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Abstract

:

The widespread applications of ZnO NPs in the different areas of science, technology, medicine, agriculture, and commercial products have led to increased chances of their release into the environment. This created a growing public concern about the toxicological and environmental effects of the nanoparticles. The impact of these NPs on the genetic materials of living organisms is documented in some cultured cells and plants, but there are only a few studies regarding this aspect in animals. In view of this, the present work regarding the assessment of the genotoxicity of zinc oxide nanoparticles using the mosquito Culex quinquefaciatus has been taken up. Statistically significant chromosomal aberrations over the control are recorded after the exposure of the fourth instar larvae to a dose of less than LD20 for 24 h. In order to select this dose, LD20 of ZnO NPs for the mosquito is determined by Probit analysis. Lacto-aceto-orcein stained chromosomal preparations are made from gonads of adult treated and control mosquitoes. Both structural aberrations, such as chromosomal breaks, fragments, translocations, and terminal fusions, resulting in the formation of rings and clumped chromosomes, and numerical ones, including hypo- and hyper-aneuploidy at metaphases, bridges, and laggards at the anaphase stage are observed. The percentage frequency of abnormalities in the shape of sperm heads is also found to be statistically significant over the controls. Besides this, zinc oxide nanoparticles are also found to affect the reproductive potential and embryo development as egg rafts obtained from the genetic crosses of ZnO nanoparticle-treated virgin females and normal males are small in size with a far smaller number of eggs per raft. The percentage frequencies of dominant lethal mutations indicated by the frequency of unhatched eggs are also statistically significant (p < 0.05) over the control. The induction of abnormalities in all of the three short-term assays studied during the present piece of work indicates the genotoxic potential of ZnO NPs, which cannot be labeled absolutely safe, and this study pinpoints the need to develop strategies for the protection of the environment and living organisms thriving in it.
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1. Introduction


Nanoparticles (NPs) are particles of matter having a size of less than 100 nanometers (nm). Nanomaterials have already been in use in different industrial, medical, and agriculture sectors for the past decades. Nowadays, the trend of replacing conventional zinc with its nanoparticles is increasing as these NPs have attracted extra attention due to their anti-bacterial, anti-inflammatory, wound healing, and efficient ultraviolet (UV) filtering properties [1,2,3]. That is why their use in consumer products like skin ointments, cosmetics, fabrics, food packaging, insecticides, fertilizers, dental composites, and paints has gradually increased [4,5,6,7,8,9]. These NPs are also utilized in the processing of ceramics and rubber, wastewater treatment, electronic gadgets, and biosensors [10,11,12]. These particles have also been found to play an important role in drug delivery and gene therapy applications in different studies [13,14,15]. The utility of ZnO NPs for drug delivery is attributed to their two important properties, the ability to penetrate through capillaries owing to their nano size and their absorption by the cells, resulting in the accumulation of drugs at the target sites. The levels of ZnO NPs in the environment are increasing constantly due to their extensive applications, and this rise is expected to pose a risk to the non-target aquatic as well as terrestrial organisms, including humans [16,17,18].



Various studies regarding the hazardous effects of ZnO NPs due to their exposure at the production, disposal, and usage level have been reported [19,20,21]. The toxic effects in the form of liver, lung, testis, kidney, and brain damage after exposure of these particles have also been reported [22,23,24,25,26]. The ZnO NPs-induced multiple toxic response was observed in soil organisms, bacteria, algae, plants, nematodes, fish, and mammals [27,28,29,30,31]. It also affects male reproductive system, male fertility, and fetal development [32,33].



Due to the ever-growing use of ZnO NPs in most industrial and agricultural products, and in view of different toxicological studies, it becomes essential to investigate the genotoxic potential of these nanoparticles and label these safe/unsafe for biodiversity and human health. Since mosquito species of Anopheles and Culex have been successfully used as a test material earlier for the screening of heavy metal compounds and complex agrochemicals [34,35,36,37,38,39,40], an attempt has been made to use this organism as a test model for assessing the genotoxicity of ZnO nanoparticles.




