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Background: In the current scenario, the synthesis of nanoparticles (NPs) using environmentally benign methods has gained
significant attention due to their facile processes, cost-effectiveness, and eco-friendly nature.

Methods: In the present study, copper oxide nanoparticles (CuO NPs) were synthesized using aqueous extract of Coelastrella
terrestris algae as a reducing, stabilizing, and capping agent. The synthesized CuO NPs were characterized by X-ray diffraction
(XRD), UV-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), and field
emission scanning electron microscopy (FE-SEM) coupled with energy-dispersive X-ray spectroscopy (EDS).

Results: XRD investigation revealed that the biosynthesized CuO NPs were nanocrystalline with high-phase purity and size in the
range of 4.26 nm to 28.51 nm. FTIR spectra confirmed the existence of secondary metabolites on the surface of the synthesized CuO
NPs, with characteristic Cu—O vibrations being identified around 600 cm ', 496 cm™ ', and 440 cm ', The FE-SEM images predicted
that the enhancement of the algal extract amount converted the flattened rice-like structures of CuO NPs into flower petal-like
structures. Furthermore, the degradation ability of biosynthesized CuO NPs was investigated against Amido black 10B (AB10B) dye.
The results displayed that the optimal degradation efficacy of AB10B dye was 94.19%, obtained at 6 pH, 50 ppm concentration of dye,
and 0.05 g dosage of CuO NPs in 90 min with a pseudo-first-order rate constant of 0.0296 min'. The CuO-1 NPs synthesized through
algae exhibited notable antibacterial efficacy against S. aureus with a zone of inhibition (ZOI) of 22 mm and against P. aeruginosa
with a ZOI of 17 mm.

Conclusion: Based on the findings of this study, it can be concluded that utilizing Coelastrella terrestris algae for the synthesis of
CuO NPs presents a promising solution for addressing environmental contamination.

Keywords: green synthesis, CuO NPs, photocatalysis, antibacterial activity, wastewater treatment

Introduction

In recent years, inorganic nanoparticles (NPs) which include metal and metal oxide NPs have gained significant attention
owing to their appealing chemical, physical, and biological properties.'”’ These distinctive properties are shown by NPs
due to their size, shape, stability, and large surface-to-volume ratio.* '' Among these NPs, copper oxide nanoparticles
(CuO NPs) are currently one of the most competitive materials due to their characteristic properties, such as abundance,
inexpensiveness, biocompatibility, and remarkable photonic efficiency.'*'* These CuO NPs have found extensive

International Journal of Nanomedicine 2024:19 41374162 4137
Received: 2 December 2023 © 2024 Khandelwal et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
AR terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing

Accepted: 26 April 2024
Published: 9 May 2024

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-4001-8315
http://orcid.org/0000-0003-0999-7604
http://orcid.org/0000-0002-8389-3558
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Khandelwal et al Dove

Graphical Abstract

S. aureus

"

. AB10B contaminated Clean water
X:X Metabolites water
P. aeruginosa . -
Antibacterial activity Photocatalytic activity

application across diverse fields, including catalysis, photocatalysis, wastewater treatment, sensors, environmental
remediations, and biomedical.'>™”

Traditionally, CuO NPs are synthesized via chemical and physical methods.'®'® Chemical methods encompass
techniques such as chemical vapour deposition,'® laser pyrolysis,?® and sol-gel method,*' etc. and physical methods
include ball milling,** physical vapour deposition,® pulse laser ablation,** and lithography.>> However, these conven-
tional synthesis methods consume high energy and use toxic chemicals, raising environmental concerns.”® To address
these challenges, more environmentally sustainable methods are required that utilize natural resources such as plants,?’
algae,”® bacteria,”® and fungi,’® for the synthesis of CuO NPs. These methods offer distinct advantages in terms of
stability, compatibility, safety, and cost-effectiveness. Plants and micro-organisms (for example, algae, bacteria, fungi)
contain phytochemicals, i.e., polyphenols, tannins, alkaloids, terpenoids, saponins, carotenoids, flavonoids, etc., that
could function as reducing, stabilizing, and capping agents for the synthesis of CuO NPs with varied compositions,
shapes, and sizes.”'>* Notably, algae have garnered attention as a viable source for the synthesis of CuO NPs due to their
facile cultivation in laboratory settings and the presence of phytochemicals.®> The phytochemicals contained by algae are
carbohydrates, terpenoids, ketones, steroids, fatty acids, flavonoids, alkaloids, phenolics, etc.>*® These phytochemicals
are responsible for the reduction, capping, and stabilization of CuO NPs.** The NPs synthesized from algae have long-
time stability and broad applications in diverse fields.** The shape, size, and stability of CuO NPs depend on various
parameters, such as pH, temperature, incubation time, concentration of algal extract, and concentration of copper salt
precursor.*! There are few reports present in the literature on the biosynthesis of CuO NPs through algae, as represented
in Table 1.

