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A B S T R A C T   

The introduction of novel bacterial strains and the development of microbial approaches for nanoparticles 
biosynthesis could minimize the negative environmental impact and eliminate the concern and challenges of the 
available approaches. In this study, a biological method based on microbial cell-free extract was used for 
biosynthesis of ZnO NPs using two new aquatic bacteria, Marinobacter sp. 2C8 and Vibrio sp. VLA. The synthe-
sized ZnO NPs were characterized by UV–Visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), 
X-ray diffraction (XRD), transmission electron microscopy (TEM), atomic force microscope (AFM), dynamic light 
scattering (DLS) and zeta potential. The UV–Visible absorption peak was found to be at 266 and 250 nm for ZnO- 
2C8 NPs and ZnO-VLA NPs, respectively. FTIR study suggested that the hydroxyl, amine, and carboxyl groups of 
bacterial proteins are mainly responsible for stabilizing the biosynthesized ZnO NPs. The formation of hexagonal 
wurtzite structure of ZnO NPs was confirmed by the XRD pattern. The morphology of the nanoparticles was 
found to be spherical with the average particle size of about 10.23 ± 2.48 nm and 20.26 ± 4.44 nm for ZnO-2C8 
NPs and ZnO-VLA NPs, respectively. The values of zeta potential indicate the high stability of the biosynthesized 
ZnO NP. Zeta potential values indicated the high stability of the biosynthesized ZnO NP and were obtained 
− 20.54 ± 7.15 and –23.87 ± 2.29 mV for ZnO-2C8 NPs and ZnO-VLA NPs, respectively. The biosynthesized ZnO 
NPs had antibacterial activity against Gram-negative and Gram-positive strains and possessed excellent anti-
biofilm activity with the maximum inhibition of about 96.55% at 250 µg/mL. The DPPH activity of ZnO-2C8 NPs 
and ZnO-VLA NPs were found 88.9% and 85.7% for 2500 μg/mL concentration, respectively. The toxicity test 
revealed the biocompatibility of the biosynthesized ZnO NPs. The results suggested that this approach is a very 
good route for synthesizing ZnO NPs with potential applications in biotechnology.   

1. Introduction 

Zinc oxide nanoparticles (ZnO NPs) are of considerable research 
interest due to their wide range of properties that allow their applica-
tions in the industry (Roopan and Khan, 2010; Sudhakaran et al., 2020), 
nanomedicine (Akbarian et al., 2020), and biomedical engineering (Guo 
et al., 2020; Rajeshkumar et al., 2018). ZnO NPs have been fabricated 
using various physical, chemical, and biological methods (Vidya et al., 
2017). However, in the last few years, due to the attention to climate 
change, water pollution, finite natural resources, and human health, 
biological approaches have received more attention (Sheldon, 2018). 

The biological approaches are clean, non-toxic, cost-effective, 

ecofriendly, and safe (Madhumitha et al., 2016). They generally 
comprise two main systems: i) microbial (Eramabadi et al., 2020) and ii) 
plant systems (Matinise et al., 2018; Mayedwa et al., 2018). Numerous 
plants such as Aloe barbadensis, Calotropis procera, Nephelium lappaceum 
L., Plectranthus amboinicus, Azadirachta indica, Agathosma betulina, 
Allium sativum, Olea europaea, Adhatoda vasica Nee, Camellia sinensis L, 
Catharanthus roseus, Syzgium cumini, and Eucalyptus globulus have been 
used for biosynthesis of ZnO NPs (Bandeira et al., 2020; Kalaiselvi et al., 
2016; Madhumitha et al., 2016; Paiva-Santos et al., 2021; Roopan et al., 
2019). However, the microbial synthesis of the nanoparticles has its own 
advantages over plant-mediated synthesis including rapid and simple 
manipulation and also reproduction of microbes (Abdelhakim et al., 
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2020) as well as the cultivation without seasonal and geographical area 
restrictions (Yusof et al., 2020) compared to plant counterparts. These 
can result in saving both time and cost. Nevertheless, only a few mi-
crobes are reported to have the capability to biosynthesize ZnO NPs. 
Hence, there is a need to explore more potential microbes for the 
biosynthesis of ZnO NPs. 

Several microbes including fungi; Fusarium sp., Aspergillus fumigatus, 
Aspergillus aeneus, Aspergillus terreus, Aspergillus niger (Yusof et al., 2019), 
yeasts; Pichia fermentas, Candida albicans, Pichia kudriavzevii (Bandeira 
et al., 2020), bacteria; Aeromonas hydrophila (Jayaseelan et al., 2012), 
Bacillus sp. (Saravanan et al., 2018), Lactobacillus sp. (Król et al., 2018), 
Pseudomonas aeruginosa (Singh et al., 2014), Rhodococcus pyridinivorans 
(Kundu et al., 2014), Serratia ureilytica (Dhandapani et al., 2014), 
Staphylococcus aureus (Rauf et al., 2017), Sphingobacterium thalpophilum 
(Rajabairavi et al., 2017), Streptomyces sp. (Balraj et al., 2017), Hal-
omonas elongate (Taran et al., 2018), and Acinetobacter schindleri (Busi 
et al., 2020) have been exploited to synthesize ZnO NPs in which bac-
teria are preferred due to the ease of handling, rapid growth, and genetic 
manipulative attributes compared to other eukaryotic microorganisms. 
In the literatures, two main pathways (either intracellular or extracel-
lular) are determined for the bacteria-mediated synthesis of ZnO NPs 
(Yusof et al., 2019). In the intracellular pathway, the bacterial cell walls 
and the ion transporters play an essential role in the biosynthesis of ZnO 
NPs. Although intracellular ZnO NPs have been biosynthesized using 
different bacteria (Selvarajan and Mohanasrinivasan, 2013), it requires 
a cell lysis process to release the ZnO NPs, which adds additional time 
and cost to this pathway. The extracellular way involves the ZnO NPs 
synthesis using enzymes located on the bacterial cell membrane or 
released to the growth medium (Jain et al., 2013). It has some advan-
tages over intracellular pathway includes synthesis of large quantities, 
simple downstream processes, easy separation, and industrialization 
(Yusof et al., 2019). But, there is still a concern of contamination with 
the chemicals of the bacteria growth medium. Thus, developing a new 
pathway that eliminates these challenges and concerns would be an 
advantage. 

