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Biosynthesis of zinc oxide
nanoparticles by cell-biomass

and supernatant of Lactobacillus
plantarum TA4 and its antibacterial
and biocompatibility properties
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This study aims to utilize the cell-biomass (CB) and supernatant (CFS) of zinc-tolerant Lactobacillus
plantarum TA4 as a prospective nanofactory to synthesize ZnO NPs. The surface plasmon resonance
for the biosynthesized ZnO NPs-CFS and ZnO NPs-CB was 349 nm and 351 nm, respectively, thereby
confirming the formation of ZnO NPs. The FTIR analysis revealed the presence of proteins, carboxyl,
and hydroxyl groups on the surfaces of both the biosynthesized ZnO NPs that act as reducing and
stabilizing agents. The DLS analysis revealed that the poly-dispersity indexes was less than 0.4 for
both ZnO NPs. In addition, the HR-TEM micrographs of the biosynthesized ZnO NPs revealed a flower-
like pattern for ZnO NPs-CFS and an irregular shape for ZnO NPs-CB with particles size of 291.1 and
191.8 nm, respectively. In this study, the biosynthesized ZnO NPs exhibited antibacterial activity
against pathogenic bacteria in a concentration-dependent manner and showed biocompatibility with
the Vero cell line at specific concentrations. Overall, CFS and CB of L. plantarum TA4 can potentially be
used as a nanofactory for the biological synthesis of ZnO NPs.

Zinc oxide nanoparticles (ZnO NPs) possess unique characteristics that include chemical, physical, optical, and
biological properties. These nanoparticles (NPs) have been widely applied in many industries such as environ-
mental, catalyst, optical, agriculture, and biomedical’?. ZnO NPs are mainly used as antimicrobial agents in
wound dressings, textiles, and food packaging®*. Thus, the efficacy of ZnO NPs in in vitro antimicrobial activity
has been tested on a wide range of pathogenic microorganisms®*. In general, the antimicrobial activity of ZnO
NPs depends on their size and shape. The high surface to volume ratio of ZnO NPs increases their reactivity,
which then amplifies their antimicrobial effects®. This is also attributed to the differences in properties between
ZnO NPs and their bulkier counterparts. Currently, researchers are focusing on the development of NPs as an
alternative to antibiotics due to the increase in multidrug-resistant bacteria. On the other hand, ZnO NPs are
also used as a feed supplement in animal diet’"!!. Zinc is an essential trace element that plays a very important
role in the body’s biological function'?. Moreover, zinc in the form of NPs will increase its absorption and bio-
availability in the body.

Although ZnO NPs have many advantageous applications, they also present toxic effects on human and
animal cells. Several in vitro studies have demonstrated the potential toxic effects of ZnO NPs on various cell
lines'>™. These cytotoxic effects include the induction of oxidative stress and cellular damage'® associated with
the release of free Zn?* ions from ZnO NPs, which subsequently cause cell damage. Nevertheless, the report of
ZnO NPs’ cytotoxicity effects on cell lines is inconsistent. Previous studies have suggested that the cytotoxicity
effects of NPs are influenced by their size, shape, and dosage12'16'l7. Moreover, the method used for the synthesis
process has been reported to contribute to the toxicity effects of NPs due to the chemical reaction conditions
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in the chemical method that can potentially limit NPs’ biological applications'®. Therefore, the development of
ZnO NPs with high activity and low toxicity is needed.

Conventionally, high purity ZnO NPs can be effectively produced on a large scale through chemical and
physical methods. Despite the advantages of these methods, there are major drawbacks concerning their high
production cost and environmental impact due to the use of harsh chemicals in the synthesis processes that
generate hazardous wastes and contribute to the innate toxicity of NPs. Consequently, the interest in developing
a more environmentally benign, biocompatible, simple, and inexpensive synthesis method of ZnO NPs has been
increasing. For example, the use of microorganisms such as bacteria, fungi, and yeast to synthesize ZnO NPs is
considered a great alternative to conventional chemical and physical synthesis methods?. Biological synthesis
of NPs using microorganisms seems to be a more environmentally sustainable NPs production and has drawn
much interest compared to plants because microorganisms are easily cultured without seasonal and geographical
area restrictions. Moreover, using bacteria for the biosynthesis of ZnO NPs has significant advantages due to the
production of functional biomolecules in the supernatant, which can reduce the metal ions into metal NPs!>!°.
In addition, the cell biomass of bacteria could act as a nanofactory in ZnO NPs’ production due to the presence
of a functional group on the bacterial cell that reduces the metal ions into metal NPs>*21,

Among the bacteria used for ZnO NPs synthesis, probiotic lactic acid bacteria (LAB) has received great
interest due to its non-pathogenic and beneficial properties. LAB is a Gram-positive bacteria with a thick cell
wall consisting of numerous biostructures and functional groups®. These functional groups act as a ligand for
the metal ions to facilitate the formation of ZnO NPs. Furthermore, LAB secretes various enzymes that act as a
reducing and stabilizing agent for ZnO NPs. Hence, several studies have been conducted to determine the efficacy
of probiotic LAB in mediating the biosynthesis of ZnO NPs using either cell-biomass or cell-free supernatant®=2*.
Nonetheless, to date, the ability to use both routes to mediate the biosynthesis of ZnO NPs remains unexplored.

