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ABSTRACT 

 

 

 

 

STUDY ON BIOCHEMICAL RESPONSES OF NUTRIENT 

MICROALGAE SPIRULINA PLATENSIS AND HAEMATOCOCCUS 

PLUVIALIS TO ZINC OXIDE NANOPARTICLES 

 

 

Sinouvassane Djearamane 

 
 

Zinc oxide nanoparticle (ZnO NP) is widely used in industrial and personal care 

products. The massive usage of this nanoparticle has created residues that can cause 

contamination to the environment. The presence of ZnO NPs in the aquatic 

environment could lead to accumulation of nanoparticles in aquatic organisms and 

cause cytotoxic effects. Thus, the present study has investigated the cellular 

accumulation and the cytotoxic effects of ZnO NPs in nutrient microalgae Spirulina 

platensis and Haematococcus pluvialis. The microalgal cells were exposed to the   

various concentrations of ZnO NPs (10 to 200 mg/L) from 6 to 96 h to explore the 

dose- and time-dependent cellular accumulation and the corresponding cytotoxic 

effects. Scanning electron microscopy -X-ray energy dispersive spectroscopy 

(SEM EDX) analysis evidenced the cellular accumulation of zinc in the algal 

biomass. Quantification of cell associated zinc by inductively coupled plasma 

optical emission spectroscopy (ICP OES) reported a substantial accumulation of 

zinc in both microalgae with higher zinc accumulation in S. platensis. Cytotoxicity 
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and oxidative stress assessment results revealed a typical concentration- and time-

dependent increase in reactive oxygen species and lipid peroxidation levels and the 

corresponding decrease in cell viability, biomass and photosynthetic pigments on 

both microalgae.  The study reported 13.97 mg/L of ZnO NPs as 96 h EC50 for S. 

platensis and 186.67 mg/L of ZnO NPs for H. pluvialis. The microscopic 

examinations of the algal cells that are interacting with ZnO NPs showed severe 

cell membrane and intracellular damages. Overall, the present study reported the 

accumulation of considerable amount of ZnO NPs in algal cells and the 

corresponding oxidative stress and cytotoxicity in both microalgae. Notably, 96 h 

EC50 results of the present study reported nearly 13 times higher sensitivity of S. 

platensis to ZnO NPs’ toxicity compared to H. pluvialis. Hence, the study suggests 

that S. platensis could be potentially used as a bioindicator for identifying the 

contamination of ZnO NPs in the nutrient microalgae and also for testing the toxic 

effects of ZnO NPs on the aquatic organisms. 

 

 

 

 

 

 

 

 

 

 

 

  

 



iv 

 

 

 

ACKNOWLEDGEMENT 

 

 

First and foremost, my sincere appreciation and gratefulness to my supervisor, 

Assistant Professor Dr. Lee Poh Foong, for her continuous guidance, 

encouragement, patience and advice throughout the project. I would like to thank 

my co-supervisor, Professor. Dr. Lim Yang Mooi, for her guidance, support and 

advice, and to express my gratitude to Professor. Dr. Wong Ling Shing, INTI 

International University, for his opinions and feedback throughout the work. I have 

learned a lot from my supervisors and have broadened my perspective in analyzing 

the cellular accumulation and the cytotoxicity of ZnO NPs in microalgae. 

 

This project was funded by Ministry of Education, Malaysia (Grant No. FRGS-1-

2014-SG03-INTI-02-1), Universiti Tunku Abdul Rahman Research Fund 

(UTARRF) 2016, Vote No.: 6200/LH1 and UTARRF 2017, Vote No.: 6200/LJ3. 

I thank UTAR, Faculty of Medicine and Health Sciences and Lee Kong Chian 

Faculty of Engineering and Science for providing me with laboratory instruments 

and good circumstances. Also thank the Central Unit for Advanced Research 

Imaging (CENTUARI), Faculty of Medicine, University Malaya, for the 

transmission electron microscopy used in this study. 

 



v 

 

 

APPROVAL SHEET 

 

This dissertation/thesis entitled “STUDY ON BIOCHEMICAL RESPONSES 

OF NUTRIENT MICROALGAE SPIRULINA PLATENSIS AND 

HAEMATOCOCCUS PLUVIALIS TO ZINC OXIDE NANOPARTICLES” 

was prepared by SINOUVASSANE DJEARAMANE and submitted as partial 

fulfillment of the requirements for the degree of Doctor of Philosophy (Science) at 

Universiti Tunku Abdul Rahman. 

Approved by: 

___________________________                                  Date: …………… 

(Dr. LEE POH FOONG) 

Assistant Professor/Supervisor 

Department of Mechatronics and Biomedical Engineering 

Lee Kong Chian Faculty of Engineering and Science 

Universiti Tunku Abdul Rahman. 

______________________ 

(Prof. Dr.  LIM YANG MOOI)                              Date: …………… 

Professor/Co-supervisor 

Department of Pre-Clinical Sciences 

Faculty of Medicine and Health Sciences 

Universiti Tunku Abdul Rahman. 

 



vi 

 

 

LEE KONG CHIAN FACULTY OF ENGINEERING AND SCIENCE 

UNIVERSITI TUNKU ABDUL RAHMAN 

 

Date: 23 April 2019 

SUBMISSION OF THESIS 

It is hereby certified that SINOUVASSANE DJEARAMANE (ID No: 

16UED00156) has completed this thesis entitled “STUDY ON BIOCHEMICAL 

RESPONSES OF NUTRIENT MICROALGAE SPIRULINA PLATENSIS AND 

HAEMATOCOCCUS PLUVIALIS TO ZINC OXIDE NANOPARTICLES” 

under the supervision of Dr. Lee Poh Foong (Supervisor) from the Department of 

Mechatronics and Biomedical Engineering, Lee Kong Chian Faculty of 

Engineering and Science and Prof. Dr.  Lim Yang Mooi (Co-Supervisor) from the 

Department of Pre-Clinical Sciences, Faculty of Medicine and Health Sciences. 

 

I understand that the University will upload softcopy of my thesis in pdf format into 

UTAR Institutional Repository, which may be made accessible to UTAR 

community and public. 

Yours truly, 

____________________ 

(SINOUVASSANE DJEARAMANE) 

 



vii 

 

DECLARATION 

 

I hereby declare that the dissertation is based on my original work except for 

quotations and citations which have been duly acknowledged. I also declare that it 

has not been previously or concurrently submitted for any other degree at UTAR 

or other institutions. 

 

 

 

 

 ______________________________ 

SINOUVASSANE DJEARAMANE 

 

Date   _________________________  

 

 

 

 

 

 

 

 

 



viii 

 

 

LIST OF TABLES 

 

 

 

Tables 

 

 

2.1 

 

 

Summary of silver, titanium dioxide and zinc oxide 

nanoparticles’ toxicity on aquatic organisms. 

 

Page 

 

 

24 

 

4.1 EC10 and EC50 values of ZnO NPs on S. platensis 

and H. pluvialis from 48 to 96 h. 

 

62 

 

 

 

 

 

 

 

 

  



ix 

 

 

LIST OF FIGURES 

 

 

Figures 

 

3.1 

 

 

Experimental workflow of the study 

Page 

 

37 

 

4.1 SEM, EDX and XRD pattern of ZnO NPs. 

 

51 

4.2 FTIR spectrum of zinc oxide nanoparticles powder. 

 

52 

4.3 SEM image and EDX spectrum of S. platensis 

biomass treated with ZnO NPs. 

 

54 

4.4 SEM image and EDX spectrum of H. pluvialis 

biomass treated with ZnO NPs. 

 

55 

4.5 Zinc accumulation in S. platensis upon treatment 

with nanoscale ZnO particles. 

 

56 

4.6 Zinc accumulation in H. pluvialis upon treatment 

with nanoscale ZnO particles. 

 

56 

4.7 Erlenmeyer flask containing S. platensis exposed to 

ZnO NPs. 

 

58 

4.8 Erlenmeyer flask containing H. pluvialis exposed to 

ZnO NPs. 

 

58 

4.9 Percentage of loss in cell viability of S. platensis 

upon treatment with nanoscale ZnO particles.   

 

61 

4.10 Percentage of loss in cell viability of H. pluvialis 

upon treatment with nanoscale ZnO particles. 

 

 

61 

4.11 Percentage of loss in biomass of S. platensis upon 

treatment with nanoscale ZnO particles. 

 

 

64 

4.12 Percentage of loss in biomass of H. pluvialis upon 

treatment with nanoscale ZnO particles. 

 

64 

4.13 Percentage of loss in chlorophyll-a of S. platensis 

upon treatment with nanoscale ZnO particles. 

 

65 



x 

 

4.14 Percentage of loss in chlorophyll-a of H. pluvialis 

upon treatment with nanoscale ZnO particles. 

 

65 

4.15 Percentage of loss in carotenoids of S. platensis 

against different concentrations of ZnO NPs for the 

exposure duration from 6 to 96 h. 

 

67 

4.16 Percentage of loss in carotenoids of H. pluvialis 

against different concentrations of ZnO NPs for the 

exposure duration from 6 to 96 h. 

 

67 

4.17 Percentage of loss in phycocyanin content of S. 

platensis against different concentrations of ZnO 

NPs for the exposure duration from 6 to 96 h. 

 

69 

4.18 Percentage of loss in astaxanthin content of H. 

pluvialis against different concentrations of ZnO 

NPs for the exposure duration from 6 to 96 h. 

 

69 

4.19 Light microscopic images S. platensis treated with 

ZnO NPs. 

 

72 

4.20 SEM images of S. platensis treated with ZnO NPs. 

 

73 

 

4.21 

 

Light microscopic images of H. pluvialis treated 

with ZnO NPs. 

 

74 

 

 

4.22 SEM images of H. pluvialis treated with ZnO NPs. 

 

75 

4.23 Transmission electron micrographs of S. platensis 

treated with ZnO NPs. 

 

77 

4.24 Transmission electron micrographs of H. pluvialis 

treated with ZnO NPs. 

 

78 

4.25 Percentage increase in reactive oxygen species from 

S. platensis against different concentrations of ZnO 

NPs for the exposure duration from 6 to 96 h. 

 

81 

4.26 Percentage increase in reactive oxygen species from 

H. pluvialis against different concentrations of ZnO 

NPs for the exposure duration from 6 to 96 h. 

 

81 



xi 

 

4.27 Percentage increase in lipid peroxidation level in S. 

platensis against different concentrations of ZnO 

NPs for the exposure duration from 6 to 96 h. 

 

82 

4.28 Percentage increase in lipid peroxidation level in H. 

pluvialis against different concentrations of ZnO 

NPs for the exposure duration from 6 to 96 h. 

 

82 

4.29 Fluorescence images showing the DCF 

fluorescence of algal cells interacted with ZnO NPs 

as the result of oxidative stress. 

 

83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

 

 

 

LIST OF ABBREVIATIONS 

 

 

 

Ag+ Silver ion 

 

Ag NPs Silver nanoparticles 

 

BODIPY 581/591C11 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-

4-bora-3a-, 4a-diaza-s-indacene-3-

undecanoic acid 

 

chl-a Chlorophyll-a 

 

Cd+ Cadmium ion 

 

CPI 

 

Revised nanotechnology consumer 

products inventory 

 

Cr Chromium 

 

Cu Copper 

 

d 

 

Day 

DNA 

 

Deoxyribonucleic acid 

DPA Diphenylalanine 

EC Effective concentration 

 

EDX X-ray energy dispersive spectroscopy 

 

EPS Exoploymeric substance 

 

FS 

 

Ferrous sulphate 

FTIR Fourier transform infrared 

 

H Hour 

 

HCl-ACE Hydrochloric acid- acetone 



xiii 

 

 

H2DCF-DA 2-7-didichlorodihydro fluorescein-

diacetate 

 

HL 

 

High intensity light 

H2O2 Hydrogen peroxide 

 

ICP OES 

 

Inductively coupled plasma optical 

emission spectroscopy 

LPO Lipid peroxidation 

Mg2+ Magnesium ion 

µM Micromole 

M Metre 

MDA Malondialdehyde 

Min Minute 

mL Millilitre 

NaCl Sodium chloride 

 

NF Norflurazon 

 

NPs 

 

Nanoparticles 

nTiO2 Nano titanium dioxide 

Pb Lead 

PBS Phosphate buffered saline 

ROS Reactive oxygen species 

 

S 

 

Second 

SEM Scanning electron microscopy 

 

SEM-EDX Scanning electron microscopy - X-ray 

energy dispersive spectroscopy 



xiv 

 

 

TEM Transmission electron microscopy 

 

UV Ultra violet 

 

Zn+ Zinc ion 

 

ZnO Zinc oxide 

ZnO NPs Zinc oxide nanoparticles 

 

 

 

 

 

 

 

 



xv 

 

TABLE OF CONTENTS 

 

 

                                                                                                                   Page 

 

ABSTRACT                    ii 

ACKNOWLEDGEMENT                                                                           iv 

APPROVAL SHEET                                                                                   v 

SUBMISSION OF THESIS                                                                         vi 

DECLARATION                   vii 

LIST OF TABLES                                                                                       viii 

LIST OF FIGURES        ix 

LIST OF ABBREVIATIONS xii 

 

 

CHAPTER 

 

1.0       INTRODUCTION        1 

1.1       Background        1 

            1.2       Objectives                      9 

 

 

2.0       LITERATURE REVIEW      10 

 2.1       Background of Metallic Nanoparticles Toxicity 

                         on Aquatic Organisms                                            10 

             2.2       Toxicity of Zinc Oxide Nanoparticles on Aquatic 

                         Organisms                                                    

                         2.2.1   Biological Toxicity of ZnO NPs on  

                                    Microorganisms                                                          18  

                        2.2.2   Cytotoxicity Effects of ZnO NPs on 

                                   Algae and Plants                                                       20 

                         2.2.3   Cytotoxicity Effects of ZnO NPs on 

                                     Invertebrates and Vertebrates                                     27 

             2.3      Sensitivity of S. platensis Towards Heavy Metals 

                        and Metallic Oxide Nanoparticles                 29 

             2.4      Sensitivity of H. pluvialis to Environmental Stress                32 

 

3.0      MATERIALS & METHODS                                                            36 
           3.1       Primary Characterization of ZnO NPS                                     36 

           3.2       Cultivation of Microalgae                                                         38 

           3.3       Exposure of Microalgae to ZnO NPs                                        39 

           3.4       Investigation of Cellular Accumulation of 

                       ZnO NPs in Algal Cells                                                             40    

                       3.4.1   SEM EDX Analysis of Algal Biomass Treated  

                                   with ZnO NPs                                                                40   



xvi 

 

                                                                     

                      3.4.2   Determination of Cellular Accumulation of Zinc           40 

           3.5      Cytotoxicity Assessment of ZnO NPs on Microalgae               41                                                          

                      3.5.1   Determination of Cell Viability                                      41   

                      3.5.2   Quantification of Biomass                                              42      

                      3.5.3   Measurement of Photosynthetic Pigments                      43  

                      3.5.4   Morphological Examination of Algal Cells      

                                 Treated with ZnO NPs                                                     44                                            

                      3.5.5   Microscopic Examination of Ultra-Thin                          

                                 Sections of Algal Cells Treated with ZnO NPs               45 

           3.6      Oxidative Stress Assessment                                                      46                                                  

                      3.6.1   Detection of Intracellular ROS in  

                                Algal Cells Treated with ZnO NPs                           46 

                      3.6.2   Determination of Lipid Peroxidation in     

                                 Algal Cells Treated with ZnO NPs                                  47                  

           3.7      Statistical Analysis                                                                      48                                                        

 

4.0   RESULTS                                                                                                 49       
           4.1      Primary Characterization of ZnO NPs                                         49 

           4.2      Cellular Accumulation of ZnO NPs in Algal Cells                     52 

                      4.2.1   Qualitative Analysis of Zinc Uptake in Algal Cells         52                                                                                                                                                                                     

                      4.2.2   Quantitative Analysis of Cellular Accumulation 

                                 of Zinc in Algal Cells                                                       53                                

         4.3       Cytotoxic Assessment of ZnO NPs on Microalgae                      57 

                     4.3.1    Interaction of ZnO NPs with Microalgae 

                                 in Erlenmeyer Flask                                                          57 

                     4.3.2    Loss of Cell Viability                                                        59 

                     4.3.3    Effective Concentration                                                     60 

                     4.3.4    Reduction in Algal Biomass                                              62 

                     4.3.5    Loss in Photosynthetic Pigments             63 

                     4.3.6    Morphological Examination of Algal Cells 

                                 Interacted with ZnO NPs                                                    70 

                     4.3.7    TEM Examination of Algal Cells Treated 

                                 With Nanoscale Zinc Oxide Particles                                76 

         4.4      Oxidative Stress Assessment                                                          79 

                     4.4.1    Determination of Reactive Oxygen Species                      79 

                     4.4.2    Determination of Lipid Peroxidation Level                       79 

 

5.0   DISCUSSION                                                                                             84     
         5.1       Cellular Accumulation of ZnO NPS in Algal cells                         84       

         5.2       Cytotoxicity of ZnO NPs on Microalgae 

                     Treated with ZnO NPs                                                                     86               

         5.3       Comparison of Toxic Effects of ZnO NPs 

                     Between S. platensis and H. pluvialis                                            106 

 



xvii 

 

6.0   CONCLUSION AND RECOMMENDATION       109 

        6.1    Conclusion                       109  

        6.2    Limitations and Recommendation                                                     110 

 

        

         REFERENCES                                  112 

 

         LIST OF PUBLICATIONS & RESEARCH AWARD                        136 

                                                                

         LIST OF CONFERENCE PRESENTATIONS                                    137 

   

 

 

 

 

 

 

 

 

 



 

1 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 

Nano industry is one of the fastest growing industries in the history of mankind due 

to industrial revolution. The global socioeconomic value of nanotechnologies is 

progressively growing and currently nanosized particles have substantial influence 

on almost all industrial products and all areas of humanity (Piccinno et al., 2012). 

According to the European Commission (2013), nanomaterial is defined as a 

natural, or engineered material containing particles of at least one dimension 

between 1- 100 nm in an agglomerate or an aggregate or as an unbound state 

(Kassim et al., 2013). All nanoscale materials have higher reactivity and enhanced 

property due to increased relative surface area compared to their conventional 

‘bulk’ (micro-size) materials (Bondarenko et al., 2013).  Bulk materials constitute 

only few atoms at the surface level, whereas nanosized particles have most of the 

atoms at the surface or close to the surface that provides the unique 

physicochemical properties such as small size, high surface area to mass ratio and 

high reactivity to nanoparticles (NPs) (Khan et al., 2014; Kunhikrishnan et al., 2015) 

to utilize them in numerous commercial products (Casals et al., 2012).  It is 
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projected that the annual manufacturing of nanoparticles incorporated products is 

likely to reach $3 trillion by the year 2020 (Roco et al., 2011). 

 

Metallic nanoparticles have versatile applications in many industrial and consumer 

products (Miao et al., 2009). Revised Nanotechnology Consumer Products 

Inventory (CPI) released in 2013 has listed 1814 consumer products manufactured 

using NPs in 32 countries. About 762 (42%) listed products belong to health and 

fitness categories including personal care products such as toothbrushes, hairstyling 

products and skin care lotions which accounts for 39% of products (Vance and 

Marr, 2015). Metals and metal oxide nanoparticles contain the major nanomaterial 

composition publicized in the CPI. Titanium dioxide nanoparticles (TiO2 NPs) and 

zinc oxide nanoparticles (ZnO NPs) are the largest produced nanomaterials 

worldwide. The annual manufacturing of silver nanoparticles (Ag NPs) represents 

only 2% of that of metal oxide NPs (Piccinno et al., 2012). However, Ag NPs are 

the most commonly publicized nanoparticles in the CPI as it is used in 438 products 

due to their renowned antimicrobial properties. Ag NPs and TiO2 NPs are combined 

with other nanoparticles in 35 and 30 consumer products respectively. Ag NPs and 

TiO2 NPs are paired with each other in 10 products including electronic and 

cosmetic products. TiO2 NPs and ZnO NPs are paired in 10 products such as paints, 

sunscreens lotions and paints (Vance and Marr, 2015). Silver nanoparticles are used 

in various consumer products including textiles, laundry additives, home 

appliances, paints, personal care products, food supplements and also in food 
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storage containers (Maynard et al., 2006). Nano titanium dioxide (nTiO2) is the next 

commonly used nanomaterial in various consumer products following Ag NPs. 