Aquatic bacteria are well adapted to reduce inorganic elements 
present in their environments (Mohite et al., 2015). Although aquatic 
environments are promising for the isolation of microbes with potentials 
in nanoparticles synthesis, there are a few reports considering aquatic 
bacteria for the synthesis of ZnO NPs. This recent work introduces a new 
microbial method for synthesizing ZnO NPs using two aquatic bacteria 
isolated from the Caspian Sea and shrimp breeding pool. Even though 
many researchers have worked on ZnO NPs biosynthesis, up to our 
knowledge no one has assessed the potential of cell free extract of a 
marine bacterium on biosynthesis and its chemical and biological 
properties. The method used in this research (the cell-free extract 
method) has the highest value and impact. This method is beneficial in 
the design of other NPs biosynthesis processes. This rapid and cost- 
effective green method can eliminate the concerns of contaminations 
with the bacterial medium and the requirement for complex down-
stream separation process. Synthesized nanoparticles were purified and 
various techniques determined their characteristics. The biological ac-
tivities, such as antibacterial, antioxidant, and antibiofilm of the ob-
tained nanoparticles were also evaluated. The toxicity test of the 
biosynthesized ZnO NPs revealed that the biogenic nanoparticles are 
biocompatible. 

2. Materials and methods 

2.1. Microbial strains 

Two bacterial strains were isolated from water samples of the 
southern region of the Caspian Sea (2C8) and shrimp breeding pool in 
southeastern Iran (VLA). They were phylogenetically identified by 
amplifying and sequencing of their 16S rRNA gene (Makhdoumi, 2018) 
and their potential in biosynthesizing ZnO NPs. 

2.2. Preparation of cell-free extract 

A pure culture (5% v/v) of isolated Marinobacter sp. 2C8 and Vibrio 
sp. VLA strains were inoculated respectively in 100 mL of sterile broth 
media of Luria-Bertani (LB, 1% w/v tryptone, 1% w/v sodium chloride, 
0.5% w/v yeast extract) and sea water complete (SWC, 2.4% w/v sea 
salt, 0.5% w/v peptone, 0.3% w/v yeast extract and 0.3% v/v glycerol), 
and incubated aerobically at 30 ◦C for 72 h in an orbital shaker at 180 
rpm. Upon completing incubation time, each sample was centrifuged at 
7500 rpm for 15 min. The resulting pellet (bacterial biomass) was 
washed three times with sterile distilled water (SDW) to remove possible 
organic contamination. Afterward, 2 g of each bacterial biomass was 
suspended in 100 mL of SDW and incubated at 30 ◦C for 48 h at 180 rpm. 
Finally, the samples were centrifuged at 7500 rpm for 20 min and the 
resultant supernatant was filtered using a 0.45 μm syringe filter to 
obtain the cell-free extract. 

2.3. Biosynthesis of ZnO NPs 

The 20 mL 0.1 M zinc sulfate monohydrate (ZnSO4⋅H2O) was added 
to the flasks containing 100 mL cell-free extract of each bacterial strain 
and incubated at 30 ◦C for 24 h under static condition. The resultant 
precipitate was separated from the solution by centrifugation at 8000 
rpm for 20 min. The pellets were washed three times with SDW and 
dried by a freeze dryer (Alpha 1.2 LD Plus, Christ, Germany). Flasks 
containing ZnSO4⋅H2O with SDW and the cell-free extract with SDW 
were used as the controls with similar experimental conditions. Each 
sample was named according to the bacterial code used. 

2.4. Characterization of ZnO NPs 

The UV–Visible absorbance spectra of the biosynthesized samples 
were acquired by a spectrophotometer (Shimadzu UV-1700, Japan) in 
the range of 200–800 nm. For this purpose, the freeze-dried ZnO NPs 
powder was dispersed in SDW and sonicated for a few minutes. The 
Fourier transform infrared spectroscopy (FTIR) spectra of the samples 
were recorded on a spectrophotometer (AVATAR-370, Thermo Nicolet 
Corp, USA) using the KBr pellet method in the range of 400–4000 cm− 1, 
with the 4 cm− 1 resolution, to demonstrate the bioactive molecules 
responsible for the reduction and biosynthesis of ZnO NPs. The X-ray 
diffraction (XRD) analysis (GNR Explorer, Italy), using CuKα (λ =
0.15406 nm) as the radiation source and scanning from 20◦ to 80◦ was 
used to determine the crystalline phases of the samples. The micro-
graphs of the samples were obtained using a transmission electron mi-
croscope (TEM, 912AB, LEO, Germany) at an accelerating voltage of 
120 kV. For the preparation of samples, the ZnO NPs powder was 
dispersed in SDW and sonicated for an hour. One drop of this suspension 
was placed on a carbon-coated copper grid, followed by solvent evap-
oration at room temperature. To evaluate surface topography, the ZnO 
NPs powder was dispersed in 50% v/v ethanol and sonicated for an hour 
and then one drop of the samples was placed on a wafer. The two and 
three-dimension AFM images were taken by atomic force microscopy 
(AFM, 0101/A, Ara Pajoohesh, Iran) in non-contact mode. The zeta 
potential of dispersed ZnO NPs in SDW was determined using a zeta-
meter (ZetaCompact, CAD instruments, France) at pH 6.0 and temper-
ature of 23 ◦C. 

2.5. Protein assay 

The Bradford protein assay, a quick and relatively sensitive spec-
troscopic analytical method, was performed to quantify the total protein 
content of biosynthesized ZnO NPs suspension (Xu et al., 2021). First, a 
standard curve of bovine serum albumin (BSA, Sigma Aldrich, St Louis, 
MO, USA) as a reference protein was obtained by plotting the absor-
bance value versus different concentrations. For this purpose, Bradford 
reagent (1 mL) was added to the different concentrations of the BSA 
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(50–300 µg/mL), incubated for 5 min at room temperature. The ab-
sorption of the samples was recorded at 595 nm on a Unico S-1205 
spectrophotometer. The suspension of each biosynthesized ZnO NPs in 
SDW was analogously treated and the relevant protein concentration 
was determined by extrapolating the standard curve. 

2.6. Antibacterial activity 

The antibacterial activity of biogenic ZnO NPs (31.2, 62.5, 125, 250, 
500, and 1000 μg/mL) against five pathogenic bacteria including Gram- 
negatives: Escherichia coli ATCC 25922, Pseudomonas aeruginosa PTCC 
1047 and Gram-positives: Staphylococcus aureus ATCC 25923, Listeria 
innocua ATCC 25924, Bacillus subtilis PTCC 1023 was evaluated using the 
broth microdilution method (Binesh et al., 2021). In general, 10 μL of 
each bacterial suspension (108 CFU/mL) was added to each well con-
taining 100 μL nutrient broth medium with varying nanoparticle con-
centration. The microplate wells containing different concentrations of 
nanoparticles suspended in culture medium without bacteria inoculum, 
bacteria inoculum with culture medium without nanoparticles, and only 
culture medium were considered blank, positive control, and negative 
control. The microplates were incubated at 37 ◦C and the optical density 
(OD) at 630 nm was recorded after 20 h using a Bio-Tek ELX-800 
Absorbance microplate reader (BioTeck Instruments, Inc., Winooski, 
USA). The lowest concentration showing visual inhibition of growth was 
considered as the minimum inhibitory concentration (MIC) of ZnO NPs 
for the respective bacteria. 