In our previous study, a zinc-tolerant probiotic, Lactobacillus plantarum TA4, which demonstrated its ability in
simultaneously resisting high zinc concentration and producing ZnO NPs, has been successfully isolated®. Thus,
this present study aimed to use cell-biomass (CB) and cell-free supernatant (CFS) derived from L. plantarum
TA4 as a reducing agent in the biosynthesis of ZnO NPs. UV-Vis spectroscopy, high resolution-transmission
electron microscopy (HR-TEM), dynamic light scattering (DLS), and Fourier-transform infrared spectroscopy
(FTIR) were used to demonstrate and compare the characteristics of the biosynthesized ZnO NPs. Besides, the
antimicrobial activity against Gram-positive and Gram-negative pathogens was determined. Lastly, the bio-
compatibility of the biosynthesized ZnO NPs, in relation to cytotoxicity in Vero cell line, was also investigated.

Materials and methods
Bacterial strain and chemicals. The metal oxide precursor, zinc nitrate, Zn(NO,),-6H,0, was purchased
from Oxoid. The microorganism, L. plantarum TA4, which was isolated previously from tapai pulut (a local

fermented food)?*, was used to synthesize ZnO NPs and was routinely cultivated in De Man, Rogosa and Sharpe
(MRS) broth.

Biosynthesis of ZnO NPs by L. plantarumTA4.  For the biosynthesis study, L. plantarum TA4 was inoc-
ulated in a 250 Erlenmeyer flask containing 100 mL MRS broth and incubated at 37 °C for 24 h with 150 rpm
agitation. Upon the completion of incubation, the culture was centrifuged at 2800xg for 10 min, and both cell
biomass (CB) and cell-free supernatant (CFES) were collected for subsequent study. Briefly, for the CB route, the
biomass was washed three times with phosphate-buffered saline (PBS) before suspended into 50 mL of steri-
lized deionized water containing 500 mM of Zn®* concentration. The suspension was then incubated for 24 h
at 37 °C with 150 rpm agitation to initiate the biosynthesis process. Subsequently, the biomass was collected by
centrifugation, and the biosynthesized ZnO NPs were acquired by ultrasonic disruption at 30 °C for 30 min.
The biosynthesized ZnO NPs were obtained by high-speed centrifugation (18,000xg for 30 min), and the col-
lected ZnO NPs were dried at 100 °C. Meanwhile, for the CFS route, the supernatant was used in the process of
ZnO NPs synthesis. Briefly, 100 mL of CFS was added to 100 mL deionized water containing 100 mM of Zn**
concentration and then incubated at room temperature overnight with 150 rpm agitation. The appearance of the
faded white solution indicated the formation of ZnO NPs. Consequently, the ZnO NPs were collected by cen-
trifugation (18,000xg for 10 min) and washed with distilled water and followed by ethanol to remove remaining
Zn** during the reaction mixture before subjected to centrifugation. The collected ZnO NPs were then dried at
100 °C.

Production of extracellular protein. The Bradford assay study was conducted to examine the possible
role of extracellular protein produced by CB and its presence in CFS regarding the formation of ZnO NPs.
Briefly, L. plantarum TA4 was grown overnight in the MRS medium at 37 °C with 150 rpm agitation. Following
incubation, the culture medium was centrifuged at 2800xg for 10 min to collect the CB and CFS. The CB was
suspended in phosphate buffer saline (PBS) and incubated overnight and centrifuged to obtain the suspension
containing protein. The extracellular protein of CB suspension and CFS were determined using the Bradford
protein assay (Bio-Rad Laboratories Ltd., UK), according to Liang et al.?®. Bovine serum albumin was used as the
standard. The experiments were conducted in triplicates, and the standard deviation was calculated.

Characterization of biosynthesized ZnO NPs. To validate the formation of ZnO NPs, the UV-Vis
spectroscopy analysis was carried out using Uviline 9400 (Secomam, France) at the wavelength range of 300-
700 nm operated at a resolution of 1 nm, and distilled water was used as the blank. Subsequently, the possible
biomolecules present in the CB, CFS as well as in the obtained ZnO NPs that were responsible in the reduction,
capping or stabilization of NPs processes, were analyzed by FTIR in the range of 400-4000 cm™! at a resolution
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of 4 cm™ using Nicolet 6700 (Thermo Scientific, US). Briefly, the dry biomass and cell-free supernatant of strain
TA4 were collected before the analysis. The obtained dried powder form of biosynthesized ZnO NPs-CFS and
ZnO NPs-CB were also analyzed. The hydrodynamic diameter and polydispersity index (PDI) of biosynthe-
sized ZnO NPs in a colloidal form were measured by dynamic light scattering (DLS) using a Nano S (Malvern
Instruments, UK). The NPs were dispersed in deionized water. All values were generated and obtained using the
software equipped with the instrument. The particle size measurement obtained by DLS was used to compare
the size of those obtained from transmission electron microscopy (TEM). High-resolution transmission electron
microscopy (HR-TEM) was carried out to characterize the morphology and size of the biosynthesized ZnO
NPs. Briefly, the ZnO NPs powder was suspended in ethanol, and a drop of ZnO NPs solution was placed on a
copper grid and air-dried. Images were viewed using JEM-2100F (JEOL, Japan). The particles size distribution
of biosynthesized ZnO NPs were analyzed using Image] software (National Institute of Health, US) with at least
100 particles was measured to obtain the average size.

Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analysis of L. plan-
tarum TA4% cell biomass exposed to Zn?*.  To determine the formation of ZnO NPs on the cell biomass
of L. plantarum TA4 exposed to Zn**, scanning electron microscopy (SEM) equipped with EDX analysis was car-
ried out. Briefly, the cell biomass of L. plantarum TA4 was added to the Zn** aqueous solution at a concentration
of 500 mM and incubated for 24 h at 37 °C. After the incubation, the biomass was collected by centrifugation at
2800xg for 10 min and were subjected to sample processing for SEM. The SEM observation was performed using
JSM-6400 (JEOL, Japan), and the elemental analysis of biomass was conducted using the EDX spectrometer
equipped with SEM.

Evaluation of in vitro antimicrobial activity of biosynthesized ZnO NPs. Antimicrobial activity
was measured using the agar well diffusion method against Gram-negative (Escherichia coli and Salmonella sp.)
and Gram-positive (Staphylococcus aureus and Staphylococcus epidermidis) pathogen. Briefly, microbial strains
were cultured until the turbidity of 0.5 of McFarland standard was achieved. Using a sterilized cotton bud, the
cultures were swabbed evenly on the nutrient agar plate. Next, the wells were made using a sterile cork-borer
with a diameter of 6 mm. About 100 pL of biosynthesized ZnO NPs with a series of concentrations (1000, 2000,
3000, 4000, and 5000 pg/mL) were pipetted into each well and incubated at 37 °C for 24 h. Following incuba-
tion, the diameter (mm) of the inhibition zone was measured and recorded. The experiments were carried out
in triplicates.

Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of biosynthesized ZnO NPs. The stock solution (10,000 pug/mL) of ZnO NPs were pre-
pared in dH,O and sonicated to obtain a homogenous solution. The stock was diluted to obtain a various range
of concentrations (10,000-250 ug/mL). The MIC was determined according to the method of Rajeswaran et al.”’
with some modifications. Briefly, about 0.5 mL of ZnO NPs of each concentration was added to 2 mL of nutri-
ent broth and inoculated with 0.5 mL of bacterial culture in all test tubes. The uninoculated nutrient broth was
used as the control, and all the test tubes were incubated for 24 h at 37 °C. After the incubation time, the optical
density (OD) was measured at 600 nm in the UV-Vis spectrometer. The concentration of ZnO NPs at which no
increase in OD observed was considered as the MIC. Later, the MBC assay was determined by re-culturing each
sample from the MIC broth onto nutrient agar plates, and the concentration that showed no growth of bacterial
strains was considered as the MBC. All experiments were performed in triplicates.

Biocompatibility assay. The cell viability study was conducted using in vitro MTT (3-[4, 5-Dimethyl
thiazol-2-yl]-2, 5-diphenyltetrazolium bromide) assay on Vero cell line (kidney of African green monkey) to
determine the biocompatibility of the ZnO NPs. The Vero cell line was obtained from the UPM-MAKNA Cancer
Research Laboratory (CanRes), Bioscience Institute, Universiti Putra Malaysia, Malaysia. In brief, cell culture
with a concentration of 2x10* cells/mL was prepared and plated (100 pL/well) onto 96-well plates. The cell
cultures were then treated with various concentrations of biosynthesized ZnO NPs-CFS and ZnO NPs-CB (15.6,
31.3, 62.5, 125, 250, 500, and 1000 pug/mL) and incubated for 24 h. At the end of the incubation time, MTT
reagent was added to the wells and incubated for another 3 h at 37 °C. Further, the observed purple formazone
crystals were dissolved with 100 pL of dimethyl sulfoxide (DMSO). The color intensity was measured at 570 nm
using an enzyme-linked immunosorbent assay (ELISA) reader. The experiments were performed in triplicates,
and the graphs were plotted with the percentage of cell viability against their respective concentrations. The
percentage of cell viability was calculated as follows:

