in detail, although the NRs obtained from Exp. 9
and 10 were synthesized in the presence of surfactant PEI,
almost no antimicrobial effects of tested microorganisms
withMIC > 500 yg/mL in all species were shown. It could
be related to the larger size of NPs, which is a determining

factor in the biological activities of nanomaterials. NRs syn-
thesized in the presence of PEG (Exp. 4-7) provided an
appropriately moderate susceptibility in all tested microbial
species because of almost moderate particle size among syn-
thesized NRs and appropriate aspect ratios, about 3-3.6.

C. albicans exhibited the least susceptibility to NRs with
generally the most MIC value among all tested microbial
species (Table 4). C. albicans is one of the opportunistic
and pathogenic fungal species posing a particular challenge
to the healthcare system due to their increasing drug resis-
tance that should be addressed preferably [58]. Exp. 4
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TaBLE 4: MIC value of microbial strains treated with -FeOOH nanorods obtained from the designed synthetic experiments, with and

without the presence of surfactants.

Experiment  Surfactants (w/v)  S. typhi (ug/mL) E. coli (ug/mL) E. faecalis (ug/mL) S. aureus (ug/mL) C. albicans (ug/mL)
1 — 125 250 500 500 >500
2 — 250 500 500 500 >500
3 — 500 >500 >500 >500 >500
4 PEG-1% 16.12 31.25 62.5 62.5 62.5
5 PEG-3% 31.25 62.5 125 125 250
6 PEG-3% 62.5 250 250 250 500
7 PEG-6% 62.5 125 250 125 250
8 PEI-0.25% 4 8 8 8 8
9 PEI-0.5% 500 >500 >500 >500 >500
10 PEI-1.25% 500 >500 500 >500 >500

(PEG: 1% w/v, aspect ratio: 2.919) and Exp. 8 (PEIL: 0.25%
w/v, aspect ratio: 1.409) displayed high antifungal potentials
with MIC values of 62.5 and 8 ug/mlL, respectively, which
could be considered as an antifungal agent in this case.

4. Conclusion

FeOOH NRes, especially in the f3-phase, have attracted much
attention in recent years to apply in biomedical applications.
With the ever-increasing challenge of antimicrobial resis-
tance, new innovative strategies are in high demand to com-
bat. In the current study, ten synthesis experiments of f3-
FeOOH NRs are designed to optimize the NRs” properties
toward the desirable antimicrobial potential. Reaction con-
ditions, including reaction time and temperature and con-
centration of iron salt precursors, were considered essential
in final particle characteristics and biological activities.
Although these factors could affect particle size and aspect
ratio, ferric ion concentration showed a dominant effect on
the morphology of NRs. NRs also synthesized with and
without the presence of surfactants of PEG and PEI, which
could play good controlling roles in the size and growth pat-
tern of NP crystals. The aspect ratio was also independent of
all factors except ferric ion concentrations.

To sum up, our work indicated that synthetic conditions
and the kind and concentration of surfactants contribute to
the characterization properties and biological activities of
final 8-FeOOH NRs. Moreover, 3-FeOOH NRs synthesized
in the presence of surfactants exhibited more antimicrobial
activities against Gram-positive and Gram-negative bacteria
and fungi species, even though Gram-negative bacteria
showed more susceptibility against NRs. Also, NRs synthe-
sized in the presence of PEG generally revealed relatively
moderate antimicrobial effects against tested bacterial and
fungal species of final synthesized NPs compared to high
antimicrobial activities of PEI surfactant. As mentioned
above, surface active agents, particle size, and particularly
aspect ratio are crucial decisive factors in the biological
activities of 5-FeOOH NRs as well as the concentration of
NRs. Though further experimental investigations are
required, the decent biocompatibility and antimicrobial effi-

cacy of f-FeOOH NPs make them promising candidates for
various biomedical applications.
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Increased resistance of fungal pathogens to common antimicrobial agents is known as one of the most important human
problems. Due to the limited variety of antifungal drugs available, the identification and use of new antifungal drugs are
essential. This study aimed to determine the optimal conditions for synthesizing a novel nanocomposite of xanthan gum/ZnO/
TiO,with the highest antifungal activity against Candida albicans (C. albicans). For this purpose, nine experiments were
designed using the Taguchi method. In the designed experiments, three factors of xanthan gum, ZnO, and TiO,nanoparticles
have been investigated at three different levels, and the best ratio with the highest antifungal activity was determined. The
results showed that in the presence of the synthesized nanocomposite in experiment 3 (xanthan gum 0.01 M, ZnO 0.09 M, and
TiO, 0.09 M), the inhibition of fungal growth reached 92.51%. The properties of the synthesized nanocomposite and its
components were investigated using different characterization methods, which confirmed the formation of nanocomposites
with desirable properties. The antifungal activity results showed that the synthesized nanocomposite as an antifungal agent has
an effective performance and can be used well in various fields.

1. Introduction

The dramatic increase in microbial resistance to antimicro-
bials has become a pervasive challenge and a serious threat
to public health worldwide. C. albicans is one of the most
common fungal pathogens in humans. The widespread use
of a limited number of antifungal agents has led to drug
resistance in treating C. albicans infections, a problem that
is becoming increasingly important [1]. The range of human
infections caused by the C. albicans yeast and several related
species is significant. They cause various infection levels,
from relatively trivial conditions such as oral candidiasis

and genital infections to fatal and systemic infections in
patients who have already had serious illnesses. There has
been great interest in fighting Candida infections, especially
C. albicans, as fatal infections have become more common
and new disorders have been identified with Candida [2].
Antifungal drugs often belong to two groups of polyenes
and azoles. These compounds act on fungal cells by
disrupting the metabolism of RNA or DNA and causing
intracellular accumulation of peroxide. The currently avail-
able antifungal agents used topically and systemically to treat
C. Albicans have shown serious side effects that have greatly
limited their use. Toxicity and drug resistance are the main
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reasons for extensive research on new antifungal compounds
[3]. Since discovering and using a new class of antimicrobial
compounds is very time-consuming, expensive, and usually
unsuccessful, an alternative is to use modern science and
design and synthesize compounds with antimicrobial prop-
erties. Nanotechnology has solved many current problems
by using structures with at least one dimension of 1 to 100
nanometers [4-6]. In recent years, significant studies have
been conducted in applications of nanomaterials, and their
effectiveness has been observed in many fields. Metal oxides
with antimicrobial properties are among the most widely
used compounds in various fields [6, 7]. The use of nanoma-
terials can be effective in combating fungal infections. Due to
their special properties, such as proper penetration into tar-
get cells and tissues, these particles have been able to provide
more inhibitory power with lower concentrations compared
to conventional compounds [8].

