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Abstract
This study aims to investigate the synthesis of ZnOnanoparticles (NPs) using high-gravity technique
andmediated by novelAlliumursinum leaves’ extract, which is derived for thefirst time. The
synthesizedNPswere fully characterized, and the potential biological activities were evaluated in the
context of neuroscience. The size of the nanoparticles was found in range of 20 to 60 nm’s, with a
considerable size distribution of 30 nm; and theirmorphology are semi-spherical.More specifically
the potential antibacterial activity against grampositive (S. aureus) and gramnegative (E. coli) bacteria
were screened. To the best of our knowledge, this study could be considered as the first investigation in
theworld, and the first comprehensive study on synthesizing ZnONPs using high-gravity technique
mediated by this plant extract. The experimental results were found to be very promising to the nano-
chemistry, green chemistry and also the applied neuroscience. In addition, thementioned green
synthesis procedure leads to the formation ofNPswith considerable antibacterial, cellular
proliferation andmitochondrialmembrane potential aswell asminimum apoptosis index and
acceptable relative cell viability that are all independent with themorphology and texture of themedia
of theseNPs. The green synthesized nanoparticles showed considerable antioxidant activity in
comparisonwith the standard drug,more than 80%, and low cytotoxicity,more than 60%cellular
viability inmost of the concentrations, as well as proliferation inhibition of up to 84% in the
maximumconcentration. Alongwith those results, themitochondrialmembrane potential showed
also promising absorption of over 1.6. Furthermore, the antioxidant activity of the green synthesized
ZnONPswas recorded above 82%which is greater than the standard BHT aswell as the leaf extract

Introduction

In recent years, the use of different nanomaterials and nanoparticles in various industries such as water
treatment, biomedical engineering, industrial and textile catalysts have flourished. The use ofmetal
nanoparticles in various industries is of great importance, and the use of this type of nanomaterial is increasing
every year [1, 2]. To this end, reducing the cost of preparing these nanomaterials, alongwith providing highly
effective synthetic solutions, is the focus of scientists around theworld. Different synthesismethods can lead to
different yields as well as increasing/reducing the cost of the preparations [3, 4]. A variety of syntheticmethods
have been studied in recent decades, but in the last decade green synthesismethods have been considered. This
method is nature-friendly, low-cost, leads to high-efficiency synthesis, and also does not cause specific toxicity to
natural elements. In addition, in biological studies, as well as the biological applications ofmetal nanoparticles,
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attention should be paid to the cellular toxicity that these nanoparticles can cause. Green synthesismethods use
solvents such as water that do not cause cell toxicity, as well as stabilizers and reducing agents such as plants that
are biodegradable and biodegradable [5, 6]. Above all of thementioned advantageous of using green synthesis
methods, the necessary of increasing the yield of nanoparticles synthesis, alongwith reducing the preparation
costs as well as improving the stability of the synthesizedNPs in different environments/matrix lead the
scientists to use greenmethodology for their synthesis procedures [7–10].

In recent years, scientists have been focused on using nanotechnology, nanochemistry and nanomedicine in
early diagnosis, prevention and treatment of several diseases. In ameantime, with the invention of different
range of nano devices, especially based onmetal NPs, gene sequencing has attractedmore attention [11, 12].
Thesemetallic NPs have considerable effect on the electromagnetic, catalytic and biological properties.
Currently, gold, iron, zinc, cobalt and silverNPs have been usedwidely in early diagnosis and treatment of
different diseases based on pathogens, viral and parasites as well as in the treatment of refractory diseases such as
cancer. ZincNPs have been showndifferent features and applications from antibacterial and antifungal, towards
gene therapy and neuroprotective effects [13, 14]. Recently, it has been revealed that zincNPs could be able to
decrease the neural inflammation aswell as affecting on apoptosis and enhancing the neural antioxidant
responses. In addition, it can be able to increase the infiltrating the immune cell, whichmakes it a good candidate
for neuroprotective effect against different range of neurotoxins. In addition, the use of some physical
techniques such as high-gravity has been consideredwidely to increase the potential of fast electron transfer in
synthesismethods aswell as enhancing the effective collision between different particles [15–20].