OD of treated samples

x 100.
OD of untreated sample

% cell viability =

Results and discussion

Biosynthesis of ZnO NPs and UV-Vis spectroscopy profile of biosynthesized ZnO NPs. In
recent years, the exploitation of microorganisms in the synthesis of NPs has received considerable attention as
an alternative to the chemical and physical methods. The utilization of biological substances from the microor-
ganism leads to the elimination of expensive and harsh chemicals. The synthesis process of NPs can be achieved
using extracellular or intracellular biological compounds from microorganisms. In this study, the aqueous Zn**
was reduced to ZnO NPs when added to CB and CFS derived from L. plantarum TA4. The preliminary confir-
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Figure 1. (A) Reduction of Zn?* to ZnO NPs by (i) cell-free supernatant and (ii) cell biomass of L. plantarum
TA4. The collected ZnO NPs were washed repeatedly with distilled water and followed by ethanol and then
dried at 100 °C overnight to obtain a white powder. (B) UV-Vis spectrum of (a) ZnO NPs-CFS and (b) ZnO
NPs-CB. The inset image shows visual observation of both biosynthesized ZnO NPs dispersed in deionized
water. The images in (A, B) were taken by H.M.Y and compiled in Adobe photoshop (version CS6).

mation for the formation of ZnO NPs-CFS was determined by visual observation of the reaction mixture of CFS
and Zn*". This is indicated by the appearance of white precipitates deposited at the bottom of flasks (Fig. 1a).
Meanwhile, the CB-mediated synthesis was also screened by the observation of color changes in the reaction
suspension. Prior to incubation, the color of CB in distilled water was whitish clear, and after the addition of
Zn?*, the color of the reaction was whitish cloudy, implying the reduction of Zn?* to ZnO NPs (Fig. 1a).

The reduction of Zn** to ZnO NPs was proposed to occur by the action of biological compounds secreted
into the supernatant by the bacteria and also functional group present on the bacterial cell. Markus et al.?®
demonstrated the involvement of protein and functional groups (carboxylate) on L. kimchicus DCY51, which is
responsible for the reduction of gold nanoparticles. Meanwhile, Kato et al.”® identified Lacto-N-triose and lactic
acid in the supernatant of L. casei as the reducing agent for gold nanoparticle synthesis. The current results in this
study suggested that the reducing effect of proteins present in CFS and CB suspension, with the concentrations
0f 2.79£0.11 mg/mL and 1.94+0.20 mg/mL, respectively, were involved in the synthesis process of ZnO NPs.
Similarly, Li et al.** demonstrated the biosynthesis of gold nanoparticles using protein extract from Deinococcus
radiodurans. They suggested that functional groups such as -NH,, O-H, and -COOH derived from protein act
as binding sites to facilitate the gold reduction process.

After the recovery of ZnO NPs from the CFS and CB route, the obtained white powder was dispersed in
dH,0 for subsequent analysis. The reduction of Zn?* to ZnO NPs was monitored by UV-Vis spectroscopy of
the colloidal solution in the range of 300-700 nm. The UV-Vis spectrum of ZnO NPs-CFS and ZnO NPs-CB
sample (Fig. 1b) showed a profound peak at 349 and 351 nm, respectively, which is the typical characteristic of
ZnO NPs and confirmed the formation of ZnO NPs. Likewise, prior studies of ZnO NPs’ biosynthesis employing
microorganisms reported the same range of absorption peaks®"*2.

FTIR analysis. The bioactive molecules composition of CFS and CB and their distribution on the resulting
ZnO NPs were examined using FTIR spectroscopy. Figure 2 illustrates the FTIR absorption spectra. A broad
absorption peak found at 3282.2 and 3273.8 cm™ for ZnO NPs-CFS and ZnO NPs-CB, respectively, denote the
presence of the hydroxyl functional group (O-H band). This O-H group originated from protein and carbo-
hydrates present in CB and CFS of L. plantarum TA4, as shown in the graph, which is therefore responsible for
the reduction and ZnO NPs synthesis. Similarly, Jalal et al.** have reported the detection of the O-H functional
group derived from carbohydrates present in the supernatant of Candida glabrata, which is responsible for the
synthesis process of silver NPs. Next, the absorption peaks at 1577.08 and 1525.73 cm™ for ZnO NPs-CFS and
ZnO NPs-CB, respectively, correspond to amide II band (C-N stretching and N-H deformation), while the
absorption peak at 1638.11 cm for ZnO NPs-CB correspond to amide I (C=0 stretching)**. These absorption
peaks provide evidence which indicates that the biosynthesized ZnO NPs have stabilized with proteins secreted
in the CB and CFS solutions. Several studies have reported that proteins are responsible for stabilizing ZnO NPs
by preventing their agglomeration®-*". For example, Raliya and Tarafdar®® have demonstrated the synthesis of
ZnO NPs using fungi, which secretes a protein that acts as a capping agent to prevent aggregation, thus, stabiliz-
ing NPs. On the other hand, the peaks at 1035.04 and 1033.80 cm™! for ZnO NPs-CFS and ZnO NPs-CB, respec-
tively, are associated with carbohydrate C-O-C ether bond of polysaccharides®. Furthermore, the presence of
peaks at 455.29 cm™ for ZnO NPs-CFS and 545.80 and 513.18 cm™ for ZnO NPs-CB represents the band of zinc
oxide core***, which confirms the nature of ZnO NPs in the samples. Meanwhile, these peaks were not observed
in CB and CFS samples. Nevertheless, other studies have demonstrated various FTIR spectra bands of ZnO at
positions of 416.14%, 503.00%, and 618.00 cm™ *. In short, the obtained data have led to the conclusion that
bioactive molecules (hydroxyl, amine and carboxyl from proteins) in CB and CFS were involved in the reduction
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Figure 2. FTIR spectra of cell biomass (CB) and cell-free supernatant (CFS) of L. plantarum TA4 and the
biosynthesized ZnO NPs.
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Figure 3. Particles size distribution of biosynthesized ZnO NPs. (A) ZnO NPs-CFS and (B) ZnO NPs-CB. The
measurements were carried out in triplicate and the Z-average value obtained was generated by the software
equipped with the DLS instrument.

