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ABSTRACT

The increase utilization of Zinc Oxide nanoparticles in industry during current years has resulted in their prevalence in
aquatic environment. In light of this, the aim of present study was to explore the toxicity of chemically synthesized zinc
oxide nanoparticles at various concentrations on Scenedesmus quadricauda using an algal growth inhibition test. In this
work, Zinc Oxide nanoparticles were chemically synthesized using zinc nitrate and potassium hydroxide. Chemically
synthesized nanoparticles were analyzed by various techniques. The average particle size of zinc oxide nanoparticles was
approximately 29.97 nm, calculated by x-ray diffraction (XRD), and confirmed by transmission electron microscopy
(TEM). Scenedesmus quadricauda was grown in BG-11 broth media in an optimum growth condition. After achieving the
substantial growth, the microalgae cells were exposed to varying concentrations starting from 20 mg/L to 100 mg/L at
the interval of 20 of zinc oxide nanoparticles for 24, 72, 120 hours. Growth inhibition test of algal cells was determined
using spectrophotometer and cell number counting by Neubauer hemocytometry. The results show that the growth of
Scenedesmus quadricauda microalgae was significantly impacted by the short-term exposure of 100 mg/L zinc oxide
nanoparticles concentration treated cells after 120 hours.
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INTRODUCTION

Nanoparticles are the tiny particles with the size ranging in at least one dimension from 1 to 100
nanometres. Nanoparticles are synthesized to attain unique physicochemical property, generally superior
from their corresponding bulk counterparts and can be customized due to presence of various electrons
on their surface [1-3]. At nanoscale size, the ratio of volume to surface area is more than in the same bulk
counterpart [4, 5]. Metal oxide nanoparticles like Zinc Oxide (Zn0O), Copper Oxide (CuO), Titanium Dioxide
(TiO2), etc. as well as metallic nanoparticles are among the most used nanomaterials in various areas like
pesticides, alternative energy, medicines, consumer products and have received significant attentions
over their potential ecological effects [6]. Extreme use and excessive release of nano form in the
environment create unfavorable effects on water and living organisms [7]. Various types of nanoparticles
have been reported to be toxic to living organisms, as they are non-biodegradable and soluble in the
aquatic environments. When they enter in food chain, their high concentrations may internalize in human
body and get accumulated in various organs, causing serious health ailments. A ZnO nanoparticles most
utilized nanoparticles in different areas especially in cosmetics industries. Thus, over the years, zinc oxide
has been produced in higher quantities as compared to other nanomaterials [8]. These probably enter to
water bodies through the sewages of the industries [9, 10]. Because of the high demand of ZnO
nanoparticles, its toxic effects on different levels of food chain specifically phytoplankton as producers at
basic level of aquatic food sound essential. Toxic effects of ZnO nanoparticles on microalgae are important
concern for the aquatic ecosystem [11]. Algal cells are suitable candidates to study due to ease of
culturing, small size (10 micron), etc. Therefore, alga is most popular model aquatic organism for the
toxicity assessment of nanoparticles.

Scenedesmus quadricauda is a common freshwater microalga. Scenedesmus sp. is frequently used for
toxicity tests as model microalgae [12]. Different metal oxide nanoparticles have been examined on
Scenedesmus sp. including TiO,, Al,O3, SiC, CeO2, & ZnO etc. [12-15]. Short term toxicity studies have
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revealed that at lower concentrations, metal oxide nanoparticles show negative effect on microalgae
growth [12].

In the present study, we aimed to explore the toxic effects of ZnO NPs on freshwater Scenedesmus
microalgae through assays of growth parameters.

MATERIALS AND METHODS

Nanoparticle synthesis

Zinc Oxide nanoparticles (ZnO NPs) were chemically synthesized by direct precipitation technique using
0.2 M Zinc Nitrate (Zn (NO3)2.6H,0) and 0.4 M of potassium hydroxide (KOH) as precursor. KOH solution
was mixed dropwise into the salt solution of Zinc nitrate under continuous stirring for 3 hours. This led to
the formation of white precipitate product. The white precipitate was washed 4-5 times with ethanol for
removal of impurities. The white precipitate was left to dry at about 80°C for 24 h.

