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List of Figures 

Figure 1.1 The stick and ball represents the structure of ZnO nanocrystal. (a) Hexagonal 

wurtzite, (b) cubic zinc blende, and (c) cubic rocksalt (Adapted from Özgür et al. (2005) 

with permission (Journal (1211073) [211014-019448])). 

Figure 1.2 Structure of Ag nanocrystal. (a) nanoplates (b) spheres (c) Cube (Adapted 

from Khodashenas and Ghorbani (2019) with permission (Journal (1211073) [211014-

019448])). 

Figure 1.3 Diagrammatic representation of the process of ultrasonication-mediated 

biological synthesis of ZnO NPs using algae and cyanobacteria. 

Figure 1.4 Diagrammatic representation of the process of ultrasonication-mediated 

biological synthesis of Ag NPs using algae and cyanobacteria. 

Figure 1.5 The schematic representation of possible mechanisms of intracellular uptake 

of MNPs in the algal cell. Due to porous structure, plant and algal cell walls allow the 

MNPs to passively accumulate in a space between the cell wall and cell membrane. The 

cell membrane represents a barrier for the intracellular uptake of MNPs. The 

intramembrane transport of MNPs in algae and cyanobacteria is not yet proved. The 

metal ions released in the external medium after the dissolution of MNPs find entry into 

the cells via ion channels and carriers. Unidentified transport proteins bind MNPs in the 

cytoplasm and facilitate the transport of MNPs from one point to another. The entry of 

MNPs in cell organelles like the chloroplast, mitochondria, nucleus is evident, however, 

the mechanisms are unknown (Adapted from Mahana et al. (2021) with permission 

(Journal (1211073) [211014-019448])). 

Figure 1.6 The schematic representation of mechanisms of cellular and molecular 

toxicity of MNPs in an algal cell. The cell membrane is the first target of MNPs. MNPs 

mediate in ROS metabolism signaling pathways and increase the level of ROS above a 

threshold. In addition to oxidative stress, MNPs may directly impede chloroplast and 

mitochondrial functions. MNPs may also bind with cytoplasmic proteins (unidentified) 

and enzymes that may result in the inactivation of free cellular enzymes. The molecular 

signaling pathways of MNPs toxicity in algae are yet unknown. The dissolution of 

MNPs extracellularly in the surrounding medium can enter into the cell resulting in 
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cellular toxicity (Adapted from Mahana et al. (2021) with permission (Journal 

(1211073) [211014-019448])). 

Figure 1.7 The schematic representation of the possible mechanisms of tolerance and 

detoxification of MNPs and metal ions released after the dissolution of metallic 

nanoparticles in algae. MNP can enter into the cell by simple diffusion via pores in the 

cell wall and perforated cell membrane due to MNP-induced lipid peroxidation in 

localized areas of the cell membrane. Metal ions released from the MNPs after 

dissolution are transported into the cells possibly via channels and carriers. After 

entering into the cell, MNP may induce a toxic response per see or it releases free metal 

ions and causes toxicity. Algal cell rapidly responds to the presence of MNPs and free 

metal ions in the cell and the antioxidant system is activated. Phytochelatins may be 

induced by metal ions released from NPs. Phytochelatins are known to bind metal ions 

(Ag
+
 and Cu

2+
). Owing to the large size, the algal cell cannot excrete MNPs, however, it 

can release metal ions that can be excreted via ion channels as well ionophores. In 

contrast to exclusion of heavy metal ions, the exclusion of MNPs in algae is not 

demonstrated which needs to be investigated (Adapted from Mahana et al. (2021) with 

permission (Journal (1211073) [211014-019448])). 

Figure 3.1 Growth pattern (A) and specific growth rate (B) of test organisms in Chu-10 

medium. The results indicated by mean ± SE. 

Figure 3.2 Change in the pigment and total protein contents of test organisms over 30 

days cultivation in Chu-10 medium. (A) Chlorophyll-a (B) Chlorophyll-b (C) 

Chlorophyll-c (D) Phycocyanine (E) Carotenoids (F) Total protein.Values are mean ± 

SE of three replicates. 

Figure 3.3 UV visible spectra and corresponding “Tauc” plots of ZnO NPs using 

aqueous extract of A. doliolum (A and B), N. muscorum (C and D), and S. dimorphus (E 

and F). The biomass concentration was 500 µg ml
-1

 and concentration of ZnCl2.2H2O 

was 0.05 M in all the experiments. 

Figure 3.4 UV visible spectra of green synthesized Ag nanostructures using aqueous 

extract of algae and cyanobacteria with varying concentrations of AgNO3 solution. (A), 

(B) and (C) are UV visible spectra of green synthesized Ag nanostructures synthesized 

by using the aqueous extract of A. doliolum (biomass content = 500 µg ml
-1

), N. 
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muscorum (biomass content = 500 µg ml
-1

), S. dimorphus (biomass content = 500 µg ml
-

1
) respectively. 

Figure 3.5 FTIR spectrum of nanostructure synthesized using aqueous extract of test 

organisms. (A) FTIR spectrum of ZnO nanostructure synthesized by using 0.5 M of 

ZnCl2. 2H2O. (B) FTIR spectrum of Ag nanostructure synthesized by using 1 mM of 

AgNO3. 

Figure 3.6 XRD graph of ZnO nanostructures synthesized by using aqueous extract of 

A. doliolum, N. muscorum and S. dimorphus with 0.5 M of ZnCl2. 2H2O. 

Figure 3.7 XRD graph of Ag nanostructures synthesized by using aqueous extract of A. 

doliolum, N. muscorum and S. dimorphus with 1 mM of AgNO3. 

Figure 3.8 XPS spectra of ZnO nanostructures synthesized using aqueous extract of A. 

doliolum (biomass content 500 µg ml
-1

) and 0.5M of ZnCl2.2H2O. (A) Survey spectrum, 

and (B) O1s spectrum. 

Figure 3.9 XPS spectra of ZnO nanostructures synthesized using aqueous extract of N. 

muscorum (biomass content 500 µg ml
-1

) and 0.5M of ZnCl2.2H2O. (A) Survey 

spectrum, and (B) O1s spectrum. 

Figure 3.10 XPS spectra of ZnO nanostructures synthesized using aqueous extract of S. 

dimorphus (biomass content 500 µg ml
-1

) and 0.5M of ZnCl2.2H2O. (A) Survey 

spectrum, and (B) O1s spectrum. 

Figure 3.11 XPS spectra of Ag nanostructure synthesized from aqueous extract of 

A.doliolum (biomass content = 500 µg ml
-1

) and 1 mM of AgNO3. (A), (B), (C), (D) and 

(E) are XPS wide survey spectrum, O1s spectrum, C1s, N1s and Ag3d of Ag 

nanostructures, respectively. 

Figure 3.12 XPS spectra of Ag nanostructure synthesized from aqueous extract of N. 

muscorum (biomass content = 500 µg ml
-1

) and 1 mM of AgNO3. (A), (B), (C), (D) and 

(E) are XPS wide survey spectrum, O1s spectrum, C1s, N1s and Ag3d of Ag 

nanostructures, respectively. 

Figure 3.13 XPS spectra of Ag nanostructure synthesized from aqueous extract of S. 

dimorphus (biomass content = 500 µg ml
-1

) and 1 mM of AgNO3. (A), (B), (C), (D) and 

(E) are XPS wide survey spectrum, O1s spectrum, C1s, N1s and Ag3d of Ag 

nanostructures, respectively. 
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Figure 3.14 SEM analysis of ZnO nanostructure synthesized from aqueous extract of 

algae and cyanobacteria and 0.5 M of ZnCl2.2H2O. (A) and (B) are SEM micrograph 

and its Gaussian distribution model of ZnO nanostructures synthesized by using aqueous 

extract of A. doliolum (biomass content = 500 µg ml
-1

), respectively. (C) and (D) are 

SEM micrograph and  its Gaussian distribution model of ZnO nanostructures 

synthesized by using aqueous extract of N. muscorum (biomass content = 500 µg ml
-1

), 

respectively. (E) and (F) are SEM micrograph and  its Gaussian distribution model of 

ZnO nanostructures synthesized by using aqueous extract of S. dimorphus (biomass 

content = 500 µg ml
-1

), respectively. 

Figure 3.15 SEM analysis of Ag nanostructure synthesized from aqueous extract of 

algae and cyanobacteria with 1 mM of AgNO3. (A) and (B) are SEM micrograph and  its 

Gaussian distribution model of Ag nanostructures synthesized by using aqueous extract 

of A. doliolum (biomass content 500 µg ml
-1

), respectively. (C) and (D) are SEM 

micrograph and  its Gaussian distribution model of Ag nanostructures synthesized by 

using aqueous extract of N. muscorum (biomass content 500 µg ml
-1

), respectively. (E) 

and (F) are SEM micrograph and  its Gaussian distribution model of Ag nanostructures 

synthesized by using aqueous extract of S. dimorphus (biomass content 500 µg ml
-1

), 

respectively. 

Figure 4.1 (A) Effect of pH on photocatalytic removal of MB catalyzed by ZnO 

nanorods (50 mg L
-1

). (B) Effect of pH on photocatalytic removal of MB catalyzed Ag 

nanorods (100 mg L
-1

). The initial concentration of MB was 10 mg L
-1

. The reaction 

mixture was placed in sunlight for 100 min and 180 min for ZnO and Ag mediated 

degradation respectively. Vertical bars represent the standard error of the mean (n = 3). 

Figure 4.2 (A) Photocatalytic removal of MB at varying concentrations of catalyst ZnO 

(B) Photocatalytic percent removal of MB at varying concentrations of photocatalyst 

Ag. The initial pH of MB was 10, and the initial concentration of MB was 10 mg L
-1

. 

The reaction mixture was placed in sunlight for 100 min and 180 min for ZnO and Ag 

mediated degradation respectively. Vertical bars represent the standard error of the mean 

(n = 3). 

Figure 4.3 Photocatalytic removal of MB in relation to increasing initial concentrations 

of MB. The concentration of catalyst was 100 mg L
-1

 and pH of the MB solution was set 
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at 10. (A) Photocatalytic degradation catalysed by ZnO nanorods in sunlight for 100 min 

(B) Photocatalytic degradation catalysed by Ag nanorods in sunlight for 180 min. 

Vertical bars represent the standard error of the mean (n = 3). 

Figure 4.4 Pseudo-first order kinetics of photocatalytic degradation of MB (pH = 10). 

(A) Degradation of MB catalyzed by ZnO (50 mg L
-1

) nanorod synthesized from A. 

doliolum. (B) Degradation of MB catalyzed by ZnO (50 mg L
-1

) nanorod synthesized 

from N. muscorum. (C) Degradation of MB catalyzed by ZnO (50 mg L
-1

) nanorod 

synthesized from S. dimorphus. Vertical bars represent the standard error of the mean (n 

= 3). 

Figure 4.5 Pseudo-first order kinetics of photocatalytic degradation of MB (pH = 10). 

(A) Degradation of MB catalyzed by Ag (100 mg L
-1

) nanorod synthesized from A. 

doliolum. (B) Degradation of catalyzed by Ag (100 mg L
-1

) nanorod synthesized from N. 

muscorum. (C) Degradation of MB catalyzed by Ag (100 mg L
-1

) nanorod synthesized 

from S. dimorphus. Vertical bars represent the standard error of the mean (n = 3). 

Figure 4.6 Pseudo-second order kinetics of photocatalytic degradation of MB (pH = 10). 

(A) Degradation of MB catalyzed by ZnO (50 mg L
-1

) nanorods synthesized from A. 

doliolum. (B) Degradation of MB catalyzed by ZnO (50 mg L
-1

) nanorods synthesized 

from N. muscorum. (C) Degradation of MB catalyzed by ZnO (50 mg L
-1

) nanorods 

synthesized from S. dimorphus. Vertical bars represent the standard error of the mean (n 

= 3). 

Figure 4.7 Pseudo-second order kinetics of photocatalytic degradation of MB (pH = 10) 

with different irradiation times. (A) Degradation of MB catalyzed by Ag (100 mg L
-1

) 

nanorods synthesized from A. doliolum. (B) Degradation of MB catalyzed by Ag (100 

mg L
-1

) nanorods synthesized from N. muscorum. (C) Degradation of MB catalyzed by 

Ag (100 mg L
-1

) nanorods synthesized from S. dimorphus. Vertical bars represent the 

standard error of the mean (n = 3). 

Figure 4.8 The Langmuir isotherm of the adsorption of MB (pH = 10) on ZnO nanorod 

(100 mg L
-1

) (A) ZnO nanorod synthesized from A. doliolum. (B) ZnO nanorod 

synthesized from N. muscorum (C) ZnO nanorod synthesized from S. dimorphus. 

Vertical bars represent the standard error of the mean (n = 3). 
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Figure 4.9 The Langmuir isotherm of the adsorption of MB (pH = 10) on Ag nanorod 

(100 mg L
-1

) (A) Ag nanorod synthesized from A. doliolum. (B) Ag nanorod synthesized 

from N. muscorum (C) Ag nanorod synthesized from S. dimorphus. Vertical bars 

represent the standard error of the mean (n = 3). 

Figure 4.10 The Freundlich isotherm of the adsorption of MB (pH = 10) on ZnO 

nanorod (100 mg L
-1

) (A) ZnO nanorod synthesized from A. doliolum. (B) ZnO nanorod 

synthesized from N. muscorum (C) ZnO nanorod synthesized from S. dimorphus. 

Vertical bars represent the standard error of the mean (n = 3). 

Figure 4.11 The Freundlich isotherm of the adsorption of MB (pH = 10) on Ag nanorod 

(100 mg L
-1

) (A) Ag nanorod synthesized from A. doliolum. (B) Ag nanorod synthesized 

from N. muscorum (C) Ag nanorod synthesized from S. dimorphus. Vertical bars 

represent the standard error of the mean (n = 3). 

Figure 4.12 The Temkin isotherm of the adsorption of MB (pH = 10) on ZnO nanorod 

(100 mg L
-1

) (A) ZnO nanorod synthesized from A. doliolum. (B) ZnO nanorod 

synthesized from N. muscorum (C) ZnO nanorod synthesized from S. dimorphus. 

Vertical bars represent the standard error of the mean (n = 3). 

Figure 4.13 The Temkin isotherm of the adsorption of MB (pH = 10) on Ag nanorod 

(100 mg L
-1

) (A) Ag nanorod synthesized from A. doliolum. (B) Ag nanorod synthesized 

from N. muscorum (C) Ag nanorod synthesized from S. dimorphus. Vertical bars 

represent the standard error of the mean (n = 3). 

Figure 5.1 Effect of 96 h treatment of NPs on cell number of freshwater 

cyanobacterium. (A) Effect of ZnO NPs on cell number of A. doliolum. (B) Effect of 

ZnO NPs on cell number of N. muscorum, (C) Effect of Ag NPs on cell number of A. 

doliolum. (D) Effect of Ag NPs on cell number of N. muscorum. Vertical bars represent 

standard error of the mean (n = 3). 

Figure 5.2 Effect of NPs on the growth pattern of freshwater cyanobacterium. (A) Effect 

of ZnO NPs on the growth of A. doliolum. (B) Effect of ZnO NPs on the growth of N. 

muscorum. (C) Effect of Ag NPs on the growth of A. doliolum. (D) Effect of Ag NPs on 

the growth of N. muscorum. Vertical bars represent the standard error of the mean (n = 

3). 
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Figure 5.3 Effect of NPs on the specific growth rate of freshwater cyanobacterium. (A) 

Effect of ZnO NPs on the specific growth rate of A. doliolum. (B) Effect of ZnO NPs on 

the specific growth rate of N. muscorum. (C) Effect of Ag NPs on the specific growth 

rate of A. doliolum. (D) Effect of Ag NPs on the specific growth rate of N. muscorum. 

Vertical bars represent the standard error of the mean (n = 3). Different letters indicate 

significant differences (P < 0.05). 

Figure 5.4 Effect of NPs on the protein content of freshwater cyanobacterium. (A) 

Standard curve of BSA for the estimation of protein. (B) Effect of ZnO NPs on the 

protein content of A. doliolum. (C) Effect of ZnO NPs on the protein content of N. 

muscorum. (D) Effect of Ag NPs on the protein content of A. doliolum. (E) Effect of Ag 

NPs on the protein content of N. muscorum. Vertical bars represent the standard error of 

the mean (n = 3). 

Figure 5.5 Time-course study on photosynthetic oxygen evolution and consumption of 

freshwater cyanobacterium with minimum NP concentrations. (A) and (B) respectively 

represents the photosynthetic oxygen evolution and consumption of A. doliolum and N. 

muscorum in the presence of 50 mg L
-1

 ZnO NPs.  (C) and (D) respectively represents 

the photosynthetic oxygen evolution and consumption of A. doliolum and N. muscorum 

in the presence of 10 µg L
-1

 Ag NPs. Vertical bars represent the standard error of the 

mean (n = 3). Different letters indicate significant differences (P < 0.05). 

Figure 5.6 Effect of NPs on photosynthetic oxygen evolution and consumption content 

of freshwater cyanobacterium. (A) and (B) respectively the effect of ZnO NPs on 

photosynthetic oxygen evolution and consumption of  A. doliolum and N. muscorum in 

10 min. (C) and (D) respectively the effect of Ag NPs on photosynthetic oxygen 

evolution and consumption of A. doliolum and N. muscorum in 10 min. Vertical bars 

represent the standard error of the mean (n = 3). Different letters indicate significant 

differences (P < 0.05). 

Figure 5.7 Effect of NPs on the lipid content of freshwater cyanobacterium. (A) Effect 

of ZnO NPs on the lipid content of A. doliolum. (B) Effect of ZnO NPs on the lipid 

content of N. muscorum. (C) Effect of Ag NPs on the lipid content of A. doliolum. (D) 

Effect of Ag NPs on the lipid content of N. muscorum. Vertical bars represent the 
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standard error of the mean (n = 3). Different letters indicate significant differences (P < 

0.05). 

Figure 5.8 Effect of NPs on the carbohydrate content of freshwater cyanobacterium. (A) 

Effect of ZnO NPs on the carbohydrate content of A. doliolum. (B) Effect of ZnO NPs 

on the carbohydrate content of N. muscorum. (C) Effect of Ag NPs on the carbohydrate 

content of A. doliolum. (D) Effect of Ag NPs on the carbohydrate content of N. 

muscorum. Vertical bars represent the standard error of the mean (n = 3). Different 

letters indicate significant differences (P < 0.05). 

Figure 5.9 Effect of NPs on MDA content of freshwater cyanobacterium. (A) Effect of 

ZnO NPs on MDA content of A. doliolum. (B) Effect of ZnO NPs on MDA content of 

N. muscorum. (C) Effect of Ag NPs on MDA content of A. doliolum. (D) Effect of Ag 

NPs on MDA content of N. muscorum. Vertical bars represent the standard error of the 

mean (n = 3). Different letters indicate significant differences (P < 0.05). 

Figure 5.10 Effect of NPs induced H2O2 content of freshwater cyanobacterium. (A) 

Absorption spectra of I3
-
 ions resulting from H2O2 reaction with potassium iodide (KI) 

using different concentrations of H2O2. (B) and (C) represent the ZnO NPs induced 

H2O2 content of A. doliolum and N. muscorum, respectively. (C) and (D) represent the 

Ag NPs induced H2O2 content of A. doliolum and N. muscorum, respectively. Vertical 

bars represent the standard error of the mean (n = 3). Different letters indicate significant 

differences (P < 0.05). 

Figure 5.11 (A) Standard curve of hydroxyl radical prepared by measuring the 2, 3-

dHBA. (B) Standard curve of hydroxyl radical prepared by measuring the 2, 5-dHBA. 

(C) Standard curve of hydroxyl radical prepared by measuring the catechol. Vertical bars 

represent the standard error of the mean (n = 3). 

Figure 5.12 Effect of NPs induced OH radical on freshwater cyanobacterium. (A) and 

(B) represent the effect of ZnO NPs on induction of OH radicals in A. doliolum and N. 

muscorum respectively. (C) and (D) represent the effect of Ag NPs on induction of OH 

radicals in A. doliolum and N. muscorum respectively. Vertical bars represent the 

standard error of the mean (n = 3). Different letters indicate significant differences (P < 

0.05). 
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Figure 5.13 Effect of NPs induced O2
-
 radical on freshwater cyanobacterium. (A) and 

(B) represent the effect of ZnO NPs on O2
-
 radical content of A. doliolum and N. 

muscorum respectively. (C) and (D) represent the effect of Ag NPs on O2
-
 radical 

content of A. doliolum and N. muscorum respectively.Vertical bars represent the 

standard error of the mean (n = 3). Different letters indicate significant differences (P < 

0.05). 

Figure 5.14 Effect of NPs on SOD activity of freshwater cyanobacterium. (A) and (B) 

represent the effect of ZnO NPs on SOD activity of A. doliolum and N. muscorum 

respectively. (C) and (D) represent the effect of Ag NPs on SOD activity of A. doliolum 

and N. muscorum respectively. Vertical bars represent the standard error of the mean (n 

= 3). Different letters indicate significant differences (P < 0.05). 

Figure 5.15 Effect of NPs on CAT activity of freshwater cyanobacterium. (A) Standard 

curve for the consumption of H2O2. (B) and (C) represent the effect of ZnO NPs on CAT 

activity of A. doliolum and N. muscorum, respectively. (D) and (E) represent the effect 

of Ag NPs on CAT activity of A. doliolum and N. muscorum, respectively. Vertical bars 

represent the standard error of the mean (n = 3). Different letters indicate significant 

differences (P < 0.05). 

Figure 5.16 Effect of NPs on APX activity of freshwater cyanobacterium. (A) Standard 

curve of H2O2. (B) and (C) represent the effect of ZnO NPs on APX activity of A. 

doliolum and N. muscorum, respectively. (D) and (E) represent the effect of Ag NPs on 

APX activity of A. doliolum and N. muscorum, respectively. Vertical bars represent the 

standard error of the mean (n = 3). Different letters indicate significant differences (P < 

0.05). 

Figure 5.17 Effect of NPs on reduced glutathione of freshwater cyanobacterium. (A) 

The standard curve of reduced glutathione. (B) and (C) represent the effect of ZnO NPs 

on reduced glutathione of A. doliolum and N. muscorum, respectively. (D) and (E) 

represent the effect of Ag NPs on reduced glutathione of A. doliolum and N. muscorum, 

respectively. Vertical bars represent the standard error of the mean (n = 3). Different 

letters indicate significant differences (P < 0.05). 

Figure 5.18 Effect of NPs on total thiol of freshwater cyanobacterium. (A) The standard 

curve for total thiol content. (B) and (C) represent the effect of ZnO NPs on total thiol of 
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A. doliolum and N. muscorum respectively. (D) and (E) represent the effect of Ag NPs 

on total thiol of A. doliolum and N. muscorum, respectively. Vertical bars represent the 

standard error of the mean (n = 3). Different letters indicate significant differences (P < 

0.05). 

Figure 5.19 Effect of NPs on non-protein thiol of freshwater cyanobacterium. (A) The 

standard curve for total thiol content. (B) and (C) represent the effect of ZnO NPs on 

non-protein thiol of A. doliolum and N. muscorum, respectively. (D) and (E) represent 

the effect of Ag NPs on non-protein thiol of A. doliolum and N. muscorum, respectively. 

Vertical bars represent the standard error of the mean (n = 3). Different letters indicate 

significant differences (P < 0.05). 

Figure 5.20 Effect of NPs on ascorbic acid content of freshwater cyanobacterium. (A) 

The standard curve for ascorbic acid. (B) and (C) represent the effect of ZnO NPs on 

ascorbic acid content of A. doliolum and N. muscorum, respectively. (D) and (E) 

represent the effect of Ag NPs on ascorbic acid content of A. doliolum and N. muscorum, 

respectively. Vertical bars represent the standard error of the mean (n = 3). Different 

letters indicate significant differences (P < 0.05). 
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1 Algae and Cyanobacteria 

Algae and cyanobacteria are autotrophic, unicellular or colonial, filamentous or 

comprised of simple tissue, microscopic or macroscopic, oxygen-evolving 

photosynthetic organisms. They thrive in rivers, ponds, lakes, streams, pools, sea 

waters, and wastewater streams from a range of wastewater sources, and are one of 

the most basic forms of life on the earth. Some species can grow on rocks, soils, 

plants, and other surfaces as long as they have adequate organic or inorganic carbon, 

ammonium, nitrate, urea, phosphorus, and other trace elements. They can be found 

on higher plants or algae as epiphytes. Aquatic ecosystems' major producers are 

algae and cyanobacteria. 

Because of the photosynthetic pigments chlorophyll, carotenoids, and 

phycocyanin, cyanobacteria are known as "blue green algae". For the first time in 

Earth's history, blue-green algae performed oxygen-evolving photosynthesis. 

Cyanobacteria are ubiquitous on earth and play an essential role in the microbial 

ecosystem. Many other species, on the other hand, struggle to live in some of these 

settings because they are hostile. Cyanobacteria have developed numerous adoption 

methods to live in harsh environments, such as floating or sinking in their 

surroundings by utilising gas vacuoles to resist ultra violet radiation. Members of the 

Oscillatoriales aggressively migrate from microbial mat surfaces into matrix 

sediments, where circumstances are better. In Antarctic lakes, cyanobacteria 

substantially limit respiration, as seen by lower oxygen consumption. 

Algae are considered renewable bioenergy sources because of their 

photosynthetic capabilities. Algae are well-known for their ability to clean 

wastewater, bioremediate, and sequester carbon (Abdel-Raouf et al., 2012; El-

Naggar et al., 2021; Khan et al., 2021; Mona et al., 2021). Polyunsaturated fatty 

acids, carotenoids, carbohydrates, proteins, amino acids, astaxanthin, glutathione 

(GLU), phycotoxins, and other high-value compounds are abundant in algae (Guedes 

et al., 2011; Kumar et al., 2019; Sathasivam et al., 2019; Wells et al., 2017). They 

have a high capacity for absorbing and accumulating contaminants such as heavy 
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metals (Mehta and Gaur, 2005). However, pollution's negative influence on algae has 

a significant impact on the entire aquatic food web. 

1.2 Nanotechnology and Nanomaterial 

Nanotechnology refers to a branch of science and engineering concerned with 

materials (Salata, 2004). Nanoscience is the study of phenomena at particle sizes of 

less than 100 nanometers (nm), and NPs are a broad category of materials that 

includes particulate compounds with a minimum size of 100 nm (Laurent et al., 

2010; Luque and Varma, 2012). Nanomaterials produced from NPs have risen in 

popularity over the last decade as a distinct class of materials. 

NPs are made up of three layers: (a) the surface layer, which may be 

functionalized with a range of small molecules, metal ions, surfactants, and 

polymers; (b) the interior layer, which can be functionalized with a variety of small 

molecules, metal ions, surfactants, and polymers, and (c) the core, which is the NP's 

centre part and generally refers to the NP itself (Shin et al., 2016). 

Metal NPs differ dramatically from their bulk metal counterparts, which 

typically have a high density of energy states and a huge surface to volume ratio, as 

well as sizes in the nanometers (Chen et al., 2006a; Ozin et al., 2009). Metal NPs 

have chemical, electrical, optical, magnetic, and mechanical characteristics that are 

unique from those of bulk metal due to their high surface-to-volume ratio and size 

effects (quantum effects). 

Metallic nanoparticles (MNPs) have aroused interest in recent years among 

all forms of nanomaterials, such as nanocrystals, NPs, nanopores, nanoplates, 

nanorods, nanotubes, nanowires, and quantum, due to their negative influence on the 

environment and biota. Electronics, optics, ceramics, paints and coatings, catalysis, 

medicinal, cosmetics, oil and gas, and other sectors utilise NPs. Every year, a large 

number of nano metal-based goods are manufactured all over the world (Piccinno et 

al., 2012). 

Given the massive manufacturing and usage of MNPs across the world, it's 

conceivable that MNPs will soon join the ranks of classic chemical pollutants such as 

heavy metals, creating serious and undetected environmental problems. 

Photochemical reactions, volcanic eruptions, forest fires, terrestrial dust storms, and 

other natural activities produce NPs. Simple combustion and food cooking, engine 

exhausts (Rogers et al., 2005), combustion of treated and pulverised sewage sludge 
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(Seames et al., 2002), coal and fossil fuel combustion, cosmetics, and other consumer 

items are all anthropogenic sources of MNPs. 

1.3 Classification of Nanoparticles 

There are many different types of nanomaterials that have been purposefully created, 

and more are likely to emerge in the future. Depending on their shape, size, and 

chemical characteristics, nanomaterials are classified into several groups. Among the 

most well-known classes of NPs are listed below, based on physical and chemical 

properties. 

1.3.1 Carbon-based Nanomaterials 

Carbon-based nanomaterials are mostly made out of carbon and are most often found 

as spherical particles, ellipsoids, or tubes. Fullerenes are spherical and ellipsoidal 

carbon NPs, while nanotubes are cylindrical carbon nanomaterials. Because of their 

conductance, high tensile strength, geometry, electronegativity, and flexibility, 

fullerenes have piqued commercial interest (Astefanei et al., 2015). The carbon units 

in these materials are organised pentagonal and hexagonal, and that each carbon is 

sp2 hybridised. 

Carbon nanotubes (CNTs) are extended tubular structures with a diameter of 

1-2 nm (Ibrahim, 2013). Based on their diameter telicity, they can be classified as 

metallic or semiconducting (Aqel et al., 2012). These have a structure that looks like 

a graphite sheet rolling on itself. Because the rolled sheets can have one, two, or 

multiple walls, they are referred to as single-walled (SWNTs), double-walled 

(DWNTs), or multi-walled carbon nanotubes (MWNTs). These materials are used as 

fillers (Saeed and Khan, 2014, 2016), efficient adsorbents for wastewater 

management (Ngoy et al., 2014), and as support medium for various inorganic and 

organic catalysts (Mabena et al., 2011). 

1.3.2 Metal-based Nanoparticles 

Metal NPs are formed entirely of metal precursors. Quantum dots, nano-gold (Au), 

nano-Ag, and metal oxides like titanium dioxide (TiO2) etc. are examples of metal-

based nanomaterials. A quantum dot is a densely compacted semiconductor crystal 

made up of lots of atoms and measuring a few nanometers to a few hundred 

nanometers in size. These NPs have unique opto-electrical capabilities due to their 

well-known localised surface plasmon resonance (LSPR) characteristics (Sousa et 
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al., 2020). In the visible zone of the electromagnetic sun spectrum, NPs of alkali and 

noble metals, such as copper (Cu), Ag, and Au, exhibit a wide absorption band. 

1.3.3 Semiconductor Nanoparticles 

Semiconductor materials have characteristics that are intermediate between metals 

and nonmetals, and as a result, they have a wide spectrum of uses (Ali et al., 2017a; 

Khan et al., 2017a). Because semiconductors NPs have large band gaps, band gap 

tailoring caused dramatic changes in their characteristics. As a result, they are crucial 

in photocatalysis, photo optics, and electrical devices (Hu et al., 2021a; Lassoued, 

2021; Liu et al., 2021). Due to their appropriate band gap position, a number of 

semiconductor NPs are found to be extremely effective in water splitting purposes.  

1.3.4 Composites 

NPs are combined with other NPs or with bigger, bulk counterparts in composites. 

NPs, such as nanosized clays, are now being used to improve mechanical, thermal, 

barrier, and flame-retardant characteristics in goods ranging from automotive parts to 

building applications (Thakur et al., 2021). 

1.3.5 Polymeric Nanoparticles 

These are mostly organic-based NPs, which are referred to as polymer NPs (PNPs). 

Nanospheres or nanocapsulars are the most common shapes (Mansha et al., 2017). 

The nanospheres are matrix particles with a solid overall mass, while the other 

molecules are adsorbed at the surface. The solid mass is entirely contained within the 

particle in the nanocapsulars (Rao and Geckeler, 2011). Because PNPs are simple to 

functionalize, they have a wide range of applications (Asadi-Zaki et al., 2021; Zhao 

et al., 2021). 

1.3.6 Dendrimers 

Dendrimers are branching polymers that are nanoscale in size. A dendrimer's surface 

has a variety of chain endings that may be customised to fulfil various chemical 

activities. This feature might be beneficial in catalysis as well. Three-dimensional 

dendrimers may also be beneficial for drug delivery since they include inner holes 

into which additional molecules might be inserted. 

1.3.7 Lipid-based Nanoparticles 

These NPs have lipid moieties and can be used in a variety of biological applications. 

A lipid NP is typically spherical, with a size varying from 10 to 1000 nm. These NPs, 
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like polymeric NPs, have a solid lipid core and a matrix containing soluble lipophilic 

compounds. The exterior core of these NPs was stabilised by surfactants or 

emulsifiers (Rawat et al., 2011).  

1.4 Synthesis of Nanoparticles 

For the synthesis of NPs, a variety of techniques may be used, and are generally 

classified into two categories: (1) bottom-up approaches and (2) top-down 

approaches (Khan et al., 2019). 

1.4.1 Bottom-up Synthesis of Nanoparticles 

Because NPs are made from relatively basic chemicals, this method is also known as 

the building up approach. Sedimentation and reduction methods are two examples of 

this. Sol gel, green synthesis, spinning, and biological production of NPs are among 

more examples (Baraket and Ghorbel, 1998; Hamouda et al., 2019; Singh et al., 

2018). 

1.4.2 Top-down Synthesis of Nanoparticles 

The destructive technique is used in this approach. Beginning with a bigger 

molecule, which is broken into smaller subunits, which are subsequently transformed 

into proper NPs. Grinding/milling, chemical vapour deposition (CVD), physical 

vapour deposition (PVD), and other decomposition methods are samples of this 

approach (Behera et al., 2020a; Iravani, 2011; Piras et al., 2019; Rane et al., 2018; 

Unni et al., 2017). 

1.5. Characterization of Nanoparticles 

1.5.1 Morphological Characterization 

The electron scanning concept underpins the SEM method, which gives all 

accessible information about NPs at the nanoscale level. People have utilised this 

approach to examine not only the morphology of their nanomaterials, but also the 

dispersion of NPs in the bulk or matrix, according to a large body of literature. High-

resolution imaging of single NPs with diameters far below 10 nm is now possible 

because to advances in SEM. Similarly, because transmission electron microscope 

(TEM) is based on the principle of electron transmittance, it may offer information 

about the bulk material from high to low resolution (Janča, 2007; Sciau, 2016). 

 



 

6 

 

1.5.2 Structural Characterization 

The constitution and behaviour of bonding materials are primarily studied using 

structural properties. It provides a wealth of information on the subject material's 

bulk characteristics. The commonly used techniques used to examine structural 

characteristics of NPs include XRD, energy dispersive X-ray (EDX), XPS, infrared 

(IR), Raman, Brunauer–Emmett–Teller (BET), and the Zieta size analyzer. 

Among the most significant techniques for revealing the structural 

characteristics of NPs is XRD. It provides sufficient data on the crystallinity and 

phase of NPs. The Debye Scherer formula also gives an approximate estimate of 

particle diameter (Khan et al., 2017a; Khan et al., 2017b; Ullah et al., 2017). Özgür 

et al. (2005) used XRD analysis to discover that ZnO comes in a variety of forms, 

including hexagonal wurtzite, cubic zinc blende, and cubic rocksalt (Figure 1.1). In a 

separate research, XRD pattern analysis revealed that Ag may be found in plates, 

spheres, and cubes (Figure 1.2) (Khodashenas and Ghorbani, 2019). 

EDX, which is usually fixed with a field emission scanning electron 

microscope (FE-SEM) or a TEM equipment, is extensively used to determine the 

elemental composition with an approximate estimate of percent weight. SEM or 

TEM programme functions focused an electron beam over a single NP to get insight 

information from the NP under observation. NP is made up of component elements, 

each of which produces high-energy X-rays when exposed to an electron beam. The 

concentration of the specified element in the particle determines the intensity of a 

given X-ray (Hussain et al., 2021). 

The number of electrons on the Y-axis plotted against the binding energy 

(eV) of the electrons on the X-axis is a typical XPS spectrum, which is based on 

basic spectroscopic principles. Each element has its own binding energy fingerprint, 

resulting in a unique collection of XPS peaks (Greczynski and Hultman, 2020). 

FTIR and Raman spectroscopies are commonly used to study the vibrational 

characteristics of NPs. In comparison to other elemental analytical procedures, these 

techniques are the most established and practical (Kenđel and Zimmermann, 2020; 

Rohman et al., 2019). The surface enhanced Raman spectroscopy (SERS) is 

increasingly being used as a vibrational conformational tool (Muehlethaler et al., 

2016). One research used the SERS technique to investigate the vibrational 

characteristics of nanostructured and quantum dots NPs of TiO2, ZnO, and PbS with 
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phonon modes. They found that plasmonic resonances in semiconductor systems are 

responsible for the increased spectra (Ma et al., 2011). 

1.5.3 Size and Surface Area Determination 

The size of the NPs may be estimated using a variety of methods, e.g. SEM, TEM, 

XRD, Atomic force microscope (AFM), and dynamic light scattering (DLS). 

Differential centrifugal sedimentation (DCS), is a newer and more precise method 

than DLS (Sikora et al., 2016). Nanomaterials' large surface area allows for a wide 

range of uses, and BET is the best approach for determining the surface area of larger 

NPs materials. Type-I, Type-II, Type-III, and Type-IV are the four different types of 

isotherms produced by BET (Fagerlund, 1973).  

Azizi et al. (2013) utilised the SEM technique to determine the diameter of 

biologically generated ZnO NPs and found that the size ranges from 30 to 57 nm. 

Shamsuzzaman et al. (2017) employed Candida albicans to make hexagonal 

ZnONPs, which were then studied using XRD, SEM, and TEM. The size of the NPs 

was found to be between 15 and 25 nm. The microalgae Trichodesmium erythraeum 

was used by Sathishkumar et al. (2019) to generate cubical AgNPs with an average 

size of 26.5 nm as measured by SEM. 

1.6 Characterization of Optical properties  

The Beer-Lambert law and the basic light principle are used to characterise optical 

properties. Absorption, reflectance, luminescence, and phosphorescence are all 

optical characteristics of NPs. The well-known optical equipment UV-visible (UV-

VIS), photoluminescence (PL), and the null ellipsometer are mostly used to examine 

the bandgap of materials which is critical for determining the material's photoactivity 

and conductivity. PL offers study the optical characteristics of photoactive NPs and 

other nanomaterials. This method provides more information on the materials' 

absorption or emission capability, as well as their impact on the total excitation time 

of photoexcitons.  

1.7 Properties of Nanoparticles 

Optical characteristics of metal NPs are size dependent and show a strong UV-VIS 

extinction band. The bulk metal's spectra lack a UV-visible extinction band. This 

excitation band is known as the LSPR and occurs when the incident photon 

frequency is constant with the collective excitation of conduction electrons. It is 
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widely known that the LSPR spectrum's peak wavelength is determined by the size, 

shape, and interparticle spacing of the NPs. 

Magnetic NPs pique the interest of researchers in a variety of fields, including 

heterogeneous and homogeneous catalysis, pharmacology, magnetic fluids, data 

storage devices, magnetic resonance imaging (MRI), and environmental clean-up. 

The magnetic property of NPs is caused by their unequal electrical distribution. 

These characteristics are also reliant on the synthetic procedure. Solvo-thermal (Qi et 

al., 2017), co-precipitation, micro-emulsion, thermal breakdown, and flame spray 

synthesis may all be employed to prepare them (Wu et al., 2008). Metal NPs have 

greater thermal conductivities than fluids in solid form, which is a well-known 

phenomenon. Engineered fluids with greater thermal conductivity might be made by 

suspending MNPs in industrial heat transfer fluids such as water, ethylene glycol, or 

oil (Wang et al., 1999). 

1.8 Applications of Metal Nanoparticles 

NPs, whether simple or complex, have unique physical and chemical characteristics 

and are becoming a more significant material in the creation of new nanodevices for 

a variety of industrial, biological, medicinal, and pharmacological applications 

(Akintelu et al., 2021; Ali and Mohammed, 2021; Basova et al., 2021; Huang et al., 

2021). Magnetite (Fe3O4) and maghemite (Fe2O3) are the most widely used iron 

oxide particles in biological applications. In vivo uses for superparamagnetic iron 

oxide NPs include MRI contrast enhancement, tissue healing, immunoassay, 

detoxification of biological fluids, hyperthermia, drug administration, and cell 

separation (Abed et al., 2019; Bazsefidpar et al., 2021; Deng et al., 2021; 

Naseroleslami et al., 2021; Tekade et al., 2017). 

Because of their increased surface plasmon resonance (SPR) light scattering 

and absorption, most semiconductor and MNPs offer enormous promise for cancer 

detection and treatment. Jain et al. (2007) found that Au-NPs efficiently convert 

intense absorbed light into localised heat, which may be used for cancer specific 

laser photothermal treatment. Because of its antibacterial properties, Ag-NPs are 

increasingly being employed in wound dressings, catheters, and other home items 

(Paladini and Pollini, 2019; Yassin et al., 2019). Antimicrobial agents are critical in 

the textile, pharmaceutical, water disinfection, and food packaging industries. In 

comparison to organic chemicals, which are more harmful to biological systems, the 



 

9 

 

antibacterial properties of inorganic NPs provide additional efficacy to this crucial 

feature (Hajipour et al., 2012). 

Metal NPs, such as Au and Ag, exhibit a wide range of visible hues owing to 

plasmon resonance, which is caused by collective electron oscillations at the NPs' 

surface (Unser et al., 2015). These noble metal NPs' distinctive plasmon absorbance 

properties have been used in a number of applications, including chemical sensors 

and biosensors (Unser et al., 2015). 

Environmental contamination is without a doubt one of the most serious 

issues confronting humanity today. For the clean-up of pollutants in the air, water, 

and soil, new methods are continuously being investigated (Guerra et al., 2018; 

Schmaltz et al., 2020; Yunus et al., 2012). Various metal-based nanomaterials have 

been reported for the remediation of a variety of contaminants, although the great 

majority of research have focused on heavy metals and chlorinated organic pollutants 

removal from water. Metal and metal oxide NPs are effective adsorbents with rapid 

kinetics and large adsorption capacities. Ag-NPs are used as water disinfectants 

because of their high antibacterial, antifungal, and antiviral activity. Ag-NPs with a 

diameter of less than 10 nm, for example, have been reported to be extremely toxic to 

Escherichia coli and Pseudomonas aeruginosa (Gogoi et al., 2006). Titanium oxides 

are another metal-based substance that has been studied for environmental 

remediation. Due to their low-cost, nontoxicity, semiconducting, photocatalytic, 

electronic, gas sensing, and energy converting properties, TiO2 NPs have been 

extensively studied for waste treatment, air purification, and as a photocatalyst in 

water treatment applications (Cervantes-Avilés et al., 2021; Indira et al., 2021; 

Muangmora et al., 2021). Rasalingam et al. (2014) reported the preparation of TiO2-

SiO2 binary mixed oxide materials using bamboo as a silica source. The materials 

were evaluated for the photocatalytic degradation of methylene blue (MB) dye. The 

results showed a significant photoactivity as indicated by the degradation rate of MB 

at varied treatment times. NPs are the greatest choice for renewable energy 

generation due to their high surface area, optical characteristics, and catalytic nature. 

Photoelectrochemical (PEC) and electrochemical water splitting both employ NPs to 

create energy (Axet et al., 2019; Kochuveedu, 2016). NPs are also utilised in energy 

storage applications at the nanoscale to store energy in various ways (Frey et al., 

2009; Jasmani et al., 2020; Khan et al., 2019; Sagadevan and Priya, 2015; Wang and 

Su, 2014). 
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1.9 Synthesis of Nanoparticles in a Green manner 

There are numerous published studies documenting the synthesis of NPs employing 

different physical and chemical processes such as sol-gel, hydrothermal, electrolysis 

and actinic reduction, and precipitation methods (Mark et al., 2021; Mi et al., 2020; 

Wang and Zhang, 2020). However these techniques are harmful, time-consuming, 

unsafe, and expensive (Das et al., 2017; Gudikandula and Maringanti, 2016; 

Hasnidawani et al., 2016; Mark et al., 2021; Mi et al., 2020; Wang and Zhang, 2020). 

As a result, new approaches are being studied, such as green NP synthesis, to address 

the intrinsic limitations of existing NP synthesis methods.  

Green synthesis is also thought to be a risk-free, environmentally friendly, 

and cost-effective approach. The technique of making NPs from plant, algal, fungal, 

and bacterium extracts is known as green NP synthesis (Bandeira et al., 2020; Rana 

et al., 2020). The Azadirachta indica leaf extract was used to make TiO2-NPs 

because it contains a lot of reducing capping agents such terpenoids, flavonoids, and 

proteins (Thakur et al., 2019). Carbone et al. (2020) employed an aqueous extract of 

hyperpigmented tomato (Solanum lycopersicum) skins to create spherical Ag-NPs 

(size 21-93 nm) with considerable catalytic activity in the breakdown of MB. 

Employing orange (Citrus sinensis) peel extract, tin dioxide (SnO2) NPs with 

enhanced MB photocatalytic degradation were produced (Luque et al., 2020). An 

extract of Cymbopogon citratus and sodium carbonate salt was used to make 

functionalized and non-toxic iron-oxide NPs (FeO-NPs) in a greener way (Patiño-

Ruiz et al., 2020). 

Algae-based green techniques for generating metal oxide NPs have been 

investigated in a number of researches (Jacob et al., 2021; Khanna et al., 2019; 

Mahana et al., 2020). Alkaloids, terpenoids, pigments, polysaccharides, lipids, cyclic 

peptides, phenols, and vitamins are among the many metabolites found in algae 

(Cardozo et al., 2007; Kini et al., 2020). Algae have been effectively used to remove 

harmful metal ions and other pollutants (Abdel-Raouf et al., 2012; Mehta and Gaur, 

2005).  

Because of their higher growth rate, simplicity of cultivation with low 

nutritional needs (e.g., light, CO2, and water), and inherent carbon reduction 

capability, algae have arisen as a sustainable and cost-effective alternative to the 

existing NP production processes (Jacob et al., 2021). The recovery of produced NPs 
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from the inside of living or dead algal cells, or from firmly attached to the surface of 

cells, is currently the primary issue limiting the use of algae for nanomaterial 

production. The cell-free production of NPs just use an algae extract might be a 

viable solution to this fundamental issue. The generalized steps of MNP production 

mediated by algae are described in Figure 1.3 and 1.4. 

Many unicellular, as well as filamentous algae and cyanobacteria, have been 

tested for their ability to produce MNPs. The algae and cyanobacteria studied for 

MNP synthesis are listed in Table 1.1. 

Table 1.1 The potential of algae and cyanobacteria in the biological synthesis of 

MNPs. 

Name MNPs Biological activities References 

Amphora-46 Ag Antimicrobial   Jena et al., 2015 

Anabaena  sp. Ag Antibacterial Patel et al., 2015 

Aphanizomenon  sp. Ag Antibacterial Patel et al., 2015 

Bifurcaria bifurcata CuO Catalytic,  

antibacterial   

Abboud et al., 2014 

Botryococcus braunii Ag Antibacterial Patel et al., 2015 

Caulerpa racemosa Ag Antibacterial Kathiraven et al., 

2015 

Chlamydomonas 

reinhardtii 

Ag Antibacterial Barwal et al., 2011; 

Patel et al., 2015 

Chlorella  pyrenoidosa Ag Antibacterial,  

Photocatalytic 

Aziz et al., 2015 

Chlorella  sp. Ag Antibacterial Patel et al., 2015 

Chlorella  vulgaris Au,  Ag Au- Antimicrobial,  

Ag- Antibacterial 

Annamalai and 

Nallamuthu, 2016; 

Thakkar et al., 2010 
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Chondrus crispus Au  Castro et al., 2013 

Cladosiphon 

okamuranus 

Au  Lirdprapamongkol et 

al., 2010 

Coelastrum  sp. Ag Antibacterial Patel et al., 2015 

Cylindrospermopsis  sp. Ag Antibacterial Patel et al., 2015 

Cystophora moniliformis Ag Antifungal  activity Prasad et al., 2013 

Ecklonia  cava Au  Venkatesan et al., 

2014 

Fucus vesiculosus Au  Castro et al., 2013 

Gracilaria crassa Ag Antibacterial Lavakumar et al., 

2015 

Haloleptolyngbya alcalis 

KR2005/106 

Ag  Tomer et al., 2019 

Kappaphycus alvarezii Au  Castro et al., 2013 

Limnothrix  sp. Ag Antibacterial Patel et al., 2015 

Limnothrix sp. KO05 

 

ZnO  Davaeifar et al., 

2019 

Lyngbya  sp. Ag Antibacterial Patel et al., 2015 

Microcoleus 

chthonoplastes 

Au  Parial et al., 2012 

Microcystis aeruginosa Ag Toxic to  growth,  

photosynthesis,  

antioxidant  

system,carbohydrate  

metabolism 

Qian et al., 2016 
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Navicula  atoms Au  Schröfel et al., 2011 

Oscillatoria willei Ag  Ali et al., 2011 

Padina gymnospora Au  Singh et al., 2013 

Phormidium tenue Au Hyperthermia Parial et al., 2012 

Phormidium 

valderianum 

Au Hyperthermia Parial et al., 2012 

Pithophora oedogonia Ag Antibacterial Sinha et al., 2015 

Rhizoclonium fontinale Au Hyperthermia  agent Parial et al., 2012 

Sargassum muticum Au Antibacterial Namvar et al., 2015 

Sargassum muticum ZnO Pharmaceutical,  

biomedical 

Azizi et al., 2014 

Sargassum muticum Fe2O3 Antibacterial Mahdavi et al., 2013 

Sargassum tenerrimum Au Catalytic  activity Ramakrishna et al., 

2016 

Sargassum wightii Au  Thakkar et al., 2010   

Scenedesmus  sp. Ag Antibacterial Patel et al., 2015 

Spirogyra  insignis Au,  Ag  Castro et al., 2013 

Spirogyra  varians Ag Antibacterial Salari et al., 2016 

Spirulina platensis Au, Ag Catalytic,  

Antimicrobial 

Castro et al., 2013; 

Mahdieh et al., 2012; 

Siddiqi and Husen, 

2016 

Spirulina platensis Ag Antibacterial Muthusamy et al., 

2017 

Stoechospermum Au Antimicrobial Rajathi et al., 2012 
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marginatum 

Synechococcus  sp. Ag Antibacterial Patel et al., 2015 

Synechocystis  sp. Ag Antibacterial Patel et al., 2015 

Tetraselmis kochinensis Au  Castro et al., 2013 

Tetraselmis kochinensis Au  Senapati et al., 2012  

Turbinaria conoides Au,  Ag Antibiotic,  Anti 

microfouling 

Siddiqi andHusen, 

2016 

Turbinaria conoides Au Catalytic  activity Ramakrishna et al., 

2016 

Turbinaria conoides Ag  Siddiqi andHusen, 

2016 

Ulva intestinalis Au Hyperthermia  agent Parial et al., 2012 

Freshwater microalgae have been utilised in the majority of research to 

synthesise MNPs, followed by marine algae and cyanobacteria. Furthermore, for 

extracellular and cell-free production of MNPs, algae and cyanobacteria are 

commonly employed, eliminating the need for live culture. As shown in Table 1.1, 

the majority of the researches have focused on the algae-mediated synthesis of Ag- 

and ZnO-NPs. 

The bulk of investigations on algae and cyanobacteria have focused on MNP 

synthesis; nevertheless, the processes of algal-mediated MNP biosynthesis are not 

well known. Algal extracts, according to Liu et al. (2014), possess polysaccharides, 

carotenoids, phenolics, proteins, and enzymes that catalyse the reduction of metal 

ions to MNPs. Mahdavi et al. (2013) discovered that S. muticum extract includes 

sulphated polysaccharides that convert ionic species to metallic form. The rate of 

synthesis of MNPs, their amount, and other properties are affected by the type of the 

extract, its concentration, the concentration of the metal salt, pH, temperature, and 

contact time (Velusamy et al., 2016). 
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1.10 The role of Metallic Nanoparticles in the Environment 

and Trophic transfer 

MNPs enter the environment through a variety of routes. MNPs are projected to pose 

a major environmental concern as they become more commercialized. Alternative 

forms of NPs may be found all over the place. Metallic, non-metallic, and metal 

oxide NPs can all be found in an ecosystem. Mineral weathering and microbiological 

activity are the most common sources of NPs in the natural environment. Biogenic 

NPs are sometimes produced directly by organisms as a metabolic need (Bazylinski 

and Frankel, 2004). MNPs are found in a variety of industrial, household, and 

cosmetic products, and they are then released into the soil, freshwater, and marine 

coastal ecosystems. MNPs can form agglomerates that have synergistic effects on the 

structure, composition, and functioning of aquatic ecosystems whether used alone or 

in conjunction with other contaminants in the sediment and water phase, such as 

metals (Ghosh et al., 2010). The interaction of cadmium (Cd
2+

) with TiO2 has been 

demonstrated to inhibit the growth of Pseudokirchneriella subcapitata, a freshwater 

alga (Hartmann et al., 2010). Treatment of the green alga S. subspicatus with amine-

coated Au-NP caused concentration-dependent mortality (Renault et al., 2008).  

The major producers of the aquatic ecosystem are phytoplanktons. Miller et 

al. (2010) discovered that TiO2- and ZnO-NPs inhibit marine phytoplankton 

development (diatoms, chlorophytes, and prymnesiophytes). Several studies on the 

phototoxicity of MNPs and other NPs comprising composite materials have been 

reported (Ma et al., 2011; Yang et al., 2017). According to a recent study, nTiO2-NPs 

boost the synthesis of microcystin-LR in cyanobacteria. M. aeruginosa has been 

identified as a possible threat to the aquatic ecology (Zhang et al., 2020). 

The aquatic ecosystem serves as a final destination for all pollutants, 

including MNPs. MNPs can be altered, transported, or moved into ambient media 

(water, sediments, and biota) after being released into the aquatic ecosystem (Turan 

et al., 2019; Zhao et al., 2017). Physical, chemical, and biological changes determine 

the behaviour and destiny of NPs in the aquatic environment (Turan et al., 2019). 

MNPs such as Ag, ZnO, and Cu are quickly changed by dissolution (DIS) and 

sulfidation processes, resulting in significant changes in NP toxicity (Turan et al., 

2019). There have been few investigations on the biological change of NPs in aquatic 

medium (Turan et al., 2019). Santos-Rasera et al. (2019) discovered that copper 
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oxide (CuO) NP is biotransformed into Cu3(PO4)2 in the gut and appendages of 

Daphnids. There are very few findings on trophic transfer and biomagnification of 

MNPs in aquatic ecosystems (Lammel et al., 2019; Renault et al., 2008; Zhao et al., 

2017). Renault et al. (2008) found trophic bioaccumulation of Au-NPs in the 

digestive system of Corbicula fluminea, a freshwater benthic bivalve that feeds on 

Au-NPs treated S.subspicatus, but no evidence of Au-NPs biomagnification in C. 

fluminea. The trophic transfer of CuO-NPs from sediment to sediment-dwelling 

oligochaete worm (Tubifex tubifex) and worms in the three-spined stickleback 

Gasterosteus aculeatus has been described by Lammel et al. (2019).  