Extensive sources of zinc metal, reasonable price, antimi-
crobial, antioxidant, and anticancer properties make zinc a
valuable metal as a raw material in the production of various
compounds such as mouthwashes and toothpaste that
reduce plaque and bad breath [9, 10]. ZnO nanoparticles
have successfully inhibited pathogenic microbes such as
Streptococcus mutans and Staphylococcus aureus [11].

Titanium dioxide (TiO,) has unique properties such as
high photocatalytic activity, anticancer, antimicrobial proper-
ties, biocompatibility, reactivity, cheap and safe production,
nontoxicity, temperature stability, and chemical stability [12,
13]. These properties of TiO, are used in the production of
food, pharmaceutical, biomedicine, environment, cosmetics,
air purification, water disinfection, solar cell production, and
antimicrobial compounds [14]. It is an optical catalyst whose
antimicrobial applications have been investigated more than
any other material with this property [15]. TiO,NPs can inac-
tivate microorganisms and exhibit antimicrobial properties by
producing hydroxyl free radicals and superoxide [16, 17].

Similar properties are found in natural materials.
Xanthan gum is a type of polysaccharide that is naturally
produced by the Xanthomonas bacterium [18]. Its main
chain consists of -D-glucose units interconnected in posi-
tions 1 and 4; in addition, two mannose and glucuronic acid
are also involved in its structure [19]. Among the desirable
properties of xanthan are nontoxic, inexpensive, with high
biocompatibility, thermal stability, resistance to acid and
base, high stability and solubility in water, and antimicrobial
properties [20, 21].

Due to the tendency of nanoparticles to agglomerate,
which leads to the loss of their desirable properties, it is nec-
essary to use strategies to prevent this. The use of nanopar-
ticles in the form of nanocomposites can largely prevent
them from agglomerating. For this purpose, this study was
designed and conducted for the first time to determine the
optimal conditions for the synthesis of xanthan gum/ZnO/
TiO,with the highest antifungal properties.

2. Materials and Methods

2.1. TiO, Nanoparticle Synthesis. To prepare TiO,NPs using
the sol-gel method, 10 ml of isopropanol was combined with
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10ml of deionized water, and 20 ml of titanium isopropox-
ide solution was added dropwise with continuous stirring.
The resulting solution was placed at 60°C for 60 min, the
yellow gel formed in the oven was dried at 80°C, and the
gel powder was calcined in air for 3h at 650 °C [22].

2.2. ZnO Nanoparticle Synthesis. Zinc acetate (Zn(CH,CO,)
,2H,0) and sodium hydroxide (NaOH) were used to pre-
pare ZnO nanoparticles. First, 0.1 M zinc acetate and 0.2 M
sodium hydroxide solutions were prepared by dissolving
them in deionized water.

Then two solutions were poured into a beaker and stir at
750 rpm for 2h at 60°C. After 2h, a clear milky white solu-
tion was formed. The next step was centrifugation at
5000 rpm for 5min to precipitate a white product. The pre-
cipitate was washed first with deionized water and then with
acetone. ZnO NPs were obtained in powder form by drying
the product using an oven at 75°C for 6h [23].

2.3. Xanthan Gum/ZnO|TiO, Nanocomposite Synthesis. To
determine the optimal conditions for the synthesis of
xanthan gum/ZnO/TiO, nanocomposite with the highest
antimicrobial activity, using Qulitek-4 software according
to the Taguchi method, 9 experiments containing different
ratios of xanthan gum, ZnO, and titanium NPs were
designed. To evaluate the antimicrobial activity of synthe-
sized nanocomposites, using in situ method and 0.01, 0.02,
and 0.03M levels of xanthan gum and 0.03, 0.06, and
0.09 M levels of ZnO and TiO, NPs, nine samples of nano-
composites were tested. To synthesize the studied nanocom-
posite, xanthan gum was prepared commercially; ZnO and
TiO,NPs were prepared by coprecipitation and sol-gel
methods, respectively. In the synthesis of nanocomposites,
first, the solutions of the components were stirred separately
by a magnetic stirrer for one h. All three solutions were then
dispersed at room temperature for 15min using an ultra-
sonic homogenizer. Finally, solutions of ZnO and TiO,NPs
were added simultaneously and dropwise to the solution
containing xanthan gum. The final solutions were stirred
for one h and then dispersed for 15min by an ultrasonic
homogenizer. Finally, the prepared solution was placed in
an oven at 60 °C for 24 h to form nanocomposite sediments.
The resulting precipitate was separated from the container
with a spatula and ground in a mortar to prepare the final
nanocomposite powder [24].

2.4. Antifungal Activity. The antifungal activity of synthe-
sized xanthan gum/ZnO/TiO, nanocomposites on C. albi-
cans (ATCC 10231) was studied using the colony forming
unit (CFU) method. For this purpose, C. albicans was incu-
bated on a Sabouraud dextrose agar (SDA) medium for 48 h
at 37°C to prepare an isolated colony. After that, a colony
was taken and dissolved in twice distilled water to obtain
an approximate 10° CFU/ml concentration. To evaluate the
antifungal activity of the synthesized nanocomposites, solu-
tions containing SDA and 9 synthesized nanocomposites
(Img/ml) were prepared. The resulting solutions were
poured into the Petri dish, and after freezing the culture
medium, 100 uL of the fungal suspension prepared on the
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TaBLE 1: Taguchi design of experiments and fungal growth inhibition rate of xanthan/ZnO/TiO, synthesized nanocomposite.

Experiment o.oi(amhag.(;g; " (Mg.os 0.03 ano(sM) 0.09 0.03 Tl((;.zOéM) 0.09 Fungal growth inhibition (%)
1 0.01 0.03 0.03 61.73
2 0.01 0.06 0.06 84.11
3 0.01 0.09 0.09 92,51
4 0.02 0.03 0.06 75.64
5 0.02 0.06 0.09 88.32
6 0.02 0.09 0.03 81.17
7 0.03 0.03 0.09 72.98
8 0.03 0.06 0.03 69.44
9 0.03 0.09 0.06 90.47

TaBLE 2: The main effects of different levels of xanthan gum, ZnO,
and TiO,on growth inhibition of Candida albicans.

TaBLE 4: The analysis of variance of factors affecting the growth
inhibition of Candida albicans.

Factors Level 1 Level 2 Level 3
Xanthan gum 79.45 81.71 77.63
ZnO 70.12 80.62 88.05
TiO, 70.78 83.41 84.60

TaBLE 3: The interactions effects of studied factors on growth
inhibiting of Candida albicans.