In this work, for thefirst time, we aimon green synthesis of zinc oxideNPs using high-gravity technique
fromAlliumursinum and studying the possible biomedical applications including catalytic, cellular viability,
antioxidant activity, antibacterial activity, cellular proliferation andmitochondrialmembrane potential
investigations of theseNPs. In addition, the role of green synthesismethod and its relationshipwith the
mentioned potentials was investigated.

Materials andmethods

Chemicals, reagents and plant source
Alliumursinum leaves were collected fromShemiranat, Iran. Staphylococcus aureus (ATCC25923TM) and
Escherichia coli (ATCC25922TM) spores were used. All of the chemicals and reagents were of analytical grade and
obtained fromSigma-Aldrich, Germany.

Preparation of plant extract
For the preparation of the plant extract, the collectedAlliumursinumwaswashed for three timeswith ethanol
and deionizedwater, and dried at room temperature. The dried plant was transferred to amortar and turns to a
fine powder. In the next step, the powders were placed on a heater stirrer and dispersed in the deionizedwater
(stirring for 35 min at 70 °C). The obtained suspensionwas filtered carefully and stored at 4 °C for further
procedures.

ZnONPs synthesis procedure
To achieve theseNPs from theAlliumursinum leaf broth, rotating packed bed (RPB) systemwith some
modificationswas applied. 40 ml ofAlliumursinumwas poured into 160 ml of the zinc nitrate solution (1 mM)
and the suspensionwas stirred for 15 min at 75 °C. After that, the final suspensionwas transferred to the RPB
system and themixing of the precipitation process was conducted inside the internal circulation of the RPB
system. The synthesizedNPswerefiltered and centrifuged at 12,000 rpm for about 20 min. It should be noted
that, there is several protocols for controlling and adjusting the gravity in this technique andmodified one, and
in this study, high gravity levels were provided by adjusting the speed of rotation in theRPBwith the 1400 rpm.
Also, the exact value of the outer radius packing system is 100 cm and the inner one if about 34 cm. The
synthesizedNPswere filtered and centrifuged at 12,000 rpm for about 20 min. Furthermore, by the equation of
Wu et al research group [21, 22], the correspondingmean high gravity level (β) is calculated 182 in this study.
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In the above equation, inner radius and outer radius of packing are assigned by r1 and r2, and w corresponds
to the rotor speed (rad s−1), and also the value of the gravity acceleration (g) considered to be 9.8 m s−2.
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Characterization of synthesizedNPs
The characterization techniqueswere applied same as our previous publications [7–9]. UV–vis spectrometer
(Perkin Elmer Lambda 25)was applied to record absorbance of ZnONPs in the range of 200–800 nm. Fourier
transformed infrared spectroscopy (FT-IR) spectrumwas applied using JASCOFT-IR-460 spectrometer in the
range of 400–4000 cm−1. Powdered x-ray diffraction (PXRD) spectrawere obtained by an automated Philips
X’Pert x-ray diffractometer withCuKa radiation (40 kV and 30 mA) for 2θ values over the range of 10–80. The
morphology of synthesized ZnONPswas observed by field emission scanning electronmicroscope (FESEM,
TESCANMIRA-3) under an acceleration voltage of 30–250 kV.

Antibacterial activity
The antibacterial activity of the green synthesized nanoparticles in assistance of high-gravity was investigated
based on the literature [23–25].

The green synthesized nanoparticles and the leaf extracts were applied for the culture on the agar plate for
Staphylococcus aureus andEscherichia coli bacteria’s. One plate with two section for theNPs (1) and the extract
(2), another plate with four section for thewater (negative control), DMSO (Solvent) and the standard (Penicillin
andGentamycin, positive control)were used. After that, 15 μl of the samples (sterile samples)was injected on
the paper disc and dried at room temperature. The obtained plates were incubated at 37 °C for 24 h and the
antibacterial activities were calculated as diameter zone of inhibitive.