The topic of how MNPs vary from their non-NP counterparts in terms of 

absorption, bioaccumulation, and trophic transmission remains largely unresolved. 

However, Lammel et al. (2019) found that trophic transfer of CuO-NPs from T. 

tubifex to stickleback is restricted when compared to dissolved Cu in a laboratory 

investigation. Skjolding et al. (2014) looked at the trophic transfer of ZnO NP and 

dissolved Zn (ZnCl2) from crabs (Daphnia magna) to zebrafish (Danio rerio) and 

found that D. rerio acquired 10-fold more ZnO NP than values obtained from 

aqueous exposure. It was shown that Ce in six examined biota species was negatively 

linked with their trophic level in a simulated freshwater ecosystem made up of water, 

sediment, water lettuce, water silk, Asian clam, snail, 25 water flea, the Japanese 

Medaka, and the Yamato shrimp (Zhao et al., 2017). The trophic transmission of 

MNPs in aquatic food webs appears to be a complicated process that requires 

additional investigation using long-term studies and multi-step trophic food webs.  

For a more accurate assessment of the advantages and dangers of engineered 

nanoparticles (ENPs), further study is needed to understand the chemical and 

physical alterations of MNPs along with trophic levels (Zhao et al., 2017). Another 

major limitation in understanding the fate and trophic transmission of NPs in aquatic 

ecosystems is that most findings are based on short-term studies (7-10 days) using 

simple two-step food chains using algae as the primary producer and crustaceans, 

bivalves, or snails as the primary consumers.  

1.11Biological activities of Nanoparticles 

Antimicrobial, antibacterial, catalytic, photocatalytic, and antifungal properties have 

all been identified in NPs (Akpomie et al., 2021; Anbu et al., 2021; Ardakani et al., 

2021; Naikoo et al., 2021; Vorobyova et al., 2021). NPs have extraordinary 
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antibacterial capabilities, especially against microbes that are becoming increasingly 

resistant to traditional antimicrobials. Because of relatively thin (7-8 nm) 

peptidoglycan plasma membrane, NPs have mostly been shown to exhibit 

antibacterial activity against gram-negative bacteria. The cytoplasmic membrane of 

gram-positive bacteria is made up of a multilayer of peptidoglycan polymer that is 

30-100 nm thick and acts as a barrier to NP entrance (Silhavy et al., 2010). The 

disruption of the cell membrane (CEM) and an increased rate of ROS production are 

the major reasons for NPs' antibacterial activities (Li et al., 2011). 

NPs may disrupt critical metabolic processes and cause damage to the genetic 

material of bacterial cells, in addition to increasing ROS levels and causing damage 

to the CEM. MNPs have been hypothesised to impede DNA replication, causing cell 

cycle arrest in the G2/M phase (Li et al., 2018; Tao et al., 2021). The binding of 

MNPs to DNA creates disorganised DNA helical structure due to cross-linking 

within and between nucleic acid strands, according to a study using CuO-NPs (Kim 

et al., 2000).  

Abboud et al. (2014) investigated the antibacterial properties of CuO 

nanomaterial against Gram-negative Enterobacter aerogenes and Gram-positive 

Staphylococcus aureus, concluding that the antibacterial activity is related to the high 

surface area of CuO nanomaterial. Liu et al. (2009a) compared Zn, Cu, and Fe NPs' 

outstanding antibacterial capability and demonstrated that antibacterial activities 

were in the sequence ZnO > CuO > Fe2O3. The ZnO-NPs alter C=C and C=H2 

deformation and boost antibacterial property (Liu et al., 2009b), causing CEM 

breakdown and lipid secretion to be affected.  

Ag-NPs have been shown to have antifungal effect against Candida sp., 

Aspergillus sp., Fusarium sp., and Malassezia sp. pathogenic strains (Akpinar et al., 

2021; Bocate et al., 2019; Mussin et al., 2019; Zhou et al., 2021). Furthermore, it has 

been proposed that the antifungal activity of NPs is strongly influenced by particle 

size, with smaller particles having greater bioactivity. Based on the size, NPs 

stimulate a variety of enzymes in the fungal cell that may limit fungus growth. 

Panácek et al. (2009) discovered that Ag-NPs had an inhibitory impact on yeasts at 

concentrations of 0.21 mg L
-1

.  

Likewise, solvo-thermal-produced Au-NPs (15 nm and 7 nm in size) have 

strong size-dependent antifungal efficacy towards Candida sp. (Ahmad et al., 2013). 

ZnO-NPs with a size of 70 ± 15 nm and concentrations more than 3.0 mM 
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significantly limit Botrytis cinerea growth and induce fungal hyphae deformation 

(He et al., 2011). Penicillium expansum conidiophores and conidia are prevented by 

ZnO-NPs, according to He et al. (2011). Aspergillus fumigatus and C. albicans are 

inhibited by ZnO-NPs (50 nm) (Jasim, 2015). ZnO-NPs have been shown to suppress 

the germination of Trichophyton mentagrophyte, Microsporum canis, C. albicans, 

and A. fumigatus (El-Diasty et al., 2013). 

Despite the fact that MNPs have antifungal characteristics, it must be proven 

that they can be utilised as alternative fungicides to combat rising drug resistance in 

pathogenic species. 

1.12 Nanoparticles' Photocatalytic Characteristics 

Metal and metal oxide NPs have evolved as potential agents for reducing and 

removing organic contaminants, particularly synthetic chemical pigments, in recent 

decades (Gola et al., 2021; López-Tinoco et al., 2021; Mahana and Mehta, 2021; 

Singh and Dhaliwal, 2021). Some NPs, such as ferric oxide, manganese oxide, TiO2, 

and ZnO, stand out among the others because of their chemical and thermal stability, 

photocatalytic capabilities, and biocompatibility. The general method of dye removal 

by metal oxide NPs includes adsorption, photocatalytic degradation, or both. 

However, more research into the molecular processes of photocatalytic degradation 

of dyes catalyzed by metal oxide nanocatalysts is needed. 

Textile, paper, tannery, printing, cosmetic and personal care goods, food and 

feed, and pharmaceutical sectors all utilize synthetic organic dyes (Tkaczyk et al., 

2020). A considerable volume of waste containing synthetic dyes and other 

hazardous pollutants is generated as a result of a high quantity of dye manufacturing 

and various uses. Textile industry wastewater, for example, may include up to 70 

mgL
-1

 synthetic colours (Yaseen and Scholz, 2019). Dyes have a negative impact on 

water resources, soil fertility, aquatic species, and the entire aquatic food chain once 

they enter natural water bodies.  

Synthetic dyes are known to be mutagenic, carcinogenic, and genotoxic to 

humans (Ghodke et al., 2018; Lellis et al., 2019). Synthetic organic dyes have been 

shown to induce acute and chronic toxicity in bacteria, algae, protists, plants, 

invertebrates, and vertebrates, according to a recent study (Croce et al., 2017; Radix 

et al., 2000; Tkaczyk et al., 2020). As a result, the scientific community is 

apprehensive about protecting the environment from the harmful effects of synthetic 
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dyes. The removal and breakdown of synthetic organic dyes from wastewaters is a 

major challenge around the world due to their greater solubility in water and slow- or 

non-biodegradable nature. 

There has been a steady stream of study on the removal and degradation of 

synthetic dyes from aqueous solutions and wastewaters during the last three decades 

(Crini and Badot, 2008; Djilali et al., 2016; Raval et al., 2016; Titchou et al., 2020; 

Wawrzkiewicz et al., 2015). Synthetic dyes have been removed and degraded from 

industrial effluents using physical, chemical, biological, and hybrid techniques 

(Danouche et al., 2021; Hynes et al., 2020; Sarkar et al., 2017). Physical techniques 

for treating dye-containing effluents include adsorption, ion exchange, coagulation, 

and flocculation. Adsorbents are generally expensive, whereas coagulation and 

flocculation produce a large amount of toxic sludge that necessitates safe treatment. 

Membrane filtration is a very effective method for treating industrial effluents, 

although RO membranes are prone to organic fouling (Aldana et al., 2021; Mänttäri 

and Nyström, 2007; Mi and Elimelech, 2010). Furthermore, traditional dye removal 

chemical treatments such as Fenton oxidation (H2O2/Fe
2+

) (Ebrahiem et al., 2017), 

ozonation (Das et al., 2021), and UV irradiation (Arshad et al., 2020) are costly and 

require specialized equipment. Traditional biological techniques, which include 

aerobic and anaerobic processes, effectively treat wastewaters' chemical oxygen 

demand (COD), but cleaned water still retains a significant quantity of active dye. In 

addition, there is a lot of evidence that the breakdown product of dye is more 

hazardous than the mother dye (Ayed et al., 2021; Katheresan et al., 2018; 

Kubendiran et al., 2021; Popli and Patel, 2015; Sosa-Martínez et al., 2020). There is 

a strong demand for an efficient, cost-effective, and environmentally safe alternative 

solution to cope with the risk of dye contamination to overcome the inherent 

disadvantages of mainstream chemical, physical, and biological methods of dye 

removal and degradation. 

1.13 Algal Uptake and Accumulation of Metallic 

Nanoparticles 

Despite several studies demonstrating the internalisation of Ag-, TiO2-, or CuO-NPs 

in various microalgal species (Fang et al., 2022; Gao et al., 2021; Yan and Wang, 

2021), the method and mechanism of intracellular uptake remain unclear. 

Internalization of NPs by active and passive processes in algae and cyanobacteria is 
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mostly theoretical and untested (Nguyen et al., 2019). Figure 1.5 is a conceptual 

model depicting the many routes for MNP uptake. 

The initial point of contact between MNPs and algal cells is the extracellular 

envelope, which includes the cell wall (CEW). Green algal CEWs include 

microfibrillar cellulose, homogalacturonan, rhamnogalacturonan-I, extensin, and 

arabinogalactan components, which are similar to those found in higher plants 

(Domozych et al., 2012; Estevez et al., 2009; Popper et al., 2014). The Ulvophyceae 

have either cellulose or (1- 4)-beta-mannans and (1-3)- beta xylans as a basic fibrillar 

component of their CEWs (Ciancia et al., 2012). Cellulose, pectins beta-(1-3), 

glucans, and hemicellulosic polymers such as xyloglucans, mannans, and xylans 

make up the CEW of the Zygnematales of the Chlorophyceae class (Domozych et al., 

2012). Negatively charged functional groups such as hydroxyl, carboxyl, sulfhydryl, 

amine, amide, imidazole, and others are found in polysaccharides and proteins (El-

Sayed, 2015; Mehta and Gaur, 1999). 

The Ad-MNPs on CEW functional groups is the starting point in MNP 

accumulation (Nguyen et al., 2019). In the external medium, positively or negatively 

charged MNPs attach to the negatively charged cell surface via electrostatic 

attraction and integrate with the CEW (Shankar et al., 2016). Nevertheless, it is 

unclear how inert MNPs interface with charged functional groups on CEWs. In fact, 

inert MNPs can interact with biota via physical routes such as a biological surface 

covering (Bundschuh et al., 2018). Many algae and cyanobacteria secrete 

extracellular molecules such as exopolysaccharides and glycoproteins, which may 

facilitate the adsorption of uncharged MNPs on negatively charged cell surfaces. 

MNPs diffuse passively into the gap between the CEW and CEM after adsorption on 

the cell surface and other extracellular matrices via the nano-sized holes produced 

after dissolving the CEW (Nguyen et al., 2019). Surprisingly, cyanobacterial cells 

have a gram-negative CEM (10-700 nm thick) made of peptidoglycan (Hoiczyk and 

Hansel, 2000). 

The CEM creates a barrier to MNP internalisation in the cell. The second 

stage of MNP intracellular uptake is transport across the CEM's lipid bilayer. MNPs 

can be transported throughout the CEM by passive transport (non-mediated 

transport) or via an undiscovered protein-mediated transmembrane transport 

mechanism. Several aspects about the transmembrane transport of NPs remain 

unanswered. For instance, transporting NPs over a membrane would need 
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hydrophobic NP characteristics, which have yet to be demonstrated for MNPs. 

MNPs' intracellular absorption and related toxicity rise inversely with particle size 

(Nel et al., 2006). The permeability of NPs across lipid bilayers is controlled by the 

liquidity and chemistry of the bilayers, as well as the NPs' shape and charge (Xiang 

and Oliver, 1998). Multiple pathways of MNP intracellular uptake have been 

discovered, however these processes are better understood in animal cells (Schwab et 

al., 2016).  

Although not proved, typical methods of MNP intracellular absorption in 

algae include membrane hole development, endocytosis, protein-coupled transport, 

carrier-mediated transport, ion-channels, and ionophore (IP). It is worth noting that 

due to the enormous size of MNPs, intracellular absorption via ion channels is 

challenging (Khan et al., 2015). 

MNPs-specific transporter proteins and channels on the CEM of algae have 

yet to be discovered. The following are some of the potential pathways of MNP 

absorption that have been investigated. 

1.13.1 Pore formation 

When certain NPs come into touch with the CEM, they interact with groups of lipid 

molecules, resulting in the development of a hole in the CEM via which NPs can 

enter the cell's interior (Lee and Yu, 2019; Schulz et al., 2012). Membrane 

perforation is thought to be caused by a change in MNPs-induced phospholipid 

metabolism (Duan et al., 2018). The presence of NPs can promote phospholipid 

metabolism and associated enzymes, leading to the oxidation of unsaturated fatty 

acids and membrane perforation (Zhao et al., 2017). The reduction in phosphatidyl 

chemicals implicated in membrane stability lends credence to the idea of MNPs-

induced membrane perforation (Zhang et al., 2018a; Zhang et al., 2018b). 

1.13.2 Endocytosis 

Endocytosis has been proposed as an additional route for MNP intracellular 

absorption in algae. Endocytosis is a well-established method of NP internalisation in 

mammalian cells, although NP uptake can also occur via phagocytosis and 

pinocytosis (Behzadi et al., 2017; Foroozandeh and Aziz, 2018). Phagocytosis is the 

primary method by which phagocytic specialised cells of the immune system, such as 

macrophages, dendritic cells, and neutrophils, eliminate viruses, bacteria, and 

infected cells (Hillaireau and Couvreur, 2009; Rosales and Uribe-Querol, 2017; 
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Sahay et al., 2010). Coating NPs with opsonins, immunoglobulins, laminin, and 

fibronectin increases their visibility to phagocytic cells (Norbury, 2006). NPs travel 

through the endocytosis route in the plant, then through the different symplastic 

pathways to reach various plant tissues (Pérez-de-Luque, 2017). The endocytotic 

route of NPs absorption in algae and cyanobacteria is mainly unexplored. However, 

recent research has shown that CuO-NPs and Ag NPs are internalized by endocytosis 

in C. reinhardtii and Ochromonas danica cells (Miao et al., 2010; Zhao et al., 2016). 

1.13.3 Protein-coupled transport of Metallic Nanoparticles 

Because designed and functionalized MNPs are charged, protein-coupled transport 

across the CEM is a distinct possibility (Miao et al., 2010). Several research have 

looked at the binding of charged MNPs to proteins. Although there is no clear 

evidence that MNPs are internalised via protein-coupled transporters, studies have 

shown that Ca
2+

 and Cu
2+

 transporters or sodium channels influence the transfer of 

dissolved ions (Ce
3+

 and Ag
+
) released by NPs (Kosak née Röhder et al., 2018; Yue 

et al., 2017). Metal-ion transporter proteins are found in many types of organisms, 

including algae. The protein-coupled MNPs transport mechanism in algae and 

cyanobacteria must be identified and characterized. Subsequent research should look 

at whether MNP transport uses the same ion transport protein systems as metallic ion 

transport or whether there are unique transporter proteins for MNPs. The discovery 

and characterisation of MNP transporter proteins will contribute considerably to our 

understanding of MNP intracellular uptake. The discovery of MNP transporters in 

algae and cyanobacteria will open up new avenues of study into MNP's 

hyperaccumulator algae for bioremediation.  

1.13.4 Carrier-mediated transport of Metallic Nanoparticles 

Membrane-bound proteins have the potential to function as carrier proteins (Nel et 

al., 2009). MNPs interact with protein and create MNPs-protein-coronas in animal 

cells, according to research (Corbo et al., 2017). The size of MNPs plays an 

important impact in the development of NPs-protein coronas. Surprisingly, carrier-

mediated transport through NPs-protein-corona formation is demonstrated in animal 

cells, whereas there is no documented evidence of MNPs-protein-corona complex 

formation in algae and cyanobacteria.  
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1.13.5 Ionophores in Metallic Nanoparticles transport 

across the Membrane  

IPs are a broad class of tiny, lipid-soluble organic compounds that contribute in the 

facilitated passage of ions along electrochemical gradients. IPs transport single ions 

through biological membranes, however it is unclear if they can transport much 

bigger MNPs. IPs may play important roles in the excretion of metal ions liberated 

by MNP DIS in the cell (Misra et al., 2012). Till now, no research has been 

conducted to investigate the induction and involvement of IPs in the transmembrane 

mobility of MNPs. Nonetheless, due to the widespread presence of IPs, at least in 

bacteria, their functions in the transport of MNPs across the membrane are 

comparable to those of other ions. The transport of MNPs through isolated CEMs 

treated with peptide- and non-peptide IPs will undoubtedly shed insight on the 

mechanism of MNPs intracellular uptake. The discovery of charged-MNPs 

specialised IPs has the potential to revolutionise targeted medication delivery, 

including crossing blood-brain barriers. Despite several research (Fiedler and Violi, 

2010) utilising synthetic lipid bilayers to estimate the permeability coefficients of 

various sized NPs, the permeability coefficient of NPs in intact plant and algal cells 

remains mostly unknown.  

1.14 Factors affecting Uptake and Accumulation of Metallic 

Nanoparticles 

CEW composition and thickness, membrane composition, membrane hydrophobicity 

and permeability, particle aggregation and particle size, and other CEM 

characteristics all influence MNP uptake and accumulation. Differences in NP 

physical characteristics or cell-membrane characteristics may have an impact on NP-

cell interactions and uptake processes (Tripathi et al., 2017). Plant and algae cells 

have more external and inner barriers than animal cells. Algae and higher plants have 

permeable CEWs that allow MNPs to go in both directions. The tiny particles may 

readily pass through the CEW of the algae (Samberg et al., 2011). Because the 

structure and chemical content of the CEW varies across algae, the rate of NP 

diffusion (DF) via the CEWs of different algae varies as well. There hasn't been a 

comprehensive comparison of MNP DF through the CEW in the different types of 

algae. 
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Cyanobacterial CEWs differ significantly from plant and algal cells in terms 

of content and structure. Despite the fact that cyanobacteria have a gram-negative 

architecture, their peptidoglycan layer is thicker than that of other gram-negative 

bacteria (Hoiczyk and Hansel, 2000). The peptidoglycan layer thickness in 

unicellular Synechococcus is around 10 nm (Golecki, 1979), but the peptidoglycan 

envelope thickness in filamentous Oscillatoria princeps is more than 700 nm 

(Hoiczyk and Baumeister, 1995). The DF of NPs through the cyanobacterial 

envelope varies depending on the thickness of the membrane in different species.  

Aggregation is still a major component in the internalization of MNPs into 

cells (Mortensen et al., 2013). Although size-dependent epidermal penetration and 

subsequent cellular absorption of NP aggregates have been established (Rancan et 

al., 2012), there is little information on the uptake of large NP aggregates in algae 

and cyanobacteria. Neutral NPs should clump together more quickly than positively 

or negatively charged NPs (Izak-Nau et al., 2013; Mitchell et al., 2021; Mortensen et 

al., 2013). 

Furthermore, the charge on the surface of MNPs has a significant impact on 

MNP adsorption on the cell surface. According to Kim et al. (2013), positively 

charged NPs change the CEM potential and subsequently disrupt the lipid bilayer, 

leading to increased cellular absorption of cationic NPs. Other variables, such as the 

functionalization of NPs, have a significant impact on absorption. When NPs are 

functionalized by covering them with polyethylene glycol group (PEG), cellular 

absorption of the NPs is decreased (Suk et al., 2016; Verma and Stellacci, 2010).  

1.15 Toxicity of Metallic Nanoparticles 

Aside from their numerous commercial and medicinal uses, NPs and other 

nanomaterials are linked to a number of toxicities (Babazadeh et al., 2021; Borandeh 

et al., 2021; Mazari et al., 2021; Sengul and Asmatulu, 2021; Vasyukova et al., 

2021). During anthropogenic activities, NPs infiltrate the environment through water, 

soil, and air. The use of NPs for environmental remediation, on the other hand, 

involves purposefully injecting or dumping designed NPs into the soil or aquatic 

systems. As a result, all stakeholders have become more concerned. MNP levels in 

the aquatic environment are now unaffected; however, MNP levels in the 

environment are expected to rise with time. The pollution of the aquatic environment 

with MNPs and the consequent impacts of MNPs on aquatic organisms, particularly 
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algae, phytoplankton, fishes, and other species, has been the subject of international 

research for the past two decades. Size, shape, chemical composition, charge and 

oxidation state, surface structure and coating, crystalline phase, area, solubility, and 

aggregation state all influence NP toxicity (Bahadar et al., 2016; Hou et al., 2018; 

Sukhanova et al., 2018). It's worth noting that the underlying processes of MNP 

accumulation and toxicity in algae are not well understood (Hou et al., 2018). 

1.15.1 The Effect on Growth 

In algae and cyanobacteria, intracellular MNPs reduce growth rate and biomass 

output, according to the current research (Aravantinou et al., 2017; Djearamane et al., 

2018; Oukarroum et al., 2017). At 40 mg Ag-NPs Kg
-1

 soil treatment, Ag-NPs 

reduced the growth of C. reinhardtii (Nam et al., 2018). The growth rate of 

Dunaliella salina cells was reduced by exposure to aluminium oxide NPs (Al2O3-

NPs) at concentrations of 0.026 mg L
-1

 for 48 h and 0.14 to 3.8 mg L
-1

 for 72 h 

(Shirazi et al., 2016). Higher concentrations of TiO2 (> 20 mg L
-1

) strongly limit the 

development of Phaeodactylum tricornutum, according to Wang et al. (2016). 

Franklin et al. (2007) found that ZnO-NPs at a concentration of 600 µg L
-1

 inhibited 

the multiplication of P. subcapitata. However, a research using a population of ten 

freshwater phytoplankton species found that TiO2-NPs had no impact on production 

and biomass accumulation (Kulacki and Cardinale, 2012). The size of metal particles 

employed and other experimental circumstances play a big role in the outcomes of 

different research on the influence of MNPs on algal production. The toxicity of 

TiO2-NPs is dependent on the NPs specific surface area, according to a study 

conducted using the green alga Desmodesmus subspicatus. According to several 

researches, the smallest particles cause the most growth impediment (Hund-Rinke 

and Simon, 2006). 

The intensity of MNP's inhibitory action has been shown to be very varied 

and dependent on the different metal NPs used. Wong et al. (2020) examined the 

toxicity of several MNPs and established the following order of growth inhibition 

activity in the marine diatom Skeletonema costatum: nZnO > nTiO2 (rutile) > nMgO 

> Annealed nMgO > nTiO2 (anatase) > γ-nAl2O3 > nIn2O3 > α-nAl2O3 > nSnO2. 

1.15.2 The Effect on Structure and Physiology  

MNP interactions can change the composition of the CEW and, as a result, the 

morphology of algal cells. MNPs have the potential to damage cell surfaces, causing 
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cells to shrink. Ag-NPs induced granulation and constriction in the alga P. oedogonia 

at higher doses (1.5 mM) (Dash et al., 2012). A large-scale investigation of the algal 

CEW's reaction to MNP exposure is required. 

Numerous investigations have demonstrated that MNP exposure reduces the 

pigment content of algal cells (Hazeem et al., 2019; Tripathi et al., 2017; Wan et al., 

2018; Wang et al., 2021). MNPs have the potential to obstruct pigment production 

and/or damage pigments (Tripathi et al., 2017). PSII/PSI activity can be reduced by 

MNPs (Nowicka-Krawczyk et al., 2017; Tripathi et al., 2017; Yue et al., 2017). The 

transport of electrons from the reaction centre to the quinine pool of C. reinhardtii is 

inhibited by Ag-NPs at a concentration of 50 mg Kg
-1 

(Navarro et al., 2008). In 

Euglena gracilis, ZnO-NPs decrease photosynthetic activity (Brayner et al., 2010). 

Ag-NPs decreased photosynthetic activity in E. gracilis, according to Yue et al. 

(2017). More research is needed to determine how MNPs affect the structure and 

function of photosystems and carbon fixation enzymes.  

1.15.3 Genotoxicity of Metallic Nanoparticles 

Despite the lack of clear proof of genetic damages, MNPs-induced ROS can cause 

DNA damage and alter the DNA damage response (DDR). Fe3O4-NPs increased the 

amount of ROS in the cell, which resulted in DNA damage and lipid peroxidation 

(Liu et al., 2013). In human Hepatocellular carcinoma cells, chitosan-coated Fe3O4-

NPs at a concentration of 124 µg mL
-1

 demonstrate 10% cell viability (Ge et al., 

2009). Different coating chemicals are now being used to cover various designed 

NPs. The toxicity of NPs to various cellular organelles varies depending on the 

coating agent.  

1.15.4 Metallic Nanoparticles-induced Oxidative stress 

Oxidative stress is an organism's general reaction to a wide range of abiotic and 

biotic stressors. After organisms are exposed to stressful conditions, the intracellular 

amount and rate of synthesis of ROS tends to increase by many orders of magnitude. 

In aerobic organisms, the concentrations of various ROS such as O2
-
, H2O2, singlet 

oxygen (O2 (1g)), and the OH
-
 rise transiently. The literature has highlighted heavy 

metal-induced oxidative stress in algae and cyanobacteria (Cheng et al., 2016; Mehta 

and Gaur, 1999; Shivaji and Dronamaraju, 2019). Although ROS are extremely 

damaging to all living organisms, they are necessary at a low level in cell signalling 

and other metabolic pathways. ROS may interact with and oxidise biomolecules 
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including protein, lipid, and DNA, triggering oxidative damage to cell structures, 

processes, and metabolic activities (Das and Roychoudhury, 2014; Halliwell and 

Gutteridge, 1999). To combat ROS and their harmful effects, algae and 

cyanobacteria have a vast spectrum of antioxidant enzymes and substances. 

MNPs-induced changes in oxidative stress metabolism of different types of 

organisms, including microalgae, have been documented in several studies, however 

they have not been thoroughly investigated (Liu et al., 2020; Sun et al., 2017). MNPs 

can raise the cellular level of ROS and thwart the antioxidant defence mechanisms 

once they enter a cell, according to preliminary research. In Chlorella ellipsoids, 

TiO2-NPs at 1.25 M concentration dramatically enhanced SOD, peroxidase (POD), 

and CAT activities (Matouke et al., 2018). Similarly, CuO-NPs boost POD and CAT 

activity in the cyanobacterium Anabaena sp. (Karimi et al., 2017). At concentrations 

of 5-20 mg L
-1

, Ag- and Cu-NPs caused oxidative stress in C. reinhardtii (Nguyen et 

al., 2018). At low doses (1 gm L
-1

), Al2O3-NPs (size 50 nm and 13 nm) raise ROS 

and lactate dehydrogenase (LDH) activities in C. ellipsoids (Dalai et al., 2014). ZnO-

NPs raised the expression levels of two oxidative stress genes, KatA, Ahp C, and 

dnaK, by 52-, 7-, and 17-times, respectively, in a research using Campylobacter 

jejuni (Xie et al., 2011). MNPs have been shown to act as antioxidants by Wei and 

Wang (2013). CAT activity is mimicked by Fe2O3, cobalt (II, III) oxide (Co3O4), and 

cerium oxide (CeO2), whereas glutathione peroxidase (GPX) is mimicked by Au, 

MnO2, Fe3O4, CuO, CO3O4, and CeO2, and SOD is mimicked by Pt and CeO2.  

Notably, animal studies of the molecular mechanisms of cytotoxicity and 

oxidative stress after exposure to MNPs are extensive (Elsaesser and Howard, 2012; 

Yang et al., 2017). Given the importance of algae and cyanobacteria in aquatic 

ecosystems, a better understanding of MNP-induced oxidative stress and its 

underlying mechanisms in algae and cyanobacteria is critical. Figure 1.6 illustrates 

the general processes of MNP toxicity in an algal cell. 

1.15.5 Synergistic Impact of Metallic Nanoparticles 

Organisms in the nature are subjected to a multitude of pollutants in both space and 

time. Relying on the organism under research, concentrations, and pre-existing 

environmental variables, two or more pollutants may have a synergistic or 

antagonistic impact. Several investigations have been performed to determine the 

toxicity of individual NPs, but information on the potential risks of complex 
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combinations of nanomaterials is limited. A research using embryonic D. rerio found 

that the surfactant polysorbate 20 had a synergistic impact on Au-NPs-induced 

toxicity (Ginzburg et al., 2018). Tetracycline had a 3.46-fold enhancement in 

antibacterial activity when coupled with 250 mg L
-1

 Ag-NPs (Khurana et al., 2016). 

In the marine raphidophyte Chattonella marina, there has been a synergistic impact 

of Ag (I) and Ag-NPs (He et al., 2012). In a natural environment, NPs and dissolved 

ions may interact in a complicated way, with both contributing to biological 

responses (Bundschuh et al., 2018). While the physiological effects of free metal ions 

on different species have been widely studied, there have been few investigations on 

the combined effect of dissolved ions and NPs on algal physiological functions. 

Metal ion toxicity in microalgae can be modulated by the presence of MNPs. 

In the presence of TiO2-NPs, Cd toxicity in C. reinhardtii was decreased (Yang et 

al., 2012). When comparing to the toxicity of individual species, the TiO2-NPs and 

Zn
2+

 in the combination had a higher toxicity in Anabaena sp. (Tang et al., 2013). In 

contrast to the previous findings, Worms et al. (2012) found that NPs reduced the 

intracellular level of Cu and Pb in C. kesslerii and C. reinhardtii, indicating that NPs 

interacting with metal ions can inhibit metal ion absorption. 

1.16 Factors Influencing the Toxicity of Metallic 

Nanoparticles 

In natural settings, a variety of variables such as NP size, oxidation state, 

aggregation, crystalline phase, irradiation, and cell composition impact MNP 

toxicity. MNPs have been seen building aggregations in water, which may produce 

shadowing effects on aquatic algae, resulting in lower photosynthesis due to pigment 

depletion (Gong et al., 2019). Metal ions can escape from aggregates and induce 

toxicity in algae by causing ROS production, lipid peroxidation, and other toxic 

reactions. Temperature has also been found to have a significant impact on the rate of 

metal ion release from aggregates. For example, Yung et al. (2017) found that under 

high temperature and salinity, ZnO-NPs form larger aggregations and liberate less 

Zn
2+

. Although NP surface property and charge are important factors in toxicity, a 

research with duckweed (Landoltia punctata) found that a capping agent such as 

cetyltrimethyl ammonium bromide (CTAB), which is often employed during 

synthesis, is the main source of NP toxicity (Rippner et al., 2020). The toxicity of 

NPs is heavily influenced by their size; smaller thorium dioxide (ThO2) NPs were 
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more lethal to C. pyrenoidosa (He et al., 2019). Growth inhibition reduces in the 

sequence zero-valent iron NP > Fe3O4 NPs > Fe2O3 NPs, according to a research 

using C. pyrenoidosa (Lei et al., 2016). In D. magna, Nogueira et al. (2020) 

evaluated the toxicity of two crystalline phases of Al2O3 and found that the 

crystalline phase of NPs had a significant impact on toxicity. The susceptibility of 

distinct algae species to MNP is controlled primarily by the makeup of their CEWs. 

Red algae with a high phycoerythrin protein level, for example, were shown to be 

less susceptible to cadmium sulfide (CdS) and zinc sulfide (ZnS)-NPs than green 

algae (Pikula et al., 2020). The pH may impact the toxicity of MNPs, as it has been 

shown in M. aeruginosa (Huang et al., 2016). The toxicity of MNPs is thought to be 

affected by irradiation. According to Lee and An (2013), UV pre-irradiation did not 

increase the toxicity of ZnO- and TiO2-NPs in the green algae P. subcapitata as 

comparing to visible light.  

MNP DIS can result in the release of harmful metal ions (e.g. Cu
2+

, Zn
2+

, 

Ag
+
), which can happen in the external medium or inside cells (Misra et al., 2012). 

When it comes to risk assessment, it's critical to determine if the observed toxicity is 

due to MNP intrinsic characteristics or metal ions produced during nanomaterial 

dissolving. The complicated interactions between MNPs and dissociated metal ions 

determine the nanotoxicological response of MNPs. Liu and Hurt (2010), for 

example, demonstrated that Ag NP suspension can include Ag-NPs, free/complexed 

Ag ions, and adsorbed Ag
+
 on Ag NPs. In biota, the interaction of NPs with 

dissolved species may result in a synergistic cytotoxic response.  

According to Lee et al. (2018), the presence of an ionic environment has a 

significant impact on the DIS of Ag NPs as well as the toxicity of Ag NP in D. rerio 

embryos. The aforementioned study found that a low concentration of chloride ion 

accelerated the fast DIS of Ag
+
 ion from Ag NPs and resulting in greater toxicity to 

D. rerio embryos. The disintegration of NPs in surrounding medium is influenced by 

a number of variables (Bundschuh et al., 2018; Hedberg et al., 2019). Nanomaterial 

DIS is facilitated by smaller particle sizes (Khan et al., 2019).  

The path of entrance through the CEM is likewise determined by MNPs' DIS. 

Metal ions generated by MNP dissolving in ambient media cross the CEM via ion 

channels and transporter proteins. If MNP resists dissolving in the surrounding 

media, it may be internalised by the pathway of endocytosis, or it may stay adsorbed 

on the cell surface, releasing metal ions in the latter phase. It's also likely that metal 
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ions found inside cells can be converted into MNPs (Nguyen et al., 2020). Lee et al. 

(2018) discovered that a low chloride ion concentration affected the fast DIS of Ag
+
 

ion from Ag NPs, causing toxicity in D. rerio embryos. There are no studies that 

differentiate the toxicity of MNPs and their equivalent metal ions produced during 

dissociation in natural environments. 

1.17 Antioxidant Responses to Metallic Nanoparticles 

Algae have both enzymatic and non-enzymatic components in their antioxidant 

defence mechanism. Thiols, GLU, phenolics, and AA make up the non-enzymatic 

defence system in plants and algae, whereas SOD, CAT, guaiacol peroxidases 

(GPOX), APX, GR, monodehydroascorbate reductase (MDAR), dehydro reductase 

(DHAR), Glutathione S-transferase (GST), and GPX make up the enzymatic defence 

system. Matouke et al. (2018) discovered a significant increase in SOD, POD, and 

CAT activity in alga C. ellipsoids subjected to TiO2-NPs. In Anabaena sp., treatment 

with CuO-NPs and NaCl enhanced POD and CAT activities, while CuO-NPs 

significantly increased APX activity (Karimi et al., 2017). 

SOD is the most prevalent intracellular enzymatic antioxidant, catalysing the 

conversion of highly harmful superoxide radicals to H2O2 and oxygen. Several 

reports suggest that SOD has a function in MNP tolerance (Chahardoli et al., 2020; 

Saxena et al., 2021; Zhu et al., 2019). The CAT is critical for the detoxification of 

H2O2 in chloroplast (CH) cytosol (González et al., 2021; Li and Ma, 2021; Liang et 

al., 2021). In C. vulgaris, Ag-NPs (1.0 mg L
-1

) enhanced SOD activity 2.15-fold 

(Zhang et al., 2017). Through the ascorbate-glutathione (AsA-GLU) cycle, the APX 

plays the most important function in ROS scavenging, converting low levels of H2O2 

into non-toxic H2O (Rao et al., 2006). In addition, NPs increase the activity of 

various enzymes in a distinct manner, for instance, Fe2O3, Co3O4, and CeO2 induce 

CAT; Au, MnO2, Fe3O4, CuO, CO3O4, and CeO2 induce GPX; and Pt and CeO2 

induce SOD (Wei and Wang, 2013). 

Ascorbate (AsA) and GLU are the most important low molecular weight 

antioxidants amongst non-enzymatic antioxidants. To withstand oxidative stress, 

AsA scavenges superoxide radicals (O2
-
) and OH

-
 and generates -tocopherol from 

tocopheryl radicals to shield CEMs (Noctor and Foyer, 1998). CuO-NPs enhanced 

AsA activity in rice seedlings when exposed to less than 1.0 and 1.5 mMCuO-NPs 
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(Shaw and Hossain, 2013). AsA generates alph, beta, gama, and deva- tocopherols in 

the CEM, which scavenge oxygen-free radicals (Packer, 1989). 

GLU is a low molecular weight antioxidant that plays an important part in the 

antioxidant defence system of plants, fungus, algae, bacteria, and other 

microorganisms. GLU decreases the disulfide form and oxidised GLU by acting as a 

proton donor. CeO2 and In2O3 NPs are said to boost the expression of sulphur 

assimilation genes in Arabidopsis sp., resulting in higher GLU levels (Ma et al., 

2013). 

Importantly, the toxicity of MNPs in algae and cyanobacteria has primarily 

been investigated in the laboratory, with high levels of MNPs being used. 

Furthermore, the majority of the research used a single species of MNPs, which is 

uncommon in the actual world. The toxicity of MNPs in algae should be studied in a 

real - time environmental model in future research. 

1.18 Molecular Mechanisms of Metallic Nanoparticles 

Toxicity and Tolerance 

Algae and cyanobacteria's ability to acquire MNPs has industrial applications in 

bioremediation of polluted waterways. Plant interactions to MNPs are studied using 

high-throughput omics methods such as transcriptomics, proteomics, and 

metabolomics. MNPs have been shown to have both beneficial and detrimental 

effects on plants (Mustafa and Komatsu, 2016). 

Metal-chelating proteins such as metallothionein (MT) and phytochelatin 

(PC) have evolved in both plants and mammals to maintain metal homeostasis and 

reduce the harmful consequences of excess metal ions. Metal-binding peptides PC 

and MT have a high cysteine concentration. They serve important roles in heavy 

metal ion intracellular sequestration, detoxification, and homeostasis (Clemens, 

2001). Heavy metal-induced PC synthesis and accumulation, as well as their function 

in metal tolerance, have been well documented in microalgae and higher plants 

(González et al., 2021; Tripathi and Poluri, 2021), while MNPs-induced PC 

accumulation in microalgae has yet to be discovered. 

It is widely acknowledged that MNPs in a cell's chemical environment are 

quickly oxidised, resulting in metallic ion overflow into the cytoplasm (CYTO). PC 

is most likely involved in scavenging metallic ions from the CYTO. Figure 1.7 

depicts a theoretical framework for PC-mediated MNP elimination in algae. 
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Plants, algae, and cyanobacteria have a well-established metal detoxification 

mechanism based on low-molecular-weight, intracellular, cysteine-rich metal-

binding proteins known as MT (Carrillo and Borthakur, 2021; Talukder, 2021; 

Tripathi and Poluri, 2021). By forming mercapto-peptide linkages between the Cys 

residues in protein and metal ions, a number of metals may bind to MT. More than 

24 taxa of algae have been shown to have metal-induced class III MT synthesis (Rai 

and Gaur, 2001). The induction of MT after exposure to MNPs has been 

demonstrated in several recent studies with animals (Bulcke and Dringen, 2015; 

Wang et al., 2014). Ag-NPs, for example, increased MT gene expression in Japanese 

medaka (Oryzias latipes) (Chae et al., 2009). 

The freshwater bivalve (C. fluminea) fed trophically to green alga 

S.subspicatus harbouring Au-NPs had a 3.13-fold higher quantity of MT (Renault et 

al., 2008). In cultured primary rat astrocytes, Ag-NPs exposure increased the 

expression of the MT gene (Luther et al., 2012). After exposure to ZnO-NPs, PMA-

differentiated THP-1 macrophages show a significant up-regulation of expression of 

MT genes (MT 1 and MT 2) and heat-shock protein (HSP) genes (Safar et al., 2019). 

The upregulation of MT indicates that it plays a role in MNP homeostasis. In contrast 

to animal models, there are no studies on MNPs-induced protein accumulation. 

There is a lot of evidence on how heavy metal ions affect the protein 

composition of plants (Mustafa and Komatsu, 2016). For instance, using 2-Dgel, the 

Cd-induced change in the protein profile of the marine alga Nannochloropsis oculata 

was observed (Kim et al., 2005). Cd-induced changes were found in 11 proteins in 

the research, including a 3-fold increase in the mitochondrial protein ubiquinone 

oxidoreductase orthologue. In the brown alga Ectocarpus siliculosus, Cu-specific 

upregulation of many genes, including iron-dependent SOD and vanadium-

dependent bromoperoxidase, which are ROS detoxifying, has been observed (Ritter 

et al., 2014). The up-regulation of GST and two glutaredoxins, which are heavy 

metal detoxifying enzymes in algae, was also discovered in the study. MNPs are 

solubilized in the cells and supply free metal ions, which function as signalling 

molecules and activate antioxidant defence systems both enzymatic and non-

enzymatic (for review, see Kumar et al. (2017)). 
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1.19 Present Work 

NPs of ZnO and Ag are used in a variety of industries. They are mostly 

manufactured utilising physical and chemical techniques that are linked to 

environmental and public health concerns. The current study focused on the green 

chemistry production of ZnO and Ag NPs utilizing cyanobacteria and green algae 

extracts. The goal was to remove dangerous chemicals and reagents from the 

synthesis process. Modern analytical methods such as XRD, XPS, SEM, and FTIR 

were used to analyse the produced NPs. There are several publications on the 

potential toxicity of MNPs at the species as well as ecosystem levels, as mentioned in 

the preceding sections. As a result, the toxicity of the synthesizedNPs in 

cyanobacteria was investigated further in this work. We investigated the possibility 

of manufactured NPs in the removal of a model organic dye MB, despite the fact that 

ZnO- and Ag-NP have various uses. 

1.20 Objectives: 

The following prime goals were set to carry out the proposed work - 

i. To test a variety of cyanobacteria and green microalgae isolates for their 

capacity to synthesize ZnO- and Ag-NPs. 

ii. To determine the size, nanoforms, morphological characteristics, crystal 

structure, and functional groups of biologically produced ZnO- and Ag-NPs. 

iii. To study photocatalytic elimination of a model organic dye MB using ZnO- 

and Ag-NPs. 

iv. To assess the toxicity of ZnO- and Ag-NPs in Anabaena doliolum and Nostoc 

muscorum, as well as their defence mechanisms. 
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 Organisms 

The freshwater cyanobacterium (A. doliolum, N.muscorum, M. robusta) and 

microalgae (C. vulgaris, S. dimorphus, and Haematococcus pluvialis) were selected 

as the test organisms. The test organisms were collected from artificial tanks and rice 

fields of Mizoram, India. Then the samples were inoculated on agar plates containing 

Chu-10 medium and purified by plating and re-plating using standard methods of 

isolation and purification described by (Andersen, 2005). The species were identified 

through their morphological characters with the help of available literature (Bold and 

Wynne, 1985; Desikachary, 1959). The photographs for all test organisms are shown 

in Plate 2.1. 

Based on different characteristics as pigmentation, chemical nature of reserve 

food material, flagellar arrangement (kind, number, and point of insertion), presence 

or absence of organized nucleus in cell, and mode of reproduction, algae are 

classified into 11 classes (Fritsch, 1935). The classifications of algae proposed by 

Fritsch are given in Table 2.1. 

Table 2.1 Classification of algae proposed by Fritsch. 

S. No. Class Orders 

1. Chlorophyceae 

(Green algae) 

Volvocales, Chlorococcales, Ulotrichales, 

Cladophorales, Chaetophorales, Oedogoniales, 

Conjugales, Sipohonales, Charales 

2. Xanthophyceae 

(Yellow green) 

Heterochloridales, Heterococcales, Heterotrichales, 

Heterosiphonales 

3. Chrysophyceae 

(Orange algae) 

Chrysomonadales, Chrysophaerales, Chrysotrichales 

4. Bacillariophyceae 

(Diatoms/yellow 

or golden brown 

algae) 

Centrales, Pennales 

5. Cryptophyceae 

(Nearly brown) 

Cryptomonadales, Cryptococcales 
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6. Dinophyceae 

(Dark yellow or 

brown) 

Desmomonadales, Thecatales, Dinophysiales, 

Dinoflagellata, Dinococcales, Dinotrichales 

7. Chloromonadineae 

(Bright green) 

Chloromonadales 

8. Euglenophyceae Euglenaceae, Astasiaceae, Peranemaceae 

9. Phaeophyceae 

(Brown algae) 

Ectocarpales, Tilopteridales, Cutariales, 

Sporochnales, Desmarestiales, Laminariales, 

Sphacelariales, Dictyotales, Fucales 

10. Rhodophyceae 

(Red algae) 

Bangiales, Nemalionales, Gelidiales, Cryptonemiales, 

Gigartinales, Rhodymeniales, Ceramiales 

11. Myxophyceae/ 

Cyanophyceae, 

(blue-green algae) 

Chroococcales, Chamaesiphonales, Pleurocapsales 

Nostocales, Stigonemales 

Based on the Fritsch classification the morphological structure of test 

organisms are described as; 

I. Anabaena doliolum 

Order: Nostocales 

Class: Myxophyceae/ Cyanophyceae 

Morphological structure: Trichome is straight and blue-green; cells are barrel-

shaped, and the sheath is not distinct; heterocysts are barrel-shaped with 5.2-

6.3 µ broad and 6.3-9.4 µ long; akinete is ellipsoidal (Desikachary, 1959). 

II. Nostoc muscorum 

Order: Nostocales 

Class: Myxophyceae/ Cyanophyceae 

Morphological structure: Filaments are densely entangled; sheath distinct 

only at the periphery of the thallus; trichome 3-5 µ broad; cells short barrel-

shaped to cylindrical; heterocysts nearly spherical and 6-7 µ wide 

(Desikachary, 1959). 

III. Microcystis robusta 

Order: Chroococcales 

Class: Myxophyceae/ Cyanophyceae 
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Morphological structure: Cells present in a colony with distinct sheath; cells 

are spherical in structure with size ranges between 6-9 µ diameters; cells do 

not have gas-vacuoles (Desikachary, 1959). 

IV. Chlorella vulgaris 

Order: Chlorococcales 

Class: Chlorophyceae 

Morphological structure: Cells are green in color and spherical in the 

structure; the CEW is thin, uninucleate; lenticular CH is partial with a 

pyrenoid (Bold and Wynne, 1985). 

V. Scenedesmus dimorphus 

Order: Chlorococcales 

Class: Chlorophyceae 

Morphological structure: Cylindrical cells with rounded and pointed ends are 

laterally joined in groups of 4 or 8 or (more rarely) 16. Cells are uninucleated 

and terminal species have spines. They have laminate CH that contains 

pyrenoids (Bold and Wynne, 1985). 

VI. Haematococcus pluvialis 

Order: Chlorococcales 

Class: Chlorophyceae 

Morphological structure: Cells are green in color, but after maturity, it 

becomes brick-red color. Unicellular; two flagella and thick CEW; 

uninucleate, and the nucleus is located at the center (Bold and Wynne, 1985). 

2.2. Cultivation in Laboratory 

The test organisms were grown in Chu-10 medium (Chu, 1942) and the composition 

of medium is represented in Table 2.2. The culture was maintained at 18°C in an air-

conditioned culture room. The culture were grown in 250-ml sterile Erlenmeyer 

flasks under four fluorescent tubes (30 W) for 8 h (Gerloff et al., 1950). The pH of 

the medium was maintained at 7.5 ± 0.2 for cyanobacterial species and 6.8 ± 0.2 for 

microalgal species using 0.1N HCl and 0.1N NaOH. For homogenous development, 

the cultures were hand-shaken at least 2-3 times daily. 
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Table 2.2 Composition of Chu-10 medium used to grow cyanobacteria and 

microalgae. 

Macronutrients g L
-1

 Micronutrients mg L
-1

 

KNO3 

K2HPO4 

MgSO4.7H2O 

Na2SiO3 

Ferric citrate 

Citric acid 

0.04 

0.01 

0.04 

0.02 

0.003 

0.003 

MnCl2.4H2O 

Na2MoO4.2H2O 

H3BO3 

CuSO4.5H2O 

CoCl2 

ZnSO4 

0.5 

0.01 

0.5 

0.02 

0.04 

0.05 

2.3 Measurement of Growth 

A UV-VIS spectrophotometer (Systronics-117, India) was used to measure the 

optical density of test organisms at a wavelength of 663 nm. After 96 h after 

inoculation, the specific growth rate was determined using the equation: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒(𝜇𝑑−1) =
ln (𝑛2 𝑛1)⁄

𝑡₂ − 𝑡₁
 

where, µ stands for specific growth rate, and n1 and n2 are absorbance of culture 

suspension at the beginning (t1) and the end (t2) of the selected time interval.  

2.4 Determination of Photosynthetic Pigments 

To extract photosynthetic pigments, 2 ml of culture was centrifuged at 12000 rpm for 

10 min, and the pellet was suspended in 2 ml of 90% acetone. After that, the mixture 

was incubated at 4°C overnight. The mixture was centrifuged after incubation, and 

the supernatant was utilised to quantify pigments. The absorbance of supernatant was 

measured at 664, 647, 630, 615, 652, 480, 663 and 645 nm.Pigment concentrations 

were calculated using the equations: 

𝐶ℎ𝑙 𝑎 (µ𝑔 𝑚𝑙−1) = 11.93 𝐴664 − 1.93 𝐴647 (Jeffrey and Humphrey, 1975) 

𝐶ℎ𝑙 𝑏 (𝜇𝑔 𝑚𝑙−1) = 20.36 𝐴647 −  5.50 𝐴664 (Jeffrey and Humphrey, 1975) 

𝐶ℎ𝑙 𝑐 (𝜇𝑔 𝑚𝑙−1) =  −1.67 𝐴664 −  7.60 𝐴647 +  24.52 𝐴630(Jeffrey and Humphrey, 

1975) 

𝑃ℎ𝑦𝑐𝑜𝑐𝑦𝑎𝑛𝑖𝑛(𝜇𝑔 𝑚𝑙−1) =
𝐴615−0.474×𝐴652

5.34
 (Myers and Kratz, 1955)  

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑 (𝜇𝑔 𝑚𝑙−1) = 𝐴480 + (0.114 × 𝐴663) − (0.638 × 𝐴645) (Kirk and 

Allen, 1965) 
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2.5 Determination of Protein 

Lowry et al. (1951) method was used to determine the protein content of test 

organisms. The standard curve for protein content measurement was built using 

bovine serum albumin (BSA). It was then placed in a hot water bath for 10 min to aid 

digestion before being chilled. Afterwards, 0.2 ml of Folin's reagent was added and 

incubated for 30 min to create a blue colour. At 660 nm, absorbance was measured 

against a blank with no sample. 

2.6 Estimation of Total Sugars 

For half an hour, 80% ethanol was heated in a water bath at 70°C. 0.01 g of fresh test 

organisms were mixed with 3 ml of hot ethanol and incubated at room temperature 

for 30 min. The mixture was then centrifuged for 10 min at 5000 rpm. After 

centrifugation, 500 µl of supernatant was combined with the same amount of 

distilled water and kept in a water bath at 60°C for 10 min. 4 ml anthrone solution 

(0.2 g anthrone diluted in 100 ml 95% sulfuric acid (H2SO4)) was added after 10 min 

in the water bath. At 550 nm, the optical density was observed. The total sugar 

content of test organisms was determined using a standard glucose curve.  

2.7 Estimation of Total Lipid Content 

Lipid extraction and quantification were performed according to Kalacheva et al. 

(2002). The biomass of test organisms was harvested by centrifugation and washed 

with 2.0 ml of 0.2% NaCl. The pellets were suspended in 5.0 ml of hot isopropanol 

and boiled for 3 min. After 3 min of boiling the sample was cooled to room 

temperature (25°C), and the suspension was combined with 5.0 ml of chloroform and 

stored at room temperature for 12 h. After mixing the chloroform extract with 5.0 ml 

of distilled water, it was allowed to separate into two phases. The lower chloroform 

phase was collected and evaporated for 15 min on a hotplate at 100-110°C. After 

that, 2.0 ml of acid dichromate solution (prepared by dissolving 5 g of potassium 

dichromate (K2Cr2O7) in 50 ml distilled water and diluting to 1000 ml with conc. 

H2SO4) was added and heated for 30 min before adding 10 ml of water. The optical 

density was measured at 430 nm after combining all of the reagents. 

2.8 Determination of Dry Weight of Biomass 

To determine the dry weight of biomass, the moisture content of fresh test organisms 

was first eliminated by using blotting paper. Then it was dried in a hot air oven at 60 
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± 2.0°C till constant weight. The dry weight of biomass was expressed in terms of g 

ml
-1

 of culture (Katircioğlu et al., 2006). 

2.9 Determination of Photosynthetic Oxygen Evolution 

Gross photosynthesis was measured in terms of photosynthetic O2 evolution using a 

Clark-type O2 electrode enclosed in an airtight vessel connected to a digital oxygen 

analyzer (Rank Brothers, UK). Measurement was done at 26 ± 1 ºC under an 

illumination of 300 µM m
-2

 s
-1 

PAR light intensity. The reaction vessel containing 4 

ml of culture and the reading was recorded after 5 min for light and dark, 

respectively. 

2.10 Synthesis of Nanostructures (ZnO and Ag 

Nanostructures) 

Out of six test organisms, three species (A. doliolum, N. muscorum, and S. 

dimorphus) were chosen for the biological synthesis of ZnO and Ag nanostructure.  

2.10.1 Preparation of Aqueous Extract 

The biomass of selected three test organisms was harvested by centrifugation at 2000 

g for 10 min and washed three times with sterilized Milli-Q water to remove any 

trace of nutrients and cell debris. The pellet was then re-suspended in 100 ml of 

Milli-Q water and heated at 80°C on a hot plate. The suspension was cooled to room 

temperature and filtered using 0.45 µ Whatman’s filter paper. The filtrate was then 

kept at 4°C until needed. 

2.10.2 Synthesis of ZnO Nanoparticles 

The zinc chloride (ZnCl2. 2H2O) solution was prepared in a 50-ml conical flask and 

ultrasonically dispersed in water for 8 min using an ultrasonicator (LABSONIC-P, 

Sartorius, Germany). Ultrasonic waves were produced by a titanium horn (3 mm in 

diameter and 100 mm in length) submerged in the solution. The operating frequency 

of ultrasonic waves was set at 24 kHz, and the ultrasonication amplitude was set at 

70 percent of the power, according to US standards. Following ultrasonication, 

aqueous extract and 10 ml of polyvinylpyrrolidone (PVP) (1% w/v) were added. pH 

was adjusted to 10.5 using 2 M NaOH after another 8-minute ultrasonication 

process.Once again the solution was ultrasonicated for another 3 min at 70% 

amplitude. After that, the white colour precipitation was easily visible that confirmed 

the synthesis of the ZnO nanostructures. Then the mixture was kept at room 
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temperature for the settlement of white colour precipitation. After that, the 

supernatant was decanted and the white colour precipitate was dried in a hot air oven 

at 80°C till constant weight.  