2. Materials and Methods


The mosquito, Culex fatigans Weidman (Syn Culex quinquefasciatus Say), family Culicidae, order Diptera has been used as experimental model. The colony of the species was raised and maintained in rearing cages kept at 75 ± 5% relative humidity and 27 °C ± 2 °C temperature.



2.1. Selection of Dose


Selection of dose for such studies is important as too large or too small dose can give misleading results. Doses that exhibit toxicity but does not reduce the population of the organism drastically are generally selected for short term assays. That is why LD20 (lethal dose 20) of ZnO NPs for the mosquito is determined and selected dose is less than LD20 value.




2.2. Determination of LD20 of ZnO NPs for Mosquito C. quinquefasciatus


Zinc oxide (ZnO) nanoparticles of 50 nm size procured from Department of Genetics, Plant Breeding and Biotechnology, Dr Khem Singh Akal College of Agriculture, Eternal University, Baru Sahib (H.P., India), were used in the present study. A stock suspension of 10 mg/mL was prepared and four more different concentrations of ZnO NPs were made by serial dilutions of the stock. Each dilution reduced the concentration of ZnO NPs ten times. Separate disposable syringes were used for making different concentrations. The suspensions were thoroughly mixed to prevent NPs sedimentation using vortex, just before the treatments. The mosquito toxicity assay was performed by exposing fourth instar larvae to five different concentrations of zinc oxide nanoparticles for 24 h and percent mortality (%) till the formation of adults was recorded (Table 1). From these data, the regression line and equation (Figure 1) were prepared as per Probit analysis [41] and LD20 of ZnO NPs for mosquito C. quinquefasciatus was calculated, which came out to be 16.46 µg/mL. Among the different concentrations used in mortality test, the dose 10 µg/mL, which is the nearest concentration less than the calculated value of LD20 dose was selected for different parameters to be performed in the evaluation of possible genotoxic potential of ZnO NPs in mosquito C. quinquefaciatus.




2.3. Treatment of Larvae with the Selected Dose


Fourth instar larvae were treated with the selected dose of 10 µg/mL for 24 h. Three replicates of 20 larvae each in 10 mL of the selected dose along with the control comprised of 20 larvae in 10 mL of distilled water were performed. After 24 h of treatment, the larvae were shifted to distilled water, to which a pinch of larval feed (dog biscuits powder and yeast powder in 3:1) was added.




2.4. Preparation of Chromosomal Slides


The chromosomal preparations were made from gonads of nearly 12 h old adults developed from treated and control larvae using the technique of Crozier [42] with slight modifications. The colchicine (C22H28NO8) molecular weight 399.44 extra pure quality (98.6%) supplied by Loba Chemie Pvt. Ltd., Mumbai, India was used to arrest the dividing cells at metaphase stage. The adult mosquitoes were fed on cotton pads soaked in 0.1% colchicine and sprinkled with a pinch (1–2 mg) of glucose. After 2 h of colchicine treatment, gonads were dissected out in 1% sodium citrate solution, fixed in Carnoy’s fixative (3 ethanol:1 acetic acid) for 5–7 min, and then were stained in 2% lacto-aceto-orcein stain.




2.5. Sperm Head Assay


For this, sperm smears from the testes of treated and control adult male mosquitoes in 1% sodium citrate solution were made. The smears were stained in 2% lacto-aceto-orcein stain. The slides were studied for sperm head abnormalities.




2.6. Dominant Lethal Test


The normal males were crossed with the treated virgin females in a separate rearing cage. The egg rafts obtained were kept in rearing bowls containing distilled water for hatching. After 3 days of hatching, the egg rafts were examined under a stereoscopic binocular. The eggs with open operculum were counted as hatched and those with intact operculum as unhatched (Figure 2). The percent frequency of unhatched eggs was used as the measure of the dominant lethality.



The data collected in all three parameters performed were analyzed statistically by analysis of variance (ANOVA) using SPSS 25.0 (SPSS Inc., Chicago, IL, USA) software. Statistical significance was calculated at level p < 0.05.