Antioxidant activity
For this purpose, radical scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH)was evaluated by themethanol
solution ofDPPHdiscoloration, to be exact, the discoloration process is performed by themechanism based on
the reduction ofDPPH. In thismanner, theDPPH solution reacts with the reducing agent (the synthesized
nanoparticle and the plant extract) and the color of theDPPHchanges fromviolet to yellow.Different
concentrations of BHT, the leaf extract as wel as the green synthesized ZnONPs from0 to 1000 μg ml−1 were
used in a period of time of 12 h treatment, and the temperature of this experiment wasmaintained at 37 °C.To
investigate the exact color change and intensity, amicroplate reader was applied at 517 nm, and the solution
weremeasured at this wavelength after about 30 min of vigorous stirring. The positive control is butylated
hydroxytoluene (BHT) and the radical scavenging ofDPPHactivity was investigated as the percentage of
inhibition, calculated as follows:

DPPH radical scavenging activity (%)=[(control absorbance—sample absorbance)/control
absorbance]×100. This analysis was performed three times, and the curves of inhibitionwere drawn based on
the sample concentration that requires to scavenging the half of theDPPH free radical, IC50.

Cell culture
The PC12 (ATCCCRL-1721TM) cells were used in the following assays. PC12 cells were grown inDMEM
(Gibco, Invitrogen,Norway) (supplementedwith 1 mMamino acids (non-essential one’s) and fetal bovine
serum (10%), (FBS) and 5%CO2 at 37 °C). Sincemethadonewill change the cellularmorphology, the apoptotic
cells would result in cellular treatment by 100 μMof the drug. In this case, the treatment with the nanoparticles
and the leaf extracts was performed for 12 h, and after that, the cells were washed by PBS and classified as follows:
(a) the drug,methadone; (b) culturemediumwithout any drug as the control group; (c) cell culture including
the drug (100 μMofmethadone) and 1 μg of the leaf extract; (d) cell culture including the drug (100 μMof
methadone) and the leaf extract (2 μg); (e) cell culture including the drug (100 μMofmethadone) and the leaf
extract (5 μg); (f) cell culture including the drug (100 μMofmethadone) and the synthesized nanoparticle
(1 μg); (g) cell culture including the drug (100 μMofmethadone) and the synthesized nanoparticle (2 μg); (h)
cell culture including the drug (100 μMofmethadone) and the synthesized nanoparticle (5 μg).

MTTassay
The cytotoxicity, cellular proliferation and all of the related assays were performed on the PC12 cell line based on
the protocols in the literature [26–28]. The PC12 cells were seeded (on a 96well-plate substrate)with the density
of 2×105 cells/well. The seeded cells were incubated for 24 hwith 100 μl of DMEM/F12 and 10%FBS. In the
next step, the culturemediawas replacedwith the exact dilutions of the sterilized samples and incubated for
more 6 h. The obtainedwell-platesmediawere replacedwith 100 μl of the culturemedia that have been included
MTT and incubated formore 5 h at 37 °C.The resultedmediumwas aspirated and theMTT formazan dissolved
inDMSO (100 μl). Finally, the absorbance spectra of the resultedwell-plates was screened by using amicroplate
reader (570 nm).
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The potential ofmitochondrialmembrane
In this step, the treatments were exposed to an exact concentration of rhodamine-123 for 30 min, and the
cellularmatrix werewashed for several times by PBS. In the following, tritonX-100 (900 μl)was added dropwise
to eachwell (kept for 2 h in 4 °C). The resulted solutions were centrifuged at 14,000 rpm for 30 min, and the
microplate reader (excitationwavelength at 488 nmand the emissionwavelength at 520 nm)was applied for the
measurements.