2.10.3 Synthesis of Ag Nanostructure 

In a 50-ml conical flask, the silver nitrate (AgNO3) solution was made, and 10 ml of 

PVP (1% w/v) and aqueous extract were added. The solution was then ultrasonicated 

for 8 min at a frequency of 24 kHz at 70% power using an ultrasonicator 

(LABSONIC-P, Sartorius, Germany). The pH of the solution was also corrected to 

10.5 by adding 2 M NaOH to it. The solution was ultrasonicated for 3 min at 70% 

amplitude once more. The colour of the mixed solution then changed to a brown 

colour due to formation of Ag nanostructure. The solution was then dried at 80°C in 

a hot air oven until it reached a consistent weight, yielding Ag nanostructures in fine 

powder. 

2.11 Structural Characterization 

Different methods were used to analyse and characterize ZnO and Ag nanostructures, 

including UV-VIS-NIR spectroscopy, FTIR spectroscopy, XRD, SEM, and XPS. 

2.11.1 UV-VIS-NIR Spectroscopy 

The UV-visible spectra of biosynthesized nanostructures were recorded using a UV-

VIS-NIR spectrophotometer (Hitachi, U4100L). The 10 mg of nanopowders were 

dispersed in 10 ml of Milli-Q water and a spectrum scan was performed in the 

wavelength range of 200-500 nm. The bandgap energy (Eg) in eV was determined 

using “Tauc” relation (Urbach, 1953) as given in the following equation:  

(𝛼ℎ𝑣)𝑛 =  𝐾(ℎ𝑣 − 𝐸𝑔) 

where, α is the absorption coefficient, hv is incident photon energy, n is nature of 

transition, K is the energy-independent constant, and Eg is the optical bandgap 

energy of nanomaterial. We have taken n = 2 for direct bandgap material. 

The photon energy Eg was calculated by equation (Bari et al., 2006): 

𝐸𝑔 =
1240

𝜆
 

where, λ is the wavelength of incident photon. 

The term (𝛼ℎ𝑣)𝑛 was simplified and calculated by the following equation (Luque et 

al., 2015): 
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(𝛼ℎ𝑣)𝑛 = (2.303 × 𝐴 × ℎ𝑣)𝑛 

where, A is absorbance and hv is incident photon energy. 

The Eg (eV) on the x-axis and (αhv) 
2
 on the y-axis were plotted to create the 

‘Tauc' figure. Extrapolating the linear component of the curve to the X-axis yielded 

the material's bandgap energy. 

2.11.2 Fourier-Transform Infrared (FTIR) Spectroscopy 

An IR spectrophotometer (IRAffinity-1S WL, Schimadzu) was used to record FTIR 

spectrums of produced nanostructures in the region of 4000-400 cm
-1

. Without 

dilution with KBr powder, 0.1 mg of dry nanopowder was utilised directly. Based on 

available academic data, the functional groups and vibrations present in various 

peaks were determined (Duygu et al., 2012; Janakiraman and Johnson, 2015; Kamble 

and Gaikwad, 2016; Luque et al., 2015; Max and Chapados, 2005; Olasehinde et al., 

2019; Trivedi et al., 2015; Zahariev et al., 2017). 

2.11.3 X-ray Diffraction (XRD) Study 

XRD analysis of dried nanopowder was performed using an X-ray powder 

diffractometer (Phillips X’Pert Pro) at the wavelength of 1.540598 A° for ZnO and 

1.544426 A° for Ag nanostructure. The XRD was performed in 2θ range 10°-80° at 

generator voltage 45 kV and tube current 40 mA with a divergence slit of 0.76 mm in 

continuous scanning mode. The generated XRD pattern was compared and indexed 

with a freely available MATCH database. 

The crystalline size of synthesized nanostructures was calculated by using 

Scherer’s equation (Cullity, 1956): 

𝐷 =  
𝐾𝜆

𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃
 

where, K is the Debye-Scherer constant (the shape factor = 0.9), λ is the wavelength 

of incident CuKα radiation (i.e., λ= 0.1540598 nm), βhkl is the FWHM of the 

respective peak, D is the crystalline size, and θ is the Bragg diffraction angle. 

2.11.4 Scanning Electron Microscopy (SEM) 

A JEOL-JSM-6360 scanning electron microscope was used to characterise the 

morphology of the produced nanostructures. Using Image J software (Version 

1.52p), the size distribution and average diameter of the nanostructures were 
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calculated. By fitting data to a Gaussian distribution model, the average size of 

nanostructure was determined. 

2.11.5 X-ray Photoelectron Spectroscopy (XPS) Analysis 

XPS was used to examine the chemical state on the surface of ZnO and Ag 

nanostructures using a PHI 5000 VersaProbe III. The charge shift was compensated 

for in both ZnO and Ag nanostructures by utilising the C1s peak of graphite carbon 

(BE = 284.6 eV) as a reference. There was also evidence of oxygen (O1s) in the Ag 

nanostructure. CASA XPS software (version 2.3.22PR1.0) was used to determine the 

atomic concentrations of all elements present in nanostructures. Xpspeak software 

was used to analyse the C1s peak (version 4.1). 

2.12 Removal and Degradation of Methylene Blue 

The photocatalytic capabilities of produced NPs were assessed using MB as a model 

organic dye.The MB was obtained from Himedia, India, and utilised without being 

purified further. 0.02 g of MB dye was dissolved in 1 L Milli-Q water to make the 

stock solution. The working solutions for MB were then made using Milli-Q water in 

a serial dilution process. ZnO- and Ag-NP were added to MB solutions individually, 

then ultrasonically disrupted (Labsonic-P, Sartorius, Germany) for 2 min in the dark. 

The solution was then exposed to natural and direct sunlight while being 

continuously stirred in 50 ml Erlenmeyer flasks using a reciprocating shaker (Spinix, 

Tarson). 

2.13 Toxicity of ZnO and Ag Nanoparticles in A. doliolum 

and N. muscorum 

2.13.1 Chemical Preparation and Treatment 

ZnO (particle size 100 nm) and AgNPs were purchased from Hi-media, India, and 

used without further purification. The stock solution of ZnO and Ag NPs in Milli-Q 

water was prepared to give a final concentration of 300 mg L
-1

 and 2 mg L
-1

 

respectively. Further, different concentrations of NPs were prepared after dilution of 

the stock solution using Milli-Q water. 

2.13.2 Estimation of Lipid Peroxidation 

The method of De Vos et al. (1989) was used to analyse lipid peroxidation in test 

organisms caused by ZnO and Ag. After centrifugation at 10,000 rpm for 10 min, the 

pellet treated with 0.25% (w/v) thiobarbituric acid (TBA) in 10% (w/v) 
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trichloroacetic acid (TCA). The mixture was cooled in an ice bath for 30 min at 95°C 

before being centrifuged for 10 min at 10000 rpm. To adjust for unspecific turbidity, 

the absorbance of the supernatant was measured at 532 nm and the value at 600 nm 

was subtracted. The total MDA concentration was calculated using an attenuation 

value of 155 mM
-1

 cm
-1

. The MDA content was calculated by using the formula: 

𝑀𝐷𝐴 (𝑚𝑀 𝑚𝑔−1 𝑝𝑟𝑜𝑡𝑒𝑖𝑛) =
𝐴532 −  𝐴600

155
 

2.13.3 Determination of ROS in Nanoparticle Treated Cells 

2.13.3.1 Estimation of Hydrogen Peroxide 

Using the approach outlined by Sergiev et al. (1997) the amount of H2O2 in 

cyanobacterial cells was determined. The biomass of cyanobacterial cells was 

collected by centrifugation (2000 rpm) and rinsed twice with Milli-Q water. The 

pellet was then homogenised in 5 ml of 0.1% (w/v) TCA and centrifuged for another 

15 min at 12000 g rpm. The pellet was discarded and the H2O2 levels were measured 

in supernatant. 1 ml potassium iodide and 0.5 ml potassium phosphate buffer (pH 

7.0) were added to the supernatant. The solution was shaken and the absorbance was 

recorded at 390 nm using UV-VIS spectrophotometer-117 (Systronics-117, India). 

The H2O2 concentration was calculated quantitatively using a standard curve based 

on H2O2 decay. 

2.13.3.2 Estimation of Superoxide Radical 

Superoxide radical (O2
-
) generation was estimated as per method described by 

(Achary et al., 2012). The cells were immersed in the reaction mixture containing 0.5 

ml nitroblue tetrazolium (NBT), 0.5 ml KOH and 0.5 ml dimethyl sulfoxide (DMSO) 

and centrifuged at 2000 rpm for 20 min. Then the filtrate was collected and 

illuminated at 200 µM m
-2

 s
-1

 for 24 h to develop colour as a result of reduction of 

NBT. The absorbance of blue monoformazan formed in the reaction mixture was 

measured at 530 nm. O2
-
 content was calculated using an extinction coefficient of 

12.8 mM
-1

 cm
-1

and was expressed as µM mg protein 
-1

. 

2.13.3.3 Estimation of Hydroxyl Radical 

ZnO and Ag NP induced formation of OH
-
 in cyanobacterial cells were estimated by 

spectrophotometric method (Tomita et al., 1994). 5 ml of cyanobacterial cells were 

harvested through centrifugation at 5000 g for 10 min. Then the supernatant was 
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decanted and the pellet was dispersed in 10 ml of salicylic acid and ultrasonicated for 

2 min. Then in another round of centrifugation at 2000 g for 10 min, the 5 ml of 

supernatant was collected and analyzed through UV-VIS spectrophotometer at a 

wavelength of 303, 310, and 329 nm. The presence of OH
-
 was calculated from the 

standard curve of H2O2 decaying. 

2.14 Extraction and Assay of Antioxidant Activity 

2.14.1 Extraction of Antioxidative Enzymes 

The cell pellets were suspended in cell lysis buffer solution [potassium phosphate 

buffer (pH 7.0), 1 mM ethylenediaminetetraacetic acid (EDTA), and 1% (w/v) PVP] 

and subjected to sonication (350 mA for 2 min with six intervals of 20 sec each) in 

ice-cold condition (4
o
C). However, the above buffer additionally contained 1 mM 

ASA for APX assay. The sonicated sample was centrifuged at 12,000 rpm for 30 min 

at 4
o
C, and the resulting supernatant containing antioxidant enzymes was used for 

further assay. 

2.14.2 Superoxide Dismutase 

The total SOD activity was measured using the method of monitoring the inhibition 

of NBT reduction (Stewart and Bewley, 1980). 50 mM potassium phosphate buffer 

(pH 7.8), 13 mM methionine, 75 mM NBT, 2 mM riboflavin, 100 mM EDTA, and 

500 µl enzyme extract were combined in a 3 ml reaction mixture. The reaction 

mixture was exposed to high-intensity light for 20 min. A unit of SOD activity was 

defined as the quantity of enzyme necessary to block NBT reduction by 50% when 

measured at 560 nm. Control has no enzyme but was exposed to light, whereas blank 

contains no enzyme but was kept in the dark. The result was expressed in Unit SOD 

(U SOD) mg protein
-1

. 

2.14.3 Catalase 

CAT activity was estimated using the method of (Jiang and Zhang, 2001) by 

measuring the consumption of H2O2 (extinction coefficient 39.4 mM
-1

 cm
-1

) at 240 

nm for 1 min. Make a 10 mM stock of H2O2 in 50 mM potassium phosphate buffer 

(pH 7). Add 2.8 ml of this solution followed by 200 µl of enzyme extract (in the 

cuvette). The result was expressed in mM mg protein
-1

 min
-1

. 
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2.14.4 Ascorbate Peroxidase 

APX activity was determined according to the method of Jiang and Zhang, (2001) by 

measuring the decrease in absorbance at 290 nm (extinction coefficient 2.8 mM
-1

 cm
-

1
) for 1 min in 1 ml reaction mixture containing 50 mM potassium phosphate buffer 

(pH 7.0), 1.5 mM ASA, 0.3 mM H2O2, and 200 µl of enzyme extract. The reaction 

was started by adding enzyme extract. Corrections were made for low, non-

enzymatic oxidation of H2O2. The result was expressed in mM mg protein
-1

 min
-1

.  

2.14.5 Reduced Glutathione 

Reduced GLU was determined by the method of Moron et al. (1979). 1.0 ml of 

cyanobacterial sample was treated with 1.0 ml of 10% TCA. The precipitate was 

removed by centrifugation at 10000 rpm for 15 min. To the 0.5 ml supernatant, 0.5 

ml of phosphate buffer (pH 8.0) and 2.0 ml of 0.6 mM dithiobisnitrobenzoic acid 

(DTNB) reagent were added. The absorbance was read at 412 nm using UV-VIS 

spectrophotometer (Systronics-117, India). For the standard, different concentrations 

of reduced GLU were prepared from the stock solution of 1000 µM reduced GLU in 

serial dilution technique and the result was expressed as µg mg
-1

 protein. 

2.14.6 Total Thiols 

Total thiols (T-SHs) were assayed by the method of Sedlak and Lindsay (1968). 

Treated cyanobacterial cells were harvested by centrifugation at 2000 rpm for 10 

min. The pellets were mixed with 1.5 ml of 0.2 M Tris buffer pH 8.2, and 0.1 ml of 

0.01 M DTNB (in absolute methanol). Then the mixture was ultrasonicated for 3 min 

at an interval of 30 sec and incubated at room temperature for 20 min with 

intermittent stirring. After incubation, 3 ml chilled methanol was added and 

centrifuged at 10000 rpm for 10 min. The clear supernatant was collected and the 

concentration of T-SHs was determined by recording the absorbance at 412 nm using 

UV-VIS Spectrophotometer (Systronics-117, India). T-SH was calculated by using 

reduced GLU as standard and expressed as µM mg protein
-1

.  

2.14.7 Non-Protein Thiols 

The cyanobacterial pellet was mixed with 4 ml distilled water and 1 ml 50% TCA. 

The mixture was then mixed for 15 min at room temperature before being 

centrifuged for 15 min at 10,000 rpm. The supernatant was collected after 

centrifugation, and 4 ml of 0.4M Tris buffer pH 8.9 and 0.1 ml of 0.01M DTNB were 
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added to 2 ml of supernatant. After that, the mixture was thoroughly agitated, and the 

absorbance was measured at 412 nm using a UV-VIS spectrophotometer (Systronics-

117, India) within 5 min after adding DTNB (Sedlakand Lindsay, 1968). The NP-SH 

content was determined using a standard curve constructed using reduced GLU. 

2.14.8 Ascorbic Acid 

Spectrophotometric method was used to determine the AA content in NP-treated 

cells (Anusuya, 2012). After centrifugation at 2000 rpm for 10 min the pellet was 

recovered, and 0.5 ml of pellets, 0.5 ml of distilled water, and 1.0 ml of 10% TCA 

were mixed together. The mixture was then mixed and centrifuged for 10 min at 

10000 rpm. The supernatant was collected after centrifugation. Then 0.2 ml of 

thiourea-copper sulphate (DTC) reagent (3 g of 2, 4-Dinitrophenylhydrazine, 0.04 g 

of Thiourea, and 0.05 g of copper sulfate (CuSO4) dissolved in 100 ml of 9N H2SO4) 

was added to 1 ml of supernatant and incubated at 37°C for 3 h. After incubation, 1.5 

ml of 65% H2SO4 was mixed and allowed to stand at room temperature for another 

30 min. As a result, colour was developed and the absorbance was recorded at 520 

nm using UV-VIS spectrophotometer (Systronics-117, India). 

2.15 Statistical Analysis 

The data was graphically represented and statistically analysed using the tools Origin 

Pro 9 and Sigma plot (version 12.3). All of the tests were carried out in triplicate. 

The difference between control and treated cells was evaluated using one-way 

analysis of variance (ANOVA) with P < 0.001 as the significance threshold 

according to Duncan's new multiple range test (DMRT). 
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CHAPTER THREE 

BIOLOGICAL SYNTHESIS AND 

CHARACTERIZATION OF ZINC 

OXIDE (ZnO) AND SILVER (Ag) 

NANOPARTICLES 

3.1 Introduction 

Nanostructures can be synthesized using one of two methods. The top-down 

approach, in which a larger structure is split down into tiny (nano-scale) pieces using 

chemical, physical, and biological energy; and the bottom-up approach, in which 

material is synthesized at the atomic level using various chemical, physical, and 

biological reactions to produce a large nanostructure (Das et al., 2017). 

Physical and chemical processes are used to synthesize NPs (Hasnidawani et 

al., 2016; Meulenkamp, 1998; Sangeetha et al., 2011). Carcinogenicity, toxicity, and 

environmental consequences are all concerns associated with the usage of toxic 

chemicals (Gupta and Xie, 2018). Furthermore, numerous investigations have shown 

that physical and chemical techniques are risky, time-consuming, and expensive 

(Ramesh, 2013; Sinha et al., 2009). For example, the sol-gel technique of NP 

production necessitates a long heat treatment to enhance polycondensation (De 

Matteis et al., 2018; Zorkipli et al., 2016). Hazardous compounds including reducing 

agents, organic solvents, and stabilisers have caused severe toxicity problems. 

Colloids do not cluster together because of these chemicals. NPs are unable to be 

employed in a range of clinical and biological applications due to toxic solvents and 

pollutants (Hua et al., 2018). To manufacture NPs, it is necessary to use procedures 

that are dependable, clean, physiologically suitable, and environmentally friendly. 

Therefore, a reliable, clean, biologically appropriate, and environmental-friendly 

techniques is indeed required to synthesize NPs (Alsubki et al., 2021; Aravind et al., 

2021; El-Gendy and Nassar, 2021; Goutam et al., 2018; Mahmoud, 2020; Rambabu 

et al., 2021). The biological fabrication of NPs might prove to be a viable option. 

The ‘green routes’ of nanostructures synthesis using multicellular and 

unicellular biological entities like bacteria (He et al., 2007; Husseiny et al., 2007; 
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Iravani and Varma, 2020; Kalishwaralal et al., 2010; Singh and Kundu, 2014), 

Actinomycetes (Golinska et al., 2014; Hassan et al., 2018; Nabila and Kannabiran, 

2018), fungi (Bhainsa and D’Souza, 2006; Ganachari et al., 2012; Golnaraghi-Ghomi 

et al., 2021; Islam et al., 2021), yeast (Agnihotri et al., 2009; Elnagar et al., 2021; 

Korbekandi et al., 2016; Shu et al., 2020) and plants (Hazaa et al., 2021; Sarwar et 

al., 2021; Soto-Robles et al., 2021; Veisi et al., 2021) have gained much importance 

in recent years. Biomass-mediated methods are simple to operate, free of 

environmental issues, rapid, and occur at ambient conditions. The form, size, 

structure, and physico-chemical characteristics of biologically produced NPs cover a 

wide range of topics (Mohanpuria et al., 2008). Furthermore, biological objects may 

serve as a template for nanoscale assembly, synthesis, and organization. The 

biological methods have the advantages that the shape and size of NPs can be easily 

controlled by the optimization of pH and temperature. 

In biological methods the NPs can be synthesized through the process of 

bioreduction or biosorption (Zhang et al., 2020). Chemical reduction via biological 

methods and reduction of dissimilatory metal can be used in the bioreduction process 

to produce more stable MNPs. Enzymes are oxidised as a result, and metal ions are 

reduced to produce MNPs (Deplanche et al., 2010). The metal ions attach to the 

CEW or peptides in the biosorption process and the produced peptides aggregate into 

stable nanoparticulate forms (Yong et al., 2002).  

In recent years, microalgae, including cyanobacteria, have emerged as a 

potential source for the fabrication of biocompatible and bio-safe NPs (Singh et al., 

2017). Algae are regarded to accumulate heavy metals (Mehta and Gaur, 2005) and 

may also be utilized for the biogenic synthesis of MNPs. Öztürk et al. (2020) used 

the marine red alga Gelidium corneum to make cubical Ag-NPs with diameters 

ranging from 20 to 50 nm. Colin et al. (2018) used the marine algae Egregia sp. to 

make Au-NPs with a size greater than 20 nm. Using an aqueous extract of the red 

algae Halymenia dilatata, Sathiyaraj et al. (2021) produced spherical platinum 

nanoparticles (Pt-NPs) with an average size of 15 nm. The proteins present in the 

algal extract perform a primary function as a stabilizing agent, reducing agent, and 

shape-control modifier (Xie et al., 2007). 

Cyanobacteria strains offer a low-cost, environmentally benign way to 

produce nanometals. Cyanobacterial technology has the advantages of 

environmentally friendly technologies, such as the ability to produce vast quantities 
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of food at room temperature. In comparison to plants, cyanobacteria grow faster. 

Both unicellular and colonial cyanobacterial strains are commonly employed in NP 

biosynthesis. Husain et al. (2021) used an aqueous extract of the cyanobacterium N. 

muscorum NCCU 442 to create Ag-NPs with an average size of 30 nm. Using the 

fresh biomass of the cyanobacterium Cylindrospermum stagnale, Sonbol et al. 

(2021) produced CuO-NPs with a size of 12.21 nm. Furthermore, Hamouda et al. 

(2019) used an aqueous extract of the cyanobacterium Oscillatoria limnetica to 

produce Ag-NPs with sizes ranging from 3.30 to 17.97 nm.  

The production of ZnO and Ag nanostructures using cell-free aqueous 

extracts of freshwater microalgae (S. dimorphus) and cyanobacteria (A. doliolum and 

N. muscorum) is described in this chapter. UV-VIS-NIR spectroscopy, Fourier 

transform infrared (FTIR) spectroscopy, XRD analysis, XPS, and SEM methods 

have also been used to analyse produced ZnO and Ag NPs.  

3.2 Materials and method 

3.2.1 Test Organisms 

Three cyanobacteria (A. doliolum, N. muscorum, M. robusta) and three microalgae 

(C. vulgaris, S. dimorphus, and H. pluvialis) were selected as test organisms and 

grown in Chu-10 medium (with or without N2 source) as mentioned in chapter 2. The 

exponentially growing cultures were used in all the experiments.  

3.2.2 Measurement of Growth 

A UV-VIS spectrophotometer-117 (Systronics-117, India) was used to constantly 

monitor the growth pattern of test organisms in Chu-10 media at a wavelength of 663 

nm for 30 days. After 96 h of inoculation, the specific growth rate was determined 

using the equation described in chapter 2.  

3.2.3 Determination of Pigment Content 

Pigment content (Chlorophyll a, b, c, phycocyanin, and carbohydrate) of test 

organisms in the Chu-10 medium was estimated using 90% acetone for 30 days 

continuously using the procedure described in chapter 2. Every day, 2 ml of culture 

was removed and mixed with 2 ml of 90% acetone before being incubated overnight 

at 4°C and centrifuged. The pigments were determined using the filtrate. 
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3.2.4 Determination of Protein Content 

The protein content of the test organisms was determined consistently for 30 days 

using the methods of Lowry et al. (1951). The protein estimation procedure is 

detailed in chapter 2. 

3.2.5 Materials and Organisms Used In the Synthesis of 

ZnO and Ag Nanoparticles 

ZnCl2.2H2O and AgNO3 were purchased from Himedia, India. PVP and NaOH were 

purchased from Merck, India. Out of 6 test organisms, three species (A. doliolum, N. 

muscorum, and S. dimorphus) were selected for the synthesis of ZnO and Ag 

nanostructures. 

3.2.6 Aqueous Extract Preparation and Synthesis Process 

The aqueous extracts of the above-mentioned three test organisms were made using 

the procedure described in chapter 2. The biomass of test organisms was harvested 

after 30 days of the growth period, and 50 mg of dried biomass of each test organism 

was boiled with 100 ml of Milli-Q water on a hot plate at 80°C followed by filtration 

to obtain the aqueous extract. The detailed synthesis protocol for MNP is described 

in chapter 2. ZnO nanostructure was synthesized using different concentrations (0.05, 

0.15, 0.25, 0.35, 0.45, 0.5 M) of ZnCl2.2H2O whereas; Ag-NPs were synthesized 

using AgNO3 solutions (0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mM). 

3.2.7 Characterization of Synthesized ZnO and Ag 

Nanostructures 

The synthesized ZnO and Ag nanostructures were characterized by different 

analytical techniques such as UV-VIS-NIR spectroscopy, FTIR spectroscopy, XRD, 

SEM, and XPS as described in chapter 2. 

3.3 Results  

3.3.1 Growth Pattern and Specific Growth Rate 

Plate 3.1 shows the culture of test organisms grown under laboratory conditions. The 

growth pattern study (Figure 3.1A) revealed that M. robusta, A. doliolum, and N. 

muscorum start growing exponentially after the 4
th

, 6
th

, and 22
nd

 day of inoculation, 

respectively. However, the exponential growth phase of C. vulgaris, S. dimorphous, 

and H. pluvialis started after the 4
th

, 8
th

, and 6
th

 days of inoculation, respectively. 
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Results indicated that the different species of microalgae and cyanobacteria showed 

different growth patterns. Similarly, S. dimorphus enters into the stationary phase 

after the 20
th

 day of inoculation and continues up to the 30
th

 day. It is observed from 

the growth pattern study that the more prolonged lag phase was observed in strain N. 

muscorum (22 days) followed by S. dimorphus (8 days), H. pluvialis (6 days), A. 

doliolum (6 days), C. vulgaris (4 days) and M. robusta (4 days), whereas, the longer 

duration of exponential growth phase observed in M. robusta (26 days) followed 

by A. doliolum (24 days), H. pluvialis (24 days), S. dimorphus (12 days), N. 

muscorum (8 days) and C. vulgaris (8 days). 

Figure 3.1 B shows the specific growth rate of test organisms after 96 h of 

growth in Chu-10 medium. Results indicated that the microalgae C. vulgaris showed 

the highest growth rate (0.63 µd
-1

), followed by N. muscorum (0.39 µd
-1

), M. 

robusta (0.33 µd
-1

), H. pluvialis (0.32 µd
-1

), A. doliolum (0.16 µd
-1

), and S. 

dimorphus (0.09 µd
-1

). 

3.3.2 Pigment Content 

The pigment content of the test organisms was calculated for 30 days. The amounts 

of chlorophyll-a (Figure 3.2A), chlorophyll-b (Figure 3.2B), chlorophyll-c (Figure 

3.2C), phycocyanin (Figure 3.2D), and carotenoid (Figure 3.2E) during the growth 

period were expressed in µg ml
-1

. Our results indicated that increasing the cultivation 

period of test organisms increased pigment content. According to the result, the 

chlorophyll-a content of test organisms increases continuously after the 7
th

 day of 

inoculation in the Chu-10 medium, as shown in figure 3.2A and the amount of 

chlorophyll-a in microalgae S. dimorphus increased by 32.38-fold followed by N. 

muscorum (28.97-fold), C. vulgaris (28.18-fold), H. pluvialis (27.98-fold), A. 

doliolum (27.46-fold), and M. robusta (16.40-fold) after the 30 days of cultivation 

period. 

Figure 3.2B represents the chlorophyll-b content of microalgal species. Our 

study indicated that all species showed a significant increase in the chlorophyll-b 

content after the 14
th

 day of incubation. Among three microalgal species, S. 

dimorphus shows increased chlorophyll-b content by 31.52-fold, followed by C. 

vulgaris (26.42-fold) and H. pluvialis (24.30-fold) after the 30 days of growth. 

Figure 3.2C shows that the chlorophyll-c content of microalgal species increases 

rapidly after the 12
th

 day of inoculation. At the end of 30 days of cultivation, C. 
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vulgaris increased chlorophyll-c content by 28.27-fold, followed by S. 

dimorphus (22.74-fold) and H. pluvialis (21.82-fold). 

Phycocyanin was determined in cyanobacterial strains, and the results are 

depicted in figure 3.2D. The phycocyanin content increased continuously after the 

14
th 

day of inoculation. After the 30 days of the cultivation period, the phycocyanin 

content of N. muscorum increased by 21.90-fold, followed by A.doliolum (20.01-

fold) and M. robusta (18.72-fold). 

Carotenoid content (Figure 3.2E) of test organisms increased continuously 

after the 8
th

 day of cultivation and increased with increasing cultivation time. The 

result indicated that over 30 days of cultivation, the carotenoid content of A. 

doliolum increased up to 24.52-fold, followed by N. muscorum (22.18-fold), M. 

robusta (22.01-fold), S. dimorphus (20.28-fold), C. vulgaris (19.44-fold), and H. 

pluvialis (18.55-folds). 

Figure 3.2F shows the results of determining the protein content of the test 

organism during 30 days of cultivation period. The total protein content increased 

steadily over time. The findings revealed that cyanobacterial strains generally have 

higher protein content (A. doliolum-29.53 fold, M. robusta-26.91 fold, and N. 

muscorum-25.59 fold) than microalgal species (S. dimorphus-17.56 fold, H. 

pluvialis- 13.34 fold, and C. vulgaris-11.40 fold) compared with the day of 

inoculation.  

3.3.3 Synthesis of ZnO and Ag Nanoparticles 

The synthesis of ZnO and Ag-NPs is first confirmed by visualization technique. In 

the visualization process, the ZnO nanostructure was established by the formation of 

white colour precipitation, whereas brown colour solution in Ag nanostructures. The 

photograph showing the white colour precipitation of ZnO nanostructure synthesized 

using aqueous extract of A. doliolum, N. muscorum, and S. dimorphus is shown in 

plate 3.2. Similarly, the change in the colour of AgNO3 from white to brown 

confirmed the synthesis of Ag NPs (Plate 3.3). Our result indicated that the increase 

in precursor solution concentration increases the density of colour formation in the 

synthesis process, which agrees with the available literature (Iravani et al., 2014; 

Kołodziejczak-Radzimska and Jesionowski, 2014; Wang et al., 2018). 
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3.3.4 UV-VIS Spectrophotometry 

The synthesized ZnO and Ag NPs at different concentrations of ZnCl2.2H2O and 

AgNO3 solution were first characterized using the UV-VIS spectrophotometry 

technique, and the results are represented in Table 3.1. The absorption spectra and 

corresponding "Tauc plots" of ZnO NPs synthesized by using aqueous extract of A. 

doliolum, N. muscorum, and S. dimorphus with 0.05M of ZnCl2.2H2O are shown in 

figure 3.3, whereas, Figure 3.4 represents the absorption spectra of Ag NPs 

synthesized by using aqueous extract of three species as mentioned above with 

different concentrations of the AgNO3 solution. Our findings indicated that the ZnO 

NP has a strong absorption peak between 356 and 374 nm, whereas Ag NPs display 

between 410 and 458 nm. Furthermore, the bandgap energy of synthesized ZnO NPs 

ranged from 2.98 to 3.26 eV, whereas the bandgap energy of Ag NPs ranged from 

2.36 to 3.63 eV.  
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Table 3.1 Absorption peak and bandgap energy of synthesized nanostructures using aqueous extract of freshwater cyanobacteria and microalgae. 

Scientific Name Synthesized ZnO nanostructure Synthesized Ag nanostructure 

Biomass content 

(µg ml
-1

) 

ZnCl2.2H2O 

concentration 

(M) 

Abs. Peak 

(nm) 

Bandgap 

energy (eV) 

AgNO3 

concentration 

(mM) 

Abs. Peak 

(nm) 

Bandgap 

energy (eV) 

A. doliolum 500 0.05 374 3.26 0.1 426 3.57 

0.15 370 3.02 0.2 458 3.58 

0.25 371 3.01 0.4 428 2.36 

0.35 365 2.99 0.6 426 2.42 

0.45 372 2.98 0.8 414 2.48 

0.5 366 2.99 1.0 414 2.46 

N. muscorum 500 0.05 360 3.09 0.1 420 3.63 

0.15 371 3.22 0.2 420 2.52 

0.25 365 3.15 0.4 418 2.58 

0.35 374 3.19 0.6 414 2.65 

0.45 366 3.20 0.8 412 2.68 

0.5 365 3.21 1.0 410 2.69 

S. dimorphus 500 0.05 359 3.11 0.1 424 2.61 

0.15 366 3.16 0.2 420 2.56 

0.25 360 3.12 0.4 416 2.55 

0.35 365 3.07 0.6 412 2.51 

0.45 356 3.14 0.8 412 2.48 

0.50 364 3.07 1.0 410 2.47 
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3.3.5 FTIR Spectroscopy 

The purpose of the FTIR investigation was to identify the functional groups that had 

a role in reducing and stabilizing ZnO- and Ag-NPs synthesized from the extract of 

test organisms (A. doliolum, N. muscorum, and S. dimorphus). FTIR spectrum of 

ZnO nanostructure synthesized from above mentioned three species with parent 

metal concentration of 0.5 M ZnCl2.2H2O was recorded in the range of 4000-400 cm
-

1
 and represented in figure 3.5A. According to figure 3.5A, the ZnO nanostructure 

synthesized from A. doliolum (3379 cm
-1

, 2353 cm
-1

, 1657 cm
-1

, 1549 cm
-1

, 1437 cm
-

1
, 773 cm

-1
, 411 cm

-1
), N. muscorum (3399 cm

-1
, 2359 cm

-1
, 1663 cm

-1
, 1225 cm

-1
, 

775 cm
-1

, 422cm
-1

), and S. dimorphus ( 3406 cm
-1

, 2359 cm
-1

, 1658 cm
-1

, 1526 cm
-1

, 

1371 cm
-1

, 1219 cm
-1

, 773 cm
-1

, 426 cm
-1

) shows its transmittance peak at different 

wavenumbers that indicates the variation in several functional groups and its 

vibration in the test organisms. The result indicated that the Zn-O functional group 

was present at low wavenumber as shown in figure 3.5A which agreed with other 

available literature (Balogun et al., 2020; Dobrucka and Długaszewska, 2016; Taufiq 

et al., 2018). Similar to ZnO nanostructure, figure 3.5B indicates the FTIR spectrum 

of Ag NPs synthesized from A. doliolum, N. muscorum, and S. dimorphus. 

According to figure 3.5B, the Ag NPs synthesized from A. doliolum (3347 cm
-1

, 

2959 cm
-1

, 2371 cm
-1

, 1643 cm
-1

, 1424 cm
-1

, 1289 cm
-1

, 1219 cm
-1

, 872 cm
-1

, 772 

cm
-1

), N. muscorum (3374 cm
-1

, 2367 cm
-1

, 1651 cm
-1

, 1418 cm
-1

, 1289 cm
-1

, 1217 

cm
-1

, 1018 cm
-1

, 872 cm
-1

, 772 cm
-1

) and S. dimorphus (3401 cm
-1

, 2367 cm
-1

, 1651 

cm
-1

, 1416 cm
-1

, 1287 cm
-1

, 1219 cm
-1

, 876 cm
-1

, 772 cm
-1

) also shows its 

transmittance peaks at different wavenumbers. The respective functional groups and 

vibrations for corresponding wavenumbers of ZnO- and Ag-NPs are mentioned in 

Table 3.2. The sharp peak present in between the range of 772 to 775 cm
-1

 of both 

NPs corresponds to the presence of aromatic compounds and primary or secondary 

amines. In the FTIR spectrum of AgNPs, the presence of carboxylic acid at a range 

of 1437 cm
-1

 to1371 cm
-1

 indicated the oxidation of anomeric carbon and reduction 

of Ag
+
 to Ag

0
, which is the first step of NP growth (Sambalova et al., 2018). The 

existence of a band in the range of 1643-1663 cm
-1

 corresponds to the stretching 

vibration of H-O-H mode indicated the presence of water molecules (Zamiri et al., 

2014). A small peak of the H-O-H bending mode is due to the adsorption of water 

molecules (Zare et al., 2018). The existence of a broad peak at wavenumbers 
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between 3347 and 3406 cm
-1

 implies that polyphenols are found in the extracts of 

three species (A. doliolum, N. muscorum, and S. dimorphus) play a major role in the 

reduction of zinc and Ag ions. Therefore, the result suggests that the polyphenols and 

other phytochemicals found in the extract act as stabilizing agents in addition to 

reducing Zn and Ag ions (Zare et al., 2019).  
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Table 3.2 FTIR peaks and functional group assignments of ZnO and Ag nanostructures synthesized from freshwater cyanobacteria and algal 

species. 

Scientific 

Name 

Biomass 

content 

(µg ml
-1)

 

ZnO nanostructures Ag Nanostructures 

Wavenumber 

(cm
-1

) 

Functional group Vibration Wavenumber 

(cm
-1

) 

Functional group Vibration 

A.doliolum 500 3379 Protein, Phenols 

and Alcohol 

N-H or O-H 

hydrogen-

bonded groups 

3374 Protein, Phenols 

and Alcohol 

N-H or O-H 

hydrogen-bonded 

groups 

2353 Carbon dioxide O=C=O 

stretching 

2959 Aldehyde C-H stretching 

1657 H2O molecules vibrations of H-

O-H 

2371 Alkene C=C stretching 

1643 H2O molecules vibrations of H-O-H 

1549 Nitro compound N-O stretching 1424 Carboxylic acid O-H bending 

1289 Aromatic ester C-O stretching 

1437 Carboxylic acid O-H bending 1219 nucleic acid (other 

phosphate-

containing 

compounds) 

>P=O stretching of 

phosphodiesters 

773 aromatic N-H or C-H 872 1,2- disubstituted C-H bending 
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compounds and 

primary or 

secondary amines 

bending 

411 Metal oxide Zn-O stretch 772 aromatic 

compounds and 

primary or 

secondary amines 

N-H or C-H bending 

N.muscorum 500 3399 Protein, Phenols 

and Alcohol 

N-H or O-H 

hydrogen-

bonded groups 

3374 Protein, Phenols 

and Alcohol 

N-H or O-H 

hydrogen-bonded 

groups 

2367 Alkene C=C stretching 

2359 Carbon dioxide O=C=O 

stretching 

1651 H2O molecules vibrations of H-O-H 

1418 Carboxylic acid O-H bending 

1663 H2O molecules vibrations of H-

O-H 

1289 Aromatic ester C-O stretching 

1217 nucleic acid (other 

phosphate-

containing 

compounds) 

>P=O stretching of 

phosphodiesters 

1225 nucleic acid (other >P=O stretching 1018 Ester C-O stretching 
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phosphate-

containing 

compounds) 

of 

phosphodiesters 

775 aromatic 

compounds and 

primary or 

secondary amines 

N-H or C-H 

bending 

872 1,2- disubstituted C-H bending 

422  Metal oxide Zn-O stretch 772 aromatic 

compounds and 

primary or 

secondary amines 

N-H or C-H bending 

S.dimorphus 500 3406 Protein, Phenols 

and Alcohol 

N-H or O-H 

hydrogen-

bonded groups 

3401 Protein, Phenols 

and Alcohol 

N-H or O-H 

hydrogen-bonded 

groups 

2359 Carbon dioxide O=C=O 

stretching 

2367 Alkene C=C stretching 

1658 H2O molecules Vibrations of H-

O-H 

1651 H2O molecules Vibrations of H-O-H 

1526 Nitro compound N-O stretching 1416 Carboxylic acid O-H bending 
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1371 Carboxylic acid O-H bending 1287 Aromatic ester C-O stretching 

1219 nucleic acid (other 

phosphate-

containing 

compounds) 

>P=O stretching 

of 

phosphodiesters 

1219 nucleic acid (other 

phosphate-

containing 

compounds) 

>P=O stretching of 

phosphodiesters 

773 aromatic 

compounds and 

primary or 

secondary amines 

N-H or C-H 

bending 

876 1,2- disubstituted C-H bending 

426  Metal oxide Zn-O stretch 772 aromatic 

compounds and 

primary or 

secondary amines 

N-H or C-H bending 

 

 

 

 

 



 

61 

 

3.3.6 XRD Characterization Techniques 

XRD pattern of synthesized nanostructures was studied in the range of 2θ = 10° to 

80°, and the result was compared with the MATCH database and observed that there 

was no significant difference between XRD data obtained in the present study and 

XRD data of ZnO and Ag NPs from the MATCH database. Based on the above 

comparison, we observed that the structure of ZnO nanocrystal synthesized from 

aqueous extract of A. doliolum (Nano form: corundum; MATCH entry no: 96-230-

0451), N. muscorum (Nano form: zincite; MATCH entry no: 96-900-4180), and S. 

dimorphus (Nano form: zincite, MATCH entry no: 96-210-7060) is hexagonal in 

structure. Similarly, the Ag nanocrystal synthesized from aqueous extract of A. 

doliolum (MATCH entry no: 96-901-3050), N. muscorum (MATCH entry no: 96-

901-3049), and S. dimorphus (MATCH entry no: 96-901-3048) is found to be cubic 

in structure. The XRD patterns of synthesized ZnO and Ag nanostructures Figure 3.6 

and 3.7 respectively. The lattice parameter d (the distance between adjacent planes in 

the Miller indices (hkl) was calculated using Bragg’s law (Cullity, 1956). 

𝑛𝜆 = 2𝑑 𝑆𝑖𝑛𝜃 

where, n = 1 (order of diffraction), λ = X-ray wavelength (1.540598 A°) and d = 

space between planes of Miller indices (h, k, l). 

In the hexagonal structure of synthesized ZnO nanocrystal, the lattice 

constants a and c were calculated by the following equation (Cullity and Stock, 

2001), 

1

𝑑2
=

4

3
(

h2 +  ℎ𝑘 +  𝑘2

𝑎2
) +  

𝑙2

𝑐2
 

In the cubical structure of synthesized Ag nanocrystal, the lattice constants a 

was calculated by the following equation (Cullity and Stock, 2001), 

1

𝑑2
=

h2 +  ℎ𝑘 +  𝑘2

𝑎2
 

The calculated values for d-spacing and lattice constants of nanostructure were 

compared with the MATCH database. The calculated values of d-spacing and the d-

spacing values from the MATCH database along with percentage deviation between 

values of d-spacing were tabulated in Table 3.3 and 3.4 respectively. The relevant 

structural parameters of ZnO- and Ag-nanocrystals are summarized in Table 3.5 and 

3.6 respectively. The structural analysis indicated that the lattice constants for 

ZnOnanocrystals are very much similar to the MATCH database, whereas the 
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calculated values for lattice constants of Ag nanocrystals synthesized from A. 

doliolum, N. muscorum, and S. dimorphus are 4.15-, 4.13-, 4.11-fold higher than 

MATCH database respectively. The increase in lattice constant values indicated that 

the electrons are loosely bound to an atom of crystal and as a result required low 

energy to remove, which indicates the decrease in bandgap energy (Humayun et al., 

2012). 

Table 3.3 Calculated inter-planar d-spacing (dXRD) and d-spacing values for 

synthesized ZnO nanocrystals as per the MATCH database (dMATCH) for 

corresponding <h k l> planes.  

Scientific 

Name 

XRD characterization data of ZnO nanostructure 

hkl  (2θ) dXRD 

(A°) 

dMATCH 

(A°) 

% deviation 

in d 

FWHM 

(degree) 

A. doliolum 

(500 µg ml
-1

) 

100 31.67 2.823 2.817 0.218 0.300 

002 34.34 2.609 2.603 0.237 0.351 

101 36.18 2.481 2.478 0.112 0.533 

012 45.41 1.996 1.912 4.201 0.197 

110 47.47 1.914 1.626 15.036 0.573 

013 56.51 1.627 1.477 9.223 0.503 

200 62.79 1.479 1.408 4.781 0.577 

112 67.90 1.379 1.379 0.027 0.659 

N. muscorum 

(500 µg ml
-1

) 

100 31.71 2.820 2.814 0.211 0.298 

002 34.38 2.606 2.601 0.207 0.322 

101 36.21 2.479 2.475 0.143 0.456 

012 45.43 1.995 1.910 4.244 0.196 

110 47.50 1.913 1.624 15.090 0.467 

013 56.54 1.626 1.476 9.250 0.454 

200 62.82 1.478 1.407 4.802 0.527 

112 67.92 1.379 1.378 0.073 0.595 

S. dimorphus 

(500 µg ml
-1

) 

100 31.74 2.817 2.814 0.118 0.263 

002 34.43 2.603 2.604 -0.050 0.248 

101 36.23 2.476 2.476 0.005 0.398 

012 45.46 1.994 1.911 4.150 0.193 

110 47.46 1.911 1.625 14.965 0.355 
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013 56.57 1.625 1.477 9.135 0.423 

200 62.87 1.477 1.407 4.739 0.394 

112 67.96 1.378 1.378 0.024 0.468 

Table 3.4 Calculated inter-planar d-spacing (dXRD) and d-spacing values for 

synthesized Ag nanocrystals as per the MATCH database (dMATCH) for corresponding 

<h k l> planes.  

Scientific 

Name 

XRD characterization data of Ag nanostructure 

hkl  (2θ) dXRD 

(A°) 

dMATCH 

(A°) 

% deviation 

in d 

FWHM 

(degree) 

A. doliolum 

(500 µg ml
-1

) 

111 37.67 2.386 2.392 0.602 0.144 

200 43.77 2.067 2.072 0.494 0.046 

202 63.64 1.461 1.470 0.883 19.200 

N. muscorum 

(500 µg ml
-1

) 

111 37.84 2.382 2.382 0.000 0.203 

200 43.94 2.064 2.063 0.048 0.138 

202 63.89 1.459 1.459 0.000 0.292 

S. dimorphus 

(500 µg ml
-1

) 

111 37.85 2.381 2.382 0.044 0.187 

200 43.95 2.064 2.063 0.030 0.548 
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Table 3.5 Structural parameters of ZnO nanocrystals synthesized by the ultrasonication process coupled with aqueous extract of different algae 

and cyanobacteria. 

Scientific 

Name 

Experimental data MATCH data 

2θ hkl dhkl Structure Lattice 

parameters 

2θ hkl dhkl Structure Lattice 

parameters  

A. doliolum 

(500 µg ml
-1

) 

31.67 100 2.823  

Hexagonal 

a= 3.260 A° 

c= 5.218 A° 

c/a= 1.601 A° 

31.74 100 2.817 Hexagonal a= 3.253 A° 

c= 5.207 A° 

c/a= 1.601 A° 

34.34 002 2.609 34.42 002 2.603 

N. muscorum 

(500 µg ml
-1

) 

31.71 100 2.820 Hexagonal a= 3.256 A° 

c= 5.213 A° 

c/a= 1.601 A° 

31.77 100 2.814 Hexagonal a= 3.249 A° 

c= 5.204 A° 

c/a=  1.602 A° 
34.38 002 2.606 34.44 002 2.602 

S. dimorphus 

(500 µg ml
-1

) 

31.74 100 2.817 Hexagonal a= 3.253 A° 

c= 5.205 A° 

c/a= 1.600 A° 

31.77 100 2.814 Hexagonal a= 3.249 A° 

c= 5.207 A° 

c/a=  1.603 A° 

34.43 002 2.603 34.44 002 2.603 
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Table 3.6 Structural parameters of Ag nanocrystals synthesized by the ultrasonication process coupled with aqueous extract of different algae 

and cyanobacteria. 

Scientific 

Name 

Experimental data MATCH data 

2θ hkl dhkl Structure Lattice 

parameters 

2θ hkl dhkl Structure Lattice 

parameters  

A. doliolum 

(500 µg ml
-1

) 

37.67 111 2.386 Cubic a = 17.079 A° 37.67 111 2.392 Cubic a = 4.1440 A° 

N. muscorum 

(500 µg ml
-1

) 

37.84 111 2.382 Cubic a = 17.015 A° 37.84 111 2.382 Cubic a = 4.1260 A° 

S. dimorphus 

(500 µg ml
-1

)  

37.85 111 2.381 Cubic a = 17.007 A° 37.85 111 2.381 Cubic a = 4.1260 A° 
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Crystallite size of synthesized hexagonal ZnO nanocrystal and cubical Ag 

nanostructures was also determined by Scherer’s equation (Saleem et al., 2012) as 

described in chapter 2. The crystallite size of synthesized ZnO and Ag nanostructures 

is represented in Table 3.7. The result suggested that the crystallite size of ZnO 

nanostructure synthesized from aqueous extract of A. doliolum, N. muscorum, and S. 

dimorphus was in between 21.79 nm to 27.56 nm whereas Ag nanocrystal was in 

between 30.35 nm to 81.73 nm respectively. Our results give an agreement with 

other available literature (Khalafi et al., 2019; Mahdieh et al., 2012; Mydeen et al., 

2020). 

Table 3.7 Crystallite size of synthesized ZnO and Ag nanostructures at different 

biomass content of freshwater cyanobacteria and algae. 

Scientific 

Name 

Biomass 

(µg ml
-1

) 

ZnO crystallite size 

(nm) 

Ag crystallite size 

(nm) 

A. doliolum 500 21.79 81.73 

N. muscorum 500 23.51 45.29 

S. dimorphus 500 27.56 30.35 

3.3.7 X-Ray Photoelectron Spectroscopy (XPS) Study 

The surface elemental composition and oxidation state of synthesized NPs with 0.5M 

ZnCl2.2H2O and 1mM AgNO3 were analyzed by the XPS technique. Figure 3.8 to 

3.10 represents the survey spectrum and O1s graph of ZnO NPs synthesized from A. 

doliolum, N. muscorum, and S. dimorphus. In survey spectra of synthesized ZnO 

NPs, the presence of Zn was identified through the presence of different elements 

such as; Zn2p1/2, Zn2p3/2, O1s, ZnLMM, Zn3s, Zn3p, Zn3d (Figure 3.8A, 3.9A, 

3.10A). The O1s photoelectron spectra (Figure 3.8B, 3.9B, 3.10B) for synthesized 

ZnO indicated that the surface is heterogeneous and deconvoluted due to the 

presence of two components: (1) Zn-OH, and (2) ZnO (Winiarski et al., 2018). 

Similar to ZnO nanocrystal, the surface characterization of Ag-NPs 

synthesized by using aqueous extract of A. doliolum, N. muscorum, and S. dimorphus 

was also performed by XPS techniques and represented in figure 3.11, 3.12, and 3.13 

respectively. The presence of Ag was identified through the presence of elements 

O1s, N1s, Ag3d, C1s, Ag4s, Ag4p1/2, respectively in each survey spectrum (Figure 

3.11A, 3.12A, and 3.13A). O1s spectrum of Ag nanostructure synthesized from A. 
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doliolum (535.7 eV and 531.8 eV) (Figure 3.11B), N. muscorum (535.6 eV and 531.2 

eV) (Figure 3.12B), and S. dimorphus (535.4 eV and 531.2 eV) (Figure 3.13B) 

indicated the presence of two peaks and suggested that the surface of Ag 

nanostructure is also heterogeneous (Winiarski et al., 2018). Interaction of carbon 

with oxygen was studied by C1s graph and the C1s line of Ag nanostructure 

synthesized from A. doliolum (Figure 3.11C), N. muscorum (Figure 3.12C), and S. 

dimorphus (Figure 3.13C) were in the range between 284.6 eV to 286.6 eV. 

Similarly, the N1s peak of Ag nanostructure was found in the range between 396.98 

to 399.04 eV (Figures 3.11D, 3.12D, and 3.13D). Ag3d peak of Ag nanostructure 

was found in two peaks in the range between 366.6 to 372.7eV due to the spin-orbital 

splitting (Adekoya et al., 2014; Liang et al., 2014). 

The summary of XPS analysis including binding energy (eV) for their 

corresponding elements, full-width at half maximum (FWHM), raw area (cps eV), 

and atomic concentrations (%) is shown in Table 3.8. Our result indicated that the 

atomic concentration of ZnO nanostructure synthesized from cyanobacterium A. 

doliolum and N. muscorum followed the same pattern i.e. ZnLMM > Zn2p3/2 > 

Zn2p1/2 > Zn3p > O1s > C1s > Zn3d > Zn3s; whereas, S. dimorphus follows the 

pattern of ZnLMM > C1s > Zn3p > O1s > Zn3d > Zn3s > Zn2p3/2 > Zn2p1/2. The 

presence of a high amount of ZnLMM indicated the surface is tightly bound with Zn 

and O atoms (Li et al., 2014). Similarly atomic concentrations of Ag nanostructures 

synthesized from A. doliolum, N. muscorum and S. dimorphus followed the sequence 

of C1s > O1s > Ag4s > N1s > Ag3d, C1s > O1s >Ag 4p1/2 > N1s >Ag3d and C1s > 

O1s > N1s > Ag3d respectively. This indicated that the interaction of Ag with carbon 

atoms is higher as compared to other atoms.  
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Table 3.8 The XPS survey spectrum analysis results of green synthesized nanostructures. 

Scientific 

Name 

XPS data of ZnO nanostructure XPS data Ag nanostructure 

Peak Position 

(B.E. eV) 

FWHM Raw area 

(cps eV) 

Atomic 

concentration 

(%) 

Peak Position 

(B.E. eV) 

FWHM Raw area 

(cps eV) 

Atomic 

concentration 

(%) 

A. doliolum Zn 2p1/2 1043.000 6.13972 9438.12 13.2693 O1s 532.000 5.61158 4179.33 27.4299 

 Zn 2p3/2 1020.000 5.07216 14254.5 20.0408 N1s 398.000 5.02497 333.975 2.19196 

 O1s 529.000 5.30893 6979.6 9.81279 Ag 3d 369.000 1.64919 109.948 0.721614 

 Zn LMM 496.000 6.95779 19166.1 24.9461 C1s 285.000 5.55658 10039.8 65.8937 

 C1s 284.000 5.07621 6570.79 9.23803 Ag 4s 91.000 6.00669 573.319 3.76283 

 Zn 3s 138.000 5.70166 3073.15 4.32062      

 Zn 3p 88.000 6.6728 7991.18 11.235      

 Zn 3d 8.000 5.33602 3654.06 5.13734      

N. muscorum Zn 2p1/2 1043.000 6.53384 10267.2 14.3933 O1s 530.000 5.42065 3188.39 22.3892 

 Zn 2p3/2 1020.000 5.16766 15543.2 21.7897 N1s 397.000 3.94302 365.693 2.56794 

 O1s 530.000 5.13797 7345.55 10.2976 Ag 3d 368.000 2.68364 103.11 0.72405 

 ZnLMM 496.000 7.1477 18901.4 26.4974 C1s 284.000 5.20991 10096.7 70.9003 

 C1s 285.000 5.2248 4735.09 6.63802 Ag 4p1/2 61.000 5.08305 486.818 3.41849 

 Zn3s 138.000 5.82592 3113.36 4.36455      
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 Zn3p 88.000 6.76395 7850.52 11.0055      

 Zn3d 9.000 5.28254 3576.66 5.01403      

S. dimorphus Zn 2p1/2 1043.000 5.47003 204.162 1.62904 O1s 530.000 5.44838 1909.38 25.8499 

 Zn 2p3/2 1020.000 5.18357 382.427 3.05144 N1s 397.000 5.68857 454.533 6.15362 

 O1s 530.000 9.02494 1157.17 9.23324 Ag 3d 364.000 2.69009 141.54 1.91621 

 ZnLMM 496.000 6.29571 6335.48 50.5517 C1s 284.000 5.19133 4880.98 66.0803 

 C1s 284.000 5.45977 2063.28 16.4632      

 Zn3s 137.000 5.46316 489.669 3.90714      

 Zn3p 87.000 6.78774 1317.05 10.509      

 Zn3d 8.000 5.80972 583.423 4.65522      
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3.3.8 SEM Study 

The SEM image confirmed the synthesis of nanostructures by visualization. The 

SEM images of green synthesized ZnO and Ag nanostructures using ZnCl2.2H2O 

(0.5M) and AgNO3 (1mM) as parent metal as well as their size distribution through 

Gaussian fit is displayed in figure 3.14 to 3.15. The figures from visualization 

indicated that the synthesized nanostructures are agglomerated with rod in shape. 