3. Results


3.1. Chromosomal Aberrations


Both structural as well as numerical chromosomal changes were recorded at metaphase stages in the gonadial cells of mosquito C. quiquefaciatus after the treatment of ZnO NPs. Structural changes included chromosomal breaks, fragments, translocations, terminal fusions, and clumped chromosomes, whereas numerical alterations observed were aneuploid cells. Aneuploids encountered were hypoaneuploids cells with 2n − 1 and 2n − 2 chromosomes, as well as hyperaneurploids with 2n + 1 and 2n + 2 chromosomes (Figure 3). At least 80 cells from each of the three replicates were studied in treated and control lots, and percent frequency was calculated from the data collected. In total, 27.64 ± 3.33% chromosomal aberrations (Table 2) were reported to be induced by the nanoparticles as against 4.74 ± 0.72% in control. The percent frequency of structural alterations was calculated to be 21.83 ± 3.04%. The occurrence of cells with clumped chromosomes showed a frequency of 8.33 ± 1.10% and was the most abundant structural aberration. Total numerical aberrations reported were 5.81 ± 1.16 %, and these were 0.41 ± 0.41% only in the control population.



Beside the above-mentioned chromosomal alterations at metaphase stage, some abnormal cells at the anaphase stage showing chromosomal bridges and laggards were also observed (Figure 3) in slides prepared from the gonads of mosquitoes without colchicine treatment.




3.2. Sperm Head Assay


In sperm head assay, statistically significant abnormal head shapes were found in treated sperm smears over control. At least 600 sperms were studied in each of the three replicates of treated and control lots. Various sperm head abnormalities, including sickle-shaped, triangular, oval, vesicular, etc. (Figure 4), were observed. The overall percentage of sperm head abnormalities recorded was 11.63 ± 1.99 after treatment with ZnO nanoparticles against 0.93 ± 0.11% in control (Table 3). The analysis of variance showed that the results obtained from the present experiment were statistically significant at p < 0.05.




3.3. Dominant Lethal Test


For the dominant lethal test, egg rafts obtained from a genetic cross of ZnO nanoparticles treated virgin females and normal males were screened after their hatching for dominant lethal mutations induced, which is indicated by the frequency of unhatched eggs. This is because of the fact that the organism dies during its development within the egg due to dominant lethal mutation, and such eggs with dead embryos do not hatch. At least three egg rafts each were studied from treated and control crosses. The number of unhatched eggs was higher in egg rafts obtained from the treated cross than those of the control cross. Moreover, the fecundity of females, i.e., the potential to lay eggs, decreased as the count of total number of eggs laid per egg raft was observed to be less than the control after treatment (Table 4).



The frequency of dominant lethal mutations induced by the nanoparticles was 12.87 ± 0.679%, which is far more than in the control (Table 5). These results obtained were found to be statistically significant at p < 0.05 over control.