Titanium dioxide nanoparticles are widely used as white pigments in paints 

(including lacquers and varnishes), paper and plastics due to their unique 

physicochemical properties such as brightness, high refractive index and resistance 

to discoloration (Yu et al., 2014). Nearly 70% of all the nTiO2 produced are used 

as pigments in the domestic products namely paints, glazes, enamels, plastics, paper 

and food products, and also in the cosmetic products including toothpastes, UV 

sunscreens, shampoos, deodorants, and shaving creams (Botelho et al., 2014).  In 

addition, nTiO2 is used as an antimicrobial agent, inorganic UV filter, and a catalyst 

for air and water purification (Janer et al., 2014). The maximum amount of nTiO2 

is found in common sunscreens and even in products intended for children such as 

sweets, candies or chewing gums (Weir et al., 2012). The global production of TiO2 

NPs and ZnO NPs for sunscreen products alone was estimated to be approximately 

1000 tons during 2003/ 2004 (Borm et al., 2006). The next most commonly used 

metal oxide nanomaterial for a range of applications, following nTiO2, is ZnO NPs.  

ZnO NP is a widely used metal oxide NP that has unique opto-electric properties 

due to its wurtzite crystal structure (Wang, 2004). ZnO NP has transparent 

conductivity that provides clear coatings on transparent surfaces, and its inherent 

property of piezoelectricity makes it particularly attractive for electronic sensor, 

solar voltaics and transducer applications (Ma et al., 2013). Further, ZnO NPs are 

widely used in ceramics, rubber, glass, cement, plastics, lubricants, pigments, 
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paints and textiles, this is owing to its large surface area, catalytic, antimicrobial 

and anticorrosion properties (Yung et al., 2014; Djearamane et al., 2016; Hou et al., 

2018). It is used as a raw material for high-speed wear-resistant rubber products 

due to its advantages of anti-aging, anti-friction, low consumption and long service 

life (Klingshirn, 2007). Nano-zinc ceramics can be used as sanitary products for its 

antibacterial, deodorizing, and self-cleaning role (Moezzi et al., 2012). Its usage in 

paints or coatings further improves the protective capability of coatings, anti-

ultraviolet radiation, anti-atmospheric damage, anti-degradation and discoloration 

(Keller et al., 2013). In addition, ZnO NPs have been used in automobile tail gas 

treatment as a highly reactive catalyst (Liu et al., 2014). Most importantly, the 

continuously growing market for ZnO NPs obsessed mainly by increasing demand 

for cosmetics and sunscreens. Statistically, the annual output of ZnO NPs has been 

reported between 550 and 5550 tons, and the yield is about 100 times higher than 

that of any other nano materials (Piccinno et al., 2012) because of its ultraviolet 

light absorption and reflective properties providing a long-term and broadband 

protection from UVA (320–400 nm) and UVB (290–320 nm). Moreover, the 

nanosize of ZnO makes it as a suitable sunscreen ingredient to provide a clear 

transparent appearance upon topical application compared to white residue left on 

the skin with normal-scale particles (Popov et al., 2005). Furthermore, the 

antibacterial property of this particle has extended its application in pharmaceutical 

and food industries (Dastjerdi and Montazer, 2010; Osmond and Mccall, 2010; 

Song et al., 2010). Antimicrobial property of ZnO NP against pathogenic bacteria 
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(Escherichia Coli and Staphylococcus aureus) recommended its application in food 

preservation field and also as a potent sanitizing agent for disinfecting and 

sterilizing food industry equipment and containers (Sabir et al., 2014). Recently, 

ZnO NPs have been used in numerous chemotherapeutic drugs such as doxorubicin, 

5-flurouracil and doxorubicin as a carrier (Babu et al., 2017). Such widespread and 

expanding production and use of ZnO NPs increases the potential for their release 

into the environment. Environmental levels of ZnO NPs are expected to increase 

continually given the widespread application of these nanomaterials. Upon release 

into the aquatic environment, ZnO NPs might carry potential adverse effects on the 

ecosystem and human health (Ma et al., 2013). 

 

There is an increasing evidence that the massive industrial usage and the subsequent 

release of NPs into the environment, render these nanomaterials more harmful to 

living organisms (Kumari et al., 2011; Kouhi et al., 2014). Nearly $US 1 trillion 

worth of products worldwide are expected to incorporate nanotechnology in key 

functional components by the year 2015, of which high end estimates suggest that 

17% may end to soils, 21% to water and 2.5% to air, with balance entering landfill 

(Patil et al., 2016). Engineered nanomaterials in wastewater streams reach natural 

ecosystems by sludge disposal in terrestrial system and effluent discharge ending 

in aquifers and rivers and the reported level of ZnO NPs in Europe and United 

States sewage sludge are 13.6–57.0 and 17.4 – 57.7 mg/ kg (Kunhikrishnan et al., 

2015). Due to the increasing volumes of NPs production and the growing likelihood 
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of industrial and environmental exposure to NPs, the legislative bodies of United 

States of America and European Union have recently focused their activities on 

assessing the impacts of nanomaterials on human and environmental health 

(Bondarenko et al., 2013; Patil et al., 2016). 

 

Numerous studies have reported the toxicity of ZnO NPs on microalgae and 

recommended them as the suitable microorganism to study the influence of metallic 

oxide NPs in the environment (Franklin et al., 2007; Griffitt et al., 2008; Navarro 

et al., 2008; Battin et al., 2009; Manzo et al., 2013; Tang et al., 2013). Toxicity of 

ZnO NPs was reported to cause growth inhibition of freshwater microalga 

Pseudokirchneriella subcapitata (Franklin et al., 2007; Aruoja et al., 2009), cease 

the photosynthetic activity of cyanobacterium Anabaena flos-aquae and death of 

freshwater microalga Euglena gracilis (Brayner et al., 2010), and decrease the 

viable cells of freshwater microalga Chlorella sp. (Chen et al., 2012). Further, 

studies have also reported the toxic effects of ZnO NPs on marine phytoplankton 

Dunaliella teriolecta, Thalassiosira pseudonana, Isochrysis galbana and 

Skeletonema marinoi (Miller et al., 2010; Manzo et al., 2013). However, the cellular 

accumulation of metallic oxide NPs and their corresponding cytotoxic and 

oxidative stress effects on the microalgae are not yet reported in literatures. Hence 

our study was aimed to investigate the cellular accumulation and the corresponding 

cytotoxic and oxidative stress effects on microalgae.   
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Our study used the nutrient marine microalga Spirulina platensis and the nutrient 

freshwater microalga Haematococcus pluvialis  to test the cellular accumulation 

and the corresponding cytotoxic effects due to the following reasons; (i) these 

nutrient microalgae are never been studied earlier for the cellular accumulation of 

metallic NPs and the corresponding oxidative stress and cytotoxic effects of 

metallic NPs, although a very little information is available in literatures regarding 

the growth inhibitory effects  of ZnO NPs on S. platensis (Lone et al., 2013) and 

TiO2 NPs on S. platensis and H. pluvialis (Comotto et al., 2014); (ii) profound 

sensitivity of both microalgae towards environmental stress (Comotto et al., 2014; 

Kavitha et al., 2015); (iii) to represent the toxic effects of ZnO NPs on a highly 

diverse collection of microorganisms live in a range of environments including all 

aquatic ecosystems, both freshwater and marine, and are also found in terrestrial 

habitats including on hard surfaces and snow since microalga H. pluvialis is a 

freshwater eukaryotic photosynthetic microbe and S. platensis is a marine 

prokaryotic oxygenic photosynthetic bacteria (cyanobacteria) (Kazamia 2015); (iv) 

most importantly to develop  bio-indicator(s) to identify the contamination of ZnO 

NPs on these nutrient microalgae because S. platensis is one of the most popularly 

cultivated marine microalgae, has been widely used as a healthy food, forage and 

additives due to its rich nutrients including proteins, polyunsaturated fatty acids, 

polysaccharides, carotenoids and vitamins (Lanlan et al., 2015) and H. pluvialis is 

a fresh water microalga distributed in many habitats worldwide and it is considered 

as the best natural source of astaxanthin (antioxidant, anticancer, anti-
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inflammatory) and the main producing organism of this commercial product 

(Honga et al., 2016; Matos et al., 2017),  Lone et al., (2013) opined that occurrence 

of NPs in the aquatic environments due to several anthropogenic activities may 

cause detrimental effects in the nutritional quality of the nutrient microalgae 

through biochemical and physiological alterations. Hence, the additional 

information regarding the toxicity effects of ZnO NPs on the nutrient microalgae 

might bring insights to design methods to screen the environmental contamination 

of ZnO NPs in these nutrient microalgae. The outcomes of the study will be useful 

for the environmental impact assessment of ZnO NPs in aquatic system including 

the marine ecosystem, and also might bring insights to design methods for 

screening the contamination of ZnO NPs on these nutrient microalgae at the natural 

water sources. Otherwise, the intake of ZnO NPs contaminated microalgae food 

may cause health hazards to the consumers. 

 

Hence the present study was aimed to explore the cellular accumulation of ZnO 

NPs and the corresponding cytotoxic effects in S. platensis and H. pluvialis using 

increasing concentrations of ZnO NPs over a period of 96 h to investigate the 

concentration- and time-dependent cellular accumulation and cytotoxic effects of 

ZnO NPs. The cytotoxic effects of 5 different concentrations of ZnO NPs from 10 

to 200 mg/L were investigated from 6 to 96 h. To investigate the cellular 

accumulation of ZnO NPs in microalgal cells, SEM-X-ray energy dispersive 

spectroscopy (EDX) was employed to check the cellular accumulation of ZnO NPs 
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in the algal biomass and inductively coupled plasma optical emission spectroscopy 

(ICP OES) was used to quantify the amount of zinc accumulated in the algal cells. 

The cytotoxic effects of ZnO NPs on both microalgae were evaluated by 

quantifying the percentage of loss in viable cells, decrease in algal biomass and loss 

in photosynthetic pigments   such as chlorophyll-a, carotenoids, phycocyanin and 

astaxanthin. The induction of oxidative stress by NPs’ treatment was assessed by 

the measurement of reactive oxygen species (ROS) production and the subsequent 

lipid peroxidation (LPO) in algal cells treated with ZnO NPs. The surface 

attachment of NP agglomerates and the following extracellular modifications of 

algal cells were examined by optical and scanning electron microscopy (SEM). In 

addition, the intracellular modifications in algal cells by the toxicity of ZnO NPs 

were examined through transmission electron microscopy (TEM). 

 

 

1.2   Objectives of the Study are to: 

 

1. Determine the dose and time dependent cellular accumulation of zinc oxide 

nanoparticles in Spirulina platensis and Haematococcus pluvialis. 

 

2. Investigate the dose and time dependent toxicity and oxidative stress effects of zinc 

oxide nanoparticles on Spirulina platensis and Haematococcus pluvialis. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1   Background on Metallic Nanoparticles Toxicity on Aquatic Organisms 

 

Excessive accumulation of  metallic NPs by surface-water runoff into large aquatic 

reservoirs may signify the risk of toxicity for living aquatic organisms (Blaser, 

2006). Nanoparticles have received much attention in recent years due to their 

distinctive properties in physical, chemical and biological processes and also 

because of their potential adverse effects on human health and ecosystem (Colvin, 

2003; Moore, 2006; Wiesner et al., 2006; Patil et al., 2016). Nanopollution is the 

introduction of nanosized contaminants into the natural environment, which causes 

instability, harm, discomfort or disorder to the ecosystem. Nanopollution of water 

bodies occurs as a consequence of usage of manufactured metal and metal oxide 

nanoparticles (Hardman, 2006; Kouhi et al., 2014). Also, accidental spillages or 

intended   discharge of nano industrial wastes into the aquatic systems results in the 

direct exposure of NPs to humans through inhalation of NPs contaminated water 

aerosols, dermal contact and direct ingestion of contaminated drinking water or the 

NPs adsorbed on vegetables or other foodstuffs posing potential health hazards 

(Daughton, 2004). After the entry of NPs into the aquatic environment, the 
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suspended particles would be taken up by the aquatic biota through direct uptake 

from the water phase and/or through food uptake and/or through cell wall, hence 

presence of NPs in the aquatic sediments can potentially cause toxic effects to the 

aquatic organisms (Baun et al., 2008). The toxic action of metal and metal oxide 

NPs can potentially comprise at least 3 distinct mechanisms (Brunner et al., 2006). 

Firstly, particles may release toxic metal ions into the exposure medium, for 

instance, ZnO NPs release zinc ions in the aqueous medium. Secondly, surface 

interactions of metal ions with the aqueous medium may produce toxic substances. 

Thirdly, particles may interact directly with and disturb the aquatic organisms, for 

example, cell wall damage, damage to photosynthetic system and release of the 

intracellular contents (Brunner et al., 2006). The extensive use of Ag NPs in 

industrial products has raised the alarms on the risks associated with Ag NPs 

releasing into the environment (Baker et al., 2014). The released Ag NPs into the 

aquatic environment possibly enters into the internal organs of aquatic organisms 

through skin or membranes of aquatic biota and exerting their toxicity effects on 

the aquatic organisms (Fröhlich and Roblegg, 2012). Besides being toxic to aquatic 

organisms, NPs are also reported to be toxic to mammalian cell lines (Hussain et 

al., 2005; Marin et al., 2015; Pandurangan and Kim, 2015). The significant toxicity 

of Ag NPs to the mammalian stem cells showed the potential of these particles to 

affect the reproductive system. There is also some other evidence that Ag NPs can 

bring detrimental effects to human health through ingestion or usage of medical 

devices (Carlson et al., 2008).  
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Most importantly,  Ag NPs can concentrate over 0.1 mg/L in surface waters (Boxall 

et al., 2007). Former to the interest in NPs, silver ion (Ag+) in aqueous medium 

was reported to be the most lethal form of silver (Ratte, 1999). The studies have 

reported that the dissolved Ag+ in the environment are persistent and highly 

harmful to prokaryotes, various freshwater and marine invertebrates and fish 

(Fisher and Wang, 1998;  Bianchini et al., 2002) (Table.2.1). Ag NPs have higher 

dissolution of Ag+ in the aqueous solution than the bulk material due to the 

nanosized nature and larger surface area causing potential toxicity of nano-silver. 

Moreover, due to their capacity to get adsorbed into the biomolecules and react 

with biological receptors, Ag NPs can be internalized into the cells more rapidly 

(Reidy et al., 2013). A study by Griffitt et al., (2008) investigated the toxicity of 

Ag NPs on freshwater alga  Pseudokirchneriella subcapitata, freshwater flea 

Daphnia pulex and Zebrafish Danio rerio and reported that Ag NPs induced toxicity 

with LD50 of 7.0 – 7.2 mg/mL in Zebrafish, 0.040 – 0.067 mg/mL in Daphnia and 

0.19 mg/mL for P. subcapitata at 48 h of exposure to NPs. Consequently, a study 

by Gaiser et al., (2011) on Daphnia magna showed 100% mortality of Daphnia 

with 1 mg/mL and 43.3% for 0.1 mg/mL of Ag NPs during 96 h of exposure. 

Several studies have reported the toxicity of Ag NPs on the photosynthesis 

process of algal cells. Dewez and Oukarroum (2012a) investigated the toxic effects of 

Ag NPs on freshwater green alga Chlamydomonas reinhardtii, by exposing the 

algal cells to 1, 5 and 10 μmol/L of Ag NPs for 6 h under both light and dark 
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conditions and reported a stronger inhibition on electron transport activity 

of photosynthetic system under light exposure condition due to failure of 

photoprotective mechanisms against excessively absorbed light-energy by the 

photosynthetic apparatus. Similarly a study by Navarro et al., (2008) reported 

higher toxicity of Ag NPs on the photosynthetic reaction compared with Ag+ (Ag NO
3
) 

on Chlamydomonas reinhardtii through the measurement of chlorophyll 

fluorescence emission. The treatment of Ag NPs on  marine microalga Dunaliella 

tertiolecta and freshwater microalga Chlorella vulgaris at two different 

temperatures (25°C and 31°C) resulted in higher altering effect on 

photosynthetic electron transport to an increase in temperature (Oukarroum et al., 

2012b).  

 

Various studies have demonstrated the protective effects of aquatic organisms 

against the toxicity of Ag NPs.  A study by Stevenson et al., (2013) on C. reinhardtii 

reported the production of extracellular dissolved organic carbon (DOC) 

compounds by algal cells as the protective effect against the toxicity of Ag NPs. 

Miao et al., (2009) reported a similar protective mechanism towards the toxicity of 

Ag NPs on marine alga Thalassiosira weissflogii through the secretion of 

polysaccharide-rich algal exudate exopolymeric substances (EPS) by the oxidative 

stress. The concentration of EPS secretion was significantly increased at an 

increasing concentration of Ag NPs, indicating the dose dependent defensive 

mechanism of the algal cells against toxicity. In addition, the same study reported 
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reduction in growth of algal cells as a result of fall in chlorophyll production and 

photosynthesis by the toxicity of Ag+ released from Ag NPs. Chan and Chiu (2015) 

evaluated the chronic sub-lethal toxicity of Ag NPs on marine invertebrate larvae 

and reported growth retardation and decrease in larval settlement rate of Balanus 

amphitrite, Crepidula onyx and Hydroides elegans, and demonstrated the 

accumulation of Ag+ in all three species of marine invertebrate larvae. 

 

The toxicity of nano-silver on aquatic vertebrates has been reported by various 

studies, where the authors exposed zebrafish embryo to 10 - 20 mg/L of Ag NPs  

for 72 h and showed  the penetration of particle aggregates into the skin and 

circulatory system (Yeo and Yoon, 2009), while the treatment of Ag NPs (5 – 

100 mg/L) coated with bovine serum albumin (BSA) or potato starch resulted in 

deposition of Ag NPs in the cell nucleus, blood and also in the nervous system of 

zebrafish embryo at 72 h (Asharani et al., 2008). Further, the exposure of zebrafish 

to 0.4 - 4 mg/L Ag NPs for 2 - 36 d showed defects in fin regeneration and 

infiltration of Ag NPs into cellular organelles including cell nucleus (Yeo and 

Pak, 2008). 

 

Following Ag NPs, the release of nTiO2 into the aquatic ecosystem causes 

damaging effects on the overall ecosystem (Aitken et al., 2009). The nanosized 

TiO2 can produce free radicals and exert a strong oxidizing ability. Sunlight 

illuminated TiO2 catalyzes DNA damage, both in vitro and in vivo, since exposure 
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2 

to such nanoparticles is mainly through skin and inhalation (Srivastava et al., 2015). 

It was demonstrated that exposure to TiO2 NPs affects the brain Murine microglial 

cells through production of superoxide radicals that caused substantial damage to 

DNA, resulting in additional environmental hazards (Long et al., 2006). Studies 

have also reported that the chronic inhalation of nTiO2 is harmful and has been 

associated with a variety of pulmonary effects in rats (Aitken et al., 2009). 

Numerous studies have reported the toxic effects of titanium dioxide nanoparticles 

on aquatic organisms (Table 2.1). Battin et al., (2009) showed the exposure of 

planktonic and biofilm microorganisms to 5.3 mg/L nTiO2 for 24 h resulted in cell 

membrane damage. Dabrunz et al., (2011) demonstrated the immobilization of 

Daphnia and a significant cytotoxicity with 72 h EC50 of 3.8 mg/L and 96 h EC50 

of 0.73 mg/L of nTiO
2
. Another study on Daphnia magna by Zhu et al., (2010) 

revealed a  minimal toxicity of nTiO2 in 48 h of exposure  with EC50 >100 mg/L, 

however, high toxicity was reported at 72 h. Moreover, chronic exposure for 21 d 

resulted in reproductive defects, growth retardation and death of zebrafish with the 

accumulation of significant amount of nanoparticles. Thus, the results indicated 

that the long-term exposure of nTiO2 on aquatic organisms might affect the 

growth of aquatic organisms, indicating the risk of nTiO2 to the aquatic 

ecosystems. Further, several studies have investigated the effect of   nTiO
2 on the 

aquatic vertebrates. Chen et al., (2011) reported a significant impairment in the 

swimming velocity of zebrafish embryo larvae, even to low dosage of nTiO2 (0.1-

1 mg/L) on day 10.  A study by Federici et al., (2007) treated cold water fish 
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rainbow trout with TiO
2 

NPs for 14 days and reported decrease in Na+/K+-

ATPase activity in the gills, intestine and brain, and also  demonstrated minor 

lipidosis and apoptotic bodies in the liver cells. The results have also showed 

erosions in the intestinal epithelium of the fish that was possibly due to the 

ingestion of nTiO
2 contaminated water. Linhua et al., (2009) reported the 

oxidative stress of nTiO
2 on freshwater fish Cyprinus carpio by analyzing the 

levels of antioxidant enzymes and lipid peroxidation (LPO) in gill, liver and brain 

cells of the fish. Furthermore, the pathological studies showed edema, thickening 

of gill lamellae and gill filaments, necrosis and apoptosis of liver cells when treated 

with nTiO2 (100- 200 mg/L) for 20 d. 