Characterization of synthesized ZnO Nanoparticles

UV-vis spectroscopy technique was used to record the spectra of ZnO NPs. The presence of functional
groups of the zinc oxide nanoparticles was determined by Fourier transform infrared spectroscopy
(FTIR) (Perkin Elmer, Spectrum Two). X ray diffraction (XRD) was used for crystal structure
characterization, size and phase identification. The size and morphology of ZnO NPs were investigated by
the transmission electron microscopy (TEM) (JEOL, JEM-1230) at the output voltage potential of 120 KV.
Isolation of Scenedesmus quadricauda

Algal sample was collected from Jal Vihar, Italian garden, Gwalior, Madhya Pradesh, India. Collected algal
sample was transferred to sterilized fresh BG-11 broth media (7.4 pH) for enrichment [16]. Various
isolation & purification methods were used to obtain the pure culture of Scenedesmus quadricauda, [17].
After several sets of purification experiments pure cultures were confirmed by observation under light
microscope at 40 X magnification. Isolated individual colonies were maintained in BG-11 broth media as
well as on agar plates at ambient temperature in fluorescence light with 16:8 hour light-dark cycle [18].
Every month pure culture was transferred to fresh BG-11 broth to make them in exponential growth
phase condition.

Determination of algal cell viability

Cell biomass and measurements were performed until the cultures achieved their death phase. Two
different methods were used: (1) spectrophotometric absorbance, by determining the optical density of
cell suspension using UV-vis spectrophotometer (Medox, MX-1287-011) at 3=680 nm. BG-11without algal
cells were used as blank and ZnO NPs suspension without algal cells was used as positive control [19]. (2)
cell number counting by Neubauer hemocytometry (figure 1) [20]. The hemocytometer is consisting of 9
large squares of equal size. The central square is further divided into small squares with each having

volume of 4x10-6 ml. Scenedesmus quadricauda were counted in small squares since they are less than
10 micron in size. The cell number per unit volume was calculated as:

Cell number per unit mL = Cell number per small square / 4x10°® mL

e of colly in g ten® square Godd e 100 o blo celisdond

Figure 1. Hemocytometer image at normal (left) and at 40 X magnification (right)

ZnO nanoparticles exposure to Scenedesmus quadricauda

Toxicity experiments were performed in 250 ml flasks by introducing initial cell density of 1x10-¢
cells/mL [21] containing 50 ml of BG11 broth having various ZnO NPs concentrations starting from 20
mg/L to 100 mg/L at the interval of 20 in fluorescence light with 16:8 h light-dark cycle for 24, 72 and
120 hrs. These conditions were maintained constantly during the 120 hours of the experiment. Negative
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control consisted of cells cultures in BG-11 without ZnO NPs. All exposures tests were performed in
triplicates.

RESULTS

UV-visible spectra analysis

The UV-visible absorbance spectra of prepared ZnO NPs are depicted in figure 2. An absorption peak was
observed at 352 nm confirmed the successful synthesis of ZnO NPs.

ABSORBANCE

- S —

—
0 100 200 300 400 s00 600 700
WAVELENGTH

—e— —e—o0D

Figure 2. UV-vis spectra of ZnO nanoparticles solution
FTIR
The FTIR spectrum of sample has been shown in the range of 4000-450 cm in Figure 3. The absorption
bands of ZnO shows at 3574, 3471, 1637, 1368, 1014, 885, 838 and 463 cm'! in table 1. The sharp peak
positioned at 463 cm! is attributed to the presence of Zn-0O stretching bonds [23, 24].