2.7. Antibiofilm efficacy 

Antibiofilm activity of ZnO-2C8 NPs was determined against Pseu-
domonas aeruginosa PTCC 1047, using the crystal violet method (Obeizi 
et al., 2020). The turbidity of overnight grown bacterial culture in LB 
medium was adjusted to 0.5 McFarland. Then 1 mL of bacterial sus-
pension was mixed with different concentrations of ZnO NPs (1, 2, 4, 8, 
16, 32, 62.5, 125, 250 µg/mL) and incubated at 37 ◦C for 24 h. The tube 
containing inoculum without ZnO NPs was considered as a positive 
control. After incubation time, the culture supernatant was discarded 
and tubes were washed twice with phosphate-buffered saline (PBS) to 
remove non-adherent cells. The adherent bacterial cells were subjected 
to 1.2 mL of 0.1% w/v crystal violet for 20 min. Afterward, the tubes 
were washed with PBS to remove the excess crystal violet and dried at 
room temperature for 24 h. Eventually, 1.2 mL of 30% v/v acetic acid 
was added to each tube and after 20 min, the absorbance was measured 
at 590 nm. The percentage of biofilm inhibition was calculated using the 
following formula: 

Inhibition(%) = [(ODControl − ODSample)/ODControl] × 100 (3)  

2.8. Antioxidant property 

The antioxidant activity of ZnO NPs was evaluated by measuring 
their capability to scavenge synthetic stable radicals of 2,2-diphenyl-1- 
picrylhydrazyl (DPPH), a standard method for antioxidant studies of 
natural compounds (Zayadi and Bakar, 2020). Freshly prepared DPPH 
(100 μL, 0.04% w/v) was dissolved in methanol and added to each 
microplate well containing different concentrations of ZnO NPs (31.2, 
62.5, 125, 250, 500, and 1000, 1500, 2000, 2500 μg/mL), incubated for 
30 min in the dark at 25 ◦C. The absorbance of stable DPPH was 
recorded at 492 nm using an ELISA reader (Stat Fax 2100, Awareness 
Technology Inc., USA). The wells containing DPPH + methanol and 
different concentrations of ZnO NPs + methanol were considered 
negative control and blank, respectively. Ascorbic acid was used as a 
reference standard. Free radical scavenging activity was expressed as the 
percentage of inhibition that was estimated using the following 
formulas: 

AT − AB = AS (1)  

DPPH radical scavenging activity (%) = [(AC − AS)/AC] × 100 (2) 

where AT is the absorbance of test wells, AB is the absorbance of 
blank wells, AS is the absorbance of the samples, and AC is the absor-
bance of control well. 

2.9. Toxicity assay 

Bioluminescence inhibition assay is a rapid, sensitive, cost-effective, 
and reproducible method for acute toxicity estimation (Mirjani et al., 
2021). The bioluminescent bacterium Vibrio fischeri, as the target or-
ganism ubiquitously distributed in subtropical and temperate marine 
environments was chosen to evaluate the toxicity of ZnO NPs (Zhang 
et al., 2020). To assess the toxicity of the biosynthesized ZnO NPs, 2 mL 
of the overnight culture of Vibrio fischeri NRRLB-11177 with the cell 
density of 1010 CFU/mL and the maximum luminescence emission was 
added to the tubes containing different concentrations of ZnO NPs (12.5, 
25, 50, and 100 µg/mL). Then, the microtubes were incubated at 30 ◦C 
for 30 min in an orbital shaker at 180 rpm. The amount of light emission 
was measured using a luminometer (FB12, Berthold Technologies, 
Germany). The control sample was treated by an equal volume of SDW 
replacing ZnO NPs suspension. The percentage of inhibition of ZnO NPs 
toward bioluminescence was calculated by the following formula: 

Y(%) = [(IC − IT)/IC] × 100 (4) 

where Y is the inhibition ratio, IC and IT are the average relative light 
units of V. fischeri exposed to the control (0 µg/mL) and tests (12.5, 25, 
50, and 100 µg/mL), respectively. 

3. Results and discussion 

3.1. Identification of bacterial strains 

In this study, two novel aquatic bacterial isolates were obtained from 
the water samples of the southern region of the Caspian Sea and the 
shrimp breeding pool in southeastern Iran. They were designated as 2C8 
and VLA. The sequence alignment and phylogenetic analyses revealed 
the 99.6% and 99.8% sequence homology of the 16S rRNA gene with the 
strains of Marinobacter adhaerens and Vibrio harveyi for former and latter, 
respectively (Fig. 1). 

3.2. Biosynthesis of ZnO NPs 

In the present study, the precursor salt solution was added to the 
bacterial cell-free extract and the mixture was incubated at 30 ◦C. By 
using bacterial cell-free extract, there was no need for high annealing 
temperature to prepare NPs using plant extracts. The formation of ZnO 
NPs was confirmed through visual assessment by the appearance of 
white precipitate at the bottom of the flask (Fig. S1) comparable to the 
previous study in extracellular biosynthesis of ZnO NPs (Król et al., 
2018). Regarding the advantages of this procedure, the contamination 
concerns with the bacterial medium were avoided compared to the 
extracellular pathway. Also, there was no need for complicated down-
stream processes related to the intracellular pathway to isolate ZnO NPs. 

It has been shown that the bacterial proteins present in cell-free 
extract have a certain role in trapping metal ions reducing them to 
nanoparticles (Eramabadi et al., 2020; Masoudi et al., 2018). This 
mechanism can also be proposed for the bioreduction and stabilization 
of ZnO NPs prepared in this study, in which the bacterial proteins and 
enzymes serve as the template for the reduction and formation of ZnO 
NPs (Bandeira et al., 2020). 

However, future work is required to identify the specific bioactive 
components in the cell-free extract of Marinobacter sp. 2C8 and Vibrio sp. 
VLA that are responsible for the biosynthesis of ZnO NPs. This has been 
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similarly suggested in previous studies using biological agents for NPs 
biosynthesis (Sone et al., 2016). 

3.3. ZnO NPs characterization 

After separating ZnO NPs from the cell-free extract and drying the 
obtained pellets, the white powder ZnO NPs was used for subsequent 
analysis. 