 

2.2      Toxicity Effects of Zinc Oxide Nanoparticles on Aquatic Organisms 

 

The rising trend in the large-scale commercial production and use of ZnO NPs may 

result in an unintentional or intentional release of these particles from the industrial 

wastes into the aquatic environment (Baker et al., 2014; Wang et al., 2016). 

Notably, ZnO NPs has high risk of contaminating aquatic ecosystem posing great 

threat to the aquatic organisms (Gottschalk et al., 2009). The aquatic organisms 

including marine phytoplankton exhibit a wide range of sensitivity to dissolved 

zinc, though it is considered as an essential nutrient (Franklin et al., 2007; Miller et 

al., 2010). The toxicity of NPs can be influenced by various physico-chemical 

properties such as size, shape, coating and chemical composition (Morris et al., 
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2007). The pH, ionic strength and solubility of the aqueous media determine the 

size and rate of aggregation of NPs and the release of metal ions from metal-based 

NPs that may also influence its toxicity (Wong et al., 2010; Quik et al., 2011). Upon 

releasing into the aquatic environment, it may lead to cellular exposure and uptake 

of NPs into the aquatic biota, which in turn stimulates distinctive cellular 

toxicological responses through lethal effects of the leached zinc as well as the 

cellular uptake of solid ZnO NPs and the subsequent intracellular leaching of zinc 

(Gunawan et al., 2013). The adverse effects of ZnO NPs evidently need to be 

assessed on various aquatic organisms as an integral part of environmental risk 

assessment (Hazeem et al., 2016) and also extremely important for sustainable 

development of nanotechnology (Kahru and Dubourguier, 2010) and there arises a 

need for better understanding and assessment of ecotoxicity of NPs to the key 

ecosystem organisms such as algae, plants, and fungi which are continuously being 

exposed to these nanomaterials (Srivastava et al., 2015). Previous toxicity studies 

using ZnO NPs have evidenced that these particles are toxic to algae (Xu et al., 

2013), bacteria (Li et al., 2013), crustaceans (Blinova et al., 2010) and fish (Zhu et 

al., 2008). Algae are largely dispersed in fresh water and they are the primary 

producers in the food chain; so, consequently, any disturbance in their growth 

reflects a disturbance in the food chain of aquatic system (Auffan et al., 2011).  

 

Alga is an organism that is sensitive to metallic contaminants when compared to 

fish and invertebrates (Zhou et al., 2014). Also, algae are used for bioremediation 
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of pollutants that contributes to the self-purification of polluted water (Ji et al., 

2011). Therefore, they can potentially be used as a biosensor to monitor water 

quality and aquatic toxicity (Franklin et al., 2007). Investigating the toxicity of ZnO 

NPs on algae is of greater importance because the study results can potentially lead 

to strategies on evaluating the impacts ZnO NPs in the aquatic environment 

(Maynard et al., 2006). Of note, it is also important to understand and investigate 

the fate and behavior of ZnO NPs in the coastal waters and examine their biological 

effects on marine organisms as coastal waters and ocean are the ultimate sink of the 

NPs. Since marine microalgae are used as the food by the salt water organisms, 

they play a vital function as principal producers in the oceans.  Consequently, the 

assessment on the adverse effects of ZnO NPs on marine microalgae is also 

important to predict the adverse effects of ZnO NPs on marine food web and its 

influence on the entire marine ecosystem (Manzo et al., 2013). 

 

2.2.1   Biological Toxicity of ZnO NPs on Microorganisms 

 

Numerous studies have confirmed the growth inhibitory effects of ZnO NPs on 

positive bacteria Staphylococcus aureus and Bacillus subtilis, and gram negative 

bacteria Salmonella typhimurium, Escherichia coli and Klebsiella pneumonia 

(Reddy et al., 2007; Wahab et al., 2010; Baek and An, 2011).  Heinlaan et al., (2008) 

reported the growth inhibition of ZnO NPs on Vibrio fischeri with 30 min EC20 and 

EC50 of 0.9 and 1.9 mg/L respectively. Additionally, toxicological studies of ZnO 
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NPs showed growth inhibitory effects on Campylobacter jejuni (Xie et al., 2011), 

Listeria monocytogenes (Jin et al., 2009) and Pseudomonas aeruginosa (Feris et 

al., 2009). Notably, Jones et al., (2008) demonstrated greater growth inhibitory 

effect of smaller size ZnO NPs (8 nm, 50 – 70 nm) on bacteria than larger size 

particles (> 1 µm) and Applerot et al., (2009) reported a higher intracellular 

accumulation  and the subsequent damage of E. coli by smaller ZnO NPs (7 nm) 

compared to larger particles (260 and 800 nm).  Subsequently, Premanathan et al., 

(2011) reported the higher susceptibility of gram positive bacterium S. aureus 

compared to gram negative bacteria  P. aeroginosa and E. coli. Besides bacteria, 

the studies have also reported toxic effects of ZnO NPs on fungi and protozoa. A 

study by Gondal et al., (2012) demonstrated a higher susceptibility of Candida 

albicans to ZnO NPs  compared to Aspergillus niger. Another study on C. albicans 

by Lipovsky et al., (2011) reported 90%  growth inhibition by ZnO NPs (1 mg/L) 

at 24 h and also demonstrated  the size-based cytotoxic effects of ZnO NPs on C. 

albicans that the smaller particles (10 nm) caused higher toxicity than the larger 

particles (100 nm) of ZnO NPs. Further, Kasemets et al., (2009) demonstrated  

enhanced cytotoxicity of ZnO NPs compared to bulk ZnO on the yeast 

Saccharomyces cerevisiae with EC50 of 131 and 158 mg/L respectively at 24 h.  

Similarly, the protozoan Tetrahymena thermophila showed higher cytotoxicity to 

the treatment of ZnO NPs compared with bulk ZnO and ZnSo4 with EC50 of 3.7, 

3.9 and 4.9 mg/L of Zn at 4 h respectively (Mortimer et al., 2010). 
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2.2.2     Cytotoxicity Effects of ZnO NPs on Algae and Plants 

 

Microalgae are the photosynthetic microorganisms that utilize solar light to convert 

the atmospheric carbon di-oxide into organic carbon. They are prokaryotic 

microalgae cyanobacteria or eukaryotic microalgae such as green microalgae, red 

microalgae and diatoms. Microalgae are the source of numerous valuable 

compounds such as carbohydrates, proteins, lipids, vitamins and pigments (Miazek 

et al., 2015). The chlorophylls, carotenoids and phycobilins are the microalgal 

pigments that harvest light in the process of photosynthesis. Chlorophylls are the 

primary photosynthetic pigments that contain tetrapyrrole ring with magnesium 

ion. Green microalgae contain chlorophyll content up to 6.7% and occur in various 

forms such as chlorophyll a, b and c. Chlorophyll a is the principal photosynthetic  

pigment of the microalgae that are majorly involved in light harvesting process and 

photosynthesis (Nakanishi and Deuchi, 2014). Carotenoids are the accessory 

photosynthetic pigments that are divided into non-oxygen containing carotene (β 

carotene) and oxygen containing xanthophylls such as lutein, astaxanthin and 

zeaxanthin (Takaichi, 2011). Phycobiliproteins are water soluble proteins that serve 

as accessory pigments that give blue color to the blue green microalgae; also known 

as cyanobacteria due to the presence of phycocyanin and allophycocyanin (Shukla 

et al., 2009; Ferrari et al., 2013). Human activity, industrial development and 

natural earth processes lead to release of several metals, for example, zinc, copper, 
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cadmium, chromium, mercury, nickel, lead, iron, lanthanum, etc., and metallic 

nanoparticles such as silver, titanium oxide, zinc oxide, cerium oxide, nickel oxide, 

lanthanum oxide, etc., that could induce stress to the growth and metabolism of 

microalgae (Klaine et al., 2008; Tangahu et al., 2011; Monteiro et al., 2012; Von 

Moos and Slaveykova, 2014).  High concentration of heavy metals causes the 

inhibition of photosynthesis and enzymes, and thus causes block in cell division 

(Miazek et al., 2015). The accumulation of metal ions on the surface of algal cells 

involves two mechanisms; adsorption of metal ions on the functional groups of 

algal cell wall (hydroxyl, carboxyl, amino, sulfhydryl and phosphate) and 

subsequent internalization (Blaby-Haas and Merchant, 2012; Monteiro et al., 2012; 

Sun et al., 2015). Interaction of metal ions on algal cells can cause oxidative stress 

through production of reactive oxygen species (ROS) such as hydroxyl radical 

(OH), superoxide anion (O2-), singlet oxygen (O*) and hydrogen peroxide (H2O2)  

that react with the biomolecules of algal cell lipids, proteins and nucleic acids 

resulting in cell membrane damage and degradation of intracellular organelles. 

(Perales-Vela et al., 2006; Monteiro et al., 2012; Cassier-Chauvat and Chauvat, 

2014). 

 

The toxicity of zinc ion (Zn2+) in the aquatic medium best relates to the available 

levels of hydrated free Zn2+ or complexes of Zn2+ with inorganic substances 

(Wang et al., 2009). Previous studies have reported the higher toxic effects of ZnO 

NPs compared with nTiO2 (Table. 2.1). Toxicity of ZnO NPs (6 d  EC50 of 20 mg/L) 
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caused greater growth inhibition compared to nTiO2 (6 d  EC50 of 30 mg/L) on 

Chlorella sp. (Ji et al., 2011). Aruoja et al., (2009) reported the greater toxicity 

effects of ZnO NPs over TiO
2 NPs on P. subcapitata through higher decrease in 

chlorophyll fluorescence and the corresponding higher reduction in cell density with 

the treatment of ZnO NPs. A study by Heinlaan et al., (2008) demonstrated a higher 

cytotoxic effects of  ZnO NPs to D. magna and T.  platyurus even at low 

concentrations of 3.2 mg/L for D. magna and 0.18 mg/L for T. platyurus, while 

TiO
2 NPs were not toxic even at higher concentration (20 g/L). Subsequently, Miller 

et al., (2010) reported that the toxicity of ZnO NPs significantly caused growth 

inhibition of marine phytoplankton diatoms, chlorophytes, and 

prymnesiophytes, while nTiO2 produced no quantifiable cytotoxic effects. ZnO 

NPs have been proven to be more toxic than bulk ZnO and zinc chloride (ZnCl2). 

The toxicity study on marine alga D. tertiolecta by Manzo et al., (2013) reported 

more toxicity for 100 nm ZnO NPs with 96 h EC50 of  2.42 mg/ L than 200 nm bulk 

ZnO with 96 h  EC50 of 4.45 mg/L. Likewise,  Ji et al.,(2011) reported the size-

dependent cytotoxicity of ZnO NPs on Chlorella sp. with the EC30 values of 20 

mg/L and 100 mg/L for 20 nm and 100 nm ZnO NPs respectively after 6 days 

of exposure and confirmed the higher toxic effects of smaller size ZnO NPs. 

The possible reason behind the higher toxicity of smaller size nanoparticles is 

possibly due to the increased number of surface oxygen vacancies in nanosized 

particles with decreasing particle size. These higher oxygen vacancies can 

produce more number of electron pairs with oxygen molecules and hydroxyl 
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ions to generate excessive reactive oxygen species (Brayner, 2008). Besides the 

size dependent toxicity, studies have also reported the concentration- and time-

dependent toxicity of ZnO NPs. A study by Schiavo et al., (2016) showed that 

the cytotoxic effects of ZnO NPS on green microalga Dunaliella salina were 

increased with increase in the concentrations of ZnO NPs. The cell viability of 

D. salina decreased to below 50% when treated with ≥ 25 mg/L of ZnO NPs. 

But no significant toxicity effect was reported at 0 - 5 mg/L of ZnO NPs. In 

addition, Zhang et al., (2016a) reported  EC50 values of 7.0, 6.4, 4.4 and 3.6 

mg/L of ZnO NPs for 24, 48, 72 and 96 h on the marine microalga Skeletonema 

costatum. Ji et al., (2011) reported a time-dependent cytotoxicity of ZnO NPs 

on Chlorella sp. with the percentage of cell viability 75%, 70% and 60% on day 

2, 4 and 6 respectively. Further, the cytotoxicity of ZnO NPs caused a significant 

growth inhibition of marine microalgae Skeletonema costatum and Thalassiosia 

pseudonana with 96 h  EC50 of 2.36 and 4.56 mg/L respectively (Wong et al., 2010). 

The TEM examination of ZnO NPs treated cyanobacterium Anabaena flos-aquae 

showed the accumulation of nanoparticle aggregates  around the cell wall 

(Brayner et al., 2010). The toxicity effects of ZnO NPs have also reported to 

affect the growth and seed germination rates in plants. Treatment of ZnO NPs 

halted root elongation and inhibited seed germination in ryegrass Daucus carota, 

Brassica campestris and Lolium perenne  (Lin and Xing, 2007) and ZnO NPs 

were also found to affect root elongation rate in garden cress and caused 

genotoxicity to broad bean (Manzo et al., 2011). In addition, Du et al., (2011) 
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demonstrated the uptake of zinc and biomass reduction in wheat upon treating with 

ZnO NPs. 

 

Table 2.1: Summary of Silver, Titanium dioxide and Zinc Oxide 

      Nanoparticles’ Toxicity on Aquatic organisms 

 

 

NPs 

 

Size 

(nm) 

 

Aquatic 

Organism(s) 

 

Major Effects 

 

Reference 

 

Silver 

 

20-30 

 

Freshwater flea: 

Daphnia pulex 

 

Ag NPs caused lesser 

cytotoxicity than its counterpart 

Ag+ on all three organisms. 

 

(Griffitt et al., 

2008) 

 

Freshwater algae: 

Pseudokirchneriella   

subcapitata 

Water flea: 

Ceriodaphnia dubia 

Silver 25 Freshwater 

green alga: 

Chlamydomonas 

Reinhardtii 

Ag NPs caused greater   adverse 

effect on photosynthetic system 

compared to its counterpart   

AgNO3. 

(Navarro et al., 

2008) 

Silver 50 Chlamydomonas 

Reinhardtii 

Deterioration of photosynthetic 

II reaction center. 

(Dewez and 

Oukarroum, 

2012) 

Silver 40 Chlamydomonas 

Reinhardtii 

More toxicity of Ag NPs to the 

early stages of growth than the 

later stages. 

Production of dissolved organic 

carbon (DOC) in response to Ag 

NPs toxicity. 

(Stevenson et 

al., 2013) 

Silver 50 Marine green algae:  

Dunaliella 

tertiolecta 

And 

freshwater 

microalga 

Chlorella vulgaris 

Deterioration of photosynthetic   

reaction centre in both 

microalgae. D. tertiolecta 

showed more toxicity than C. 

vulgaris. 

Higher toxicity was observed at 

31°C than 25°C. 

(Oukarroum et 

al., 2012b) 
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Silver 75 Larvae of marine 

invertebrate: 

Balanus amphitrite, 

Crepidula onyx and 

Hydroides elegans 

Severe inhibition in 

development and growth of 

larvae with reduced larval 

settlement rate. 

(Chan and 

Chiu, 2015) 

Silver 60-70 Marine algae: 

Thalassiosira 

Weissflogii 

Ag+ released from Ag NPs 

caused reduction in cell growth, 

photosynthesis and chlorophyll 

production. 

Secretion of algal exudate   

called exopolymeric substances 

(EPS) for Ag+ detoxification. 

(Miao et al., 

2009) 

Silver 14-20 Free living soil 

roundworm: 

Caenorhabditis 

Elegans 

Reduced reproduction with 

infiltration of Ag NPs in uterine 

area and increased oxidative 

stress. 

(Roh et al., 

2009) 

Silver 10-20 Zebrafish Infiltration of Ag NPS into 

intracellular organelles 

including nucleus. 

 

(Yeo and Pak, 

2008) 

Silver 20-30 Zebrafish embryo 

 

Aggregates of NPs into the skin 

and circulatory system. 

(Yeo and Yoon, 

2009) 

Silver 5-20 Zebrafish embryo Deposition of Ag NPs in cell 

nucleus, blood and nervous 

system. 

(Asharani et al., 

2008) 

Zinc oxide 30 Freshwater 

Microalga: 

Pseudokirchneriella 

Subcapitata 

Nano-ZnO exhibited growth 

inhibition. 

No difference in growth 

inhibition among nano-ZnO, 

bulk ZnO & ZnCl2. 

(Franklin et al., 

2007) 

Zinc oxide 100 Marine algae: 

Dunaliella 

tertiolecta 

Nano-ZnO exerted more 

toxicity on   growth rate of D. 

tertiolecta bulk ZnO. 

 

(Manzo et al., 

2013) 

Zinc oxide 30-100 Cyanobacterium 

Anabaena flos-

aquae and green 

microalga Euglena 

gracilis 

Decreased photosynthetic 

activity in A. flos-aquae and cell 

death in Euglena gracilis. 

 

Production of algal exudates   by 

A. flos-aquae was reported as 

the protective response. 

(Brayner et al., 

2010) 

Titanium 

dioxide 

20 Planktonic and 

biofilm 

Significant damage of cell 

membranes with substantial 

(Battin et al., 

2009) 
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microorganisms in 

natural water 

impact of light on the membrane 

damage. 

Titanium 

dioxide 

21 Daphnia magna Minimal cytotoxicity in 48 h and 

high toxicity at 72 h of exposure 

in Daphnia. 

Chronic exposure for 21 d, 

resulted in mortality and    

reproductive defects. 

(Zhu, Chang, & 

Chen, 2010) 

Titanium 

dioxide 

100 Daphnia magna Immobilization of Daphnia at 

the nominal concentration of 72 

h EC50 3.8 mg/L and 96 h EC50 

0.73 mg/L. 

Nanosized TiO2 was 

significantly more toxic than 

non-nanosized TiO2 (200 nm). 

(Dabrunz et al., 

2011) 

Titanium 

dioxide 

ND Freshwater fish:  

Cyprinus carpio 

Decrease in antioxidant 

enzymes level as the indication 

of greater production of reactive 

oxygen species   and increase in 

lipid peroxidation level in liver 

cells. 

Swelling of gills with necrosis 

and apoptosis of liver cells at 20 

d. 

(Linhua et al., 

2009) 

Titanium 

dioxide 

ND Zebrafish embryos Significant impairment in the 

swimming capacity of fish 

embryo. 

(Chen et al., 

2011) 

Titanium 

dioxide 

ND Cold water fish 

rainbow trout: 

Oncorhynchus 

mykiss 

Inhibited Na+/K+-ATPase 

activity in the gills, intestine and 

brain. Caused lipidosis and 

apoptotic bodies in liver cells. 

(Federici et al., 

2007) 

Zinc oxide 

 

50-70 Freshwater 

microalga 

Pseudokirchneriella 

subcapitata 

Nanosized ZnO particles   

caused higher toxicity compared 

to nTiO2 by greater loss in 

chlorophyll fluorescence 

emission and cell density. 

(Aruoja et al., 

2009) 

 Titanium 

dioxide 

25-70 

Zinc oxide 

 

ND Green alga: 

Chlorella sp. 

Nano-ZnO particles showed 

greater growth inhibition of 

algal cells than nTiO2. 

(Ji et al., 2011) 

Titanium 

dioxide 

5-10 

Anatase 

Zinc oxide 

& 

Titanium 

dioxide 

ND Marine 

phytoplankton: 

ZnO NPs significantly 

suppressed the growth rate of 

marine phytoplanktons. While 

(Miller et al., 

2010) 
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Diatoms, 

chlorophytes, and 

prymnesiophytes 

TiO2 NPs caused no quantifiable 

toxic effects. 

Zinc oxide 

& 

Titanium 

dioxide 

 

ND 

Crustaceans: 

Daphnia magna and 

Thamnocephalus 

platyurus 

Suspension of nanoTiO2 was not 

toxic even at higher 

concentration (20 g/L). 

Nano-ZnO suspension was toxic 

even at low concentrations from 

3.12 mg/L for D. magna and 

0.18 mg/L for T. platyurus at 48 

h. 