Table no 1: Peak area values and possible assignments of FTIR spectra for ZnO NP

Sr.No. | Frequency (cm-1) Bond type Bond Origin Functional group
Zn0 NPs
1. 3574.68 Sharp 0-H Stretching Alcohol (free)
2. 3471.14 Strong, N-H Stretching Alcohol (Intermolecular), Primary amine
Medium
3. 1637.25 Medium, C=C Stretching, N- | Conjugated alkane, Amine, Alkene, 1,2,4-
885.38 Strong H Bending, C=C trisubstituted
838.36 Stretching, C-H
Bending
4. 1368.65 Medium, C-H Bending, O-H | Alkene, Alcohol, Phenol, Sulfonate,
Strong Bending, O-H Sulfonamide
Bending, S=0
Stretching
5. 1014.04 Strong, C-F Stretching, C- | Fluoro compound, Alkyl aryl ether, Amine,
Medium O Stretching, C-N | Vinylether
Bending
6. 463.04 Strong Zn-0 Stretching
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Figure 3. FTIR spectrum of chemically synthesized ZnO NPs

X-Ray Powder Diffraction
The powder X-ray diffraction (XRD) pattern of zinc oxide nanoparticles is depicted in figure 4. Various
diffraction peaks are recognized, corresponding to characteristic peak of ZnO NPs. It has acquired
hexagonal wurtzite structure as compared with the JCPDSICDD card: 75-0592 data. The diffraction peaks
with 2 theta values of 31.674, 34.320, 36.110, 47.400, 56.412, 62.749, 67.797, and 76.82 correspond to
the hkl (crystal plains) 100, 002, 101, 102, 110, 103, 112, and 202 mentioned in the JCPDS file No. 75-
0592 [22]. The average size of ZnO NPs was evaluated using the “Debye-Scherrer’s equation” [25].

d =kA (B * cosB)

500450

Where, ‘K’ is the Scherrer’s constant (0.9), ‘A’ is the x-ray wavelength (0.15406), ‘¢’ is the peak position, ‘f’
is peak width at half maximum, ‘d’ is the particle size of the crystal.
Using the above equation, the mean size of the sample was calculated as 29.97 nm as shown in Table 2.

Table no 2: The observed and calculated 27 values of XRD of Zinc Oxide nanoparticles

20 position d-spacing HKI (2)FWHM Average
particle size
31.674 2.8226 100 0.231
34.320 2.6108 002 0.230
36.110 2.4854 101 0.260
47.400 1.9164 102 0.304 29.97 nm
56.412 1.62975 110 0.331
62.749 1.4796 103 0.383
67.797 1.3811 112 0.358
76.82 1.2398 202 0.44
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Figure 4: X-ray diffraction pattern of synthesized ZnO nanoparticles

TEM analysis
TEM was carried out to find the morphology and size of chemically synthesized ZnO nanoparticles. As
depicted in Figure 5 chemically synthesized ZnO nanoparticles were in the size range of 30 nm.

0.03um

: -O .: 5 pam
Figure 5. TEM Micrograph of ZnO nanoparticle

Determination of Growth Inhibition

ZnO nanoparticles with varying concentrations viz, 20, 40, 60, 80, and 100 mg/L) were prepared by
suspending in BG11 broth. Growth inhibitory effect on microalgae was studied according to OECD201
guidelines [21]. Toxicity experiments were carried out by introducing initial cells (~ 10% cells/mL) in
flask containing 50 ml of BG11 broth having ZnO NPs in different concentrations. The flasks were
continuously agitated at 150 rpm in a rotatory shaker incubator at room temperature for 24, 72, and 120
hours. After the desired time interval, some solution was removed from flask using a pipette and growth
inhibition test of algal cells was monitored by recording the absorbance at 680 nm using UV-vis
spectrophotometer according to Lu, et al and cells were counted on Neubauer chamber under an optical
microscope (EVOS, core cell imaging system transmitted light microscope) with 40X lens (figure 8). After
counting the average number of cells in the top and bottom, and squares were observed for algal growth
under different ZnO nanoparticles concentrations. The results showed that increasing concentrations of
ZnO nanoparticles reduced growth of Scenedesmus quadricauda after 24 hours (figure 7).
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0.4
0.2

Absorbance at 630 nm

Figure 6. A. Growth curves of Scenedesmus quadricauda microalgae at 25+27C with 16:8 hours of
light-dark cycle under Fluorescence light.

The number of cells in the culture medium reduced with rising concentration of nanoparticles; the

decrease in cell numbers was significant in samples exposed to ZnO NPs of 100 mg/L concentration. This
decline is significant in comparison to the control (figure 6B).
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Figure 6.B. Average of Scenedesmus cells number at different time stage and different
concentrations of ZnO nanoparticles (mg/L).