4. Discussion


Genotoxicity means genetic damage and alterations caused by various chemical and physical agents. Nanomaterials are reported to interact with enzymes involved in the regulation of cell division, thus causing cytotoxic as well as genotoxic effects [43]. This study revealed the genotoxicity of ZnO nanoparticles in C. quinquefaciatus at a dose of 10 µg/mL. Our results demonstrated that exposure of 4th instar larvae for 24 h to ZnO NPs induced statistically significant chromosomal aberrations over the controls. Chromosomal breaks, fragments, translocations, and terminal fusions resulting in the formation of rings and clumped chromosomes were the various structural variations observed. The most frequent chromosomal aberration found was the clumping of chromosomes, which could be due to the attainment of a sticky nature after the treatment. The possible reason for the occurrence of these changes may be the removal of the protective telomeres of the chromosomes by zinc oxide nanoparticles, which resulted in their sticky nature, thus causing attachment of a chromosome or its fragment to another one, producing translocations, rings, and clumped mass of chromosomes. Sticky chromosomes were also recorded as the most common aberration at various mitotic stages in onion and garlic root tips treated with ZnO NPs [44]. Similar structural chromosomal alterations were reported in rat bone marrow cells after treatment with ZnO NPs [45]. However, Srivastav and others [46] observed such chromosomal alterations only at a high dose of 2000 mg/kg but not in the rats injected with the low dose of 300 mg/kg. Ickrath et al. [47] indicated the appearance of cytotoxic effects of ZnO NPs at high concentrations of 50 µg/mL and genotoxic effects at even as low concentrations as 1 and 10 µg/mL in human mesenchymal stem cells. Gumus et al. [48] observed chromosome aberrations as well as induction of micronuclei in vitro studies on human peripheral lymphocytes due to the effect of ZnO NPs. This study indicated mutagenic, cytotoxic, and clastogenic effects of these particles in humans after exposure of from 24 to 48 h. Khan and his co-workers [49] also studied the genotoxicity of these particles in human lymphocytes and observed the induction of DNA damage at different concentrations. Motta and others [50] analyzed the muta/genotoxic effects of ZnO NPs and their soluble counterpart (ZnCl2) in Lithobates catesbeianus. They also noticed significant DNA damage in the tadpoles of this amphibian after their exposure to ZnO NPs at different concentrations for 7 days, as indicated by increased induction of chromosomal aberrations and micronuclear bodies as compared to the control group. Numerical aberrations like hypo- and hyper-aneuploids have also been observed in the present experiments. However, no polyploidy was induced by these nanoparticles. The main cause of aneuploidy could be the non-disjunction of chromosomes during the anaphase stage, resulting in unequal distribution of chromosomes to the daughter cells. This possibility of induction of aneuploids by the nanoparticles was endorsed by our own observation of the occurrence of abnormal anaphases having chromosome bridges and laggards in the treated cells. Similar results regarding the induction of bridges and laggards at anaphase were also reported earlier in root cells of plants exposed to zinc oxide nanoparticles [44,51]. These particles also had a clastogenic and aneugenic impact, which was clearly depicted by chromosomal cytological investigations in root cells of Vicia faba by the treatment of ZnO NPs [52]. The presence of these structural and numerical aberrations reflects the genotoxic effect of ZnO NPs. Similar results were also reported by Manzo et al. [18] in V. faba root tip cells using the micronucleus test. These nanoparticles could cause clastogenic effects by interfering with the development of mitosis, and it might be due to the inhibition of the S-phase or G2 phase of the cell cycle [53].



Some in vivo, as well as in vitro studies, have provided significant proof of the toxicity of NPs in male gonadial cells [32,54]. Some other studies have shown the accumulation of the NPs in the testes as well as their ability to cross the blood–testis barriers in mice, and they reported the induction of abnormalities in spermatogonial cells during their maturation by ZnO NPs and suggested this to be the reason of observed abnormal changes in the sperm morphology [55,56]. Such abnormalities in the shapes of sperm heads were also observed during the sperm head assay performed in the present study. Talebi et al. [22] used adult male mice to study the effect of ZnO NPs on epididymal sperms for their morphological changes through testicular histology and reported these particles as testicular toxicants. Earlier, Srivastav and others [46] analyzed the semen of Swiss mice after oral exposure for about a month to two different concentrations of zinc oxide nanoparticles and observed decreased sperm count compared to controls in the high-dose group. Besides this, sperms with abnormal morphology and reduced motility were also reported.



In the present study, zinc oxide nanoparticles were also found to affect reproductive potential and embryo development as egg rafts obtained from the genetic cross of ZnO nanoparticles, normal males and treated virgin females were small in size with a far smaller number of eggs per egg raft. These egg rafts, when analyzed after their hatching, the percentage frequency of unhatched eggs was statistically significant (p < 0.05) over the controls. This is because of the fact that the organism dies during its development within the egg due to dominant lethal mutations induced [36]. These results are supported by the findings of Yadav [57] regarding the retention and deposition of these nanoparticles in different vital organs and causing several abnormalities in reproductive structures, including eggs in nematode Caenohabditis elegans after only a twelve-hour exposure to these particles. Embryo toxicity has also been reported in zebrafish exposed to these particles [32].