(Heinlaan et al., 

2008) 

 

 

2.2.3 Cytotoxicity of ZnO NPs on Invertebrates and Vertebrates 

 

The experiments conducted in fresh water flea Daphnia magna showed size-

dependent toxicity with 48 h EC50 of 1.02 mg/L for 30 nm sized ZnO NPs and 1.1 

mg/L for 80 - 100 nm sized ZnO NPs respectively (Bacchetta et al., 2016). 

Similarly, the treatment of nanosized ZnO particles to the oyster Crassostrea gigas 

resulted in infiltration of ZnO NPs in gills and digestive glands and also caused 

oxidative stress (Trevisan et al., 2014). Montes et al., (2012) reported the 

accumulation of zinc in coastal marine mussel Mytilus galloprovincialis when 

treated with 1 - 10 mg/L of ZnO NPs at day 4. Another study on M. 

galloprovincialis found the accumulation of zinc in somatic and gonadal tissues 

with the subsequent decrease in shell growth rate and increase in cell mortality due 

to the chronic exposure to ZnO NPs (2 mg/L) for a period of 12 weeks (Hanna et 

al., 2013). Furthermore, the research studies have  also investigated  the sensitivity 
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of crustaceans to  ZnO NPs. Ates et al., (2013) reported a size-based toxicity effects 

of ZnO NPs (100 mg/L) on brime shrimp Artema salina with 26% mortality for 10 

– 30 nm size particles and 18% mortality for 200 nm size particles. Exposure of 

marine copepod Tigriopus japonicus to ZnO NPs resulted in the accumulation of 

NP aggregates to the exoskeleton and subsequently caused  mechanical injury 

(Wong et al., 2010).  The toxicity of ZnO NPs caused growth inhibition on 

crustacean Daphnia magna with 48 h EC50 of 3.2 mg/L (Heinlaan et al., 2008) and 

in zebrafish with 96 h EC50 4.92 mg/L (Xiong et al., 2011). The earlier studies have 

also reported the adverse effects of ZnO NPs on animal and human cells.  ZnO NPs 

can also cause toxic damage to mammalian cells and the smaller size of these 

particles enables them to get internalized into the cells and cause cellular 

inflammatory response by inducing oxidative stress (Magdolenova et al., 2014; 

Golbamaki et al., 2015). A study in mice displayed increased blood viscosity and 

severe toxic changes such as kidney damage, anemia and liver damage (Wang et 

al., 2008). Deng et al., (2009) reported a dose dependent toxic effects of ZnO NPs 

on mouse neural stem cells, for instance, ZnO NPs caused loss in cell viability of 

38.2, 71.8 and 86.8% at 24 h for 12, 18 and 24 mg/L respectively with 24 h EC50 of 

10.8 - 13.2 mg/L. Another study exposed chicken red blood cells to ZnO NPs (50 

mg/L) and reported 40% loss in  viable cells in 24 h and also showed a concentration 

and time dependent release of lactate dehydrogenase enzyme due to plasma 

membrane damage and the subsequent hemolysis (Babu et al., 2017). Furthermore,  

Guan et al.,(2012) showed a dose dependent cytotoxicity of  ZnO NPs on human 
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cell lines with the percentage of cell viability 52.63, 41.12 and 36.7% on human 

hepatocytes, and 38.74, 19.43 and 15.21% on human embryonic kidney cells at the 

concentrations 50, 75 and 100 mg/L for 24 h. Chen et al., (2014) demonstrated  a 

concentration dependent cytotoxicity of ZnO NPs on the endothelial cells of human 

umbilical vein with the highest loss in cell viability of 40% at 480 µM (42 mg/L) 

for 24 h exposure and another dose dependent cytotoxicity of ZnO NPs on 

monocytes was reported by Andersson-Willman et al., (2012) with a percentage of 

cell death of 23.6, 79.9 and 91.2% at 10, 50 and 100 mg/L, respectively for 24 h 

exposure. 

 

2.3     Sensitivity of S. platensis Towards Heavy Metals and Metallic Oxide 

          Nanoparticles 

 

 

Spirulina platensis is a prokaryotic cyanobacterium, which is also known as marine 

microalga as it grows in high salt concentrations ranging from 8.5 to 200 g/L and 

in alkaline pH (9.5 to 11).  It is a photosynthetic filamentous cyanobacterium with 

a diameter of 10 µm and length of 10 to 100 µm. It is a multicellular cylindrical 

trichomes in a helix along the entire length of the filaments  (Moraes et al., 2013). 

The harvested biomass of S. platensis has been used as a source of food for centuries 

by the native people around Chad lake in Africa and Texcoco lake in Mexico 

(Vonshak, 1997).  Therefore, it is an economically important type of alga ever since 

it has been commercially produced for over 30 years for usage as fish food, vitamin 

supplements, food dyes, aquaculture, pharmaceuticals and nutraceuticals (Ciferri 
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and Tiboni, 1985; Abdulqader et al., 2000).   S. platensis   is a recommended 

nutritional supplement as it contains rich source of nutrients such as phycocyanin, 

chlorophyll, vitamin E, omega 6 fatty acids , numerous  minerals and antioxidant 

carotenoids (Gershwin and Belay, 2007).  It is 60 - 70% protein by weight 

(including all essential amino acids)  with the available energy 2.5 - 3.29 kcal/gram 

and phosphorus content of 41.0%  and contains up to 10 times more beta-carotene 

than carrots per unit mass (Belay et al., 1993). It is widely cultivated around the 

world and available as tablet, capsule flake and powder form. Researchers have 

discovered that Spirulina products have numerous medical benefits because of its 

nutritional qualities and proven to treat many health problems including diabetes, 

arthritis, anaemia and cancer and also  been proven to be a lipid lowering agent and 

modulator for immunological function (Ruan et al., 1988). S. platensis provides 

adequate iron in anemic pregnant women. Also, it is shown to minimize HIV-1 

replication in human T-cell lines and the algal extracts exhibited antiviral activities 

against various pathogenic viruses such as hepatitis, herpes simplex virus, 

cytomegalovirus, measles virus and influenza A virus (Hayashi and Hayashi, 

1996). Spirulina biomass can be used as a matrix for pharmaceuticals containing 

zinc for human and veterinary use (Zinicovscaia et al., 2013).  Carotenoids of 

Spirulina are responsible for producing pigmentation of egg yolk in the poultry 

industry to produce carotenoid rich eggs. In addition, it is also used as a biofertilizer 

(Lorenz, 1999; Hoseini et al., 2013). Interestingly, cyanobacteria are the effective 

accumulators of trace metals, especially S. platensis can effectively accumulate 
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trace metals and more effectively  zinc upto 96% of exposed zinc (Dazhi et al., 

2003, Al-Dhabi, 2013). 

 

A treatment of heavy metal lead on S. platensis resulted in the loss of biomass and 

photosynthetic pigments, and the addition of tellurium to S. platensis culture 

resulted in the uptake of metal ions into the peptides of Spirulina cells and also 

caused enhanced production of phycocyanin due to the oxidative stress induced by 

the metal uptake (Arunakumara et al., 2008). Nalimova et al., (2005) confirmed the 

lethal actions of copper and zinc on S. platensis, while Choudhary et al., (2007) 

reported the toxic effects of heavy metals such as lead, copper, and zinc to S. 

platensis with growth inhibition and increased oxidative stress. The treatment of 

copper (Cu II) and sodium chloride (NaCl) resulted in the reduction of cell growth 

and chlorophyll-a (chl-a) content in Spirulina sp. through the induction of oxidative 

stress (Deniz et al., 2011). The study also recommended the investigation of 

chlorophyll-a as a useful tool to determine the physiological alterations in plant 

cells that are subjected to heavy metals stress which results in the degradation of 

chlorophyll as a result of oxidative stress. 

 

Moreover, the treatment of chromium caused substantial reduction in growth and 

chl-a content of S. platensis due to the inhibition in cell division, in addition to 

deterioration of carbohydrate and protein content of S. platensis (Shilpi et al., 

2014).  A study by Lone et al., (2013) investigated the toxicity of copper oxide NPs 
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(50 nm, 10 ppm) and ZnO NPs (50 nm, 10 ppm) at day 10 by measuring the algal 

biomass and photosynthetic pigments (chlorophylls and carotenoid). The results 

showed growth inhibition, reduction in photosynthetic pigments and protein 

synthesis of S. platensis due to the treatment with ZnO NPs, whereas no inhibitory 

effects were observed with copper oxide NPs. The study inferred that the toxic 

effects of nano-zinc were related to binding of zinc ions to proteins of algal cell 

wall that resulted in growth inhibition.  A recent study by Comotto et al., (2014)) 

evaluated the toxic effects of  TiO2 NPs (100 mg/L) at day 15. The results showed 

that the pure anatase TiO2 NPs lead to a significant growth inhibition of S. platensis 

with the accumulation of antioxidant compounds. 

 

2.4   Sensitivity of H. pluvialis to Environmental Stress 

 

Haematococcus pluvialis is an eukaryotic, unicellular, motile, biflagellate, green, 

fresh water algae (Kang et al., 2005) with size of 20-50 µm in diameter and 8-12 

µm long (Shah et al., 2016). H. pluvialis occurs in fresh water bodies like natural 

and artificial ponds and pools (Czygan, 1970, Burchardt et al., 2006). It has been 

found across various environmental and climate conditions like in freshwater with 

snow, black water or rocks on the seashore (Chekanov et al., 2014; Klochkova et 

al., 2013). H. pluvialis exists in two forms as green motile vegetative form in 

environmentally favourable conditions and also as red immotile cystic form under 

unfavourable conditions (Harker et al., 1996; Nagaraj et al., 2012). The general 
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composition of H. pluvialis alga meal consists of carotenoids (>1.75%), astaxanthin 

(>1.5%), fatty acids (7 - 25%), proteins (20 - 30%), carbohydrates (30 - 40%), and 

minerals. H. pluvialis  alga meal has been used in diets of farmed salmon, trout, sea 

bream, prawns and ornamental fish (Dore and Cysewski, 2003). Astaxanthin  is   

the most important carotenoid pigment contained in H. pluvialis   which has  

approximately 10 times of antioxidant effect than other carotenoids such as 

zeaxanthin, lutein, canthaxanthin, and β-carotene, and 38 fold of beta carotene 

(Tripathi et al., 1999) and  widely used as colorant in fish and poultry farms to 

enhance the color of cultured salmon, trout ornamental fish and egg yolk sac 

respectively ( Sarada et al., 2002; Göksan and Ak, 2006). Astaxanthin is also serves 

as a vitamin source in poultry industry, natural preservative, food additive for food 

industry, superior antioxidant to vitamin E and β carotene in the cosmetic industry, 

and an antiaging agent as a precursor of vitamin A. The antioxidant property of 

astaxanthin is believed to have protection against UV light photooxidation (Sarada 

et al., 2002) and also  it is  known as anticancer agent through singlet oxygen 

quenching and an immunomodulatory in pharmaceutical industry. In addition, it is 

proven to have anti-inflammatory action in cardiovascular disease, age-related 

degenerative diseases, and enhance immune response ( Park and Lee, 2001; 

Cifuentes et al., 2003; Nagaraj et al., 2012).  However, H. pluvialis cells are very 

sensitive to environmental stress and they undergo morphological alterations under 

various environmental conditions ( Hata et al., 2001; Imamoglu et al., 2007). 
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On the contrary to S. platensis, so far only few studies have been conducted on H. 

pluvialis regarding the toxicity effects of metals and metallic nanoparticles. A study 

by Li et al., (2008) reported the sensitivity of H. pluvialis to the treatment of ferrous 

sulphate with an increase in astaxanthin level relative to the total carotenoids at 72 

h. Recently, Comotto et al., (2014) demonstrated the sensitivity of H. Pluvialis 

towards titanium dioxide NPs (100 mg/L) which caused reduction in biomass on 

day 9 with considerable increase in extra cellular phenolic compounds as a 

protective mechanism. In addition, the sensitivity of H.  pluvialis to other 

environmental conditions also have been reported in the literatures. A noticeable 

decrease in chlorophyll content and increase in total carotenoids content were 

reported by Kavitha et al., (2015) when exposed to UV light for 15 min and  a study 

by Cifuentes et al., (2003) showed reduction in chlorophyll level and induced 

carotenogenesis with increased production of astaxanthin on day 11 in high salt and 

high intensity light conditions. 

 

A critical analysis of the existing literatures reports that the toxicity effects of ZnO 

NPs have been tested broadly on the wide range of aquatic organisms including 

algae, bacteria, crustaceans and fish. However, suggests that there is a need for the 

detailed assessment of ZnO NPs toxicity effects on the nutrient microalgae S. 

platensis and H. pluvialis since very basic information only is available in the 

literatures which are considered insufficient to design the methods for screening the 

contamination of ZnO NPs in the nutrient microalgae as the previous studies have 
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not reported the accumulative capacity and sensitivity of these two microalgae 

towards ZnO NPs. Hence, the present study has investigated the detailed dose- and 

time-dependent cellular accumulation and the corresponding cytotoxicity of ZnO 

NPs on S. platensis and H. pluvialis. The results of this study might help in 

identifying the bio-indicator to test the toxicity effects of ZnO NPs in the aquatic 

environment and also in developing the methods to screen the presence of ZnO NPs 

in the nutrient microalgae to prevent the ZnO NPs associated health hazards to the 

consumers. 
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CHAPTER 3 

 

MATERIALS & METHODS 

 

3.1 Primary Characterization of ZnO NPs  

 

Nano-zinc oxide powder with the specified particle size of >100 nm was procured 

from Sigma-Aldrich. The scanning electron microscope (Scanning Electron 

Microscope, S-3400N, HITACHI, Japan) operated at 15 kV voltage, 10 mA probe 

current, 2.5 X 10-4 Pa vacuum, under high definition scanning mode (2560 X 1920 

Pixels) with a working distance of 5-6 mm was used to determine the shape and   

size of ZnO NPs in the present study. The chemical composition of the 

nanomaterial was investigated through X-ray energy dispersive spectroscopy 

(EDX) (Scanning Electron Microscope, S-3400N, HITACHI, Japan), operated at 

15 kV voltage, 10 mA probe current, 2.5 X 10-4 Pa vacuum under high definition 

scanning mode (2560 X 1920 Pixels) with a working distance of 5-6 mm. X-ray 

diffractometer (Lab X, SHIMADZU, XRD-6000, Japan), operated at an angle of 

2θ with 40 volts and 30 mA current was applied to confirm the crystalline structure 

and size of the nanomaterial.   
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Figure 3.1: Experimental workflow of the study 
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Further, Fourier transformed infrared (FTIR, Nicoler IS 10, United States), 

operated at 120 Volts, 15 A current and line frequency of 50 Hz was used to confirm 

the functional groups present in the ZnO NPs. 

 

3.2    Cultivation of Microalgae 

 

The marine microalga S. platensis and the fresh water microalga H. pluvialis stock 

cultures were procured from UTEX1926 (University of Texas Culture Collection, 

Austin, TX, USA).  S. platensis was grown in 500 mL-Erlenmeyer flasks by adding   

2 ml of stock culture in 100 mL of Spirulina medium. Spirulina medium contains 

the following nutrients (g/ L): NaHCO3, 13.61; Na2CO3, 4.03; NaCl, 1.00; K2SO4, 

1.00; NaNO3, 2.50; K2HPO4,0.50; MgSO4.7H2O, 0.20; CaCl2.2H2O, 0.04. All 

nutrients were dissolved in distilled water containing (per liter): 6 mL of metal 

solution (750 mg Na2EDTA, 97 mg FeCl3.6H2O, 41 mg MnCl2.4H2O, 5.0 mg 

ZnCl2, 2 mg CoCl2.6H2O, 4.0 mg Na2MoO4.2H2O) and 1 mL of micronutrient 

solution (50.0 mg Na2EDTA, 618 mg H3BO3, 19.6 mg CuSO4.5H2O, 44.0 mg 

ZnSO4.7H2O, 20.0 mg CoCl2.6H2O, 12.6 mg MnCl2.4H2O, 12.6 mg 

Na2MoO4.2H2O (Cruz-Martínez et al., 2015). Similarly, H. pluvialis was cultivated 

in Basal bold medium (BBM) by the addition of 2 ml of stock culture into 100 ml 

of BBM which is composed of NaNO3, 0.25; CaCl2·2H2O, 0.025; MgSO4·7H2O, 

0.075; NaHCO3, 0.0126; K2HPO4, 0.075; KH2PO4, 0.175; NaCl, 0.025; 
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Na2EDTA·2H2O, 0.05; KOH, 0.031; FeSO4·7H2O, 0.005; FeCl3·6H2O, 0.00315; 

H3BO3, 0.01142; ZnSO4·7H2O,0.00882; MnCl2·4H2O, 0.00144; MoO3, 0.00071; 

Na2MoO4·2H2O, 0.000006; CuSO4·5H2O, 0.00157; Co(NO3)2·6H2O, 0.00049; 

CoCl2·6H2O. 0.00001 (Menezes et al., 2016). The algal cultures were maintained 

in Erlenmeyer flasks under around 1200 lux illumination using white cool 

fluorescent lamp with 16 h light and 8 h dark condition at room temperature (21- 

23°C). 

 

3.3   Exposure of Microalgae to ZnO NPs 

 

A 200 ml stock solution of 400 mg/L ZnO NPs was prepared by adding 80 mg of 

ZnO NPs powder in 200 ml of the respective culture medium (Spirulina medium 

and BBM.  The stock solution was sonicated for 30 min at 40 kHz to prepare the 

homogenous solution of nanoparticles. The five testing concentrations of 

nanoparticles were prepared at 10, 50, 100, 150 and 200 mg/L by diluting the stock 

solution with the respective culture medium. S. platensis cells from 5th day culture   

and H. pluvialis cells from 4th day culture, with an initial cell density of 1 x 105 

cells/ mL, were subjected to the exposure with 10, 50, 100, 150 and 200 mg/L of 

ZnO NPs. 50 ml of algal cultures were mixed with 50 ml of the respective 

concentrations of ZnO NPs in 250 ml Erlenmeyer flask for a period of 96 h along 

with the control that was devoid of NPs. The ZnO NPs treated algal cells together 

with control cells were subjected for the assessment of cellular accumulation of 
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ZnO NPs and the corresponding cytotoxicity with oxidative stress at 6, 12, 24, 48, 

72 and 96 h respectively (Fig. 3.1). 

 

 

 

3.4      Investigation of Cellular Accumulation of ZnO NPS in Algal Cells 

 

 

3.4.1   SEM EDX Analysis of ZnO NPs Treated Algal Biomass 

 

SEM EDX examination was carried out to identify the cellular accumulation of 

ZnO NPs in the biomass of S. platensis and H. pluvialis. An about 5 ml of NPs 

treated cell suspension was centrifuged at 5000 rpm for 10 min and the pelleted 

algal biomass was washed two times in 1X PBS to remove unbound NPs from the 

biomass. Then the pelleted algal biomass was freeze-dried overnight to remove the 

moisture and the freeze-dried algal biomass was glued on sample holders by carbon 

adhesive tabs and subjected for SEM EDX analysis (S-3400N, Scanning Electron 

Microscope, HITACHI, Japan), operated at 15 kV voltage, 10 mA probe current, 

2.5 X 10-4 Pa vacuum, under high definition scanning mode (2560 X 1920 Pixels) 

with a working distance of 5-6 mm. 

 

3.4.2    Determination of Cellular Accumulation of Zinc in Algal Cells  

 

The quantification of zinc accumulation in the algal cells was performed using 

inductively coupled plasma optical emission spectroscopy (ICP OES, 5300 DV 
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Perkin Elmer Optima, USA), operated at voltage 1.3 kV, electrospray chamber 

temperature of 90°C, plasma gas flow rate of 15 L/min, Zn measurement at 213.857 

λ with axial plasma viewing position for the test durations 6, 12, 24, 48, 72 and 96 

h.  The nanoparticles treated algal cells were pelleted at 5000 rpm for 10 min and 

the sedimented cells were washed twice with 1X PBS to remove the loosely bound 

NPs. Then the algal cells were acid treated with concentrated nitric acid and the 

zinc content in the algal cells was analyzed using ICP OES. The external calibration 

curve was prepared for zinc with the concentrations ranging from 0.5 to 10.0 mg/L 

of zinc solution. 

 

3.5      Cytotoxicity Assessment 

 

3.5.1    Determination of Cell Viability 

 

The algal cells treated with ZnO NPs along with the control cells were loaded in 

Neubauer cell counting chamber (Marienfeld, Germany). The number of cells with 

intact cell membrane and without any alteration in shape and size were counted as 

the viable cells. The percentage of loss in viable cells due to the treatment of 

nanoparticles was determined with respect to the control cells using Equation 1. 