Interacting factor Severity index Optimum
. Column K i
pairs (%) conditions

Xanthan gum x

1x3
TiO, x 45.33 [1,3]
Xanthan gum x

I1x2
o 15.75 [1,3]
ZnO x TiO, 2x3 123 [3,3]

culture medium was completely cultured using a swap. In
the control group, 100 uL of fungal suspension was cultured
on a pure SDA medium. The number of colonies was
counted for 9 experimental and control groups after 96h
of incubation at 28°C. The inhibition of fungal growth by
each of the synthesized nanocomposites is calculated using
the following equation:

Cg—-E
Growth fungus inhibition rate (%) = % x 100, (1)

where Cg is the average growth of colonies in the control
group and Eg is the average growth in the experimental group.
Thus, the optimal conditions for synthesizing nanocomposites
with the highest antifungal activity were determined from 9
experiments. All experiments were repeated three times.

2.5. Characterization. The properties of the synthesized
nanocomposite and its components were investigated using
different characterization methods, including Fourier trans-
forms infrared (FTIR) spectroscopy (Thermo Company at
RT, USA), X-ray diffraction (XRD) (Philips X'Pert (40 kV,

Factors  DOF Sum of Variance F ratio Pure Percent
squares (F) sum (%)

Xanthan 25.07 1253 1593 2349 271

gum

ZnO 2 487.15 243,57 309.61 485.57 56.09

TiO, 2 351.95 175.97 223.68 350.38 40.47

DOF, degree of freedom.

TaBLE 5: The optimum conditions for the synthesis of xanthan/
ZnO/TiO, nanocomposite with the highest antifungal activity.

Factors Level Contribution
Xanthan gum 2 2.11
ZnO 3 8.45
TiO, 3 5.01
Total contribution from all factors 15.57
Current grand average of 7960
performance

Fungal growth inhibition at 95.17

optimum condition

30 mA), The Netherlands), field emission scanning electron
microscope (FESEM) (TESCAN Company, MIRA III model,
Czech Republic), SAMX detector (France) on FESEM, trans-
mission electron microscope (TEM) (TEM Philips EM208S,
The Netherlands), ultraviolet-visible (UV-Vis) spectroscopy
(Shimadzu Company UV-160 A model, Japan), and thermal
analysis (TGA-DTA) (TA Company, Q600 model).

3. Results and Discussion

3.1. Antifungal Activity. Optimal conditions for the produc-
tion of xanthan gum/ZnO/TiO, nanocomposites with the
highest antifungal activity were determined based on 9
experiments designed by the Taguchi method. Table 1 shows
the effect of nanocomposites synthesized under different
conditions on the growth inhibition of C. albicans. The
results showed that the nanocomposites produced in
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FIGURE 1: Schematic mechanisms for antifungal activity of xanthan gum/ZnO/TiO,nanocomposite.

experiment 3 (xanthan gum 0.01 M, ZnO NPs 0.09 M, and
TiO,NPs 0.09 M) had the highest antifungal activity against
C. albicans and, under those conditions, the highest inhibi-
tion of fungal growth (92.51%) occurred.

Table 2 shows the effect of xanthan gum, ZnO, and
TiO,NPs factors on the growth inhibition of C. albicans.
The results indicate that the xanthan gum factor at level 2
and ZnO and TiO, NPs at level 3 had the greatest effect in
inhibiting the growth of C. albicans.

The interaction of factors on the growth inhibition of C.
albicans is presented in Table 3. Xanthan gum in the first
level and TiO, in the third level had the most interaction
and the growth inhibition of C. albicans at 45.33%. Xanthan
gum in the first level and ZnO in the third level showed a
significant interaction on the growth inhibition of C. albi-
cans by 15.75%. The lowest percentage of interaction inten-
sity index belonged to ZnO and TiO, in the third level at
1.23%.

The analysis of variance of the parameters affecting the
growth inhibition of C. albicans is presented in Table 4.
The highest effect on inhibiting the growth of C. albicans
was shown by ZnO with an effect of 56.09%, TiO, by
40.47%, and xanthan gum by 2.71%, respectively.

After reviewing the data and analyzing the effect of each
factor and their interaction, the optimal conditions for the
synthesis of xanthan gum/ZnO/TiO, nanocomposite with
the highest antifungal activity were estimated (Table 5).
Based on these results, ZnO had the highest contribution,
and xanthan gum had the lowest contribution in inhibiting
the growth of C. albicans, and TiO, showed an effect
between these two factors and close to ZnO. The second
level was the most appropriate level for the xanthan gum
factor and the third level for ZnO and TiO,NPs factors.
Based on the results, it was estimated that the synthesized

nanocomposite in optimal conditions inhibited about 95%
of fungal growth, which was most consistent with the results
of experiment 3.

Previous similar studies have reported the optimal anti-
microbial properties of nanomaterials and their compo-
nents. Nanoparticles currently used in the clinical field are
limited by agglomeration. Many studies have used the mod-
ification of impurities and the synthesis of nanocomposites
to prevent nanoparticles from agglomerating and disperse
nanoparticles in different environments. In other words,
the modification in this way is one of the most effective ways
to regulate and control the interaction of nanoparticles and
germs [25-28].

The larger area and high density of nanoparticles allow
them to show antimicrobial activity more favorably on the
surface of fungi with more interaction. In addition, nanopar-
ticles combined with polymers or coated on the surfaces of
biocompatible materials have been used to improve their
antimicrobial properties. The study of the mechanism of
antimicrobial activity of nanocomposites containing metal
oxides indicates that these nanostructures can cause the
destruction of the fungal cell wall and the penetration of
nanoparticles into the cell. Nanoparticles that pass through
the cell wall are not fully understood. However, their trans-
port, diffusion and endocytosis, and entry into the cell can
lead to the production of reactive oxygen species (ROS)
and thus interfere with the function of many intracellular
organs [29, 30]. Reactive oxygen species seem to play a
major role in antifungal activity. By inducing oxidative
stress, they can destroy all biomolecules in the cell (including
proteins and DNA) and disrupt the function of intracellular
organs [31]. Nanostructures can also cause fungal death by
damaging cellular enzymes and disrupting the electron
transfer chain (Figure 1).
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3.2. FTIR Analysis. The FTIR spectra of xanthan gum (dia-
gram a), ZnO NPs (diagram b), TiO, nanoparticles (diagram
¢), and synthesized nanocomposites (diagram d), in the
wavelength range of 400-4000 cm™, are shown in Figure 2.
In the FTIR spectrum of xanthan gum (diagram a), two
peaks at positions 3420 and 2922 cm ™! were observed for the
tensile bonds of -OH and -CH, respectively. Asymmetric
and symmetric tensile vibrations related to carboxylate
group -COO- bonds were shown at 1620 and 1420cm’’,

respectively. A wide absorption peak was observed at
1069cm™ due to the tensile vibration of the glycosidic
bond [32].