The diameter of the synthesized nanostructure was tabulated in Table 3.9. According 

to the SEM characterization technique, the diameter of synthesized ZnO nanorod was 

observed to be present in between the range of 36.573 ± 2.003 nm to 87.22 ± 5.103 

nm, and based on test organisms, the diameter followed the sequence as A. 

doliolum > N. muscorum > S. dimorphus. Similarly, the diameter of synthesized Ag 

nanorod presents in the range between 50.14 ± 2.97 nm to 61.28 ± 4.54 nm and 

according to the test organisms it followed the sequence as N. muscorum > 

S. dimorphus > A. doliolum . 

Table 3.9 Size (diameter) of green synthesized nanostructures. 

Scientific name Size of ZnO nanostructures 

(nm) 

Size of Ag nanostructures 

(nm) 

A. doliolum 87.22 ± 5.103 50.14 ± 2.97 

N. muscorum 78.40 ± 4.805 61.28 ± 4.54 

S. dimorphus 36.57 ± 2.003 54.52 ± 3.53 

3.4 Discussion 

Algae and cyanobacteria are rich sources of structurally novel and biologically active 

compounds. It plays a potential role in crop protection as herbicides, algaecides, 

nematicides, fungicides, bactericides, and insecticides (Biondi et al., 2004; Gvns et 

al., 2011) and releases growth promoting substances like auxins, gibberlines, 

cytokinins, and AA (Gupta and Agarwal, 1973). Our study found that the 8:16 h light 

and dark cycle for 30 days significantly enhances the growth, pigment, and protein 

content of algae and cyanobacteria in the Chu-10 medium. The increase of growth of 

all algae and cyanobacteria in the Chu-10 medium may be due to the presence of 

nitrogen sources that helps in the production of protein in the algal cells (Thakare et 

al., 2018). 
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The physical, chemical, mechano-chemical, and thermo-physical are the 

major popular methods for synthesizing nano-sized particles (Brintha and Ajitha, 

2015; Król et al., 2017). In recent years there has been a great interest in exploring 

biological routes of metal oxide and MNP synthesis using plants and microbes 

(Bandeira et al., 2020; Jacob et al., 2021; Mahana et al., 2020; Narayanan and 

Sakthivel, 2010). Further, it is reported that the ultrasonic-assisted biological method 

helps in the production of NPs with high purity, narrow particle size distribution, 

uniform shape, controllable reaction system, potentially low operating cost, and rapid 

reaction rate compared with heating- and microwave-mediated biological methods 

(Babu et al., 2016). In the present study, we have observed the chromatic change of 

the reaction substrate that implies the biotransformation of Zn
2+

 and Ag
+
 ions to Zn

0
 

and Ag
0
. This biotransformation indicates the synthesis of ZnO and Ag NPs 

(Hamouda et al., 2019). 

UV-VIS spectroscopic analysis is a primary characterization technique that 

reflects the wavelength of SPR of NPs. In our study, the result agrees with other 

literature and the deviation of absorbance and bandgap energy based upon the 

different solvent systems (Davis et al., 2019; Rao and Gautam, 2016). Davis et al. 

(2019) reported that the optical bandgap energy of synthesized ZnO NPs is found to 

be between 3.10 to 3.37 eV. It is observed in the present study that the parent metal 

concentration affects the disruption of ZnO and Ag NPs, which gives an agreement 

with available literature (Hamouda et al., 2019; Nagarajan and Kuppusamy, 2013). 

According to Nagarajan and Kuppusamy (2013), increase concentration of zinc 

nitrate (ZnNO3) from 0.25 to 1mM in the synthesis of ZnO NPs using aqueous 

extract of brown alga Sargassum myriocystum shows the absorbance peak in between 

285 nm to 372 nm. Rao and Gautam (2016), also synthesized ZnOnanoflowers using 

cell-free extract of green microalga C. reinhardtii which shown an absorbance peak 

at 384 nm. Similar to ZnO NPs, several studies also reported that the green 

synthesized Ag-NPs show the absorbance peak in the range between 320 to 580 nm 

(Govindaraju et al., 2009; Hamouda et al., 2019; Sadowski, 2010). Hamouda et al. 

(2019) reported that the increased concentration of AgNO3 solution increases 

absorbance of Ag-NPs in a dose-dependent manner and at 0.5 mM of AgNO3 

solution give the maximum absorbance (0.710 nm) of Ag-NPs with absorption bands 

ranged from 422 nm to 430 nm. 
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FTIR characterization techniques help to find the presence of functional 

groups in the aqueous extract of microalgae that play significant roles in the 

reduction and/or stabilization of nanostructures. According to our result, several 

other studies reported that the presence of various functional groups such as; 

aromatic compounds, primary and secondary amines, carboxylic acid, polyphenols, 

etc. helps in the process of reduction and stabilization (Azizi et al., 2014; Hamouda 

et al., 2019; Rao and Gautam, 2016; Sambalova et al., 2018; Zamiri et al., 2014). 

XRD characterization techniques of NPs have been employed to study the 

crystallite parameters of NPs. Similar to our findings, several other studies also 

reported the synthesis of hexagonal ZnO and cubical Ag nanocrystal with various 

diameters (Khalafi et al., 2019; Mahdieh et al., 2012). Azizi et al. (2014) synthesized 

hexagonal wurtzite ZnO nanocrystal using an aqueous extract of brown microalga S. 

muticum and reported that the particle size ranges from 3 nm to 57 nm. Khalafi et al. 

(2019) synthesized hexagonal (wurtzite) ZnO nanocrystal using an aqueous extract 

of microalgae Chlorella sp. with a diameter of 19.44 nm. Mahdieh et al. (2012) also 

synthesized 11.6 nm cubical Ag-NPs using an aqueous extract of S. platensis. This 

variation in crystallite size may be depend upon the calcination in precursor solution 

due to ultrasonic waves. Rao and Gautam, (2016) reported that the lack of calcination 

of precursor materials results in the production of the relatively small crystallite size 

of NPs, whereas an increase in calcination temperature eliminates precursor material 

and results in an increase in crystallite size up to 200 nm. 

XPS was employed to elucidate synthesized ZnO and Ag nanostructures' 

chemical state and near-surface composition. Our findings indicated that the carbon 

is related to the adsorption on the surface during the exposure of the sample to the 

ambient atmosphere (Al-Gaashani et al., 2013). The fitting of Zn2p1/2 and Zn2p3/2 

indicates that the chemical valence of Zn present in ZnO nanorod is +2 oxidation 

states. Furthermore, the unique binding energy of different elemental components 

(Zn2p1/2, Zn2p3/2, ZnLMM, Zn3s, Zn3p, and Zn3d) indicated a slight variation on the 

surface morphology (Al-Gaashani et al., 2013). In the case of Ag nanostructure 

analysis, the presence of two peaks typically characterizes the Ag3d region due to the 

spin-orbital splitting (Adekoya et al., 2014; Liang et al., 2014). The observed 

difference of binding energy could be typically attributed to two key reasons; (1) the 

chemical environment interaction with the surface atom (the composition of the 5 nm 
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top thickness of the surface) and (2) the variation with texture coefficients with 

morphology. 

The O1s spectrum study indicates the interactions of the ionic molecule with 

oxygen and follows the morphology of ZnO- and Ag-NPs. It is formed due to strong 

interaction between a vacancy in the d-orbital of Ag and Zn and organic molecules 

associated with the aqueous extract of algae and cyanobacteria (Liang et al., 2014). 

The O1s spectrum was fitted with Gaussian-fit which indicates two distinctive 

species of oxygen; (1) located at the lower binding energy assigned to O2
-
 ions in the 

Zn-O and Ag-O bonding of the ZnO- and Ag-NPs (Das et al., 2010) and (2) the other 

peak located with high binding energy is related to -OH group absorbed onto the 

surface of the ZnO- and Ag-NPs (Zhou and Li, 2005). C1s peak observed in the 

spectrum illustrates the bonds of the carbon atoms with the nanostructure. This C1s 

peak is attributed to C-O and C=O bonds. The interaction of the Ag-NP with the 

chemical environment promotes the oxidation of the Ag-NPs due to the synthesis 

process not involving a surfactant agent (Iravani et al., 2014). Therefore, it is 

important to highlight that the absence of a surfactant agent during the synthesis of 

NPs can generate a presumably more active surface in terms of the chemical 

interaction of the Ag NPs in the chemical environment. N1s region indicates the 

strong interaction between Ag nanostructure and the organic compounds with 

multiple amine groups present in the aqueous extract (Azizi et al., 2014). 

The SEM technique was used to identify the shape and size of nanostructures. 

Our result on SEM characterization techniques agrees well with an existing study on 

the synthesis of ZnO NPs (diameter range from 30 to 57 nm) using an extract of a 

marine alga S. muticum (Azizi et al., 2014). Bhuyar, (2020) synthesized Ag-NPs 

having a diameter of 33.75 nm using marine alga Padina sp. However, it is 

remarkable that slight variations in the synthesis pathway through experimental 

conditions may result in significant variations in the shape and size of NPs, whereas 

the agglomeration depends upon the polarity and electrostatic attraction of NPs 

(Zhang et al., 2002). 

In the present study, we can conclude that freshwater algae and cyanobacteria 

have the potential for the synthesis of ZnO and Ag nanorods and the presence of 

bioactive molecules on aqueous extract play an active role in the reduction of 

precursor solution (Ghobadi and Khazaie, 2016; Londoño-Restrepo et al., 2019). 

These synthesized nanorods can be used for larger applications in the industry or 
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biomedical field or can be packed together to form larger nanoflowers for versatile 

applications (Rao and Gautam, 2016). 
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CHAPTER FOUR 

PHOTOCATALYTIC DEGRADATION 

OF ORGANIC DYE BY ZnO AND Ag 

NANOPARTICLES 

4.1 Introduction 

Several industries such as textiles, leather, medicines, printing inks, colour 

photography, food, cosmetics, plastics, and paper all employ synthetic dyes. While 

these industries contribute substantially to the economies of developing countries, 

they also pollute the environment by releasing enormous amounts of untreated or 

poorly treated effluents into natural water (Solaraj et al., 2010). A total of roughly 

9.9 million tonnes of industrial dyes are produced each year across the world (GVR, 

2017). According to a research, the textile sector discards 2.8 x 105 tonnes of 

synthetic dyes per year throughout the world (Jin et al., 2007). Synthetic dye 

manufacturing on a big scale can pollute the environment and put people's health at 

danger. The release of non-biodegradable and carcinogenic manufactured dyes (e.g. 

MB, congo red, methylene orange (MO), rhodamine B, etc.) through different 

industrial wastes (e.g. textiles, leather, pharmaceutical, paper, food, and cosmetic 

industry) into pure water presents a serious threat to aquatic living organisms 

(Dumont et al., 2010; Gadaleta et al., 2016). 

Organic dyes and their breakdown products are toxic to aquatic flora and 

fauna and can cause mutagenesis in humans. Traditional treatment processes such as 

flocculation, precipitation, adsorption, membrane filtration, and electrodialysis are 

primarily focused on removing colour, lowering biological oxygen demand, oxygen 

level, and primary productivity, despite the fact that azo dyes form toxic chemicals 

such as aromatic amines after microbial degradation. Furthermore, physicochemical 

dye wastewater treatment approaches have drawbacks such as high cost, limited 

effectiveness, interference with other contaminants, and the formation of hazardous 

slurry. Biological dye removal from wastewater has a number of advantages (Bhatia 

et al., 2017). Because of increasing demand, it is extremely required to develop 

economic and effective remediation technologies to deal with dyes wastes. 
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For the degradation and removal of organic dyes, various physicochemical 

methods such as ozonation, peroxidation, catalytic peroxidation, H2O2-ozone-UV 

systems, Fenton reactions system, semiconductor-based photocatalysis, microwave-

enhanced process, sonolysis, and sonophotocatalysis have been investigated (El 

Nemr et al., 2018; Godiya et al., 2019; Kiani et al., 2019; Shi et al., 2018; Verma and 

Samanta, 2018; Xu et al., 2018a). Adsorption, on the other hand, is the most suited 

technique due to its simple operation and low cost (Jun et al., 2019; Safi et al., 2019). 

Adsorption is a surface process in which atoms, ions, or molecules are 

transferred from a fluid bulk to a solid surface. Mesoporous molecular sieve (Xiao et 

al., 2019), polymer membrane (Xu et al., 2018b), clay (Nasir et al., 2020), polymeric 

substances (He et al., 2020), hybrid material (Zhao et al., 2019), and magnetic 

absorbents are some of the most frequently used adsorbents in the removal of 

contaminants, including organic dyes from industrial effluents (Beheshti et al., 2019; 

Wang et al., 2017). However, these adsorbents have a limited adsorption capacity, 

require time-consuming adsorbent separation, are unstable, expensive, and produce 

secondary hazardous wastes. As a result, finding a more efficient adsorbent that can 

also degrade hazardous dyes completely is critical. 

Now a day, there has been a lot of interest in using various types of 

nanostructured adsorbents and photocatalytic semiconductors for wastewater 

treatment. Nanostructured materials have a greater surface area, increased 

performance, and lower cost than conventional adsorbents. Several researches have 

shown that nanostructures such as CNTs, graphene, ferric oxide, manganese oxide, 

titanium oxide, ZnO, and others may be used to remove a variety of organic and 

inorganic contaminants (Lin et al., 2019; Qiu et al., 2019; Wei et al., 2020; Zhang et 

al., 2019). 

Nanostructures' photocatalytic effectiveness is determined by their form, 

crystal structure, size, and method of production (Yang et al., 2016). The 

photocatalysis of dyes and other organic contaminants using MNPs is considered a 

"green chemistry" technique of treatment (Ravelli et al., 2009). The photocatalytic 

capability of MNPs in the breakdown of organic dyes and other contaminants has 

been investigated in only certain research (Kamat, 2002; Lin et al., 2019). However, 

most photocatalytic experiments have used UV lamps, visible LED, and UV-LED 

light than just solar light (Cerrato et al., 2019; Li et al., 2019; Lin et al., 2019), and 

therefore cannot be called a truly green process. The use of photocatalysis processes 
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in eliminating pollutants after their discharge in natural water bodies is hampered by 

the requirement for costly cylindrical photobioreactors in the lamp-driven 

photocatalysis process. As a result, photocatalysis using sunlight is a cost-effective 

and environmentally friendly technique of pollutant degradation. The photocatalytic 

characteristics of green produced ZnO and Ag nanorods to adsorb and destroy a 

model organic pollutant MB under sunlight irradiation are presented in this chapter. 

4.2 Materials and method 

4.2.1 Preparation of MB Solution 

MB was purchased from Himedia, India, and used without further purification. The 

stock solution of MB was prepared by dissolving 0.02 g of dye in 1 L of Milli-Q 

water, as described in chapter 2. Then, different concentrations of MB solution were 

prepared by serial dilution technique using the stock solution. 

4.2.2 Determination of Photocatalytic Activity 

The photocatalytic degradation of organic dye (MB) was carried out in a 50-ml 

Erlenmeyer flask with continuous stirring using a reciprocating shaker under sunlight 

irradiation (Spinix, Tarson). The green produced ZnO and Ag nanorods were 

distributed in the solution and ultrasonicated (Labsonic-P, Sartorius, Germany) for 2 

min before being exposed to sunlight. The catalyst was then added to the MB 

solution, which was then sonicated for 10 min. The sample was maintained in the 

dark for 30 min before to irradiation to promote dye adsorption onto the catalyst 

surface. 2 ml of suspension was taken at predetermined time intervals after solar 

irradiation. Afterwards, the sample was centrifuged at 6,000 g, and the residual dye 

content in the filtrate was measured using a UV-VIS spectrophotometer-117 to 

measure the absorbance at 662 nm (Systronic-117, India). 

4.2.3 Effect of pH 

To a 50-ml Erlenmeyer flask 20 ml of MB solution (10 mg L
-1

) was added. 0.1N HCl 

or 0.1N NaOH were used to alter the pH of the solution from 1 to 10, photocatalytic 

degradation of MB was investigated. The degradation of MB is studied using ZnO 

nanorods at a concentration of 50 mg L
-1

 at three acidic pH (3, 5, and 6), two basic 

pH (9, 10) and neutral pH (7). The degradation of MB is studied using Ag nanorods 

at a concentration of 100 mg L
-1

 at four acidic pH (1, 3, 5, and 6), two basic pH (9, 

10) and neutral pH (7). 
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4.2.4 Kinetic Studies 

An experiment was conducted to investigate the kinetics of photocatalytic 

degradation of the dye in the presence of sunshine. First, 50 mg L
-1

 and 100 mg L
-1

 

of produced ZnO and Ag nanorods were added individually to 20 ml of MB solution 

(10 mg L
-1

, pH 10). The reaction mixture including ZnO nanocatalyst was then 

exposed to sunlight for various lengths of time (0, 20, 40, 80, and 100 min). 

However, the Ag nanocatalyst reaction mixture was exposed for 0, 5, 10, 30, 50, 80, 

100, 120, 150, and 180 min. 

4.2.5 Effect of Catalyst Concentrations 

Another set of studies looked at the influence of catalyst loading (ZnO and Ag 

nanorods) on dye photocatalytic degradation. The photocatalytic activity was halted 

after 100 min of sunlight exposure after dispersing ZnO nanorods in 20 ml of MB 

(10 mg L
-1

, pH 10) to produce final concentrations of 0.0, 5.0, 10.0, 20.0, 50.0, and 

100.0 mg L
-1

. Similarly, Ag nanorods were distributed in 20 ml of MB (10 mg L
-1

, 

pH 10) to produce final concentrations of 0.0, 10.0, 20.0, 50.0, 100.0, 150.0, and 

200.0 mg L
-1

, with the photocatalytic process stopping after 180 min of sunshine 

exposure. 

4.2.6 Effect of Concentrations of MB 

Photocatalytic degradation was investigated at various concentrations of MB after 

pH, catalyst loading, and irradiance exposure duration were optimized. ZnO 

nanorods (100 mg L
-1

) were added to MB solutions containing concentrations of 1.0, 

2.0, 5.0, 6.0, 8.0, and 10.0 mg L
-1

, whereas Ag nanorods (100 mg L
-1

) were added to 

MB solutions containing concentrations of 1.0, 2.0, 5.0, 6.0, 8.0, and 10.0 mg L
-1

. 

After 100 and 180 min, the ZnO and Ag-mediated degrading reaction was stopped 

respectively by keeping them in dark environment at normal room temperature for 10 

min, and the residual MB concentration in the effluent was measured. 

4.2.7 Statistical Analysis 

All the experiments were carried out with a minimum of three replicates. The mean 

values of different observations were analyzed using “Microsoft Office Excel- 2007” 

and represented as mean ± SE. The graphs were plotted using the software SigmaPlot 

(version 12.3). 
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4.3 Results  

4.3.1 Effect of pH on the Removal of MB 

The pH of the MB solution is a direct way that influences the removal of MB. Figure 

4.1 (A) and (B) represent the effect of pH on the percent removal of MB in the 

presence of green synthesized ZnO and Ag nanorods, respectively. The result 

indicated that an increased pH of the dye solution remarkably enhances the 

percentage removal of MB. Our result indicated that ZnO nanorods synthesized by 

utilizing an aqueous extract of A. doliolum, N. muscorum and S.dimorphus removed 

MB by 6.4 ± 0.3%, 5.6 ± 0.07%, 5.7 ± 0.07% at pH 3. In contrast, at pH 10 the 

removal reached up to 95.7 ± 0.03%, 95.7 ± 0.04%, 95.7 ± 0.1% during 100 min of 

sunlight irradiation. Similarly, at low pH (pH 1), Ag nanorods synthesized from 

above mention species removed MB by 7.0 ± 0.06%, 8.7 ± 0.04%, 9.5 ± 0.03% 

whereas at higher pH (pH 10) the removal reaches up to 94.30 ± 0.1%, 94.33 ± 

0.04%, 94.74 ± 0.03% respectively during 180 min of sunlight irradiation.  

4.3.2 Effect of the Nanocatalyst (ZnO and Ag) on the 

Removal of MB 

The effect of varying concentrations of photocatalyst (ZnO and Ag nanorods) on the 

removal of MB was studied at pH 10, and the result are given in Figure 4.2. The 

result indicated that increased concentrations of nanocatalyst increase the percent 

removal of MB. At a low concentration of ZnO (5 mg L
-1

) nanorods synthesized by 

using aqueous extract of A. doliolum, N. muscorum and S. dimorphus removed MB 

by 79.57 ± 0.05%, 70.02 ± 0.06%, 65.52 ± 0.07%, whereas at high concentrations 

(100 mg L
-1

) the removal reached up to 95.74 ± 0.03%, 95.66 ± 0.04%, 95.66 ± 

0.04% during 100 min of sunlight irradiation (Figure 4.2A). Similarly Ag NPs at low 

concentrations (10 mg L
-1

) synthesized using extracts prepared from above mention 

species removed MB by 90.5 ± 0.03%, 80.0 ± 0.04% and 27.45 ± 0.04% whereas at 

higher concentrations (200 mg L
-1

) the removal reaches up to 96.7 ± 0.03%, 99.84 ± 

0.03%, 99.92 ± 0.04% respectively (Figure 4.2B). 

4.3.3 Effect of MB Concentrations 

At pH 10, with a constant concentration of catalysts (ZnO or Ag), the effect of dye 

concentrations on dye removal was studied (Figure 4.3). The ZnO and Ag nanorods 

were mixed with various concentrations of MB solution before being exposed to 
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sunlight for 100 to 180 min respectively. The percentage of dye removed dropped as 

the concentration of dye increased. The efficacy of ZnO nanorods produced using 

extracts of A. doliolum, N. muscorum and S. dimorphus in catalysing the elimination 

of MB caused by solar radiation was quite comparable. When compared to Ag 

nanorods produced using A. doliolum and N. muscorum, Ag nanorods synthesized 

with extract of S. dimorphus demonstrated higher catalytic performance in 

photocatalytic removal of MB. 

4.3.4 Kinetic Study of the Photocatalytic Degradation of MB 

The pseudo-first-order kinetic model was used to fit the time-course data for the ZnO 

and Ag catalysed degradation of MB under natural solar irradiation, and the results 

are shown in Figures 4.4 and 4.5, respectively. Similarly, time-course data for ZnO 

and Ag-mediated MB degradation under natural solar irradiation were fitted to 

pseudo-second-order kinetic models and shown in Figures 4.6 and 4.7, respectively. 

The pseudo-first-order kinetic model can be expressed by the following non-linear 

expression (Moussout et al., 2018): 

𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

where, qe and qt represent the amounts of MB degraded (mg L
-1

) at 

equilibrium and any time t (min), respectively, and k1 (min
-1

) is the rate constant. The 

pseudo-second-order kinetic model can be expressed as following non-linear form 

(Moussout et al., 2018): 

𝑞𝑡 =  
𝑞𝑒

2𝑘2𝑡

𝑞𝑒𝑘2𝑡 + 1
 

where, qe and qt are the degradation (mg L
-1

) of MB at equilibrium and at any 

time t (min), respectively, and k2 (mg L
-1 

min
-1

) is the pseudo-second-order reaction 

rate constant.  

The kinetics constants of MB degradation are summarized in Table 4.1. The 

result indicates that time-course data of sunlight-driven elimination of MB catalyzed 

by ZnO and Ag nanorods followed both the pseudo-first-order and pseudo-second-

order kinetic models. Therefore, it can be tentatively concluded that the removal of 

MB involves two processes (i) the light-independent sorption of positively charged 

MB on the negatively charged surface of ZnO and Ag nanomaterials and (ii) 
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oxidative degradation of MB on the surface of nanomaterial using a photon energy of 

sunlight.
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Table 4.1 The estimated constants of pseudo-first-order and pseudo-second-order rate kinetics of degradation of MB under sunlight irradiance 

catalyzed by ZnO and Ag nanorods synthesized from freshwater algae and cyanobacteria. 

Name of MNP Name of species  

Pseudo-first-order  

kinetics parameters 

Pseudo-second-order 

kinetics parameters 

qe 

(mg L
-1

) 

K1 

(min
-1

) 

R
2 

qe 

(mg g
-1

) 

K2 

(mg L
-1

min
-1

) 

R
2
 

ZnO (50 mg L
-1

) 

A. doliolum 9.51 0.08 0.99 10.35 0.01 0.99 

N. muscorum 9.37 0.08 0.99 10.25 0.01 0.99 

S. dimorphus 26.60 0.004 0.93 43.31 0.00006 0.93 

Ag (100 mg L
-1

) 

A. doliolum 7.12 0.13 0.74 7.90 0.02 0.83 

N. muscorum 8.36 0.08 0.82 9.27 0.01 0.91 

S. dimorphus 9.01 0.03 0.92 10.23 0.005 0.95 
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4.3.5 Adsorption Isotherm Study 

The adsorption of MB on ZnO and Ag nanostructure surface was studied with 

different concentrations of MB such as 1.0, 2.0, 5.0, 6.0, 8.0, and 10.0 mg L
-1

. The 

adsorption data was fitted to Langmuir, Freundlich, and Temkin isotherm models. 

The non-linear equation of the Langmuir model is expressed as (Chaudhry et al., 

2016); 

𝑞𝑒 =  
𝑞𝑚𝑎𝑥𝑘𝐿𝐶𝑒

1 + 𝑘𝐿𝐶𝑒
 

where, qe is the amount of adsorbate uptake at equilibrium (mg g
-1

), qmax is 

maximum adsorption capacity (mg g
-1

) of an adsorbent, KL is Langmuir constant (L 

mg
-1

), and Ce = concentration of adsorbate at equilibrium (mg L
-1

). The Langmuir 

parameters KL and qmax were calculated by curve fitting of equilibrium adsorption 

data to the non-linear form of the Langmuir equation as described above (Figure 4.8 

and 4.9). Table 4.2 shows the estimated Langmuir parameters for MB adsorption. 

The adsorption of MB onto the ZnO and Ag nanostructure follow the Langmuir 

isotherm model. 

The Freundlich isotherm is based on a multilayer adsorption of adsorbate 

onto the heterogeneous surface of the adsorbent, with each adsorption site having its 

own bond energy. The non-linear version of the Freundlich isotherm is (Siddiqui and 

Chaudhry, 2018): 

𝑞𝑒 = 𝑘𝑓𝐶𝑒

1

𝑛
 

where, kf is Freundlich adsorption constant (mg g
-1

), n is Freundlich constant 

that represents the adsorption intensity (dimension less). These parameters (kf and 

1/n) were determined by non-linear curve fitting of equilibrium experimental data to 

the Freundlich equation and graphically represented in Figures 4.10 and 4.11. The 

Freundlich constants are shown in Table 4.2. The 1/n value between 1 and 10 

indicates the favorable adsorption of MB on the ZnO and Ag nanorods. A high value 

of R
2
 indicated that the Freundlich isotherm model is also a suitable predictor like 

Langmuir model. This study showed that A. doliolum fabricated ZnO and N. 

muscorum fabricated Ag nanorods showed maximum adsorption capacity as 10.04 

mg g
-1

 and 10.10 mg g
-1

, respectively. 
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The experimental data was also subjected to a non-linear mathematical 

equation based on the Temkin isotherm model. The Temkin isotherm model's non-

linear version is written as (Chaudhry et al., 2017): 

𝑞𝑒 = 𝐵𝑙𝑛𝐴𝑇 + 𝐵𝑙𝑛𝐶𝑒 

where, AT (L g
-1

) is the binding equilibrium constant related to the binding 

energy, B (J mol
-1

) is heat adsorption constant related to the binding energy. Table 

4.2 contains the AT and B values obtained from the curve between qe (mg g
-1

) and Ce 

(mg L
-1

) (Figures 4.12 and 4.13). Constant B has a positive value, indicating that the 

photodegradation reaction is exothermic. Because the Temkin model suited the 

adsorption data well, it's also possible that the ZnO and Ag nanostructure surface is a 

heterogeneous system. 
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Table 4.2 Adsorption isotherm model parameters of the adsorption of MB on the surface of ZnO and Ag nanorods. 

Name of MNP 
Name of 

species 

Langmuir Freundlich Temkin 

qmax 

(mg g
-1

) 

KL 

(L mg
-1

) 

R
2
 

Kf 

(mg g
-1

)
 

1/n
 

R
2 

B 

(mg g
-1

) 

AT R
2
 

ZnO (100 mg L
-1

) 

A. doliolum 2849.69 0.004 0.99 10.04 1.02 0.99 35.54 1.04 0.92 

N. muscorum 3129.25 0.003 0.99 9.99 1.02 0.99 35.50 1.04 0.92 

S. dimorphus 3168..83 0.003 0.99 9.99 1.02 0.99 35.47 1.04 0.92 

Ag (100 mg L
-1

) 

A. doliolum 3107.32 0.003 0.99 9.87 1.02 0.99 34.88 1.04 0.92 

N. muscorum 1951.93 0.005 0.99 10.10 1.03 0.99 34.96 1.04 0.92 

S. dimorphus 3529.36 0.003 0.99 9.86 1.02 0.99 35.07 1.04 0.92 
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4.4 Discussion 

Increasing the pH of the dye solution enhances the rate of degradation, according to 

our findings. The surface charge characteristics of ZnO and Ag nanorods are affected 

by the pH of the dye solution. Because MB is a cationic dye, its adsorption on a 

negatively charged surface is aided by an alkaline pH (Reza et al., 2017). 

Electrostatic absorption between negatively charged surfaces and cationic dyes 

occurs on the negatively charged surfaces of nanostructures like ZnO and Ag, 

limiting adsorption on the surface. When the pH of the solution is raised by 1.6, 7.0, 

or 10, Azeez et al. (2018) found that adding TiO2 NPs enhances the degrading 

efficiency of MB by 73, 93, and 97 percent, respectively. In the presence of TiO2, 

Kiriakidou et al. (1999) observed a significant connection between the pH of the 

solution and the rate of acid orange breakdown. Chanu et al. (2019) found that the 

optimal degradation of MB dye occurs at pH 10, which degrades the dye up to 99 

percent after 2 h of irradiation with manganese doped ZnO NPs. 

The degradation rate was also shown to be affected by nanocatalyst 

concentrations. According to Wei and Wan (1991), the amount of catalyst has a 

positive and negative influence on the photodecomposition rate. The first reaction 

rates were proportional to the concentration of the catalyst, implying a heterogeneous 

regime. Increasing the catalyst concentration speeds up the breakdown of the model 

organic pollutant MB, according to our findings. Our findings are in line with 

previous research (Saquib and Muneer, 2003). Increased nanocatalyst concentration 

increases photon absorption and, as a result, the rate of degradation (Tahir et al., 

2020). Several studies, on the other hand, show that raising the catalytic loading 

increases the opacity of the solution, which reduces the reactor phenomenon and, as a 

result, the rate of photocatalytic degradation (Gogate and Pandit, 2004; Kamble et 

al., 2003). 

The degradation of MB requires solar irradiation. As a consequence, we 

investigated the impact of irradiation time on the dye's photocatalytic degradation. In 

the presence of sunlight, we found that extending the contact time between 

nanomaterials and MB enhances MB adsorption on NP surfaces (Mohamed and Abu-

Dief, 2018). Furthermore, when NPs are exposed to direct sunlight, OH
- 
develop on 

their surfaces, which can interact directly with MB (Huang et al., 2019; Liu et al., 

2019; Mahana and Mehta, 2021). MB is oxidatively reduced to colourless 
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leucomethylene blue, carbon dioxide, and H2O molecules as a result of the active 

OH° free radical.  

The photocatalytic properties of nanostructures are also influenced by dye 

concentrations. According to our findings, when the dye level rises, the depletion of 

MB reduces. This result indicates that our work is in agreement with that of others 

(Shankar et al., 2001; Siddique et al., 2014). The generation of free OH° radicals on 

the surface of nanostructures reacts with dye molecules and regulates the rate of 

degradation, according to the literature (Huang et al., 2019; Liu et al., 2019; Mahana 

and Mehta, 2021). As the dye concentration rises, more dye molecules become 

accessible for excitation and energy transfer (Avasarala et al., 2010). This might be 

because a higher dye concentration encourages the formation of numerous 

monolayers of adsorbed dye on the surface of nanocatalyst. The nanostructure 

surface is not completely covered by dye molecules during adsorption until the 

critical threshold is achieved. As a consequence, reaction rates remain consistent 

(Kiriakidou et al., 1999). However, when the dye concentration increased, the 

efficiency of degradation decreased for a variety of reasons.  

As the concentration of dye molecules rises, they are adsorbed on the catalyst 

surface, and a significant quantity of light is absorbed by the dye molecules rather 

than catalyst. As a result, light penetration to the catalyst's surface is reduced 

(Augugliaro et al., 2002; Daneshvar et al., 2003; Kiriakidou et al., 1999; Saquib and 

Muneer, 2003), and the production of OH° free radical is inhibited (Augugliaro et al., 

2002; Coral and Kitchens, 2019; Daneshvar et al., 2003; Saquib and Muneer, 2003). 

Adsorption of dye molecules on the surface of a nanocatalyst also prevents them 

from interacting with photo-induced positive holes or OH
- 
since the semiconductor is 

not in direct touch with them (Coral and Kitchens, 2019; Daneshvar et al., 2003; 

Kiriakidou et al., 1999). 

The light sources are additionally concealed by a high dye concentration (Liu 

et al., 2006; Saggioro et al., 2011; Segne et al., 2011). This reduces the distance 

travelled by photons when they enter the solution (Davis et al., 1994; Saggioro et al., 

2011). Again, as the dye's starting concentration rises, so does the amount of catalyst 

surface area required for degradation. The quantity of OH° radical (primary oxidant) 

produced on the surface of the nanocatalyst is likewise constant because the 

illumination period and catalyst amount are both constant. As a result, the quantity of 
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free radicals attacking dye molecules reduces as the amount of dye increases 

(Mengyue et al., 1995). 
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CHAPTER FIVE 

TOXICITY OF ZnO AND Ag 

NANOPARTICLES TO Anabaena 

doliolum AND Nostoc muscorum 

5.1 Introduction 

Because of their great potential in modern industrial applications, metal and metal 

oxide NPs are gaining scientific interest. NPs are released into the environment when 

nanomaterials are used in products such as air sanitizer spray, socks, pillows, 

slippers, face masks, wet wipes, detergent, soap, shampoo, sunscreens, coating, 

paints, toothpaste, air filter, refrigerator coatings, vacuum cleaners, washing 

machines, food storage containers, cellular phones, and so on (Osmond and Mccall, 

2010; Piccinno et al., 2012). Because of their higher stability than organic-based 

disinfectants or antibacterial agents, ZnO-NPs have been identified to be adaptable 

and a viable next-generation material among various metal oxide nanomaterials. The 

antibacterial properties of Ag NPs, on the other hand, are frequently used. To inhibit 

bacterial growth, Ag NPs can be used as sulfadiazine lotions on the skin of denuded 

patients. Electro conduit slurry, air purifiers, inkjet inks, and other products include 

Ag NPs (Ali et al., 2018; Deshmukh et al., 2019; Fernandes et al., 2020). Aside from 

their numerous uses, NPs' harmful characteristics are little understood. 

Nanomaterials have a negative influence on algae (Hassanpour et al., 2021; 

Janani et al., 2021), cyanobacteria (Xu et al., 2021), phytoplanktons (Broccoli et al., 

2021), fish (Kakakhel et al., 2021), and the entire aquatic food chain (Kakakhel et al., 

2021). In the presence of different abiotic stressors, freshwater cyanobacteria 

produce increased intracellular ROS, such as 
1
O2, H2O2, and OH (Gururani et al., 

2015; Sachdev et al., 2021; Verma and Prasad, 2021). Uptake of MNPs by algae, 

cyanobacteria, bacteria, plants, and others resulted in concentration-dependent ROS 

generation, causing membrane damage, reduced growth, photosynthetic pigment, as 

well as affecting various physicochemical processes, nutrient depletion, and cell 

viability (Akter et al., 2018; He et al., 2017; Hu and Palić, 2020; Iswarya et al., 

2016). Metal oxide NPs disrupt metabolic processes, cause genetic material damage, 
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and prevent DNA replication in addition to raising ROS levels (AL-Ammari et al., 

2021; Behera et al., 2019; Ren et al., 2020; Singh et al., 2020; Slavin et al., 2017). 

NPs are harmful to microalgae and cyanobacteria because of their adsorption 

on CEW functional groups and subsequent intracellular uptake (Nguyen et al., 2019). 

SOD, CAT, APX, and numerous naturally occurring antioxidant products such as 

water-soluble phycocyanin pigment, carotenoids, and phenolic substance protect the 

cell from oxidative stress in addition to antioxidant enzymes (Assunção et al., 2017; 

Ismaiel et al., 2014; Kelman et al., 2012; Kráľová and Jampílek, 2021; Mahana et al., 

2021; Zhang et al., 2010). SOD is the most powerful intracellular enzymatic 

antioxidant present in all aerobic species, out of a variety of antioxidant enzymes. It 

is the first line of defence against ROS detoxification, which converts oxygen 

radicals to H2O2 and oxygen. Several studies have been published on the protective 

role of SOD in cyanobacteria under various stresses, such as high light intensities 

(Berwal and Ram, 2018; Priya et al., 2007), desiccation (Latifi et al., 2009), chilling 

(Thomas et al., 1999), nitrogen starvation (Latifi et al., 2009), and heavy metals 

(Aftab and Ahmad, 2013; Georgiadou et al., 2018; Latifi et al., 2009).  

The CAT enzyme, like SOD, is present in all living organisms that are 

exposed to oxygen and helps to detoxify H2O2 build-up by converting it to H2O and 

O2 (He et al., 2017; Hossain et al., 2015). In contrast to CAT, APX needed an AsA 

and GLU production mechanism known as the AsA-GLU cycle, in which APX 

converts peroxides to H2O and eventually prevents the buildup of O2
-
 and H2O2 

(Hasanuzzaman et al., 2019; Tanwir et al., 2021). The sulfur-containing proteins, 

such as amino acids or thiol groups, are targeted by ROS in the cell (Douglas, 1987). 

The presence of intracellular GLU in the cell, on the other hand, is thought to be the 

most significant antioxidative enzyme for protecting against ROS. Intracellular GLU 

interacts with free radicals such as 
1
O2, H2O2, and OH

-
 to protect proteins against 

denaturation induced by the oxidation of protein thiol groups. GLU and T-SH, in 

conjunction with AsA and antioxidative enzymes, protect cells against ROS (Das and 

Roychoudhury, 2014; Rezayian et al., 2019). Plants, microbes, and animal tissue all 

contain NP-SHs (Kumar et al., 2016).  

To the best of our knowledge, there is a paucity of understanding of the 

oxidative stress caused by ZnO and Ag NPs in cyanobacteria. As a result, we 

anticipated that ZnO and Ag NPs, like other abiotic stressors, raised ROS levels and 

induced oxidative damage in the cyanobacterial cell. To test this idea, we used 
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different concentrations of ZnO and Ag NPs to evaluate the intracellular level of 

ROS and cellular antioxidant activity in the freshwater cyanobacterium A. doliolum 

and N. muscorum.  

5.2 Materials and method 

5.2.1 Organism under Investigation 

A. doliolum and N. muscorum, both freshwater cyanobacteria, were cultivated in 

Chu-10 medium. In chapter 2, the culture conditions used to cultivate cyanobacteria 

are detailed. In a nutshell, test organisms were cultivated in a climate-controlled 

culture chamber with LED tube lights (14 Watt). All tests utilised exponentially 

growing culture unless otherwise stated. Three replicates were used in each 

experiment.  

5.2.2 Treatments 

ZnO- and Ag-NP treatments were applied to exponentially growing cyanobacteria in 

a variety of experimental settings. To acquire various concentrations, a 1.0 ml stock 

solution of ZnO and Ag was added to every 10 ml of cyanobacterial culture. The 

effect of ZnO-NPs was investigated at concentrations of 50, 100, 150, 200, 250, and 

300 mg L
-1

, whereas the influence of Ag was investigated at 10, 20, 50,100,150,200 

µg L
-1

.  

5.2.3 Toxicity of Nanoparticles on Total Cell Number 

The cell number of test organisms was calculated after 96 h of NPs treatment using a 

hemocytometer. Total cells were calculated by using the formula described below; 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 (𝑚𝑙−1)

= 𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑓𝑜𝑢𝑟 𝑐ℎ𝑎𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 ℎ𝑎𝑒𝑚𝑜𝑐𝑦𝑡𝑜𝑚𝑒𝑡𝑒𝑟

× (
𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑛𝑜. 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
) × 10,000 𝑐𝑒𝑙𝑙𝑠 𝑚𝑙−1 

5.2.4 Effect of ZnO and Ag Nanoparticles on Specific 

Growth Rate 

To see the nature of growth, test organisms were treated with different ZnO and Ag 

NPs concentrations. The absorbance was recorded every day at 663 nm in a UV/ VIS 

spectrophotometer-117 (Systronics-117, India) by using a reference blank of basal 

culture medium for 10 days continuously. The specific growth rate (µd
-1

), based on 
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absorbance, was calculated for control and treated cells after 96 h, according to the 

formula described in chapter 2. 

5.2.5 Effect of ZnO and Ag Nanoparticles on Photosynthetic 

Pigments 

The effect of increasing concentrations of ZnO- and Ag-NPs on chlorophyll a and 

carotenoid was studied. The chlorophyll-a and carotenoid contents in test organisms 

were determined for 96 h of treatment with different concentrations of NPs. 

Chlorophyll a and carotenoid contents were determined as per method described in 

chapter 2. 

5.2.6 Effect of ZnO and Ag Nanoparticles on Protein 

Content 

The test organisms were treated with different concentrations of ZnO and Ag NPs for 

10 days. 10 ml cell aliquots were removed on alternate days and protein content was 

determined as method described in chapter 2. 

5.2.7 Effect of ZnO and Ag Nanoparticles on Total Lipid 

Content 

Cultures were treated with various concentrations of ZnO- and Ag-NPs. The NP 

treatment was given for 96 h. The total lipid content was estimated as described in 

chapter 2. 

5.2.8 Estimation of Carbohydrate 

The total carbohydrate content of test organisms was determined after 96 h of 

treatment with varying concentrations of ZnO- and Ag-NPs. The carbohydrate 

content of test organisms was estimated by the spectrophotometric method as 

described in chapter 2. 

5.2.9 Measurement of Photosynthetic O2 Evolution and 

Respiratory O2 Consumption  

Exponentially growing A. doliolum (O.D. = 0.059 at 663 nm) and N. muscorum 

(OD= 0.135 at 663 nm) were treated with different concentrations of ZnO and Ag 

NPs for 1 h in light and then dark incubated for 15 min before the recording of 

oxygen evolution/consumption. Followed by 15 min dark incubation, 4 ml culture 
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was added to the reaction cuvette of a Clark-type oxygen electrode. For the time-

course analysis, a single concentration of ZnO (50 mg L
-1

) and Ag (10 µg L
-1

) NPs 

were chosen. The time-course study was performed for 0, 5, 10, 15, 20, 25, and 30 

min duration. 

5.2.10 Determination of Nanoparticle-Induced Lipid 

Peroxidation 

NPs (ZnO and Ag)- induced lipid peroxidation was determined in 10 ml of test 

organisms with biomass content 0.240 mg ml
-1

 and 0.618 mg ml
-1

 for A doliolum and 

N. muscorum, respectively. The culture was treated for 96 h with different 

concentrations of ZnO (0, 50, 100, 150, 200, 250 and 300 mg L
-1

) and Ag NPs (0, 1, 

10, 20, 50, 100, 150 and 200 µg L
-1

). Culture in the growth medium without any 

treatment was used as a control. Lipid peroxidation was determined in terms of MDA 

content as per the method described in chapter 2. 

5.2.11 Estimation of Nanoparticle-Induced ROS Formation 

The level of ROS (H2O2, OH
-
), and superoxide radical (O2

-
) of the test organism was 

determined after 2 h treatment with varying concentrations of ZnO and Ag NPs. 

Culture in the growth medium without any treatment was used as a control. The 

levels of H2O2, OH
-
, and O2

-
were determined by the method described in chapter 2. 

When H2O2 is added to a colorless solution of potassium iodide (KI), the iodide ions 

(I
-
) are slowly oxidized in iodine (I2). In the presence of iodide, iodine reacts to form 

triiodide (I3
-
), resulting in a yellowish solution (Junglee et al., 2014). Therefore the 

H2O2 from the sample was quantified from the standard curve (Figure 5.10A) of 

triiodide (I3
-
) absorption. 

5.2.12 Effects of ZnO and Ag Nanoparticles on SOD, CAT, 

and APX Activities 

Activities of SOD, CAT, and APX in the test organisms treated separately with 

various concentrations of ZnO and Ag were determined. The activities of above 

antioxidant enzymes was determined after 96 h of NP treatment. Culture with Chu-

10 medium without any treatment of NPs was taken in all the experiments as a 

control. After treatment, the biomass was harvested by centrifugation and the pellets 

were suspended in cell lysis buffer [potassium phosphate buffer (pH 7.0), 1mM 

EDTA, and 1% (w/v) PVP] and subjected to sonication in ice-cold condition (4
o
C). 



 

94 

 

The sonicated sample was centrifuged, and the resulting supernatant containing 

antioxidant enzymes was used for further assay. Method employed for the 

determination of antioxidant enzymes is described in chapter 2. 

5.2.13 Effect of ZnO and Ag Nanoparticles on Non-

Enzymatic Antioxidant Compounds 

T-SH, NP-SH, reduced GLU, and AA of test organisms were estimated after 96 h 

treatment of ZnO- and Ag-NPs. Methods for the determination of above non-

enzymatic antioxidants is described in chapter 2. 

5.3 Results  

5.3.1 Nanoparticles Toxicity to Cell Number 

The impact of ZnO and Ag NPs on the cell number of A. doliolum and N. muscorum 

was measured after 96 h of treatment (Figure 5.1A, B, C, D). The findings 

demonstrate a dose-dependent toxicity in test organisms, as well as a substantial 

reduction in cell counts. When compared to control, 96 h of treatment with ZnO-NPs 

at concentrations of 50, 100, 150, 200, 250, and 300 mg L
-1

 reduced the cell number 

of A. doliolum and N. muscorum by 1.1, 1.2, 1.2, 1.7, 2.0, 2.3, 2.4-folds (Figure 

5.1A) and 1.1, 1.2, 1.2, 1.7, 2.0, and 2.3-folds (Figure 5.1B), respectively. When the 

concentration of Ag NPs was increased to 1, 10, 20, 50, 100, 150, 200 µg L
-1

, the cell 

numberof A. doliolum and N. muscorum reduced by 1.0, 1.1, 1.2, 1.7, 2.0, 2.3, 2.4-

fold (Figure 5.1C) and 1.1, 1.1, 1.3, 1.8, 2.1, 2.6, 2.6-fold (Figure 5.1D) when 

compared to control. The above findings indicated that ZnO- and Ag-NPs were 

harmful to both test species of cyanobacteria. 

5.3.2 Effect of Nanoparticles on Growth Behaviour and 

Specific Growth Rate 

In the presence of varied concentrations of ZnO- and Ag-NPs, the growth of test 

organisms was constantly observed for 10 days (Figure 5.2). The findings revealed 

that as the culture time lengthened, rising NP concentrations inhibited the growth of 

test organisms. When compared to the absorbance of culture on the day of 

inoculation, ZnO-NPs at concentrations of 0, 50, 100, 150, 200, 250, and 300 mg L
-1

 

increased the absorbance of A. doliolum and N. muscorum by 2.1, 2.0, 1.8, 1.5, 1.5, 

1.1, 1.0- (Figure 5.2A) and 2.1, 1.7, 1.0, 0.9, 0.7, 0.550, 0.4- fold, respectively 

(Figure 5.2B). When compared to absorbance on day one, the addition of Ag-NPs at 
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concentrations of 0, 1, 10, 20, 50, 100, 150, and 200 µg L
-1

 for 10 days enhanced the 

absorbance of A. doliolum culture by 10.8, 10.6, 5.4, 5.1, 4.8, 3.9, 3.4, 3.0-folds, 

respectively (Figure 5.2C). When comparing absorbance on the day of inoculation to 

absorbance after 10 days of growth, 0, 1, 10, 20, 50, 100, 150, and 200 µg L
-1

 of Ag 

treatment resulted in 6.9, 6.8, 5.8, 3.0, 2.5, 2.9, 2.8, 2.9-fold (Figure 5.2D) increase in 

absorbance of N. muscorum.  

The specific growth rate of test organisms was examined in the presence of 

ZnO- and Ag-NPs, and the results revealed that increasing NP concentrations in the 

external media lowers the specific growth rate (Figure 5.3). Figures 5.3 (A) and (B) 

show that increasing ZnO-NP concentrations to 50, 100, 150, 200, 250, and 300 mg 

L
-1

 reduces the specific growth rate of A. doliolum and N. muscorum by 14.0, 33.3, 

78.9, 100, 100, 100 % and 34.7, 70.3, 86.4, 100, 100, 100 %, respectively, when 

compared to control. 

Similarly, at concentrations of 1, 10, 20, 50, 100, 150, and 200 µg L
-1

, Ag 

NPs inhibit the specific growth rate of A. doliolum and N. muscorum by 1.7, 34.8, 

36.7, 44.2, 47.6, 49.1, 60.9 % (Figure 5.3C) and 3.3, 4.2, 39.3, 84.0, 84.5, 88.9, 

91.0% (Figure 5.3D), respectively. According to statistical analysis, increasing NP 

concentrations lowered the specific growth rate of test organisms substantially (p > 

0.05). The LC50 values for A. doliolum and N. muscorum in the presence of ZnO NPs 

were determined to be 101.0 mg L
-1

 and 85.0 mg L
-1

, respectively. The LC50 values 

for A. doliolum and N. muscorum in the presence of Ag NPs were estimated to be 

110.0 and 66.0 µg L
-1

, respectively. 

5.3.3 Effect of Nanoparticles on Photosynthetic Pigments 

Table 5.1 shows that although 96 h of treatment with 50 mg L
-1 

ZnO-NPs slightly 

increased chlorophyll-a content in A. doliolum, however, higher concentrations of 

100, 150, 200, 250, 300 mg L
-1

significantly decreased chlorophyll-a content by 1.4, 

2.2, 2.6, 3.4, 3.7-times, respectively, when compared to control. Similarly, 50, 100, 

150, 200, 250, and 300 mg L
-1 

ZnO-NPs decreased chlorophyll-a concentration in N. 

muscorum by 1.6, 1.7, 2.2, 2.3, 3.6, and 3.6-folds, respectively (Table 5.1). The 

chlorophyll-a concentration of A. doliolum remained unchanged when 1.0 µg L
-1

 of 

Ag-NP was added. Higher Ag concentrations (10, 20, 50, 100, 150, and 200 µg L
-1

) 

on the other hand, significantly decreased the chlorophyll-a content (Table 5.2). 
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The effects of ZnO on carotenoid levels in A. doliolum and N. muscorum are 

shown in Table 5.3. In A. doliolum, 96 h of treatment with ZnO-NPs at 50 and 100 

mg L
-1

 raised carotenoid content by 1.3 and 1.1 times, respectively. However, higher 

concentrations of ZnO-NPs, such as 150, 200, 250, and 300 mg L
-1

, dramatically 

reduced carotenoid levels. ZnO NPs at concentrations of 50, 100, 150, 200, 250, and 

300 mg L
-1

 decreased carotenoid content in N. muscorum by 1.4, 1.6, 1.7, 1.8, 2.0, 

and 2.1 times, respectively.  

Table 5.4 shows the impact of Ag-NPs on carotenoid production in test 

organisms. The carotenoid content of A. doliolum was not affected by 1 µg L
-1

 Ag-

NPs. High concentrations of Ag-NPs, such as 10, 20, 50, 100, 150, and 200 g L
-1

, 

reduced the carotenoid content substantially. However, an addition of 1, 10, 20, 50, 

100, 150, and 200 µg L
-1

 of Ag-NP enhances the carotenoid content of N. muscorum 

significantly.  
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Table 5.1 Chlorophyll-a content of freshwater cyanobacterium in presence of ZnO NPs. 

ZnO 

Concentration 

(mg L
-1

) 

A. doliolum N. muscorum 

0
th

 day 1
st
 day 2

nd
 day 3

rd
 day 4

th
 day 0

th
 day 1

st
 day 2

nd
 day 3

rd
 day 4

th
 day 

0 2.481± 0.003 2.562± 0.003 2.658± 0.005 3.174± 0.005 3.512± 0.005 0.354± 0.004 0.354± 0.008 0.349± 0.007 0.359± 0.007 0.385± 0.010 

50 2.481± 0.003 2.544± 0.007 2.596± 0.005 2.684± 0.004 2.672± 0.005 0.354± 0.004 0.309± 0.005 0.321± 0.004 0.306± 0.006 0.220± 0.004 

100 2.481± 0.003 2.313± 0.004 2.176± 0.004 2.217± 0.004 1.781± 0.004 0.354± 0.004 0.295± 0.006 0.268± 0.004 0.254± 0.005 0.208± 0.004 

150 2.481± 0.003 2.200± 0.004 2.051± 0.004 1.708± 0.004 1.148± 0.008 0.354± 0.004 0.287± 0.005 0.250± 0.006 0.254± 0.004 0.159± 0.006 

200 2.481± 0.003 2.094± 0.004 1.992± 0.004 1.306± 0.004 0.954± 0.004 0.354± 0.004 0.230± 0.003 0.216± 0.007 0.155± 0.004 0.152± 0.005 

250 2.481± 0.003 1.947± 0.003 1.700± 0.004 1.102± 0.007 0.733± 0.004 0.354± 0.003 0.224± 0.004 0.190± 0.007 0.152± 0.004 0.099± 0.004 

300 2.481± 0.003 1.644± 0.007 1.612± 0.004 1.047± 0.004 0.676± 0.004 0.354± 0.003 0.220± 0.004 0.179± 0.003 0.152± 0.004 0.099± 0.005 
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Table 5.2 Chlorophyll-a content of freshwater cyanobacterium in presence of Ag NPs. 