and stabilization of ZnO NPs. This was inferred based on the attachment of these bioactive molecules on the
resulting ZnO NPs as recorded in the FTIR spectra.

Characterization of biosynthesized ZnO NPs. Particle size distribution using DLS. The hydrody-
namic size of biosynthesized ZnO NPs was characterized using the DLS technique (Fig. 3). The Z-average size
of ZnO NPs-CFS was 292.6 +83.2 nm with an average PDI of 0.045 (Fig. 3a), while the Z-average size for ZnO
NPs-CB was 327.4 +634.8 nm with a PDI of 0.388 (Fig. 3b). The DLS graph analysis of ZnO NPs-CFS revealed
the presence of high, mono-dispersed NPs in the suspension that corresponded to their PDI value. In contrast,
the biosynthesized ZnO NPs-CB showed various size distribution peaks, thus indicating their nature of non-uni-
formity in size. It should be noted that the PDI value obtained for ZnO NPs-CB was higher compared to the PDI
value of ZnO NPs-CFS. A similar observation was reported by Markus et al.?%, in which the gold nanoparticles
synthesized using probiotic L. kimchicus DCY51 were observed to be entirely poly-dispersed with sizes varying
from 40 to 300 nm. Nevertheless, the hydrodynamic size of both the biosynthesized ZnO NPs consisted of a large
diameter due to the measurements taken from the metal core to the biological compound that was attached to
the particle surface?, thus reflecting their bigger sizes.

HR-TEM analysis. The morphological shapes and sizes of the biosynthesized ZnO NPs were analyzed using
HR-TEM. The HR-TEM micrographs (Fig. 4) revealed a flower pattern for ZnO NPs-CFS, with diverse sizes
ranging from 152.8 to 613.5 nm and an average size of 291.1+98.1 nm (Fig. 5a). The nanoflower-like ZnO NPs-
CFS displayed multiple, structurally arranged petals with petal size dimensions of 83.3+31.9 nm (width) and
153.8+38.2 nm (length). The nanoflower-shaped ZnO NPs were also previously reported by Tripathi et al.*,
in which an average size of 600 nm was obtained for the biosynthesized NPs using the cell biomass of Bacil-
lus licheniformis. The authors also indicated that the nanoflower-shaped NPs produced in their study was as a
result of the rod-like structures that agglomerated and formed a nanoflower shape. It is evident that the shape
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Figure 4. HR-TEM micrographs of biosynthesized ZnO NPs-CFS with nanoflower-shaped.
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Figure 5. Size distribution of particles in HR-TEM micrographs of (A) ZnO NPs-CFS and (B) ZnO NPs-CB.
The size distribution histogram of ZnO NPs was generated from a hundred particles (N=100) for average size
determinations.

of biosynthesized NPs can be tailored by changing the reaction conditions. It was previously reported that the
flower-shaped NPs could have been produced using zinc nitrate as a precursor*, similar to the observation in
this study. Likewise, Fakhari et al.** reported that the biosynthesis of ZnO NPs using zinc acetate as a precursor
produced spherical NPs, while the use of zinc nitrate resulted in nanoflower-shaped NPs.

In contrast, the HR-TEM micrographs of ZnO NPs-CB revealed irregular-shaped NPs with a distribution
of agglomerates (Fig. 6a). Moreover, FIG. 6A shows that the biosynthesized ZnO NPs were predominantly
spherical, hexagonal, and oval-shaped particles, with sizes ranging from 49.2 to 369.5 nm and an average size
0f 191.8 £69.1 nm (Fig. 5b). The HR-TEM results obtained were based on the DLS analysis results that revealed
the presence of poly-dispersed NPs with a variety of particle sizes (Fig. 3b), thus indicating the non-uniformity
nature of NPs. Moreover, the hydrodynamic size of ZnO NPs-CB obtained using DLS was more significant than
the TEM analysis due to the aggregation of NPs, as shown in the HR-TEM micrographs (Fig. 6a).
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Figure 6. A HR-TEM micrograph of biosynthesized ZnO NPs-CB with various shapes. B SEM micrograph of
L. plantarum TA4 exposed to Zn**. C EDX spectra of L. plantarum TA4 exposed to Zn?*.