Despite the progress in the biosynthesis methods, there remains a gap in the literature regarding the synthesis of CuO
NPs utilizing Coelastrella terrestris, a species of green algae. This research aims to address this gap by investigating the
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Table | List of Algal Strains Used in the Biosynthesis of CuO NPs

S. No. Algal Species Shape of CuO NPs Size (nm) Applications References
l. Bifurcaria bifurcata Spherical and elongated 545 Antibacterial activity [42]
2. Sargassum polycystum - - Antimicrobial and anticancer activity [28]
3. Cystoseira trinodis Spherical 6-7.8 Antibacterial, antioxidant, and photocatalytic [43]
activity
4. Anabaena cylindrica Rod-like 3.6 Antimicrobial activity and toxicity evaluation [44]
5. Macrocystis pyrifera Spherical 2-50 - [45]
6. Sargassum longifolium Spherical 40-60 Antibacterial and antioxidant activity [46]
7. Asterarcys Flower petals and flattened | 4.76—13.70 | Photocatalytic activity [47]
quadricellulare rice

biosynthesis of CuO NPs using Coelastrella terrestris and exploring the impact of various reaction parameters on
nanoparticle synthesis. The objectives of this study are to optimize the biosynthesis parameters for CuO NPs, character-
ize the synthesized NPs using advanced techniques such as X-ray diffraction (XRD), Fourier-transform infrared spectro-
scopy (FTIR), UV-Vis spectroscopy (UV-Vis), and field emission scanning electron microscopy (FE-SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS), and evaluate the photocatalytic and antibacterial properties of the synthe-
sized CuO NPs. The efficacy of the synthesized CuO NPs as photocatalysts will be assessed through the degradation of
Amido black 10B (AB10B) dye, while their antibacterial activity will be evaluated against both Gram-positive and
Gram-negative bacterial strains.

By addressing these objectives, this study aims to contribute to the development of sustainable and effective NPs for
applications in environmental and biomedical domains. The findings of this research hold significant implications for
advancing the field of NPs synthesis and its practical utilization in addressing environmental and health-related
challenges.

Experimental Section
The materials and methods used for the biological and chemical synthesis of CuO NPs, photocatalytic experiments, and
antibacterial analysis are discussed in detail in Supplementary Material 1. Algal-mediated CuO NPs were synthesized by

varying a single parameter while keeping others constant. Throughout the manuscript, convenient notations are used for
clarity. Specifically, CuO-1, CuO-2, and CuO-3 denote CuO NPs synthesized from 15 mL, 20 mL, and 25 mL volumes of
algal extract, respectively. The notation CuO-4 refers to CuO NPs synthesized using the chemical synthesis method.
Figure 1 provides a schematic representation of both the biological and chemical processes involved in the synthesis of
CuO NPs.

Photocatalytic Degradation of ABI0B Dye

The photocatalytic activity of CuO NPs was observed by studying the degradation of AB10B using visible light
illumination with a commercial 60 W tungsten filament bulb (Philips). A cutoff water filter was applied to eliminate
any other radiations except visible light. 0.05 g of CuO NPs photocatalyst powder was dispersed in 40 mL AB10B dye
solution and placed in a dark condition and stirred slowly for 30 min to establish an adsorption/desorption equilibrium.
The photocatalytic activity started when the solution was illuminated with a source, and the sample of the solution was
taken out after 15 min using a dropper carefully so that the catalyst particles did not interfere. The photodegradation rate
was evaluated by assessing the absorbance at 618 nm by a UV-Vis spectrophotometer. The parameters, such as the pH of
the dye solution, the concentration of dye, and the amount of catalyst, were varied to achieve optimum conditions. The
pH of the solution was altered by adding 0.1 N H,SO,4 and 0.1 N NaOH solutions that had been previously standardized.
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Figure | Schematic illustration of the biological and chemical synthesis of CuO NPs.

All photocatalytic experiments were performed twice for clarity and perfection. The percentage of dye degradation is
calculated according to equation (1).

(Co—Cy)
0

% degradation = x 100 (1)

Where C, = initial concentration of AB10B dye before exposure to visible light irradiation; C; = concentration of AB10B
dye at a specific time t.

Equation (2) of the first-order plot was used to calculate the photodegradation rate constant (k), assuming pseudo-first
-order kinetics.

In(Co/C) = kt ()

Results and Discussion
Effect of pH

An investigation was carried out, in order to determine how the reaction pH influences the synthesis of CuO NPs from algal
extract. The synthesis of CuO NPs was observed at an alkaline pH. While the synthesis of CuO NPs was not detected at
acidic and neutral pH of the mixture of the algal extract and copper sulphate solution. Similar results were also observed by
Banerjee and co-authors.** Hence, a pH of 11 was maintained throughout this experiment for the formation of CuO NPs. In
the alkaline medium, the reducing and stabilizing capacity of Coelastrella terrestris algae was enhanced.**

Effect of Temperature

At room temperature (27°C), the synthesis of copper hydroxide nanoparticles (Cu(OH), NPs) was observed. When the
reaction temperature increased from 27°C to 60°C, the colour of the reaction mixture changed from blue to brown. This
confirmed that CuO NPs were synthesized. This showed that the reaction temperature was a critical parameter for the
synthesis of CuO NPs.
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Effect of Algal Extract Volume

It was observed that algal extract concentration played an important role and was responsible for building the shape and
size of CuO NPs. With increasing algal extract volume, the particle size of synthesized CuO NPs increased. The XRD
analysis along the highest intensity plane (111) revealed that the CuO NPs formed at 15 mL of algal extract had a particle
size of 7.62 nm, which increased to 8.49 nm and 8.61 nm at 20 mL and 25 mL of algal extract, respectively. This infers
that the size of CuO NPs expands with an increase in the volume of algal extract (reducing, capping, and stabilizing
agents).

Proposed Mechanism of CuO NPs Synthesized from Coelastrella terrestris Algae

The algal extract consists of biomolecules like proteins, enzymes, carbohydrates, lipids, polysaccharides, and secondary
metabolites- terpenoids, alkaloids, and polyphenols which catalyze the synthesis of CuO NPs. Initially, the biocompo-
nents existing in the aqueous algal extract acted as bioreductants and were responsible for reducing Cu(Il) to Cu(0),
which formed CuO NPs via a nucleation step.*® After that, crystal growth continued till the CuO NPs achieved a stable
shape and size.*” A plausible mechanism of algal-mediated biosynthesis of CuO NPs illustrated in Figure 2.