Ag 

Concentration 

(µg L
-1

) 

A. doliolum N. muscorum 

0
th

 day 1
st
 day 2

nd
 day 3

rd
 day 4

th
 day 0

th
 day 1

st
 day 2

nd
 day 3

rd
 day 4

th
 day 

0 0.119± 0.004 0.139± 0.004 0.149± 0.006 0.151± 0.004 0.153± 0.004 0.354± 0.004 0.380± 0.005 0.388± 0.003 0.392± 0.003 0.397± 0.006 

1 0.117± 0.007 0.133± 0.004 0.132± 0.007 0.129± 0.004 0.128± 0.005 0.353± 0.012 0.358± 0.006 0.362± 0.003 0.363± 0.004 0.367± 0.004 

10 0.118± 0.004 0.122± 0.003 0.112± 0.007 0.108± 0.004 0.104± 0.003 0.354± 0.007 0.352± 0.007 0.356± 0.004 0.359± 0.004 0.363± 0.007 

20 0.119± 0.004 0.104± 0.006 0.098± 0.000 0.091± 0.004 0.087± 0.004 0.353± 0.012 0.349± 0.004 0.352± 0.001 0.356± 0.003 0.360± 0.004 

50 0.117± 0.005 0.096± 0.004 0.092± 0.011 0.085± 0.004 0.079± 0.003 0.354± 0.004 0.345± 0.005 0.349± 0.004 0.350± 0.005 0.358± 0.003 

100 0.117± 0.004 0.092± 0.005 0.084± 0.006 0.073± 0.006 0.066± 0.008 0.354± 0.007 0.341± 0.008 0.345± 0.005 0.346± 0.005 0.354± 0.006 

150 0.120± 0.008 0.088± 0.008 0.077± 0.003 0.067± 0.011 0.055± 0.006 0.354± 0.004 0.337± 0.005 0.341± 0.001 0.343± 0.001 0.347± 0.004 

200 0.117± 0.003 0.077± 0.004 0.065± 0.004 0.051± 0.006 0.040± 0.004 0.354± 0.004 0.333± 0.005 0.337± 0.004 0.339± 0.004 0.343± 0.007 
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Table 5.3 Carotenoid content of freshwater cyanobacterium in presence of ZnO NPs. 

ZnO 

Concentration 

(mg L
-1

) 

A. doliolum N. muscorum 

0
th

 day 1
st
 day 2

nd
 day 3

rd
 day 4

th
 day 0

th
 day 1

st
 day 2

nd
 day 3

rd
 day 4

th
 day 

0 0.163± 0.000 0.185± 0.001 0.210± 0.002 0.213± 0.001 0.288± 0.004 0.040± 0.002 0.044± 0.001 0.045± 0.002 0.047± 0.002 0.049± 0.001 

50 0.163± 0.000 0.182± 0.001 0.180± 0.001 0.178± 0.001 0.209± 0.001 0.040± 0.001 0.040± 0.002 0.034± 0.001 0.031± 0.001 0.029± 0.001 

100 0.163± 0.000 0.171± 0.002 0.178± 0.003 0.170± 0.001 0.187± 0.002 0.040± 0.001 0.036± 0.001 0.031± 0.001 0.028± 0.001 0.025± 0.003 

150 0.163± 0.000 0.170± 0.001 0.149± 0.002 0.117± 0.001 0.105± 0.002 0.040± 0.000 0.032± 0.002 0.028± 0.002 0.028± 0.002 0.024± 0.002 

200 0.163± 0.000 0.142± 0.018 0.128± 0.001 0.089± 0.001 0.052± 0.002 0.040± 0.001 0.027± 0.002 0.024± 0.004 0.023± 0.002 0.022± 0.001 

250 0.163± 0.000 0.141± 0.001 0.118± 0.001 0.064± 0.001 0.044± 0.001 0.040± 0.000 0.025± 0.003 0.020± 0.002 0.021± 0.001 0.020± 0.003 

300 0.163± 0.000 0.141± 0.001 0.114± 0.001 0.051± 0.001 0.043± 0.000 0.040± 0.001 0.024± 0.001 0.018± 0.002 0.018± 0.001 0.019± 0.001 
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Table 5.4 Carotenoid content of freshwater cyanobacterium in presence of Ag NPs. 

Ag 

Concentration 

(µg L
-1

) 

A. doliolum N. muscorum 

0
th

 day 1
st
 day 2

nd
 day 3

rd
 day 4

th
 day 0

th
 day 1

st
 day 2

nd
 day 3

rd
 day 4

th
 day 

0 0.009± 0.001 0.010± 0.001 0.011± 0.001 0.011± 0.001 0.012± 0.001 0.040± 0.002 0.041± 0.002 0.041± 0.001 0.042± 0.001 0.042± 0.001 

1 0.009± 0.000 0.010± 0.001 0.010± 0.001 0.009± 0.001 0.009± 0.001 0.040± 0.001 0.041± 0.001 0.041± 0.002 0.041± 0.002 0.042± 0.002 

10 0.009± 0.001 0.008± 0.000 0.008± 0.000 0.006± 0.001 0.006± 0.000 0.040± 0.001 0.041± 0.001 0.041± 0.002 0.041± 0.002 0.041± 0.001 

20 0.009± 0.001 0.008± 0.001 0.007± 0.001 0.005± 0.001 0.005± 0.001 0.040± 0.002 0.041± 0.002 0.041± 0.001 0.041± 0.001 0.041± 0.001 

50 0.009± 0.001 0.007± 0.000 0.006± 0.000 0.004± 0.000 0.004± 0.001 0.040± 0.001 0.040± 0.001 0.041± 0.001 0.041± 0.002 0.041± 0.002 

100 0.009± 0.000 0.006± 0.000 0.005± 0.000 0.003± 0.001 0.003± 0.001 0.040± 0.001 0.040± 0.001 0.040± 0.002 0.041± 0.002 0.041± 0.001 

150 0.009± 0.001 0.005± 0.001 0.004± 0.001 0.002± 0.001 0.002± 0.001 0.040± 0.002 0.040± 0.002 0.040± 0.001 0.041± 0.001 0.041± 0.001 

200 0.009± 0.001 0.005± 0.001 0.003± 0.000 0.001± 0.001 0.001± 0.001 0.040± 0.001 0.040± 0.001 0.040± 0.001 0.040± 0.002 0.041± 0.002 
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5.3.4 Effect of ZnO and Ag Nanoparticles on Total Protein 

Content 

Figure 5.4 depicts the influence of ZnO- and Ag-NPs on total protein content of the 

test organism throughout the course of a 10-day experiment. The protein content of 

test organisms steadily rose with increasing treatment duration at each evaluated NP 

dose, according to our data. However, at greater NP concentrations, the total protein 

level dropped dramatically. When compared to control, the protein content of A. 

doliolum and N. muscorum reduced by 98.0 % and 99.0 % after 10 days of treatment 

with 300 mg L
-1 

ZnO. The same toxicity trend was seen in Ag-NPs as it was in ZnO. 

The total protein level in A. doliolum and N. muscorum was reduced by 96.0 and 

82.0%, respectively, after 10 days of treatment with 200 µg L
-1

 Ag-NP. 

5.3.5 Effect of ZnO and Ag Nanoparticles on the Rate of 

Oxygen Evolution and Consumption 

The time-course investigation of photosynthetic oxygen evolution and respiratory 

oxygen consumption in test organisms exposed to ZnO (mg L
-1

) or Ag (10 µg L
-1

) is 

shown in Figure 5.5. Photosynthetic oxygen evolution was shown to decrease 

dramatically with increasing duration (0 to 30 min) after NP treatment in both 

species. The oxygen evolution in the test organisms was totally halted after 30 min of 

exposure to ZnO (50 mg L
-1

) or Ag (10 g L
-1

). Furthermore, it was shown that, in 

parallel with decreased oxygen evolution, the rate of oxygen intake in both species 

rose as treatment duration increased.  

Another series of research examined the impact of increasing ZnO- and Ag-

NP concentrations on subsequent rate of oxygen evolution and oxygen consumption 

in the test organisms. The rising concentrations of NPs in the external medium 

continued to lower the rate of oxygen evolution and raise the rate of oxygen 

consumption in the test organisms, comparable to the impact of increasing time as 

stated previously (Figure 5.6). The highest tested concentration of ZnO (300 mg L
-1

) 

reduced the rate of oxygen evolution by 84.0 % in A. doliolum and 90.0 % in N. 

muscorum (Figure 5.6A and Figure 5.6B). Figures 5.6 C and 5.6 D demonstrate the 

effects of increasing Ag-NP concentrations on the rate of photosynthetic oxygen 

evolution and respiratory oxygen consumption in A. doliolum and N. muscorum, 

respectively.  
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5.3.6 Effect of ZnO and Ag Nanoparticles on Total Lipid 

Content 

The lipid content of the test organism was estimated after 96 h of NP treatment and 

results in term of per mg protein is shown in Figure 5.7. In the presence of NPs, the 

lipid content of both test cyanobacteria considerably decreased in a dose-dependent 

manner. At highest tested concentration (300 mg L
-1

) of ZnO-NPs in external 

medium lead to 83.0 and 81.0% decrease in total lipid contents in A. doliolum 

(Figure 5.7A) and N. muscorum (Figure 5.7B), respectively when compared with 

control. Similarly, the highest tested concentration (200 µg L
-1

) of Ag-NP decreased 

the total lipid content in A. doliolum (Figure 5.7B) and N. muscorum by 72.0% and 

73.0 %, respectively. 

5.3.7 Effect of ZnO and Ag Nanoparticles on Total 

Carbohydrate Content 

Figure 5.8 shows the results of different studies measuring the carbohydrate content 

of test organisms treated with varying concentrations of ZnO- and Ag-NPs. The 

results indicated that 96-h NP treatments significantly reduce carbohydrate content in 

a dose-dependent manner. In A. doliolum and N. muscorum, 300 mg L
-1 

ZnO reduced 

total carbohydrate content by 95.0 and 98.0 %, respectively (Figure 5.8A and 5.8B). 

Similarly, 200 g L
-1

 Ag-NPs reduced carbohydrate content by 96.0 % in A. doliolum 

and 95.0 % in N. muscorum (Figure 5.8C and Figure 5.8D).  

5.3.8 Nanoparticle-Induced Lipid Peroxidation 

The NP-induced lipid peroxidation in the test organisms was calculated using the 

MDA level. There was no substantial increase in lipid peroxidation in both test 

organisms up to 200 mg L
-1 

ZnO. However, concentrations of ZnO-NPs more than 

200 mg L
-1

 dramatically enhanced lipid peroxidation (Figure 5.9A and Figure 5.9B). 

A maximum of 2-fold increase in lipid peroxidation was found at the highest tested 

concentration (300 mg L
-1

) of ZnO-NP. In A. doliolum, the lipid peroxidation 

mediated by Ag NPs followed a similar trend (Figure 5.9C). Remarkably, even at the 

highest tested concentration of Ag NPs, MDA levels in Ag-treated N. muscorum held 

steady (Figure 5.9D). 
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5.3.9 ZnO and Ag Nanoparticle Induced Reactive Oxygen 

Species (ROS)  

After ZnO and Ag NP treatments, the amounts of H2O2, OH
-
, and O2

-
 in the test 

organism were assessed. The results showed that increasing NP concentrations 

significantly raised H2O2 levels (p < 0.05) (Figure 5.10). The magnitude of the rise in 

H2O2 was proportional to the concentration of ZnO in the external medium; greater 

concentrations of ZnO in the external medium - higher magnitudes of H2O2 in both 

species. The 300 mg L
-1 

ZnO treatment increased H2O2 levels by 1.9 and 2.3 times in 

A. doliolum and N. muscorum, respectively (Figure 5.10B and Figure 5.10C). Both 

species showed a similar trend in H2O2 levels in relation to Ag treatment. 

In terms of 2, 3 dHBA, the amount of hydroxyl (OH) radicals released owing 

to the presence of ZnO and Ag NPs was measured. Figure 5.12 depicts the 2, 3 

dHBA standard curve for the measurement of the OH
-
radical. ZnO and Ag exposure 

significantly increased the quantity of OH
-
 in test organisms, according to the 

findings (Figure 5.12A, B, C, D). Furthermore, the increase in the OH
-
 radical was 

concentration-dependent. In both species treated with 300 mg L
-1

 with ZnO-NP, the 

level of OH
-
 increased by more than 12-folds. In A. doliolum and N. muscorum, 

treatment with 200 g L
-1

 Ag-NP resulted in a 9- and 11-folds rise in OH
-
, 

respectively.  

Figure 5.13 depicts the influence of NPs on the cellular concentration of O2
-
. 

The results showed that O2
-
 buildup was induced in both species by ZnO- and Ag-

NPs. With increasing concentrations of ZnO- and Ag-NPs in the external media, the 

amount of O2
-
 rose. In A. doliolum and N. muscorum, 300 mg L

-1 
ZnO treatment 

increased O2
-
 levels by 12- and 11-fold, respectively (Figure 5.13A and Figure 

5.13B). In A. doliolum and N. muscorum, a 200 µg L
-1

 treatment of Ag-NPs raised 

superoxide levels by 11- and 21.5-times, respectively (Figure 5.13C and Figure 

5.13D).  

5.3.10 Effect of ZnO and Ag Nanoparticles on Antioxidant 

Enzymes and Compounds 

In response to ZnO- and Ag-NP stress, the activities of SOD, CAT, and APX in test 

organisms were assessed. ZnO-NPs significantly enhanced SOD activity in both 

species (Figure 5.14A and Figure 5.14B), but Ag-NPs raised SOD activity only in A. 
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doliolum (Figure 5.14C) and remained unaffected in N. muscorum (Figure 5.14D). In 

both species treated with 300 mg L
-1 

ZnO, SOD activity increased by 3-folds. In A. 

doliolum, 200 g L
-1

 of Ag-NPs enhanced SOD activity by 3.3- times. In both test 

species, NP exposure resulted in an increase in CAT activity (Figure 5.15). However, 

in comparison to N. muscorum, the modulation of CAT activity was more apparent in 

A. doliolum. The 42.6-fold increase in CAT activity was observed in A. doliolum 

while N. muscorum showed only 1.5 fold increase in CAT activity in response to 

ZnO-NP treatment (300 mg L
-1

). In A. doliolum and N. muscorum, treatment with 

Ag-NPs (200 g L
-1

) enhanced CAT activity by 8.0 and 1.3- times, respectively. APX 

activity increased significantly as NP concentrations in the external media increased, 

similar to the results found for CAT activity (Figures 5.16 B, C, D, E). Furthermore, 

as compared to N. muscorum, A. doliolum demonstrated greater APX activity in all 

treatments.  

Figure 5.17 depicts the effect of different ZnO- and Ag-NP concentrations on 

the amount of reduced GLU in A. doliolum and N. muscorum. The findings revealed 

that increasing the quantities of ZnO (0-300 mg L
-1

) and Ag NPs (0-200 g L
-1

) in 

both species gradually increased the cellular level of reduced GLU. In A. doliolum 

and N. muscorum treated with ZnO-NP, reduced GLU increased by 2.3-fold (300 mg 

L
-1

). A maximum of 1.7-fold increase in reduced GLU was reported in Ag-NP 

treated test organisms. The T-SH content of test organisms also increased following 

treatment with various doses of NPs, similar to the pattern observed for the reduced 

GLU (Figures 5.18 B, C, D, E). NP-SH was also observed to increase when NP 

concentrations in the external media increased (Figures 5.19 B, C, D, E). Further, 

with increasing concentration of ZnO and Ag NPs, the amount of AA in both species 

rose (Figures 5.20 B, C, D, E). 

5.4 Discussion 

The toxicity of NPs in the aquatic environment is connected to ion release (Navarro 

et al., 2008, 2015). According to numerous publications, metal oxide NPs like ZnO 

are virtually soluble in water and agglomerate due to the strong polarity of water, 

resulting in deposition. When exposed to high temperatures, however, it dissociates 

into Zn
2+

 ions (Haueter et al., 1999). MNPs, such as Ag, may easily dissolve in water 

and release Ag
+
 ions during the oxidation process (Zhong, 2013). NPs cause a wide 

spectrum of reactions in aquatic organisms. 
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Increased NP concentrations showed dose-dependent toxicity to cell number 

and reduced the growth of test organisms in the current investigation, which is 

consistent with prior findings (Aravantinou et al., 2017; Saxena and Harish, 2019; 

Schiavo et al., 2016). Aravantinou et al. (2017) reported that the presence of ZnO 

NPs at a concentration of ≤ 8.1 mg L
-1

 sustain microalgae Scenedesmus rubescens up 

to the 16
th

 day then gradually decline the cell numbers. Whereas 25 days of treatment 

of ZnO-NPs at a concentration of 0.081 and 0.81 mg L
-1

 increased cell number by 

233 and 235 × 10
4
 cells ml

-1
 and the absence of NPs increased cell number by 368 × 

10
4
 cells ml

-1
 after 22 days of inoculation (Aravantinou et al., 2017). Saxena and 

Harish, (2019) also reported that the nano-form of ZnO is more toxic (IC50 = 0.255 

mg L
-1

) to the freshwater microalgae Coelastrella terrestris than its bulk form (IC50 

= 0.455 mg L
-1

). According to Saxena and Harish, (2019), growth of Coelastrella 

terrestris was reduced to 27% under bulk and a 54% in presence of nano-form at 1 

mg L
-1

 of ZnO treatment level compared with control. Similar to the above studies, 

Navarro et al. (2008) also reported that the toxicity of Ag NPs in freshwater alga C. 

reinhardtii is appeared to be much higher than AgNO3 when compared as a function 

of the Ag
+
 concentration. Ivask et al. (2014) reported that the 72 h treatment of Ag-

NPs to algae P. subcapitata depends upon its size and resulted that the treatment of 

Ag-NPs with size 10, 20, 40, 60, and 80 nm increased EC50 values as 0.002 ± 0.0009, 

0.005 ± 0.0037, 0.007 ± 0.0022, 0.009 ± 0.0044, 0.010 ± 0.0027 respectively. 

According to the findings presented above, metal and metal oxide NPs can inhibit the 

growth of test organisms. Similar to the growth, the pigments like chlorophyll-a and 

carotenoid content of test organisms were also found sensitive in the present study. 

Djearamane et al. (2018) found a substantial reduction in total chlorophyll and 

carotenoid content in S. platensis after 96 h of exposure to various concentrations of 

ZnO-NPs, which is similar to the current findings. Similarly, following 25 days of 

treatment with ZnO-NPs, Saxena and Harish (2019) discovered a reduction in 

chlorophyll and carotenoid concentration in the freshwater microalgae Coelastrella 

terrestris. Aravantinou et al. (2017) recently observed a ZnO-induced decrease in 

chlorophyll-a concentration in S. rubescens.  

It has been hypothesised that the magnitude of pigment content decrease in 

microalgae and cyanobacteria is influenced by NP characteristics (Kulacki and 

Cardinale, 2012). NPs have been found to cause a number of alterations in the CEM, 

all of which result in significant changes in membrane integrity and permeability 
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(Malina et al., 2019). NPs may cause cellular damage ranging from structural to 

physiological once they penetrate the cell. MNPs have been found to bind to 

different organelles within cells, including CHs and MI (Buzea et al., 2007; Meli et 

al., 2016; Zhou et al., 2016). Another significant criterion for determining the 

toxicity of a variety of environmental contaminants is protein. While several research 

have been published on the effects of heavy metals on protein content in algae and 

cyanobacteria (Aravantinou et al., 2017; Arunakumara and Zhang, 2008; Mehta and 

Gaur, 1999; Saxena and Harish, 2019; Shivaji and Dronamaraju, 2019), there are few 

publications on the effects of MNPs on protein content in algae and cyanobacteria (G 

et al., 2017; Huang et al., 2016; L et al., 2017; Lone et al., 2013). We discovered a 

substantial reduction in protein content in test organisms owing to MNPs in this 

study. In line with our findings, Saxena and Harish, (2019) found that long-term 

treatment of freshwater microalgae Coelastrella terrestris with ZnO-NPs at a 

concentration of 0.1 mg L
-1

 decreased protein content by 25% compared to control.  

Apart from preliminary findings on the detrimental effects of MNP on 

cyanobacterial cell protein content, the mechanisms underlying the lower protein 

content remain unknown. According to published studies, the primary mechanisms 

driving MNP toxicity include (1) CEM rupture, (2) production of ROS, (3) CEM 

penetration, and (4) induction of intracellular harmful effects involving DNA and 

protein. All of these processes may occur at the same time. The toxic effect of NPs 

on protein content may be due to their DIS and release of ions, leading to adsorption 

with protein molecules. According to Horie et al. (2009), ZnO NPs have a high 

adsorption capacity with proteins. As a result, different algae and cyanobacteria grow 

at a slower rate. In the present study we observed that rising concentrations of ZnO- 

and Ag-NPs in the external medium lowered the rate of oxygen evolution and raise 

the rate of oxygen consumption in the test organisms. In this work, we found that 

increasing the levels of ZnO- and Ag-NPs in the external media hindered the rate of 

oxygen evolution and increased respiratory oxygen consumption in the test 

organisms. Similar to our findings, Li et al. (2020) found that exposing alga S. 

obliquus to TiO2-NPs of diameters 50 and 10 nm for 72 h reduced photosynthetic 

oxygen evolution by 55 and 66 percent, respectively. Rodea-Palomares et al. (2012) 

also found that in Anabaena sp. photosynthetic oxygen evolution is reduced by 7.1 

percent after 72 h of exposure to nanoceria at a concentration greater than 1 mg L
-1

.  
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We don't know exactly what causes the photosynthetic process to fail at any 

step, or whether it happens suddenly or after extended exposure to NPs and other 

stressors. NPs have different roles in photosynthesis in different animals or plants, 

and roles also differ from plant to plant at the species level. Lower photosynthesis 

caused by MNPs is thought to be caused by (1) reduced pigment content, (2) reduced 

PS II activity, (3) damage to D1 and D2 proteins, and (4) damage to the water 

splitting complex.  

In the present study, we have observed a concentration dependent decrease in 

total lipid content associated with NP exposure. In this work, we discovered that NP 

treatment resulted in a concentration-dependent reduction in total lipid content. 

Shanab et al. (2019) found a reduction in lipid content of microalga C. vulgaris (0.11 

± 0.018 g L
-1

d
-1

) and Dictyochloropsis splendida (0.11 ± 0.016 g L
-1

d
-1

) in response 

to 50 mg L
-1

 of Ag NP, which is similar to our findings. Further, Aravantinou et al. 

(2017) found that a 21-day exposure to ZnO NPs (0.81 mg L
-1

) reduced lipid content 

by 1.9-fold in the green alga S. rubescens. Published research showed that decrease 

in lipid content is intense with prolonged exposure as well as at higher levels of NPs 

in the external medium (Aravantinou et al., 2017; He et al., 2017). He et al. (2017), 

on the other hand, found that following exposure to lower levels of CNTs, Fe2O3 and 

MgO NPs, the lipid content of microalgae S. obliquus rose. The methods by which 

NPs cause cyanobacteria to increase or decrease their lipid content are unknown. The 

reduced lipid content following exposure to ZnO- and Ag-NPs can be connected to 

an elevated amount of ROS and consequent enhanced lipid peroxidation magnitude, 

as shown in this work (Aravantinou et al., 2017; He et al., 2017). 

The effect of ZnO and Ag NPs on the total carbohydrate content of the test 

organisms was also investigated in this study. The results showed that 96-h NP 

treatments reduced carbohydrate content considerably in a dose-dependent manner. 

Similar findings have been reported in other studies (Abdul Razack et al., 2016; 

Shanab et al., 2019). For example, Romero et al. (2020) found that exposing C. 

vulgaris to Ag NPs at modest concentrations (90 g L
-1

) lowers carbohydrate content 

by 31%. In contrast to our findings, algal cells treated with a higher concentration 

were found to have a greater carbohydrate content (Romero et al., 2020). The 

mechanism of carbohydrate content regulation in cyanobacteria subjected to various 

types of NPs is mainly unclear; nevertheless, the function of ROS in decreased 

carbohydrate content in NP-treated algal cells has been suggested (Mohamed, 2008). 
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Lower concentrations of ZnO- and Ag-NPs had no influence on lipid 

peroxidation in this investigation, while greater concentrations of the aforementioned 

NPs in the external medium significantly enhanced lipid peroxidation as assessed by 

MDA content. Saxena and Harish (2019) found that increasing ZnO-NPs up to 1 mg 

L
-1

 for 25 days enhanced lipid peroxidation in freshwater microalgae Coelastrella 

terrestris by 4.5-fold when compared to control. Metzler et al. (2012) found that a 

96-h treatment with SiO2 (500 mg L
-1

), Al2O3 (1000 mg L
-1

), and TiO2 (600 mg L
-1

) 

NPs increased the MDA content of the unicellular green alga P. subcapitata by 3.2, 

2.8, and 2.7 times, respectively. 

Lipid peroxidation is primarily caused by an increase in ROS and a 

breakdown in the cells' antioxidative mechanisms (Mehta and Gaur, 1999). As a 

result, the influence of ZnO- and Ag-NPs on the cellular level of different ROS in the 

test organisms was investigated. Our results showed that the level of O2
-
 increased by 

about 12-folds in the ZnO- and Ag-NP treated test organisms. This increase in 

cellular concentration of O2
- 
can increase Mehler reaction activity at the PS I and 

results into a decreased photosynthetic activity (Li et al., 2020). However, this result 

differed with that of Li et al. (2015), who found a negligible change in O2
-
 levels in 

response to TiO2-NPs. 

The current study found that increasing NP concentrations increased H2O2 

levels substantially. The magnitude of the increase in H2O2 was related to the 

concentration of ZnO in the external medium: higher ZnO concentrations in the 

external medium resulted in larger H2O2 concentrations in both species. In agreement 

with present finding, Li et al. (2015) have also found about 4.1-folds increased 

cellular concentrations of H2O2 in algae Skeletonema costatum treated with 30 mg L
-

1
 of TiO2 NP. NPs enhance the concentration of all three main ROS species in 

cyanobacteria, according to the current study. Costa et al. (2016) have also 

demonstrated that chromium oxide (III) NPs (Cr2O3-NPs) at various concentrations 

increase ROS levels in green alga C. reinhardtii. Antioxidant enzymes such as SOD, 

CAT, and APX play an essential role in the scavenging of ROS, thus we focused on 

their sensitivity to NP treatment in the test organisms. In both test organisms, we 

observed a 3-fold increase in SOD activity following exposure to ZnO NPs. Saxena 

and Harish (2019) found that ZnO NPs enhanced SOD activity in the microalga 

Coelastrella terrestris, which is similar to our findings. According to the findings of 

this investigation, CAT activity in A. doliolum and N. muscorum treated with ZnO 



 

109 

 

and Ag increased considerably. APX is an H2O2-scavenging enzyme that is required 

to protect cell components against H2O2 and OH
- 
damage. APX activity in both test 

cyanobacteria increased with increasing concentrations of ZnO and Ag in the 

external medium, similar to SOD and CAT. Similar to present study, Melegari et al. 

(2013) observed a significant increase in APX activity in algae C. reinhardtii with 

increasing CuO NP concentrations and reported that the APX activity was increased 

by 136% compared with control, when exposed to 10 mg L
-1 

of CuO NPs. 

Non-enzymatic antioxidant substances (reduced GLU, T-SH, NP-SH, and 

AA) were also examined in response to the ZnO- and Ag-NP treatments in this study. 

Reduced GLU serves as a free radical scavenger, a defence against oxidising 

compounds and toxic ions, and a foundation for reduced GLU stress signalling 

(Blokhina and Fagerstedt, 2010; Peña-Llopis et al., 2001). Although there are 

different opinions on the susceptibility of reduced GLU to nanoparticle exposure, our 

findings revealed an elevated amount of reduced GLU pool in A. doliolum and N. 

muscorum treated with ZnO and Ag. However, Suman et al. (2015) discovered that 

ZnO-NPs had an inhibitory impact on the intracellular pool of reduced GLU. At the 

same time, Khan et al. (2012) showed that Au-NPs stimulated the amount of cellular 

reduced GLU in an animal model. It's worth noting that an increase in reduced GLU 

levels can activate various antioxidant enzymes that protect organisms from 

oxidative damage (Al-Rashed et al., 2016; Sharma et al., 2012). We also noticed that 

after being exposed to ZnO and Ag NPs, the T-SH concentration of test organisms 

increased. From the results, it may be deduced that NP treatment increases 

cyanobacterial sulphur assimilation (Schützendübel et al., 2001). Several acid-

soluble sulfhydryl components, such as cysteine, GLU, and PCs (De Vos et al., 

1989), are found in these thiol-based complexing compounds and play an important 

role in the scavenging of harmful metal ions. AA is a natural antioxidant that protects 

cells from ROS and promotes photosynthesis by stabilising the photosynthetic 

machinery and therefore increasing photochemical efficiency. In the current study, 

we noticed that test organisms exposed to ZnO and Ag had higher levels of AA. 

According to the findings of this study, cyanobacteria are well prepared with 

antioxidant enzymes and other substances to cope with the harmful effects of NPs, 

despite the fact that ZnO and Ag produced considerable toxicity. In the present study 

we measured the level of reduced GLU, T-SH, NP-SH, AA and found a significant 

increase due to ZnO- and Ag-NPs. 
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CHAPTER SIX 

GENERAL DISCUSSION  

6.1 General discussion 

NPs' unique properties, such as high surface to volume ratio, size, shape, structure, 

reactivity, toughness, and physiochemical (such as colour, solubility, strength, 

magnetic, optical, photocatalytic, thermodynamic, etc.) as well as biomedical (such 

as antibacterial, antifungal, anticancer, antidiabetic, etc.) properties, ushered in a new 

era in nanotechnology, with many new developments (Gupta et al., 2016; Singh et 

al., 2017). The growing use of NPs has piqued researchers' interest in developing 

more efficient, cost-effective, and environmentally friendly synthesis processes. 

Naikoo et al. (2021) shown in their review study that biological NP production is a 

more dependable approach than physical and chemical techniques. Several research 

papers on the biological production of MNPs utilising algal and cyanobacterial 

extracts have been published in recent years (El-Sheekh et al., 2021; Gopu et al., 

2021; Li et al., 2021; Ramakrishna et al., 2016). 

We used a biological approach to manufacture ZnO and Ag NPs with sizes 

ranging from 14.67 to 87.22 nm using an aqueous extract of freshwater microalgae 

and cyanobacteria (A. doliolum, N. muscorum and S. dimorphus) through the 

ultrasonic-assisted method. It is well known that in biological methods NPs can be 

synthesized by different methods such as heating, microwave, and ultrasonic method. 

Among these methods, the ultrasonication process offers an efficient and cost-

effective method and greatly reduces the required time for NPs synthesis, and 

eliminates the use of toxic chemicals and reagents from the synthesis route. 

However, microwave and heating methods are time-consuming and uncontrolled 

(Hoz et al., 2011). Among different biological organisms, algae and cyanobacteria 

were selected in the present study for the synthesis of NPs because they are natural 

and can accumulate and reduce metal ions due to the presence of a variety of 

bioactive compounds and enzymes which make them a superior contender for the 

biosynthesis of NPs and therefore they are also called as bio-nano factories (Hamida 

et al., 2020; Mukherjee et al., 2021). A. doliolum and N. muscorum was selected 

based on its vigorous growth in rice fields of Northeast India, high growth rate, and 

demanding simple inorganic nutrients, CO2, and sunlight whereas microalgae S. 
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dimorphus was selected because it is ubiquitous in the aquatic environment, fast-

growing, and easy to cultivate in inorganic media. 

Several other researchers have reported the biological technique for ZnO and 

Ag-NP production utilising aqueous extracts of algae and cyanobacteria, which is 

similar to the current findings (Chugh et al., 2021; Li et al., 2021; Mahana et al., 

2020; Moraes et al., 2021). Mukherjee et al. (2021) found that the presence of active 

compounds such as carbohydrates, vitamins, nutrients, oil, fats, polyunsaturated fatty 

acids, bioactive compounds such as antioxidants (polyphenols and tocopherols), and 

pigments such as carotenoids (carotene and xanthophyll) at various levels acts as a 

reducing and stabilising agent in the synthesis of NPs. Other studies have found that 

the presence of protein and other biomolecules in the aqueous extract works as a 

stabilising and reducing agent, as well as a shape control modifier, in the biological 

production of NPs (Hamouda et al., 2019; Iravani et al., 2014). However, a 

fundamental disadvantage of biological synthesis is that the chemical compositions 

of biological organisms vary around the globe, resulting in different outcomes in 

each lab (Naikoo et al., 2021). As a result, the unique biomolecule involved in the 

synthesis process of NPs should be researched independently and targeted to obtain 

equivalent outcomes elsewhere. In this work, we used FTIR to show that chemicals 

with functional groups (e.g. aromatic compounds, primary or secondary amines, 

carboxylic acid, polyphenols) present in the extract of cyanobacteria participate in 

the reduction of Zn
2+

 and Ag
+
 into ZnO- and Ag-NPs. Crystallite shape and size of 

ZnO and Ag NPs were characterized by XRD analysis which indicates the formation 

of nanocrystal with a size less than 100 nm. The surface elemental composition of 

NPs was characterized by XPS analysis and the presence of Zn and Ag was 

identified through the presence of different elements like Zn2p1/2, Zn2p3/2, O1s, 

ZnLMM, Zn3s, Zn3p, Zn3d and O1s, N1s, Ag3d, C1s, Ag4s, Ag 4p1/2 respectively. 

Finally, the SEM technique was used to confirm the synthesis of rod-shaped NPs. 

Because of their eco-friendly and cost-effective nature, NPs' photocatalytic 

capabilities have seen exponential increase in the last decade for addressing organic, 

inorganic, heavy metal, and microbial pollution. According to Tahir et al. (2020), 

NP-mediated photocatalysis creates hydrogen gas depending on the kind of 

photocatalyst used, and is an emerging and efficient technology in the current 

scenario.  
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We have shown that ZnO- and Ag-NPs are highly effective in removing and 

reducing the frequently used organic dye MB in this study. We also discovered that 

the photocatalytic degradation of the dye MB, which is mediated by ZnO- and Ag-

NPs, is influenced by a number of variables. The degradation of organic dye under 

natural solar irradiation was impacted by the pH of a solution, the length of NP 

interaction, the concentration of organic dye, and NP concentrations. According to 

our findings, an alkaline media improves the effectiveness of MB photodegradation 

catalysed by ZnO- and Ag-NPs. Tahir et al. (2020), in a research similar to ours, 

found that the photocatalytic activity of the catalyst rises between pH 5 and 10, with 

the highest degradation efficiency at pH 10 (alkaline medium). Because the OH
-
 is 

formed at a high pH, it interacts with organic pollutants and eventually degrades 

them (Gupta et al., 2020; Mahana and Mehta, 2021). Similarly, alkaline pH-mediated 

photocatalysis enhancement has been observed by a number of other studies 

(Mahana and Mehta, 2021; Naresh et al., 2018). The photocatalytic process 

comprises four fundamental steps: (1) dye molecule adsorption on the surface of the 

nanocatalyst, (2) electron-hole pair formation, (3) electron pair recombination, and 

(4) chemical reaction (Gnanaprakasam et al., 2015; Naresh et al., 2018). Adsorption 

is the most important process among several others, including the formation of 

electron-hole (e
-
- h

+
) pairs on photoexcitation and the development of ROS, followed 

by oxidative dye degradation under the influence of ROS (Naresh et al., 2018). As a 

result, the photocatalytic effectiveness of ZnO- and Ag-NPs produced from algae and 

cyanobacteria showed their potential for the cost-effective treatment of dye-

contaminated wastewater when exposed to natural sunshine. NPs enter the 

environment through three basic pathways as a result of increasing natural and 

anthropogenic activities: (1) release during the production of raw materials and nano-

enabled products, (2) release during use, and (3) release after disposal of NP-

containing products (waste handling), causing an adverse effect in the natural system 

(Bundschuh et al., 2018; Tolaymat et al., 2017). 

Researchers have been paying more attention to study and analyze the 

impacts of NPs on aquatic and terrestrial systems during the last decade. MNPs are 

harmful to all groups of species, according to studies; nevertheless, organisms' 

tolerance to NPs varies. Bondarenko et al. (2013), for example, shown in their review 

that the harmful impact of NPs is dependent on the species. In the current study, the 

toxicity of ZnO and Ag NPs was demonstrated by a decrease in growth, cell counts, 
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pigment, protein, lipid, carbohydrate, and increased ROS generation, as well as 

increased lipid peroxidation (MDA). Several additional investigations have 

confirmed our results of NP-mediated toxicity in algae and cyanobacteria 

(Aravantinou et al., 2017; Dewez and Oukarroum, 2012; Djearamane et al., 2018; Li 

et al., 2015; Saxena and Harish, 2019). According to Chen et al. (2019), NP-

mediated toxicity in algae is highly dependent on the kind and concentration of the 

particles, with the generation of oxidative stress leading the process. 

We discovered that oxidative stress is the primary source of ZnO and Ag NP 

toxicity in the cyanobacteria A. doliolum and N. muscorum, as mentioned above. The 

leaking of electrons from the electron transport chain to oxygen produces superoxide 

radicals in oxygen-consuming cells. In the current work, A. doliolum and N. 

muscorum treated to varied concentrations of NPs exhibited a significant increase in 

O2
-
 production. Due to the presence of nanometal, another highly reactive free 

radical, the OH
-
, is generated from O2

-
 and H2O2 (Maurya, 2014). Under the MNP 

stress, we discovered that increasing NP concentrations resulted in a rise in cellular 

ROS levels (H2O2, OH
-
, and O2

-
), which might impair the function of ROS-

scavenging systems such as antioxidant enzymes. Costa et al. (2016) found that the 

presence of chromium oxide (III) NPs (Cr2O3-NPs) enhanced ROS levels in the alga 

C. reinhardtii in a dose-dependent manner, which was similar to our findings. 

Cyanobacteria, like other organisms, have a diverse network of enzymatic and non-

enzymatic defensive mechanisms. Many studies have shown that NPs can generate 

and promote ROS, which in turn raises the activity of antioxidant enzymes as a 

defensive system (Ahamed et al., 2010; Akter et al., 2018; Chahardoli et al., 2020; 

Saxena and Harish, 2019). In the presence of ZnO- and Ag-NP treatment, the 

enzymes SOD, CAT, and APX were shown to be activated. In order to reduce 

oxidative stress in cyanobacterial cells, antioxidant enzyme activity should be 

increased. The conversion of O2
-
 into H2O2 and O2 molecules occurs when SOD 

activity is increased. In the presence of NP stress, we found a rise in CAT and APX 

activity, similar to SOD activity. Increased CAT and APX activity catalyses the 

breakdown of H2O2 into molecular oxygen and water, which helps to maintain 

cellular H2O2 levels (Jiang et al., 2014). Antioxidant enzymes (SOD and CAT) 

activity was enhanced in Coelastrella terrestris and Drosophila melanogaster, 

respectively, under ZnO and Ag NP stress, according to Saxena and Harish (2019) 

and Ahamed et al. (2010) findings. In the shoot and root of plant Nigella arvensis L. 
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treated with NiO NPs, Chahardoli et al. (2020) reported a concentration-dependent 

increase in APX activity. 

The cellular contents of non-enzymatic substances (reduced GLU, T-SH, NP-

SH, and AA) were elevated during NP stress, similar to enzymatic antioxidative 

actions. Reduced GLU is widely known for scavenging free radicals and protecting 

various biomolecules by creating adducts (glutathiolate) or reducing them and 

producing glutathione disulfide (GSSG) as a by-product (Das and Roychoudhury, 

2014). However, we discovered an increase in reduced GLU levels in the current 

study, which implies a low number of free radicals generated, which are scavenged 

by enzymes present in the cell, rather than a loss in GLU pool. Khan et al. (2012) 

observed a rise in reduced GLU levels in adult male Wistar-Kyoto rats under Au NP 

stress, which is consistent with our findings. T-SH is required for the scavenging of 

free radicals. H2O2 produced in cells as a result of superoxide radical dismutase can 

be further degraded into H2O and O2 either by the CAT or T-SH (Ulrich and Jakob, 

2019). Under NP stress, we found an increase in T-SH and NP-SH levels in the 

current research. Due to NP stress, this increase in thiol content might be caused by 

improved sulphate assimilation (Schützendübel et al., 2001). Furthermore, the 

increased NP-SH concentration suggests cytoplasmic detoxifying mechanisms that 

lower oxidative stress further (Toppi and Gabbrielli, 1999). AA is another primary 

antioxidant compound observed in this study that can help in the reduction of ROS 

directly and indirectly via APX in the AsA-GLU cycle (Wheeler et al., 1998). In the 

present investigation, we have observed an increase in the AA and reduced GLU 

level which indicate that the antioxidant defense system of A. doliolum and N. 

muscorum was activated by the treatment of ZnO- and Ag-NPs, which resulted in an 

accumulation of the ROS-scavenging metabolites to cope with enhanced generation 

of ROS (Liu et al., 2020). 

 We synthesized ZnO- and Ag-NPs with algae and cyanobacteria in this 

study. We established that the manufactured particles were extremely appropriate 

and cost efficient catalysts for the degradation of organic dyes using various 

analytical instruments and methodologies. As a limitation of this study, in this work 

the use of synthesized NPs to treat natural wastewater containing organic dyes was 

not considered. Furthermore, we found that ZnO and Ag have significant toxicity in 

cyanobacteria, implying that disposing of metallic nanomaterials in the aquatic 

environment is not safe. It is recommended that suitable technologies be developed 
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to treat nanomaterials prior to their disposal in the natural environment. In addition, 

we've shown that cyanobacteria are well-suited to NP tolerance. Further research will 

be conducted to determine how MNPs are taken up by the cyanobacterial cell, which 

is enclosed by a membrane that is entirely impermeable to NP. This study also 

suggests that researchers look at the behaviour of MNPs in the real world, since this 

has a big impact on NP aggregation, metal ion release from aggregate DIS, and so 

on. 

6.2 Conclusion 

In the present study, we synthesized ZnO and Ag NPs utilizing freshwater 

cyanobacteria and microalgae to degrade the model organic pollutant MB. In 

addition to the synthesis and photocatalytic properties of ZnO and Ag NPs, we also 

assessed their toxic effects on A. doliolum and N. muscorum. Based on the findings 

of the present study, the following conclusions have been drawn: 

1. The 8:16 h light and dark cycle for 30 days with constant pH (7.5 ± 0.2 for 

cyanobacterial species and 6.8 ± 0.2 for microalgal species) significantly 

enhances the growth, pigment, and protein content of freshwater algae and 

cyanobacteria in the Chu-10 medium. 

2. The biological synthesis of ZnO and Ag NPs depends upon bioactive 

molecules present in the aqueous extract and the parent metal concentration. 

The presence of bioactive molecules plays an active role in the reduction of 

precursor solution, whereas the parent metal concentration affects the 

disruption of ZnO and Ag NPs. But, a slight variation in the synthesis 

pathway through experimental conditions may result in significant variations 

in the shape and size of NPs. 

3. UV-VIS characterization technique indicated that the ZnO NP shows a strong 

absorption peak between 356 and 374 nm, whereas Ag NPs display between 

410 and 458 nm. Furthermore, the bandgap energy of synthesized ZnO NPs 

ranged from 2.98 to 3.26 eV, whereas the bandgap energy of Ag NPs ranged 

from 2.36 to 3.63 eV.  

4. FTIR analysis of synthesized NPs indicated that the presence of various 

functional groups such as aromatic compounds, primary and secondary 

amines, carboxylic acids, polyphenols, etc., helps in the process of their 

reduction and stabilization. 
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5. XRD characterization study indicated that synthesized ZnO nanocrystals are 

hexagonal in structure, with crystallite size between 21.79 nm to 27.56 nm. In 

contrast, Ag nanocrystals are cubical in structure, with crystallite sizes 

between 30.35 nm to 81.73 nm. 

6. Based on the XPS analysis of synthesized NPs, we conclude that the 

difference in binding energy can be attributed to two key reasons; (1) the 

chemical environment interaction with the surface atom (the composition of 

the 5 nm top thickness of the surface) and (2) the variation with texture 

coefficients with morphology. 

7. SEM characterization study indicated that the algae and cyanobacteria help in 

the synthesis of ZnO nanorods with diameters between 36.573 ± 2.003 nm to 

87.22 ± 5.103 nm and Ag nanorods with diameters in the range between 

50.14 ± 2.97 nm to 61.28 ± 4.54 nm. 

8. The study on photocatalytic properties of synthesized NPs suggested that the 

process is influenced by the pH of a solution, the length of NP interaction, the 

concentration of organic dye, and NP concentrations. The time-course study 

indicated that the ZnO and Ag nanorods mediated MB followed both the 

pseudo-first-order and pseudo-second-order kinetic models. Therefore, it can 

be tentatively concluded that the removal of MB involves two processes; (i) 

the light-independent sorption of positively charged MB on the negatively 

charged surface of ZnO and Ag nanomaterials; and (ii) oxidative degradation 

of MB on the surface of nanomaterials using the photon energy of sunlight. 

9. The degradation of MB under sunlight irradiation can be concluded with four 

fundamental steps: (1) dye molecule adsorption on the surface of the 

nanocatalyst, (2) electron-hole pair formation, (3) electron pair 

recombination, and (4) chemical reaction. 

10. In the toxicity study, we can conclude that the presence of NPs decreases 

growth, cell counts, pigment, protein, lipid, and carbohydrate, increases ROS 

generation, and increases lipid peroxidation (MDA) in A. doliolum and N. 

muscorum. Oxidative stress is the primary source of ZnO and Ag NP-

mediated toxicity. On the other hand, it can also be concluded that the 

cyanobacteria are well prepared with antioxidant enzymes and other 

substances to cope with the harmful effects of NPs, even though ZnO and Ag 

produce considerable toxicity. 
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11. The present study can provide a new scope on the application of algae-based 

ZnO and Ag NPs in the industry or biomedical field or can be packed 

together for its versatile applications. 
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SUMMARY 

The wide applications of NPs increase our interest in working on biological synthesis 

NPs. Among various synthesis processes, like physical and chemical methods, the 

biological synthesis of NP is considered a safe, environmentally friendly, and cost-

effective approach. In the biological synthesis process, various biological agents like 

plants, algae, fungi, and bacteria can be used, but among different biological organisms, 

algae and cyanobacteria act as the superior contenders due to their capability to 

accumulate and reduce metal ions. This accumulation or reduction of a metal ion is due 

to the presence of various bioactive compounds and enzymes in its cell. Therefore, in the 

present study, we have synthesized ZnO-and Ag-NPs utilizing aqueous extract of 

cyanobacteria A. doliolum, N. muscorum, and microalga S. dimorphus and characterized 

them through various advanced techniques like UV-VIS spectroscopy, FTIR, XRD, 

SEM, and XPS analysis.  

The UV-VIS characterization technique indicated the synthesis of ZnO-NPs, 

which show a strong absorption peak between 356 and 374 nm with bandgap energy 

from 2.98 to 3.26 eV, whereas Ag NPs display between 410 and 458 nm with bandgap 

energy from 2.36 to 3.63 eV. FTIR characterization techniques indicated the presence of 

major functional groups such as aromatic compounds, primary or secondary amines, 

carboxylic acid, polyphenols in the aqueous extract of microalgae and cyanobacteria 

participates in the reduction of Zn
2+

 and Ag
+
 into ZnO- and Ag-NPs. XRD analysis 

revealed that the crystal structure of ZnO-NPs was hexagonal, whereas Ag was cubical 

in structure. The lattice parameter analysis indicated that the electrons of ZnO-NPs are 

tightly bound with the atom compared with Ag-NPs. Thus, low energy is required to 

remove electrons from Ag-NPs, which indicates a decrease in band gap energy.  

Calculation of crystallite size of NPs using Scherer’s equation indicated that the 

crystallite size of ZnO-NPs synthesized from aqueous extract of A. doliolum, N. 

muscorum, and S. dimorphus was between 21.79 nm to 27.56 nm, whereas Ag-NPs were 

in between 30.35 nm to 81.73 nm respectively. The surface elemental composition of 

NPs was characterized by XPS techniques and the result showed that the biosynthesized 

ZnO-NPs showed characteristic peaks of Zn2p1/2, Zn2p3/2, O1s, ZnLMM, Zn3s, Zn3p, 
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Zn3d at binding energy in between 8 to 1043 eV. The presence of a high amount of 

ZnLMM confirmed that the surface of ZnO-NPs is tightly bound with Zn and O atoms. 

Similarly, the Ag-NPs synthesized from aqueous extract of A. doliolum, N. 

muscorum and S. dimorphus showed characteristic peaks in between 61 to 532 eV in a 

sequence of C1s > O1s > Ag4s > N1s > Ag3d, C1s > O1s >Ag 4p1/2 > N1s >Ag3d and 

C1s > O1s > N1s > Ag3d respectively. The higher amount of C1s indicated that the 

surface of Ag-NPs is loosely bound. SEM characterization technique was used to 

visualize the morphology of synthesized NPs and observed that it is a rod in shape with 

diameter ranges from 36.573 ± 2.003 to 87.22 ± 5.103 nm for ZnO NPs and 50.14 ± 2.97 

to 61.28 ± 4.54 nm for Ag-NPs. This variation in shape and diameter of NPs may 

depend upon the pathway of synthesis as well as the polarity and electrostatic attraction 

of NPs. 

In addition to synthesizing NPs, we also examined their efficiency on the 

degradation of MB, a model organic pollutant. This NPs mediated degradation of MB 

indicated that the process is influenced by pH of a solution, length of nanorod 

interaction, the concentration of organic dye, and nanorod concentrations under direct 

sunlight irradiation. Study on the pH of solution indicated that the increasing pH of a 

solution gradually increases in the removal of MB. At pH 10, the ZnO nanorods 

synthesized from aqueous extract of A. doliolum, N. muscorum, and S. 

dimorphus showed a maximum removal of MB as 95.7 ± 0.03%, 95.7 ± 0.04%, 95.7 ± 

0.1% respectively, whereas Ag nanorods synthesized from above-mentioned species 

removed MB by 94.30 ± 0.1%, 94.33 ± 0.04%, 94.74 ± 0.03% respectively. Increased 

concentrations of nanorods also resulted in increased removal of MB may be due to 

increased adsorption surfaces. At 100 mg L
-1

 of ZnO nanorods synthesized from above 

mentioned species removed MB by 95.74 ± 0.03%, 95.66 ± 0.04%, 95.66 ± 0.04%, 

whereas Ag nanorods at concentrations of 200 mg L
-1

 removed by 96.7 ± 0.03%, 99.84 

± 0.03%, 99.92 ± 0.04% respectively. MB concentration is also another important factor 

that indicates that the percent removal of MB dropped as the concentration of dye 

increased and the efficiency of ZnO nanorods produced using extracts of A. doliolum, N. 

muscorum, and S. dimorphus in catalyzing the elimination of MB caused by solar 

radiation was quite comparable, whereas Ag nanorods synthesized using extract of S. 
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dimorphus demonstrated higher catalytic performance in photocatalytic removal of MB 

compared with A. doliolum and N. muscorum. The kinetic study on degradation of MB 

indicated that the sunlight-driven elimination of MB catalyzed by ZnO and Ag nanorods 

followed both the pseudo-first-order and pseudo-second-order kinetic models. 

Therefore, it can be tentatively concluded that the removal of MB involves two 

processes (i) the light-independent sorption of positively charged MB on the negatively 

charged surface of ZnO and Ag nanorods and (ii) oxidative degradation of MB on the 

surface of nanorods using a photon energy of sunlight. 

Apart from evaluating the biological synthesis and photocatalytic properties of 

NP, we also assessed the toxicity of ZnO- and Ag-NPs in A. doliolum and N. muscorum, 

as well as their defense mechanisms. This toxicity of ZnO- and Ag-NPs was 

demonstrated by a decrease in growth, cell counts, pigment, protein, lipid, carbohydrate, 

and increased ROS generation, as well as increased lipid peroxidation (MDA) of A. 

doliolum and N. muscorum. The LC50 for A. doliolum and N. muscorum in the presence 

of ZnO NPs were determined to be 101.0 mg L
-1

 and 85.0 mg L
-1

; whereas 110.0 and 

66.0 µg L
-1

 in presence of Ag-NPs respectively. To evaluate the antioxidant mechanism 

of A. doliolum and N. muscorum in presence of ZnO- and Ag-NPs, we investigated 

enzymatic antioxidants like SOD, CAT, APX, and non-enzymatic antioxidant 

compounds like reduced GLU, T-SH, NP-SH, AA after 96 h of treatment. This study 

indicated that ZnO-NPs significantly enhanced SOD activity, and at 300 mg L
-1

 of ZnO, 

the SOD activity increased by 3-folds in both organisms, but Ag-NPs raised SOD 

activity only in A. doliolum and remained unaffected in N. muscorum. In the case of 

CAT activity, the result suggests that the NP exposure increased CAT activity. However, 

compared to N. muscorum, the modulation of CAT activity was more apparent in A. 

doliolum. APX activity increased significantly as NP concentrations in the external 

media increased, similar to the results found for CAT activity. Furthermore, as compared 

to N. muscorum, A. doliolum demonstrated greater APX activity in all treatments. In the 

case of non-enzymatic antioxidant compounds, the increasing quantities of ZnO (0-300 

mg L
-1

) and Ag (0-200 µg L
-1

) NPs in both species gradually increased the cellular level 

of reduced GLU. In A. doliolum and N. muscorum treated with ZnO-NP increased 

reduced GLU level by 2.3-fold (300 mg L
-1

). A maximum of 1.7-fold increase in 
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reduced GLU was reported in Ag-NP treated test organisms. The T-SH content of test 

organisms also increased following treatment with various doses of NPs, similar to the 

pattern observed for reduced GLU. NP-SH was also observed to increase when NP 

concentrations in the external media increased. Further, with the increasing 

concentration of ZnO and Ag-NPs, the amount of AA in both species rose. This 

increasing multicomponent antioxidant defense system indicated that the test organism 

can overcome oxidative stress generated by the NPs. 
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Sunlight-driven photocatalytic degradation of methylene blue using ZnO 
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A B S T R A C T   

Zinc oxide nanowires (NWs) were prepared by the ultrasonication-assisted biological method using an aqueous 
extract of cyanobacterium Anabaena doliolum. The peculiar properties of prepared NWs were investigated with 
UV-VIS spectrophotometry, X-ray diffraction (XRD), scanning electron microscopy (SEM) and FT-IR spectros-
copy. Further, the ZnO NWs were evaluated for the kinetics of adsorption and sunlight-driven photocatalytic 
degradation of methylene blue (MB). Ultrasonication of reaction mixture considerably trimmed-down the time 
inevitably required for the synthesis and minimized the formation of particle clusters. Synthesized material 
displayed loosely aggregated and anisotropic NWs with a hexagonal crystalline structure matching with 
corundum phase of ZnO. The prepared ZnO NWs showed 3.20 eV bandgap energy and crystal size as 27.71 nm 
and 14.20 nm as determined by the Schere method and Williamson-Hall method, respectively. A complete 
(100%) photocatalytic degradation of MB (10 mg L1) was achieved in 72 h under sunlight irradiation without 
external source of UV irradiation. The adsorption on prepared ZnO NWs and subsequent photocatalytic degra-
dation of MB followed the pseudo-first-order rate kinetics. The prepared ZnO NWs could find application in the 
removal of organic dyes from polluted water bodies under natural sunlight without the requirement of an 
external source of UV radiation.   