Likewise, the SEM micrograph of L. plantarum TA4’s cells after exposure to Zn** showed the presence of
particles on the cell membrane (Fig. 6b). The formation of ZnO NPs on the bacterial cell membrane was further
confirmed using the EDX analysis that revealed the presence of a zinc elemental composition peak (Fig. 6¢), thus
indicating the successful biosynthesis of ZnO NPs. The formation of ZnO NPs using CB was identified outside the
cell, notably, on the surface of the cell membrane. Similarly, Moreno-Martin et al.?’ reported that the formation
of selenium nanoparticles was observed outside the cells of several LAB strains used in their study. It has been
reported that the formation of NPs using bacterial biomass is highly dependent on the presence of functional
groups on their cell surface?®***. Hence, the FTIR results obtained in this study substantiated the involvement
of several functional groups present on L. plantarum TA4 in the synthesis process of ZnO NPs-CB. Similarly,
Krol et al.* also demonstrated the involvement of protein and carboxyl groups on the L. paracasei strain in the
synthesis process of ZnO NPs.

In this study, the ZnO NPs sizes obtained from CFS and CB derived from L. plantarum TA4 were typically
larger than other reported studies. The synthesis of selenium nanoparticles employing L. acidophilus, L. bulga-
ricus, and L. reuteri produced various particle size distributions of 176 + 13 nm, 160 + 24 nm, and 130+23 nm,
respectively®, thus indicating that the particles size distribution is dependent on the Lactobacillus species. Over-
all, the use of CFS and CB derived from L. plantarum TA4 resulted in the synthesis of different sizes and shapes
of ZnO NPs. Figure 7 shows the schematic representation of ZnO NPs biosynthesis using CFS and CB. The CFS
route produced flower-shaped ZnO NPs and this effect may be due to the presence of various biological com-
pounds secreted in the medium such as enzymes, proteins, and organic compounds**** that act as reducing agents
associated with the complex pathways involving electron transfer*. On the other hand, the CB route produced
irregular-shaped NPs and this effect may be due to the interactions between Zn** and the functional groups
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Figure 7. Schematic representation of biosynthesis of ZnO NPs employing cell-free supernatant (CFS) and
cell biomass (CB) derived from L. plantarum TA4. Schematic drawings were prepared by H.M.Y using Adobe
photoshop (version CS6).

present on the bacterial cell? that provide a binding site for Zn** and the biosynthesis of ZnO NPs. Nevertheless,
the actual biosynthetic mechanisms using both routes for the biosynthesis of ZnO NPs from L. plantarum TA4
require further investigation.

Antibacterial activity of biosynthesized ZnO NPs. The in vitro antibacterial efficacy of ZnO NPs has been
tested in a broad spectrum of pathogenic bacteria, including Pseudomonas aeruginosa®, Bacillus subtilis*®, and
Helicobacter pylori®'. Due to their significant antibacterial ability, ZnO NPs has been exploited in various indus-
tries, including the food industry, particularly as a feed additive and antimicrobial agent for food packaging®. In
this study, the antibacterial activity of biosynthesized ZnO NPs-CFS and ZnO NPs-CB against Gram-negative
(E. coli and Salmonella sp.) and Gram-positive (S. aureus and S. epidermidis) bacteria were carried out using
agar well diffusion method (Fig. 8a). The average value of the inhibitory zone at different concentrations of ZnO
NPs against the tested pathogens is presented in Fig. 8b. The biosynthesized ZnO NPs demonstrated antibacte-
rial efficacy with varying degrees of activity. Briefly, a notable increase of inhibitory effect was observed with
the increase of its concentration in both biosynthesized ZnO NPs, which was also observed in another study®.

Table 1 presents the MIC and MBC value of biosynthesized ZnO NPs. The results revealed that the ZnO
NPs-CFS inhibits bacterial growth at ZnO NPs concentrations of 2500, 2500, 1250, and 1250 pg/mL for E. coli,
Salmonella sp., S. aureus, and S. epidermidis, respectively. Whereas, the ZnO NPs-CB inhibits bacterial growth
at 625, 1250, 312.5, and 1250 pg/mL for E. coli, Salmonella sp., S. aureus, and S. epidermidis, respectively. Mean-
while, the bactericidal effects of both ZnO NPs against the same tested pathogens were 8000, 4000, 2500, and
2500 pug/mL and 8000, 8000, 2500, and 2500 pg/mL for ZnO NPs-CFS and ZnO NPs-CB, respectively. Based on
the results, it was found that the biosynthesized ZnO NPs were more effective against Gram-positive bacteria
compared to Gram-negative bacteria. This was due to the different cell wall structures of the bacteria, where
Gram-negative bacteria have a thick outer cell membrane layer that makes them resistant to ZnO NPs compared
to Gram-positive bacteria®. Moreover, it was also suggested that the presence of lipopolysaccharide on the cell
wall of Gram-negative bacteria exerted strong aversion towards the NPs, making them resistant to NPs*. A
similar trend was observed in the study by Umar et al.*’, where the antibacterial activity of biosynthesized ZnO
NPs was reported to be more effective on S. aureus than on E. coli.