XRD Analysis

Figure 3 depicts the XRD patterns of CuO NPs synthesized by biological and chemical methods. A comparison of the
XRD patterns of CuO NPs with the standard JCPDS card no. 80-1916°° and 48-1548>' confirmed the crystalline
monoclinic and end-centered nature, as evidenced by the peaks at 20 values of 32.48°, 35.49°, 38.69°, 48.66°, 53.41°,
58.25°, 61.46°, 66.14°, and 68.01°, which indexed to (110), (—111), (111), (202), (020), (202), (113), (-311), and (220)

reduction

0,
nucleation
60 °C

CuO .CuO

A O Cu0 ' .0 grou_lt_h apd
stabilization
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A
O

Figure 2 A plausible mechanism of algal-mediated biosynthesis of CuO NPs.
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Figure 3 XRD patterns of the biosynthesized CuO NPs (CuO-1, CuO-2, and CuO-3) and chemically synthesized CuO NPs (CuO-4).

planes, respectively. No additional peak was observed in all four samples, which indicated that the synthesized CuO NPs
were phased pure.

Orientation Parameter

The orientation parameter (yky) refers to the extent to which the crystallites align along a specific crystallographic
plane. Equation (3) was used to evaluate the orientation parameter of the synthesized CuO NPs for a particular plane with
Miller indices (hkl).>?

1
Vi = " 3)
Tivo + 1111 + 1y + oo + Jopo + oo + L1z + 1311 + 1o

where Iy indicates the intensity of associated planes with Miller indices (hkl). Calculated orientation parameter values
are given in Table 2. It can be noticed that y(niy valued decrease along (110) plane as we move from CuO-1 to CuO-4 and
it increase along (111) plane with an exception of CuO-4. It means the enhancement in the amount of algal extract
degrades the crystal growth of CuO NPs along the (110) plane and improves it along the (111) plane. Rest, along all other
planes, the vy values are random and irregular. Such variation of y) along other crystallographic planes indicates the
random growth and distribution of particles.

Crystallite Size and Strain
Using the Scherer equation (4), the crystallite size of the samples was calculated from the XRD peak.>

Table 2 Orientation Parameters Along Distinct Crystallographic Planes

S. No. Orientation Parameters (Y(nia))
Sample Name | (110) | (=111) | (111) | (202) | (020) | (202) | (113) | (=311) | (220)
l. CuO-1 0.0857 | 0.2013 | 0.1994 | 0.0964 | 0.0727 | 0.0788 | 0.0860 | 0.0947 | 0.0848
2. CuO-2 0.0806 | 0.2015 | 0.2107 | 0.0857 | 0.0775 | 0.0725 | 0.0837 | 0.1005 | 0.0872
3. CuO-3 0.0799 | 0.1888 | 0.2166 | 0.0955 | 0.0751 | 0.0789 | 0.0853 | 0.0933 | 0.0864
4. CuO-4 0.0746 | 0.2678 | 0.2132 | 0.0824 | 0.0722 | 0.0620 | 0.0824 | 0.0717 | 0.0735
4142 https: International Journal of Nanomedicine 2024:19
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Table 3 Strain and Crystallite Size of Synthesized CuO NPs, Calculated by the Scherrer Equation Along Different Planes and the
W-H Plot

S. No. | Sample Name Crystallite Size (ts) twn | Micro-Strain (€)
(110) | (=11 | (1ery | (202) | (020) | (202) | (113) | (=311) | (220)

I CuO-1 7.59 9.50 7.62 6.90 13.54 | 1198 | 9.10 5.8l 8.04 8.83 0.0010

2. CuO-2 7.14 9.1 8.49 5.24 1146 | 437 5.24 I1.35 4.26 | 1671 0.0151

3. CuO-3 6.12 8.59 8.6l 6.38 | 28.51 | 2558 | 7.62 7.66 9.16 6.00 —0.0089

4. CuO-4 17.17 | 20.38 17.62 | 1446 | 19.07 | 11.03 | 13.63 9.67 1243 | 86.68 0.0095

Notes: The bold value indicates the lowest and highest crystallite size calculated using the Scherrer equation.

kA
~ pcos

“4)

Is

Where tg, k, A, B, and 0 denote the crystallite size of the NPs, Scherrer’s constant (0.9), the wavelength of X-ray
(0.1541 nm), full width at half maximum (FWHM) of diffraction peaks, and Bragg’s angle of diffraction, respectively.
The calculated crystallite size is displayed in Table 3. The crystallite size of the CuO NPs synthesized from algal extract
lies in the range of 4.26 nm to 28.51 nm, as obtained by equation (4). The outcomes disclosed that CuO NPs synthesized
from varied volumes of algal extract had a nanocrystalline nature and different particle sizes. Regular decrement along
the (110) plane and increment along the (111) of the particle size could be noticed in Table 3. Hence, it is plausible to
conclude that the synthesis route and enhancement of algal extract can affect the nucleation, and crystal growth,
eventually governing the size of the biosynthesized CuO NPs. The chemically synthesized CuO NPs (CuO-4) disclosed
a crystallite size of 20.38 nm along the highest intensity plane (—111).