In the FTIR spectrum of ZnO NPs (diagram b), a wide
adsorption peak in the range of 3100-3700cm™ was
observed for the tensile bonds of O-H due to residual alco-
hols, water, and Zn-OH bond. The flexural state was shown
in the H-OH bond of the ZnO NPs at the 1616cm™ posi-
tion. The strongest wide adsorbed band was observed at
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FIGURE 4: The scanning electron microscope images of xanthan gum/ZnO/TiO, nanocomposite at different magnification (a, b) and
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mapping for C (c), 40 (d), Ti (e), and Zn (f).

424 cm™ due to the tensile vibrations related to oxygen and  observed in the 1618 cm™ region corresponds to the bending

zinc. Zn-O tensile bands were observed at 424 and 569 cm”  vibrations of the water molecule, and the peak index of the
! for pure samples of ZnO NPs [33]. 1385 cm’" region is due to the carbonate group, which is cre-
In the FTIR spectrum of TiO, nanoparticles (diagram ¢),  ated by the adsorption of ambient carbon dioxide by nanopar-

the peaks observed at 3414cm™ and 1635cm™ refer to the  ticles. Sharp peaks observed in the range below 850cm™
adsorbed moisture and the O-H surface groups. The peak  showed the binding of oxygen to titanium [34, 35]. The peaks
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FIGURE 5: The transmitted electron microscope images of xanthan gum/ZnO/TiO, nanocomposite at different magnification.
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FIGURE 6: UV-visible of xanthan gum (a), ZnO NPs (b), TiO, NPs (c), and xanthan gum/ZnO/TiO, nanocomposite (d).

observed in the final nanocomposite spectrum (diagram d)
showed a combination of peaks in the xanthan gum spectrum
and oxide nanoparticles. Therefore, the strong interactions
between the components and the formation of the final nano-
composite were confirmed [24].

3.3. XRD Analysis. The X-ray diffraction pattern of Figure 3
is presented to investigate the crystal structure and to iden-
tify ZnO NPs (diagram a), TiO, nanoparticles (diagram b),
and synthesized nanocomposites (diagram c). The X-ray
diffraction pattern of ZnO NPs (diagram a) showed the
hexagonal crystal structure of the zincite phase for these
nanoparticles. Miller indices of (hkl), (100), (002), (101),
(102), (110), (103), and (112) were calculated at angles 26,
32, 35, 37, 48, 57, 63, and 68 degrees, respectively [36].

The X-ray diffraction pattern of TiO,NPs (diagram b)
showed the anatase phase with a tetragonal crystal structure
for this material. Miller indices (hkl), (101), (004), (200),
(105), (211), (204), (116), (220), and (215) were calculated

at angles 20, 25, 38, 48, 54, 55, 63, 69, 70. and 75 degrees,
respectively [37].

X-ray diffraction pattern obtained from synthesized
nanocomposite (diagram c) showed the presence of compo-
nent peaks and their intensity reduction, flattening or
removal, and displacement of some peaks relative to the
X-ray diffraction pattern of components in the synthesized
nanocomposite X-ray diffraction spectrum. In addition, the
average crystallite size was calculated for the highest peak
of 28 nm.

3.4. SEM and Elemental Mapping Analysis. The appearance
and elemental mapping of the xanthan gum/ZnO/TiO,
nanocomposite were examined by field emission scanning
electron microscopy (Figure 4). Figures 4(a) and 4(b) show
the placement of metal oxide nanoparticles inside the
xanthan gum, resulting in the formation of the final nano-
composite. Elemental mapping was performed by energy-
dispersive X-ray spectroscopy (EDS) to evaluate the
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elemental dispersion in the xanthan gum/ZnO/TiO, nano-
composite. Figures 4(c) to 4(f) shows that elements C, O,
Zn, and Ti are regularly distributed, confirming the suitable
synthesis of the xanthan gum/ZnO/TiO, nanocomposite.

3.5. TEM Analysis. The morphology of the xanthan gum/
ZnO/TiO,nanocomposite was investigated by TEM micro-
graph preparation of the synthesized nanocomposite. TEM
micrograph analysis showed the formation of this nanocom-
posite (Figure 5). The morphology and distribution of oxide
nanoparticles were also examined in more detail by TEM.
The results showed that the metal oxide nanoparticles were
well in contact with the xanthan gum and the final nanocom-
posite was prepared by distributing different sizes of particles.

3.6. UV-Vis Analysis. The optical properties of xanthan
gum/ZnO/TiO,nanocomposite and its components were
investigated using ultraviolet-visible spectroscopy in the
range of 200 to 800 nm (Figure 6). No specific absorption
band was observed in the xanthan gum spectrum (diagram
a). In the spectrum of ZnO NPs (diagram b), a sharp and
specific peak showed the production of adsorption in the
range of 370 nm for this sample. In the spectrum of TiO,NPs
(diagram c), a wide absorption band with the highest inten-
sity in the range of 274nm was observed. The absorption
spectra of the final synthesized nanocomposite (diagram d)
showed the presence of a wide low-intensity absorption peak
in the range of 270 nm and a specific low-intensity peak in
the range of 371 nm. This confirmed the interaction of the
components of the nanocomposite [24].

3.7. Thermal analysis. The thermal properties of xanthan
gum/ZnO/TiO,nanocomposite composition and its thermal
stability were evaluated by TGA and DTA analysis
(Figure 7). The behavior of thermogravimetric analysis and
differential thermal analysis of the final nanocomposite
showed the three main stages of weight loss by 44.15%.

The first stage, consisting of 11% weight loss, occurred in
the range of 25-250°C due to the moisture loss and dehy-
dration of the prepared nanocomposite. The second stage,
with a weight loss of 28%, in the temperature range of
250-550°C, is related to the thermal decomposition of the
elements of impurity components and carbon bonds in the
nanocomposite. In the last stage of weight loss, with a weight
loss of 5.15%, in the temperature range of 550-800°C, the
structural water, which is in the form of bonded hydroxyl
groups, begins to decompose and release. In addition, at this
stage, impurities with higher thermal stability were
decomposed. In the diagram obtained from the differential
thermal analysis of the final nanocomposite, exothermic
peaks were observed upwards, and endothermic peaks were
observed downwards.