The antibacterial mechanisms of ZnO NPs are not fully understood, but studies suggested that the anti-
bacterial actions were initiated by the physical contact between bacteria and metal NPs. Several mechanisms
have been proposed for the antibacterial activity of ZnO NPs*?, and the most suggested mechanisms are due
to the formation of reactive oxygen species (ROS) and the release of Zn**, which resulted in cell damage of the
bacteria and cell death’. Besides, the cation properties of ZnO NPs enable them to attach to the negatively-
charged bacterial cell surface through electrostatic interaction and subsequently damages the bacterial surface'.
However, this action is ultimately dependent on the size of the NPs. The smaller NPs have a greater surface area
and exhibit higher reactivity; thus, increasing their antibacterial efficacy compared to the larger NPs®. Khatami
et al.>! reported that the biosynthesized ZnO NPs with a size of 2.8 nm demonstrated higher inhibitory activity
with lower MIC value at 2.0 pg/mL against S. aureus and E. coli. Also, Abu Hanif et al.*> demonstrated that the
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Figure 8. (A) The antibacterial effects of biosynthesized ZnO NPs evaluated by using agar well diffusion
method against E. coli, Salmonella sp., S. aureus, and S. epidermidis. (B) Antibacterial activity of biosynthesized
ZnO NPs-CFS and ZnO NPs-CB at different concentrations. The data presented as the means + SD of three
replicates.

NPs Pathogen strains | MIC (ug/mL) | MBC (ug/mL)
E. coli 2500 8000
Salmonella sp. 2500 4000
ZnO NPs-CFS
S. aureus 1250 2500
S. epidermidis 1250 2500
E. coli 625 8000
Salmonella sp. 1250 8000
ZnO NPs-CB
S. aureus 312.5 2500
S. epidermidis 1250 2500

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
biosynthesized ZnO NPs against Gram-positive and Gram-negative pathogens.

synthesized ZnO NPs inhibits the growth of E. coli at a comparatively lower concentration of 50 pg/mL, and
they suggested that the antibacterial activity of ZnO NPs is size-dependent. Contradictory to our findings, the
biosynthesized ZnO NPs produced in this present study were significant compared to other studies, which
resulted in bigger values for MIC and MBC.

Biocompatibility of biosynthesized ZnO NPs. ZnO NPs are a multifunctional element that is widely used in
many applications, such as feed supplements in the animal industry'>**. However, its biocompatibility with bio-
logical organisms is a major concern. ZnO NPs have been reported to exert cytotoxic effects on various cell
lines!'”*%7. Nevertheless, the cytotoxic effects are highly dependent on many parameters, including the charac-
teristics of NPs (shape and size), synthesis methods, and the type of cell line used***. Consequently, most of the
studies have focused on reducing their toxic effects and improving its functionality. In this study, the MTT assay
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Figure 9. Cell viability (%) of Vero cells treated with the indicated amount of ZnO NPs and measured after 24 h
of the exposure period.
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Figure 10. Schematic representation of the cytotoxic action of nanoflower-shaped ZnO NPs. The direct
interaction between cell and ZnO NPs damages the cell membrane integrity, resulting in the cell rupture

and leakage of intracellular contents. Eventually, the ZnO NPs penetrates the cell and damages the cellular
components by inducing the reactive oxygen species (ROS) resulting in cells death. Schematic drawings were
prepared by H.M.Y using Adobe photoshop (version CS6).