I% = (µC - µT) / µC x 100.  (Eq. 1) 

Where, 

I% = percentage of loss in viable cells 
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µC = mean value of viable cells in control 

µT = mean value of viable cells in treatment 

 

The effective concentrations, EC10 (amount of NPs required to kill 10 % of the algal 

cells) and EC50 (amount of NPs required to kill 10 % of the algal cells) were 

determined using EPA Probit Analysis Program (version 1.5) with 95% confidence 

interval using cell viability data. 

 

3.5.2   Quantification of Biomass 

 

The loss in the biomass of S. platensis and H. pluvialis by the treatment of 

nanoparticles was estimated using spectrophotometer (Genesys 20, United 

Kingdom) at 560 nm and 680 nm respectively, with the respective culture medium 

as blank. An additional control called as  particle-only (cell-free) control was 

included in this analysis as a reference to derive the actual absorbance by the algal 

biomass at the specific wavelengths, 560 nm for S. platensis  and 680 nm for H. 

pluvialis (Gunawan et al., 2013). The percentage of decrease in biomass was 

calculated with respect to the control. 

I% = (µC - µT) / µC x 100.  (Eq. 2) 

Where, 

I% = percentage of loss in biomass 

µC = mean value of biomass in control 
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µT = mean value of biomass in treatment 

 

3.5.3   Measurement of Photosynthetic Pigments 

 

To quantify the percentage of reduction in photosynthetic pigments, a 3 ml of 

nanoparticles treated and also 3 ml of control cell suspensions were subjected for 

centrifugation at 5000 rpm for 10 min. The pelleted cells were washed in 1X PBS 

for two times to remove the unbound nanoparticles from the algal cells. 

Subsequently,   the pigments from the algal cells were extracted in 100% methanol 

at 65°C for 60 min or until the cell debris were almost colorless (Tocquin et al., 

2012). The extracted pigments in the methanol were measured by 

spectrophotometer (Genesys 20, United Kingdom) at 470, 653 and 666 nm. The 

quantity of chlorophyll-a and carotenoids was calculated using the following 

equations of  Lichtenthaler and Wellburn (1985) (Deniz et al., 2011).  

Chlorophyll a (Ca) = 15.65 x A666 - 7.34 x A653       (Eq. 3) 

Chlorophyll b (Cb) = 27.05 x A653 - 11.21 x A666     (Eq. 4) 

Carotenoids = 1000 x A470 - 2.86 x Ca - 129.2 x Cb   

                                                       245                           (Eq. 5) 

*A- absorbance at the specific wavelength (nm).    

     

For the estimation of phycocyanin content, glass pearls were added to the washed 

pelleted cells and sonicated for 1 h at 40 kHz in the ultrasonic water bath to extract 
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the pigment. The absorbance of the pigment present in the supernatant was 

measured at 652 and 620 nm by spectrophotometer.  Then the phycocyanin content 

(mg/mL) was determined using Eq. 6 (Moraes et al., 2011). 

Phycocyanin (mg/mL):   A620 - 0.474A652 

                                                  5.34                                    (Eq. 6)     

*A- absorbance at the specific wavelength (nm). 

 

To quantify astaxanthin, 3ml of the algal suspensions from the control and 

treatments were pelleted and washed twice in 1X PBS and then the cell pellets were 

treated with 4 N of hydrochloric acid at 70 °C for 2 min and cooled. Further, the 

washed cell pellets were subjected to acetone extraction for 1 h and the resultant 

supernatant was used for quantifying the astaxanthin. The whole extraction process 

was performed in the dim light. The quantity of Astaxanthin was determined at 480 

nm using an extinction coefficient of 2500 at 1% level by the method of Davies 

(Davies, 1976). The percentage of decrease in the photosynthetic pigments was 

determined comparing with control. 

 

3.5.4   Morphological Examination of Algal Cells Treated with ZnO NPs 

 

The optical and scanning electron microscopic examinations were performed to 

study the surface interaction of NPs on algal cells and the consequent 

morphological modifications in the treated cells. About 10 µl of algal cell 
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suspension, after each exposure period, was loaded onto a glass slide and sealed 

with cover glass and examined under phase contrast microscope (Nikon, Eclipse, 

TS 100, Japan). For SEM study, a 5 ml of cell suspension was centrifuged at 5000 

rpm for 10 min and the resultant cell pellets were washed in 1X PBS for 2 times to 

remove the unbound NPs from the algal cells. The cell pellets were subjected for 

overnight freeze-drying in order to remove the moisture (Dmytryk et al. 2014) and 

then the freeze-dried algal cells were glued on sample holders by carbon adhesive 

tabs and subsequently subjected for sputtered coating (Sputter Coater SC7620, 

HITACHI, Japan). The sputtered specimens were studied through SEM (S-3400N, 

Scanning Electron Microscope, HITACHI, Japan). 

 

3.5.5     Microscopic Examination of Ultra-Thin Sections of Algal Cells Treated 

            with ZnO NPs 

 

The intracellular deformities in cellular organelles were examined by transmission 

electron microscopy. The microalgal cells exposed to nano-zinc oxide particles 

were centrifuged for 10 min at 50000 rpm and the pelleted cells were pre-fixed in 

4% glutaraldehyde diluted in PBS. The post-fixation was carried out in 1% osmium 

tetra oxide and dehydrated in a graded series of ethanol (50–99.9%). Infiltration 

and embedding was done with epoxy resin and then polymerized at 60°C at 72 h. 

The polymerized samples were cut into semi-thin sections and then into ultra-thin 

sections. The ultrathin sections were attached onto the copper grid and examined 
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under transmission electron microscope (TEM Libra 120, ZEISS, Germany) for 

trans-sectional studies of algal cells. 

 

3.6     Oxidative Stress Assessment 

 

3.6.1   Detection of Intracellular ROS in Algal Cells Treated with ZnO NPs 

 

The production of intracellular reactive oxygen species (ROS) was investigated 

using fluorescent molecular probe 2’,7’-dichlorodihydro fluorescein diacetate 

(H2DCF-DA) (Invitrogen, Molecular Probes Inc., U.S.A.). H2DCF-DA is a 

membrane permeable fluorescent dye, upon entering into the cells gets oxidized 

into a green fluorescent compound dichlorofluorescein in the presence of cellular 

esterases and ROS. For ROS measurement, a 0.5 mL of particle-exposed and 

untreated algal cell suspensions were washed twice in 1X PBS to remove the 

unbound NPs.  Then 5 µL of 1mM dye was added to 1.0 ml of washed cell 

suspension to provide the final working concentration of 5 µM dye and incubated 

in dark for 30 min at room temperature (21- 23°C). Then the stained cells were 

washed with 1X PBS to remove the unreacted dye and then the washed cells were 

re-suspended in 1X PBS. The green fluorescence emission from the algal cells was 

quantified using fluorescent microplate reader (TECAN, Infinite M200PRO, 

Switzerland) at an excitation / emission wavelength of 485/ 530. The percentage 

increase in ROS production was determined by comparing with control. The 
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fluorescent microscopic examination (Nikon ECLIPSE 90i, United Kingdom) of 

H2DCF-DA stained algal cells was carried out to further confirm the intracellular 

production of ROS in the algal cells that were exposed to ZnO NPs. In addition, the 

experiment included both negative control which contained the algal cells only and 

positive control which contained the algal cells treated with 5 % (v/v) hydrogen 

peroxide for 20 min. 

 

3.6.2    Determination of Lipid Peroxidation in Algal Cells Treated with  

            ZnO NPs 

 

The level of LPO was assessed through the measurement of Malondialdehyde 

(MDA), which is a well-known biomarker of LPO using BODIPY 581/591C11 

(4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a-,4a-diaza-s-indacene-3-

undecanoic acid-Invitrogen Molecular Probe, USA). BODIPY is a fluorescent fatty 

acid analog with fluorescent properties, which emits green fluorescence after the 

oxidation induced by the excessive production intracellular ROS. After 6, 12, 24, 

48, 72 and 96 h of treatment with NPs, 0.5 mL of particle-exposed and untreated 

algal cell suspensions were centrifuged at 5000 rpm for 10 min to remove the 

unbound NPs. The cells were washed twice with 1X PBS, followed immediately 

by addition of 5 µL of 1mM dye to 1.0 ml of washed cell suspension to reach 5 µM 

of dye and incubated in dark for 30 min at room temperature (21- 23°C). Then the 

stained cells were washed with 1X PBS to remove the unreacted dye and re-

suspended in 1X PBS.  The green   fluorescence emitted from the algal cells was 
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quantified by florescent microplate reader (TECAN, Infinite M200PRO, 

Switzerland) at excitation/emission wavelength of 485/530. Increase in lipid 

peroxidation level was determined by comparing with control. The experiment 

included both negative control which contained the algal cells only and positive 

control which contained the algal cells treated with 5 mM hydrogen peroxide for 

30 min. 

 

3.7   Statistical Analysis 

 

The experiments were performed in triplicates (n=3) and the calculated results are 

presented as mean ± standard deviation. Shapiro-Wilk test was used to test the 

normal distribution of the data. Then, One-way analysis of variance (ANOVA) 

followed by Tukey’s post-hoc test for multiple comparisons (SPSS version 22) was 

carried out for analyzing the significant level. The level of significance was 

accepted at p value < 0.05. A significant difference at p < 0.05 between the control 

(0 mg/L of ZnO NPs) and the tested concentrations (10, 50, 100, 150 and 200 mg/L 

of ZnO NPs) at the specific time period (6, 12, 24, 48, 72 and 96 h) are denoted 

with the symbol *. 
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CHAPTER 4 

 

RESULTS 

 

4.1     Characterization of ZnO NPs 

 

The scanning electron microscopic micrograph of nano-zinc oxide powder showed 

irregularly distributed spherically-shaped particles in an agglomerated form (Fig. 

4.1A). The size of the nanoparticles is ranging from 39.7 – 49.6 nm in diameter 

with an average size of 44.6 nm. The X ray energy dispersive spectroscopy 

spectrum of nano-ZnO powder (Fig. 4.1B) presented a peak absorbance 

corresponded to zinc and oxygen molecules which confirmed that the purchased 

nano- ZnO powder containing zinc and oxygen molecules. Additionally, the X-ray 

diffractometer (XRD) spectrum of nano-zinc oxide powder (Fig. 4.1C) displays the 

strongest diffraction peaks at 31.7º, 34.36 º and 36.19º and also the diffraction peaks 

at 47.05º, 56.09º, 62.38º, 65.90º, 67.45º, and 68.60º.  All diffraction peaks of nano-

zinc oxide powder corresponded to the characteristic hexagonal wurtzite crystalline 

structure of ZnO NPs (Ramesh et al., 2015). In addition, the XRD spectrum of ZnO 

NPs was used to further confirm the size of ZnO NPs using Scherrer’s equation and 

the size was estimated to be at the range of 40 - 47 nm with a mean particle size of 

43 nm. 
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Scherrer’s equation: Particle Size = (K x λ)/ (d cosθ)     (Eq.7) 

K is a dimensionless shape factor (0.9), λ is the X-ray wavelength for Cu Kα 

radiation (1.5406 Å), d is line broadening at half of the maximum intensity 

(FWHM) in radian and θ is Bragg angle in degree.  

 

The FTIR spectrum of ZnO NPs (Fig. 4.2) was used to further investigate the 

chemical composition of nano-zinc oxide powder. FTIR spectrum shows peak 

absorbance at 1636.59, and 671.88 cm-1. A peak shown at 1634.00 represented Zn-

O stretching (Kumar and Rani, 2013) and the stretching of ZnO NPs were found 

around 400–800 cm-1 (Ramesh et al., 2015). Thus, the FTIR spectrum of ZnO NPs 

demonstrated the presence of zinc and oxygen in the nanopowder used in this study. 
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Figure 4.1: Scanning electron microscopy image (A), X ray energy dispersive 

spectroscopy spectrum (B) and X-ray diffractometer spectrum (C) of ZnO 

NPs. 
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Figure 4.2: FTIR spectrum of zinc oxide nanoparticles powder 

 

4.2     Cellular Accumulation of ZnO NPs in Algal Cells 

 

4.2.1   Qualitative Analysis of Zinc Accumulation in Algal Cells 

 

The SEM image of S. platensis shown in Fig. 4.3A displays non-aggregated 

filamentous cells with no observable peak for zinc in the EDX spectrum of S. 

platensis biomass (Fig. 4.3B). Similarly, the SEM micrograph of H. pluvialis shows 

smooth spherical non-aggregated cells (Fig. 4.4A) with no observable peak for zinc 

in the EDX spectrum of H. pluvialis biomass (Fig. 4.4B). 
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Whereas, the SEM pictures of microalgae S. platensis and H. pluvialis treated with 

zinc oxide nanomaterial show the surface accumulation of nanosized particles and 

the resultant algal cell aggregation in S. platensis biomass (Fig.4.3C) and H. 

pluvialis biomass (Fig. 4.4C). The EDX spectral peaks characteristic for zinc from 

the algal biomass treated with ZnO NPs confirmed the surface of accumulation of 

Zn in the biomass S. platensis (Fig. 4.3D) and H. pluvialis (Fig. 4.4D). 

 

4.2.2     Quantitative Analysis of Cellular Accumulation of Zinc in Algal Cells 

 

The results exhibited a dose and time dependent zinc accumulation in both algal 

cells. Both microalgae S. platensis and H. pluvialis accumulated significant (p < 

0.05) amount of zinc with the treatment of 50 - 200 mg/L of ZnO NPs, but not with 

10 mg/L of ZnO NPs at 6 h. The significant accumulation of zinc in both algal cells 

was noticed from 12 h onwards even at the treatment of 10 mg/L of ZnO NPs. The 

maximum accumulation of zinc was reported at 96 h with the resultant values of 

16.67 ± 0.67, 32.33 ± 3.1, 43.2± 3.1, 46.93 ± 4.4 and 52.74 ± 3.99 pg/cell of zinc 

in S. platensis (Fig. 4.5), and   6.27 ± 0.34, 9.97 ± 0.8, 13.3± 0.9, 15.36 ± 1.2 and 

18.36 ± 1.38 pg/cell of zinc in H. pluvialis (Fig. 4.6) at 10, 50, 100, 150 and 200 

mg/L of ZnO NPs, respectively. 

 



 

54 

 

 

Figure 4.3:  Scanning electron microscopic micrograph of S. platensis biomass 

(A) with EDX spectrum (B). Scanning electron microscopic micrograph of S. 

platensis biomass exposed to 200 mg/L of ZnO NPs at 96 h (C) with EDX 

spectrum (D). 
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Figure 4.4: Scanning electron microscopic micrograph of H. pluvialis   biomass 

(A) with EDX spectrum (B). Scanning electron microscopic micrograph of H. 

pluvialis biomass exposed to 200 mg/L of ZnO NPs at 96 h (C) with EDX 

spectrum (D). 
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Figure 4.5: Zinc accumulation in S. platensis upon treatment with ZnO NPs. 

 

 

 

 

Figure 4.6: Zinc accumulation in H. pluvialis upon treatment with ZnO NPs. 
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4.3     Cytotoxic Assessment of ZnO NPs on Microalgae 

 

4.3.1   Interaction of ZnO NPs with Microalgae in Erlenmeyer Flask 

 

Fig. 4.7A shows the Erlenmeyer flask of S. platensis devoid of NPs that showed 

vigorous cell growth with no cell aggregation. In contrary, S. platensis interacted 

with ZnO NPs showed large clumps of flocculated algal cells with presumably 

visible growth inhibition (Fig. 4.7B). Similarly, Fig. 4.8A shows the Erlenmeyer 

flask with H. pluvialis without ZnO NPs that showed uniformly distributed cells 

with no aggregation. Whereas, Fig. 4.8B displays aggregation of algal cells with 

reduced cell growth. However, S. platensis treated with ZnO NPs showed 

remarkably larger cell aggregates or flocculates and visibly higher growth 

inhibition compared to H. pluvialis. 
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Figure 4.7:  Erlenmeyer flask with S. platensis(A) and S. platensis treated with 

200 mg/L ZnO NPs at 96 h (B). 

 

 

 

 

 

 

 

 

 

 

Figure 4.8:  Erlenmeyer flask of H. pluvialis (A) and H. pluvialis treated with 

200 mg/L ZnO NPs at 96 h (B). 
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4.3.2    Loss of Cell Viability 

 

The results showed the potential toxicity of ZnO NPs on both microalgae through 

substantial loss in cell viability. The treatment of ZnO NPs caused significant (p < 

0.05) loss in cell viability of S. platensis at the concentration ≥ 100 mg/L at 6 h and 

at ≥ 50 mg/L at 12 h. A significant (p < 0.05) loss in viable cells of S. platensis was 

observed with the treatment of all the tested concentrations of ZnO NPs (10 - 200 

mg/L) from 24 to 96 h. The maximum cell death occurred at 96 h with a reported 

cell death of 44.3 ± 4.0, 69.7 ± 2.1, 83.8 ± 0.9, 86.7 ± 1.2 and 87.3 ± 1.0% at 10, 

50, 100, 150, 200 mg/L of ZnO NPs respectively compared to control (Fig. 4.09). 

Whereas, the treatment of ZnO NPs caused significant (p < 0.05) loss in cell 

viability of H. pluvialis at the concentration ≥ 150 mg/L at 6 h and at ≥ 100 mg/L 

at 12 h.  ZnO NPs treatment did not cause significant (p < 0.05)   loss in cell viability 

until 48 h at 10 mg/L of ZnO NPs on H. pluvialis but caused a significant (p < 0.05) 

loss in cell viability at 50 to 200 mg/L of ZnO NPs from 24 h. From 72 h of 

treatment time, all the tested concentrations of ZnO NPs (10 - 200 mg/L) caused 

significant (p < 0.05) loss in cell viability of H. pluvialis. The maximum loss in cell 

viability of H. pluvialis was reported at 96 h with the resultant values of 20.0 ± 2.6, 

34.6 ± 3.9, 41.7 ± 3.8, 46.4 ± 5.3 and 52.8 ± 5.1% at 10, 50, 100, 150, 200 mg/L of 

ZnO NPs respectively as compared to control (Fig. 4.10). Both the test organisms 

showed a characteristic dose- and time-dependent loss in cell viability upon treating 
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with nanoscale zinc oxide particles. However, the results showed nearly two times 

higher loss in cell viability of S. platensis compared to H. pluvialis, indicating the 

higher sensitivity of S. platensis towards the toxic effects of ZnO NPs. 

 

4.3.3   Effective Concentration 

 

The EC10 and EC 50 values for ZnO NPs particles on algal growth inhibition are 

presented in Table 4.1. The present study demonstrated a substantially higher 

sensitivity of S. platensis towards the toxicity of nanoscale zinc oxide particles with 

1.29 and 31.56 mg/L as the 72 h EC10 and EC 50 values, and 0.83 and 13.97 mg/L 

as the 96 h EC10 and EC50 values, respectively. Whereas, H. pluvialis showed much 

lower sensitivity to ZnO NPs compared to S. platensis with 6.8 and 241.21 mg/L 

as 72 h EC10 and EC 50 values, and 2.37 and 186.67 mg/L as the 96 h EC10 and EC50 

values respectively. The present study showed that S. platensis requires nearly 13 

times lower concentration of ZnO NPs to cause 50 % loss in cell viability at 96 h 

compared to H. pluvialis that confirmed the greater sensitive of S. platensis towards 

ZnO NPs toxicity. 
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Figure 4.09: Percentage of loss in cell viability of S. platensis upon treatment 

with ZnO NPs. 

 

 

 

 

Figure 4.10: Percentage of loss in cell viability of H. pluvialis upon treatment 

with ZnO NPs. 
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Table 4.1:  EC10 and EC50 values of ZnO NPs on S. platensis and H. pluvialis 

from 48 to 96 h. 

 

Test organism Effective Concentration           48 h   72 h                                       96 h 

S. platensis EC10 (mg/L)                           3.65  

 

  1.29                                    0.83  

 

H. pluvialis EC10 (mg/L)                           14.99  

 

  6.8                                      2.37  

S. platensis EC50 (mg/L)                           67.87    31.56                                  13.97  

 

H. pluvialis EC50 (mg/L)                           296.51    241.21                                186.67  

 

 

 

4.3.4    Reduction in Algal Biomass 

 

The treatment of ZnO NPs resulted in loss of algal biomass of both microalgae S. 

platensis and H. pluvialis that followed the same trend with loss in cell viability. 