This reduction in cell density during 120 hrs indicates the severe toxicity of ZnO NPs and its effect on
algal growth. The results confirmed that growth inhibitory effects and reduction in cell density appear
after 24 hrs (figure 6 B) In contrast, the growth rate constantly increased in control samples throughout

the experiment.
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Figure 7: The number of Scenedesmus quadricauda cells against time at different concentration of
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Figure 8. Microscopic image (magnification 40X) of Scenedesmus quadricauda cells (a) control
cells (b) ZnO NP (40mg/L) treated cells after 48 hours.

DISCUSSION

The increasing exploitation of nanoparticles in everyday results into their release in the environment and
aquatic ecosystem. Nanoparticles have been found in aquatic environment, still their quantification data
is a meager [26]. In our study, ZnO NPs at lower concentrations (< 10 mg/L) did not reduce the microalgal
growth, as compared to higher levels (= 40 mg/L). Cell number counting was used to estimate the
biomass concentration (fig. 6B).

Many studies have concluded that the particle size has direct relation with toxicity [27, 28]. In general,
nanoparticles with smaller size possess high surface area and attributed to more toxicity [29]. ZnO
nanoparticles below 30 nm size can easily internalize into the cell and even in nucleus through the
nuclear pore [30]. Andriana et al has investigated the long-term impacts of ZnO NPs on Scenedesmus
rubescens at low concentration for a period of 28 days [31]. In our work, we have attempted to study the
short-term toxicity of ZnO NPs to the Scenedesmus quadricauda at > 10 mg/L concentration.

ZnO nanoparticles with 30 nm size were successfully prepared by using zinc nitrate and KOH via chemical
synthesis process. Synthesized ZnO NPs were characterized by various techniques like TEM, UV-vis, FTIR
and XRD.

UV-vis spectroscopy revealed the formation of ZnO nanoparticles. The absorption maximum was
observed at 352 nm, that aspect to the intrinsic bandgap of Zn-0 absorption [32].

FTIR was done to study the functional groups on ZnO NPs (figure 3). The sharp peak positioned at 463
cm? is due to presence of Zn-O stretching bonds [24]. Therefore, FTIR results has indicated the high
purity of chemically synthesized ZnO Nanoparticles.

XRD pattern revealed the hexagonal wurtzite crystalline structure, and the crystalline size was
determined to be 29.97 nm as the diffraction peak seen to be narrower and intense. This result was also
being compared with the given standard XRD pattern of ZnO (JCPDSICDD card: 75-0592) for confirmation
purpose.

The morphological feature of synthesized ZnO NPs was characterized using transmission electron
microscope (TEM) as shown in figure 5. Size of the chemically synthesized ZnO nanoparticles was
approximately 30 nm.

Suspension of ZnO nanoparticles consist of ZnO particles and Zn2+ ions. Both these species contribute the
toxicity. Accessible data on ZnO NPs toxicity propose several modes of action or mechanisms on
microalgal cells. In most of the studies, it has been reported that upon release, Zn2* becomes potent toxic
for algae [33-35]. Previous reports have mentioned the toxic effects of ZnO Nanoparticles on oceanic as
well as diverse fresh water algal species. Franklin et al has studied that ZnO NPs showed higher toxicity
on algae at EC50 of 0.049 and 0.044 mg/L with 72 h exposure for total (both dissolved ZnZ*ions and ZnO
particles in suspension), and ionic effects (dissolved ZnZ* from ZnO nanoparticles) as compared to bulk
[36]. Another report by Ji et al. described the toxicity order of Zn?* > ZnO NPs > bulk ZnO towards
microalgae Chlorella sp. at < 50 mg/L concentration. Once the nanoparticle concentration is above 50
mg/L, the ZnO NPs possess higher toxic effects than Zn?*ions [37]. Wong and group reported that ZnO
nanoparticles possess more toxicity than bulk ZnO particles at concentrations 2.36, and 2.97 mg/L on S.
costatum. Some studies have reported the cell membrane damage causing growth reduction of algal cells
are linear to the ZnO nanoparticles concentration and used dissolved Znz+ions [33, 38]. Released Zn2* ions
can easily enter algal cells by micropores present in their cell walls. Entered Zn2* could damage
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lysosomal, and mitochondria resulted in necrosis of microalgal cells [39]. The internalization and
aggregate formation of ZnO NPs negotiated the morphology, growth, and the cell membrane integrity of
microalgae Chlorella sp. [40]. They observed that the dissolved ZnO NPs is the probable cause for the cell
damage mechanics.