Statistical analysis
For all of the assays, one-way analysis of variance (ANOVA) followed byOriginPro 9.1 software was applied and
all of the obtained data’s was generated via±SDof at least n=3 independent sets of experiments.

Results and discussion

FTIR results
FTIR spectra of the green synthesized zinc oxideNPs in assistance of high-gravitymediated byAlliumursinum
shown infigure 1. The band at 3400 cm−1 corresponds to the stretching frequency ofO–Hgroups. The peak at
1050 cm−1 represents the ester bonds between the nanoparticles and polarO–Hgroups. Furthermore, a
shoulder like peak at around 540 cm−1 indicates the ZnOabsorption band, which is clearly overlapwith the
band of the chemical composition of the leaf extract. Also, a series of peaks around 1500 cm−1, 1330 cm−1 and
940 cm−1 are assigned to the presence of –OHstretching bond due to the intramolecular hydrogen bonding and
stretching band of C=Oand alsoC–Cof alkanes [29–31]. The FTIR ofAlliumursinum clearly showed, after
purification and leaf extraction,most of the chemical composition of the garlic-basedmaterials remains, but
some peaks around 1200 cm−1 and 1550 cm−1 disappeared orweakened, however, themain neuroprotective
chemical composition of garlic inAlliumursinum that comes fromderivatives of cysteine are remained.

UV–vis spectra analysis
TheUV–vis spectra of the synthesized nanoparticles and the leaf extract was shown infigure 2, indicates an
absorbance at 335 nm to 355 nm that is an index of ZnOphases [23, 32]. Another absorbance in the range of 310
to 330 nmcorresponds to the presence of the extract leaf, which is in strong overlapwith ZnOpeak andmake a
wide peak from310 to 360 nm [33–35]. Thewide size distribution of the nanoparticles that is because of the
green and high-gravitymethod, leads to the broadness of the absorption peak.

Morphology analysis
The FESEM techniquewas applied to investigate the surfacemorphology of the synthesized nanoparticles
(figure 3). Zinc oxideNPs by thismethod shownearlymonodispersed distribution of particle sizes. The average
particle size of the ZnONPs is smaller than 30 nm (however, there are nanoparticles in the range of 30 to 60 nm’s
as well). Based on the results, by ignoring the aggregations, the nanoparticles shape andmorphology can be
considered to be semi-spherical. By using a greenmethod in synthesis of the nanoparticles, more aggregations

Figure 1. FTIR spectra ofAlliumursinum extract and the green synthesized ZnONPs in assistance of high-gravity.
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were expected due to the presence of leaf extract and the remaining plant compartments, however, by applying
the high-gravity technique, those aggregations were directed to the synthesis with high yield [36–38].

XRDanalysis
XRDanalysis was conducted to prove the structural chemistry of the green synthesized ZnONPs (figure 4). The
main characteristic diffraction peaks for ZnONPs are at around 2θ=31°, 34°, 36°, 47°, 56°, 63°, 67° and 69°
which correspond to the (100), (002), (101), (102), (110), (103), (112) and (201) crystallographic planes of
wurtzite ZnO (JCPDS cardNo. 36–1451), respectively [39–41].

Figure 2.UV/Vis spectra ofAlliumursinum extract and the synthesized ZnONPs.

Figure 3. FESEM images of the synthesized ZnONPs.
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Antibacterial activity
In this step, the potential antibacterial activity of the synthesizedNPs, ZnONPs, were screened against S. aureus
as the grampositive bacteria and E. coli and the gramnegative one by thewell-knownmethod, agar disc diffusion
technique (figure 5). The different bacterial strains of zone inhibition are shown infigure 6. The ZnONPs shows
higher antibacterial activity againstE. coli theseNPs showhigherMZI against compared to the standard at
25 mg ml−1. TheseNPs break of the cell wall, causingmembrane damage. This leads to killing of bacteria. The
green synthesis procedure themedia and structure ofNPs showing considerable antibacterial activities.

Figure 4.XRDpattern of the synthesized ZnONPs.