1. Introduction 

Synthetic dyes are widely used in textiles, leather, pharmaceuticals, 
printing inks, colour photography, food, cosmetics, plastic, and paper 
industries. Although these industries are significantly contributing to the 
economy of developing nations, simultaneously they are causing envi-
ronmental pollution by discharging large volume of untreated or 
partially treated effluents into natural water frequently used for irriga-
tion or drinking [1]. Worldwide production of numerous industrial dyes 
is nearly 9.9 million tons per year [2]. According to a report, 2.8 � 105 

tons of synthetic dyes are disposed of towards the textile industry 
annually worldwide [3]. The large-scale production of synthetic dyes 
can result in considerable environmental pollution and health risk. The 
azo dyes and their cleavage products like aromatic amines are muta-
genic, carcinogenic and genotoxic [4,5]. Because of increasing demand, 

it is extremely required to develop economical and effective remediation 
technologies to deal with dyes wastes. Traditional treatment processes 
like flocculation, precipitation, adsorption, membrane filtration, and 
electrodialysis are primarily focussed on the removal of colour, lowering 
of biological oxygen demand, oxygen level, and primary productivity, 
although azo dyes after microbial degradation form toxic chemicals like 
aromatic amines. Further, physicochemical remediation methods of dye 
wastewaters experience disadvantages like high cost, low efficiency, 
interference by other species of pollutants and generation of toxic slurry. 
Biological methods of the removal of dyes from the wastewater offer 
several advantages [6]. 

Currently advanced oxidation processes (AOPs) of the degradation of 
a vast range of organic and inorganic pollutants have gained consider-
able attention [7]. The AOPs like ozonation, peroxidation, catalytic 
peroxidation, wet air oxidation, hydrogen peroxide-ozone-UV systems, 
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Fenton reactions systems, semiconductor-based photocatalysis, 
microwave-enhanced process, sonolysis, and sonophotocatalysis have 
been the object of various studies in the last two decades [8–10]. Pho-
tocatalysis process based on metallic nanoparticles (MT-NPs) is 
considered as a ‘green chemistry method’ of the remediation of dyes and 
other organic pollutants [11]. Some studies have examined the photo-
catalytic potential of MT-NPs in the degradation of organic dyes and 
other pollutants [12,13]. However, most of the photocatalytic studies 
have been carried out using UV- lamps rather than solar light and thus 
could not be considered as a fully green process. The lamp-driven pho-
tocatalysis process mostly needs expensive cylindrical photobioreactors 
hindering the application of photocatalysis processes in destroying the 
pollutants after their discharge in natural water bodies. A potential so-
lution to lamp-driven photocatalysis could involve sunlight-driven 
photocatalysis as a cost-effective and green method of degradation of 
pollutants. 

The photocatalytic efficiency of MT-NPs is primarily attributed to the 
crystal structure, crystal size, and form and method of preparation. 
Numerous methods of the synthesis of MT-NPs exist; the most conven-
tional beings are solution-based methods, precipitation, sol-gel, hydro-
thermal, electro deposition, and actinic reduction [14–17]. In a recent 
study UV laser was used to synthesize gold nanoparticles (NPs) on 
optically transparent substrate [18]. However, it has widely been 
established that commonly used physical and chemical methods of NPs 
synthesis are unsafe, hazardous, lengthy and not the cost-effective [19, 
20]. Semiconductors like ZnO have received considerable attention due 
to their ability to degrade synthetic organic dyes completely into the 
water, carbon dioxide and other non-toxic compounds [21]. Due to high 
specific surface area, favourable chemical interaction with pollutant and 
intense photocatalytic activity, the ZnO NWs have immense promises as 
photocatalysis for the degradation of organic pollutants [22]. After 
absorbing UV-radiation, the ZnO NPs creates energized electron that can 
participate in the formation of free radicals leading to degradation of 
organics [23]. Apart from an extensive application in photocatalytic 
degradation of organic and inorganic pollutants, metal oxide NPs 
possess antifungal, antibacterial and insecticidal activities [24–26]. 

There have been several attempts to synthesize MT-NPs intracellu-
larly or extracellularly using whole cells of bacteria, algae, nitrogen- 
fixing and non-nitrogen fixing cyanobacteria, and fungi [27,28]. How-
ever, the retrieval of adhered NPs from the complex cell surface of an 
intact cell or NPs formed in side cell presents a challenge which demands 
a better approach like use of cell extract in the synthesis process. To our 
knowledge, this is the first occasion where extract of nitrogen-fixing 
A. doliolum has been employed in an ultrasonication-assisted synthesis 
of ZnO NW. A. doliolum was selected based on its vigorous growth in rice 
fields of Northeast India, high growth rate, and demanding simple 
inorganic nutrients, CO2 and sunlight. The prime object of this work was 
to investigate sunlight-driven photocatalysis of MB, as a model organic 
dye pollutant, using ZnO NWs. A secondary objective of this study was to 
evaluate the potential of ultrasonication process in the biological syn-
thesis of ZnO NWs using extract of cyanobacterium A. doliolum. The 
potential application of A. doliolum-fabricated ZnO NWs in the photo-
catalytic degradation of MB under the sunlight was furthermore a novel 
approach. 

2. Materials and methods 

2.1. Materials 

Zinc chloride (ZnCl2.2H2O) was purchased from Himedia, India and 
polyvinyl pyrrolidone (PVP) and NaOH were purchased from Merck, 
India. The cyanobacterium A. doliolum, isolated from rice fields of 
Mizoram, India and deposited at Mizoram University culture collection 
(no. MZUCC/17/019), was selected as the test organism and was grown 
axenically in 250-ml Erlenmeyer flasks containing autoclaved Chu-10 
medium (pH 7.5 � 0.1) [29] without any added nitrogen source. The 

culture was grown in an air-conditioned culture room under 10 h light: 
14 h dark cycles. The culture was hand-shaken thrice daily at regular 
time intervals to avoid cell adherence on the wall of flasks. 

2.2. Preparation of extract 

The biomass was collected through centrifugation (2000 g, 10 min) 
and washed thrice with sterilized MilliQ water. The 0.5 g (fresh weight) 
biomass was re-suspended in 100 ml of MilliQ water followed by heating 
at 80 �C on top of a hot plate. After cool, the suspension was filtered 
using 0.45 μm Whatman’s filter paper and the resulting extract was kept 
at 4 �C for further usage. 

2.3. Synthesis of zinc oxide nanowires 

ZnO NWs were synthesized by the biological method using zinc 
chloride (ZnCl2.2H2O) and aqueous extract of A. doliolum by the 
following three methods: 

2.3.1. Heating method 
The 10 ml of 0.05 M of ZnCl2.2H2O in a 50-ml conical flask was 

heated at 40 �C for the 15 min with continuous stirring. The 10 ml each 
of the 1% PVP and extract was added to the ZnCl2.2H2O solution fol-
lowed by heating at 40 �C for 75 min. The pH of the mixture was 
maintained at 10.5 � 0.2 using 2.0 M NaOH and heated for another 2 h 
at 40 �C. The generation of white deposits presented the completion of 
the synthesis. Following the decanting of supernatant, the precipitates 
were dried in a hot-air oven at 80 �C until a steady weight was achieved. 

2.3.2. Microwave-assisted synthesis 
The 10 ml of 0.05 M of ZnCl2.2H2O was heated at 110 �C for 20 s in a 

microwave (IFB 20 L solo microwave oven, 20PM1S). After adding the 
10 ml each of the 1% of PVP and extract, the reaction mixture was 
subjected to another cycle of microwave exposure (20 s). Thereafter, pH 
was maintained at 10.5 � 0.2 using 2.0 M NaOH and exposed to mi-
crowave heating for another 20 s. The white colour deposit was trans-
ferred into a glass Petri plate and kept in a microwave at 110 �C until a 
steady weight. 

2.3.3. The ultrasonication-assisted synthesis 
The 0.05 M of ZnCl2.2H2O was ultrasonicated for 8 min by 

employing an ultrasonicator (LABSONIC-P, Sartorius, Germany). Ul-
trasonic waves were emitted from a titanium horn (Ø3mm, 100 mm 
long) which was directly immersed in the solution. The working fre-
quency of the ultrasonic wave was 24 kHzs and ultrasonication ampli-
tude was set in the range of 40–70% of the power. Following the 
ultrasonication step, the 10 ml of PVP (1% w/v) and 10 ml aqueous 
extract of A. doliolum were added. Following another step of ultra-
sonication of 8 min, pH was adjusted at 10.5 using 2.0 M NaOH. Once 
again the solution was ultrasonicated for another 3 min at 70% ampli-
tude. After decanting supernatant, the white colour precipitate was 
driedup until the steady weight was obtained. 

2.4. UV-VIS-NIR spectroscopy and determination of bandgap energy 

ZnO NWs prepared by the above three methods were characterized 
by UV-VIS spectrophotometer (Hitachi, U4100L). The 10 mg of ZnO 
nanopowder was dispersed in 10 ml of Milli-Q water, and wavelength 
scan was performed for the 200–500 nm. The bandgap energy (Eg) in eV 
was calculated by using “Tauc” equation [30]: 

ðαhvÞn¼ A
�
hv � Eg

�
(1)  

where, A, α and n denote the optical constant, absorption coefficient and 
an index, respectively. We have taken n ¼ 2 for direct bandgap material. 
The photon energy Eg was calculated by the following equation [31]: 
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Eg¼
1240

λ
(2)  

where, λ is the wavelength of the incident photon. The term ðαhvÞn was 
estimated employing the following expression [32]: 

ðαhvÞn¼ð2:303 � A� hvÞn (3) 

The bandgap (eV) was determined by extrapolating the linear 
portion of the curve to the zero absorbance after plotting the Eg (eV) on 
the x-axis and (αhν) 2 on the y-axis. 

2.5. FT-IR spectroscopy 

FT-IR spectrum (4000-400 cm� 1) of the ZnO NWs prepared by the 
ultrasonic process was recorded using infrared spectrophotometer 
(IRAffinity-1S WL, Shimadzu). The 0.1 mg of dry ZnO nanopowder was 
used directly without dilution with KBr powder. The functional groups 
and vibrations present in various peaks were identified based on avail-
able published literature [33,34]. 

2.6. X-ray diffraction (XRD) 

The XRD study of dried ZnO NWs synthesized by the ultrasonication 
method was performed using an X-ray powder diffractometer (Phillips 
X’Pert Pro) at 1.542512 A� wavelength in 2θ range of 10�–80�. The 
generated XRD pattern was compared and indexed with MATCH data-
base (MATCH No. 96-230-0451, http://www.crystalimpact.com/ 
match/). 

2.7. SEM imaging 

The morphological features of ZnO NW prepared by ultrasonication- 
assisted biological synthesis were investigated with a scanning electron 
microscope (SEM) JEOL-JSM-6360. Sample for SEM characterization 
was prepared by fixing NWs on a sample holder using double-sided 
carbon conductive tape. The gold coating of the sample was produced 
by vapour deposition in a sputter. The size distribution of the NWs was 
determined by utilizing Image J software (Version 1.52p). Gaussian 
distribution method was applied to compute the average size of ZnO 
NWs. 

2.8. Kinetics of photodegradation of methylene blue 

The MB was purchased from Himedia, India, and used without 
further purification. For the study of photocatalysis kinetics, prepared 
ZnO NWs were added to the 250 ml of 10 mg L� 1 MB solution to produce 
a final concentration of ZnO NWs as 0, 5, 10, 20, 50 and 100 mg L� 1. The 
photodegradation study was performed in a 500-mL Erlenmeyer flask. 
The flask containing reaction mixture was placed in sunlight and 
continuously stirred on a reciprocating shaker (Spinix, Tarson). During 
four days of photodegradation experiment, flasks were exposed to sun-
light every day for 5 h (10.00 a.m.–3.00 p.m.). Before irradiation 
treatment, the samples were sonicated for 2 min using an ultrasonicator 
(Labsonic-P, Sartorius, Germany). The 10 ml of aliquots were withdrawn 
at different time intervals followed by subsequent centrifugation at 
2000 rpm for 10 min. The concentration of MB was determined using 
UV-VIS spectrophotometer (Hitachi, U4100L). The absorption readings 
were transformed to the concentrations (mg L� 1) of MB using a standard 
calibration curve. The time-course data were fitted to pseudo-first-order 
and pseudo-second-order rate kinetic models. 

3. Results and discussion 

The commonly used methods of MT-NPs preparation are time- 
consuming, expensive and involve toxic reagents [19,35,36]. Previous 
studies have shown that green routes of synthesis of MT-NPs using 

Fig. 1. UV visible spectra and corresponding Tauc plots of ZnO NWs prepared 
by using the aqueous extract of A. doliolum by the three methods: (a) heating (b) 
microwave-assisted, (c) ultrasonication method. 
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plants, animals, microbes etc., offer advantages of enhanced biocom-
patibility, biosafety and controlled particle size [37]. The goal of present 
work was to prepare ZnO NWs through ‘green chemistry method’ by 
utilizing the aqueous extract of cyanobacterium A. doliolum. Markedly, 
we have compared the efficacy of ultrasonication method with popular 
heating and microwave methods. 

3.1. Optical bandgap of prepared ZnO nanowires 

The bandgap energy of ZnO NWs prepared by heating, microwave- 
assisted and ultrasonic-assisted method was analyzed. Absorption 
spectra and respective “Tauc plots” are shown in Fig. 1 and the bandgap 
energy (Eg) determined from “Tauc plots” is given in Table 1. Fabricated 

ZnO NW showed characteristic absorption in wavelength range of 
368–370 nm. A recent work by Ishwarya et al. [25] used aqueous extract 
of Ulva lactuca seaweed to synthesize ZnO NPs with characteristic ab-
sorption at the wavelength 325 nm. The heating method compared to 
ultrasonication- and microwave-assisted methods requires longer reac-
tion time while the microwave-assisted synthesis was fastest among all 
three methods. The bandgap energy of ZnO particles prepared by the 
microwave method was lowest. The ZnO NWs synthesized by ultrasonic 
method showed a sharp absorption peak at 368 nm with a bandgap 
energy of 3.30 eV, which agrees thoroughly over the previous study 
[38]. Although heating method resulted in ZnO NWs with larger 
bandgap energy, the reaction time of particle synthesis was remarkably 
longer (2 h). Because of higher bandgap energy and shorter reaction 
time (3 min), the ultrasonic method seems a more convenient and effi-
cient method of ZnO NW synthesis. Considering the prior results, the 
ZnO NWs prepared by the ultrasonic process were further characterized 
using XRD, FT-IR and SEM. 

3.2. Role of ultrasonication in ZnO nanowire synthesis: control over the 
particle agglomeration 

The varying degree of agglomerations of NPs during as well as after 
completion of synthesis process presents a challenge and is mostly 
credited to the surface characteristics of NPs, charge on particle, and the 
strength of van der Waals forces. Ultrasonication has been demonstrated 
as an effective method of deagglomeration and achieving uniform 
dispersion [39]. The optimization of ultrasonication energy and time is 
highly essential for an effective deagglomeration of NPs [40]. Further, it 
is reported that among the different sonication techniques, probe soni-
cation is a preferred method of dispersion and deagglomeration [41]. 
Therefore, in the present work, we employed the direct probe sonication 
process after optimization of pulse amplitude (A) (Fig. 2a) and ultra-
sonication time (Fig. 2b) at the room temperature. The ZnO NWs having 
largest band gap energy were obtained at amplitude set at 70% of power 
and ultrasonication time of 3 min at the operating frequency of 24 kHz. 

3.3. FT-IR spectroscopy of ZnO nanowires 

Studies have shown that cell extract of cyanobacteria possess a broad 
range of phytochemicals like mycosporine-like amino acid (MAA), 
polyphenols, phycobiliproteins, 2,4,4-trimethyl-1-hexene, n-hex-
adecanoic acid, 1,2-benzenedicarboxylic acid, phytol, etc. [42,43]. 
These phytochemicals along with some oxidoreductases may facilitate 
synthesis of MT-NPs and function as stabilizing agents. The FT-IR study 
was carried out to detect functional groups present in the extract of 

Table 1 
Bandgap energy and reaction time of ZnO NWs prepared by the heating, mi-
crowave and ultrasonic methods.  

Methods of ZnO NWs synthesis Reaction period Peak Band gap energy 

Heat-assisted synthesis 2 h 368 nm 3.54 eV 
Microwave-assisted synthesis 10 s 370 nm 2.63 eV 
Ultrasonic-assisted synthesis 3 min 368 nm 3.30 eV  

Fig. 2. The effect of amplitude (A) (a) and reaction time (b) on bandgap energy 
(eV) of ZnO NWs prepared by ultrasonic synthesis. The values are mean of three 
replicates. Vertical bars represent � SD. 

Fig. 3. The FT-IR spectrum of ZnO NWs prepared by the ultrasonic process 
using an aqueous extract of A. doliolum. 
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A. doliolum that played a role in the reduction of Zn2þ to Zn (0) and/or 
stabilization of ZnO. The FT-IR spectrum of ZnO NWs revealed the peaks 
at 3393, 2359, 1651, 1545, 1439, 773, 412 cm� 1 (Fig. 3). The corre-
sponding functional groups and vibration types are given in Table 2. 
Presence of a very wide peak at wave number 3393 cm� 1 suggested the 
key role of polyphenols in the reduction of zinc ion. Besides the reduc-
tion of Zn ions, polyphenols and other phytochemicals act as stabilizing 
agents. Because, Zn in ZnO is in the same oxidation state as in the Zn2þ, 
the net recovery of the ionic form of Zn seems negligible. With this 
hypothesis, the synthesis of ZnO NWs may be attributed to the formation 
of Zn (OH) 2 and subsequent dehydration resulting in the formation of 
ZnO. The previous study has also shown the diversity of functional 
groups in the extract of cyanobacteria [44]. 

3.4. XRD characterization of ZnO nanowires 

The XRD pattern of ZnO NWs in the range of 2θ ¼ 10�–80� (Fig. 4) 
showed eight major peaks indexed by hexagonal corundum phase of 
ZnO (MATCH No. 96-230-0451). The XRD pattern showed that syn-
thesized nanostructure is a crystalline phase. The broadening of the 
peaks in the XRD pattern virtually indicates that small nanocrystals were 

present in the samples. The good crystallinity of ZnO was evident by the 
sharp diffraction peaks. The major peaks identified are summarized in 
Table 3. 

The lattice parameter d (space between planes of Miller indices h, k 
and l) was calculated using Bragg’s law [45], 

nλ¼ 2dSinθ (4)  

where, n is 1, λ ¼ X-ray wavelength (1.542512 A�). 
For hexagonal ZnO nanocrystal, the lattice constants a and c were 

determined using the following equation [46], 

1
d2¼

4
3

�
h2 þ hk þ k2

a2

�

þ
l2

c2 (5) 

According to the first order of thermodynamics, n ¼ 1; 

Sin2θ¼
λ2

4a2

�
4
3
�
h2þ k2þ hk

�
þ
� a

c

�2
l2 (6) 

Therefore, the constants ‘a’ and ‘c’ for the plane 100 and 002 were 
calculated using following equation: 

a¼
λ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3 Sinθ
p andc ¼

λ
Sinθ

(7) 

From equation (7), lattice constant a and c were determined as 
3.2608 A� and 5.2174 A� and c/a as 1.600. The interplanar d-spacing in 
hexagonal ZnO crystal calculated by equation (5) and d-spacing of 
hexagonal corundum phase of ZnO (MATCH No. 96-230-0451) are 
compared in Table 3. Percentage of variations between values of d- 
spacing determined for ZnO crystals in the present study and hexagonal 
corundum phase of ZnO obtained from MATCH database are also indi-
cated in Table 3. The relevant geometrical parameters of ZnO nano-
crystals are summarized in Table 4. 

3.4.1. Crystallite size and strain 
The crystallite size of hexagonal ZnO nanocrystal prepared by an 

ultrasonic method in the presence of the extract of A. doliolum was 
determined by Scherer’s equation [47]: 

D¼
Kλ

βhklCosθ
(8)  

where, K is Debye-Scherer constant (the shape factor ¼ 0.9), λ is the 
wavelength of incident CuKα radiation (i.e., λ ¼ 0.1542 nm), βhkl is the 
FWHM of the respective peak; D is the crystalline size and θ is the Bragg 
diffraction angle. As per the equation no. 8, ZnO crystallite size deter-
mined in the present study was 27.71 nm. Other studies have reported 
ZnO nanocrystal sizes ranging between 10 and 80 nm [48,49]. Ramesh 
et al. [24] determined the average size of ZnO nanocrystal bio-
synthesized from Solanum nigrum leaf extract was 29.79 nm, which is in 
good agreement with the finding of the present study. Similarly, other 
studied determined crystalline size of ZnO nanocrystal synthesized from 
marine algae Sargassum muticum as 42 nm [46]. Slman et al. [50] 
determined the average crystalline size of ZnO nanocrystal as 79.5 nm 
synthesized by using a hot aqueous extract of Allium sativum. 

Further, ZnO nanocrystals showed the dislocation density (δ) as 

Table 2 
FT-IR peaks and functional group assignments.  

Wave number (cm� 1) Functional group Vibration 

3393 Phenols & Alcohol hydrogen-bonded O–H stretch 
2359 Carbon dioxide O¼C––O stretching 
1651 Alkene C¼C stretching 
1545 Nitro compound N–O stretching 
1439 Carboxylic acid O–H bending 
773 1,2- disubstituted C–H bending 
412 Metal oxide Zn–O stretch  

Fig. 4. The XRD pattern of ZnO NWs prepared by the ultrasonic method using 
an aqueous extract of A. doliolum. 

Table 3 
Calculated inter-planar d-spacing (dXRD) and d-spacing values for hexagonal 
corundum phase of ZnO as per the MATCH database (dMATCH) for corresponding 
<h k l> planes.  

h,k, 
l 

(2θ) dXRD (A�) dMATCH (A�) % deviation in d FWHM 
(degree) 

100 31.699 2.8240 2.8140 0.3526 0.270 
002 34.388 2.6090 2.6029 0.2340 0.246 
101 36.213 2.4816 2.4755 0.2469 0.390 
012 45.428 1.9974 1.9108 4.3351 0.186 
200 62.827 1.4797 1.4070 4.9155 0.399 
112 67.913 1.3808 1.3782 0.1872 0.468  

Table 4 
Structural parameters of ZnO NWs synthesized by the ultrasonic process coupled 
with aqueous extract of A. doliolum.  

DATA 2θ hkl dhkl Structure Lattice 
parameters 

Sample 31.699 
34.388 

(100) 
(002) 

2.8240 
2.6090 

Hexagonal a ¼ 3.2608 A�

c ¼ 5.2174 A�

c/a ¼ 1.600 
MATCH 31.70, 

34.33 
(100) 
(002) 

2.8140, 
2.6029 

Hexagonal a ¼ 3.2493 A�

c ¼ 5.2057 A�

c/a ¼ 1.602 A�
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12.75 � 10� 4 nm� 2 as determined by the following equation: 

δ¼
1

D2 (9)  

where, D represents the crystallite size. Zn–O bond length (L) of ZnO 
nanocrystal synthesized by the ultrasonic method was determined as 
1.9873 A� and was calculated by using the following equation [51]: 

L¼

ffiffiffiffiffiffiffiffi�
a2

3

s

þ

�
1
2
� u
�2

c2

!

(10)  

where, ‘μ’ is the positional parameter, described by the following 
equation: 

u¼
a2

3c2 þ 0:25 (11)  

3.4.2. Crystallite size determination by Williamson-Hall (W–H) methods 
The strain induced in crystals is calculated by the following equation: 

ε¼ βhkl

4tanθ
(12) 

The equation (12) can be rewritten as a uniform deformation model 
(UDM): 

βhkl cos θhkl¼
Kλ
D
þ 4εsinθhkl (13) 

According to UDM model, the strain is uniform in the all crystallo-
graphic directions. Fig. 5a shows the W–H plot (UDM) of prepared ZnO 
nanocrystals. The crystalline size is determined from intercept of a plot 
between 4Sinθ and βhklcosθ (Fig. 5a). The crystallite size determined by 
the UDM model was 14.20 nm (Table 5). The poor fitness (R2 ¼ 0.286) of 
experimental data to the UDM model indicated an anisotropic shape of 
the ZnO NW synthesized by the ultrasonic method. Mclaren et al. [52] 
have reported the synthesis of anisotropic ZnO NPs with rod and 
plate-like shape. 

By the uniform stress deformation model (USDM), Hook’s law in-
dicates the strain. After applying Hooke’s law, equation (13) can be 
written as: 

βhkl cos θhkl¼
Kλ
D
þ

4σsinθhkl

Yhkl
(14)  

where, Yhkl is the elasticity of Young’s modulus which can be calculated 
by the following equation: 

Yhkl¼

�

h2 þ
ðhþ2kÞ2

3 þ

�
al
c

�2�2

S11

�

h2 þ
ðhþ2kÞ2

3

�2

þ S33

�
al
c

�4

þ ð2S13 þ S44Þ

�

h2 þ
ðhþ2kÞ2

3

��
al
c

�2

(15)  

where, S11, S13, S33 and S44 are the elastic compliances of ZnO with 
values respectively 7.858 � 10� 12, � 2.206 � 10� 12, 6.940 � 10� 12 and 
23.57 � 10� 12 and 23.57 � 10� 12 m2 N� 1 [53]. The Young’s modulus 
(Yhkl) for hexagonal ZnO nanocrystal was calculated as ~ 127 GPa. The 
graph for uniform deformation stress model (USDM) (Fig. 5b) was 
plotted with βhkl cosθhkl against 4Sinθ/Yhkl (R2 ¼ 0.286). The uniform 
deformation stress ‘σ’ is determined from the slope of the linear fit curve 

(caption on next column) 

Fig. 5. Determination of crystallite size (D) using Williamson-Hall (W–H) 
methods (a) Plot of βhkl cosθ versus 4 Sin θhkl. Symbols represent derived values 
and line represents a curve fit to uniform deformation model (UDM). (b) A plot of 
βhkl cosθ versus 4 Sin θhkl/Yhkl. Symbols are derived values and the line repre-
sents curve fit to uniform stress deformation model (c) Plot of βhkl cosθ versus 
4sinθhkl (2/Yhkl)1/2. Symbols are derived values and the line represents curve fit 
to uniform deformation energy density model. 
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and the crystalline size from the y-intercept. The strain (ε) and size (D) 
determined for the ZnO NWs synthesized by the ultrasonic method was 
0.0013 and 14.59 nm, respectively (Table 5). 

We further calculated the crystallite size (D) and strain (ε) by using a 
uniform deformation energy density model (UDEDM) [54]. The energy 
density ‘ued’ and strain ‘ε’ are related by expression ued ¼ (ε2Yhkl)/2. So, 
the equation for UDEM can be written as: 

βhkl cos θhkl¼

�
Kλ
D

�

þ

0

B
@4sinθhkl

�
2ued

Yhkl

�1 =2

1

C
A (16) 

The crystal size (D) and strain (ε) were determined from the intercept 
and slope, respectively, by plotting βhkl cosθhkl versus 4Sinθ (2/Yhkl)½ 

(R2 ¼ 0.286) (Fig. 5c). The values of crystallite size and strain are shown 
in Table 5. 

The crystalline size (D) was comparable as determined by the UDM 
and USDM, but not in agreement with a value determined by the 
UDEDM model. The disparity in average crystallite sizes calculated by 
Scherrer’s and W–H methods indicated the anisotropic nature of the ZnO 
NWs [55]. 

3.5. SEM study 

The SEM image (Fig. 6a) showed that zinc particles were completely 
transformed into nanotubes or NWs. Further, the image showed that 
NWs were loosely clustered to minimize the surface energy. The size 
(diameter) of ZnO NW, calculated by Gaussian distribution model, was 
64.32 � 16.78 nm (Fig. 6b). Although we have not evaluated, it is 
possible that pH, temperature and the concentration of precursor may 
affect the size of NPs. Zhang et al. [56] have shown that the average 
diameter of ZnO NPs increases linearly from 43 to 77 nm with an in-
crease in the concentration of the precursor. Likewise, pH of the liquid 
phase may have a significant effect on the diameter of ZnO NW [57]. In 
this work, the photocatalytic properties of biologically synthesized ZnO 
NWs were studied with MB as a model pollutant. 

3.6. Photocatalytic disappearance of methylene blue under sunlight 
irradiance 

The release of industrial wastewaters containing different types of 
colouring agents cause non-aesthetic pollution, eutrophication and 
toxicity to the aquatic organisms. Several technological systems based 
on adsorption, biodegradation, chlorination and ozonation have been 
developed for the removal of dyes. Photocatalysis is considered as an 
advanced oxidation process (AOP) capable of complete degradation of 
organic pollutants including organic dyes. 

Fig. 7 shows the visual observation of decoloration of MB solution 
(10 mg L� 1) after 96 h of incubation under 5 h per day sunlight 

Table 5 
Geometric parameters of ZnO NW determined by Scherer’s and Williamson-Hall’s methods.  

Scherer method Williamson-Hall method 

UDM USDM UDEDM 

D (nm) D (nm) ε � 10� 1 D (nm) ε � 10� 1 σ (MPa) D (nm) Е � 10� 1 Ued(KJm� 3) 

27.71 14.20 0.019 14.59 0.013 17.123 5.06 0.103 67.433  

Fig. 6. (a) The SEM image of ZnO NWs showing morphological structures. (b) Gaussian distribution of ZnO NWs.  

Fig. 7. Decoloration of MB solution by photochemistry (control) and photo-
catalysis under sunlight irradiance. Photocatalysis was studied for 96 h at 
different concentration of ZnO NW. 
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irradiance at different concentrations of ZnO NWs in the reaction 
mixture. The colour disappearance was dependent on the concentration 
of ZnO NWs; at 100 mg L� 1 ZnO, the MB solution was completely 
decolourized. Although UV irradiance has been frequently used for the 
photocatalytic removal of organic dyes in laboratories [58], application 
of UV irradiance seems not feasible for the removal of organic pollutants 
from natural waterbeds. In the present investigation, we have evaluated 
the removal of MB under the sunlight irradiance without an external UV 
radiation source. Fig. 8 shows the disappearance of MB in water in the 
process of photocatalysis under sunlight irradiance at different con-
centration of ZnO NWs. The photocatalytic removal of MB increased 
with incubation time as well as on the concentration of ZnO NWs. MB 
completely disappeared in 72 h at 100 mg L� 1 concentration of ZnO NW 
(Fig. 8). Similar to the present study, Ishwarya et al. [25] has reported a 
90.4% decolourization of MB under natural sunlight using ZnO NPs 
fabricated by utilizing aqueous extract of U. lactuca seaweed. 

3.7. Kinetics of methylene blue removal 

Fig. 9 shows the kinetics of photocatalytic disappearance of MB from 
water at different concentrations of ZnO NWs. The time-course data of 
removal of MB was fitted to pseudo-first-order (Fig. 9a) and pseudo- 
second-order kinetics models (Fig. 9b) using SigmaPlot (version 11.0). 
The pseudo-first-order kinetic model can be expressed by the following 
non-linear expression [59]: 

qt ¼ qe
�
1 � e� k1 t� (17)  

where, qe and qt are the amounts of MB removed (mg L� 1) at equilibrium 
and at any time t (h), respectively, and k1 (h� 1) is the rate constant. The 
pseudo second-order kinetic model can be expressed as following the 
nonlinear form [59]: 

qt ¼
q2

ek2t
q2

ek2t þ 1
(18)  

where, qe (mg L� 1) and qt (mg L� 1) are the removal of MB at equilibrium 
and at any time t (h), respectively, and k2 (mg L� 1 h� 1) is the pseudo- 
second-order reaction rate constant. The kinetics parameters of photo-
catalytic removal of MB at different concentrations of ZnO NWs are 
given in Table 6. The apparent rate constants for the pseudo-first-order 
and pseudo-second-order kinetics were higher at lower initial concen-
trations of ZnO NWs while a slower photocatalysis was observed at 

higher concentrations of ZnO NWs. Due to different experimental setups 
and concentrations, the rate constants determined in the present study 
could not be compared with other studies. Remarkably, in the present 
study, we have found that the pseudo-first-order as well as pseudo- 
second-order rate equations, could be equally applied to the experi-
mental data. It is suggested that photocatalytic removal of MB involves 
two processes: in the first step, the cationic form of MB in water was 
adsorbed on the ZnO NWs and in the subsequent second step the dye was 

Fig. 8. Disappearance of MB in photocatalysis under sunlight irradiance (5 h in 
a day) at different concentrations of ZnO NWs. The initial concentration of MB 
was 10 mg L� 1. The values are mean of three replicates. Vertical bars show 
� SD. 

Fig. 9. Kinetics of photocatalytic disappearance of MB from water under sun-
light irradiance at different concentrations of ZnO NWs. (a) Time-course data 
fitted to pseudo-first-order kinetics equation. (b) Time-course data fitted to 
pseudo-second order rate kinetics. The initial concentration of MB was 10 mg 
L� 1. The values are mean of three replicates. Vertical bars show � SD. 

Table 6 
The kinetic constants of pseudo-first-order and pseudo-second-order rate ki-
netics of removal of MB under sunlight irradiance on ZnO NWs.  

ZnO 
conc (mg 
L� 1) 

Pseudo-first order kinetics 
parameters 

Pseudo-second-order-kinetics 
parameters 

qe (mg 
L� 1) 

K1 

(h� 1) 
R2 qe (mg 

g� 1) 
K2 (mg L� 1 

h� 1) 
R2 

5 0.9294 0.0294 0.9952 1.2676 0.0195 0.9937 
10 1.2821 0.0374 0.9996 1.6638 0.0209 0.9980 
20 14.5539 0.0037 0.9993 26.8085 0.000076 0.9994 
50 19.0502 0.0078 0.9934 33.2453 0.0001 0.9931 
100 22.9921 0.0072 0.9938 40.4572 0.0001 0.9936  
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degraded. 
The kinetic constants K1 and K2 for the pseudo-first-order and 

pseudo-second order rate kinetics, respectively, for the adsorption of MB 
were highest at 10 mg L� 1 and then decreased with increase in con-
centrations of ZnO NWs. 

The kinetics of adsorption of MB is shown in Fig. 10, where time- 
course data of adsorption of MB was fitted to non-linear form of 
pseudo-first-order and pseudo-second-order rate kinetics. The kinetic 
constants obtained from the curve fitting are given in Table 7. Results 

suggested that kinetic data of MB adsorption onto the surface of ZnO 
NWs can be described using both pseudo-first-order as well as pseudo- 
second-order kinetics. The highest estimated qe for the adsorption of 
MB was observed at 20 mg L� 1 concentration of ZnO NWs, further in-
crease in the concentrations of ZnO NWs considerably decreased the 
adsorptive capacity. 

4. Conclusions 

The contamination of water with a vast range of organic dyes orig-
inating from various sources presents a global challenge. This study has 
demonstrated a complete removal of MB from water using ZnO NWs 
synthesized in an ultrasonication-assisted biological method employing 
extract of easily cultivable cyanobacterium A. doliolum. Remarkably the 
synthesis process did not involve expensive chemical reagents and fa-
cilities. A 100% removal of MB from its 10 mg L� 1 solution was achieved 
utilizing ZnO NWs in less than 72 h in sunlight-mediated photocatalysis 
without using the external UV source. The removal of MB involves two 
processes (i) adsorption on the surface of ZnO NWs and (ii) break-down 
of dye under the natural sunlight. 
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Abstract
Organic synthetic dyes are widely used in several industries; however, their inherent resistance to biodegradation necessitates to
investigate alternative methods for the remediation of this class of hazardous substances. In the present study, a green synthesis of
ZnO nanorods was achieved in a fast, environment-friendly, and safe microwave process employing algal extract. Different
metabolites like sugars, proteins, fatty acids, amino acids, and vitamins present in the algal extract reduced the Zn2+ into ZnO.
The XRD analysis showed that the nanostructure was a crystalline hexagonal nanorod having a crystalline size of 27.37 nm. The
XPS spectra of ZnO nanorod showed characteristic peaks at binding energy 1043, 1020, 496, 137, 87, and 8 eV corresponding to
Zn2p1/2, Zn2p3/2, ZnLMM, Zn3s, Zn3p, Zn3d, respectively. The synthesized ZnO nanorods were in-situ functionalized and showed
strong catalytic activity in photoreduction of a model organic dye methylene blue (MB) under direct sunlight irradiation.
Synthesized ZnO nanorods showed a complete (100%) reduction of model dye MB from its 10 mg/L aqueous solution. The
photocatalytic degradation ofMB followed theMichaelis-Menten kinetics. The rate of ZnO-catalyzed photocatalytic degradation
depends on the concentrations of ZnO, pH, and sunlight irradiation. The ZnO nanorod-catalyzed photoreduction of MB involves
hydroxyl radicals. Algal-mediated and microwave-assisted synthesis provides a scalable source of metal oxide nanoparticles for
the remediation of dye-containing wastewaters under natural sunlight. Apart from application in the removal of dyes, ZnO
nanorods are excellent material for applications in semiconductors, electronics, optics, bio-imaging, and drug delivery.

Keywords Microalgae . ZnO nanorod . Photodegradation .Michaelis-Menten kinetics . XPS

Introduction

Synthetic organic dyes are widely used in several industries
like textile, paper, tannery, printing, cosmetic and personal
care products, food and feed, and pharmaceutical (Tkaczyk
et al. 2020). A huge amount of dye production and diverse
applications generates a large volume of wastes containing
synthetic dyes along with other toxic contaminants. For ex-
ample, the textile industry effluent may have as high as 70mg/
L synthetic dyes (Yaseen and Scholz 2019). After joining to
natural water bodies, dyes adversely affect water resources,

soil fertility, aquatic organisms, and the entire aquatic food
chain. It is well recognized that synthetic dyes are mutagenic,
carcinogenic, and genotoxic to humans (Garrigue et al. 2006;
Balakrishnan et al. 2016). A recent review shows that synthet-
ic organic dyes could cause acute/chronic toxicity in all
groups of organisms including bacteria, algae, protists, plants,
invertebrates, and vertebrates (Tkaczyk et al. 2020).
Therefore, the protection of the environment from the adverse
effect of synthetic dyes is a major concern for the scientific
community. Due to the higher solubility of dyes in water and
slow- or non-biodegradable nature, the removal and degrada-
tion of synthetic organic dyes from wastewaters presents a big
challenge globally.

Over the past three decades, there has been a sustained
research activity in the removal and degradation of synthetic
dyes from aqueous solutions and wastewaters (Shakir et al.
2010; Wawrzkiewicz et al. 2015; Raval et al. 2016; Titchou
et al. 2020). Physical, chemical, biological, and hybrid
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methods have been put forward for the removal and degrada-
tion of synthetic dyes from industrial effluents (Hynes et al.
2020). Adsorption, ion exchange, coagulation, and floccula-
tion are commonly used physical methods of treatment of the
dye containing effluents. It is well known that adsorbents are
mostly expensive, whereas coagulation and flocculation gen-
erate a huge amount of toxic sludge demanding safe disposal.
Membrane filtration is a very efficient technology for treating
industrial effluents; however, RO membranes are highly sus-
ceptible to organic fouling (Lee and Elimelech 2006; Mi and
Elimelech 2010). Further, the conventional chemical treat-
ment methods of dye removal like Fenton oxidation (H2O2/
Fe2+), ozonation (Colindres et al. 2010), and ultraviolet irra-
diation (Karnjkar et al. 2015) are expensive and require spe-
cific equipment (Katheresan et al. 2018). The traditional bio-
logical methods comprising of aerobic and anaerobic process-
es efficiently treat chemical oxygen demand (COD) of waste-
waters; however, treated water still contains a considerable
amount of active dye. Further, there is ample evidence sug-
gesting enhanced toxicity of degradation product of dye com-
pared to mother dye (Balakrishnan et al. 2016; Katheresan
et al. 2018; Sosa-Martínez et al. 2020). To overcome the in-
herent limitations and drawbacks of conventional chemical,
physical, and biological methods of dye removal and degra-
dation, there is a strong demand for an efficient, cost-effective,
and environmentally safe alternate technology to deal with the
potential risk of dyes on the environment and organisms.

In recent years, there has been a great interest in the appli-
cation of nanomaterials in the removal and degradation of
pollutants including synthetic dyes (Cai et al. 2017; Sarkar
et al. 2017). Metal and metal oxide nanoparticles have
emerged in recent decades as promising methods for the re-
duction and removal of organic pollutants including synthetic
organic dyes (Li et al. 2018; Gang et al. 2020; Liu et al. 2020;
Mahana et al. 2020; Mostafa et al. 2020). Among the different
nanostructures, ZnO nanoparticles are remarkable because of
their excellent chemical and thermal stability, photocatalytic
properties, and biocompatibility. ZnO is widely used in semi-
conductors, transparent electronics, laser devices, piezoelec-
tric transducers, etc. The general mechanism of dye removal
by metal oxide nanoparticles involves adsorption or photocat-
alytic degradation or both. However, a deeper understanding
of molecular mechanisms of photocatalytic degradation of
dyes catalyzed by metal oxide nanocatalysts is required.

Metal oxide nanoparticles could be synthesized through
different physical and chemical methods such as sol-gel, hy-
drothermal, electrolysis and actinic reduction, precipitation
methods (Abel et al. 2020; Mi et al. 2020; Wang and Zhang
2020); however, these methods are hazardous, time-consum-
ing, unsafe, and cost-intensive (Gudikandula and Maringanti
2016; Hasnidawani et al. 2016; Das et al. 2017). Therefore,
alternate methods, such as green synthesis of nanoparticles,
are being explored to overcome the inherent limitations of

conventional methods of nanoparticle synthesis. Further,
green synthesis is considered a safe, environmental friendly,
and cost-effective approach. Green synthesis of nanoparticles
includes the fabrication of nanoparticles using the extracts of
plants, algae, fungi, and bacteria (Rana et al. 2020; Bandeira
et al. 2020). Titanium dioxide (TiO2) nanoparticles were syn-
thesized using leaf extract Azadirachta indica (Thakur et al.
2019) that contains a high amount of reducing capping agents
like terpenoids, flavonoids, and proteins. The aqueous extract
of hyperpigmented tomato (Solanum lycopersicum) skins was
employed to synthesize spherical silver nanoparticles (size
21–93 nm) that showed considerable catalytic activity in the
degradation of methylene blue (Carbone et al. 2020). Tin di-
oxide (SnO2) (nanoparticles with an improved methylene blue
photocatalytic degradation) was synthesized by using orange
(Citrus sinensis) peel extract (Luque et al. 2020). The green
synthesis of functionalized and non-toxic iron-oxide nanopar-
ticles (FeO-NPs) was achieved using an extract of
Cymbopogon citratus and sodium carbonate salt (Patiño-
Ruiz et al. 2020).

Several studies have explored the algae-based green
methods for the fabrication of metal oxide nanoparticles
(Khanna et al. 2019; Jacob et al. 2020; Mahana et al. 2020).
Algae are microscopic photoautotrophs present in both aquat-
ic and terrestrial environments and are a rich sources of several
metabolites such as alkaloids, terpenoids, pigments, polysac-
charides, lipids, cyclic peptides, phenols, and vitamins
(Cardozo et al. 2007; Kini et al. 2020). Further, algae have
been successfully utilized for the removal of toxic metal ions
and other pollutants (Mehta and Gaur 2005; Abdel-Raouf
et al. 2012). Owing to their high growth rate, easy cultivation
with minimum nutritional requirements (e.g., light, CO2, and
water), and inherent carbon reduction ability, algae have
emerged as the renewable and cost-effective alternative to
conventional methods of nanoparticle synthesis (Jacob et al.
2020). Currently, the major challenge restricting the use of
algae for nanomaterial synthesis is the recovery of synthesized
nanoparticles from the interior of live or dead algal cells or
firmly adhered to the surface of cells. A potential solution to
this inherent problem could involve the cell-free synthesis of
nanoparticles using an extract of algae.

The main objective of this work was to use a green ap-
proach to fabricate ZnO nanorods using the algal extract.
The study also explored the application of synthesized ZnO
nanorods in the photocatalytic reduction of organic dye meth-
ylene blue (MB) under direct sunlight. In this study, we used
green alga Scenedesmus dimorphus for the cell-free synthesis
of ZnO nanorods in a microwave-assisted green pathway.
Scenedesmus sp. was selected as a test organism because it
is ubiquitous in the aquatic environment, fast-growing, and
easy to cultivate in inorganic media. While existing green
methods are used to synthesize spherical metal oxide nano-
particles, to the best of our knowledge, there have been no
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reports on the synthesis of ZnO nanorods through a green
pathway employing algal extract. In this work, we have used
a microwave process coupled with algal extract as a novel
approach to synthesize ZnO nanorods. In this work, we report
the green synthesis of in-situ functionalized ZnO nanorods in
a microwave process mediated by the algal extract.
Synthesized ZnO nanorods showed strong catalytic activity
in the photoreduction of MB under direct sunlight. Further,
we have demonstrated that the ZnO nanorod-catalyzed photo-
catalytic reduction of MB is due to hydroxyl radicals.

Material and methods

Test organism and preparation of algal extract

S. dimorphuswas collected from an artificial cemented tank locat-
ed in the campus of Mizoram University, Aizawl, India. After
isolation and purification, the culture was maintained in a 500-ml
Erlenmeyer flask containing Chu-10medium at pH 6.8 ± 0.2. The
light was provided using 04 numbers of 15 W LED tube lights
under an air-conditioned culture room. Culture received 10:14 h of
light/dark cycles. For the preparation of aqueous extract, the expo-
nentially growing culturewas centrifuged at 4000 g for 10min and
the pelletwas collected andwashed three timeswithMilli-Qwater.
The 0.5 g (fresh weight) biomass was added to 100 ml of Milli-Q
water followed by heating at 80 °C on the top of a hot plate. The
suspension was cooled down at room temperature and filtered
using 0.45 μm Whatman’s filter paper. The filtered aqueous ex-
tract was used to synthesize ZnO nanorods.

Synthesis of ZnO nanorod

The ZnO nanorods were prepared using an aqueous extract of S.
dimorphus and ZnCl2.2H2O (Himedia, India) as a precursor. A
simple setup has been employed where 20 ml of 5 M of
ZnCl2.2H2O was taken in a glass Petri plate and heated at 110
°C for 20 s in a domestic microwave (IFB, 20 L solo microwave
oven, 20PM1S). To the hot reaction mixture, 10 ml of 1% of
polyvinylpyrrolidone (PVP,) and 10 ml of aqueous extract were
added followed by another cycle of microwave exposure for 20 s
at the same setting as described above. After maintaining pH at
10.5 ± 0.2, reaction mixture was exposed to microwave heating
for another 10 s. The white color ZnO nanoparticles were col-
lected and dried in a hot-air oven at 70 °C till the constant weight.

Structural characterization

UV-VIS spectroscopy

The optical absorbance of synthesized nanorods and the algal
extract was determined by a UV-VIS-NIR spectrophotometer
(Hitachi, U4100L). The wavelength scanning was performed

in the wavelength range of 300–450 nm. The band-gap energy
(Eg) in eV was calculated by using “Tauc” equation (Urbach
1953):

αhvð Þn ¼ A hv−Eg
� �

−−−− ð1Þ

where A, α, and n are the optical constant, absorption co-
efficient, and an index, respectively. We have taken n = 2 for
direct band-gap material. The photon energy Eg for each
wavelength was calculated by the following equation (Bari
et al. 2006):

Eg ¼ 1240

λ
−−−− ð2Þ

where λ is the wavelength of the incident photon. The term
(αhv)n for each wavelength was estimated employing the fol-
lowing expression (Luque et al. 2015):

αhvð Þn ¼ 2:303� A� hvð Þn−−−− ð3Þ

The band-gap (eV) was determined by extrapolating the
linear portion of the curve to the zero absorbance after plotting
the Eg (eV) on the x-axis and (αhν) 2 on the y-axis.

FT-IR spectroscopy

FT-IR spectrum of the synthesized ZnO nanorodwas recorded
in the range of 4000–400 cm−1 using an infrared spectropho-
tometer (IRAffinity-1S WL, Schimadzu). The 0.1 mg of dry
ZnO nanopowder was used directly without mixing in KBr
powder. The functional groups and vibrations present in dif-
ferent peaks were identified (Janakiraman and Johnson 2015;
Luque et al. 2015; Trivedi et al. 2015).

X-ray diffraction

The X-ray diffraction pattern was recorded using an X-ray
powder diffractometer (Phillips X’Pert Pro) at CuKɑ radiation
wavelength of 1.540598 A° in the scan range of 2θ = 10°–80°
at generator voltage 45 kV and tube current 40 mA with a
divergence slit of 0.76 mm in continuous scanning mode.
The lattice parameter dhkl (space between planes of Miller
indices h, k, and l) was determined using Bragg’s law
(Cullity and Stock 2001) as given below:

nλ ¼ 2dSinθ−−−− ð4Þ

where n is 1, λ = X-ray wavelength (1.540598 A°). The
lattice constants a and c were determined by using the follow-
ing equation (Cullity and Stock 2001):

1

d2
¼ 4

3

h2 þ hk þ k2

a2

� �
þ l2

c2
−−−− ð5Þ
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The constants “a” and “c” for the plane 100 and 002 were
calculated using the following equations:

a ¼ λ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3 Sinθ

p and c ¼ λ
Sinθ

−−−− ð6Þ

From Eq. (6), the value of lattice constants a and c were
calculated as 3.251 A° and 5.202 A°, respectively, and c/a as
1.600. Further, we performed a comparison of values of d-
spacing calculated for the prepared ZnO crystals in the present
study with d-spacing data for hexagonal ZnO nanocrystals in
MATCH database (MATCH No. 96-210-7060).

The crystalline size of ZnO nanocrystal was determined
using Scherer’s equation (Saleem et al. 2012):

D ¼ Kλ=βhklCosθ−−−− ð7Þ

whereK is Debye-Scherer constant (the shape factor = 0.9),
λ is the wavelength of incident CuKα radiation (i.e., λ =
0.1540598 nm), βhkl is the FWHM of the respective peak, D
is the crystalline size, and θ is the Bragg diffraction angle.

SEM imaging

Themorphology of synthesized ZnO nanorods was studied by
scanning electron microscope (SEM) (JEOL-JSM-6360) after
gold coating. Size distribution and the average diameter of the
nanorods were estimated by using Image J software (version
6). The average size (diameter) of ZnO nanorod was calculat-
ed by fitting data to Gaussian distribution.

XPS analysis

The surface chemical analysis of synthesized ZnO nanostruc-
ture was performed by X-ray photoelectron spectroscopy
(XPS) using PHI 5000 VersaProbe III. The binding energy
was corrected for the charge shift using the C1s peak of graph-
ite carbon (BE = 284.6 eV) as a reference. The atomic con-
centrations of all the elements (Zn and O) were determined
using CASA XPS software (version 2.3.22PR1.0). The C1s
peak was analyzed by xps peak software (version 4.1).

Photocatalytic reduction of methylene blue

MB stock solution and determination of MB in solution

The stock solution of MB (Himedia, India) in water was pre-
pared to give a final concentration of 20 mg/L. Further, work-
ing solutions of MB were prepared after dilution of stock
solution using Milli-Q water. The concentration of MB in
solution was determined by the spectrophotometric method
by recording the absorbance at 662 nm. The residual concen-
tration of MB in solution was determined by employing a
standard curve of MB in a range of 0 to 10 mg/L (R2 =

0.982). The photocatalytic reduction of MB was calculated
by using the following expression:

Photocatalytic reduction mg=Lð Þ ¼ Initial concentration of MB mg=Lð Þ

−Residual concentration of MB mg=Lð Þ−−−−

ð8Þ

Photocatalytic reduction of MB at different pH

Photocatalytic degradation of MB (10 mg/L, pH 10.5) was
studied at pH 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, and 10.5. The
pH of the solution was adjusted using 0.1 N HCl or 0.1 N
NaOH. The pH optimization study was performed with 50
mg/L of prepared ZnO nanorods under natural sunlight for
2 h with continuous stirring.

Kinetics of photocatalytic reduction of MB

A time-course study of photocatalytic reduction of MB (10
mg/L, pH 10.5) was carried out under the direct sunlight irra-
diation (February, between 11.0 and 13.00 h) in a 50-ml
Erlenmeyer flask with continuous stirring using a reciprocat-
ing shaker (Spinix, Tarson). The ZnO nanorods (50 mg/L)
were dispersed in MB solution and ultrasonicated (Labsonic-
P, Sartorius, Germany) for 2 min for the thorough disruption.
The sample was kept in dark for 30 min to facilitate the ad-
sorption of the dye onto the surface of the catalyst. After dark
incubation, samples were transferred to natural sunlight and
10 ml reaction mixtures were withdrawn at different time in-
tervals (0 to 180min). The samples were centrifuged at 6000 g
for 15 min in a cooling centrifuge, and the residual concentra-
tion of MB was determined in the filtrate.

The data of the time-course study was fitted to a non-linear
form of Michaelis-Menten kinetics as given below:

Y ¼ Vmaxt
Km þ t

� �
þ C−−−− ð9Þ

where Vmax is the maximum rate of reduction of dye (mg/L/
min), Km is irradiation time (min) required to achieve half of
Vmax, and C is the estimated initial rate (mg/L/min) of MB
reduction. The time-course data of the reduction of MB was
further fitted to pseudo-first-order and second-order rate kinet-
ics using Eqs. (10) and (11), respectively:

logr Qe−Qtð Þ ¼ log Qe−
k1

2:303

� �
t−−−− ð10Þ

t
Qt

¼ 1

k2Q2
e

þ t
Qe

−−−− ð11Þ

where Qe and Qt represent the amounts of MB reduced
(mg/L) at equilibrium and any time t (min), respectively.
The constants k1 (min−1) and k2 (mg/L/min) are the pseudo-
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first-order rate constant and second-order rate constant,
respectively.

Effect of ZnO nanorod loading on photocatalytic reduction
of MB

The photocatalytic reduction of MB was studied at different
concentrations of ZnO nanorods (0, 5, 10, 15, 20, 25, 50, and
100 mg/L) and a fixed concentration (10 mg/L) of MB. The
pH was maintained at 9.5 and the experiment was performed
for 2 h under the sunlight. The data of reduction of MB was
fitted to non-linear form of the one-site specific binding equa-
tion as given below:

Y ¼ BmaxCi
Kd þ Ci

−−−− ð12Þ

where Bmax is the concentration of specific binding sites
(mg/L), Kd is the equilibrium binding concentration (mg/L)
defined as the concentration of ZnO needed to achieve a half
maximum binding at equilibrium, Ci is the initial concentra-
tion of ZnO (mg/L), and Y is photoreduction of MB at
equilibrium.