Results showed a significant (p < 0.05%) decrease in algal biomass of S. platensis 

from 24 to 96 h among all the tested concentrations of ZnO NPs. S. platensis treated 

with NPs for 96 h was reported to have highest loss in biomass with 31.2 ± 2.7, 

56.5 ± 2.9, 71.1 ± 1.2, 74 ± 0.97 and 76.1 ± 1.7% at 10, 50, 100, 150 and 200 mg/L 

respectively (Fig. 4.11). At the same time, a significant reduction in biomass of H. 

pluvialis was reported from 72 to 96 h for all the tested concentrations of ZnO NPs. 

The highest reduction in biomass of H. pluvialis was reported at 96 h with the 

reported values of 17.1 ± 3.0, 31.69 ± 4.0, 38.7 ± 0.7, 44.4 ± 2.2 and 49.4 ± 3.7% 

at 10, 50, 100, 150 and 200 mg/L respectively (Fig.4.12). Similar to loss in cell 
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viability, results exhibited a typical dose- and time-dependent loss in biomass of S. 

platensis and H. pluvialis upon interaction with ZnO NPs. In addition, results 

showed that the treatment of ZnO NPs caused comparatively more loss in biomass 

of S. platensis compared to H. pluvialis. 

 

4.3.5    Loss in Photosynthetic Pigments 

 

The growth inhibitory effects of ZnO NPs on microalgae were further established 

by investigating the loss in photosynthetic pigments namely chlorophyll-a (chl-a), 

carotenoids and phycocyanin in S. platensis, and chl-a, carotenoids and astaxanthin 

in H. pluvialis. Both the organisms showed precisely a same trend on the loss in 

chl-a with a significant (p < 0.05) loss from 6 h at 50 - 200 mg/L of ZnO NPs. 

Meanwhile, all the tested concentrations of ZnO NPs triggered a significant loss in 

chl-a from 24 h on both microalgae. The maximum loss in chl-a content was noticed 

at 96 h and reported to be 62.8 ± 4.4, 75.0 ± 3.5, 86.1± 2.7, 88.1 ± 3.5 and 92.5 ± 

2.2 % in S. platensis (Fig. 4.13), and 27.1 ± 2.8, 47.7 ± 4.4, 54.6 ± 3.1, 58.4 ± 2.8, 

and 63.3 ± 2.4 % in H. pluvialis (Fig. 4.14) for 10, 50, 100, 150 and 200 mg/L of 

ZnO NPs respectively. In agreement with loss in cell viability and biomass, the loss 

of chl-a in S. platensis was nearly two folds higher than the loss of chl-a from H. 

pluvialis. 
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Figure 4.11: Percentage of loss in biomass of S. platensis upon treatment with 

ZnO NPs. 

 

 

 

 

Figure 4.12: Percentage of loss in biomass of H. pluvialis upon treatment with 

ZnO NPs. 
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Figure 4.13: Percentage of loss in chlorophyll-a of S. platensis upon treatment 

with ZnO NPs. 

 

 

 

 

 

Figure 4.14: Percentage of loss in chlorophyll-a of H. pluvialis upon    treatment 

with ZnO NPs. 
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Furthermore, the treatment of ZnO NPs caused significant loss (p < 0.05) in 

carotenoids of S. platensis from 24 to 96 h for all the tested concentrations of ZnO 

NPs with maximum reduction in carotenoids content at 96 h with the reported 

values of 56.1 ± 1.3, 64.1 ± 1.5, 70.3± 2.4, 75.9 ± 1.9, and 76.2 ± 2.2% for 10, 50, 

100, 150 and 200 mg/L of ZnO NPs respectively (Fig. 4.15). In contrast, ZnO NPs 

caused comparatively lesser reduction in carotenoids of H. pluvialis and showed 

significant loss in carotenoids for all the tested concentrations of ZnO NPs from 48 

h and the maximum drop in carotenoids was reported at 96 h with the resultant 

values of 16.3 ± 2.1, 28.1 ± 4.4, 36.7± 3.9, 39.9 ± 3.3 and 43.4 ± 3.6 % for 10, 50, 

100, 150 and 200 mg/L of ZnO NPs respectively (Fig. 4.16). 

 

Interestingly S. platensis contains phycocyanin that gives blue color to Spirulina 

cells and also acts as secondary photosynthetic pigment in harvesting light energy 

for photosynthesis. The toxicity of ZnO NPs on the phycocyanin content of S. 

platensis exhibited a mild rise in phycocyanin content for all tested concentrations 

of ZnO NPs at 6 h and also for 10 and 50 mg/L of ZnO NPs at 12 h. However, loss 

in phycocyanin content was noticed from 100 to 200 mg/L of ZnO NPs at 12 h. A 

significant (p < 0.05) decrease in phycocyanin for all tested concentrations of ZnO 

NPs was observed from 24 to 96 h (Fig. 4.17).  
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Figure 4.15: Percentage of loss in carotenoids of S. platensis upon treatment 

with ZnO NPs. 

 

 

 

 

Figure 4.16: Percentage of loss in carotenoids of H. pluvialis upon treatment 

with ZnO NPs. 
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A maximum fall in phycocyanin pigment was reported at 96 h with the measured 

values of 47.4 ± 2.0, 61.8 ± 2.2, 68.5± 2.7, 72.4 ± 1.8 and 74.1 ± 3.4% at 10, 50, 

100 ,150 and 200 mg/L of ZnO NPs respectively (Fig. 4.17). Similar to 

phycocyanin present in S. platensis, the astaxanthin content of H. pluvialis was 

decreased upon the treatment with ZnO NPs. Exactly similar to the trend of 

carotenoids, a significant (p < 0.05) reduction in astaxanthin content was reported 

from 48 h for all the tested concentrations of ZnO NPs with a maximum reduction 

at 96 h of treatment with the reported values of 17.5 ± 1.9, 27.0 ± 1.2, 34.1± 1.9, 

39.9 ± 2.2 and 47.9 ± 3.1% at 10, 50, 100 ,150 and 200 mg/L of ZnO NPs, 

respectively (Fig. 4.18). The percentage decrease in all the photosynthetic pigments 

for an exposure duration from 6 to 96 h to 10, 50, 100, 150 and 200 mg/L of ZnO 

NPs resulted in   a progressive decrease in pigment content as the treatment duration 

increased except for phycocyanin of S. platensis which showed mild rise in pigment 

content until 12 h of treatment time. The time and dose dependent decrease in 

photosynthetic pigments confirmed the dose and time dependent growth inhibitory 

effect of nanoscale zinc oxide nanoparticles. The results reported that the toxicity 

of ZnO NPs showed substantially greater reduction in the photosynthetic pigments 

of S. platensis over H. pluvialis. 
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Figure 4.17: Percentage of loss in phycocyanin content of S. platensis upon 

treatment with ZnO NPs. 

 

 

 

 

Figure 4.18: Percentage of loss in astaxanthin content of H. pluvialis upon 

treatment with ZnO NPs. 
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4.3.6   Morphological Examination of Algal Cells Treated with ZnO NPs 

 

Fig. 4.19 shows the light microscopic images of S. platensis cells before and after 

treatment with ZnO NPs. Fig. 4.19A displays the filamentous S. platensis cells with 

healthy uncompromised cell membrane before treating with ZnO NPs. While, S. 

platensis cells treated with ZnO NPs showed entrapment of algal cells with 

aggregates of nano-zinc oxide particles (Fig. 4.191B), aggregation or flocculation 

of algal cells (Fig. 4.19C), rupture of Spirulina filament (Fig. 4.19D) and distortion 

of cells (Fig. 4.19E). Similarly, the scanning electron microscopic image of 

untreated control cells of S. platensis displayed smooth filamentous cells with 

healthy intact cell membrane (Fig. 4.20A). On the other hand, the exposure of ZnO 

NPs on Spirulina cells resulted in the aggregation and adsorption of ZnONP 

agglomerates on the surface of   algal cells (Fig.4. 20B), rupture of cell membrane 

and fragmentation of trichrome (Fig. 4.20C), aggregation of algal cells (Fig. 

4.20D), distortion of algal cells (Fig. 4.20E) and aggregation of distorted cells (Fig. 

4.20F). S. platensis used in the present study showed a linear shape in the culture 

(4.20A). The linear morphology of S. platensis has been commonly  recognized  as 

the one of the morphologies of S. platensis (Wang and Zhao, 2005). 

 

Likewise, the light microscopic images of H. pluvialis cells without ZnO NPs 

treatment showed spherical shaped membrane intact cells with many motile cells 
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(Fig. 4.21A). However, the treatment of ZnO NPs on H. pluvialis showed 

adsorption and aggregation of nanoparticle agglomerates on algal cells (Fig. 

4.21B), algal cell aggregation, degradation and bleaching of cells by loss of 

chlorophyll through cell wall rupture (Fig. 4.21C), aggregation of algal cells with 

many ghost cells (Fig. 4.21D), and clustering of distorted cells (Fig. 4.21E). 

Similarly scanning electron microscopic images of H. pluvialis revealed smooth 

spherical cells with intact cell membrane for control cells (Fig. 4.22A). On contrary, 

ZnO NPs treated H. pluvialis cells showed entrapment of algal cells with 

nanoparticle agglomerates (Fig. 4.22B), algal cell aggregation (Fig. 4.22C), cell 

distortion cells with altered cell membrane (Fig. 4.22D), cell membrane rupture and 

the subsequent cell rupture (Fig. 4.22E) and aggregates of distorted cells (Fig. 

4.22F). 
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Figure 4.19: Light microscopic picture (10x) of control cells of S. platensis (A), 

treatment of ZnO NPs on S. platensis show adsorption of nanoparticle 

agglomerates (B), aggregation of algal cells (C), rupture of Spirulina filament 

(D) and cell distortion (E) at 96 h with 200 mg/L of ZnO NPs. 
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Figure 4.20: Scanning electron microscopic micrograph of control cells of S. 

platensis (A) and treatment of ZnO NPs on S. platensis display adsorption of 

NPs agglomerates on algal cells (B), rupture of   the cell membrane and 

fragmentation of algal filament (C), algal cell aggregation (D), cell distortion 

(E) and aggregates of distorted cells (F) with 200 mg/L of ZnO NPs at 96 h.  

Scale bar - 20 µm. 
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Figure 4.21: Light microscopic picture (10x) of control cells of H. pluvialis 

show cell membrane intact cells along with motile cells (blue arrow) (A) and 

the treatment of ZnO NPs on H. pluvialis resulted in wrapping of   algal cells 

with nanoparticles (B), algal cell aggregation, degraded cell (red arrow) and 

bleached ghost cell (blue arrow) (C), aggregation of algal cells with bleached 

ghost cells (D) and aggregates of distorted cells with 200 mg/L of ZnO NPs at 

96 h (E). 
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Figure 4.22:  Scanning electron microscopic micrograph of control cells H. 

pluvialis (A) and the treatment of ZnO NPs on  H. pluvialis  display the 

adsorption of nanoparticle agglomerates on the algal cells shown by arrow 

head (B), aggregates of algal cells (C), distorted cells with altered cell 

membrane, black arrow head shows wrinkled cells (D), cell membrane rupture 

and cell rupture, black arrow head shows broken cell (E) and aggregation of 

distorted cells (F) upon treating with 200 mg/L NPs at 96 h. Scale bar - 50 µm. 
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4.3.7    TEM Examination of Algal Cells Treated with ZnO NPs 

 

TEM examination was performed to study the ultra-structural damage of algal cells 

due to the treatment of ZnO NPs.  TEM micrographs of control cells of S. platensis 

(Fig. 4.23A and C) display a smooth healthy cell membrane and huge number of 

packed thylakoid lamellae along the long axis of Spirulina filament. The presence 

of round shaped photosynthetic pigment phycobilisomes was also shown in the 

thylakoids. In contrast, the treatment of nanoscale ZnO particles on S. platensis 

resulted in destruction of cell membrane, rupture of trichrome, damage and lysis of 

packed thylakoid lamellae and   phycobilisomes (Fig. 4.23B and D). 

 

Similarly, TEM picture from the control cell of H. pluvialis shown in Fig. 4.24A 

revealed a thick cell wall that surrounding the vegetative cell and highly developed 

chloroplasts with densely packed thylakoids in the cytoplasm. Fig. 4.24C shows the 

control cell displaying lipid vesicles in the cytoplasm with accumulated astaxanthin 

inside the vesicles. Whereas, the cells treated with ZnO NPs showed complete 

degradation of thick cell wall along with loss of smooth layers (Fig. 4.24B). ZnO 

NPs treatment resulted in plasmolysis with leakage of cytoplasmic contents, 

deformation of lipid vesicles and degradation cytoplasmic organelles (Fig. 4.24D). 
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Figure 4.23: TEM images of S. platensis cells. The longitudinal (A) and 

transverse section (C) of S. platensis show a dense complete cell wall (CW), 

tightly arranged thylakoid lamellae (T) and the photosynthetic pigment 

phycobilisomes (white arrowhead). The longitudinal (B) and transverse 

section (D) of S. platensis exposed to ZnO NPs (200 mg/L) for 96 h resulted in 

the rupture of cell wall shown by electron transparent hallow around the cell 

(blue arrowhead), cell wall breakage (green arrowhead), rupture of Spirulina 

filament (black arrowhead), destruction of thylakoids (white circle) and   

destruction of phycobilisomes (red arrowhead). The area under yellow circle 

in (D) indicates the scattered electron transparent cytoplasm due to the 

destruction of intra-cytoplasmic organelles against the electron dense 

cytoplasm of control cells shown in the area under yellow circle in (C).  Scale 

bar - 500 nm. 
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Figure 4.24: TEM pictures of H. pluvialis. TEM micrographs of H. pluvialis 

without ZnO NPs treatment are shown in (A, C). TEM picture of control cell 

in (A) display thick cell wall (CW) and smooth secondary wall (SW), densely 

packed thylakoids (T), and control cell in (C) shows astaxanthin containing 

lipid vesicles (orange arrowhead in C). TEM pictures of H. pluvialis exposed 

to ZnO NPs (200 mg/L) for 96 h are presented in (B, D). Fig. B displays the 

complete loss of secondary smooth wall and thick cell wall (blue arrowhead) 

and destruction of thylakoids (green circle). Test cell treated with ZnO NPs 

(D) displayed plasmolysis with leakage of intracellular contents (green 

arrowhead), shrunken and deformed astaxanthin containing lipid vesicles (red 

circle in D). The area under yellow circle in (D) displays the scattered electron 

transparent cytoplasm resulted from the destruction of intracytoplasmic 

organelles against the electron dense cytoplasm of control cell shown in the 

area under yellow circle in (C). Scale bar - 500 nm. 

SW A 
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4.4     Oxidative Stress Assessment 

 

4.4.1   Determination of Reactive Oxygen Species 

 

The toxic effects of ZnO NPs on microalgae S. platensis and H. pluvialis induced 

a significant (p < 0.05)   increase in in vivo production of reactive oxygen species 

for all the tested concentrations of ZnO NPs (10 to 200 mg/L) from 6 h of exposure. 

A maximum ROS production was noticed at 96 h on both microalgae with enhanced 

production of ROS in S. platensis cells with the reported values of 944.7 ± 118.4, 

1494.5 ± 171.9, 2260 ± 91.9, 2438 ± 163.9 and 2597.4 ± 122.4 % (Fig. 4.25), 

compared to ROS production of 451.5 ± 38.6, 674.1 ± 48.3, 836.9 ± 14, 894.9 ± 54 

and 973 ± 75.2 % from H. pluvialis cells (Fig. 4.26) for 10, 50, 100 ,150 and 200 

mg/L of ZnO NPs, respectively. The exposure of nano-zinc oxide material on both 

microalgae S. platensis and H. pluvialis demonstrated a characteristic dose- and 

time-dependent increase in ROS production. However, ZnO NPs treatment induced 

nearly 2.0 – 2.5 times higher production of ROS from S. platensis compared to H. 

pluvialis. 

 

4.4.2    Determination of Lipid Peroxidation Level 

 

Increase in lipid peroxidation level by the treatment of ZnO NPs showed a similar 

pattern with ROS production for both microalgae S. platensis and H. pluvialis. 
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Results showed a significant (p < 0.05%) increase in lipid peroxidation level in S. 

platensis from 12 to 96 h for all the tested concentrations of ZnO NPs. S. platensis 

treated with NPs for 96 h showed the highest increase in lipid peroxidation level 

with 147.7 ± 21, 286.5 ± 11, 437.2 ± 24.8, 492 ± 25.7 and 506.8 ± 27% for 10, 50, 

100, 150 and 200 mg/L respectively (Fig. 4.27). But the significant (p < 0.05%) 

increase in lipid peroxidation level in H. pluvialis was reported from 24 h for all 

the tested concentrations of ZnO NPs. The highest level of lipid peroxidation was 

reported to be 109.5 ± 13.7, 214.9 ± 19, 293.1 ± 26.1, 312.1 ± 29.2 and 323.9 ± 

21.6% at 96 h for 10, 50, 100, 150 and 200 mg/L, respectively (Fig. 4.28). Similar 

to ROS production, results exhibited a distinctive dose- and time-dependent 

increase in lipid peroxidation level by the treatment of nanoscale zinc oxide 

particles on both microalgae with the higher level of lipid peroxidation in S. 

platensis compared to H. pluvialis. 

 

The fluorescent microscopic examination of H2DCF-DA dye stained control cells 

showed red fluorescence. Whereas, the test cells treated with ZnO NPs displayed 

green fluorescence due to the cleavage of the fluorescent probe by the presence of   

excessive intracellular ROS that were produced through the oxidative stress 

resulted from the treatment of zinc oxide nanomaterial (Fig. 4.29). 
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Figure 4.25: Percentage increase in reactive oxygen species from S. platensis   

upon treatment with ZnO NPs. 

 

 

 

 

Figure 4.26: Percentage increase in reactive oxygen species from H. pluvialis 

upon treatment with ZnO NPs. 
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Figure 4.27: Percentage increase in lipid peroxidation level on S. platensis upon 

treatment with ZnO NPs. 

 

 

 

 

Figure 4.28: Percentage increase in lipid peroxidation level on H. pluvialis 

upon treatment with ZnO NPs. 
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Figure 4.29: Fluorescence images showing the DCF green fluorescence of algal 

cells due to oxidative stress.  (A) Negative control- S. platensis without NPs 

treatment (red fluorescence); (B) Positive control - S. platensis treated with 

hydrogen peroxide (5% v/v) for 20 min (green fluorescence); C) S. platensis 

treated with ZnO NPs (200 mg/L) at 96 h (green fluorescence); (D) Negative 

control - H. pluvialis without NPs treatment (red florescence); (E) Positive 

control - H. pluvialis treated with hydrogen peroxide (5% v/v) for 20 min 

(green fluorescence) ; (F) H. pluvialis treated with ZnO NPs (200 mg/L) at 96 

h (green fluorescence). 
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CHAPTER 5 

 

DISCUSSION 

 

5.1   Cellular Accumulation of ZnO NPS in Algal Cells 

 

Present study confirmed the aggregation of algal cells due to the accumulation of   

ZnO NPs in the algal biomass through SEM EDX analysis of ZnO NPs treated algal 

biomass.  EDX spectrum of ZnO NPs treated S. platensis (Fig. 4.3) and H. pluvialis 

(Fig. 4.4) evidenced the cellular uptake of ZnO NPs in the biomass of S. platensis 

and H. pluvialis. Similar results on S. platensis were reported by Zinicovscaia et 

al., (2016) and Dmytryk et al., (2014) who demonstrated the cellular uptake of 

selenium and zinc in algal biomass of S. platensis through EDX analysis upon  

treating with selenium and zinc solution respectively. 

 

The quantitative analysis of zinc accumulation in the algal cells was carried out 

using ICP OES.  The present study exhibited a dose and time dependent increase in 

cellular accumulation of zinc in both microalgae S. platensis and H. pluvialis. In 

addition, the present study demonstrated nearly three times higher accumulative 

capacity of S. platensis towards ZnO NPs compared to H. pluvialis, for instance, S. 

platensis cells accumulated 16.7 to 52.7 pg/cell of zinc (Fig. 4.5) and H. pluvialis 
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cells accumulated 6.27 to 18.36 pg/cell of zinc (Fig. 4.6) for 10 to 200 mg/L of ZnO 

NPs at 96 h. In accordance with the present study, Gunawan et al., (2013) 

demonstrated a dose dependent cellular uptake of zinc in green alga C. reinhardtii 

with the cellular uptake of zinc ranged from 5 fg/cell at 1 mg/L to 18 fg/cell at 100 

mg/L on day 8 when exposed to the increasing concentrations of nanosized zinc 

oxide particles from 1 -100 mg/L. Similarly, the exposure of duckweed Spirodela 

polyrhiza to 1, 10 and 50 mg/L of ZnO NPs resulted in dose dependent cellular 

accumulation of 2.8, 3.6 and 4.5 mg of zinc /g dry weight on day 4 (Hu et al., 2013). 