4. Conclusions

By analyzing the results of experiments designed by the
Taguchi method, the antifungal activity of xanthan gum/
ZnO/TiO,nanocomposite synthesized by in situ method
against C. albicans fungal strains was evaluated. The optimal
antifungal properties of synthesized nanocomposite were
confirmed. Based on the antifungal activity results, it was
estimated that the synthesized nanocomposite under the
optimal conditions prevents fungal growth up to 95%. Due
to the antifungal properties predicted for this nanocompos-
ite, its use as an antimicrobial agent in medicine and den-
tistry can be effectively useful, and it dramatically reduces
pathogenic microbes. Identifying and synthesizing novel
and effective antimicrobial compounds can reduce the prev-
alence of many microbial diseases and prevent increased
treatment costs. It is recommended that clinical studies be
performed locally and systemically to evaluate the effective-
ness of this nanocomposite in the treatment of oral and vag-
inal candidiasis.
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Background. The present study focused on the green synthesis of silver nanoparticles (AgNPs) using the Astragalus spinosus
Forssk. aqueous extract. In addition, we evaluated the antibacterial activity of AgNPs as well as some cellular mechanisms
against Actinomyces viscosus and Streptococcus mutans as the most causative agents of tooth decay. Methods. In this study,
AgNPs were green synthesized by the precipitation method based on the reduction of silver ions (AgNO3) by A. spinosus
extract. Antibacterial effects of the green synthesized AgNPs were performed by measuring the minimum inhibitory
concentration (MIC) and minimum bactericidal concentrations (MBC) through micro broth dilution method. In addition, we
evaluated the reactive oxygen species (ROS) production, nucleic acid leakage, and protein leakage as the main antibacterial
mechanisms of the green synthesized AgNPs against A. viscosus and S. mutans. The cytotoxicity effects of AgNPs against on
human normal (NOF18 cells) and oral cancer (SCC4 cells) cell lines were also evaluated using MTT assay. Results. The green
synthesized AgNPs have a spherical shape and are relatively uniform in size in the range of 30-40 nm. The MIC values for S.
mutans and A. viscosus of the green synthesized AgNPs were 10.6 and 13.3 ug/ml, respectively, whereas the MBC values for S.
mutans and A. viscosus of the green synthesized AgNPs were 21.3 and 26.6 yg/ml. The findings exhibited that ROS production,
nucleic acid leakage, and protein leakage were increased after treatment of A. viscosus and S. mutans by the green synthesized
AgNPs. The results demonstrated that the 50% inhibitory concertation (IC,) values of AgNPs on NOF18 and SCC4 cells were
93.3 ug/ml and 41.2 pg/ml, respectively. Conclusion. Overall, the results of this study showed that A. spinosus extract has a
good ability to produce silver nanoparticles. The AgNPs produced have significant antibacterial effects against some tooth
decay bacteria. Our results also revealed that the green synthesized AgNPs are more cytotoxic against cancerous cell line than
normal cell line. Further in vivo studies are required to investigate the side effects and to evaluate the effectiveness of these bacteria.

1. Introduction humans worldwide [1]. Based on the World Health Organi-

zation (WHO) reports, the frequency of dental caries varies
Dental caries as a permanent damage in the enamel or hard  ranging from 60 to 80% in children and nearly 100% in adult
surface of the teeth is a chronic microbial disease affecting  people [2]. The oral cavity is an exceptional ecological site
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TaBLE 1: The minimum inhibitory concentration (MIC) and the
minimum bactericidal concentrations (MBC) of the green
synthesized AgNPs by A. spinosus extract on S. mutans and A.
Viscosus.

A. viscosus S. mutans
Drug MIC (ug/ MBC (ug/ MIC (ug/ MBC (ug/
ml) ml) ml) ml)
AgNPs 13.33+4.6 26.66+4.6 10.6+4.6 21.33+1.15
Chlorhexidine 10.6+4.6 21.33+1.15 8.0+0.0 16.0%0.0
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Figure 1: Ultraviolet absorption by silver nanoparticle green
synthesized from the A. spinosus extract.
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FIGURE 2: X-ray diffraction (XRD) analysis of the green synthesized
AgNPs.

for microorganisms, where most of these microorganisms
multiply on tooth surfaces and cause dental plaque (oral bio-
film) [3]. The cariogenic bacteria are among the oral micro-
biota that ferment carbohydrates and subsequently produce
acids and demineralize the tooth surfaces. Such bacteria,
including Streptococcus spp., Actinomyces spp., and Nocar-
dia spp., are well-known as the main cariogenic causes
involved in the progress of tooth caries [3, 4]. Because of
the available systemic antibiotics are not effective for treating
oral bacteria or not specific to treat oral diseases, several
antimicrobial agents such as chlorhexidine, fluoride, and
quaternary ammonium salts have been used to target oral
bacteria that cause oral diseases such as tooth decay [5].
Today, metal nanoparticles are used as attractive candi-
dates to deliver many small drug molecules or large biomol-

Journal of Nanomaterials

ecules [6]. Metal nanoparticles are widely used as important
products in nanomedicine due to their unique physical
properties [7]. Recently, studies have demonstrated that the
chemical and physical techniques used to synthesize nano-
particles are often very expensive, and the presence of toxic
and sometimes carcinogenic residues that produced these
techniques usually results in harming effects of the nanopar-
ticles [8]. Therefore, the development of reliable, nontoxic,
and cost-effective methods for the synthesis of nanoparticles
using plants (green synthesis) and microorganisms is highly
valuable. Today, the use of plants as a renewable and inex-
pensive source for the synthesis of green nanoparticles has
received much attention [9].

The existence of the secondary metabolites (e.g., poly-
phenols, alkaloids, terpenoids, quinones, and tannins) in
plants encourages ion bioremediation and synthesis of some
metal nanoparticles [10]. Among metal nanoparticles, silver
nanoparticles (AgNPs) have emerged as a powerful product
in the field of nanotechnology [11]. These nanoparticles
have received special attention over the past few years due
to their proper conductivity, chemical stability, catalytic
activity, and antimicrobial properties [12]. Astragalus plants
belonging to the Fabaceae family (with more than 3000 spe-
cies) are one of the most important plant species around the
world [13]. In traditional medicine, plants of the genus
Astragalus were used for treating diseases and illness condi-
tions such as bronchitis, cough, stomach ulcer, hypertension,
gynecological disorders, and diabetes [14]. In modern med-
icine, previous studies also demonstrated that plants of
Astragalus genus have some pharmacological properties
such as anti-inflammatory, antidiabetic, anticancer, antioxi-
dant, analgesic, and antioxidant [15].

The present study is aimed at green synthesis and charac-
terization of the AgNPs using the Astragalus spinosus Forssk.
aqueous extract. The study is also targeting the evaluation of
the antibacterial activity of the AgNPs as well as some cellular
mechanisms against Actinomyces viscosus and Streptococcus
mutans as the most common agents in tooth decay.