Williamson-Hall analysis plays a vital role in the analysis of crystallite size and micro-strain. A linear fit to the curve
BCosO versus Sin® was compared with the equation (5) shown below.>

ﬂcosezﬂ—FZesinH 5)
twh

Where B is the FWHM corresponding to Bragg’s peak, C is the correction factor (0.9), A is the wavelength, tyy is the
crystallite size, and € is the micro-strain. In the inset of the W-H plot (Figure 4), the equation of trend-line fit is
represented along with the regression factor (R?). Figure 4 demonstrated that the data points deviated significantly from
the trend-line fit, showing uncertainties that are represented by the standard error bars. The calculated value of micro-
strain (g) and crystallite size (twy) were given in Table 3 to understand the quantitative view of the strain on crystallite
size. The micro-strain increased in the CuO NPs with a higher volume of algal extract. The enhancement of the micro-
strain might have implications for evolving certain structures, which will be discussed in a further section. Two types of
micro-strains present here, compressive and tensile, were respectively denoted by negative and positive signs.

Dislocation Density

The dislocation density &gy of all the samples along each plane was evaluated using equation (6) and tabulated in
Table 4. The dislocation increased along the (110) plane while they decreased along (111) for algal-mediated CuO NPs.
The random variation of &) was observed for all other crystallographic planes.

S(nky = W (6)

Size Estimation Using Dynamic Light Scattering (DLS)
DLS was performed to analyze the hydrodynamic size of CuO NPs. Figure 5 shows the distribution of the biosynthesized
(Coelastrella terrestris algae) and chemically synthesized CuO NPs. The average particle sizes of CuO-1, CuO-2, CuO-3,
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Figure 4 W-H plot of the biosynthesized CuO NPs (CuO-1, CuO-2, and CuO-3) and chemically synthesized (CuO-4). The standard error bars demonstrate the
uncertainties.

and CuO-4 were 383.2, 457.9, 499.8, and 1092 nm, respectively. The observed particle size was higher than the sizes
estimated by XRD because the attained size was not only associated with the core of the CuO NPs but also with the size
of biomaterial adsorbed on the surface of the biosynthesized CuO NPs and the electrical double-layer (solvent wall) that
flowed between the NPs. The hydrodynamic size of all the biosynthesized CuO NPs inferred the agglomeration of the
particles. The particle agglomeration also influenced the photocatalytic activity of biosynthesized NPs. As the agglom-
eration in NPs was enhanced, their photocatalytic activity was reduced because of a decrease in penetration depth of the

visible light radiations inside the agglomerates of NPs.”>°

FTIR Spectra

FTIR study was performed to recognize the biomolecules present in the Coelastrella terrestris algae and biosynthesize
CuO NPs (CuO-1, Cu0O-2, and CuO-3). The FTIR spectra of Coelastrella terrestris algae, biosynthesized, and chemically
synthesized CuO NPs are shown in Figure 6, and the wavenumber and associated functional groups are described in
Table 5. The spectra of both samples exhibit prominent resemblance, with only minor shifts observed in the peak

Table 4 Dislocation Density (5(i)) Along Diverse Crystallographic Planes

S. No. S(htay X 10'* m™2

Sample Name | (110) | (-111) | (111) | (202) | (020) | (202) | (113) | (-311) | (220)
I CuO-1 0.0173 | 00111 | 0.0172 | 0.0210 | 0.0054 | 0.0070 | 0.0121 | 0.0296 | 0.0155
2. CuO-2 0.0196 | 0.0120 | 0.0139 | 0.0364 | 0.0076 | 0.0524 | 0.0364 | 0.0077 | 0.055I
3. CuO-3 0.0267 | 0.0135 | 0.0135 | 0.0246 | 0.0012 | 0.0015 | 0.0172 | 0.0170 | 0.0119
4. CuO-4 0.0034 | 0.0024 | 0.0032 | 0.0048 | 0.0027 | 0.0082 | 0.0054 | 0.0107 | 0.0065
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Figure 5 Particle size analysis using DLS of the biosynthesized CuO NPs (CuO-1, CuO-2, and CuO-3) and chemically synthesized CuO NPs (CuO-4).

AN N
RN \ CuO-4
1
N SV
R cuos 1ok} \
TP uO-: H '
\ oML A N . :
h ] 1 |' [] h ]
) 1 ) N 1
H (B [ H ' H 1
N [ 1 .' 1 H ||
1 L}
—_ H * v H ' ' cu-6 1
q ] ' CuO-2 1 ' '
< H '.: 3 ! ' 1
@ H " 1 ! '
Q 1 1 4 [ H 1
gl - : - ] :
[o] 1 H H ] 1 |
= 1 H ' ' H
é H ! \ ' 1 '
1 1 1
g | T ! Cuo1 i i Cu ;
h 1
g [ " ’ ' i i
| H I H ' 1 ! 1
) H [l 1
A\ -. LA |}
\ [ Y LN
[ ) [ co [l
\ I i Algal extract 1 ! !
S L WIS
1 A} 1 1 1
s f / ‘cfH:' VT /ool > v
\o-H' L ‘qu bending c-o !

T T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6 FTIR spectra of algal extract, biosynthesized CuO NPs (CuO-1, CuO-2, and CuO-3), and chemically synthesized CuO NPs (CuO-4).

positions, as indicated by the peak wavenumber. This similarity in bands with the marginal band shifts confirms the
function of Coelastrella terrestris algal extract as a reducing, capping, and stabilizing agent in the biosynthesis of CuO
NPs.** For example, the -N-H and —O-H stretching band of amines, alcohols, and phenols at 3430 cm ™' in the algal
extract was shifted to 3439 cm™ !, 3451 cm !, and 3440 cm ™! for the CuO-1, CuO-2, and CuO-3, respe:ctively.57’58 The

1

small peak at 2921 cm  in algal extract was associated with —C—H stretching of lipids and carbohydrates, while this peak

was absent in all biosynthesized CuO NPs.”” The —C=0 stretching peak of amide at 1654 cm ' in the algal extract was
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Table 5 Functional Group Analysis of Coelastrella terrestris Algae, Biosynthesized CuO NPs (CuO-I, CuO-2, and CuO-3) and
Chemically Synthesized CuO NPs (CuO-4) Through FTIR