was utilized to investigate the cytotoxic effects of the biosynthesized ZnO NPs-CFS and ZnO NPs-CB on the
Vero cell line. Based on the results in Fig. 9, ZnO NPs-CFS and ZnO NPs-CB exhibited cytotoxic effects against
the Vero cell line in a dose-dependent manner. The cell viability decreased significantly at the concentrations of
62.5, 125, 250, 500, and 1000 pug/mL (46.17%, 41.45%, 37.90%, 36.79%, and 29.94%, respectively) when treated
with ZnO NPs-CFS. A similar pattern was observed for ZnO NPs-CB, whereby the cell viability decreased sig-
nificantly at the concentrations of 125, 250, 500, and 1000 pg/mL (41.99%, 28.34%, 24.94%, and 21.36%, respec-
tively). The cytotoxicity was recorded as the NPs concentration that causes 50% growth inhibition (ICs,) of the
cell line. The ICy, value of ZnO NPs-CFS and ZnO NPs-CB on Vero cells after 24 h exposure occurs at 55.0 and
100.0 pg/mL, respectively. A distinct cytotoxic effect was exhibited by the ZnO NPs-CFS, which might be due
to the nanoflower-shape of the NPs. It has been reported that the cytotoxicity of NPs is affected by its shape®>—®
besides the size and surface charge. The sharp nanostructures of the flower-shaped NPs exhibited a strong ability
to damage the cell membrane, which subsequently causes cell death. Figure 10 presents the possible cytotoxic-
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ity mechanisms of the nanoflower-shaped NPs on cell. Paino et al.* reported that the nanoflower-shaped of
ZnO NPs demonstrated a pronounced toxic effect on HeLa cancer cells at a lower concentration of 10.0 pg/mL.
Likewise, the flower-shaped biosynthesized ZnO NPs showed cytotoxic effects towards cancerous human lung
alveolar epithelial cell line A549 and human lung alveolar epithelial cell line MRC-5 cell line at the concentra-
tions of 50 and 100 ug/mL, respectively*. Therefore, our results suggested that the cytotoxicity of NPs was
shape-dependent, following other studies®>*****°, Besides, the main cytotoxicity mechanisms of the metal NPs
were thought to be associated with oxidative stress-mediated DNA damage and lipid peroxidation that causes
cell apoptosis® and the release of Zn?*¢!.

On the other hand, higher cell viability was observed for both the biosynthesized ZnO NPs at concentra-
tions ranging from 15.63 to 62.5 pg/mL; thus, indicating their biocompatibility characteristics. These findings
were consistent with the results by Ebadi et al.**, whereby the biosynthesized ZnO NPs using the cell extract of
cyanobacterium Nostoc sp. EA03 showed a lesser cytotoxic effect on the proliferation of A549 and MRC-5 cell
lines at lower concentrations (10, 25, and 50 pg/mL). In contrast, Abbasi et al.> showed that the biosynthesized
ZnO NPs displayed a maximum cytotoxic effect on hepatocellular carcinoma (HepG2) human cells at a lower
concentration of 100 pg/mL. Nevertheless, our results revealed that the ICs, value was more than 50 pg/mL
compared to those chemically synthesized ZnO NPs**%*%; hence, considered as biocompatible to the cell line.

The low cytotoxic effects of biosynthesized ZnO NPs have been previously reported®'. Markus et al.?® dem-
onstrated a lower cytotoxic activity of LAB-mediated synthesis of gold nanoparticles on murine macrophage
(RAW264.7) and human colon cancer cell lines (HT29) after 72 h of treatment. The authors suggested that the
lower cytotoxic effects were associated with the biomolecules from L. kimchicus DCY51 that coated the NPs;
thus, reducing their toxic effects. Moreover, Darvishi et al.® compared the cytotoxic effects between the green
(walnut extract) and chemically synthesized ZnO NPs on human skin fibroblasts. The results showed that the
green synthesized ZnO NPs were less toxic to the cells as compared to the chemically synthesized ZnO NPs.
The authors also indicated that the biological compounds from the walnut extract acted as a capping agent that
lowered the toxicity. Similarly, the silver nanoparticles synthesized by Penicillium aculeatum Sul demonstrated
higher biocompatibility with normal human cells (HBE cells) compared to the silver ions that showed high
cytotoxic effects even at lower doses®. Based on these studies, it is postulated that biological molecules can act
as a layer that lowers the cytotoxic activity, as evidenced in this study. Therefore, the biocompatibility results of
biosynthesized ZnO NPs obtained in this study signify their essential role in biological applications.

Conclusions

In conclusion, an environmentally friendly and cheaper method was unveiled for the biosynthesis of ZnO NPs
using zinc-tolerant probiotic L. plantarum TA4 derived from CFS and CB. The formation of ZnO NPs was con-
firmed by the presence of a peak in the UV-Vis spectrum. The presence of hydroxyl, amine, and carboxyl groups
from proteins derived from CFS and CB that were detected on the surface of ZnO NPs using FTIR played a
significant role in the reduction process. DLS analysis on both biosynthesized ZnO NPs showed mono-dispersed
NPs and HR-TEM micrographs that revealed flower- and irregular-shaped patterns for ZnO NPs-CFS and ZnO
NPs-CB, respectively. The antibacterial activity against Gram-positive and Gram-negative pathogens also revealed
that the inhibitory and bactericidal efficacy of both biosynthesized ZnO NPs were concentration-dependent.
The biosynthesized ZnO NPs-CFS and ZnO NPs-CB demonstrated biocompatibility in the MTT assay using
Vero cells with higher cell viability observed after 24 h at the concentration ranging from 15.63 to 62.5 pg/mL.
In this present study, the application of CFS from L. plantarum TA4 was found convenient in terms of NPs
purification in comparison with CB-derived ZnO NPs. CB-derived ZnO NPs required multiple steps, including
several centrifugations and ultrasonication cycles for NPs recovery, making the purification step complicated. It
was recommended to use CFS of L. plantarum TA4 for the synthesis process of ZnO NPs for future applications.
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