Figure 5.Antibacterial effect of the controls and green synthesized nanoparticles on Staph (a) and (b), and onE. coli (c) and (d).
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Antioxidant activity
In the last decade, several research groups focused on synthesizing the new ormodifying the natural compounds
to act as antioxidant additives [42–44]. In thismanner, using a simple and eco-friendly synthesizingmethods
that have been leads to obtain a product with promising antioxidant activity would have great importance
[45–47]. The extract leaves of some plants such asAllium saralicum [48], Allium sativum [49] and Falcaria
vulgaris [50]were shown an acceptable antioxidant activity, which is resulted of the free radicals degradations. In
this process, by reduction of the concentration levels of glutathione (GSH), the serum concentrations levels of
glutathione peroxidase (GPx), malodialdehyde (MDA), plasma catalase (CAT) and superoxide dismutase (SOD)
will increase considerably [51–54]. In addition, based on theGC-Mass results of theAlliumursinum (supporting
information is available online at stacks.iop.org/NANOX/1/020025/mmedia), theAlliumursinum contains
several complex structure including flavonoids, alkaloids and also phenolic compoundswhich all have
significant antioxidant effects in the biological systems, which is same as the garlic andAllium sativum structure
[55–57]. A professional approach to increase the antioxidant property could be to synthesize theNPs via a green
routwith this class of plants. VariousNPs have been reported, but one of the best one in terms of biological
properties can be zinc. In this study, we have been investigated the antioxidant potential of ZnONPs andAllium
ursinum in comparisonwith BHT in terms of their suppressor capacity on cell death ofmethadone-induced
culture in PC12 cell line.

The in vitro analysis of radical inhibitory ofDPPHwas performed based on the ability of antioxidant
hydrogen donating toDPPH radical reduce to form the non-radical DPPH-H. Based on the results, a similar
trends that comes from concentration dependency of the nanomaterials shown for ZnONPs andAllium
ursinum in comparisonwith BHT,whichwould be because of strong electron transfer that leads to form a stable
DPPHmolecule. Both ZnONPs andAlliumursinum shows higher antioxidant activity than BHT. ForAllium
ursinum, the antioxidant activity is because of the presence of flavonoids, alkaloids and also phenolic
compounds (based on theGC-Mass) (Supporting informaiton), which can be able to absorbed free radicals and
neutralize the radical forms, and for ZnONPs, both the natural structure of the synthesizingmedia and the
electronic effect of d-orbitals have significant effect on this results.

Based on the literature [58–60], these results (figure 6) that have been adopted from a simple, cost-effective,
green and one-pot synthesizingmethod considered as a promising rout for achieving ametallic nanoparticle
with several potentials.

Cytotoxicity and cellular proliferation
Methadone and other opioid dependence drugs are used to treat, and also prevent, acute and chronic pains, and
in some cases opioid addiction treatments, however, long-termusing of this types of drugs would certainly leads
to serious neurotoxic effects [61–63]. Themechanismof these types of drugs in the body directly effects the
central nervous system, via changing themorphology and in some cases the length of the receptors which leads
to serious problems inmid- and long-terms consumption of these drugs. In addition, these drugs, especially
methadone, can have significant adverse effect on the brain, in the deepwhitematter of the cerebral hemispheres
and also basal ganglia as well as cerebellum, which itself leads to personality disorders, psychosis, acute
respiratory diseases and also death due to stroke. These are resulted frommanipulation and destruction of two

Figure 6.Antioxidant activity ofAlliumursinum and the synthesized ZnONPs in comparisonwith BHT.
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signal pathways that themethadone effects, antagonis inNMDRand bindings to opioid receptors, which the
first one ismore critical and important. Furthermore, treatmentwithmethadone for a long-termwould cause a
considerable increase in the levels of interleukin 1 beta as well as interleukin 6 and tumor necrosis factor alpha
[64–67].