3.3.1. UV–Visible spectroscopy 
The UV–Visible absorption spectroscopy was conducted to investi-

gate the optical properties of nanoparticles (Fig. 2a). Results showed the 

maximum absorption peaks at 266 nm and 250 nm for ZnO-2C8 NPs and 
ZnO-VLA NPs, respectively which agrees with the previous studies 
(Debanath and Karmakar, 2013; Surendra et al., 2016). It indicates that 
the shape of the synthesized ZnO NPs might be spherical, based on Mei’s 
theory (Ezealisiji et al., 2019). These absorption peaks were found to 
shift toward a shorter wavelength with respect to bulk ZnO (373 nm, 
Eg = 3.3 eV) which correlates with the increase in energy band gap (Eg) 
and decrease in particle size (Debanath and Karmakar, 2013). Yusof 
et al. and Vijayakumar et al. biosynthesized ZnO NPs with the particle 
size of 192 nm and 55 nm with the maximum absorption peak at 351 nm 
and 315 nm, respectively (Vijayakumar et al., 2020; Yusof et al., 2020). 
Based on these results, it can be estimated that the biogenic ZnO NPs in 

Fig. 1. Phylogenetic tree based on 16S rRNA gene sequence analysis for two isolated bacteria (a) Marinobacter sp. 2C8 and (b) Vibrio sp. VLA.  

Fig. 2. UV–vis absorption spectra (a), FTIR spectra (b) and XRD patterns (c) of ZnO NPs synthesized using Marinobacter sp. 2C8 (ZnO-2C8 NPs) and Vibrio sp. VLA 
(ZnO-VLA NPs) strains. The insect picture shows the energy band gap values of nanoparticles corresponding to Tauc plots. 
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this study might have a smaller size due to their shorter wavelengths. 
The Eg, the energy gap between the valence band (Ev) and the conduc-
tion band (Ec), is used to study the electronic structure of ZnO NPs and 
proposes a high density of states (Rauf et al., 2017). The direct Eg of the 
biosynthesized ZnO NPs were estimated using Tauc relation and plot of 
the graph of hν versus (αhν)1/n (Kaur et al., 2018). The value of n = 1/2 
corresponding to the allowed direct transition. By extrapolating the 
straight line to (αhν)2

= 0, the value of Egwas obtained 4.8 and 4.1 eV 
for ZnO-2C8 NPs and ZnO-VLA NPs, respectively. 

These values are higher than those reported in the literatures (~3.7 
eV) (Ngom et al., 2016) which might be attributed to the small size of 
our biogenic ZnO NPs and their core–shell structures. The inverse ratio 
between the energy band gap of the semiconductor particles with their 
diameter has been reported in previous studies (Ngom et al., 2016). 
Also, such a size dependence of the position of the excitonic peak in the 
synthesis of ZnO NPs has been indicated in another study (Hameed et al., 
2019). Moreover, the blue shift in absorption peaks for doped ZnO NPs 
was found in Shanthi et al. ‘s research work resulting widening the 
bandgap (Shanthi et al., 2018). This is in agreement with observations 
obtained regarding the relationship of particle small size with the 
presence of core–shell structures in our biogenic ZnO NPs. 

3.3.2. FTIR analysis 
The FTIR study was performed to localize the bacterial bioactive 

molecules that contributed to the bioreduction and stability of the ZnO 
NPs. Fig. 2b illustrates a significant resemblance between the FTIR ab-
sorption spectra of ZnO-2C8 NPs and ZnO-VLA NPs. The strong ab-
sorption bands at around 3300, 2960, 1650, 1540, and 1060 cm− 1 were 
observed for both prepared samples. The intensive broad absorption 
peak at 3300 cm− 1 is assigned to O − H stretching of hydroxyl bonds 
(Sharifi-Rad et al., 2020). The peaks at 2960, 1540, and 1060 cm− 1 can 
be attributed to C − H, C − N, and C − O stretching vibrations of amide II, 
respectively (Kundu et al., 2014; Yusof et al., 2020), while the bands at 
1650 cm− 1 represented the C = O stretching of amide I (Azizi et al., 
2014). The bands found at 1450 cm− 1 for ZnO-2C8 NPs and 1399 and 
1229 cm− 1 for ZnO-VLA NPs donated to C − H of amide II (Kundu et al., 
2014), N − O stretching vibrations of amide I (Król et al., 2018) and C − N 
stretching of amide III (Surendra et al., 2016), respectively. The band 
between 400 and 650 cm− 1 attributed to the metal oxygen bond bending 
(Sarkar and Sarkar, 2021). In this study, the bands at 637 and 565 cm− 1 

for ZnO-2C8 NPs and ZnO-VLA NPs confirmed the synthesis of ZnO NPs. 
The obtained data have led to the conclusion that bioactive molecules 
including hydroxyl, amine, and carboxyl of bacterial proteins were 
responsible for the reduction and synthesis of ZnO NPs. In previous 
studies, it is well recognized that proteins as capping agents are 
responsible for the stability and bioreduction of metal oxide nano-
particles (Masoudi et al., 2018). Similarly, Tripathi et al. and Yusof et al. 
have reported that secreted bacterial proteins are responsible for the 
stabilization of ZnO NPs (Tripathi et al., 2014; Yusof et al., 2020). 

3.3.3. XRD analysis 
The characterization of crystalline and determination of the struc-

ture of ZnO NPs was performed using XRD analysis. Fig. 2c shows the 
XRD patterns of the biosynthesized ZnO-2C8 NPs and ZnO-VLA NPs. For 
both prepared samples, several peaks were observed at around 31◦, 34◦, 
36◦, 47◦, 56◦, 63◦, 66◦, 68◦, 69◦, 72◦, and 77◦. These peaks correspond to 
the lattice planes of (100), (002), (101), (102), (110), (103), (200), 
(112), (201), (004), and (202), compared to Joint Committee on 
Powder Diffraction Standards File (JCPDS No 96–230-0113). All the 
recorded peak intensity profiles were characteristic of the nanoparticles’ 
hexagonal wurtzite structure. In addition, no diffraction peaks from 
other types could be detected. The obtained result was in good agree-
ment with the previous works (Abinaya et al., 2018; Król et al., 2018). 
The average crystalline size of the samples was calculated by the full- 
width at half maximum of (100), (002), and (101) using Debye 

Scherrer’s formula (Bulánek et al., 2019) and it was determined that 
ZnO-2C8 NPs were smaller in size compared with ZnO-VLA NPs. 

3.3.4. TEM, AFM, and zeta potential analysis 
TEM images were used to characterize the size and shape of the 

biosynthesized ZnO NPs (Fig. 3a). The PSD (particle size distribution) 
plots were obtained by determining the size of 50 particles for each 
sample (using Digimizer 4.0, Belgium). The micrographs revealed that 
the morphology of nanoparticles is roughly spherical, confirming the 
UV–Visible spectroscopy results. In agreement with the size calculated 
by the XRD patterns, the particle size of the samples ranged from 6 to 17 
nm to 13–33 nm with the mean diameter of 10.23 ± 2.48 nm and 20.26 
± 4.44 nm for ZnO-2C8 NPs and ZnO-VLA NPs, respectively. These re-
sults properly affirmed that the size of biogenic ZnO NPs could be varied 
depending on bacterial isolate as the size of ZnO-2C8 NPs was smaller 
than ZnO-VLA NPs. The spherical ZnO NPs were also detected by Taran 
et al. and Balraj et al. in which an average size of 18.11 and 44.04 nm 
was found when the supernatant of Halomonas elongate and Streptomyces 
sp. was used for ZnO NPs biosynthesis (Balraj et al., 2017; Taran et al., 
2018). Moreover, Selvarajan et al. were also recorded spherical ZnO NPs 
fabrication with an average particle size of 13.09 ± 1.16 nm using 
Lactobacillus plantarum (Selvarajan and Mohanasrinivasan, 2013). 