Apart from ZnO NPs, S. platensis can accumulate various metal ions effectively as 

reported in the earlier studies. Vannela and Verma, (2006) demonstrated the rapid 

absorption of zinc by S. platensis biomass with a maximum biosorption of Zn 250 

mg/g of algal biomass when exposed to 600 mg/L of zinc at 2h. Celekli et al., (2010) 

showed the active adsorption of copper ions on by S. platensis with a reported 

adsorbed metal value from 13.74 to 52.63 mg/g at 5 h by the exposure of 25 to 200 

mg/L of copper respectively. Deniz et al., (2011) reported a dose dependent cellular 

accumulation of copper ions in Spirulina cells by increase in the cellular 

accumulation of Cu (II) in Spirulina sp. as the concentration of Cu (II) exposure 

increased. Parallel to our study findings that demonstrated the higher accumulation 

of zinc in S. platensis compared to H. pluvialis, Shen et al., (2013) reported the 

higher accumulation of zinc in macrophages with 13, 24.6, 99.4 pg/cell compared 

to monocytes with accumulated zinc of 0.3, 5.1, 22.9 pg/cell at 24 h when treated 

with 10, 50 and 100 mg/L of  ZnO NPs. The macrophages accumulated nearly four 
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times of zinc compared to monocytes and the reason for the difference in cell 

associated zinc between the immunocytes was expected to be the difference in the 

zinc uptake mechanism. The current study exhibited a strong relationship between 

the cellular accumulation of zinc and the cell mortality which is analogous with the 

findings of Shen et al., (2013). 

 

5.2      Cytotoxicity and Oxidative Stress Effects of ZnO NPs on Microalgae  

 

The results of the present study evidently demonstrated a characteristic dose- and 

time-dependent growth inhibition on both microalgae S. platensis and H. pluvialis.   

However, both microalgae were affected differently. S. platensis cells exposed to 

ZnO NPs formed larger aggregates of algal cells in the test system compared to H. 

pluvialis cells (Fig. 4.7 & 4.8) that indicated the higher toxic effects of ZnO NPs   

on S. platensis. Similarly, Sadiq et al. (2011) demonstrated the aggregation of algal 

cells with growth inhibition of Scenedesmus sp. and Chlorella sp. upon treating 

with alumina nanoparticles in the test flask. The possible reason behind the 

aggregation or flocculation of algal cells by the treatment of nanosized particles 

was may be due to the release of exopolysaccharides (algal exudates) from the 

stressed algal cells as a self-defense process. The algal exudates enable the algal 

cells to become closer and eventually cause cell aggregation or flocculation (Sadiq 

et al., 2011), this in turn favors the cells to reduce their exposed surface to 
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nanoparticles in order to reduce the additional binding of nanoparticles to the algal 

cells (Bhuvaneshwari et al., 2015). 

 

The determination of loss in cell viability revealed the significant cytotoxic effects 

of ZnO NPs on both microalgae with profound cytotoxic effects in S. platensis 

compared to H. pluvialis through higher loss in the viable cells of S. platensis in a 

short time of exposure. ZnO NPs caused a significant (p < 0.05) loss in cell viability 

starting from 24 h on S. platensis and from 72 h on H. pluvialis for all the tested 

concentration of ZnO NPs from 10 – 200 mg/L. The maximum loss in cell viability 

was occurred at 96 h for both microalgae with nearly two times higher percentage 

of cell death in S. platensis with the reported value from 44.3 to 87.3% (Fig. 4.09), 

compared to H. pluvialis which showed cell death from 20.0 to 52.8% (Fig. 4.10) 

for 10 to 200 mg/L of ZnO NPs at 96 h. In accordance with our study finding, a 

concentration and time dependent loss in cell viability on the fresh water microalga 

C. vulgaris was reported by Suman et al., when treated with graded concentrations 

of ZnO NPs (50 - 300 mg/L) from 24 to 72 h. Remarkably, This study reported a 

higher sensitivity of S. platensis and lower sensitivity of H. pluvialis towards ZnO 

NPs’ toxicity on comparing with C. vulgaris as the percentage of loss in cell 

viability was reported to be 77.8%, 46.2 % and 64.3 % respectively at 200 mg/L of 

ZnO NPs on day 3 (Suman et al., 2015). 
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Exactly similar to the pattern of loss in cell viability, the current results revealed a 

dose and time dependent reduction in algal biomass with nearly two times higher 

percentage loss in biomass of S. platensis compared to H. pluvialis. The highest 

loss in the biomass of both microalgae was reported at 96 h with greater reduction 

in the biomass of S. platensis i.e. 31.2 to 76% (Fig. 4.11) on comparing with the 

loss of biomass in H. pluvialis from 17.1 to 49.4% (Fig. 4.12) for 10 to 200 mg/L 

of ZnO NPs at 96 h. 

 

In addition to the results of cell death and loss in biomass, the ecotoxicological 

parameters such as EC10 and EC50 have further confirmed the greater toxicity of 

ZnO NPs on S. platensis over H. pluvialis through 96 h EC10 of 0.83 mg/L and 96 

h EC50 of 13.97 mg/L for S. platensis, and 96 h EC10 of 2.37 mg/L and 96 h EC50 of 

186.67 mg/L for H. pluvialis (Table 4.1). The study results established the profound 

sensitivity of S. platensis through the fact that S. platensis requires around 13 times 

lesser dose of ZnO NPs (mg/L) to cause 50% reduction in cell viability compared 

to H. pluvialis based on 96 h EC50 values. 

 

Nevertheless, These findings showed more sensitivity of both microalgae S. 

platensis and H. pluvialis when compared with marine alga Spirodela polyrhiza 

towards the toxic effects of ZnO NPs as the percentage of growth inhibition was 

reported to be 56.5%, 34.56% and 21.1% respectively at 50 mg/L on day 4 (Hu et 

al., 2013). Further, This study reported a higher percentage loss in biomass of S. 
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platensis with the reported value of 71.7% at 100 mg/L on day 4, when interrelated 

to the results of Gunawan et al., (2013) which showed 57.1% reduction in biomass 

of C. reinhardtii upon treating with 100 mg/L of  ZnO NPs on day 10. However, 

the study results from Franklin et al., (2007) with 72 h EC50 0.068  mg/L and Aruoja 

et al., (2009) with 72 h EC50 0.042 mg/L show the greater growth inhibitory effect 

of ZnO NPs on freshwater microalga P. subcapitata,  compared to the present study 

results on S. platensis and H. pluvialis that showed very high values of 72 h EC50 

of 6.8 and 241.21 mg/L respectively. Likewise, the salt water microalga D. 

tertiolecta exhibited higher sensitivity to ZnO NPs  with 96 h EC50 2.42 mg/L (Hou 

et al., 2018) compared to our study results of 96 h EC50 13.97 and 118.67 mg/L on 

S. platensis and H. pluvialis, respectively. Further, Li et al., (2017) demonstrated 

more inhibitory effect of ZnO NPs towards marine algae T. suecica and P. 

tricornutum with 72 h EC10 0.047and 0.23 mg/L, respectively, whereas our study 

reported less inhibitory effect with 72 h EC10 1.29 and 6.8 mg/L for S. platensis and 

H. pluvialis respectively. In addition, Wong et al., (2010) reported the higher 

sensitivity  of marine microalgae Skeletonema costatum and Thalassiosia 

pseudonana to the treatment of zinc oxide nanomaterial with 96 h EC50 of 2.36 and 

4.56 mg/L of ZnO NPs, respectively. 

 

Numerous previous research studies have reported the cytotoxic effects of   heavy 

metals and metallic nanoparticles on S. platensis.  Lone et al., (2013) reported the 

growth inhibitory effects of ZnO NPs on S. platensis with 41.0% reduction in 
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biomass on the day 10 by the treatment of 10 mg/L of ZnO NPs. Whereas, the 

exposure of nano TiO2 particles on S. platensis caused 74.1%  decrease in biomass 

on day 15 with 100 mg/L of TiO2 NPs (Comotto et al., 2014). A treatment of 

selenium (100 mg/L) reported a significant damage in the nutritional quality of 

Spirulina through 75.6, 69.0 and 98.8% loss in polysaccharides, protein and lipid 

contents of Spirulina cells respectively at 72 h. The results further indicated the 

degradation and lysis of algal biomass by heavy metal treatment (Zinicovscaia et 

al., 2016). Another treatment of Spirulina cells with 1 mg/L of copper caused 50% 

decrease in algal biomass on the day 7 (Deniz et al., 2011).  A study by Shilpi et 

al., (2014) reported a dose and time dependent   increase in the toxicity of chromium 

(Cr) (0.01 – 10 mg/L) on S. platensis with a maximum growth reduction of 62% at 

10 mg/L of Cr during 9 days of exposure. Additionally, the same study reported a 

concentration and time dependent decrease in carbohydrate and protein content of 

S. platensis upon treating with Cr (0.01 - 10 mg/L).  A significantly maximum 

reduction in carbohydrate and protein content were reported with the resultant 

values of 61.2% and 65.3% respectively upon treating with 10 mg/L of Cr on day 

9 compared to control. 

 

Though numerous studies have reported the major cytotoxic effects of heavy  

metals and nanosized metal particles on S.  platensis, only a few studeis have 

reported the toxicity of metal, metallic nanoparticles and environmental stress on 

H. pluvialis. Exposure of vegetative cells of H. pluvialis to different concentrations 
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of NaCl salt (0.25 to 2 % w/v) for 4 days caused 56.56% loss in cell viability and 

also resulted in subsequent steep fall of biomass along with the microscopic 

evidence of cell lysis at the highest concentration of NaCl (Sarada et al., 2002). Li 

et al., (2008) reported 8.43, 13.08 and 19.72% loss in cell viability of H. pluvialis 

at 48 h under various stress conditions when treated with ferrous sulphate (FS), 

ferrous sulphate + high intensity light (HL) (200 µmol m-2 s-1) and FS+ HL+ sodium 

acetate respectively. While, the exposure of cyst cells of H. pluvialis from the 

stationary phase to 0.8% NaCl for 11 days resulted in 52.5% decrease in viable cells 

by salt stress (Cifuentes et al., 2003). A recent investigation by Comotto et al., 

(2014) reported 18.1% decrease in biomass of H. pluvialis on day 9 with the 

treatment of 100 mg/L of TiO2 NPs.   

 

Carotenoids and chlorophylls are the essential constituents of the photosynthetic 

apparatus present in the thylakoid membranes of chloroplast and taking apart in the 

light harvesting process of photosynthesis (Miazek et al., 2015). Phycocyanin is a 

blue coloured pigment present in the phycobilisomes attached to the external 

surface of the thylakoid membranes found in cyanobacteria. It is a photosynthetic 

an accessory pigment that participates in the energy transfer chain of photosynthesis 

(Moraes et al., 2011; Horváth et al., 2013). Phycocyanin contributes 30 % of the 

biomass, however its actual level varies according to the culture conditions (Leema 

et al., 2010). Similarly, astaxanthin is a secondary carotenoid present in H. pluvialis 

synthesized from the primary carotenoid β carotene by β carotene carboxylase. 
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Under unfavorable severe stressful conditions, astaxanthin synthesis will be 

reduced due to the inhibition of β carotene carboxylase enzyme resulting in 

reduction of astaxanthin content (Huang et al., 2006; Vidhyavathi et al., 2008; 

Vidhyavathi et al., 2009). 

 

The current investigation demonstrated a dose and time dependent reduction in 

photosynthetic pigments of microalgae H. pluvialis and S. platensis corresponding 

to loss in algal cell viability and reduction in algal biomass as the results of 

treatment with nanoparticles. Toxicity of ZnO NPs caused a higher fall in 

photosynthetic pigments of S. platensis compared to H. pluvialis with the highest 

percentage reduction of 92.5, 76.2 and 74.1% for chl-a, carotenoids and 

phycocyanin respectively at 96 h with 200 mg/L of ZnO NPs in S. platensis (Fig. 

4.13, 4.15 & 4.17). Whereas, H. pluvialis showed comparatively lower fall in chl-

a, total carotenoids and astaxanthin with the reported value of 63.3, 43.4 and 47.9% 

respectively at 96 h for the same concentration of NPs (Fig.  4.14, 4.16 & 4.18). 

The loss in photosynthetic pigments of the present study exhibited a same trend 

with cell death and reduction in algal biomass in both microalgae with greater loss 

in photosynthetic pigments in S. platensis over H. pluvialis upon the treatment with 

ZnO NPs. Though this study demonstrated a typical dose and time-dependent loss 

in photosynthetic pigments of both microalgae. A statistically significant (p < 

0.05%) decrease in phycocyanin pigment was established from 24 h even with the 

treatment of 10 mg/L of ZnO NPs. The current results on the loss in photosynthetic 
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pigments of S. platensis are similar to the findings of  Lone et al., (2013) which 

showed that the treatment of ZnO NPs resulted in 93.5% loss of chlorophyll a and 

50% decrease in carotenoids of S. platensis on day 10  and Leema et al., (2010) 

which reported that the salt stress on S. platensis from the treatment with sea water 

resulted in 53.1% fall of chlorophyll a, 37.5% decrease in carotenoids and 32.1% 

loss in phycocyanin during day 25. Shilpi et al., (2014) observed a dose and time 

dependent fall in chl-a of S. platensis with a significantly maximum reduction of 

63.9% at 10 mg/L of Cr on day 9. Recently, a treatment with selenium  (100 mg/L) 

resulted in 90% reduction in phycocyanin pigment of S. platensis  on day 3 

(Zinicovscaia et al., 2016). However, the study reported a minimal rise in the 

phycocyanin pigment of S. platensis at the initial duration (6 - 12 h) of exposure to 

nanoscale zinc oxide particles, possibly because of self-defense activity of S. 

platensis against the oxidative stress induced by the treated nanoscale particles 

Miazek et al. (2015). Similar to the present study finding, Miazek et al. (2015) 

evidenced an increase in pigment content of cyanobacteria at low concentrations 

of lead (Pb). The exposure of S. platensis culture heavy metal tellurium resulted 

in the enhanced production of phycocyanin due to the oxidative stress induced by 

the metal uptake (Arunakumara et al., 2008) 

 

Parallel to the loss in photosynthetic pigments of S. platensis, H. pluvialis also 

showed a same trend on the loss of photosynthetic pigments in the present study. 

However, the treatment of ZnO NPs caused comparatively less reduction in the 
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photosynthetic pigments of H. pluvialis compared to S. platensis. Loss in pigments 

of H. pluvialis under various stress conditions have been reported by previous 

studies. Li et al., (2008) demonstrated loss in photosynthetic activity of H. pluvialis 

when exposed to ferrous sulphate and high intensity light for 48 h.  Exposure of the 

cyst cells of H. pluvialis from the stationary phase to 0.8% NaCl for 11 days 

resulted in 25.9, 5.27 and 19.0% loss in chlorophyll, carotenoids and astaxanthin 

respectively (Cifuentes et al., 2003). While the exposure of vegetative cells of H. 

pluvialis to the increasing concentrations of NaCl (0.25 to 2 % w/v) for 4 days, 

showed increase in astaxanthin and carotenoids at the concentration of NaCl < 1.0 

mg/L, but both the pigments reported to be decreased at 1.0% and 2.0 % of NaCl 

on day 6 and day 9 respectively.  The same study reported  90% and 56.68% drop 

in chlorophyll and astaxanthin with 54.68 % decrease in total carotenoids of H. 

pluvialis when exposed to 17.1 mM of NaCl on day 9 (Vidhyavathi et al., 2008). 

Similarly, the exposure of H. pluvialis to high intensity of light (97 µmol m-2s-1) for 

48 h resulted in 14. 9% and 8.45% decrease in chlorophyll and total carotenoids. 

The action of electron transport chain inhibitor diphenylamine (DPA), the herbicide 

norflurazon (NF) and the antifungal agent cerulenin on the photosynthetic pigments 

H. pluvialis for 48 h resulted in 23.16, 41.34 and 20.8% decrease in total 

carotenoids, and 17.34, 22.36 and 27.04% decrease in total chlorophylls 

respectively (Vidhyavathi et al., 2009). 
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Various studies have described the sensitivity of microalgal pigments towards the 

toxicity of metal and metallic nanoparticles. Similar to these findings, Sadiq et al., 

(2011) showed a dose and time dependent loss in chlorophyll of microalgae 

Chlorella sp. and Scenedesmus sp. upon treating with alumina nanoparticles for 72 

h. In addition, Oukarroum et al., (2012a) demonstrated concentration dependent 

reduction in chlorophyll of C. vulgaris and D. tertiolecta when treated with  Ag 

NPs at 24 h.  Both the studies showed the lower sensitivity of Chlorella sp. 

compared to Scenedesmus sp. and D. tertiolecta towards metallic NPs. 

Nevertheless,  Sadiq et al., (2011), Xiaoxiao et al., (2012) and  Barhoumi and 

Dewez (2013) have reported the strongest  toxic effects of metallic oxide NPs on 

the electron transport chain of photosynthesis  in  C. vulgaris that resulted in dose 

dependent reduction in the photosynthetic pigment. Arunakumara et al., (2009) 

demonstrated the destruction of thylakoids that are responsible for photosynthetic 

activities in cyanobacterium Synechocystis sp. due to heavy metal treatment and 

also reported a dose dependent decrease in photosynthetic pigments for cadmium 

treatment (6 mg/L Cd+ at 96 h) with 57.83% fall in chl-a, 48.94% decrease in 

carotenoids and 56.90% decrease in phycocyanin contents. 

 

The treatment of ZnO NPs results in the aggregation of NPs agglomerates on the 

surface of algal cells that prevents the algal cells from obtaining the adequate light 

energy needed for the photosynthetic process which in turn leads to decrease in 

photosynthetic pigments and growth inhibition (Iswarya et al., 2015). The decline 



 

96 

 

in the photosynthetic pigments can  also result from the onset of oxidative stress 

which includes the excessive  production of  reactive oxygen species and the 

subsequent lipid peroxidation, both destroy the activity of  photosynthetic system 

and causing growth inhibition (Tang et al., 2013). Moreover, unfavorable growth 

conditions to microalgae such as the stress caused by salt, high light intensity, 

chemicals, metals and metal nanoparticles result in decrease in chlorophyll content 

of microalgae which is necessary for photosynthesis could be the reason for growth 

reduction (Shilpi et al., 2014). Treatment of metals to microalgae results in the 

destruction of thylakoids that causes reduction in photosynthetic pigments which 

in turn severely affects the photosynthetic activity and causes growth inhibition or 

cell death (Arunakumara et al., 2008). 

 

In the present study, the light microscopic and SEM pictures of S. platensis cells 

exposed to ZnO NPs (Fig. 4.19 & 4.20) showed aggregation of NP agglomerates 

on the algal cells, aggregation of algal cells, cell membrane damage, rupture of 

Spirulina trichrome and cell distortion. Likewise, the exposure of ZnO NPs to 

freshwater microalga C. vulgaris caused morphological alterations and cell 

membrane and structure damage, which lead to increased levels of lactate 

dehydrogenase enzyme (Suman et al., 2015) and  showed entrapment of NP 

agglomerates on algal cells, cell aggregation , cell wall breakage and  cell 

membrane damage on S. obliquus (Bhuvaneshwari et al., 2015). Previous studies 

by Ji et al., (2011) and Chen et al., (2012) observed the same effect of ZnO NPs on 
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Chlorella sp.  Xia et al., (2015) and Schiavo et al., (2016) demonstrated the 

complete wrapping of algal cells with NPs, cell membrane damage and intracellular 

ROS production in the marine microalga P. tricornutum when exposed with ZnO 

NPs. 