2. Materials and Methods

2.1. Plant Materials and Extraction. Aerial parts of A. spino-
sus were obtained from country districts of Tabuk, Saudi
Arabia, in April 2020. The collected herbs were then recog-
nized by a botanist, and a sample of voucher of the herb
was archived at the herbarium of College of Applied Medical
Sciences, Al-Quwayiyah, Shaqra University, Saudi Arabia,
for further experiments. Air dried fruits of A. spinosus
(200g) were extracted through percolation process with
water consecutively for 3 days at 21°C. In the next step, the
extracts were filtered by using filter paper (Sigma, Germany)
and lastly evaporated in vacuum at 55°C by means of a
rotary evaporator and preserved at —20°C until examining.

2.2. Green Synthesis of AgNPs. In this study, AgNPs were
green synthesized by the precipitation method based on
the reduction of silver ions (AgNO,) through A. spinosus
extract according to the method described by Sulaiman
et al. [16]. To do this, 10ml of the extract was added to
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FIGURE 3: (a) The size distribution of the green synthesized AgNPs by Astragalus spinosus extract; (b) scanning electron microscope (SEM)
and (c) transmission electron microscopy (c) of the green synthesized AgNPs displayed a spherical shape and are relatively uniform in size
in the range of 30-40 nm.
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F1GURE 4: The reactive oxygen species (ROS) production of AgNPs
on S. mutans and A. viscosus. Data are presented as Mean + SD. *
p<0.001.

90 ml of AgNO,; (1 Mm, Merck, Germany) and kept at room
temperature and in the dark overnight to reduce silver ions
and to reduce ions. The change in color of the extract from
pale yellow to dark brown to black indicates the production

of AgNO,. In order to observe the color changes on the
absorbance of the solution, a spectrophotometer in the range
of 300-700 nm was investigated. The solution containing the
nanoparticles was centrifuged at 12000 rpm for 15 minutes,
and then, the supernatant was discarded.

2.3. UV-vis Spectroscopy Analysis. Surface plasmon reso-
nance (SPR) of synthesized AgNPs was determined by using
UV-vis spectrophotometer to approve the transformation of
the Ag ions to AgNPs. Accordingly, 0.3 ml of the NPS solu-
tion was diluted with 3 ml of normal saline and was exam-
ined by UV-vis spectrum analysis employing a
spectrophotometer device (Shimadzu UV2550, Japan) in
the range of 300-700 nm.

2.4. X-Ray Diffraction (XRD) Analysis. XRD analysis was
used to investigate the presence of nanoparticles by A. spino-
sus extract. In fact, this method examines the stepwise for-
mation of biodegradable nanoparticles. The crystal
structure of the synthesized nanoparticles was investigated
by considering the Ka ray source of a copper lamp with a
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TABLE 2: Some recent studies and their research findings on the green synthesis of silver nanoparticles (AgNPs) using various plants.

Authors Years Plant name Results Ref.
MIC values for AgNPs synthesized with G. glabra extract against Streptococcus
Emrani et al 2018 Glycyrrhiza glabra and  mutans, Actinomyces viscosus, and Lactobacillus rhamnosus were 1.6, 6.25, and [29]
' Mentha piperata 50 mg/ml, and MIC for AgNPs synthesized with Mentha piperata extract against
these bacteria were determined to be 12.5, 12.5, and 200 mg/ml, respectively
Majeed etal. 2016 Salix alba These synt}_les'lzed silver nanopz'irtlcles showed a good antibacterial activity against [30]
the bacteria isolates (Lactobacillus sp., Streptococcus sp., and Staphylococcus sp.)
Suwan et al. 2018 Oryza sativa L. Antlm'lcroblal test showed that the AgNI?s obta'ur'led from green synthesis mediated [23]
by rice extracts have great antimicrobial activity against Streptococcus mutans
He,rnandez— 2017 Heterotheca inuloides AgNPs exhibited ant.lbacterlal activity against Streptococ?us.mutqns, Lactobacillus 31]
GObmora et al. casei, Staphylococcus aureus, and Escherichia coli
Tolouietabar AgNPs at the concentration of 5mM showed significant antibacterial activity
ot al 2017  Scrophularia striata against Escherichia coli, Salmonella typhi, Klebsiella pneumoniae, Staphylococcus  [32]

aureus, and Bacillus cereus

Fluorescent intensity (a.u.)
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F1GURE 5: Effects of the green synthesized AgNPs on nucleic acid
leakage from S. mutans and A. viscosus cells at 1/2 MIC, MIC,
and 2 MIC. Data are presented as Mean + SD. *p < 0.001.
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FiGure 6: Effects of the green synthesized AgNPs on protein
leakage from S. mutans and A. viscosus cells at 1/2 MIC, MIC,
and 2 MIC. Data are presented as Mean + SD. *p < 0.001.

wavelength of X beams in A=1.54A° by a XRD device
model 2000 APD (Italy).

2.5. Dynamic Light Scattering (DLS) and Electron
Microscope. The specifications of synthesized AgNPs such
as morphology (the size and shape) were studied by scan-
ning electron microscope (SEM) (Mira3, made in Czech)
with 15kV, magnification of 10x, and resolution of 1 nm as
well as transmission electron microscopy (TEM, Jeol JEM-

1220, JEOL, Japan). In this study, the particle size was deter-
mined through DLS using the Zetasizer (UK, Malvern)
device.

2.6. Antibacterial Effect of NPs

2.6.1. Bacteria. Each of the bacterial species of S. mutans
(ATCC 35668) and A. viscosus (PTCC 1202) was cultured
in Tryptic Soy Broth (TSB) Agar, Brain Heart Infusion
(BHI, Difco, USA), and Mitis Salivarius Agar (MSA) at
37°C in an atmosphere containing 5% CO,. Finally, growing
bacteria were confirmed by means of Gram staining, catalase
test, optochin, and bacitracin tests.

2.6.2. Preparation of Standard McFarland 0.5 Solution. To
prepare the standard McFarland 0.5 solution, 0.5 ml of BaCl,
(0.048mol/l) (2H,O w/v BaCly, 1/175%) was added to
99.5 ml of sulfuric acid (0.18 mol/l) (v/v 1%). The suspension
was stirred constantly, and the standard optical density was
evaluated by absorbance measurement by means of a spec-
trophotometer at an optical length of 1 cm. The absorbance
of 625 nm should be between 0.8 and 0.13 [17].

2.6.3. Preparation of 0.5 McFarland Solution of Studied
Bacteria. Some colonies of bacteria were dissolved in 1cc
of physiological serum. Turbidity of bacterial solution was
compared with the standard 0.5 McFarland solution [17].