In our study, Scenedesmus quadricauda culture was exposed to different concentrations starting from 20
mg/L to 100 mg/L at the interval of 20 of zinc oxide nanoparticles for 24, 72, 120 hours. The results
revealed that the growth of Scenedesmus quadricauda microalgae was significantly impacted by the short-
term exposure of 100 mg/L ZnO nanoparticles concentration treated cells after 24 hours. Growth
inhibition test of algal cells was determined using the spectroscopic method and cell number counting
was done by Neubauer hemocytometry.

CONCLUSION

It is now well understood that worldwide interest to exploit nanomaterials in industries will pose the
environment and ecosystem to high threat. Results of this research show that the growth rate of
Scenedesmus quadricauda cells inhibited with higher concentrations of ZnO NPs. The toxic effects of ZnO
NPs compared with controls was observed after 120 hours at concentrations of 80 and 100 mg/L. In our
study, we used cell viability and biomass as biomarkers to characterize the toxicity of ZnO nanoparticles
on Scenedesmus quadricauda. Reduction in cell viability & algal biomass was strong evidenced the source
of cellular toxicity and proven to be sensitive biomarkers for ZnO nanoparticles toxicity on Scenedesmus
quadricauda. This study showed the potential of Scenedesmus quadricauda as the prospective
bioindicators for ZnO nanoparticles toxicity with viable cell count and algal biomass as the biomarkers for
toxicity testing.

ACKNOWLEDGEMENT

We wish to express our sincere thanks to Dr. Ashok Kumar Chauhan, President, RBEF, Dr. Aseem
Chauhan, Chancellor AUMP, Gwalior, Lt. Gen. V.K. Sharma, AVSM (Retd.), Vice Chancellor of AUMP,
Gwalior for providing necessary facilities, for the work. We are also thankful to the Central
Instrumentation facilities at Jiwaji University, Gwalior for nanoparticles characterization.

REFERENCES

1. Made, M, Liy, J.F, Tan, Z.Q. & Bekana, D. (2017). Transformation and bioavailability of metal oxide nanoparticles
in aquatic and terrestrial environments. A review. Environ. Pollut., 230: 250-267.

2. Khan, I, Saeed, K. & Khan I. (2017). Nanoparticles: properties, applications and toxicities. Arab. J. Chem., 1-24.

3. Lead, ].R, Batley, G.E,, Alvarez, P.].]., Croteau, M.N., Handy, R.D. & Mclaughlin, M.J. (2018). Nanomaterials in the
environment: behavior, fate, bioavailability, and effects- an updated review. Environ. Toxicol. Chem., 37: 2029-
2063.

4. Cupaioli, F.A,, Zucca, F.A,, Boraschi, D. & Zecca, L. (2014). Engineered nanoparticles. How brain friendly is this
new guest? Prog. Neurobiol., 119-120C: 20-38.

5. Shrivastava, N, Shrivastava, V., Jyoti, A. and Tomar, R.S. (2019). Promises and cons of nanobiotechnology: a
critical review. Plant Archiv. 19: 1-11.

6. Wang, S., Liu, Z, Wang, W. & You, H. (2017). Fate and transformation of nanoparticles (NPs) in municipal waste-
water treatment systems and effects of NPs on the biological treatments of wastewater: a review. RSC Advances.,
7:37065-37075.

7. Tripathi, D.K, Tripathi, A, Singh, S., Singh, Y. & Vishwakarma, K. et al. (2017). Uptake, Accumulation and Toxicity
of Silver Nanoparticle in Autotrophic Plants, and Heterotrophic Microbes: A Concentric Review. Front. Microbiol,,
8(7).