 

On the other hand, light microscopic pictures of H. pluvialis cells exposed to ZnO 

NPs revealed loss in cell motility and presence of ghost cells (Fig. 4.21), in addition 

to, adsorption of NP agglomerates on algal cells, cell aggregation, alteration in cell 

structure with wrinkled surface, cell membrane rupture, cell distortion and cell 

rupture shown by scanning electron microscopic images (Fig. 4.22). In accordance 

with our findings, Shah et al., (2016) demonstrated the existence of motile 

flagellated vegetative cells of H. pluvialis under favorable growth conditions and 

non- motile resting vegetative cells with loosing flagellates and expanded cell size 

under unfavorable environmental or culture conditions such as  lack of nutrients, 

salt stress and  high light illumination. Comotto et al., (2014) observed cell 

aggregation and cell wall degradation in C. vulgaris, H. pluvialis and S. platensis 

upon treating with TiO2 NPs, and Dong et al., (2014) showed strongly wrinkled and 

damaged cell wall in hydrochloric acid- acetone (HCl-ACE) treated H. pluvialis 

cells. Harker et al., (1996) reported the fully bleached ghost cells of H. pluvialis 

containing no chlorophyll or carotenoid when exposed to high salt and high light 

intensity. The number of ghost cells was reported to be increased considerably 

when the algal cells exposed to increasingly adverse environmental conditions. 
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Such bleaching of cells is thought to happen due to metabolic imbalance caused by 

the environmental stress and also may be due to the cytoplasmic leakage of cells 

through cell membrane rupture. Apart from algal cells, earlier studies have reported 

the morphological alterations in animal and human cells when exposed to ZnO NPs. 

Babu et al., (2017) observed the membrane damage and structural deformation in 

chicken red blood cells and Guan et al., (2012) demonstrated abnormal size, cellular 

shrinkage and irregular shape of human hepatocytes and human embryonic kidney 

cells. 

 

The aggregation and adsorption of NPs on the surface of algal cells happens due to 

large surface area of the NPs and also because of the electrostatic attraction of 

positively charged ZnO NPs with negatively charged functional groups present in 

the cell wall of algal cells. The accumulation of  nanosized particles on the algal 

cell surface alters cell membrane permeability and   causes  cell wall damage, this 

enables excessive entry of NPs  into the cells and  brings disturbance in the vital 

functions of internal organelles which subsequently leads to cell death (Kumar et 

al., 2011; Bhuvaneshwari et al., 2015). Similarly, the  algal growth inhibition results 

from the penetration of NPs into the cell envelope and the following disruption in 

cell membrane causing cell rupture and leakage of intracellular contents (Chen et 

al., 2012). The surface binding and the consequent accumulation  of nanosized 

particles on the algal cell surface compromises the cell membrane integrity and cell 

morphology and subsequently leads to cell death due to the mechanical damage 
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(Djearamane et al., 2018) or by the intracellular dissociation of metal ions from the 

internalized NPs that disturbs the cellular metabolism (Lin and Xing, 2008)). 

Further, entrapment of large aggregates of nanoparticles on algal cells reduces the 

light availability to algal cells (Hazeem et al., 2016) and the adsorption of nutrients 

by nanoparticles impairs the availability of nutrients to algal cells which eventually 

resulting in growth inhibition (Tang et al., 2013). 

 

 

In addition, the transmission electron microscopic images of S. platensis cells 

treated with ZnO NPs in the present study evidenced the critical actions of NPs on 

photosynthetic system of algal cells through the destruction of thylakoid lamellae 

and also by the reduction and degradation of the photosynthetic pigment 

phycobilisomes (Fig. 4.23B & D). Further, the TEM examination revealed damage 

to the cell membrane and degradation of intracellular organelles of Spirulina cells 

exposed to ZnO NPs (Fig. 4.23B&D). Similar to these findings, the results of 

Vladimirescu, (2010) and Noyma et al., (2015)  showed damage to thylakoids and 

cell memebrane of S. platensis exposed to lysozyme enzymes and the 

cyanobacterium Cylindrospermopsis raciborskii subjected to ultraviolet radiation 

respectively. Similar to the ultrastructural damages of S. pluvialis by ZnO NPs, 

TEM micrographs of ZnO NPs treated H. pluvialis showed complete loss of thick 

cell wall, plasmolysis, destruction of photosynthetic apparatus, degradation and 

leakage of cytoplasmic contents (Fig. 4.24 B&D). In accordance with the 
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observation done for this study, the exposure of microalga S. obliquus to ZnO NPs 

resulted in irregular structure, deformed cell membrane, degraded cellular 

organelles and plasmolysis of cells (Bhuvaneshwari et al., 2015), while the 

exposure to TiO2 resulted in uneven cell membrane, shrunken and detached 

cytoplasm and distorted cellular organelles including chloroplast (Dalai et al., 

2013). Kasemets et al., (2009) demonstrated irregularly shaped cells such as 

shrunken and deformed cells with crushed cell wall and cytoplasmic leakage in 

yeast S. cerevisiae upon treatment with ZnO NPs. 

 

Earlier studies have reported the ultrastructural damage of algal cells caused by 

heavy metals. Accumulation of cadmium in green alga Chlamydamonas resulted in 

enlargement of cell and decomposition of phosphate bodies (Nishikawa et al., 2003) 

and presence of lead in Chlorella sorokimana induced cytoplasmic lipid droplets 

and disorganized chloroplasts (Carfagna et al., 2013). Exposure of thallium to 

Synchocystis sp. caused fragmentation of thylakoid membranes (Aoki et al., 2013) 

and exposure to zinc resulted in enlarged and bloated mitochondria in green alga 

Desmidium swartzu (Andosch et al., 2015). The combined effects of  zinc and 

aluminum on D. tertiolecta resulted in cell membrane rupture (Saçan et al., 2007) 

and the exposure of cyanobactrium Synechocystis sp. cells to the heavy metals lead 

and cadmium was reported to worstly affected the photosynthetic apparatus with 

deteriorated or completely damaged thylakoid memebrane leaving large empty 

spaces in the cell interior (Arunakumara et al., 2008). Besides the cell membrane 
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damage and cytoplasmic leakage, the critical damage to the thylakoids and the 

photosynthetic pigments are thought to be the key adverse effects of metal ions on 

algal cells, that results in the failure of photosynthetic process which ultimately 

leads to cell death ( Mohanty, 1989: Deniz et al., 2011). 

 

The widely accepted fact is that the treatment of metals and metallic nanoscale 

particles induces the oxidative stress in living cells by forming electron reactive 

oxygen molecules and hydrogen peroxide which are collectively known as reactive 

oxygen species (ROS) that are responsible for cell death (Lin and Xing, 2008). 

Exposure to metal ions can also enhance the production of ROS through inhibiting 

the oxidative stress protective compound metallothione and thus blocking the 

binding of free metal ions to metallothione, thus free zinc ions catalyze Fenton -

type reactions to increase the production of both hydrogen peroxides and hydroxyl 

ions (Schiavo et al., 2016; Hou et al., 2018). 

 

The exposure of algal cells to ZnO NPs in the present study exhibited a typical time 

and concentration dependent increase in ROS production on S. platensis and H. 

pluvialis. Both microalgae showed significant production of ROS from 6 h even at 

the lowest concentration of 10 mg/L of ZnO NPs. In accordance with the growth 

inhibition results, the treatment of ZnO NPs induced greater production of ROS in 

S. platensis compared to H. pluvialis. For an example, the level of ROS production 
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from S. platensis was reported to be from 944.7 to 2597.4 % (Fig. 4.25), compared 

to the ROS production from 250.8 to 540.5% (Fig. 4.26) in H. pluvialis at 96 h for 

ZnO NPs concentration from 10 to 200 mg/L, respectively. This finding 

demonstrated the higher level of oxidative stress induction in S. platensis through 

the toxic effects of ZnO NPs over H. pluvialis. Further, the intracellular production 

of reactive oxygen species was demonstrated by the green fluorescence of 

dichlorofluorescein diacetate in S. platensis and H. pluvialis cells treated with ZnO 

NPs (Fig. 4.29). In vivo production of ROS was demonstrated in both the 

microalgae exposed to ZnO NPs through the emission green fluorescence. Similar 

findings were documented by Bhuvaneshwari et al., (2015) who reported a 

concentration dependent increase in ROS production in freshwater alga S. obliquus 

with the reported values of 99.5, 113.8 and 125.5% for 1, 0.5, 0.25 mg/L of ZnO 

NPs at 72 h. In addition, authors demonstrated the intracellular production of ROS 

by DCF fluorescence from the algal cells treated with nanoscale zinc oxide 

particles. Also, Dalai et al., (2013) reported a concentration and time dependent rise 

in ROS production from S. obliquus with the resultant values of 5.21 and 15.24 % 

at 24 h, and 7.46 and 20.39 % at 72 h upon treating with 0.5 and 1 mg/L of 

nanosized TiO2 particles respectively. Another study by the same authors reported 

the induction of dose dependent ROS production by 147.43, 161.24 and 190.2% 

respectively during the treatment with 0.05, 0.5 and 1 mg/L of mixed TiO2 and 

Al2O3 nanoparticles on the same microalga at 72 h (Dalai et al., 2014). A study by 

Oukarroum et al., (2012a) demonstrated a does dependent enhanced ROS formation 
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in D. tertiolecta over C. vulgaris upon 24 h treatment with 1 - 10 mg/L of Ag NPs.  

Besides microalgae, Zhang et al., (2016b) and Dalai et al., (2012) showed the 

intracellular production of ROS in yeast S. cerevisiae with ZnO NPs (2 mg/L) at 48 

h and in freshwater bacteria with 2 h treatment of TiO2 NPs (1 mg/L) respectively. 

 

Various studies demonstrated the induction of ROS through the adverse effects of 

ZnO NPs in animal and human cells. Babu et al., (2017) demonstrated a dose 

dependent increase in ROS production in chicken red blood cells with the treatment 

of ZnO NPs (50 mg/L) at 24 h. Similarly, exposure to cerium oxide NPs resulted in 

a dose and time dependent rise in ROS production in human lung alveolar 

epithelium cell line with the reported ROS production from 171 – 286 % for 25 – 

100 mg/L of cerium oxide NPs at 6 h (Mittal and Pandey, 2014). The excessive 

production of reactive oxygen species through the initiation of oxidative stress 

targets and damages the biomolecules of algal cells resulting in   irreversible cell 

damage. The failure in restoration of ROS production will eventually cause 

oxidative stress and cell death (Wong et al., 2010). Alternatively, the production of 

huge amount of ROS causes cell membrane damage which spontaneously results 

in the intracellular accumulation of NPs and the corresponding cell death 

(Boussiba, 2000; Brayner et al., 2006). 
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Metals ions are proven to induce oxidative stress through the excessive   production 

and accumulation of hydrogen peroxide and the resulting lipid peroxidation 

(Choudhary et al., 2007). ROS reacts on cell membrane and   oxidizes the 

membrane proteins, cholesterol and more predominantly the poly unsaturated fatty 

acids through a process called lipid peroxidation (Dingjan et al., 2016). Lipid 

peroxidation spontaneously results in damaging the cell membrane that enables the 

entry of excessive NPs into the cells and leading to disturbance in the vital functions 

of cellular organelles (De Jesus and Kapila, 2014; Gallo et al., 2016). As a 

consequence, disintegration of cell membrane and the leakage of intracellular 

contents results in death of algal cells (Valko et al., 2006; Dingjan et al., 2016). 

 

Malondialdehyde (MDA) is a well-known biomarker of lipid peroxidation (LPO) 

and thus the quantification of MDA can be used to evaluate the status of lipid 

peroxidation (Melegari et al., 2012).  The previous investigations by Choudhary et 

al., (2007) and Deniz et al., (2011) measured MDA (Malondialdehyde) level as a 

measure of the degree of lipid peroxidation and showed that the level of MDA 

increased with the increasing concentration of trace metals including copper and 

zinc on Spirulina cells. In addition, the authors also conveyed that the lipid 

peroxidation is linked to the concentration dependent free radical formation in 

Spirulina sp.  A study Li et al., (2008) demonstrated a linear relationship between 

the loss in photosynthetic activity and increase in MDA level in Spirulina cells 

when exposed to intense light (250 µmol m-2 s-1) indicating the photooxidative 
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stress of photosynthetic apparatus (thylakoid membranes), that in turn resulted in 

reduction and or impairment of photosynthesis. 

 

The present study results demonstrated a dose and time dependent increase in lipid 

peroxidation level with a significant (p < 0.05%) increase in lipid peroxidation from 

12 h in S. platensis and from 24 h in H. pluvialis for all the tested concentrations of 

ZnO NPs from 10 - 200 mg/L.  In agreement with increase in ROS production, S. 

platensis exhibited a greater level of lipid peroxidation compared to H. pluvialis, 

for an instance, the level of lipid peroxidation in S. platensis ranged from 147.7% 

to 506.8% (Fig. 4.27), whereas from 109.5%, to 323.9% in H. pluvialis (Fig. 4.28) 

at 96 h for 10 - 200 mg/L of ZnO NPs. Similarly, Oukarruom et al. (2012a) 

demonstrated a dose and time dependent increase in ROS and lipid peroxidation, 

with higher level of ROS and lipid peroxidation in C. vulgaris compared to the cell 

wall lacking microalga D. tertiolecta when treated with Ag NPs. The authors also 

reported a positive relationship between ROS production and lipid peroxidation. 

This finding is in accordance with the findings that the thick cell wall containing 

H. pluvialis exhibited lower ROS production and lipid peroxidation compared to 

smooth cell wall containing S. platensis. Besides microalgae, toxicity of ZnO NPs 

has been reported to cause oxidative stress through a dose dependent increase in 

MDA formation as a result of lipid peroxidation on human hepatocytes and human 

embryonic kidney cells treated with 50, 75 and 100 mg/L of nanoscale ZnO 

particles at 24 h (Guan et al., 2012). Apart from the measurement of ROS and LPO 
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to assess the oxidative stress, Comotto et al., (2014) used quantification of phenolic 

compounds to assess the oxidative stress caused by the treatment of TiO2 on S. 

platensis and H. pluvialis. The phenolic compounds are the group of antioxidants 

that are produced to scavenger the oxidative stress. Exposure of pure anatase TiO2 

to both microalgae resulted in the increased release of extracellular phenolic 

compounds to scavenger the free radicals produced by oxidative stress. 

Additionally, Choudhary et al., (2007) reported a dose dependent increase in anti-

oxidant enzyme superoxide dismutase level as the indicator of oxidative stress 

induced by heavy metals such as lead, zinc and copper in S. platensis. 

 

5.3      Comparison of Toxic Effects of ZnO NPs Between S. platensis and   

           H. pluvialis 

 

 

The treatment ZnO NPs caused larger aggregates of S. platensis (Fig. 4.7) while 

these aggregates were less in H. pluvialis (Fig. 4.8).  This difference in the 

formation of aggregates may due to the higher zinc absorptive and accumulative 

capacity of Spirulina cells (Zinicovscaia et al., 2013). The formation of aggregates 

of algal cells upon treating with SiO2 and alumina NPs was reported by the previous 

studies by Van Hoecke et al., (2008) and Sadiq et al., (2011). Formation of cell 

aggregates might inhibit algal growth (Navarro et al., 2008, Wei et al., 2010, 

Perreault et al., 2012). It is believed that algal cell aggregation involved in the 

toxicological effects of metallic NPs through the strong reduction in chlorophyll 
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content and viable cells (Oukarroum et al., 2012a). Formation of larger cell 

aggregates of S. platensis upon the treatment with ZnO NPs may have resulted in 

higher growth inhibition and the corresponding higher reduction in photosynthetic 

pigments in S. platensis compared to H. pluvialis. Further, motile nature of H. 

pluvialis is belied to be the fact behind the lower toxicity of ZnO NPs on H. 

pluvialis. It is likely due to the slight interaction of ZnO agglomerates with motile 

algal cell, while this interaction could easily happen with non-motile S. platensis. 

Similar findings were reported by Li et al., (2017) who reported higher sensitivity 

of ZnO NPs to non-motile microalga P. tricornutum (96 h EC10 0.23 mg/L) 

compared to motile microalga T. suecica (96h EC10 0.47). Motility renders reduced 

contact time with ZnO NPs agglomerates and consequently less entrapment of algal 

cells with NP agglomerates. At the same time, complete entrapment of non- motile 

algal cells with ZnO NPs renders less light availability and results in higher growth 

inhibition (Aruoja et al., 2009; Gong et al., 2011). In addition, since the interaction 

of NPs happens on the cell surface, the greater surface area to volume ratio of S. 

platensis against H.  pluvialis are also a very important factor to be considered for 

higher toxicity of ZnO NPs on S. platensis (Moraes et al., 2013). Involvement of 

higher surface area to volume ratio of microalgae in exerting higher toxic effects of 

ZnO NPs has been previously reported by Li et al., (2017). 

 

Oxidative stress due to high levels of ROS production can lead to lipid peroxidation 

and cell damage. Lipid peroxidation can result in impaired cellular function and 
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alterations in cell membrane permeabilities that in turn disrupt vital functions of 

cell (Reiter et al., 1999; Halliwell and Gutteridge, 2015). This study demonstrated 

higher accumulation of ZnO NPs and the subsequent stronger production of ROS 

and LPO in S. platensis that high levels of oxidative stress might have led to 

enhanced growth inhibition on S. platensis compared to H. pluvialis. Similar 

findings were reported by Oukarroum et al., (2012a) who reported higher reduction 

in cell viability and chlorophyll in D. tertiolecta which showed greater production 

of ROS and LPO compared to C. vulgaris. The same study opined that the higher 

toxicity of ZnO NPs was may be due to lack of cell wall in D. tertiolecta. 

Accordingly, this study reported lower toxicity on H. pluvialis which has thick cell 

wall covered with more two layers of smooth wall compared to a smooth cell wall 

of S. pluvialis. The comparative analysis of toxicity parameters of the present study 

revealed the substantially greater sensitive of ZnO NPs on prokaryotic marine 

microalga S. platensis (96 h EC50 13.97 mg/L) compared to eukaryotic freshwater 

microalga H. pluvialis (96h EC50 186.67 mg/L) (Table 4.1). Study results 

demonstrated that S. platensis requires nearly 13 times lesser concentration of ZnO 

NPs to kill 50% viable cells when compared to H. pluvialis.  Profound metal 

accumulative capacity, large surface area and the non-motile nature of S. platensis 

are believed to be the reasons behind the higher accumulation of ZnO NPs and the 

corresponding greater oxidative stress induction and the cell death of S. platensis 

compared to H. Pluvialis. 
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CHAPTER 6 

 

CONCLUSION AND RECOMMENDATION 

 

6.1   Conclusion 

 

In a nutshell, the treatment of zinc oxide nanoparticles on S. platensis and H. 

pluvialis resulted in a characteristic dose and time dependent accumulation of nano-

scale zinc oxide particles in the algal cells and the corresponding cytotoxicity 

through loss in cell viability, algal biomass and photosynthetic pigments with 

increase in ROS and lipid peroxidation levels. The induction of oxidative stress due 

to the treatment of ZnO NPs on algal cells resulted in the loss of viable cells and 

subsequently caused growth inhibition of algal cells through reduction in 

photosynthetic pigments. Further, the study results revealed nearly three times 

greater accumulative capacity of S. platensis and about two folds’ higher 

cytotoxicity and oxidative stress effects to ZnO NPs compared to H. pluvialis. 96 h 

EC50 values reported in our study show almost 13 times greater sensitivity of S. 

platensis over H. pluvialis towards ZnO NPs toxicity effects. Because of the 

profound higher sensitivity of S. platensis, this study recommends the microalga or 

cyanobacterium S. platensis to function as a bioindicator for the ecotoxicological 

assessment of zinc oxide nanoparticles   in the aquatic environment including 
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marine ecosystem since S. platensis grows both in fresh and salt water. 

Furthermore, results from this study may bring insights into suggesting the methods 

for screening ZnO NPs contamination in the nutrient microalgae. 

 

6.2   Limitation and Recommendation 

 

This study was unable to confirm the internalization of ZnO NPs in the ultra-thin 

sections of microalgae through TEM analysis. This is because of unavailability of 

EDX facility in TEM technique used in this study. Since our study reported the 

cellular accumulation of ZnO NPs on algal cells, future study is required to 

distinguish the adsorption and the cellular uptake of ZnO NPs in algal cells.  

Additionally, the toxic mechanisms behind the different sensitivity of our test 

microalgae to ZnO NPs needs to be studied further. 

 

Since both of the study on microalgae showed substantial cellular adsorption and 

accumulation of ZnO NPs in the present study. The adsorption and accumulation 

of metallic NPs will ultimately increase the cellular weight of algae and lead to 

sedimentation of algal cells, this will help to remove pollutants from the medium 

(Hazeem et al., 2016). This technique of bioremediation of NPs by using our test 

microalgae needs to be studied in detail with different concentrations of ZnO NPs 

and with different densities of algal biomass to optimize the parameters that could 
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effectively remove NPs from the polluted water bodies.  Further studies can be 

conducted with our test microalgae to investigate the bio-remedial capacity on other 

most commonly used metallic nanoparticles such as silver and titanium di oxide 

nanoparticles. 
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