The induction of chromosomal and sperm head abnormalities in the present piece of work indicates the possibility of the internalization of the nanoparticles into the nuclei of cells by crossing across their plasma and nuclear membranes. This view is supported by the report of Magdolenova and associates [43] who found their transport across the plasma and nuclear membranes by diffusion or through the nuclear pore complexes to affect chromosomal DNA directly. NPs are reported to have been internalized by increasing the membrane permeability of bacterial cells [58]. Ickrath et al. [47] observed intracellular NP accumulation up to 6 weeks. Singh [59] suggested that, after entering into the cells, ZnO nanoparticles aggregates in the Zn2+ ion form, and may induce DNA damage either by producing reactive oxygen species (ROS) in cells or associating directly with DNA strand, causing chromosome distortions. DNA damage and oxidative stress have also been reported in the liver cells of mice after it was injected with different concentrations of ZnO NPs of <100 nm size [24,60]. The results obtained by Chang et al. [61] also found these particles of sizes less than 50 nm at a dose of more than 25 μg/mL as cytotoxic and the possible mechanism for this cytotoxicity was suggested to be due to DNA damage, interference with checkpoint kinases resulting in cell cycle arrest, and the production of ROS. The generation of ROS, which in turn causes lipid peroxidation, was responsible for the enhanced intrinsic toxicity of ZnO NPs [62]. The findings of Sharma et al. [63] demonstrated the genotoxic potential of these particles in human epidermal cells even at low concentrations, which was suggested to be mediated through lipid peroxidation and oxidative stress. A significant correlation between the genotoxic effect and oxidative stress, which is measured by the depletion of glutathione, the inhibition of superoxide dismutase, and the generation of reactive oxygen species had been reported by earlier researchers [45,64,65,66,67].



Earlier, Brunner et al. [68], while studying the toxicity of nanoparticles to the cell line cultures of a rodent and humans, suggested that the metal ions released from nanoparticles within the cells as the main causative agent for the genotoxicity of these nanoparticles. In a study performed by Vimercati et al. [69] on two marine crustacean species, the toxic effect was mainly attributed to the Zn ions, conforming to their crucial role in the toxicity of these particles. However, results obtained by Kumari et al. [44] pointed out that the genotoxic effect of ZnO NPs could not be due to released zinc ions alone as they found ZnO NPs more toxic in comparison to Zn++ ions, hinting at probable intrinsic nano size related effect. Kononenko and others [70] explained, on the basis of their results that the sole reason for ZnO NPs genotoxicity is not the Zn ions released from the particles in cell culture medium but rather particle size, which determines the physical properties of their dissolution and cellular internalization may also play an important role in it. ZnO NPs induced higher toxicity than ZnO bulk and zinc ions in bacteria [71]. Similar results were also reported in Drosophila [72]. Therefore, the genotoxicity of ZnO NPs observed in C. quinquefaciatus by causing chromosomal abnormalities, anaphase distortions, and sperm head abnormalities could be due to the nano size of the zinc oxide particles rather than its ions. Further molecular studies can be performed for detecting point mutations at the nucleotide level in addition to confirming the conflict regarding the involvement of zinc ions or the nano size of these particles in the induction of their genotoxicity.




5. Conclusions


The present study regarding the use of mosquito C. quinquefaciatus as a test model for the assessment of genotoxicity of zinc oxide nanoparticles using chromosomal aberrations, the sperm head assay, and the dominant lethal test is a novel study. Since ZnO NPs induced statistically significant abnormalities over the controls, even at a dose less than LD20 in all the three parameters performed during the study. It can be concluded that these nanoparticles do have a genotoxic potential and cannot be labeled as absolutely safe for their use in various products being consumed/used directly or indirectly by living organisms, including humans. Such studies are important and must be taken into consideration for developing strategies to protect human and environmental health.
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Figure 1. Graph showing relationship between the probit of kill and log of different concentrations of ZnO NPs showing the probit regression line and equation. 
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Figure 2. (a) Hatched and (b) unhatched eggs. 






Figure 2. (a) Hatched and (b) unhatched eggs.