2.6.4. Micro Broth Dilution. The minimum inhibitory con-
centration (MIC) of green synthesized AgNPs against S.
mutans and A. viscosus was evaluated by micro broth dilu-
tion method based on the Clinical and Laboratory Standards
Institute (CLSI) orders [18]. Initially, a stock of synthesized
AgNPs is prepared with normal saline solvent and sterile
Miiller-Hinton broth culture medium. Then, 50 microliters
of sterile Miiller Hinton broth culture medium was added
to the third to twelfth rows. From the stock made, 100
microliters is added to the first and second rows, and the
dilution operation is performed from the second to the tenth
rows. In this way, from the second row, 50 microliters to the
third row and from the third row 50 microliters to the fourth
row and up to the tenth row will be diluted in the same way.
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FiGure 7: The cytotoxicity effects of the green synthesized AgNPs
against human normal (NOF18 cells) and oral cancer (SCC4
cells) cell lines, which were evaluated using the colorimetric MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
assay. Mean+SD (n=3). *p<0.001 difference was statistically
significant compared with the control group (normal saline).
+p < 0.001 difference was statistically significant.

Finally, after 24 hours of culture, the desired microorganism
is added in the amount of 50 microliters equivalent to half
McFarland turbidity (1.5 x 108 cfu/ml) to two to ten rows.
The plates are placed in a shaker incubator for 24 hours at
37°C, and then, salts of 2, 3, and 5-triphenyltetrazolium
chloride are used as a visual indicator for bacterial growth.
Colorless wells are reported as MICs. The lowest concentra-
tion of the AgNPs in which no bacteria survived was consid-
ered to indicate the minimum bactericidal concentrations
(MBC) of AgNPs. Normal saline is used for negative control,
and chlorhexidine is used for positive control.

2.6.5. Analysis of the Reactive Oxygen Species (ROS)
Generation. In the present investigation, we used 2', 7'
-dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich,
Germany) to determine the level of bacterial ROS prompted
by synthesized AgNPs. In summary, S. mutans and A. visco-
sus cells were separately incubated with 10 uM of DCFH-DA
at 37°C for 30 min. Next, bacteria were separately treated
with and without the green synthesized AgNPs at the con-
centrations of 1/2 MIC, 1/3 MIC, and 1/4 MIC for 3h.
Finally, the fluorescence intensity was measured at excita-
tion/emission wavelength of 488/525nm [19].

2.7. Effects of the Green Synthesized AgNPs on Nucleic Acid
Leakage. In this study, we evaluated the effect of green syn-
thesized AgNPs on the integrity of bacterial membranes,
based on the methods described elsewhere [20]. Briefly, the
bacteria suspension was treated with the green synthesized
AgNPs at the concentrations of 1/4 MIC, 1/3 MIC, and 1/2
MIC and was incubated at 37°C for 30 min. In the next step,
Iml of the bacteria was centrifuged for 1 minute at
10,000 rpm; the obtained residual sediment was washed with
1 ml normal saline, and then, the 3 ul of propidium iodide
was added to the combination and kept for 10 minutes in
the dark. Fluorescence was measured at excitation and emis-
sion wavelengths of 544 nm and 612 nm, respectively, using

a fmax microplate spectrofluorometer (Molecular Devices,
Sunnyvale, USA). The negative and positive controls were
contained dimethyl sulfoxide (DMSO) and sodium dodecyl
sulphate (SDS, 0.1%).

2.8. Effects of the Green Synthesized AgNPs on Protein
Leakage. Here, we determined the effects of the green syn-
thesized AgNPs on protein leakage based on the method
explained by Du et al. [21]. In brief, the bacteria suspension
was treated with the green synthesized AgNPs at the concen-
trations of 1/4 MIC, 1/3 MIC, and 1/2 MIC and was incu-
bated at 37°C with shaking for 120 min. In the next step,
after centrifuging the bacteria suspensions at 4000 rpm for
240s, 0.05ml of the suspensions supernatant was mixed
with 0.95ml of Bradford reagent. Finally, the protein content
was assessed according to the Bradford’s method [22]. The
negative and positive controls were contained dimethyl sulf-
oxide (DMSO) and sodium dodecyl sulphate (SDS, 0.1%).
The absorbance was measured at 590 nm using a microplate
reader spectrophotometer (BioTek Winooski, VT, USA).

2.9. Cytotoxicity Effects. The cytotoxic effects of the green
synthesized AgNPs against human oral squamous cell carci-
noma cells (SCC4, American Type Culture Collection/
ATCC CRL-1624) and human normal oral fibroblasts
(NOF18) were evaluated using the colorimetric MTT assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) according to the method described elsewhere [23].
SCC4 and NOF cell lines were cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM) (UFC-Biotech, SA) supple-
mented with 15% (v/v) fetal bovine serum (FBS) (Thermo
Fisher, USA), penicillin (100IU/ml), and streptomycin
(100 ug/ml) (UFC-Biotech, SA). Then, SCC4 and NOF18
cells (5x 10*/ml) were treated with the green synthesized
AgNPs (10-200 pug/ml) for 48 h in microplates at 37°C with
5% CO, [24, 25].

2.10. Statistical Analysis. All statistical tests were carried out
using the SPSS software version 25.0 (SPSS, Inc.). To com-
pare the results among tested groups, we applied the
unpaired sample t-test and one-way analysis of variance
(ANOVA) and the Dunnett’s test. p <0.05 was measured
statistically significant.

3. Results and Discussion

Nanoparticles have a major impact on all aspects of human
life due to their special properties such as size, shape, and
morphology, and among them, metal nanoparticles such as
silver, gold, platinum, and palladium have many applica-
tions in various scientific fields such as medical engineering
and health [26]. The synthesis of silver nanoparticles has
long been widespread due to some of their biological proper-
ties such as anticancer, antibacterial, antioxidant, and other
effects (12). Today, the use of plants as sustainable and avail-
able sources in the production of biocompatible nanoparti-
cles has been considered by many researchers in recent
years, and the advantages of this method include biocompat-
ibility, cheapness, nontoxicity, and production of high purity
nanoparticles [27]. It has already been proven that



compounds, secondary metabolites, and biomolecules such
as carbohydrates, lipids, phenols, flavonoids, tannins, acids,
resins, and terpenes in plants play an important role in
reducing nanoparticle ions [10]. In recent decades, there
has been a growing attention of research on the efficiency
of green synthesized nanoparticles on numerous diseases,
including microbial infections [6, 7], although various labo-
ratory and experimental investigations have reported the
promising antiparasitic effects of silver nanoparticle green
synthesized using various natural resource against a wide
range of Gram-negative and Gram-positive bacteria; how-
ever, their efficacy as well as their toxicity is still debatable
and questionable (Table 1) [23, 28-32]. The present study
is aimed at green synthesis and characterization of the
AgNPs using the A. spinosus methanolic extract. In addition,
we evaluated the antibacterial activity of the AgNPs as well
as some cellular mechanisms against A. viscosus and S.
mutans as the most common agents in tooth decay.