Moreover, the TEM micrographs revealed the core–shell structures of 
ZnO NPs which coincided with the UV-spectrum and FTIR results. These 
findings are in good agreement with Khatami et al. data indicating the 
immobilization of a wide variety of plants, fungal, and bacterial bio-
molecules on the surfaces of the NPs during the biosynthesis processes 
(Khatami et al., 2018b). In addition, these exterior agents provided 
hydrophobic surfaces on NPs leading to the increase of stability. 

The surface topography in two and three dimensions was conducted 
in magnification of 2 µm to determine the morphology and size distri-
bution of the samples using AFM. Results indicated that biosynthesized 
ZnO-2C8 NPs and ZnO-VLA NPs are distributed along the surface 
without aggregation (Fig. 3b). Their sizes were found to be around 8 and 
15 nm, respectively (using Imager 1.01, Iran) which were in agreement 
with other characterization methods used in this study (XRD and TEM 
analysis). 

Zeta potential measurement was performed to determine the stabil-
ity of the ZnO NPs microbially synthesized in this study. Nanoparticles 
with zeta potential values greater than + 30 mV or less than − 30 mV 
typically have a high degree of stability (Sham and Notley, 2018). The 
average zeta potential value of − 20.54 ± 7.15 and –23.87 ± 2.29 mV for 
ZnO-2C8 NPs and ZnO-VLA NPs indicated that the respected ZnO NPs 
seem to be highly stable. This result is comparable to the zeta value of 
ZnO NPs produced by Streptomyces sp. (-21.8 mV) and Borassus flabellifer 
fruit extract (-21.5 mV) (Balraj et al., 2017; Vimala et al., 2014). How-
ever, some other bacteria such as Lactobacillus paracasei and Rhodococcus 
pyridinivorans could only synthesize moderately stable ZnO NPs with the 
zeta potential value of − 16.16 ± 5.72 mV and − 15.5 mV, respectively 
(Król et al., 2018; Kundu et al., 2014). 

3.4. Protein assay of ZnO NPs 

The Bradford protein assay was applied as a quantitative colori-
metric approach to determine the total amount of adsorbed proteins on 
the surface of nanoparticles (Chaturvedi et al., 2013). The amount of 
protein loaded onto ZnO-2C8 NPs and ZnO-VLA NPs was calculated by 
extrapolating the BSA standard curve (Fig. S2) and it was obtained about 
89 µg/mL and 153 µg/mL for former and latter, respectively. These 
obtained results confirmed the FTIR results and the role of the bacterial 
proteins in the synthesis and stabilization of ZnO NPs. 

3.5. Antibacterial activity 

The antibacterial activity (MIC) of the biosynthesized ZnO NPs was 
evaluated against Gram-negative and Gram-positive bacteria using the 
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broth microdilution method (Table 1). Results indicated that the ZnO- 
2C8 NPs could inhibit bacterial growth of E. coli, P. aeruginosa, 
S. aureus, B. subtilis, and L. innocua at the concentrations of 125, 62.5, 
250, 500, and 1000 μg/mL, respectively. While ZnO-VLA NPs effects on 
growth inhibition were observed for E. coli, P. aeruginosa, S. aureus, 
B. subtilis, and L. innocua strains at 500, 500, 500, 500, and 1000 μg/mL, 
respectively. Based on the results, ZnO-2C8 NPs had a higher antimi-
crobial activity probably due to their smaller size. It has a greater surface 
area and could pass more effectively through the bacteria cell walls 

(Eramabadi et al., 2020). Several other studies affirmed the appropriate 
antimicrobial activity of biogenic ZnO NPs as the plant derived ZnO NPs 
with a size of 2.8 nm demonstrated higher inhibitory activity against 
S. aureus and E. coli (Khatami et al., 2018a). Krol et al. proposed that the 
size of ZnO nanocomposite intracellularly synthesized by lactic acid 
bacteria could be one of the main causes of its bacteriostatic action (Król 
et al., 2018). In comparison, ZnO NPs produced by Marinobacter sp. 2C8 
and Vibrio sp. VLA demonstrated more effective antibacterial activity 
than ZnO NPs biosynthesized reported by Alavi and Nokhodchi, and 

Fig. 3. The TEM image, PSD plots (a) and the 2D and 3D AFM images (b) of ZnO-2C8 NPs and ZnO-VLA NPs.  
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Fadwa et al. obtained higher MIC values of 2000 and 4000 μg/mL (Alavi 
and Nokhodchi, 2021; Fadwa et al., 2021). ZnO-2C8 NPs were more 
effective against Gram-negative bacteria than Gram-positive presum-
ably due to the different cell wall structures (Obeizi et al., 2020). Similar 
observation are reported by other researches on antibacterial activity of 
biogenic nanoparticles (Thomas et al., 2019). It has been explained that 
ZnO NPs impose their antimicrobial activity through three main 
mechanisms i) the release of oxygen species from the surface of ZnO NPs, 
ii) release of Zn2+ ions and iii) the direct contact with bacterial cell 
membrane via electrostatic forces (Obeizi et al., 2020). These mecha-
nisms can damage DNA and cellular proteins, affect the membrane 
permeability of bacterial cells, cause leakage of intracellular contents, 
and end in cell death. 

3.6. Antibiofilm efficacy 

Bacterial biofilms are clusters of bacteria that can attach to a surface 
and/or to each other and embedded in a self-produced matrix, 
contribute to the pathogenesis of disease and development of cancer 
(Vestby et al., 2020). The bacterium Pseudomonas aeruginosa PTCC 1047 
was used for antibiofilm assay due to its high biofilm formation capacity. 
Also, ZnO-2C8 NPs was selected for antibiofilm assay regarding its 
higher antibacterial activity. The results presented in Fig. 4 indicate that 
ZnO-2C8 NPs effectively inhibit the bacterial biofilm in a dose- 
dependent manner. The maximum inhibition was determined 96.55% 
at the concentration of 250 µg/mL. The antibiofilm activity of biogenic 
ZnO NPs against P. aeruginosa has been indicated in several studies 
(Obeizi et al., 2020). Abinaya et al. detected P. aeruginosa biofilm 

disintegration by ZnO NPs green synthesized using Bacillus licheniformis 
at 75 µg/mL which is very close to the ZnO NPs concentration (62.5 µg/ 
mL) used in our study (Abinaya et al., 2018). Furthermore, ZnO-2C8 NPs 
produced in this study presents much higher antibiofilm activity than 
other biogenic ZnO NPs in which P. aeruginosa biofilm was inhibited at 
2500 µg/mL (Alavi and Nokhodchi, 2021). Therefore, ZnO-2C8 NPs 
could be considered as a potent and efficient antibiofilm agent. 