Algae CuO-1 CuO-2 CuO-3 CuO-4 Assigned Functional Groups

Wavenumber Wavenumber Wavenumber Wavenumber Wavenumber

(cm™) (cm™) (em™) (em™) (em™)

3430 3439 3451 3440 3359 v(O-H) stretching of moisture,
alcohols, and phenols
v(N-H) stretching of amines

2921 - - - - v(C-H) stretching of lipids and
carbohydrates

1654 1627 1629 1611 1629 v(C=0) stretching of amides and
absorbed CO,

1537 1467 1494 1482 - v(N-H) bending and v(C-N)
stretching of amides

1395 1365 1365 1365 - v(O-H) bending of carboxylic
acids and alcohols

1048 1014 1113 I1é 119 v(C-O) of carbohydrates

- 608 608 605 600 v(Cu—0O) of CuO NPs

- 500 528 494 515 V(Cu—0O) of CuO NPs

- 448 423 445 430 v(Cu—O) of CuO NPs

shifted towards lower wavenumber 1627 cm ', 1629 cm™ !, 1611 cm™! in CuO-1, CuO-2, and CuO-3, respectively.31 The
peak at 1629 cm ™' in CuO-4 was associated with atmospheric CO,. The peak at 1537 cm ™' in the algal extract was
shifted to 1467 cm ™', 1494 cm ™', 1482 cm ™' in CuO-1, CuO-2, and CuO-3, respectively. This peak was attributed to the v
(N-H) bending and v(C-N) stretching of the amide group of protein.’” The peaks at 1360-1450 cm™ ' were attributed to
the —OH bending of carboxylic acid and alcohol. The band at 1190 cm ™' was ascribed to C—H bending (aromatic in the
plane).”” Peak around 1024 cm™' attributed to the -C—O bond of polyols and carbohydrates such as flavonoids,
polysaccharides, terpenoids, etc. of algae.°® These peaks demonstrated that metabolites present in algae, such as
terpenoids, glycosides, polysaccharides, carbohydrates, lipids, proteins, flavonoids, phenols, and tannins, which include
functional groups like ketones, aldehydes, carboxylic acids, and amide had covered the surfaces of the CuO NPs.®'%2 All
synthesized CuO NPs showed the characteristic peak of the Cu—O bond, which was observed around 608 cm L,
500 cm™ !, and 440 cm 16364

Tauc’s Plot
As illustrated in Figure 7, the band gap value of synthesized CuO NPs was analyzed by Tauc’s plot. The Tauc’s plot was

65,66

drawn using the expression (7) as follows:

(ahv) l/n =A(hv — Ey) (7

Where a represents the adsorption coefficient, A represents the proportionality constant, hv represents the incident light
frequency, and E, represents the band gap value. The type of transition is governed by the value of exponent “n”; n = %2
related to direct transition and n = 2 related to indirect transition. CuO NPs’ direct transition was determined by
extrapolating the linear section of the curve to the hv axis.®” The estimated band gaps were 2.40 eV, 3.31 eV, 3.74 eV, and
3.90 eV for CuO-1, CuO-2, CuO-3, and CuO-4, respectively. The observed band gap values were higher than the bulk
CuO powder (1.2 eV). Among all the synthesized CuO NPs, CuO-1 showed the lowest value of band gap, which

demonstrated the superior photocatalytic activity of CuO-1 for the degradation of AB10B dye.
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Figure 7 Tauc’s plot of the biosynthesized CuO NPs (CuO-1, CuO-2, and CuO-3) and chemically synthesized CuO NPs (CuO-4).

FE-SEM and EDS Analysis

The FE-SEM image of the biosynthesized CuO NPs is depicted in Figure 8. Flattened rice-like structures were visible in
CuO-1 where the least amount of algal extract was used. Enhancement of the algal extract during the nucleation process
clubbed the flattened rice-like structures to flower petals. Flowers closely matching to the shape of the hibiscus were
evolved. The flower structure can be considered as a kind of nanoassembly that has evolved probably because of the
heterogeneous nucleation process. The heterogeneous nucleation process is promoted by the organic complexes formed
during the biosynthesis of CuO NPs.%® It can be concluded that the preferred orientation/shaping and assembly of
nanostructures greatly depend on the composition of the algal extract. The evolution of nanoassembly (flower) is shown

Figure 8 FE-SEM image of the biosynthesized CuO NPs (CuO-1, CuO-2, and CuO-3) and chemically synthesized CuO NPs (CuO-4).
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Figure 9 Evolution of CuO nanostructure into the nanoassembly (flower).

in Figure 9. CuO-3 had a clear formation of the nanoassembly into the shape of a hibiscus flower. It might be because of
the change in the nature of the micro-strain. As revealed by the W-H method, CuO-3 was under tensile strain. CuO-4, i.e.,
chemically synthesized NPs show the platelet structure which is broadly similar to those of CuO-1. There are the
occasional formations of rod-like structures as well.

The chemical composition of biosynthesized CuO NPs studied by EDS analysis is shown in Figure 10. The EDS
spectra of synthesized CuO NPs revealed strong peaks of copper (Cu) and oxygen (O). The presence of phytochemicals

in the algal extract solution is responsible for the carbon (C) and sulphur (S) weak peaks.**

Photocatalytic Dye Degradation

Removal of dye using a photocatalyst is associated with adsorption and photocatalytic processes.”” AB10B was selected
due to its excessive use in biochemical research to stain for proteins and in criminal investigations to detect blood present
with latent fingerprints.”"*”? It is reported that this dye is highly toxic to humans and damages the respiratory system, and
also adversely affects the skin and eyes.73’74 Therefore, it is important to develop a systematic process to eradicate
AB10B dye from wastewater. The selected AB10B dye has colour index (C.1.) numbers 20470. The structure of AB10B
dye is shown in Figure 11. A sequence of experiments was carried out to find the optimum condition for the degradation
of AB10B dye using the CuO nanocatalyst under visible light.