The results of our study (figure 7) indicate that high dose of opioids drugs, especiallymethadone, causes
considerable reduction in cell viability which leads to cytotoxicity aswell as increasing the potential of nerve cell
lines, in this study PC12, which are in agreement with the literature [68–71]. However, by combining these cells
with ZnONPs andwith the leaf extract, the cell viability increased substantially and the cellular toxicity
decreases gradually which leads to enhancing the potential of cell proliferation. Certainly, reducing the
cytotoxicity of neuron cells in the presence of ZnONPs and the leaf extract is because of the antioxidant activity
of these compounds, which comes from themechanismof inhibition of reactive oxygens in these structures and
cellular oxidative stresses.

From another perspective, these opioids drugs, especiallymethadone, can be able to activate the apoptosis
pathway ofmitochondria with amechanism similar to themethadone activities. In thismanner, b-cell
lymphoma 2 is considered as the apoptosismitochondrial regulator, which causes several changes in the
mitochondria. To be exact, by producing free radicals, themorphology of the surface of thesemitochondria’s
changes to formation of several pores in themembrane, and by formation of these pores, lots of compounds and
factors can release significantly from themembrane to the cytoplasm including caspase 2 and 9, cytochromeC
and also the factors related to inducing apoptosis. In this regard, increasing the chemical absorption of
rhodamine123 leads to improving the potential of themembrane ofmitochondria’s that is a proof of enhancing
the activity of proton pumps. The results of this study (figures 8–10) revealed that these opioid drugs, especially
methadone, can be able to fragment theDNA and increase the PC12 cells apoptosis process. In addition, this
apoptosis process enhanced by significant decrease in the potential ofmitochondrialmembrane, and this study
revealed that the green synthesized ZnONPs can increase this apoptosis process as well as decreasing the
potential ofmitochondrialmembrane.

Future research
The results of this study showed that by using the basic rules of physics and chemistry, different results can be
obtained from the initial results. In themeantime, by using the high gravity technique, andwith the related
physicalmanipulations,more stable nanoparticles in a certain size range can be achieved, which is a great help
for specific biological applications. Investigating themorphological changes of these nanoparticles and
nanomaterials, and the potential relationship between the surfacemorphology and the potential biomedical
applications, especially in neuroscience, would be considered as the goals of future research. It should be noted
that so far the effect of high gravity on different syntheses has resulted in size andmorphology, but theremay
have been differences in electronic levels as well as electronic arrangement, which in turn can lead to different
physical and chemical properties.

Figure 7.Results of theMTT assay for (a) 48 h and (b) 72 h.
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Figure 8.Results of the apoptosis index analysis for (a) 48 h and (b) 72 h.

Figure 9.Results of the proliferation index analysis for (a) 48 h and (b) 72 h.

Figure 10.Results of themitochondrialmembrane potential analysis for (a) 48 h and (b) 72 h.
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Conclusions

This study aims to investigate, for thefirst time, the new green and eco-friendly synthesizingmethod based on
the ZnONPs assisted high gravitymediatedwith leaves extracts. Based on the results, the green synthesized
nanoparticles showed considerable antioxidant activity in comparisonwith the standard drug,more than 80%,
and low cytotoxicity,more than 60% cellular viability inmost of the concentrations, as well as proliferation
inhibition of up to 84% in themaximumconcentration. Alongwith those results, themitochondrialmembrane
potential showed also promising absorption of over 1.6. Furthermore, the antioxidant activity of the green
synthesized ZnONPswas recorded above 82%which is greater than the standard BHT aswell as the leaf extract.
This work is thefirst investigation of synthesizing ZnONPsmediated by this plant extract, which is a
comprehensive study in connection between the nano-chemistry, green chemistry and neuroscience. In
addition, thementioned green synthesis procedure leads to the formation ofNPswith considerable cellular
proliferation,mitochondrialmembrane potential andminimumapoptosis as well as acceptable relative cell
viability that are independent with themorphology and texture of themedia of theseNPs.
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