3.7. Antioxidant assay 

The antioxidant activity of ZnO NPs was evaluated by the scavenging 
of DPPH radicals. In this method, the ZnO NPs react with DPPH radicals 
(deep purple color) and convert it to 1,1-diphenyl-2-picrylhydrazine 
(pale yellow color) by receiving either electrons or hydrogen atoms 
(Maheshwaran et al., 2020). Both biogenic ZnO NPs showed different 
DPPH radical scavenging activity levels over the range of 31.2, 62.5, 
125, 250, 500, and 1000, 1500, 2000, 2500 μg/mL concentrations 
(Fig. 5). The results indicated that the antioxidant activity of the ZnO 
NPs was dose-dependent as by increasing ZnO NPs concentration, the 
percentage of DPPH radical scavenging activity increased. The 
maximum antioxidant activity for ZnO-2C8 NPs (89%) and ZnO-VLA 
NPs (86%) was observed at 2500 μg/mL. The EC50 value for ZnO-2C8 
NPs and ZnO-VLA NPs were found about 600 μg/mL which was some-
how close to the EC50 value of ZnO NPs synthesized using Mussaenda 
frondosa L. (Jayappa et al., 2020). The antioxidant activity of ZnO NPs 
probably resulted from the electrostatic attraction between negatively 
charged bioactive compounds (COO− , O− ) at the surface of nano-
particles and positively charged nanoparticles (Zn2+ + O2− ). It could 
have beneficial effects in therapeutic and cosmetic preparations to 
reduce and prevent oxidative stresses. 

3.8. Toxicity assay of ZnO NPs 

The Vibrio fischeri bioluminescence inhibition assay (VFBIA) was 
performed to quantify the ZnO-2C8 NPs and ZnO-VLA NPs toxicity at 
different concentrations (12.5, 25, 50, 100 µg/mL) (Fig. 6). When the 
concentration of ZnO NPs increased, the amount of emitted light 
decreased with a slight increase in the percentage of inhibition from 
5.54% to 13.63% for ZnO-2C8 NPs and 6.37% to 11.82% for ZnO-VLA 
NPs. Zhang et al. showed that the chemically synthesized ZnO NPs 
had 76.7% bioluminescence inhibition toward V. fischeri at 15 µg/mL 
(Zhang et al., 2020). Also, Mortimer et al. acquired the EC50 value of 4.5 
µg/mL for chemically synthesized ZnO NPs which is significantly lower 
than the concentration found in this study (Mortimer et al., 2008). The 

Table 1 
Minimum inhibitory concentration (MIC) of the microbially synthesized ZnO 
NPs against different Gram-positive and Gram-negative bacteria.   

Microbial strain MIC (µg/mL) 

ZnO-2C8 NPs ZnO-VLA NPs 

Gram-positive bacteria S. aureus 250 500 
B. subtilis 500 500 
L. innocua 1000 1000 

Gram-negative bacteria E. coli 125 500 
P. aeruginosa 62.5 500  

Fig. 4. The antibiofilm activity of ZnO-2C8 NPs at different concentrations 
against P. aeruginosa. The control tube (first tube at left) shows formation of 
biofilm which is inhibited by increasing the nanoparticles concentration. 

Fig. 5. The antioxidant activity of biogenic ZnO NPs at different concentra-
tions. Ascorbic acid was used as a standard. 
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results notify that the ZnO NPs biologically synthesized in this study has 
lower toxicity even at high concentration (100 µg/mL). 

4. Conclusions 

In this study, the ZnO NPs were successfully synthesized via a mi-
crobial pathway using two novel aquatic bacteria, Marinobacter sp. 2C8 
and Vibrio sp. VLA. The FTIR spectra revealed proteins-assisted fabri-
cation and stabilization of ZnO NPs and the XRD analysis indicated the 
formation of hexagonal wurtzite structured ZnO NPs. Besides, the for-
mation of spherical ZnO NPs with the average particle size of 10.23 ±
2.48 nm (ZnO-2C8 NPs) and 20.26 ± 4.44 nm (ZnO-VLA NPs) was 
approved by TEM and AFM analysis. The obtained values of zeta po-
tential authorized the highly stable ZnO NPs. The maximum antioxidant 
activity at 2500 µg/mL was obtained about 89% and 86% for ZnO-2C8 
NPs and ZnO-VLA NPs, respectively. The ZnO NPs exhibited the size- 
dependent antibacterial activity against Gram-positive and Gram- 
negative bacteria, with better activity against Gram-negative bacteria. 
The ZnO-2C8 NPs showed an appropriate antibiofilm activity with the 
maximum inhibition of about 96.55% at 250 µg/mL. The toxicity test 
revealed that the biosynthesized ZnO NPs have lower toxicity at high 
concentrations. Overall, the ZnO NPs produced in this study with new 
bacterial strains had remarkable antioxidant, antibacterial, and anti-
biofilm properties make them an exceptional potential candidate for 
future application in medicine and industry. 
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Bulánek, R., Hrdina, R., Hassan, A.F., 2019. Preparation of polyvinylpyrrolidone 
modified nanomagnetite for degradation of nicotine by heterogeneous Fenton 
process. J. Environ. Chem. Eng. 7 (2), 102988. https://doi.org/10.1016/j.jece: 
2019.102988. 

Busi, S., Rajkumari, J., Pattnaik, S., Parasuraman, P., Hnamte, S., 2020. Extracellular 
synthesis of zinc oxide nanoparticles using Acinetobacter schindleri SIZ7 and its 
antimicrobial property against foodborne pathogens. J. Microbiol. Biotechnol. Food 
Sci. 05 (05), 407–411. 

Chaturvedi, V., Bhange, K., Bhatt, R., Verma, P., 2013. Biodetoxification of high amounts 
of malachite green by a multifunctional strain of Pseudomonas mendocina and its 
ability to metabolize dye adsorbed chicken feathers. J. Environ. Chem. Eng. 1 (4), 
1205–1213. 

Debanath, M.K., Karmakar, S., 2013. Study of blueshift of optical band gap in zinc oxide 
(ZnO) nanoparticles prepared by low-temperature wet chemical method. Mater. Lett. 
111, 116–119. 

Dhandapani, P., Siddarth, A.S., Kamalasekaran, S., Maruthamuthu, S., Rajagopal, G., 
2014. Bio-approach: ureolytic bacteria mediated synthesis of ZnO nanocrystals on 
cotton fabric and evaluation of their antibacterial properties. Carbohydr. Polym. 
103, 448–455. 