Reduction of MB at equilibrium

The photocatalytic reduction of MB was further studied at vary-
ing initial concentrations ofMB ranging from 0 to 10mg/L and a
fixed concentration (1.0 mg/L) of ZnO nanorod. The irradiation

time was 2 h and pH was maintained at 10.5. The equilibrium
data ofMB reductionwas fitted to theMichaelis-Menten kinetics
model assuming that the reactionmixture has no other competing
substrates. The Michaelis-Menten equation in absence of any
inhibitor can be expressed as:

V sð Þ ¼ Vmax S½ �
Km þ S½ � −−−− ð13Þ

where V[S] is the rate of MB reduction (mg/L/min) at equi-
librium,Vmax is the maximum rate of reduction ofMB (mg/L),
Km is the concentration of MB corresponding to Vmax/2, and
[S] is the equilibrium concentration of MB.

Statistical analysis

All the experiments were carried out with a minimum of three
replicates. The mean values of different observations were
analyzed using “Microsoft office excel- 2007” and represent-
ed as mean ± SE. The graphs and necessary non-linear curve
fitting were performed using Simfit programme.

Results and discussion

Synthesis of ZnO nanorod

The addition of 10 ml of algal aqueous extract to 20 ml
ZnCl2.2H2O followed by a brief microwave heating produced

Fig. 1 The proposed mechanism of fabrication of ZnO nanorods in a microwave-assisted and algal extract mediated green rout of synthesis
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the high-quality and well-dispersed ZnO nanorods. The pro-
posed mechanism of formation of ZnO nanorods is shown in
Fig. 1. The phytochemicals like sugars, phenolics, proteins,
amino acids, alcohols, vitamins, glutathione, and other phyto-
chemicals present in the extract provide hydroxyl, amino, and
carbonyl groups for the reduction of Zn2+ to ZnO. Although
concentrations of metabolites were not determined, the pres-
ence of various functional groups in the extract of S.
dimorphus is evident from the FT-IR analysis of extract.
Thakur et al. (2019) reported that the presence of terpenoids,
flavonoids, and proteins in Azadirachta indica leaf extract
plays a significant role in the synthesis and stabilization of
titanium oxide (TiO2) nanoparticles. Carbone et al. (2020)
has also shown that glucose and fructose present in plant

extract are oxidized under heating and alkaline environments
resulting in the formation of gluconate that can act as a
reducing agent. However, Król et al. (2018) suggested that
the zinc aqua complex (Zn2+) interacts with deprotonated car-
boxyl groups (–COO−), and aqua-hydroxyl complex, i.e., [Zn
(OH) (H2O) 5]

+ is formed that subsequently leads to the syn-
thesis of ZnO nanoparticles. Although biological methods of-
fer several advantages over physical and chemical methods,
nanoparticles synthesized using biological approaches are
most often undispersed. Further, biological methods are rela-
tively lengthy and uncontrolled. In the present study, the
above restrictions were overcome by the inclusion of a short
pulse of microwave in the route of nanoparticle synthesis as a
novel approach. Microwave energy increased the collision of

Fig. 2 UV-VIS spectra of algal
extract and ZnO nanorods (a) and
“Tauc” plot of ZnO nanorods
synthesized by using aqueous
extract of S. dimorphus (b)
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nanoparticles resulting in increased synthesis yield as well as
homogenous particle size distribution. Microwave technique
can be easily optimized and scaled-up for the synthesis of
nanoparticles. A short microwave step greatly reduced the
overall time of nanoparticle synthesis and presents a great
advantage over reported methods of synthesis. Although there
are several reports on the synthesis of spherical metal oxide
nanoparticles with isotropic aspect (Thakur et al. 2019;
Carbone et al. 2020; Luque et al. 2020), 1-D and anisotropic
nanorods offer several advantages over spherical nanoparti-
cles. Compared to spherical nanoparticles, nanorods possess
increased surface plasmones and thereby increased electrical
field (Alsultan et al. 2019). Due to an increased aspect ratio,
nanorods show improved electron accumulation and catalytic
efficiency compared to spherical nanoparticles. The present
microwave process mediated by algal extract presents several
advantages like reduced overall synthesis time, environment-

friendly, economical, safe, and easily scalable over the
existing methods of nanoparticle synthesis.

Optical characterization of ZnO nanorods

UV-VIS spectra of algal extract and synthesized ZnO nano-
rods are shown in Fig. 2a. UV-VIS spectrum of ZnO nanorods
showed a peak at 363 nm, whereas this peak was absent from
the UV-VIS spectrum of aqueous extract. Figure 2b shows the
“Tauc” plot and corresponding band-gap energy (3.10 eV) of
synthesized ZnO nanorods. The observation agrees well with
Davis et al. (2019). Because of wide band-gap, ZnO can be
used as a wide-band-gap semiconductor in various applica-
tions such as UV-light emission, high voltage resistance, high
radiation resistance, optoelectronics, photodetectors, and pho-
todynamic therapy, etc. (Huang et al. 2019; Ponnamma et al.
2019; Lee et al. 2020). However, some studies have found an
inverse relationship between band-gap and photocatalytic ef-
ficiency (Qi et al. 2017). Because band-gap energy is a critical
property, there have been several attempts to improve the
photocatalytic efficiency of wide-band-gap ZnO by the mod-
ification of its optical properties, doping metal/non-metal
atoms, coupling carbon material, etc. (Qi et al. 2020).

FT-IR spectroscopy of ZnO nanorods

The FT-IR spectra along with respective functional groups
and vibrations of algal extract and ZnO nanorods are shown
in Fig. 3. The FT-IR spectrum of the extract showed transmit-
tance peaks at 3333, 3287, 1643, 1219, and 772 nm. At the
same time, the FT-IR spectrum of ZnO showed transmittance
peaks at 3379, 2358, 1646, 1455, 1220, 772, and 419 cm−1

(Fig. 3). The functional groups and vibrations based on FT-IR

Fig. 3 The FT-IR spectra of syn-
thesized ZnO nanorods and
aqueous extract of S. dimorphus

Table 1 Calculated d-spacing (dXRD) and d-spacing values for
hexagonal ZnO nanocrystal as per the MATCH database (dMATCH) for
corresponding < h k l > planes.

h,k,l (2θ) dXRD (A°) dMATCH (A°)

100 31.75 2.816 2.816

002 34.45 2.601 2.603

101 36.27 2.475 2.476

012 45.48 1.993 1.993

110 47.56 1.910 1.910

013 56.58 1.625 1.625

200 62.89 1.477 1.476

112 67.97 1.378 1.378
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analysis are shown in Fig. 3. The broad peaks at 3395 and
3333 cm−1 corresponded to the protein N-H or O-H hydrogen
bonded groups (Max and Chapados 2005; Duygu et al. 2012).
Transmittance at 3287 cm−1 corresponded to carboxyl O-H
groups that are hydrogen bonded to other carboxyl groups in
the aqueous solution (Max and Chapados 2005). A small peak
at 2361 cm−1 refers to the asymmetric stretching mode of
vibrations of O-H bonds in the free OH group (Zahariev
et al. 2017). The sharp band with a peak at about 1643
cm−1 was also detected. This band is typical for banding
mode of vibrations of H-O-H bonds in H2O molecules
(Zahariev et al. 2017). The presence of H-O-H bonds in-
dicates the adsorption of H2O molecules on the nanorod
surface. The band at 1219 cm−1 is the features of nucleic
acid (other phosphate-containing compounds) > P=O
stretching of phosphodiesters (Duygu et al. 2012;
Olasehinde et al. 2019). Transmittance peak at 772 cm−1

indicated the presence of aromatic compounds and prima-
ry or secondary amines (Kamble and Gaikwad 2016). The
stretching vibration of Zn-O was clearly observed at 679
cm−1 confirming the formation of ZnO nanorods. As ev-
ident from the FT-IR spectra of ZnO nanorods, the surface
of the ZnO nanorod contains organic molecules and is,
therefore, in-situ functionalized.

X-ray diffraction study

The X-ray diffraction (XRD) pattern of synthesized ZnO
nanorods is shown in Fig. 4. The ZnO nanorods exhibited
diffraction peaks at 2θ = 31.75, 34.45, 36.27, 45.48, 47.56,
56.58, 62.89, and 67.97 with corresponding lattice planes
(100), (002), (101), (012), (110), (013), (200), and (112) of
hexagonal ZnO nanocrystal (MATCH No.96-210-7060). The
XRD data obtained in the present study were compared with

the MATCH database. We further determined the lattice pa-
rameter dhkl (space between planes of Miller indices h, k, and
l) using Bragg’s law (Cullity and Stock 2001). The values of
d-spacing calculated for the prepared ZnO crystals in the pres-
ent study with d-spacing data for hexagonal ZnO nanocrystals
in the MATCH database (MATCHNo. 96-210-7060) are giv-
en in Table 1. There was no significant difference between
XRD data obtained in the present study and XRD data of
hexagonal ZnO in the MATCH database. Based on the above
comparison, we concluded that the prepared nanostructure is a
hexagonal crystallite nanostructure.

Further, values of lattice constants a and c were calculated
as 3.251 A° and 5.202 A°, respectively, and c/a as 1.600. The
crystalline size of the ZnO nanocrystal was estimated as 27.37
nm. Mydeen et al. (2020) reported the crystalline size of
biosynthesized ZnO nanoparticles using fresh leaf extract of
Prosopis juliflora as 31.80 nm. Khalafi et al. (2019) reported
the crystalline size of ZnO nanoparticle synthesized by using
microalgae (Chlorella sp) as 19.44 nm.

SEM

The micrograph shown in Fig. 5a indicated that the
synthesized nanostructures are hexagonal nanorods in a
needle-like shape. The diameter of the ZnO nanorod
was determined as 55.42 ± 3.72 nm by adopting the
Gaussian distribution model (Fig. 5b). This result agrees
well with an existing study on the synthesis of ZnO
nanoparticles (diameter range from 30 to 57 nm) using
an extract of a marine alga Sargassum muticum (Azizi
et al. 2014). However, it is remarkable that slight vari-
ation in the synthesis pathway and experimental condi-
tions may result in large variations in the shape and size
of synthesized nanostructures.

Fig. 4 The XRD pattern of ZnO
nanorods synthesized using
aqueous extract of S. dimorphus.
Signals corresponding to ZnO
crystalline phase are marked by
an asterisk
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X-ray photoelectron spectroscopy

The surface elemental composition and oxidation state of Zn
and O of ZnO nanorod were analyzed by XPS. It is evident
from the complete survey spectrum (Fig. 6a) that the sample
contains Zn, O, and C peaks. This result indicated that the
carbon is related to the adsorption on the surface during the
exposure of the sample to the ambient atmosphere (Al-
Gaashani et al. 2013). In survey spectra, the presence of Zn
was identified through characteristic peaks at binding energy
1043, 1020, 530, 496, 284, 137, 87, and 8 eV with corre-
sponding elements Zn2p1/2, Zn2p3/2, O1s, ZnLMM, Zn3s,
Zn3p, Zn3d, respectively. The fitting of Zn2p1/2 and Zn2p3/2

Fig. 5 a The SEM image of ZnO
nanorods showing morphological
features. b The Gaussian size
distribution of ZnO nanorods

Table 2 TheXPS survey spectrum analysis results of green synthesized
ZnO nanorods

Peak Position (B.E. eV) Atomic conc. (%)

Zn 2p1/2 1043 1.629

Zn 2p3/2 1020 3.051

O1s 530 9.233

ZnLMM 496 50.552

C1s 284 16.463

Zn3s 137 3.907

Zn3p 87 10.509

Zn3d 8 4.655
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indicates that the chemical valence of Zn present in ZnO nano-
rod is +2 oxidation state. The unique binding energy of vari-
ous elemental components (Zn2p1/2, Zn2p3/2, ZnLMM, Zn3s,
Zn3p, Zn3d) indicated a slight variation on the surface mor-
phology (Al-Gaashani et al. 2013). The observed difference
of binding energy could be typically attributed to (1) the
chemical environment interaction with the surface atoms
(the composition of the 5 nm top thickness of the sur-
face), and (2) the variation with texture coefficients with
morphology. The summary of XPS analysis including
binding energy (eV) for the core levels Zn2p1/2,
Zn2p3/2, ZnLMM, Zn3s, Zn3p, Zn3d, and O1s for their
corresponding position (B.E. eV) along with atomic
concentrations (%) is shown in Table 2.

The O1s spectrum (Fig. 6b) of XPS data was also studied to
follow the morphology of ZnO nanorods. The O1s spectrum
was fitted with Gaussian-fit which indicates two distinctive
species of oxygen: (1) located at the lower binding energy of
530.5 eV and is assigned to O2− ions in the Zn-O bonding of
the ZnO nanorod (Das et al. 2010), and (2) the other peak
located at 535.9 eV is related to OH group absorbed onto
the surface of the ZnO nanorods (Zhou and Li 2005).

Photocatalytic reduction of MB

The synthesized ZnO nanorods were examined for their po-
tential in photocatalytic reduction of organic dye MB as a
model organic pollutant of aquatic environments. It is well
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established that the photocatalytic reduction of MB can occur
through photolysis under sunlight without any external cata-
lyst (Soltani and Entezari 2013). Although this study did not
examine the effect of size of synthesized nanorods, particle

size has a strong effect on the photocatalytic activity of nano-
particles. Xu et al. (1999) reported that the photocatalytic ac-
tivity of TiO2 nanoparticles against MB increased when the
particle size is below 30 nm. Similarly, Norouzi et al. (2021)
also reported that the Cu2O nanocrystals having particle size
35 nm degrade 50% of MB, whereas ZnO nanocrystal having
particle size 46 nm degrade only 35% of MB molecules.

We performed the experiments to test the essentiality of
light in the ZnO nanorod-catalyzed reduction of MB. As
shown in Fig. 7a, there was a negligible reduction of dye in
dark with and without a catalyst. However, a considerable
reduction of MB was observed under sunlight when catalyst
ZnO was absent. The inclusion of ZnO nanorods in the reac-
tion mixture significantly enhanced the catalytic reduction of
dye under sunlight. The above results are justified with pub-
lished literature (Pai et al. 2019; Vinayagam et al. 2020).
Similar to the present study, Pai et al. (2019) have reported
that ZnO nanoparticles, synthesized by utilizing aqueous leaf
extract of Peltophorum pterocarpum, enhanced the photocat-
alytic degradation of MB by 95%. Vinayagam et al. (2020)
also reported that ZnO nanoparticles synthesized from

�Fig. 7 a Reduction of MB in dark (with and without ZnO nanorods) and
sunlight (with and without ZnO nanorods). b Effect of pH on the
photocatalytic reduction of MB catalyzed by ZnO nanorods. c Effect of
free radical scavengers (BHT, IPA, and AsA) on photocatalytic reduction
of MB catalyzed by ZnO nanorods. In all experiments, the initial
concentration of MB was 10 mg/L and the concentration of ZnO nanorod
catalyst was 50 mg/L. The photocatalytic reduction study was monitored
at 2 h. The values are means of three replicates and vertical bars represent
S.E.

Fig. 8 Effect of ZnO nanorod loading on the degradation of MB. The
experimental data were fitted to the nonlinear form of the one-site specific
binding equation. The pH of the reaction mixture and incubation period
was 9.5 and 2 h, respectively
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aqueous leaf extract of Calliandra haematocephala,
photodegraded 88% of MB (50 mg/100 ml) within 270 min
of sunlight irradiation. pH is an important factor that exerts a
strong effect on photocatalytic reduction of dyes (Abbasi and
Hasanpour 2017; Bazrafshan et al. 2019). Therefore, an ex-
periment was carried out to study the effect of pH on photo-
catalytic degradation of MB under sunlight. As it could be
seen in Fig. 7b, alkaline pH favored the photocatalytic reduc-
tion of dye while at acidic pH, the photocatalytic reduction of
MB decreased considerably. The pH of the solution alters the
surface-charge properties of the catalyst and also affects the
oxidation states of various ions in the solution. Similar to this
study, Alkaykh et al. (2020) also reported an increased pho-
tocatalytic reduction of MB catalyzed by MnTiO3

nanopowder. The highest photocatalytic reduction was ob-
served at pH values 9.5 and 10.5. At alkaline pH, the surface
of ZnO nanorod is negatively charged, which causes an elec-
trostatic absorption between negative charge surfaces of ZnO
and cationic dyes but in an acidic medium, the surface charge
of nanorod remains positive resulting in a decreased adsorp-
tion and thereby photodegradation of the dye on the surface.
Previous studies have demonstrated that temperature has a
negligible effect on the reduction of MB in sunlight (Houas
et al. 2001; Hu et al. 2011). The above study has also

demonstrated that the presence of O2 is essential for the pho-
tocatalytic reduction of MB. Therefore, it can be concluded
that for photocatalytic reduction of MB, the light, O2, and
catalyst ZnO are essential. It has been suggested that highly
reactive hydroxyl radicals produced due to solar irradiance
could directly react with MB (Huang et al. 2019; Liu et al.
2019). In the present study, experiments were carried out to
confirm the role of hydroxyl radicals in the solar light-driven

Table 3 The Michaelis-Menten
kinetics parameters of photocata-
lytic reduction of MB under sun-
light irradiation

Initial concentration of
MB (mg/L)

ZnO nanorod
concentration (mg/L)

pH Michaelis-Menten kinetics parameters

Vmax (mg/
L/min)

Km

(min)
C (mg/L/
min)

R2

10.0 1.0 10.5 16.44 108.2 0.151 0.968

Fig. 9 The Michaelis-Menten kinetics study of photocatalytic reduction
of MB (initial concentration 10 mg/L) with different irradiation time

Fig. 10 The pseudo-first- and second-order kinetics of reduction of MB
with different irradiation time. a Time-course data fitted to pseudo-first-
order kinetics. b Time-course data fitted to pseudo-second-order kinetics.
Symbols represent experimental data points and curve represents kinetic
model fitted values. Values are the mean of three replicates ± SE
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reduction of MB in presence of ZnO nanorods. Photocatalytic
reduction of MB was studied in a reaction mixture containing
either of three different free radical scavengers butylated hy-
droxyl toluene (BHT), isopropyl alcohol (IPA), and ascorbic
acid. All three free radical scavengers significantly decreased
the photocatalytic reduction of MB under solar irradiance

(Fig. 7c). The above results proved that the photocatalytic
reduction of MB involved the participation of hydroxyl
radicals.

Further, we investigated the effect of ZnO nanorod loading
on photocatalytic degradation of MB under sunlight in a sat-
uration binding experiment where the concentration of MB
was fixed (10 mg/L) and concentration of ZnO catalyst varied
(0–100 mg/L). The results are shown in Fig. 8 where photo-
reduction data was fitted to the nonlinear form of a one-site
specific binding model.

From the nonlinear curve fitting of experimental data, Bmax

was determined as 9.899 mg/L and Kd as 0.418 mg/L (R2 =
0.951).

As shown above, solar irradiation was an essential require-
ment of reduction of MB; an experiment was performed to
study the effect of irradiation time on the photocatalytic re-
duction of the dye. Although we noticed about 20% elimina-
tion of MB in dark (with and without ZnO), exposure of re-
action mixture to sunlight significantly enhanced the rate of
reduction of MB (Fig. 9). Almost 100% degradation of MB
(initial concentration 10 mg/L) was observed after 2 h of irra-
diation of the sample. The initial rate of MB degradation was
determined by fitting experimental data to the nonlinear form
of the Michaelis-Menten kinetics equation. The estimated
Michaelis-Menten parameters are given in Table 3. The initial
rate of photocatalytic reduction of MB was estimated as 0.15
mg/L/min and Vmax as 16.4 mg/L/min.

In addition to Michelis-Menton kinetic model, the time-
course data of MB reduction were also fitted to the linear form
of pseudo-first- and second-order kinetic models (Fig. 10 a

Fig. 11 The photocatalytic reduction ofMB at different concentrations of
MB. The concentration of ZnO nanorod was 50 mg/L and reduction was
monitored for 2 h. The experimental data were fitted to the nonlinear form
of the Michaelis-Menton equation. The values are means of three repli-
cates and vertical bars show ± SE

Fig. 12 A proposed mechanism
for the reduction of model organic
pollutant MB in the presence of
green synthesized ZnO nanorod
to produce colorless
leucomethylene blue, carbon
dioxide, and water
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and b). The sunlight-driven reduction of MB catalyzed by
ZnO nanorods was best fitted to pseudo-first-order kinetics
(R2 = 0.942, K1 = − 0.0207 min−1) than pseudo-second-
order kinetic (R2 = 0.443, K2 = 0.001 min−1) models.

The photocatalytic reduction of MB was further studied at
varying initial concentrations of MB ranging from 0 to 10 mg/
L and a fixed concentration (1.0 mg/L) of ZnO nanorod. The
rate of photocatalytic reduction of MB under solar irradiance
increased with increasing concentrations ofMB in the solution
(Fig. 11). However, in the studied range of concentration of
MB, a typical saturation point was not observed. The experi-
mental results obeyed the Michaelis-Menten model (R2 =
0.998). Employing the nonlinear curve fitting method, Vmax

and Km for MB photocatalytic reduction were determined as
4.29 mg/L/min and 265 mg/L, respectively.

Mechanism of photocatalytic reduction of MB

A proposed mechanism for the reduction of MB catalyzed by
ZnO nanorod under sunlight irradiance is presented in Fig. 12.
Results obtained in this study confirmed that hydroxyl radi-
cals play important role in the reduction of MB. Further, we
showed that oxygen and light are essential requirements of the
reduction of MB. During the process of photodegradation, an
electron-hole pair is created in the semiconductor
photocatalyst ZnO nanorod in the presence of photon energy
(hv) of direct sunlight, as shown in Eq. 14 (Bandi et al. 2020;
Ghorpade et al. 2020). That results in the excitation of mobile
electrons from its valence band (VB) to the conduction band
(CB). The transfer of electrons generates an equivalent quan-
tity of holes in the VB. In VB, the water (H2O) molecule
generates the active °HO free radicals as shown in Eq. 15.
Similarly in CB, the presence of excited electrons converting
O2 to

−O2° eventually converts into the °HO free radicals in
the presence of H2O molecules. The reactions in CB to form
°HO free radicals are given in Eqs. 16 and 17. The productions
of active °HO free radicals result in the oxidative degradation
of MB (C16H18ClN3S, 3H2O) to form color less
leucomethylene blue (C16H19N3S), carbon dioxide (CO2),
and H2O as shown in Eq. 18 (Trandafilović et al. 2017;
Hanif et al. 2019; Dev and Singh 2020).

ZnOþ hv→ZnO e−ð Þ þ ZnO hþð Þ−−−− ð14Þ
ZnO hþð Þ þ H2O→Hþ þ OH°−−−− ð15Þ
O2 þ ZnO e−ð Þ→O−

2→
H2OHO°

2 þ OH−−−− ð16Þ
HO°

2 þ Hþ þ ZnO e−ð Þ→H2O2→OH− þ OH°−−−− ð17Þ
C16H18ClN3S; 3H2Oþ OH°→C16H19N3Sþ CO2

þ H2O−−−− ð18Þ

Conclusion

Green synthesis of ZnO nanorods was achieved through a
simple, cost-effective, and environmental-friendly microwave
process mediated by the algal extract. The synthetic pathway
leads to synthesis of in-situ functionalized ZnO nanorods. The
synthesized ZnO nanorods efficiently catalyzed the sunlight-
driven reduction of model organic pollutant MB. Hydroxyl
radicals participate in ZnO-catalyzed photoreduction of MB.
Due to their peculiar shape and higher aspect ratio, the ZnO
nanorods are ideal candidates for many other applications like
drug delivery, bioimaging, photochemical therapy, and
electronics.
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A B S T R A C T   

Metal nanoparticles (MNPs) are employed in a variety of medical and non-medical applications. Over the past 
two decades, there has been substantial research on the impact of metallic nanoparticles on algae and cyano-
bacteria, which are at the base of aquatic food webs. In this review, the current status of our understanding of 
mechanisms of uptake and toxicity of MNPs and metal ions released from MNPs after dissolution in the sur-
rounding environment were discussed. Also, the trophic transfer of MNPs in aquatic food webs was analyzed in 
this review. Approximately all metallic nanoparticles cause toxicity in algae. Predominantly, MNPs are less toxic 
compared to their corresponding metal ions. There is a sufficient evidence for the trophic transfer of MNPs in 
aquatic food webs. Internalization of MNPs is indisputable in algae, however, mechanisms of their trans-
membrane transport are inadequately known. Most of the toxicity studies are carried out with solitary species of 
MNPs under laboratory conditions rarely found in natural ecosystems. Oxidative stress is the primary toxicity 
mechanism of MNPs, however, oxidative stress seems a general response predictable to other abiotic stresses. 
MNP-specific toxicity in an algal cell is yet unknown. Lastly, the mechanism of MNP internalization, toxicity, and 
excretion in algae needs to be understood carefully for the risk assessment of MNPs to aquatic biota.   

1. Introduction 

Metallic nanoparticles (MNPs) are submicron scale objects consisting 
of pure metals (e.g. Ag, Au, Zn, Ti, Ce, Fe, Pt) or their compounds (e.g. 
oxides, sulfides, hydroxides, fluorides, chlorides) (Mody et al., 2010). 
The MNPs are used in a wide range of industries like electronics, optics, 
ceramics, paints and coating, catalysis, medical, cosmetics, oil and gas, 
degradation of organic pollutants, and others. A huge amount of 
metal-based nano-products are produced annually worldwide (Piccinno 
et al., 2012). Nanoparticles (NPs) occur in nature from natural pro-
cesses, such as photochemical reactions, volcanic eruptions, forest fires, 
terrestrial dust storms, etc. Anthropogenic sources of MNPs include 
simple combustion and food cooking, engine exhausts (Rogers et al., 
2005), combustion of treated and pulverized sewage sludge (Seames 
et al., 2002), combustion of coal and fossil fuels, cosmetics, and other 
consumer products. The MNPs are widely used as antimicrobial agents 
in a diverse range of applications such as air sanitizer sprays, socks, 
pillows, slippers, facemasks, wet wipes, detergent, soap, shampoo, 
toothpaste, air filters, coatings of refrigerators, vacuum cleaners, 

washing machines, food storage containers, cellular phones, etc. 
While numerous applications of MNPs in medical, agricultural, and 

other industries have led to their broader distribution in the environ-
ment, at the same time, MNPs are considered as emerging contaminants 
of aquatic and terrestrial ecosystems. Industrial and household wastes, 
loaded with nano-products, are finding their ultimate path in natural 
water bodies causing a grave threat to aquatic flora and fauna. Presently, 
the level of MNPs in the aquatic system is not at risk; in due course, the 
level of MNPs in the environment is likely to rise. During the past two 
decades, worldwide research has been carried out on contamination of 
the aquatic environment with MNPs and the subsequent effects of MNPs 
on aquatic biota including algae, phytoplankton, fishes, and other 
organisms. 

Based on their size, the NPs are frequently classified as nanometric 
(size of 1–30–50 nm), highly dispersed (in solution size 20–50–100–500 
nm) and micrometric particles (size of 100–500–1,000 nm) (Pomogailo, 
1997). As per the recommendation of IUPAC (International Union of 
Pure and Applied Chemistry), NP is defined as a particle of any shape 
with dimensions in the 1 × 10− 9 m and 1 × 10− 7 m range (Vert et al., 
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2012). The particles of nanometric size are further classified as clusters 
and NPs proper. It would be noteworthy to mention that size of original 
NPs in dry form and in a suspension medium, where agglomeration 
frequently occurs, may markedly differ. In contrast to bulk metals, MNPs 
possess some unique properties which are beyond the scope of this re-
view. As proposed by Stone et al. (2010), for environmental applica-
tions, nanomaterials can be categorized into three groups (1) Carbon 
(functionalized or non-functionalized) (2) Metals and metal oxides 
(redox-active or non-redox active) (3) Organic composites/hybrids 
(mineral-mineral, organic-mineral, binary compounds, multiple ele-
ments). Due to a lack of sufficient information, it has yet been impossible 
to categorize nanomaterials based on risk assessment and ecotoxicology. 
However, based on extrinsic characteristics of nanomaterials (agglom-
eration, charge, critical functional group, contaminant dissociation, 
bioavailability association, bioaccumulation potential, toxic potential, 
and size), Tervonen et al. (2008) proposed five ecological risk clusters 
obtained from Stochastic multicriteria acceptability analysis (SMAA--
TRI): (1) Extreme risk (2) High risk (3) medium risk (4) Low risk and (5) 
Very low risk. It should be noted that threshold levels used in the 
aforementioned study were mainly based on ecotoxicological parame-
ters and human health risk was not considered. A simple classification of 
nanomaterials based on shape and dimension, phase composition, and 
nature of the material could be found in a recent review published by 
Khanna et al. (2019). 

For an overview of existing physical, chemical, and biological syn-
thesis and properties of MNPs the reader is directed to recent reviews 
(Bandeira et al., 2020; Jacob et al., 2020; Khanna et al., 2019; Marcelo 
et al., 2020; Sadhasivam et al., 2020). 

Microalgae and cyanobacteria (blue-green algae) are some of the 
most primitive forms of life on the earth. They represent a vast and 
diverse group of photosynthetic and oxygen-evolving microorganisms 
comprising of prokaryotic cyanobacteria and eukaryotic micro- and 
macroalgae. Algae and cyanobacteria are primary producers of aquatic 
ecosystems. The blue-green algae, for the first time in the history of the 
earth, conducted oxygen-evolving photosynthesis. Due to their photo-
synthetic ability, algae are considered a renewable source of bioenergy. 
Algae are well recognized for their potential in wastewater treatment, 
bioremediation, and carbon sequestration. They serve as an invaluable 
source of medicinal, bioactive, and other high-value products like 
polyunsaturated fatty acids, carotenoids, carbohydrates, proteins, 
amino acids, astaxanthin, glutathione, phycotoxins, etc. They possess 
the tremendous ability of uptake and accumulation of pollutants like 
heavy metals (Mehta and Gaur, 2005). A harmful effect of pollutants on 
algae produces detrimental impacts on the entire aquatic food webs. 

Over the past two decades, there has been substantial research on the 
impact of MNPs on algae. Because algae are at the base of the aquatic 
food webs, any adverse effect of MNPs on algae has serious re-
percussions on the entire aquatic food webs. For risk assessment of MNPs 
in the aquatic ecosystem, it is essential to thoughtfully identify mecha-
nisms of MNPs internalization in algal cell and subsequent toxicity. 
Recent reviews (Chen et al., 2019; Hou et al., 2018; Rana et al., 2020; 
Wang et al., 2019) on the subjects have predominantly focused on the 
toxic effects of MNPs on algae, however, there is a large disagreement on 
the pathways and mechanisms of MNP internalization in algal cells and 
further transfer of accumulated MNP to higher trophic levels. The pri-
mary objective of this review was to synthesize research works pub-
lished during the last decade to present an overview of mechanisms of 
MNP internalization and resulting toxicity to algae. This review seeks to 
address the following questions: (1) How the MNPs cross the cell wall 
and membrane barriers in an algal cell? (2) How does MNPs interact 
with membrane proteins? (3) What are the toxic impacts of MNPs on 
algae and cyanobacteria? (4) What represent detoxifying mechanisms to 
cope with the toxicity of MNPs (5) How do algal cells respond to a 
mixture of MNPs or a mixture of MNPs and metal ions released from the 
dissolution of nanomaterials? (6) Is there evidence for trophic transfer of 
engineered MNPs in the aquatic food webs? 

2. Uptake and accumulation of MNPs in algae 

Although there are plenty of studies showing the internalization of 
Ag, TiO2 or CuO NPs in distinct microalgal species (Moos et al., 2014), 
nonetheless, the system and mechanism of intracellular uptake are 
largely unknown. The proposed active and passive mechanisms of 
internalization of NPs in algae and cyanobacteria are essentially theo-
retical and unproven (Nguyen et al., 2020). Furthermore, to our 
knowledge, the study has not been carried out to explain the mechanism 
of transport of MNPs through the peptidoglycan layer of cyanobacteria. 
A conceptual model showing the possible pathways of MNPs uptake is 
presented in Fig. 1. 

Extracellular covering including cell wall is the first site of interac-
tion of MNPs and algal cells. Cell walls of green algae mostly resemble 
higher plant cell walls containing microfibrillar cellulose, homo-
galacturonan, rhamnogalacturonan-I, extensin, and arabinogalactan 
constituents (Estevez et al., 2009). The group Ulvophyceae have either 
cellulose as a fundamental fibrillar component of their cell walls or 
(1→4)-β-mannans and (1→3)-β-xylans (Ciancia et al., 2012). Cell wall in 
order Zygnematales of class Chlorophyceae has cellulose, pectins 
β-(1− 3), glucans, and hemicellulosic polymers like xyloglucans, man-
nans, and xylans (Domozych et al., 2012). The algal cell wall contains a 
significant percentage of proteins bonded to polysaccharides producing 
glycoproteins. Polysaccharides and proteins provide negatively charged 
functional groups like hydroxyl, carboxyl, sulfhydryl, amine, amide, 
imidazole, etc. (Mehta and Gaur, 1999; Ting et al., 1991). 

The first step of MNPs accumulation primarily involves the adsorp-
tion of MNPs on cell wall functional groups (Nguyen et al., 2020). The 
positively or negatively charged MNPs - in the external media adhere to 
the negatively charged cell surface through electrostatic interaction and 
fuses with the cell wall (Shankar et al., 2016). However, it is not well 
known how the inert MNPs interact with charged functional groups of 
the cell walls? Indeed inert MNPs may interact with biota through 
physical pathways such as a biological surface coating (Bundschuh et al., 
2018). Several algae and cyanobacteria secret extracellular substances, 
like exopolysaccharides and glycoproteins that may mediate the 
adsorption of uncharged MNPs on the negatively charged surfaces of 
cells. After adsorption, the cell surface and other extracellular matrices, 
MNPs diffuse passively into the space between the cell wall and cell 
membrane through the nano-sized pores formed after breaking the cell 
wall (Nguyen et al., 2020). Remarkably, cyanobacterial cells possess a 
gram-negative architecture of cell envelope (10–700 nm thick) 
composed of peptidoglycan (Hoiczyk and Hansel, 2000). 

The cell membrane represents a barrier to the internalization of 
MNPs in the cell. The second phase of MNPs intracellular uptake is 
transport through the lipid bilayer of the cell membrane. Transport of 
MNPs across the cell membrane can occur either by simple diffusion 
(non-mediated transport) or by the unidentified protein-mediated 
transmembrane transport system. Several questions regarding the 
transmembrane movement of NPs remain to be addressed. For example, 
transport of NPs across the membrane would require hydrophobic 
properties of NP which has so far not been shown for metallic NPs. The 
intracellular uptake and associated toxicity of MNPs increase inversely 
with the size of particles (Nel et al., 2006). The permeability of NPs 
through lipid bilayers is regulated by the fluidity and composition of the 
bilayers themselves, as well as the morphology and charge on the NPs 
(Xiang et al., 1998). Several mechanisms of intracellular uptake of MNPs 
have been reported, although these mechanisms are better described in 
animal cells (Schwab et al., 2015). 

Yet not proven, the general mechanisms of intracellular uptake of 
MNPs in algae include the formation of pores in the membrane, endo-
cytosis, protein-coupled transport, carrier-mediated transport, ion- 
channels, and ionophore. It is worth mentioning intracellular uptake 
of MNPs via ion-channels is difficult due to large size of MNPs (Khan 
et al., 2015). Markedly, the MNPs-specific transporter proteins and 
channels on the cell membrane of algae are yet unobserved. The possible 
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Fig. 1. The schematic representation of possible mechanisms of intracellular uptake of MNPs in the algal cell. Due to porous structure, plant and algal cell walls allow 
the MNPs to passively accumulate in a space between the cell wall and cell membrane. The cell membrane represents a barrier for the intracellular uptake of MNPs. 
The intramembrane transport of MNPs in algae and cyanobacteria is not yet proved. The metal ions released in the external medium after the dissolution of MNPs find 
entry into the cells via ion channels and carriers. Unidentified transport proteins bind MNPs in the cytoplasm and facilitate the transport of MNPs from one point to 
another. The entry of MNPs in cell organelles like the chloroplast, mitochondria, nucleus is evident, however, the mechanisms are unknown. Abbreviations: Ad-MNPs- 
Adsorption of metallic nanoparticles, CCIE- Clathrin and caveolin independent endocytosis, CH- Chloroplast, CM- Cell membrane, CW- Cell wall, DF- Diffusion, ECM- 
Extracellular matrix covering, ER- Endoplasmic reticulum, GA- Golgi apparatus, IP- Ionophore, MD-MNPs- Modified metallic nanoparticles, MI- Mitochondria, MP?+
NP- Motor protein combines with nanoparticles, MPE- Micro pinocytotic pathway of endocytosis, MNPs- Metallic nanoparticles, NU- Nucleus, PF- Pore formation, 
PM- Permeation, PPE- Phagocytic pathway of endocytosis, VC- Vacuole. 
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processes of MNPs uptake studied are as follows: 
Some NPs after coming in contact with the cell membrane, they 

interact with groups of lipid molecules resulting in pore formation in the 
cell membrane (Wang et al., 2016) through which NPs enter into the 
interior of a cell. Membrane perforation is ascribed to alteration in 
MNPs-induced phospholipid metabolism (Duan et al., 2018). The pres-
ence of NPs can stimulate phospholipid metabolism and 
related-enzymes, resulting in the oxidation of unsaturated fatty acids 
leading to perforation in the membrane (Zhao et al., 2017). A decrease 
in phosphatidyl-compounds involved in membrane stability provides 
support for the theory of MNPs-induced membrane perforation (Zhang 
et al., 2018a, 2018b). 

Endocytosis has been suggested as another pathway of MNPs intra-
cellular uptake in algae. The endocytosis represents a well-established 
mechanism of NPs internalization in animal cells where the uptake of 
NPs may occur through mechanisms like phagocytosis and pinocytosis 
(Dawson et al., 2009; Oberdörster et al., 2004). Phagocytosis represents 
the key mechanism for eliminating viruses, bacteria, and infected cells 
by phagocytic specialist cells to the immune system, macrophages, 
dendritic cells, and neutrophils (Hillaireau and Couvreur, 2009; Sahay 
et al., 2010). The coating of NPs with opsonins, immunoglobulins, 
laminin, fibronectin make NPs more visible to the phagocytic cell 
(Norbury, 2006). In the plant, NPs pass through the endocytosis 
pathway; go through the various symplastic pathways to reach various 
plant tissues (Ma et al., 2010). In algae and cyanobacteria, the endo-
cytotic pathway of NPs uptake is largely unknown. However, a few 
recent studies have indicated the internalization of CuO NPs and Ag NPs 
via endocytosis in Chlamydomonas reinhardtii cells and Ochromonas 
danica (Miao et al., 2010; Zhao et al., 2016). 

Because engineered and functionalized MNPs are charged, there is a 
large possibility of protein-coupled transport across the cell membrane 
(Miao et al., 2010). Indeed, several studies have analyzed the binding of 
charged MNPs on proteins. Although there is no direct evidence to 
support the internalization of MNPs via protein-coupled transporter, 
studies have suggested that Ca2+ and Cu2+ transporters or sodium 
channels affect the transport of dissolved ions (Ce3+ and Ag+) released 
from NPs (Kosak née Röhder et al., 2018; Yue et al., 2017). Several 
metal-ion transporter proteins are known from all groups of organisms 
including algae. The intended research is needed to identify and char-
acterize the protein-coupled MNPs transport system in algae and cya-
nobacteria. Subsequent studies should certainly investigate if the 
transport of MNPs shares the same ion transport protein systems that are 
designed for the transport of metallic ions or if there are specific 
transporter proteins for MNPs. The identification and characterization of 
MNPs transporter proteins will significantly help in the understanding of 
the intracellular uptake of MNPs. Identification of MNP transporters in 
algae and cyanobacteria will extend the window for research on MNP’s 
hyperaccumulator algae for bioremediation. 

Membrane-bound proteins may act as carrier proteins (Nel et al., 
2009). Studies carried out with animal cells have shown MNPs interact 
with protein and form MNPs-protein-corona (Corbo et al., 2017). The 
size of MNPs occupies a significant role in NPs-protein-corona forma-
tion. Remarkably, carrier-mediated transport through the 
NPs-protein-corona formation is shown with animal cells, and there is no 
published evidence of the formation of MNPs-protein-corona complex in 
algae and cyanobacteria. 

Ionophores represent a diverse group of small, lipid-soluble organic 
compounds that participate in facilitated diffusion of ions down their 
electrochemical gradients. Ionophores carry single ions across the bio-
logical membranes, it is not clear if they can transport much larger 
MNPs. Ionophores may have key roles in the excretion of metal ions 
released from MNPs by dissolution in the cell (Misra et al., 2012). The 
study has not been taken up so far to examine the induction and 
participation of ionophores in the transmembrane movement of MNPs. 
Nevertheless, due to the wide occurrence of ionophores, at least in 
bacteria, their roles in the transport of MNPs similar to other ions across 

the cell membrane could not be ruled out. The study of MNPs transport 
across isolated cell membranes treated with peptide- and non-peptide 
ionophores will certainly cast light on the mechanism of MNPs intra-
cellular uptake. The discovery of charged-MNPs specific ionophores may 
revolutionize the targeted drug delivery system even able to cross the 
blood-brain barriers. Although some studies (Fiedler and Violi, 2010) 
have been performed to determine the permeability coefficients of 
various sized NPs using synthetic lipid bilayers, nonetheless, the 
permeability coefficient of NPs in intact plant and algal cells is largely 
unanalyzed. 

3. Factors affecting uptake and accumulation of MNPs 

The uptake and accumulation of MNPs are regulated by cellular 
structure, cell wall composition and thickness, membrane composition, 
membrane hydrophobicity and permeability, particle aggregation and 
the resulting size of particles, and other properties of the cell membrane. 
The differences in physical properties of NPs or variations in cell- 
membrane characteristics may influence NPs-cell interactions and up-
take processes (Tripathi et al., 2017). The internalization of MNPs is 
better known in the animal cells compared to plants and other photo-
synthetic organisms. In comparison to animal cells, the plant and algal 
cells maintain more external and internal barriers. 

The cell wall of algae and higher plants are porous and allow the 
bidirectional transportation of MNPs. The smaller particles may easily 
diffuse through the algal cell wall (Samberg et al., 2011). Since the 
structure and chemical composition of the cell wall vary among diverse 
groups of algae, the rate of diffusion of NPs through the cell walls of 
various algae also differs. A systematic study has not been carried out to 
compare the diffusion of MNPs through the cell wall in the divergent 
groups of algae. 

The composition and structure of the cell wall of cyanobacterial cell 
are completely different from plant and algal cells. Although cyano-
bacteria present the general gram-negative architecture, the peptido-
glycan layer is relatively thick compared to other gram-negative 
bacteria (Hoiczyk and Hansel, 2000). The thickness of the peptidoglycan 
layer in unicellular Synechococcus is about 10 nm (Golecki, 1979), 
whereas in filamentous Oscillatoria princeps the thickness of the pepti-
doglycan envelop is more than 700 nm (Hoiczyk and Baumeister, 1995). 
Due to varying thickness of the cyanobacterial envelope in distinct 
species, the diffusion of NPs through it may equally vary. The other 
layer, termed as S-layer (outer membrane), covers the external surface of 
cyanobacteria (Lounatmaa et al., 1980; Šmarda, 1988) that may also 
function as a molecular sieve. The permeability of the cyanobacterial 
outer membrane is not aptly characterized. It has been shown that the 
outer membrane in cyanobacteria is more permeable to inorganic ions 
compared to organic nutrients (Kowata et al., 2017). Because the outer 
membrane of cyanobacteria affects the flux rates for various substances 
into and out of the cell, its permeability is closely associated with 
cellular physiology. Therefore, cellular physiology may profoundly 
affect the uptake and toxicity of NPs in cyanobacteria. 

As has been demonstrated with Monte Carlo simulations, the MNPs 
may also alter the cell membrane permeability. Under a certain range of 
hydrophobicity of the membrane, the NPs were translocated across the 
membrane (Ding et al., 2012). In the aforementioned study, the trans-
location of NPs results in reversible destabilization of the membrane, 
however, there is no similar observation obtained with live algal or 
cyanobacterial cells. 

Aggregation remains a key factor that produces a tremendous impact 
on the internalization of MNPs into the cell (Mortensen et al., 2013). 
Size-dependent skin penetration and subsequent cellular uptake of NP 
aggregates is demonstrated (Rancan et al., 2012), however, the uptake 
of large NP-aggregates in algae and cyanobacteria is not reported. 
Neutral NPs are expected to agglomerate faster than positively or 
negatively charged NPs (Izak-Nau et al., 2013; Mortensen et al., 2013). 
Besides, the charge on the surface of MNPs considerably influences the 
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adsorption of MNPs on the surface of the cell. Kim et al. (2013) showed 
that the positively charged NPs amend cell membrane potential and 
eventually disorder the lipid bilayer resulting in enhanced cellular up-
take of cationic NPs. Other factors like NPs functionalization also sub-
stantially influence uptake. The functionalization of NPs by coating with 
a polyethylene glycol group (PEG) results in reduced cellular uptake of 
NPs (Ehrenberg et al., 2009; Verma and Stellacci, 2010). 

4. MNPs in the ecosystem and their trophic transfer 

MNPs are entering into the environment from various sources. It is 
expected that with growing commercialization MNPs will produce a 
serious threat to the environment. NPs in alternative forms exist ubiq-
uitously in the environment. In an ecosystem, NPs may be present in 
metallic, non-metallic, or metal oxide forms. NPs in the natural envi-
ronment are usually formed through the weathering of minerals and 
microbial activities. Biogenic NPs are occasionally formed directly by 
the organisms as their metabolic prerequisite (Bazylinski and Frankel, 
2004). 

MNPs are becoming common components in many industrial, 
household, and cosmetic products that are released into the soil, fresh-
water as well as marine coastal ecosystems. MNPs alone or combined 
with other contaminants, such as metals in sediment and water phase, 
may form agglomerates and may exert the synergistic effects on struc-
ture, composition, and functioning of aquatic ecosystems (Ghosh et al., 
2010). Increased inhibition in the growth of freshwater alga Pseudo-
kirchneriella subcapitata by the interaction of Cd2+ with TiO2 has been 
described (Hartmann et al., 2010). Concentration-dependent mortality 
due to treatment with amine-coated Au-NP has been shown in green alga 
Scenedesmus subspicatus (Renault et al., 2008). Phytoplankton are 
important primary producers of the aquatic ecosystem. Miller et al. 
(2010) showed that TiO2- and ZnO-NPs decrease the growth rates of 
marine phytoplankton (diatoms, chlorophytes, and prymnesiophytes). 
Several reports are published on the phototoxicity of MNPs and other 
NPs containing composite materials (Ma et al., 2010; Yang et al., 2017). 
A recent study has shown that nTiO2 NPs enhance the production of 
microcystin-LR in cyanobacterium Microcystis aeruginosa suggesting a 
potential risk to the aquatic ecosystem (Zhang et al., 2020). 

The aquatic ecosystem is an ultimate sink for all types of pollutants 
including MNPs. After release into the aquatic ecosystem, NPs can be 
transformed, transported, or migrated into ambient media (water, sed-
iments, and biota) (Turan et al., 2019; Zhao et al., 2017). The behavior 
and fate of NPs in the aquatic environment are defined by the physical, 
chemical. or biological transformations (Turan et al., 2019). MNPs like 
Ag, ZnO, and Cu are easily transformed via dissolution and sulfidation 
processes that considerably alter the toxicity of NPs (Turan et al., 2019). 
Few studies have reported the biological transformation of NPs in 
aquatic media (Turan et al., 2019). Santos-Rasera et al. (2019) have 
shown biotransformation of CuO NP into Cu3(PO4)2 in the intestine and 
appendages of the Daphnids. 

Extremely limited reports are available on trophic transfer and bio-
magnification of MNPs in the aquatic ecosystem (Lammel et al., 2019; 
Renault et al., 2008; Zhao et al., 2017). Renault et al. (2008) have re-
ported trophic bioaccumulation of Au-NPs in the digestive tract of 
freshwater benthic bivalve Corbicula fluminea feed on Au-NPs treated 
Scenedesmus subspicatus, however, the study does not show bio-
magnification of Au-NPs in Corbicula fluminea. Lammel et al. (2019) has 
reported the trophic transfer of CuO NPs from sediment to 
sediment-dwelling oligochaete worm (Tubifex tubifex) and from worms 
in the three-spined stickleback Gasterosteus aculeatus. The question of 
how uptake, bioaccumulation, and trophic transfer of MNPs differ from 
compared to non-nanoparticle counterparts are largely unanswered. 
However, in a laboratory study, Lammel et al. (2019) suggested that 
trophic transfer of CuO NPs from T. tubifex to stickleback is limited 
compared to dissolved Cu. Skjolding et al. (2014) investigated the tro-
phic transfer of ZnO NP and dissolved Zn (ZnCl2) from crustaceans 

(Daphnia magna) to zebrafish (Danio rerio) and concluded that D. rerio 
accumulated 10-folds higher ZnO NP compared to values obtained 
through aqueous exposure. In a constructed freshwater ecosystem 
comprising of water, sediment, water lettuce, water silk, Asian clam, 
snail, 25 water flea, the Japanese Medaka, and the Yamato shrimp, it 
reported that Ce in 6 tested biota species was negatively correlated with 
its trophic level, showing no biomagnification of CeO2 NPs through this 
constructed food web (Zhao et al., 2017). It seems that trophic transfer 
of MNPs in aquatic food webs is a complex process and needs further 
research considering long-term experiments and multi-step trophic food 
webs. More research is required to understand the chemical and physical 
changes of MNPs along with trophic levels for the more meaningful 
evaluation of the benefits and risks of MNPs (Zhao et al., 2017). Another 
key constraint in the understanding of the fate and trophic transfer of 
NPs in the aquatic ecosystem is that most of the findings are based on 
investigations performed for a limited duration (7–10 days) with very 
unassuming two-step food chains consisting of algae as primary pro-
ducer and crustaceans, bivalves or snails as primary consumers. 

5. Toxicity of MNPs 

5.1. The effect on growth 

The majority of the studies have confirmed intracellular MNPs 
decrease the growth rate and biomass production in algae and cyano-
bacteria (Aruoja et al., 2009; Hartmann et al., 2010; Wang et al., 2015). 
The magnitude of the toxicity of NPs depends on size, shape, chemical 
composition, charge and oxidation state, surface structure and coating, 
crystalline phase, area, solubility, and aggregation state (Hou et al., 
2018). It should be mentioned here that the intrinsic mechanisms of 
MNPs accumulation and toxicity in algae is not fully known (Hou et al., 
2018). Table 1 includes the reports on the toxicity of MNPs in algae and 
cyanobacteria. At this point papers which have considered particle 
controls (metal salts and bulk materials) in the evaluation of MNPs were 
only included. 

The Ag-NPs inhibited the growth of Chlamydomonas reinhardtii at 
40 mg Ag-NPs Kg− 1 soil application (Nam et al., 2018). Exposure to 
aluminum oxide NPs (Al2O3-NPs) at a concentration of 0.026 mg L− 1 for 
48 h and 0.14–3.8 mg L− 1 for 72 h inhibited the growth rate of Duna-
liella salina cells (Shirazi et al., 2016). Wang et al. (2016) reported that 
higher concentrations of TiO2 (≥ 20 mg L− 1) significantly inhibit the 
growth of Phaeodactylum tricornutum. Franklin et al. (2007) have shown 
reduced growth in Pseudokirchneriella subcapitata due to ZnO-NPs at a 
concentration of 600 µg mL− 1. However, a study carried out with a 
population of 10 species of freshwater phytoplankton has shown 
TiO2-NPs did not decrease the growth and biomass accumulation 
(Kulacki and Cardinale, 2012). Variation in results obtained in various 
studies on the effect of MNPs on algal growth is principally due to the 
size of metal particles used and other experimental conditions. A study 
carried out with green alga Desmodesmus subspicatus has demonstrated 
that the toxicity of TiO2-NPs is dependent on specific surface area of NPs. 
Some studies have suggested that least sized particles cause greater in-
hibition in growth (Hund-Rinke and Simon, 2006). It has been observed 
that the magnitude of the inhibitory effect of MNP is extremely variable 
and depends on the type of metal NPs. Wong et al. (2020) compared the 
toxicity of various MNPs and determined the order of their growth 
inhibitory potential in marine diatom Skeletonema costatum as: nano zinc 
oxide (nZnO) > nTiO2 (rutile) >nMgO > Annealed nMgO > nTiO2 
(anatase) > γ-nAl2O3 > nIn2O3 > α-nAl2O3 > nSnO2. 

5.2. The effect on structure and physiology 

The interaction of MNPs can also modify the composition of the cell 
wall and consequently the morphology. MNPs may disrupt cell surface 
resulting in shrinkage of cells. At more elevated concentrations 
(1.5 mM) Ag-NPs caused granulation and contraction in alga Pithophora 
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Table 1 
The toxicity of metallic nanoparticles compared to corresponding bulk materials and metal salt controls in algae and cyanobacteria.  

Name NPs Size (nm) Concentration of NPs Effects References 

Chlamydomonas 
reinhardtii 

Ag Ag NP = < 100.0 nm Ag NPs = 40, 50.0 mg Kg− 1 of LUFA 
2.2 soil, 

Presence of Ag NP in soil reduce rate of growth (EC10 = 32 mg kg− 1 LUFA 2.2 soil) and 
transfer of electrons from reaction centre to the quinone pool on soil algal 
photosynthesis (Reaction center per trapped energy flux (at t = 0) (RC/TRo) at 40 mg 
AgNPs kg− 1 treated soil = 44 and Reaction center per absorption flux (RC/ABS) at 
50 mg AgNPs kg− 1 treated soil = 46), whereas in case of Ag bulk or Ag ions, cells 
adsorbed to soil due to desiccation, and did not show toxicity. 

Nam et al. 
(2018) 

Bulk Ag = 40, 50.0 mg Kg− 1 of LUFA 
2.2 soil 

Chlamydomonas 
reinhardtii 

Ceria Ceria NPs = 4–5 nm Ceria NPs = 80,000 µg L− 1, 72 h treatment of ceria NP indicates no toxicity than ionic cerium (CeNO3) to reduce the 
growth of alga (EC50 = 4.5 mg L− 1). 

Taylor et al. 
(2015) CeNO3 = 32 mg L− 1 

Chlamydomonas 
reinhardtii 

Ag Ag NPs = 10–200 nm AgNO3 = 500 nM, Ag NPs = 10 µM AgNO3 shows more toxicity than Ag NPs. 1 h exposure of AgNO3 shows lower toxicity 
that reduces rate of growth (EC50 = 188 ± 61 (n = 3) nM) and photosynthetic yield by 
97.92% than 2 h exposure (EC50 = 184 ± 81 nM (n = 3) nM) and photosynthetic yield 
by 100%). Similarly, 1 h exposure of Ag NPs shows lower toxic ((EC50 = 3,300 ± 572 
(n = 3) nM) and photosynthetic yield by 84.68%) than 2 h exposure (EC50 

= 1,049 ± 396 nM (n = 2)) and photosynthetic yield by 100%. 