8. Piccinno, F, Gottschalk, F., Seeger, S. & Nowack, B. (2012). Industrial production quantities and uses of ten
engineered nanomaterials in Europe and the world. J. Nanopart. Res., 14: 1109-1118.

9. Meulenkamp, EA. (1998). Synthesis and growth of ZnO nanoparticles. Physic. Chem. B., 102(29): 5566-5572.

10. Natasha, M.F,, Nicola, J.R,, Simon, C.A., Graeme, E.B. & Casey, P.S. (2007). Comparative Toxicity of Nanoparticulate
Zno, Bulk ZnO and ZnCl to a Freashwater Microalga (Pseudokirchneriellasubcapitata): The Importance of
Particles Solubility. Environ. Sci. Technol., 41(24): 8484-8490.

11. Danabas, D. Ates, M., ErtitTastan, B., CicekCimen, I.C., Unal, I. & Aksu, 0. (2020). Effects of Zn and ZnO
Nanoparticles on Artemia salina and Daphnia magna organisms: Toxicity, accumulation and elimination. Sci.
Total Environ., 711: 134869.

12. Vargas-Estrada, L., Torres-Arellano, S., Longoria, A., Arias, D.M. & Okoye, P.U.et al. (2020). Role of nanoparticles
on microalgae cultivation: A review. Fuel., 280.

13. Joo, S.H. & Zhao, D. (2017). Environmental dynamics of metal oxide nanoparticles in heterogeneous systems: A
review. ]. Hazard. Mater., 322: 29-47.

14. Andriana, F.,, Fytoula, A, & loannis, D., Manariotis, I.D. (2015). Long-Term toxicity of Zno Nanoparticles on
Scenedesmus rubescens Cultivated in Semi-Batch Mode. Nanomaterials., 10: 2262.

BEPLS Vol Spl Issue [3] 2022 260|Page ©2022 AELS, INDIA



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Aravantinou, A,, Andreou, F. & Manariotis, I.D. (2017). Long-Term toxicity of ZnO nanoparticles to Scenedesmus
rubescens cultivation in different media. Sci. Rep., 7: 1-11.

Dziosa, K. & Makowska, M. (2016). Monitoring of Chlorella sp. growth based on the optical density measurement.
Maintenance problem., 2: 197-205.

Robert, A.A. (2005). Algal Culturing Techniques: Traditional Microalgae Isolation Techniques. Elsevier Academic
Press, USA. 83-98.

Belotti, G. et al. (2014). Effect of Chlorella vulgaris growing condition on bio-oil production via fast pyrolysis.
Biom. Bioen,, 61: 187-195.

Mikschosky, H., Hammer, M., Schmidtke, ]., Konig, P., Keil, G., et al. (2009). Optimization of growth performance of
freshly induced carrot suspensions concerning PMP production. In Vitro Cell. Develop. Biol. Plant., 45: 740-749.
Wenna, Hu. (2014). Dry weight and cell density of individual algal and cyanobacterial cells for algae.; Thesis,
University of Missouri-Columbia.

OECD guidelines for the testing of chemicals. (2011). Test No. 201: Freshwater Algae and Cyanobacteria, Growth
Inhibition Test.

Sunajadevi, K.R., Sugunan, S. (2005). Sulfated Titania mediated regioselective nitration of phenol in solid state,
Catal. Commun,, 6:611-616.

Nithya, K. Kalyanasundharamb, S. (2019). Effect of chemically synthesis compared to biosynthesized ZnO
nanoparticles using aqueous extract of C. halicacabum and their antibacterial activity. Open Nano., 41:00024.
Shanmugapriya, J., Monisha, P., Nandini, A, Praveena, K. (2019). Synthesis of Zinc Oxide Particles from Aloe
baebadensis for Medical Application. Intern. Jour. Eng. Res. Techn., 7(2): 1-10.

Sivakumar, S., Venkatesan, A., Soundhirarajan, P., Khatiwada, C.P. (2015). Synthesis, characterizations, and anti-
bacterial activities of pure and Ag doped CdO nanoparticles by chemical precipitation method, Spectrochim. Acta.
PartA., 136: 1751-1759.