Optimization of Reaction Parameters in the Degradation of ABI0B Dye

The photodegradation of AB10B dye was measured from UV-visible spectra at the maximum absorbance wavelength
(Amax) peak at 618 nm. This peak was detected due to the presence of an azo chromophore (—-N=N-). To check whether
the degradation proceeded through adsorption or photolysis or photocatalysis, we carried out the three sets of reactions:
(1) with the catalyst in the dark (2) without the catalyst in light (3) with the catalyst in light, respectively. We observed
that there was negligible dye degradation without the catalyst in light and with the catalyst in the dark. The dye
degradation was shown with the catalyst in light. The degradation of dye occurred in the presence of light with the
catalyst. The comparative study of CuO-1, CuO-2, CuO-3, and CuO-4 revealed that maximum degradation of 84% of dye
was observed with the CuO-1 catalyst in the same experimental conditions (Figure 12A). Therefore, we chose the CuO-1
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Figure 10 EDS spectra of the biosynthesized CuO NPs (CuO-I, CuO-2, and CuO-3) and chemically synthesized CuO NPs (CuO-4).
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Figure 11 Structure of ABIOB dye.

nanocatalyst for further study. Various parameters, like the pH of the solution, the concentration of dye, and the dosage of

CuO-1 nanocatalyst, were used for the optimization of reaction parameters.

Effect of pH

As pH is an important factor in the degradation process, an investigation was done using CuO-1 nanocatalyst by
changing the pH of the AB10B dye solution by addition of dil. H,SO, or dil. NaOH solution. It is also a noteworthy
operational parameter in wastewater treatment. To decide the optimum pH value for the degradation of AB10B dye, the
degradation study was conducted over a pH range of 5-9 maintaining other parameters constant. The results are disclosed
in Figure 12B. At pH values 5, 6, 7, 8, and 9, the observed degradation percentage was 68.75%, 88.84%, 86.59%,
83.63%, and 81.36%, respectively. The investigation revealed that the pH of the solution significantly altered the
photodegradation rate % of AB10B dye. The maximum dye degradation was observed at pH 6 with the degradation
efficacy of 88.84%. Therefore, pH 6 was selected for the optimization of other parameters.
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Figure 12 (A) Relative examinations of the decay rate of the ABI0B dye using the catalyst in the dark, without catalyst in light, CuO-1 (in light), CuO-2 (in light), CuO-3 (in
light), and CuO-4 (in light); Experimental study of Effect of (B) pH (C) dye concentration (D) catalyst dosage on the degradation of ABIOB dye using CuO-| catalyst.

Effect of Dye Concentration

To determine the AB10B dye concentration effect on photocatalytic activity, we varied it from 25 ppm to 75 ppm by
keeping other parameters constant. The results obtained are shown in Figure 12C. As the concentration of the dye
increased from 25 ppm to 50 ppm, the percentage of degradation enhanced from 81.39% to 91.03%, and on further
increasing the dye concentration to 75 ppm, the percentage degradation diminished excessively and reached 33%. As an
outcome, 50 ppm of dye concentration was found to be optimal. At a low dye concentration, the concentration of
oxidizing radicals is greater than necessary to breakdown the dye molecules, while at a high dye concentration, the
available oxidizing radicals are insufficient to degrade all the dye molecules. Additionally, as the dye concentration
increased further, the dye’s colour became more intense and prevented the light penetration to the catalyst surface.

Effect of Catalyst Dosage

The influence of catalyst dosage on the degradation of AB10B dye was investigated by changing the catalyst loading
from 0.01 g to 0.09 g at optimized pH 6 and dye concentration of 50 ppm (Figure 12D). Upon increasing the catalyst
dosage from 0.01 g to 0.05 g, the degradation capacity improved from 80.56% to 94.19%. However, further increments
in the catalyst dosage led to a decrease in the degradation percentage, reaching 87.64%. The increased surface area and
the availability of more adsorption sites for the AB10B dye are the key reasons for the upsurge in the dye degradation
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Table 6 Optimized Reaction Conditions for the
Degradation of ABI0OB Dye by CuO-| Nanocatalyst

S. No. | Optimized Parameters | Optimized Values
I pH 6

2. Concentration of dye 50 ppm

3. Catalyst dose 005¢g

ability with increasing amounts of the catalyst. The saturation of all the adsorbent’s possible active sites may explain why
there is no discernible change in the degradation rate after the optimal dosage. Hence, 0.05 g was a suitable quantity of
CuO-1 nanocatalyst for the maximum degradation of the dye. The ideal conditions for the degradation of the AB10B dye
by the CuO-1 photocatalyst under visible light are shown in Table 6.