Eramabadi, P., Masoudi, M., Makhdoumi, A., Mashreghi, M., 2020. Microbial cell lysate 
supernatant (CLS) alteration impact on platinum nanoparticles fabrication, 
characterization, antioxidant and antibacterial activity. Mater. Sci. Eng. C 117, 
111292. https://doi.org/10.1016/j.msec.2020.111292. 

Ezealisiji, K.M., Siwe-Noundou, X., Maduelosi, B., Nwachukwu, N., Krause, R.W.M., 
2019. Green synthesis of zinc oxide nanoparticles using Solanum torvum (L) leaf 
extract and evaluation of the toxicological profile of the ZnO nanoparticles–hydrogel 
composite in Wistar albino rats. Int. Nano Lett. 9 (2), 99–107. 

Fadwa, A.O., Albarag, A.M., Alkoblan, D.K., Mateen, A., 2021. Determination of 
Synergistic effects of antibiotics and Zno NPs against isolated E. coli and A. 
baumannii bacterial strains from clinical samples. Saudi. J. Biol. Sci. https://doi.org/ 
10.1016/j.sjbs.2021.05.057. 

Guo, Y., Jia, S., Qiao, L.u., Su, Y., Gu, R., Li, G., Lian, J., 2020. A multifunctional 
polypyrrole/zinc oxide composite coating on biodegradable magnesium alloys for 
orthopedic implants. Colloids Surfaces B Biointerfaces 194, 111186. https://doi.org/ 
10.1016/j.colsurfb.2020.111186. 

Hameed, S., Khalil, A.T., Ali, M., Numan, M., Khamlich, S., Shinwari, Z.K., Maaza, M., 
2019. Greener synthesis of ZnO and Ag–ZnO nanoparticles using Silybum marianum 
for diverse biomedical applications. Nanomedicine 14 (6), 655–673. 

Fig. 6. The amount of light emitted from luminescent V. fischeri in the absence 
(control) and the presence of different concentrations of the biosynthesized ZnO 
NPs. The insect graph shows the percentage of V. fischeri luminescent light 
inhibition resulted from exposure to ZnO-2C8 NPs (blue) and ZnO-VLA 
NPs (red). 

M. Barani et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.ijpharm.2021.120878
https://doi.org/10.1016/j.ijpharm.2021.120878
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0005
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0005
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0005
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0005
https://doi.org/10.1016/j.jtemb.2017.10.002
https://doi.org/10.1016/j.jtemb.2017.10.002
https://doi.org/10.1016/j.colsurfb.2019.110686
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0025
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0025
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0025
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0030
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0030
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0030
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0030
https://doi.org/10.1016/j.scp.2020.100223
https://doi.org/10.1016/j.scp.2020.100223
https://doi.org/10.1016/j.colsurfb.2021.111691
https://doi.org/10.1016/j.jece:2019.102988
https://doi.org/10.1016/j.jece:2019.102988
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0050
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0050
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0050
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0050
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0055
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0055
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0055
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0055
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0060
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0060
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0060
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0065
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0065
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0065
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0065
https://doi.org/10.1016/j.msec.2020.111292
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0075
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0075
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0075
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0075
https://doi.org/10.1016/j.sjbs.2021.05.057
https://doi.org/10.1016/j.sjbs.2021.05.057
https://doi.org/10.1016/j.colsurfb.2020.111186
https://doi.org/10.1016/j.colsurfb.2020.111186
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0090
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0090
http://refhub.elsevier.com/S0378-5173(21)00683-9/h0090


International Journal of Pharmaceutics 606 (2021) 120878

9

Jain, N., Bhargava, A., Tarafdar, J.C., Singh, S.K., Panwar, J., 2013. A biomimetic 
approach towards synthesis of zinc oxide nanoparticles. Appl. Microbiol. Biotechnol. 
97 (2), 859–869. https://doi.org/10.1007/s00253-012-3934-2. 

Jayappa, M.D., Ramaiah, C.K., Kumar, M.A.P., Suresh, D., Prabhu, A., Devasya, R.P., 
Sheikh, S., 2020. Green synthesis of zinc oxide nanoparticles from the leaf, stem and 
in vitro grown callus of Mussaenda frondosa L.: characterization and their 
applications. Appl. Nanosci. 10 (8), 3057–3074. 

Jayaseelan, C., Rahuman, A.A., Kirthi, A.V., Marimuthu, S., Santhoshkumar, T., 
Bagavan, A., Gaurav, K., Karthik, L., Rao, K.V.B., 2012. Novel microbial route to 
synthesize ZnO nanoparticles using Aeromonas hydrophila and their activity against 
pathogenic bacteria and fungi. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 90, 
78–84. https://doi.org/10.1016/j.saa.2012.01.006. 

Kalaiselvi, A., Roopan, S.M., Madhumitha, G., Ramalingam, C., Al-Dhabi, N.A., Arasu, M. 
V., 2016. Catharanthus roseus-mediated zinc oxide nanoparticles against 
photocatalytic application of phenol red under UV@ 365 nm. Curr. Sci. 1811–1815. 

Kaur, A., Gupta, G., Ibhadon, A.O., Salunke, D.B., Sinha, A.S.K., Kansal, S.K., 2018. 
A Facile synthesis of silver modified ZnO nanoplates for efficient removal of 
ofloxacin drug in aqueous phase under solar irradiation. J. Environ. Chem. Eng. 6 
(3), 3621–3630. 

Khatami, M., Alijani, H.Q., Heli, H., Sharifi, I., 2018a. Rectangular shaped zinc oxide 
nanoparticles: Green synthesis by Stevia and its biomedical efficiency. Ceram. Int. 44 
(13), 15596–15602. 

Khatami, M., Varma, R.S., Zafarnia, N., Yaghoobi, H., Sarani, M., Kumar, V.G., 2018b. 
Applications of green synthesized Ag, ZnO and Ag/ZnO nanoparticles for making 
clinical antimicrobial wound-healing bandages. Sustain. Chem. Pharm. 10, 9–15. 

Król, A., Railean-Plugaru, V., Pomastowski, P., Złoch, M., Buszewski, B., 2018. 
Mechanism study of intracellular zinc oxide nanocomposites formation. Colloids 
Surfaces A Physicochem. Eng. Asp. 553, 349–358. 

Kundu, D., Hazra, C., Chatterjee, A., Chaudhari, A., Mishra, S., 2014. Extracellular 
biosynthesis of zinc oxide nanoparticles using Rhodococcus pyridinivorans NT2: 
Multifunctional textile finishing, biosafety evaluation and in vitro drug delivery in 
colon carcinoma. J. Photochem. Photobiol. B Biol. 140, 194–204. https://doi.org/ 
10.1016/j.jphotobiol.2014.08.001. 

Madhumitha, G., Elango, G., Roopan, S.M., 2016. Biotechnological aspects of ZnO 
nanoparticles: overview on synthesis and its applications. Appl. Microbiol. 
Biotechnol. 100 (2), 571–581. 