The obtained results demonstrated that complete reduc-
tion of Ag" ions to AgNPs was performed by changing the
color of the culture medium and spectroscopy. The change
in color of the sample to dark brown is a clear sign of the
synthesis of silver nanoparticles. The presence of a peak at
413 nm by UV-vis spectroscopy confirmed the synthesis of
AgNPs (Figure 1). Since the peak formed at a wavelength
of 400 to 450 nm indicates the formation of silver nanopar-
ticles and is related to the surface plasmon resonance of sil-
ver nanoparticles, which is attributed to the induction of free
electrons in nanoparticles, Figure 2 shows the XRD analysis
of AgNP green synthesized from the A. spinosus extract. The
XRD pattern showed that peaks 111, 200, 220, and 311 at
28.135°,44.31°, 65.21°, and 78.12° corresponded to nanocrys-
tals and silver cubic structures. Nonappearance of other
peaks confirmed the purity of AgNPs used in the analysis.
The size distribution of the of the green synthesized AgNPs
was in the range among 5-60 nm, while the most common
particles of the green synthesized AgNPs had the size of
30-40nm (Figure 3(a)). As shown in Figures 3(b) and 3(c),
by TEM and SEM, the green synthesized AgNPs have a
spherical shape and are relatively uniform in size in the
range of 30-40 nm.

In order to measure the electrophoretic mobility and
charge of each nanoparticle sample, we performed the zeta
potential experiment, whereas the high zeta potential value
exhibited a high electric charge on the surface of the NPs
that indicates promising repellent forces among the parti-
cles, which inhibits aggregation and result in stabilizing the
NPs in the medium. Based on the obtained resultsXnopti-
mal conditions (pH =7.2), the value for the zeta potential
was -14.6 and width (mV) with 100% intensity and indicated
that the synthesized AgNPs are stable because of the electro-
static repulsion without adding a different physical or chem-
ical capping agent (Figure 4).

Considering the antibacterial effects of green synthesized
AgNPs, as shown in Table 1, the MIC values of green syn-
thesized AgNPs for S. mutans and A. viscosus were 10.6
and 13.3 pg/ml, respectively, whereas the MBC values for S.
mutans and A. viscosus of the green synthesized AgNPs were
21.3 and 26.6 ug/ml, respectively. Previous studies demon-
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strated the antibacterial effects of AgNPs synthesized from
a number of plants (e.g., Theobroma cacao, Pteridium aqui-
linum, Aloe vera, Mangifera indica, Azadirachta indica, Sola-
num indicum, and Ziziphus xylopyrus) against both Gram-
positive and Gram-negative bacteria such as Staphylococcus
aureus, Staphylococcus epidermidis, Basillus spp., Escherichia
coli, Salmonella typhi, Shigella flexneri, and Klebsiella pneu-
moniae [33] (Table 2).

By DCFH-DA assay, we assessed that whether antibacte-
rial effects of the green synthesized AgNPs may be related to
ROS. As shown in Figure 4, although fluorescence intensity
was increased in a dose-dependent manner, however, a sig-
nificant increase (p <0.05) was observed at the concentra-
tion of 1/3 MIC and 1/2 MIC. These findings indicated
that the green synthesized AgNPs mediated ROS production
compared with that of the control group. It has been proven
that ROS prompted by nanoparticles can cause the disrup-
tion in biomolecules and organelle structures and result in
protein oxidative carbonylation, peroxidation of lipids,
DNA/RNA rupture, and membrane structure damage,
which further result in cell death [34].

As exhibits in Figure 5, the membrane disruption of bac-
teria was observed by an increased uptake of propidium
iodide by S. mutans and A. viscosus cells treated with the
green synthesized AgNPs in a dose-dependent manner. A
significant nucleic acid leakage (p < 0.05) from bacteria cells
was observed after treatment with 1/2 MIC of AgNP when
compared to the control, whereas at concentrations of 1/3
MIC and 1/4 MIC, the green synthesized AgNPs were not
able to cause significant nucleic acid leakage from bacteria
cells in comparison with the control. Figure 6 shows the pro-
tein content after exposure of S. mutans and A. viscosus with
the green synthesized AgNPs at the concentrations of 1/2
MIC, 1/3 MIC, and 1/4 MIC. The results exhibited that the
green synthesized AgNPs displayed significant (p < 0.05)
protein leakage at 1/2 MIC. However, at concentrations of
1/3 MIC and 1/4 MIC, there was no significant protein leak-
age in comparison with the control untreated cells. In line
with our results, Rajesh et al. have demonstrated that silver
nanoparticles are able to increase the protein leakage
through the membrane of Klebsiella pneumoniae [35]. In
addition, Abbaszadegan et al. have revealed that AgNPs dis-
played its antibacterial effects against some Gram-positive
and Gram-negative bacteria through the protein leakage
from the cell [36]. Therefore, the findings of the present
study exhibited that ROS production, nucleic acid leakage,
and protein leakage are the main antibacterial mechanisms
of the green synthesized AgNPs against A. viscosus and S.
mutans.

Here, the cytotoxicity effects of the green synthesized
AgNPs against on normal (NOF18 cells) and cancer (SCC4
cells) cell lines were evaluated using MTT assay via measur-
ing their IC, values. Figure 7 shows the cytotoxicity effects
of the green synthesized AgNPs against on NOF18 and
SCC4 cell lines 48h. The results demonstrated that the
IC;, of AgNP value for NOF18 and SCC4 cells were
93.3 ug/ml and 41.2 ug/ml, respectively. Previously, Khor-
rami et al. have evaluated the cytotoxicity effects of AgNPs
synthesized from Juglans regia extract against L-929
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fibroblast normal cells and MCEF-7 cells [37]; in line with our
results, they have reported that the green synthesized AgNPs
are cytotoxic against cancerous cell line while being nontoxic
for normal cell line.

4. Conclusion

Overall, the results of this study showed that A. spinosus
extract has a good ability to produce silver nanoparticles.
The AgNPs produced have significant antibacterial effects
against some tooth decay bacteria. Our results also revealed
that the green synthesized AgNPs are more cytotoxic against
cancerous cell line than normal cell line. Further in vivo
studies are required to investigate the side effects and to eval-
uate the effectiveness of these bacteria. Therefore, this prom-
ising silver nanoparticle green synthesized using the A.
spinosus Forssk. aqueous extract can be used in antimicro-
bial mouthwashes, prophylactic antibiotics, dental implants,
and toothbrushing techniques after final approvals.
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