The recyclability of the catalyst improves the economic profile and environmental impact of the catalyst. To recover the catalyst,
the dye solution with the catalyst was centrifuged and washed 3 times with DI water. After drying, the catalyst was used for further
study. Here, the catalyst was recycled and reused successfully for up to 5 cycles and showed minimum loss of catalytic activity
(Figure 13). Figure 14 represents that photocatalytic degradation of AB10B was fitted to the Langmuir-Hinshelwood model by
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Figure 13 Graphical representation of CuO-| reusability.
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Figure 14 Kinetic investigation of the photocatalytic degradation of ABI0B dye after optimizing all the parameters at pH = 6, the concentration of dye = 50 ppm, and the

dose of catalyst = 0.05 g.
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Table 7 Comparative Photodegradation Studies of ABI0B Using Various Nanocatalysts

S. No. | Nanocatalysts Light Initial Concentration of Catalyst pH Time Removal References
Source Dye (ppm) Dosage (mg) (Min) Percentage (%)
. TiO, NPs uv 100 200 - 150 30% [75]
2. ZnO/AlL,O4 Solar 1000 150 >7 240 98% [76]
(I:1)
3. CeO; NPs uv - 300 3 155 70.1% [77]
4. RGO-NiS Visible 10 10 7 120 99% [78]
5. Zn/Mg co- Visible 10 100 3 20 99% [79]
doped TiO,
6. CuO NPs Visible 50 50 6 90 94% This work

Abbreviation: RGO, Reduced-graphene oxide.

plotting In(C,/C;) against irradiation time (t) to get a straight line with linear regression coefficient (R*) equal to 0.9604. The pseudo
rate constant (k) calculated from the slope was 0.0296 min ™.

Table 7 shows the comparison of some representative examples of photocatalytic degradation of AB10B dye using
different nanocatalysts. The initial concentration of AB10B dye, catalyst dosage, pH, time, and degradation percentage of
AB10B dye were compared with various nanocatalysts.

Scavenging Activity

To understand the major contribution of each primary reactive species, i.e., electrons (e—), "OH radicals, and superoxide
anion radicals (O,"), in the photodegradation process, a series of scavenging experiments were carried out during the
photocatalytic process. K,Cr,O5, isopropyl alcohol (IPA), and benzoquinone (BQ) were chosen as the scavenging
reagents for electrons (e—), ‘OH radicals, and superoxide anion radicals (O,""), respectively (Figure 15). The addition of
K,Cr,05 slightly decreased the dilapidation of the AB10B dye, which disclosed that electrons (e—) are not involved in
the photodegradation of AB10B dye. Furthermore, the photodegradation reaction performed in the presence of IPA and
BQ significantly suppressed the photodegradation efficacy from 93.59% to 67.81% and 64.55% after 120 min of reaction,
respectively, indicating that the *OH radical and subsequent O, were major active species in the degradation of AB10B

dye under visible light irradiation.
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Figure 15 Examining the effect of distinct scavengers on the degradation of ABI0B using CuO-I.
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Mechanism of Photocatalytic Degradation

Figure 16 depicts the mechanism that constitutes the photocatalytic performance. The photocatalyst works on the
principle of the transition of photoexcited electrons from the VB to the CB. These migrated electrons (e—) leave holes
(h™) in the VB. When the energy of absorbed light is equal to or greater than the band gap energy of CuO NPs, then the
excitation of the electron occurs.®® These electrons and holes can follow one of two paths: either recombine and create
intense fluorescence emissions or seek a pathway to the material’s surface and interact with water and oxygen molecules
to obtain different reactive oxygen species (ROS). The band gap (2.40 eV) of CuO-1 was the lowest among all
biosynthesized CuO NPs and showed the best photocatalytic activity among them. ROS generation depends on two
factors: (1) electronic structure and (2) the redox potential of various ROS species. The electronic structure of CuO NPs
was described using the band gap (E,) value, which is 2.40 eV for CuO-1. Equations (8) and (9) were used to calculate
the conduction band edge minima (Ecp) and valence band maxima (Eyg) of the CuO-1 photocatalyst, as shown below.®’

ECB =X — OSEg +Ee (8)

Eyp=Ecp + E; ©

Mineralized products
AB10B dye (CO,, H,0, NO;, SO,2 ions etc.)

0.0
+0.11 eV
1.04—
24eV
hv
20— . .
visible
light
+2.51eVf------------
*OH

Mineralized products AB10B dye
(CO,, H,0, NO;;S0O,%  ions etc.)

Figure 16 A plausible mechanism of degradation of ABIOB dye using CuO-I nano photocatalyst.
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Scheme | Mechanism pathway of the degradation of ABIOB dye.

1/(a +b)

¥ = [r(4)" x(4)"] (10)

Where Ecg, E,, Ec, and Eyg denote the band edge potential of the conduction band (CB), the band gap of the CuO-1
nanocatalyst (2.40 eV), the energy of the free electron (—4.50 eV) on the normal hydrogen electrode (NHE) scale,** and
band edge potential of valance band (VB), respectively. The y is calculated using equation (10), the geometric mean of
electronegativity of constituent atoms, i.e., copper (Cu) and oxygen (0).** Copper (Cu) and oxygen (O) were assigned
electronegativity values of 4.48 and 7.54 eV, respectively.** The calculated band edge potential of the CB (Ecg) and VB
(Evg) were 0.11 eV and 2.51 eV, respectively. Figure 16 and Scheme | show the plausible mechanism of photocatalytic
degradation of dye.

Water Analysis Parameters Before and After Photocatalytic Activity

These biosynthesized CuO NPs are eco-friendly as we analyzed the water sample before and after photocatalytic activity
to degrade the dye and check its impact on the environment. Various water quality parameters were used, such as pH,
conductance, total dissolved solids (TDS), chemical oxygen demand (COD), and dissolved oxygen (DO), for the
assessment of the successful treatment of wastewater containing AB10B dye. Table 8 contains the various water analysis
parameters evaluated before and after photocatalytic activity. The data study disclosed the efficiency of biosynthesized
CuO NPs to diminish the COD levels from 240 mgL ™" to 42 mgL ™" with a removal percentage of 82.5%. The high
reduction of COD values reflects the potency of CuO NPs to degrade AB10B dye.®**¢ Initially, these dyes were found in
complex states, and after degradation, these dyes converted into mineralized ions and, therefore, responsible for the slight
increment in TDS and conductance.®” After degradation, the pH of the solution reached to neutral and made it suitable
for aquatic plants and animals. The results displayed that after degradation the quality of water was upgraded.