Maheshwaran, G., Nivedhitha Bharathi, A., Malai Selvi, M., Krishna Kumar, M., Mohan 
Kumar, R., Sudhahar, S., 2020. Green synthesis of Silver oxide nanoparticles using 
Zephyranthes Rosea flower extract and evaluation of biological activities. J. Environ. 
Chem. Eng. 8 (5), 104137. https://doi.org/10.1016/j.jece:2020.104137. 

Makhdoumi, A., 2018. Bacterial diversity in south coast of the Caspian Sea: Culture- 
dependent and culture-independent survey. Casp. J. Environ. Sci. 16, 259–269. 

Masoudi, M., Mashreghi, M., Goharshadi, E., Meshkini, A., 2018. Multifunctional 
fluorescent titania nanoparticles: green preparation and applications as antibacterial 
and cancer theranostic agents. Artif. Cells, Nanomedicine Biotechnol. 46 (sup2), 
248–259. https://doi.org/10.1080/21691401.2018.1454932. 

Matinise, N., Kaviyarasu, K., Mongwaketsi, N., Khamlich, S., Kotsedi, L., Mayedwa, N., 
Maaza, M., 2018. Green synthesis of novel zinc iron oxide (ZnFe2O4) nanocomposite 
via Moringa Oleifera natural extract for electrochemical applications. Appl. Surf. Sci. 
446, 66–73. 

Mayedwa, N., Mongwaketsi, N., Khamlich, S., Kaviyarasu, K., Matinise, N., Maaza, M., 
2018. Green synthesis of nickel oxide, palladium and palladium oxide synthesized 
via Aspalathus linearis natural extracts: physical properties & mechanism of 
formation. Appl. Surf. Sci. 446, 266–272. 

Mirjani, M., Soleimani, M., Salari, V., 2021. Toxicity assessment of total petroleum 
hydrocarbons in aquatic environments using the bioluminescent bacterium 
Aliivibrio fischeri. Ecotoxicol. Environ. Saf. 207, 111554. https://doi.org/10.1016/j. 
ecoenv.2020.111554. 

Mohite, P., Apte, M., Kumar, A.R., Zinjarde, S., 2015. In: Hb25_Springer Handbook of 
Marine Biotechnology. Springer Berlin Heidelberg, Berlin, Heidelberg, 
pp. 1229–1245. https://doi.org/10.1007/978-3-642-53971-8_55. 

Mortimer, M., Kasemets, K., Heinlaan, M., Kurvet, I., Kahru, A., 2008. High throughput 
kinetic Vibrio fischeri bioluminescence inhibition assay for study of toxic effects of 
nanoparticles. Toxicol. Vitr. 22 (5), 1412–1417. 

Ngom, B.D., Mpahane, T., Manikandan, E., Maaza, M., 2016. ZnO nano-discs by 
lyophilization process: size effects on their intrinsic luminescence. J. Alloys Compd. 
656, 758–763. 

Obeizi, Z., Benbouzid, H., Ouchenane, S., Yılmaz, D., Culha, M., Bououdina, M., 2020. 
Biosynthesis of Zinc oxide nanoparticles from essential oil of Eucalyptus globulus 
with antimicrobial and anti-biofilm activities. Mater. Today Commun. 25, 101553. 
https://doi.org/10.1016/j.mtcomm.2020.101553. 

Paiva-Santos, A.C., Herdade, A.M., Guerra, C., Peixoto, D., Pereira-Silva, M., Zeinali, M., 
Mascarenhas-Melo, F., Paranhos, A., Veiga, F., 2021. Plant-mediated green synthesis 
of metal-based nanoparticles for dermopharmaceutical and cosmetic applications. 
Int. J. Pharm. 120311. 

Rajabairavi, N., Raju, C.S., Karthikeyan, C., Varutharaju, K., Nethaji, S., Hameed, A.S.H., 
Shajahan, A., 2017. Biosynthesis of novel zinc oxide nanoparticles (ZnO NPs) using 
endophytic bacteria Sphingobacterium thalpophilum, in: Recent Trends in Materials 
Science and Applications. Springer, pp. 245–254. 

Rajeshkumar, S., Kumar, S.V., Ramaiah, A., Agarwal, H., Lakshmi, T., Roopan, S.M., 
2018. Biosynthesis of zinc oxide nanoparticles usingMangifera indica leaves and 
evaluation of their antioxidant and cytotoxic properties in lung cancer (A549) cells. 
Enzyme Microb. Technol. 117, 91–95. https://doi.org/10.1016/j. 
enzmictec.2018.06.009. 

Rauf, M.A., Owais, M., Rajpoot, R., Ahmad, F., Khan, N., Zubair, S., 2017. Biomimetically 
synthesized ZnO nanoparticles attain potent antibacterial activity against less 

susceptible S. aureus skin infection in experimental animals. RSC Adv. 7 (58), 
36361–36373. 

Roopan, S.M., Khan, F.R.N., 2010. ZnO nanoparticles in the synthesis of AB ring core of 
camptothecin. Chem. Pap. 64, 812–817. 

Roopan, S.M., Mathew, R.S., Mahesh, S.S., Titus, D., Aggarwal, K., Bhatia, N., 
Damodharan, K.I., Elumalai, K., Samuel, J.J., 2019. Environmental friendly synthesis 
of zinc oxide nanoparticles and estimation of its larvicidal activity against Aedes 
aegypti. Int. J. Environ. Sci. Technol. 16 (12), 8053–8060. 

Saravanan, M., Gopinath, V., Chaurasia, M.K., Syed, A., Ameen, F., Purushothaman, N., 
2018. Green synthesis of anisotropic zinc oxide nanoparticles with antibacterial and 
cytofriendly properties. Microb. Pathog. 115, 57–63. 

Sarkar, S., Sarkar, R., 2020. Synthesis, characterization and tribological study of zinc 
oxide nanoparticles. Mater. Today Proc. 

Selvarajan, E., Mohanasrinivasan, V., 2013. Biosynthesis and characterization of ZnO 
nanoparticles using Lactobacillus plantarum VITES07. Mater. Lett. 112, 180–182. 
https://doi.org/10.1016/j.matlet.2013.09.020. 

Sham, A.Y.W., Notley, S.M., 2018. Adsorption of organic dyes from aqueous solutions 
using surfactant exfoliated graphene. J. Environ. Chem. Eng. 6 (1), 495–504. 

Shanthi, S.I., Poovaragan, S., Arularasu, M.V., Nithya, S., Sundaram, R., Magdalane, C. 
M., Kaviyarasu, K., Maaza, M., 2018. Optical, magnetic and photocatalytic activity 
studies of Li, Mg and Sr doped and undoped zinc oxide nanoparticles. J. Nanosci. 
Nanotechnol. 18 (8), 5441–5447. 
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