Navarro et al. 
(2008) 

Chlamydomonas 
reinhardtii 

TiO2 TiO2 NPs = < 100 nm, Bulk TiO2 

= > 100 nm 
Nano TiO2 = 400 mg L− 1, Bulk TiO2 

= 400 mg L− 1 
Bulk TiO2 (EC50 = 423.70 ± 18.74 mg L− 1) is more toxic than nano TiO2 (EC50 

= 551.7 ± 163.79 mg L− 1) to reduce the growth in normal condition. 
Sendra et al. 
(2017b) 

Chlorella ellipsoids Al2O3 Al2O3 NPs = < 50 nm, 13 nm Al2O3 NPs = 1, 0.5 and 0.05 g mL− 1 72 h interaction of Al2O3 NPs increases ROS level within the cell. At the concentration of 
1, 0.5 and 0.05 g mL− 1 of Al2O3 NPs having sizes < 50 nm and 13 nm, increases ROS 
level significantly by 13 ± 0.001%, 9.2 ± 0.001%, 5.3 ± 0.003% (p < 0.05) and 
19.1 ± 0.002%, 7.2 ± 0.002%, 6.2 ± 0.002% respectively. 

Pakrashi et al. 
(2013) 

Chlorella pyrenoidosa zero-valent iron 
NPs, γ-Fe2O3 and 
α-Fe2O3 NPs 

zero-valent iron NPs = 20 ± 5 nm, 
γ-Fe2O3 = 20 ± 5 nm, α-Fe2O3 

= 30 ± 5 nm 

zero-valent iron NPs = 30 mg L− 1, 
γ-Fe2O3 = 150 mg L− 1 and α-Fe2O3 

NPs = 80 mg L− 1 

96 h treatment of zero-valent iron NPs (IC50 = 19.8 ± 0.9 mg L− 1), γ-Fe2O3 NPs (IC50 

= 132 ± 5 mg L− 1) and α-Fe2O3 NPs (IC50 = 71.0 ± 1.1 mg L− 1) shows lower toxicity in 
the inhibition of growth compare to FeCl3 (IC50 = 1.0 ± 0.1 mg L− 1). 

Lei et al. (2016) 

Chlorella sp. CuO N-CuO = 40.0 ± 10–20 nm, M- 
CuO = 30 µm 

N-CuO and M-CuO = 160 mg L− 1, 
Cu2+ = 5.12 mg L− 1 

The 96 h treatment of nano-CuO, micro-CuO and Cu2+ decreased the toxic effect in an 
order of Cu2+ > nano-CuO > micro-CuO. EC50 of Cu2+ and nano-CuO was 1.06 mg L− 1 

and 74.61 mg L− 1 respectively, whereas no pronounced toxicity was observed for M- 
CuO at the concentration lower than 160 mg L− 1. 

Wang et al. 
(2013) 

Chlorella sp. ZnO Nano ZnO = 20 ± 5 nm, Bulk 
ZnO = 1,000 ± 200 nm 

nano-ZnO = 1000 mg L− 1, bulk- 
ZnO = 1,000 mg L− 1 

The presence of nano-ZnO is more toxic and reduces the survival of species by 
48.8 ± 8.7% than bulk-ZnO by 59.0 ± 11.4%. 

Ji et al. (2011) 

Chlorella sp. TiO2 TiO2-rutile = 50 nm, TiO2- 
anatase = 5–10 nm, Bulk-TiO2 

= 600 ± 200 nm 

Nano TiO2-anatase= 1,000 mg L− 1, 
Bulk TiO2 = 1000 mg L− 1, TiO2- 
rutile = 1,000 mg L− 1 

Bulk-TiO2 and TiO2-rutile suspensions showed no significant difference (p > 0.05) in 
the toxicity from the control, whereas nano TiO2-anatase greatly inhibited the growth 
by 70.5%. 

Ji et al. (2011) 

Chlorella vulgaris TiO2 TiO2 NPs = < 100 nm, Bulk TiO2 

= > 100 nm 
Nano TiO2 = 10 μg L− 1, Presence of TiO2 NPs (10 μg L− 1) decrease the ratio between the absorbance at a given 

time point (i.e. 0.21) as compared to bulk TiO2 (0.12) at concentration of 245 μg L− 1. 
Sendra et al. 
(2017a) Bulk TiO2 = 245 μg L− 1 

Coelastrella terrestris ZnO Nano ZnO = ≤ 100 nm Nano ZnO = 1 mg L− 1, Bulk- 
ZnO = 1 mg L− 1 

At a concentration of 1 mg L− 1, ZnO NP was found to be more toxic (IC50 

= 0.255 mg L− 1) than bulk (IC50 = 0.455 mg L− 1) by entrapping the algal cell surface. 
Interaction with ZnO NPs release high lactate dehydrogenase 
(18.89 ± 0.2 nmol min− 1), lipid peroxidation (0.9147 ± 1.2 MDA) and catalase activity 
(4.77 ± 0.1 unit mg− 1 protein) than bulk ZnO (lactate 
dehydrogenase = 13.67 ± 0.2 nmol min− 1 mL, lipid peroxidation = 0.7480 ± 0.8 
MDA, catalase activity = 3.32 ± 0.1 unit mg− 1 protein). 

Saxena and 
Harish (2019) 

(continued on next page) 
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Table 1 (continued ) 

Name NPs Size (nm) Concentration of NPs Effects References 

Dunaliella salina ZnO Nano-sized ZnO = 251.65 ± 9.05 nm, Nano ZnO = 122.88 µM, Bulk 
ZnO = 122.88 µM 

Nano-sized ZnO is more toxic than bulk ZnO in terms of the production of extracellular 
ROS. Nano-sized ZnO and bulk ZnO produce extracellular ROS under UV-A irradiation 
with relative fluorescence 1.113 and 1.039 and under dark conditions 0.97 and 0.01, 
respectively. 

Gunasekaran 
et al. (2020) Bulk-sized ZnO = 975.18 ± 85.89 nm. 

Dunaliella tertiolecta ZnO Nano ZnO = 100 nm; Bulk 
ZnO = 200 nm 

Nano ZnO = 1.0 mg L− 1, Bulk 
ZnO = 1.0 mg L− 1, ZnCl2 

= 0.23 mg L− 1 

The nano ZnO (EC50 = 1.94 mg Zn L− 1) was more toxic than its bulk counterpart (EC50 

= 3.57 mg Zn L− 1) and reduces growth rate. But compared with ZnCl2 (EC50 = 0.65 mg 
Zn L− 1) the nano ZnO and bulk ZnO were less toxic. 

Manzo et al. 
(2013) 

Isochrysis galbana TiO2 TiO2 NPs = < 100 nm, Bulk TiO2 

= > 100 nm 
Nano TiO2 = 10 μg L− 1, The presence of TiO2 NPs (10 μg L− 1) results high ΔOD1 (the ratio between the 

absorbance at a given time point) value i.e. 0.56, than bulk TiO2 (245 μg L− 1) i.e. 0.38. 
Sendra et al. 
(2017a) Bulk TiO2 = 245 μg L− 1 

Phaeodactylum 
tricornutum 

ZnO Nano ZnO = 100 nm, Bulk 
ZnO = 200 nm 

Nano ZnO = 0.1 mg Zn L− 1, Bulk 
ZnO = 0.5 mg Zn L− 1 

72 h exposure of nano ZnO shows more toxicity in the reduction of growth (EC50 

= 1.09 mg Zn L− 1) than bulk ZnO (EC50 = 3.47 mg Zn L− 1). 
Li et al. (2017) 

Phaeodactylum 
tricornutum 

TiO2 TiO2 NPs = < 100 nm, Bulk TiO2 

= > 100 nm 
Nano TiO2 = 10 μg L− 1, The presence of TiO2 NPs (10 μg L− 1) and bulk TiO2 (245 μg L− 1) decrease the ratio 

between absorbance at a given time point i.e. 0.55 and 0.47 respectively. 
Sendra et al. 
(2017a) Bulk TiO2 = 245 μg L− 1 

Phaeodactylum 
tricornutum 

TiO2 TiO2 NPs = < 100 nm, Bulk TiO2 

= > 100 nm 
Nano TiO2 = 400 mg L− 1, In growth inhibition test, the bulk TiO2 (EC50 = 185.0 ± 26.0 mg L− 1) is found to be less 

toxic than nano TiO2 (EC50 = 132.0 ± 7.0 mg L− 1) for the reduction of growth at 
normal condition. 

Sendra et al. 
(2017b) Bulk TiO2 = 400 mg⋅L− 1 

Pseudokirchneriella 
subcapitata 

Ag Ag NP = 30.0 nm Ag NP = 1,000 µg Ag L− 1, AgNO3 

= 76 µg Ag L− 1 
The 2 h treatment of Ag NP (EC50 = 710 µg Ag L− 1) is less toxic than AgNO3 (EC50 

= 6.0 µg Ag L− 1) in the reduction of growth rate. 
Sørensen and 
Baun (2015) 

Pseudokirchneriella 
subcapitata 

ZnO Nano ZnO = 50–70 nm Nano ZnO = 0.16 mg Zn L− 1, Bulk 
ZnO = 0.16 mg Zn L− 1 

72 h treatment of bulk and nano form of ZnO particles inhibits growth rate of algae in 
terms of EC50 i.e. ~0.037 mg L− 1 and ~0.042 mg L− 1 respectively. The toxic effect of 
ZnO NPs is similar to ZnSO4 (EC50 = ~0.042 mg L− 1). 

Aruoja et al. 
(2009) 

Pseudokirchneriella 
subcapitata 

TiO2 Nano TiO2 = 25–70 nm Nano TiO2 = 380 mg L− 1, Bulk TiO2 

= 380 mg L− 1 
Nano TiO2 (EC50 = 5.83 mg Ti L− 1) induces no detectable growth than Bulk TiO2 (EC50 

= 35.9 mg Ti L− 1). 
Aruoja et al. 
(2009) 

Pseudokirchneriella 
subcapitata 

CuO Nano CuO = 30 nm Nano CuO = 6.4 mg Cu L− 1, bulk 
CuO = 25.6 mg Cu L− 1 

Nano CuO (EC50 = 0.71 mg Cu L− 1) shows more toxic than bulk CuO (EC50 = 11.55 mg 
Cu L− 1) that inhibits growth rate. 

Aruoja et al. 
(2009) 

Pseudokirchneriella 
subcapitata 

ZnO Nano-ZnOpowder = 180–360 nm, Nano- 
ZnOdispersant = 100–400 nm 

Nano-ZnO = 600 µg Zn L− 1, Bulk 
ZnO = 600 µg Zn L− 1 

The chronic toxicity of nanoparticulate ZnO {nano-ZnOpowder (72 h IC50 = ~68 µg L− 1) 
and nano-ZnOdispersant (72 h IC50 = ~49 µg L− 1)} shows statistically similar to that of 
bulk ZnO (72 h IC50 = ~ 63 µg L− 1) and ZnCl2 (72 h IC50 = ~61 µg L− 1). 

Franklin et al. 
(2007) 

Pseudokirchneriella 
subcapitata 

CeO2 CeO2 NPs = 10–20 nm, Bulk CeO2 

= < 5 µm 
Nano CeO2 = ~1 mg L− 1, Bulk CeO2 

= ~1 mg L− 1 
72 h treatment of CeO2 NPs and bulk materials reduce the 50% of growth rate in terms 
of IC50 i.e. 10.3 ± 1.7 and 66 ± 22 mg L− 1 respectively. 

Rogers et al. 
(2010) 

Raphidocelis 
subcapitata 

ZnO Spherical ZnO = 20, 40 nm and rod- 
shaped ZnO = 100, 500 nm 

Spherical ZnO NPs = 0.7 mg L− 1, ZnO 
nanorods = 0.7 mg L− 1 

At a concentration of 0.7 mg L− 1, spherical ZnO NPs show less toxic (cell death by 30%) 
than ZnO nanorods (cell death by 50%). 

Samei et al. 
(2018) 

Synechococcus sp. Ag Ag NP = 20, 40, 100 nm Ag NP = 10 µM, AgNO3 = 2 µM 72 h treatment of AgNO3 (2 µM) shows more toxicity to reduce 100% of growth (EC50 =

0.9 μM.) than Ag NP (10 µM) 
Burchardt et al. 
(2012) 

Tetraselmis suecica ZnO Nano ZnO = 100 nm, Bulk 
ZnO = 200 nm 

Nano ZnO = 0.1 mg Zn L− 1, Bulk 
ZnO = 0.5 mg Zn L− 1 

72 h exposure of nano ZnO shows more toxicity in the reduction of growth (EC50 

= 3.91 mg Zn L− 1) than bulk ZnO (EC50 = 7.12 mg Zn L− 1). 
Li et al. (2017) 

Thalassiosira 
pseudonana 

Ag Ag NP = 20, 40, 100 nm Ag NP = 10 µM, AgNO3 = 2 µM 72 h treatment of AgNO3 shows higher toxicity (EC50 = 1.2 µM) and reduces 100% of 
growth at concentration of 2 µM than Ag NPs. Ag NPs (10 µM) with sizes 20 nm and 
40 nm reduce the growth by 50% and 60%, respectively, whereas Ag NPs with size 
100 nm reduce the growth by 40%. 

Burchardt et al. 
(2012) 

(Symbol ± is SE of certain replicates as indicated in table) 
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oedogonia (Dash et al., 2012). The response of the algal cell wall to MNPs 
exposure needs to be undertaken at large scale analysis. 

Several studies have confirmed the reduced pigment content in algal 
cells in response to exposure to MNPs (Navarro et al., 2008; Tripathi 
et al., 2017; Yue et al., 2017). The MNPs can impede pigment synthesis 
and/or degrade the pigments (Tripathi et al., 2017). MNPs can reduce 
PSII/PSI activity (Clément et al., 2013; Tripathi et al., 2017; Yue et al., 
2017). Ag-NPs at a concentration of 50 mg Kg− 1 inhibits the transfer of 
electrons from the reaction center to quinine pool of Chlamydomonas 
reinhardtii (Navarro et al., 2008). ZnO-NPs reduces the photosynthetic 
activity in Euglena gracilis (Brayner et al., 2010). Yue et al. (2017) have 
found reduced photosynthetic activity in Euglena gracilis due to Ag-NPs. 
Alho et al. (2020) observed reduced photosynthesis in response to high 
CuO-NP Raphidocelis. subcapitata due to the impaired oxygen-evolving 
complex. Further studies are directed to understand the impact of 
MNPs on the structure and function of photosystems and enzymes of 
carbon fixation pathways. 

5.3. Genotoxicity of MNPs 

Although there is no direct evidence of damage to genetic material, 
MNPs-induced ROS can provoke DNA damage and affect DNA damage 
response (DDR). Fe3O4-NPs enhanced the level of ROS in the cell leading 
to DNA damage and increased lipid peroxidation (Liu et al., 2013). 
Chitosan-coated Fe3O4-NPs at a concentration of 124 µg mL− 1 shows 
10% cell viability in human hepatocellular carcinoma cells (Ge et al., 

2009). Presently, various coating agents are employed to coat various 
engineered nanoparticles (ENPs). Depending upon the coating agent the 
NPs show toxicity to various cellular organelles. But the coated NPs are 
less toxic than uncoated NPs. MNPs due to their genotoxicity are being 
tested for treating cancer. The genotoxicity of MNPs in algae and cya-
nobacteria needs to be analyzed. 

5.4. MNPs-induced oxidative stress 

Oxidative stress represents a general response of organisms towards 
a broad range of abiotic and biotic stresses. The intracellular level and 
rate of production of ROS typically increase several folds after exposure 
of organisms to stimulating environments. The cellular concentrations of 
different ROS like superoxide anion (O2

− ), hydrogen peroxide (H2O2), 
singlet oxygen (O2 (1Δg)), and the hydroxyl radical (OH− ) increase 
transiently in aerobic organisms. The heavy-metal-induced oxidative 
stress in algae and cyanobacteria is much acclaimed in the literature 
(Mehta and Gaur, 1999; Szivák et al., 2009; Tripathi and Gaur, 2004). 
ROS are extremely toxic to all kinds of organisms, however, a moderate 
level is essential in cell signaling pathways. A variety of ROS species are 
capable to react and oxidize different biomolecules like protein, lipid, 
and DNA, causing oxidative damages to cell structures, functions, and 
processes (Halliwell and Gutteridge, 1999). Algae and cyanobacteria 
possess ROS scavenging mechanisms including antioxidant enzymes like 
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase 
(APX), glutathione reductase (GR), guaiacol peroxidase (GPOX), 

Fig. 2. The schematic representation of mechanisms of cellular and molecular toxicity of MNPs in an algal cell. The cell membrane is the first target of MNPs. MNPs 
mediate in ROS metabolism signaling pathways and increase the level of ROS above a threshold. In addition to oxidative stress, MNPs may directly impede chlo-
roplast and mitochondrial functions. MNPs may also bind with cytoplasmic proteins (unidentified) and enzymes that may result in the inactivation of free cellular 
enzymes. The molecular signaling pathways of MNPs toxicity in algae are yet unknown. Metal ions after the dissolution of MNPs in the surrounding medium can also 
enter into the cell resulting in cellular toxicity. Abbreviations: CM-Cell membrane, CW-Cell wall, CYP-Cytoplasm, DISS- Dissolution, ECM- Extracellular matrix 
covering, EDC- Endocytosis, LDH- lactate dehydrogenase, MI- Metal ions, MNPs- Metallic nanoparticles, ROS- Reactive oxygen species. 
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dehydroascorbate reductase (DHAR), monodehydroascorbate reductase 
(MDAR), glutathione S-transferase (GST), glutathione peroxidase (GPX) 
and low molecular weight compounds like thiols, phenolics, gluta-
thione, ascorbic acid, and carotenoids. 

Although not comprehensively researched, some studies have 
described MNPs-induced shifts in oxidative stress metabolism of the 
diverse groups of organisms including microalgae (Costa and Sharma, 
2016; Venkatesan et al., 2018). The preliminary investigations have 
revealed that MNPs, after entering into a cell, can elevate the cellular 
level of ROS and hamper the antioxidant defense systems in algae and 
cyanobacteria. For example, the TiO2-NPs at 1.25 µM concentration 
significantly increased the activity of SOD, peroxidase (POD), and CAT 
in Chlorella ellipsoids (Matouke et al., 2018). CuO-NPs increase activities 
of POD and CAT in cyanobacterium Anabaena sp. (Karimi et al., 2017). 
The Ag- and Cu-NPs at concentrations of 5–20 mg L− 1 induced oxidative 
stress in Chlamydomonas reinhardtii (Nguyen et al., 2018). The 
Al2O3-NPs (size < 50 nm and 13 nm) increase ROS and lactate dehy-
drogenase (LDH) levels in Chlorella ellipsoids at lower concentrations 
(<1 µgm L− 1) (Dalai et al., 2014). A study performed with Campylo-
bacter jejuni showed that ZnO-NPs increased the expression level of two 
oxidative stress genes KatA, Ahp C, and dnaK by 52-, 7-, and 17-folds, 
respectively (Xie et al., 2011). Wei and Wang (2013) showed that 
MNPs mimic as antioxidants. The Fe2O3, Co3O4, and CeO2 mimic CAT 
activity while Au, MnO2, Fe3O4, CuO, CO3O4, and CeO2 mimic GPX, and 
Pt and CeO2 mimic SOD. Remarkably, the molecular mechanisms of 
cytotoxicity and oxidative stress in response to MNPs are thoroughly 
studied in animals (Sarkar et al., 2011; Ye et al., 2010). Considering 
algae and cyanobacteria comprise an indispensable component of an 
aquatic ecosystem, better knowledge of MNPs-induced oxidative stress 
and its molecular mechanism in algae and cyanobacteria is essential. 
The general mechanisms of the toxicity of MNPs in an algal cell are 
presented in Fig. 2. 

6. The combined effect of MNPs 

In a natural environment, organisms are exposed to multiple con-
taminants in space as well as in time. Two or more contaminants may 
exert a synergistic or an antagonistic effect depending on the organism 
under the investigation, concentrations, and prevailing environmental 
factors. Many studies have been carried out to measure the toxicity 
induced by individual NPs, but data are scarce on the potential hazards 
of complex mixtures of nanomaterials. A study carried out with em-
bryonic zebrafish has reported a synergistic effect of surfactant poly-
sorbate 20 on Au-NPs induced toxicity (Ginzburg et al., 2018). Likewise, 
a 3.46-fold increase in antimicrobial activity of tetracycline was seen 
when combined with 250 mg L− 1 Ag-NPs (Khurana et al., 2016). The 
synergistic effect of Ag (I) and Ag-NPs in the marine raphidophyte 
Chattonella marina has been noted (He et al., 2012). In a natural 
ecosystem, a complex interaction between NPs and dissolved species can 
exist where both potentially contribute to biological response (Misra 
et al., 2012). While the physiological effects of free metal ions on various 
organisms are extensively investigated, studies on the combined effect of 
dissolved ions and NPs on physiological processes of algae are scanty. 

The presence of MNPs can alter the toxicity of metal ions in micro-
algae. Cd toxicity in Chlamydomonas reinhardtii was reduced in the 
presence of TiO2-NPs (Yang et al., 2012). The TiO2-NPs and Zn2+ in the 
mixture exerted the enhanced toxicity in Anabaena sp. compared to the 
toxicity towards individual species (Tang et al., 2013). In contradiction 
to the above studies, NPs were reported to reduce the intracellular 
content of Cu and Pb in Chlorella kesslerii and Chlamydomonas reinhardtii 
(Worms et al., 2012), suggesting that NPs binding with metal ions can 
decrease the uptake of metal ions. 

7. Factors influencing the toxicity of MNPs 

Various factors like NP size, oxidation state, aggregation, crystalline 

phase, temperature, co-existence of MNPs in a similar environment, 
irradiation, and composition of the cell influence the MNPs toxicity in 
the natural conditions. MNPs reported forming aggregations in water 
that may cause shading effect resulting in reduced photosynthesis by 
losses in pigment content in aquatic algae (Gong et al., 2019). To a great 
extent, metal ions may release from aggregates and cause toxicity in 
algae by inducing ROS formation, lipid peroxidation, and other toxicity 
responses. It is further established that temperature greatly affects the 
rate of release of metal ions from aggregates. For example, Yung et al. 
(2017) showed that ZnO-NPs form large aggregations and release less 
Zn2+ at higher temperature and salinity. Although surface property and 
charge on NP are key drivers of NP toxicity, a study conducted with 
duckweed (Landoltia punctata) has demonstrated that a capping agent 
like cetyl trimethyl ammonium bromide (CTAB), commonly used during 
synthesis, is the primary cause of NP toxicity (Rippner et al., 2020). The 
size of NPs considerably determines the toxicity; smaller-sized ThO2NPs 
were more toxic to Chlorella pyrenoidosa (He et al., 2019). A study with 
Chlorella pyrenoidosa showed that growth inhibition declines with an 
order of zero-valent iron NP > Fe3O4 NPs > Fe2O3 NPs (Lei et al., 2016). 
Nogueira et al. (2020) estimated the toxicity of two crystalline phases of 
Al2O3 in the aquatic organism Daphnia magna and showed that the 
crystalline phase of NPs highly alters the toxicity. Cell wall composition 
equally determines the sensitivity of various algal species to MNP. For 
example, red algae with a high content of phycoerythrin protein were 
found less sensitive to CdS- and ZnS-NPs compared to green algae 
(Pikula et al., 2020). As is demonstrated against Microcystis aeruginosa, 
the pH may also influence the anti-algal effect of MNPs (Huang et al., 
2016). It is widely held that irradiation also affects the toxicity of MNPs. 
However, Lee and An (2013) noted that compared to visible light, the 
UV pre-irradiation did not increase the toxicity of ZnO- and TiO2-NPs in 
green algae Pseudokirchneriella subcapitata. 

The dissolution of NPs represents a crucial attribute that alters their 
abundance and marks a critical step in determining hazard assessment. 
Dissolution of metal MNPs can lead to the release of toxic metal ions 
(Cu2+, Zn2+, Ag+), and this process can occur in external media or inside 
cells (Misra et al., 2012). In context to hazard assessment, it is extremely 
important to know if observed toxicity is due to the intrinsic properties 
of MNPs or due to metal ions released from the dissolution of nano-
material. The nanotoxicological response of MNPs depends on complex 
interactions between MNPs and dissociated metal ions. For example, Liu 
and Hurt (2010) showed that Ag NP suspension can have Ag-NPs, 
free/complexed Ag ions, and adsorbed Ag+ on Ag NPs. The interplay 
between the NPs and dissolved species may give a synergistic toxicity 
response in biota. Lee et al. (2018) suggested that the presence of an 
ionic environment greatly affects the dissolution of silver NPs and pro-
foundly affects the toxicity of Ag NP in zebrafish embryos. The above 
study observed that a low concentration of chloride ion enhanced the 
rapid dissolution of Ag+ ion from Ag NPs and resulted in higher toxicity 
of zebrafish embryos. Several factors control the dissolution of nano-
materials in surrounding media (Misra et al., 2012). Smaller particle size 
favors the dissolution of nanomaterial (Chakraborty et al., 2018). 
Further, it has been demonstrated that the rate of dissolution of NPs and 
subsequent release of metal ions is faster at the beginning and slows 
down over time, leading to incompletely dissolved particles (Kittler 
et al., 2010; Wang et al., 2019). The dissolution of MNPs also determines 
the path of entry through the cell membrane. If MNP dissolves in 
ambient media, released metal ions cross the cell membrane through the 
ion channels and transporter proteins. If MNP resists the dissolution in 
the surrounding medium, there is a possibility of internalization via the 
process of endocytosis or MNP remains adsorbed on the surface of the 
cell which can release metal ions at the latter phase. It is equally possible 
that metal ions inside cells may be transformed into MNPs (Nguyen 
et al., 2020). Lee et al. (2018) found that a low concentration of chloride 
ion influenced the rapid dissolution of Ag+ ion from Ag NPs and resulted 
in toxicity in zebrafish embryos. Studies distinguishing toxicity of MNPs 
and their corresponding metal ions released from dissociation under 
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natural ecosystems are not available. 

8. Antioxidant responses 

The antioxidant defense system of algae is comprised of both enzy-
matic and non-enzymatic components. In plant as well as algae, the non- 
enzymatic defense system comprises of thiols, glutathione, phenolics, 
ascorbic acid, and the enzymatic components include SOD, CAT, GPOX, 
APX, GR, MDAR, DHAR, GST, and GPX. Matouke et al. (2018) have 
observed a notable improvement in the activity of SOD, POD, and CAT in 
alga Chlorella ellipsoids exposed to TiO2-NPs. In the same way, treatment 
of CuO-NPs and NaCl increased the POD and CAT activities in Anabaena 
sp. but CuO-NPs strongly enhance the APX activity (Karimi et al., 2017). 

The SOD is the most abundant intracellular enzymatic antioxidant 
and catalyzes extremely toxic superoxide radicals to H2O2 and O2. 
Several reports on plant show the SOD plays a role in tolerance against 
MNPs (Ma et al., 2016; Zhang et al., 2017; Zhu et al., 2019). The anti-
oxidant enzyme CAT plays an indispensable role in the detoxification of 
ROS (Garg and Manchanda, 2009). Ag-NPs (1.0 mg L− 1) increased 
2.15-fold SOD activity, but cysteine elevates the Ag-NPs induced SOD 
and CAT activity in Chlorella vulgaris (Zhang et al., 2017). The APX 
performs the most significant role in ROS scavenging through the 

ascorbate-glutathione (AsA-GSH) cycle and converts the low level of 
H2O2 into non-toxic H2O (Rao et al., 2006). Distinct NPs induce the 
activity of distinctive enzymes in different ways, for example, Fe2O3, 
Co3O4, and CeO2 induce CAT; Au, MnO2, Fe3O4, CuO, CO3O4, and CeO2 
induce GPX and fluorescence and Pt and CeO2 induce SOD (Wei and 
Wang, 2013). 

Among the non-enzymatic agents, ascorbate (AsA) and glutathione 
(GSH) are the most significant low molecular weight antioxidants. AsA 
scavenges superoxide radical (O2

− ) and OH− to resist oxidative stress and 
generate α-tocopherol from tocopheryl radicals to protect cell mem-
branes (Noctor and Foyer, 1998). In rice seedlings, the CuO-NPs 
increased AsA activity when exposed to less than 1.0 and 1.5 mM 
CuO-NPs (Shaw and Hossain, 2013). AsA in the cell membrane produces 
α-, β-, γ- and δ-tocopherols that scavenge oxygen-free radicals (Packer 
and Landvick, 1989). Glutathione (GSH) is another low molecular 
weight antioxidant, which plays a key role in an antioxidant defense 
system of plant, fungi, algae, bacteria, and animal. The GSH serves as a 
proton donor and reduces disulfide form and oxidized glutathione 
(GSSG). It is inscribed that in Arabidopsis the CeO2 and In2O3 NPs 
enhance the expression of sulfur assimilation genes and thereby 
increased GSH content (Ma et al., 2013). 

Notably, the toxicity of MNPs in algae and cyanobacteria has been 

Fig. 3. The schematic representation of the possible mechanisms of tolerance and detoxification of MNPs and metal ions released after the dissolution of metallic 
nanoparticles in algae. MNP can enter into the cell by simple diffusion via pores in the cell wall and perforated cell membrane due to MNP-induced lipid peroxidation 
in localized areas of the cell membrane. Metal ions released from the MNPs after dissolution are transported into the cells possibly via channels and carriers. After 
entering into the cell, MNP may induce a toxic response per see or it releases free metal ions and causes toxicity. Algal cell rapidly responds to the presence of MNPs 
and free metal ions in the cell and the antioxidant system is activated. Phytochelatins may be induced by metal ions released from NPs. Phytochelatins are known to 
bind metal ions (Ag+ and Cu2+). Owing to the large size, the algal cell cannot excrete MNPs, however, it can release metal ions that can be excreted via ion channels 
as well ionophores. In contrast to exclusion of heavy metal ions, the exclusion of MNPs in algae is not demonstrated which needs to be investigated. Abbreviations: 
AAS- Activation of antioxidant system, APX- Ascorbate peroxidase, ASA- Ascorbic acid, ASM- Activation of signalling molecule, CAT- Catalase, CM-Cell membrane, 
CW-Cell wall, CYP-Cytoplasm, DISS- Dissolution, ECM- Extracellular matrix covering, EXL- Exclusions, GLU- Glutathione, MI- Metal ions, MNPs- Metallic nano-
particles, NPC- Nanoparticle phytochelatin complex, NP-SH- Non-protein thiols, PC- Phytochelatin, PCS- Phytochelatin synthase, RNPs- Release of nanoparticles, 
ROS- Reactive oxygen species, SOD- Superoxide dismutase, T-SH- Protein thiols, VC- Vacuole. 
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essentially studied under laboratory conditions and most often consid-
ering the high levels of MNPs (mg L− 1 concentrations). Further, most of 
the studies were conducted with a single species of MNPs, which is 
rarely found in the real environment. Prospective research should 
endeavor to study the toxicity of MNPs in algae in a realistic environ-
mental simulation. 

9. MNPs homeostasis 

The capacity of algae and cyanobacteria to accumulate MNPs has 
industrial usages in the bioremediation of contaminated waters. Inside 
algal cells, metal ion binds to amino acids and other small organic acids 
and chaperons. Metal ions also bind to proteins and can replace specific 
cations from the active sites commencing to inactivation of enzymes 
following an increased ROS level (Sharma and Dietz, 2009). The high 
throughput ‘omics techniques’ like transcriptomics, proteomics, and 
metabolomics are used to analyze the responses of plants to MNPs. Both 
beneficial and negative effects of MNPs have been described in plants 
(Mustafa and Komatsu, 2016). To our information, efforts have not been 
made so far to analyze molecular responses of microalgae and cyano-
bacteria toward vulnerability to MNPs. 

Both plants and animals have developed diversified mechanisms to 
maintain metal homeostasis for reducing the toxic effects of excess metal 
ions, including the metal-chelating protein metallothionein (MT) and 
phytochelatin (PC). PC and MT are metal-binding peptides with high 
cysteine contents. They play significant roles in intracellular seques-
tration, detoxification, and homeostasis of heavy metal ions (Clemens, 
2001). Heavy-metal induced synthesis and accumulation of PC and their 
role in metal tolerance is adequately cited in microalgae and higher 
plants (Gekeler et al., 1988; Pawlik-Skowrońska et al., 2002), however, 
MNPs-induced accumulation of PC in microalgae is still unobserved. 
Remarkably, MNPs inside the chemical environment of a cell are easily 
oxidized, leading to a spillover of metallic ions into the cytoplasm. Most 
likely, PC plays an important role in the scavenging metallic ions from 
the cytoplasm. A conceptual framework of PC-mediated detoxification 
of MNPs in algae is shown in Fig. 3. 

Low-molecular-weight, intracellular, cysteine-rich metal-binding 
proteins known as MT, is the well-established metal detoxification sys-
tem of plants, algae, and cyanobacteria (Cobbett and Goldsbrough, 
2002). A variety of metals can bind on MT by the formation of mercapto 
peptide bonds between the Cys residues present in protein and metal 
ions. Metal-induced synthesis of class III MT is identified in more than 24 
genera of algae (Gaur and Rai, 2001). Some recent studies with animal 
models have proved the induction of MT after exposure to MNPs. For 
example, Ag-NPs raised the expression of the MT gene in Japanese 
medaka (Oryzias latipes) (Chae et al., 2009). A 3.13- fold higher con-
centration of MT was observed in the freshwater bivalve (Corbicula 
fluminea) exposed trophically to green alga Scenedesmus subspicatus 
containing Au-NPs (Renault et al., 2008). The Ag-NPs treatment 
enhanced the expression of MT gene in cultured primary rat astrocytes 
(Luther et al., 2012). A strong up-regulation of expression of MT genes 
(MT 1 and MT 2) and genes of heat-shock proteins (HSPs) are seen in 
PMA-differentiated THP-1 macrophages after exposure to ZnO-NPs 
(Safar et al., 2018). The up-regulation of MT implies the contribution 
of MT in MNPs homeostasis. In contradiction with animal systems, few 
preliminary reports are available on MNPs-induced accumulation of MT 
in algae and cyanobacteria. 

Proline accumulation and its protecting roles are a well-established 
response of plants and algae to a broad variety of abiotic stresses 
including heavy metal stress (Mehta and Gaur, 1999). Some studies have 
observed an increased proline accumulation in plants after exposure to 
MNPs. Karami and Sepehri (2018) have recorded 4% increased proline 
content in barley plants exposed to 2,000 mg kg− 1 TiO2-NPs. However, 
the role of proline accumulated in response to MNPs in plants and algae 
is unexplained. 

The alteration in the protein profile of plants exposed to heavy metal 

ions is reviewed by Mustafa and Komatsu (2016). The Cd-induced 
alteration in the protein profile of marine alga Nannochloropsis oculata 
has been reported by using 2-D gel (Kim et al., 2005). The above study 
has observed Cd-induced alterations in 11 proteins and a 3-fold increase 
was noticed in mitochondrial protein ubiquinone oxidoreductase 
orthologue. Cu-specific up-regulation of several genes, including 
iron-dependent SOD, vanadium-dependent bromoperoxidase, which are 
ROS detoxifying, are shown in brown alga Ectocarpus siliculosus (Ritter 
et al., 2014). The aforementioned study has also revealed the 
up-regulation of Glutathione S-transferase (GST) and two glutaredoxins 
which are heavy metal detoxifying enzymes of algae. After entering the 
cells, MNPs are solubilized and deliver free metal ions that serve as 
signaling molecules and activate the enzymatic as well as non-enzymatic 
antioxidant defense mechanisms (for review, see Kumar et al., 2018). 

10. Conclusions 

Microalgae have acquired a remarkable capability of accumulating a 
broad range of MNPs from the aqueous media. Since the structure and 
chemical composition in diverse groups of algae fundamentally differ, 
the rate and magnitude of the accumulation of MNPs also differ among 
diverse algal groups. In general, MNPs are less toxic to algae compared 
to corresponding metal ions. The uptake of MNPs is primarily through 
the pore formation in the membrane. Other pathways of MNPs trans-
port, such as endocytosis, carrier-mediated transport, protein-coupled 
transport, ionophore-mediated transport needs to be proved in algal 
cells. Nano-specific pathways in algal cells are yet unidentified. Several 
factors affect the toxicity of MNPs in algae. The release of metal ions 
after the dissolution of nanomaterials in the surrounding environment 
presents the primary source of MNPs toxicity in algae. Oxidative stress is 
largely drawn in MNPs-induced toxicity. The MNPs may directly hinder 
the electron transport in photosynthesis. The mechanisms of MNPs 
exclusion from algal cells is yet unestablished, however, metal ions 
released from the intracellular dissolution of MNPs can be excreted via 
ion channels and/or ionophores. There is an indication of trophic 
transfer of MNPs from algae to higher trophic levels; however, the 
biomagnification of MNPs along aquatic food chains has to be estab-
lished. Because most of the toxicity assessment studies have been carried 
out under controlled laboratory conditions; it is required to carefully 
investigate the toxicity of MNPs in the real environment. Algae have 
great potential of adsorption of MNPs from aqueous solution and can be 
utilized for the immobilization and removal of MNPs from water bodies. 
Unicellular algae and cyanobacteria like Chlorella sp., Scenedesmus, and 
Microcystis sp. with higher multiplication rate may be the potential 
candidate for the bioremediation of MNPs contaminated wastewaters. 
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Abstract 

The wide applications of nanoparticles (NPs) increase the interest of researchers to 

work on its synthesis process. According to literature the NPs could be synthesized 

through different physical and chemical methods such as sol-gel, hydrothermal, 

electrolysis and actinic reduction, precipitation methods (Mark et al., 2021; Mi et al., 

2020; Wang and Zhang, 2020). However, these methods are hazardous, time-

consuming, unsafe, and cost-intensive (Das et al., 2017; Gudikandula and 

Maringanti, 2016; Hasnidawani et al., 2016). Therefore, alternate biological methods 

of NP synthesis are being explored to overcome the inherent limitations of 

conventional methods. Further, biological synthesis is considered as a safe, 

environmentally friendly, and cost-effective approach. Biosynthesis of NPs includes 

the fabrication of NPs using the extracts of plants, algae, fungi, and bacteria. Among 

different biological organisms, algae and cyanobacteria act as the superior contender 

for the biosynthesis of NPs due to their capability to accumulate and reduce metal 

ions. This accumulation or reduction of a metal ion is due to the presence of a variety 

of bioactive compounds and enzymes in the cell. Therefore they are also called bio-

nano factories (Hamida et al., 2020; Mukherjee et al., 2021). 

The objective of our study was to synthesize ZnO- and Ag-NPs from a 

variety of cyanobacteria and microalgae to degrade model organic pollutant 

methylene blue (MB). The size, nanoforms, morphological characters, crystal 

structures, and functional groups of synthesized ZnO- and Ag-NPs were also 

examined through different analytical techniques. On another side, we also put an 

effort to access the toxicity of ZnO- and Ag-NPs in Anabaena 

doliolum and Nostoc muscorum, as well as their defense mechanisms. 

In this study, we have synthesized ZnO- and Ag-NPs utilizing aqueous 

extract of A. doliolum, N. muscorum and Scenedesmus dimorphus. The optical as 

well as surface properties synthesized NPs were characterized using UV-visible 

(UV-VIS) spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray 

diffraction analysis (XRD), scanning electron microscopy (SEM), and X-ray 

photoelectron spectroscopy (XPS). UV-VIS characterization technique indicated that 

the synthesized ZnO-NPs show a strong absorption peak between 356 and 374 nm 

with bandgap energy from 2.98 to 3.26 eV, whereas Ag NPs display between 410 

and 458 nm with bandgap energy from 2.36 to 3.63 eV. 
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FTIR characterization techniques show the transmission peak in between the 

wavenumber 4000 to 400 cm
-1

 and indicated the presence of major functional groups 

such as aromatic compounds, primary or secondary amines, carboxylic acid, 

polyphenols in aqueous extract of microalgae and cyanobacteria participate in the 

reduction of Zn
2+

 and Ag
+
 into ZnO- and Ag-NPs. 

XRD analysis revealed that the crystal structure of ZnO-NPs was hexagonal 

whereas Ag was cubical in structure. The lattice parameter analysis indicated that the 

electrons of ZnO-NPs are tightly bound with the atom compared with Ag-NPs. 

Therefore low energy is required to remove the electrons from Ag-NPs and as a 

result band gap energy decreases. Scherer’s equation was used to calculate the 

crystallite size of NPs and resulted that the crystallite size of ZnO-NPs synthesized 

from aqueous extract of A. doliolum, N. muscorum, and S. dimorphus was in between 

21.79 nm to 27.56 nm whereas Ag-NPs were in between 30.35 nm to 81.73 nm 

respectively. 

The surface elemental composition of NPs was characterized by XPS 

techniques and the result showed that the biosynthesized ZnO-NPs showed 

characteristic peaks of Zn2p1/2, Zn2p3/2, O1s, ZnLMM, Zn3s, Zn3p, Zn3d at binding 

energy in between 8 to 1043 eV. The presence of a high amount of ZnLMM 

confirmed that the surface of ZnO-NPs is tightly bound with Zn and O atoms. 

Similarly, the Ag-NPs synthesized from aqueous extract of A. doliolum, N. 

muscorum and S. dimorphus showed characteristic peaks in between 61 to 532 eV in 

a sequence of C1s > O1s > Ag4s > N1s > Ag3d, C1s > O1s >Ag 4p1/2 > N1s >Ag3d 

and C1s > O1s > N1s > Ag3d respectively. The higher amount of C1s indicated that 

the surface of Ag-NPs is loosely bound. 

SEM characterization technique was used to visualize the shape of 

synthesized NPs and observed that the synthesized structure is a rod in shape with 

diameter from 36.573 ± 2.003 to 87.22 ± 5.103 nm for ZnO NPs and 50.14 ± 2.97 to 

61.28 ± 4.54 nm for Ag-NPs. This variation in shape and diameter of NPs may 

depend upon the pathway of synthesis as well as the polarity and electrostatic 

attraction of NPs. 

The use of photocatalytic properties of NPs increased significantly in the last 

decade to remove organic, inorganic, heavy metal, and microbial pollution due to its 

larger surface area, increased performance, and lower cost to use it as an adsorbent 

for wastewater treatment. In this study we have examined the efficiency of algae and 
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cyanobacteria mediated synthesized nanorods to degrade model organic pollutant 

MB and observed that the degradation of MB in presence of ZnO- and Ag nanorods 

are influenced by the pH of a solution, length of nanorod interaction, the 

concentration of organic dye, and nanorod concentrations under direct sunlight 

irradiation. At pH 10 the ZnO nanorods synthesized from aqueous extract of A. 

doliolum, N. muscorum, and S.dimorphus showed a maximum removal of MB as 

95.7 ± 0.03%, 95.7 ± 0.04%, 95.7 ± 0.1% respectively, whereas Ag nanorods 

synthesized from above-mentioned species removed MB by 94.30 ± 0.1%, 94.33 ± 

0.04%, 94.74 ± 0.03% respectively. Increased concentrations of nanorods also 

resulted in increased removal of MB may be due to increased adsorption surfaces. At 

100 mg L
-1

 of ZnO nanorods synthesized from above mentioned species removed 

MB by 95.74 ± 0.03%, 95.66 ± 0.04%, 95.66 ± 0.04%, whereas Ag nanorods at 

concentrations of 200 mg L
-1

 removed by 96.7 ± 0.03%, 99.84 ± 0.03%, 99.92 ± 

0.04% respectively. MB concentration is also another important factor that indicates 

that the percent removal of MB dropped as the concentration of dye increased and 

the efficiency of ZnO nanorods produced using extracts of A. doliolum, N. 

muscorum, and S. dimorphus in catalyzing the elimination of MB caused by solar 

radiation was quite comparable, whereas Ag nanorods synthesized using extract of S. 

dimorphus demonstrated higher catalytic performance in photocatalytic removal of 

MB compared with A. doliolum and N. muscorum. Kinetic study on degradation of 

MB indicated that the sunlight-driven elimination of MB catalyzed by ZnO and Ag 

nanorods followed both the pseudo-first-order and pseudo-second-order kinetic 

models. Therefore, it can be tentatively concluded that the removal of MB involves 

two processes (i) the light-independent sorption of positively charged MB on the 

negatively charged surface of ZnO and Ag nanorods and (ii) oxidative degradation of 

MB on the surface of nanorods using a photon energy of sunlight. 

Apart from the photocatalytic properties, we also put an effort to evaluate the 

sensitivity of A. doliolum and N. muscorum in presence of ZnO- and Ag-NPs. The 

toxicity of ZnO- and Ag-NPs was demonstrated by a decrease in growth, cell counts, 

pigment, protein, lipid, carbohydrate, and increased reactive oxygen species (ROS) 

generation, as well as increased lipid peroxidation (MDA) of A. doliolum and N. 

muscorum. Increase in ZnO-NP concentrations as 50, 100, 150, 200, 250, and 300 

mg L
-1

 reduces the specific growth rate of A. doliolum and N. muscorum by 14.0, 

33.3, 78.9, 100, 100, 100 % and 34.7, 70.3, 86.4, 100, 100, 100 %, respectively, 
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when compared to control. Similarly, at concentrations of 1, 10, 20, 50, 100, 150, 

and 200 µg L
-1

, Ag-NPs inhibit the specific growth rate of A. doliolum and N. 

muscorum by 1.7, 34.8, 36.7, 44.2, 47.6, 49.1, 60.9 % and 3.3, 4.2, 39.3, 84.0, 84.5, 

88.9, 91.0%. The LC50 for A. doliolum and N. muscorum in the presence of ZnO NPs 

were determined to be 101.0 mg L
-1

 and 85.0 mg L
-1

; whereas 110.0 and 66.0 µg L
-1

 

in presence of Ag-NPs respectively. Chlorophyll-a content of A. doliolum was found 

decreased at high concentrations (100, 150, 200, 250, 300 mg L
-1

) of ZnO-NPs by 

1.4, 2.2, 2.6, 3.4, 3.7-times, respectively when compared to control whereas, at low 

concentration (50 mg L
-1

), it is slightly increased. Similarly, 50, 100, 150, 200, 250, 

and 300 mg L
-1

 ZnO-NPs decreased chlorophyll-a concentration in N. muscorum by 

1.6, 1.7, 2.2, 2.3, 3.6, and 3.6-folds, respectively. In the case of Ag-NPs, the 

chlorophyll-a concentration of A. doliolum remained unchanged at Ag concentration 

of 1.0 µg L
-1 

whereas at higher concentrations (10, 20, 50, 100, 150, and 200 µg L
-1

) 

on the other hand, significantly decreased the chlorophyll-a content. Another 

pigment carotenoid was found to be raised in A. doliolum in the presence of 50 and 

100 mg L
-1

 of ZnO-NPs for 96 h of treatment by 1.3 and 1.1 times, respectively, 

however in presence of higher concentrations, such as 150, 200, 250, and 300 mg L
-1

, 

it is dramatically reduced its levels. In the case of N. muscorum the carotenoid 

content was decreased after 96 h of treatment of ZnO-NPs at concentrations of 50, 

100, 150, 200, 250, and 300 mg L
-1

 by 1.4, 1.6, 1.7, 1.8, 2.0, and 2.1 times 

respectively. The 96 h treatment of Ag-NPs also showed that the carotenoid content 

of A. doliolum was not affected by 1 µg L
-1

 Ag-NPs. But at high concentrations, such 

as 10, 20, 50, 100, 150, and 200 µg L
-1

, it is reduced substantially. However, an 

addition of 1, 10, 20, 50, 100, 150, and 200 µg L
-1

 of Ag-NPs enhances the 

carotenoid content of N. muscorum significantly. 

The total protein content of A. doliolum and N. muscorum in the presence of 

ZnO- and Ag-NPs was determined throughout a 10-day experiment in the current 

study. According to our data, the protein content increased steadily with increasing 

treatment duration at each evaluated NP dose. However, as NP concentrations 

increased, the total protein level decreased dramatically. After 10 days of treatment 

with 300 mg L
-1

 ZnO, the protein content of A. doliolum and N. muscorum was 

reduced by 98.0% and 99.0%, respectively, when compared to the control. The same 

toxicity pattern was observed in Ag-NPs as in ZnO-NPs. The total protein level in A. 
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doliolum and N. muscorum was reduced by 96.0 and 82.0%, respectively, after 10 

days of treatment with 200 µg L
-1

 Ag-NPs. 

Photosynthetic oxygen evolution was studied in presence of NPs and 

observed that it is decreased dramatically with increasing duration (0 to 30 min) in 

both species. The oxygen evolution was halted after 30 mins of exposure to ZnO (50 

mg L
-1

) or Ag (10 µg L
-1

) NPs. Furthermore, it was shown that, in parallel with 

decreased oxygen evolution, the rate of oxygen intake in both species rose as 

treatment duration increased. In another study, the rising concentrations of NPs in the 

external medium continued to lower the rate of oxygen evolution and raise the rate of 

oxygen consumption in both organisms, comparable to the impact of increasing time 

as stated previously. The highest tested concentration of ZnO (300 mg L
-1

) reduced 

the rate of oxygen evolution by 84.0 % in A. doliolum and 90.0 % in N. muscorum. A 

similar trend was observed in the presence of Ag-NPs. 

Lipid content of A. doliolum and N. muscorum was studied in 96 h treatment 

of NPs (ZnO and Ag) and observed in a dose-dependent manner. At highest tested 

concentration (300 mg L
-1

) of ZnO-NPs in external medium lead to an 83.0 and 

81.0% decrease in total lipid contents in A. doliolum and N. muscorum, respectively 

when compared with control. Similarly, the highest concentration (200 µg L
-1

) of 

Ag-NPs decreased the total lipid content in A. doliolum and N. muscorum by 72.0% 

and 73.0 %, respectively. 

Another study on the toxic effect of NPs (ZnO and Ag) on the carbohydrate 

content of A. doliolum and N. muscorum was calculated after 96 h of treatment. The 

result showed that the NP treatment significantly reduced carbohydrate content in a 

dose-dependent manner. In A. doliolum and N. muscorum, 300 mg L
-1

 ZnO reduced 

total carbohydrate content by 95.0 and 98.0 %, respectively. Similarly, 200 µg L
-1

 

Ag-NPs reduced carbohydrate content by 96.0 % in A. doliolum and 95.0 % in N. 

muscorum. 

Lipid peroxidation is an indicator of membrane damage by ROS and free 

radicals. Results on lipid peroxidation indicated that there was no substantial increase 

in both A. doliolum and N. muscorum up to 200 mg L
-1

 of ZnO-NPs. However, 

concentrations of ZnO-NPs of more than 200 mg L
-1

 dramatically enhanced lipid 

peroxidation. A maximum of 2-fold increase in lipid peroxidation was found at the 

highest tested concentration (300 mg L
-1

) of ZnO-NPs. In A. doliolum, the lipid 

peroxidation mediated by Ag-NPs followed a similar trend. Remarkably, even at the 
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highest tested concentration of Ag-NPs, MDA levels in Ag-treated N. muscorum held 

steady. 

The amounts of hydrogen peroxide (H2O2), hydroxyl radical (OH
-
), and 

superoxide anion (O2
-
) in A. doliolum and N. muscorum were assessed in presence of 

NPs. The magnitude of the rise in H2O2 was proportional to the concentration of ZnO 

in the external medium; greater concentrations of ZnO in the external medium - 

higher magnitudes of H2O2 in the above-mentioned species. The 300 mg L
-1

 of ZnO 

NP treatment increased H2O2 levels by 1.9- and 2.3-times in A. doliolum and N. 

muscorum, respectively. Both species showed a similar trend in H2O2 levels in 

presence of Ag treatment. ZnO and Ag exposure significantly increased the quantity 

of OH
-
 in test organisms in a concentration-dependent manner. In the above-

mentioned species treated with 300 mg L
-1

 of ZnO-NP, the level of OH
-
 increased by 

more than 12-folds. Treatment with 200 µg L
-1

 of Ag-NP resulted in a 9- and 11-

folds rise in OH
-
 in the above-mentioned species respectively. With increasing 

concentrations of ZnO- and Ag-NPs in the external media, the amount of O2
-
 rose. 

In A. doliolum and N. muscorum, 300 mg L
-1

 ZnO treatment increased O2
-
 levels by 

12- and 11-fold, respectively. In A. doliolum and N. muscorum, a 200 µg L
-1

 

treatment of Ag-NPs raised superoxide levels by 11- and 21.5-times, respectively. 

To evaluate the antioxidant mechanism of A. doliolum and N. muscorum in 

presence of ZnO- and Ag-NPs, we investigated enzymatic antioxidants superoxide 

dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and non-enzymatic 

antioxidant compounds like reduced glutathione, total thiol (T-SH), non-protein thiol 

(NP-SH), ascorbic acid (AA) after 96 h of treatment. ZnO-NPs significantly 

enhanced SOD activity and at 300 mg L
-1

 of ZnO the SOD activity increased by 3-

folds in both organisms, but Ag-NPs raised SOD activity only in A. doliolum and 

remained unaffected in N. muscorum. In A. doliolum, 200 µg L
-1

 of Ag-NPs 

enhanced SOD activity by 3.3- times. In both species, NP exposure increased CAT 

activity. However, in comparison to N. muscorum, the modulation of CAT activity 

was more apparent in A. doliolum. The 42.6-fold increase in CAT activity was 

observed in A. doliolum while N. muscorum showed only a 1.5- fold increase in 

response to ZnO-NP treatment (300 mg L
-1

). In A. doliolum and N. muscorum, 

treatment with Ag-NPs (200 µg L
-1

) enhanced CAT activity by 8.0 and 1.3- times, 

respectively. APX activity increased significantly as NP concentrations in the 

external media increased, similar to the results found for CAT activity. Furthermore, 
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as compared to N. muscorum, A. doliolum demonstrated greater APX activity in all 

treatments. 

In the case of non-enzymatic antioxidant compounds, the increasing 

quantities of ZnO (0-300 mg L
-1

) and Ag (0-200 µg L
-1

) NPs in both species 

gradually increased the cellular level of reduced glutathione. In A. doliolum and N. 

muscorum treated with ZnO-NP increased reduced-glutathione level by 2.3-fold (300 

mg L
-1

). A maximum of 1.7-fold increase in reduced glutathione was reported in Ag-

NP treated test organisms. The T-SH content of test organisms also increased 

following treatment with various doses of NPs, similar to the pattern observed for the 

reduced glutathione. NP-SH was also observed to increase when NP concentrations 

in the external media increased. Further, with the increasing concentration of ZnO 

and Ag-NPs, the amount of AA in both species rose. 

In the present study, we have synthesized ZnO- and Ag-NPs from microalgae 

and cyanobacteria to degrade model organic pollutant MB. On another side, we also 

studied the toxicity and antioxidant role of freshwater cyanobacteria A. 

doliolum and N. muscorum under ZnO- and Ag-NPs stress. 
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