[image: Toxics 11 00887 g002]







[image: Toxics 11 00887 g003] 





Figure 3. Different types of structural and numerical chromosomal aberrations induced by ZnO nanoparticles in gonadial cells of Culex quinquefasciatus (a) normal metaphase; (b) chromosomal break; (c) chromosomal fragments; (d) +−translocation; (e) terminal fusions forming rings; (f) clumped or sticky chromosomes; (g) hypoaneuploid (2n − 1); (h) hypoaneuploid (2n − 2); (i) hyperaneuploid (2n + 1); (j) normal anaphase; (k) anaphase with bridge; (l) anaphase with laggard. 
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Figure 4. Different types of sperm head abnormalities induced by ZnO NPs in Culex quinquefasciatus (a) normal sperms; (b) twisted; (c) sickle shaped and vesicular; (d) vacuolated and twisted; (e) vacuolated oval and triangular; (f) sickle shaped. 
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Table 1. The percent mortality induced by ZnO NPs in mosquito C. quinquefasciatus.
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	S. No.
	Dose/Concentration

(µg/mL)
	No of Larvae Treated (n)
	No of Insect Killed (r)
	Percent Mortality (r/n × 100)





	1
	10,000
	40
	34
	85



	2
	1000
	40
	30
	75



	3
	100
	40
	31
	77.5



	4
	10
	40
	13
	32.5



	5
	1
	40
	12
	30



	6
	Control
	40
	2
	5










 





Table 2. Percentage frequency of the metaphase chromosomal aberrations induced by ZnO NPs in gonadial cells of C. quinquefaciatus.
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Treatment

	
Chromosomal Aberrations *




	
Structural Aberrations (S)

	
Numerical Aberrations (N)

	
Total Structural Aberrations

	
Total Numerical Aberrations

	
Total

Aberrations




	
Aneuploids




	
Breaks

	
Fragments

	
Translocations

	
Clumped

Chromosomes

	
Terminal fusions

	
(2n − 1)

	
(2n − 2)

	
(2n + 1)

	
(2n + 2)

	
S

	
N

	
S + N






	
ZnO NPs

	
3.68 ± 0.78

	
3.33 ± 0.83

	
4.08 ± 1.16

	
8.33 ± 1.10

	
2.41 ± 0.72

	
1.16 ± 0.65

	
1.58 ± 0.33

	
1.16 ± 1.16

	
1.91 ± 0.33

	
21.83 ± 3.04

	
5.81 ± 1.16

	
27.64 ± 3.33




	
Control

	
0.76 ± 0.76

	
0.83 ± 0.41

	
0.83 ± 0.41

	
1.91 ± 0.33

	
0

	
0

	
0

	
0.41 ± 0.41

	
0

	
4.33 ± 0.41

	
0.41 ± 0.41

	
4.74 ± 0.72








* The data are mean ± S.E of three replicates and is statistically significant at p < 0.05.













 





Table 3. The percentage frequency of sperm head abnormalities induced by ZnO NPs in C. quinquefaciatus.
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Treatment

	
Sperm Head Abnormalities *




	
Sickle Shaped

	
Oval

	
Triangular

	
Vacuolated

	
Total






	
ZnO NPs

	
10.20 ± 1.95

	
0.99 ± 0.19

	
0.22 ± 0.05

	
0.22 ± 0.05

	
11.63 ± 1.99




	
Control

	
0.88 ± 0.14

	
0.00

	
0.05 ± 0.05

	
0.00

	
0.93 ± 0.11








* The data are mean ± S.E. of three replicates and is statistically significant at p < 0.05.













 





Table 4. Analysis of eggs obtained from genetic cross of ZnO NPs-treated virgin females with normal males for dominant lethal mutations (unhatched eggs).
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Treatment

	
Replicates

	
Total Eggs/Egg Raft

	
Unhatched Eggs

	
% of Unhatched Eggs






	
Control

	
1

	
315

	
7

	
2.22




	
2

	
287

	
3

	
1.04




	
3

	
301

	
4

	
1.32




	
ZnO NPs

	
1

	
178

	
22

	
12.35




	
2

	
141

	
17

	
12.05




	
3

	
239

	
34

	
14.22











 





Table 5. Percentage frequency of dominant lethal mutations induced by ZnO NPs preventing the hatching of eggs in C. quinquefaciatus.
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	Treatment
	No. of Egg Rafts Counted
	% Age Frequency of Unhatched Eggs

(Mean ± S.E.)





	Control
	3
	1.53 ± 0.366



	ZnO NPs
	3
	12.87 ± 0.679 *







* The results are statistically significant (p < 0.05).
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