Kapoor, V., Phan, D., Pasha, AB.M.T. (2018). Effects of metal oxide nanoparticles on nitrification in wastewater
treatment systems: A systematic review. ]. Environ. Sci. Health Part. A Toxic Hazard. Subst. Environ. Eng., 53:
659-668.

Hou, J,, Liu, H, Wang, L., et al. (2018). Molecular Toxicity of Metal Oxide Nanoparticles in Danio rerio. J. Environ.
Sci. Technol.,, 52 (14):7996-8004.

Santo, N,, Fascio, U,, Torres, F., et al. (2014). Toxic effects and ultra-structural damages to Daphnia magna of two
differently sized ZnO nanoparticles: Does size matter? J. Wat. Res., 53:339-350.

Dobretsov, S., Sathe, P., Bora, T., et al. (2020). Toxicity of Different Zinc Oxide Nanomaterials at 3 Trophic Levels:
Implications for Development of low-Toxicity Antifouling Agents. Environ. Toxicol. Chem., 39(7): 1343-1354.
Navarro, E. Piccapietra, F.,, Wagner, B., et al. (2008). Toxicity of silver nanoparticles to Chlamydomonas
reinhardtii. Environ Sci Technol., 42(23): 8959-8964.

Andriana, F., Aravantinou, F. & Manariotis, I.D. (2020). Long-Term toxicity of Zno Nanoparticles on Scenedesmus
rubescens Cultivated in Semi-Batch Mode. Nanomaterials., 10, 2262.

Talam, S., Karumuri, S.R. & Gunnam, N. (2012). Synthesis, Characterization, and Spectroscopic Properties of ZnO
Nanoparticles. International Scholarly Research Notices., 1-6.

Lee, W.M,, An, Y. (2013). Effects of zinc oxide and titanium dioxide nanoparticles on green algae under visible,
UVA, and irradiations: no evidence of enhanced algal toxicity under UV pre-irradiation. Chemosphere., 91: 536-
544.

Gunawan, C., Sirimanoonphan, A., Teoh, W.Y., Marquis, C.P. & Amal R. (2013). Submicron and nano formulations
of titanium dioxide and zinc oxide stimulate unique cellular toxicological responses in the green microalgae
Chlamydomonas reinhardtii. ] Hazard Mater., 260:989-992.

Manzo, S., Miglietta, M.L.,, Rametta, G.,, Buono, S. & Francia, G.D. (2013). Toxic effects of ZnO nanoparticles
towards marine algae Dunaliella tertiolecta. Sci. Tot. Environ., 371-376.

Franklin, N.M,, Rogers, N.],, Apte, S.C.,, Batley, G.E., Gadd, G.E. et al. (2007). Comparative toxicity of nanoparticulate
ZnO, bulk ZnO, and ZnCl: to a freshwater microalga (Pseudolirchneriella subcapitata): the importance of particle
solubility. Environ. Sci. Technol., 41:8484-8490.

Ji, J., Long, Z. & Lin, D. (2011). Toxicity of oxide nanoparticles to the green algae Chlorella sp. Chem. Eng. ],
170:525-530.

Chen, P., Powell, B.A., Mortimer, M. & Ke, P.C. (2012). Adaptive interactions between zinc oxide nanoparticles and
Chlorella sp. Environ. Sci. Technol,, 46:12178-121185.

Xia, T. et al. (2008). Comparison of the mechanism of toxicity of zinc oxide and cerium oxide nanoparticles based
on dissolution and oxidative stress properties. ACS Nano., 2:2121-2134.

Chang, Y.N,, Zhang, M,, Xia, L., Zhang, ]. & Xing, G. (2012). The toxic effects and mechanisms of CuO and ZnO
nanoparticles. Materials., 5:2850-2871.

CITATION OF THIS ARTICLE

N Shrivastava, V Shrivastava, R Singh Tomar and A Jyoti. Toxic effects of Zinc Oxide Nanoparticles to Scenedesmus
quadricauda Microalgae. Bull. Env. Pharmacol. Life Sci., Vol Spl Issue [3] 2022: 253-261

BEPLS Vol Spl Issue [3] 2022 261|Page ©2022 AELS, INDIA