Table 8 Water Analysis Parameters Before and After Degradation of ABI0B Dye by

CuO NPs
S. No. | Parameter (Unit) | Before Photocatalytic After Photocatalytic
Treatment Treatment by CuO NPs

l. pH 7.6 7.1

2. Conductance (uS) 44.77 119.40

3. TDS (ppm) 30 90

4. COD (mg/L) 240 42

5. DO (ppm) 0.2 6.4
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Antimicrobial Activity of Synthesized CuO NPs

Minimum Inhibitory Concentration (MIC) Value of CuO NPs

An antibacterial assay using a well-cut method was used to determine the MIC of biosynthesized and chemically synthesized
CuO NPs against two test pathogens- Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa).*® The
algal biosynthesized CuO NPs were denoted as CuO-1, CuO-2, and CuO-3 and chemically synthesized CuO NPs were denoted
as CuO-4. The MIC values for both test pathogens, S. aureus and P. aeruginosa at various CuO NPs concentrations were shown
in Tables 9 and 10, respectively. For better understanding, we have also plotted the bar graph (Figure 17) of MIC value (pg/mL)
for different concentrations of CuO NPs and antibiotic drug (ofloxacin) against S. aureus and P. aeruginosa. The lowest
inhibitory concentration of all CuO NPs was 75 pL and 150 pL for S. aureus and P. aeruginosa, respectively. The size of the zone
of inhibition (ZOI) was gradually increased due to the increase in concentration (75, 100, 150, and 200 puL) of CuO NPs, loaded
on agar well, and it also varied widely because of biologically (CuO-1, CuO-2, and CuO-3) and chemically (CuO-4) synthesized
CuO NPs. The chemically synthesized CuO NPs (CuO-4) exhibited the lowest ZOI at all concentrations of CuO NPs for
S. aureus, as shown in Table 9. The MIC value was highest, i.e., 150 pL for the chemically synthesized CuO NPs (CuO-4) against
P, aeruginosa. In contrast, CuO-1 (algal-mediated CuO NPs) showed the lowest MIC value of 75 pL.. The MIC values reported in
this literature were somewhat better than Parsaee and co-authors*® and Ahangar et al® findings because we used 0.5 mg/mL
concentration of CuO NPs for antibacterial assay, while the above-mentioned reports used a higher concentration (5 mg/mL) of
CuO NPs. Therefore, we can conclude that a ten times lower concentration of synthesized CuO NPs provided noticeably stronger
antibacterial activity than previously reported findings.

Antibacterial Assay Using Disc Diffusion Method.

The standard Kirby-Bauer disc diffusion method was utilized to investigate the antibacterial activity of CuO NPs against
test microorganisms. The Ofloxacin and DI water were used as positive and negative controls for the antibacterial assay,
respectively. All four synthesized CuO NPs exhibited a higher ZOI (mm) against S. aureus, i.e., CuO-1 (22 mm), CuO-2
(19 mm), CuO-3 (19 mm), CuO-4 (14 mm), and positive control/antibiotic (14 mm). Surprisingly, CuO-1 exhibited

Table 9 MIC of Biosynthesized and Chemically Synthesized CuO NPs Against S. aureus

ZOl (mm)
S. No. | Sample Name | Concentration of Nanoparticles (uL) | Positive Control (uL) | Negative Control (uL)
50 75 100 150 200
l. CuO-I| Nil | 18 mm | 19 mm | 20 mm | 22 mm 14 mm NA
2. CuO-2 Nil [ I5mm | I5mm [ 16 mm | 17 mm 15 mm NA
3. CuO-3 Nil [ I7mm | I7mm | I8 mm | 19 mm 14 mm NA
4. CuO-4 Nil [ 9mm | 10mm | 12 mm | 12 mm 16 mm NA

Table 10 MIC of Biosynthesized and Chemically Synthesized CuO NPs Against P. aeruginosa

ZOIl (mm)
S. No. | Sample name | Concentration of Nanoparticles (uL) | Positive Control (uL) | Negative Control (pL)
50 75 100 150 200
l. CuO-1 Nil | 13mm | 14 mm | I5mm | I5 mm 25 mm NA
2. CuO-2 Nil Nil 10 mm | 12 mm | I5 mm 24 mm NA
3. CuO-3 Nil Nil 6mm | 10mm | 12 mm 26 mm NA
4. CuO-4 Nil Nil Nil Il mm | I3 mm 25 mm NA
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Figure 17 Bar graph showing MIC value (ng/mL) for different concentrations of CuO NPs, antibiotics/positive control, and negative control against (A) S. aureus and (B)
P. aeruginosa bacterial strains.

higher antibacterial activity with a ZOI value of 22 mm than positive control with a ZOI value of 14 mm against
S. aureus. For P. aeruginosa, the ZOI value was, CuO-1 (17 mm), CuO-2 (16 mm), CuO-3 (14 mm), CuO-4 (13 mm),
and positive control/antibiotic (25 mm). When compared to chemically synthesized CuO NPs (CuO-4), the biologically
synthesized CuO NPs (CuO-1, CuO-2, and CuO-3) have higher ZOI, as represented in Figure 18, and associated data
values are given in Table 11. Abboud et al reported the 16 mm ZOI value for S. aureus bacteria.*’ Ahangar and co-
workers examined the antibacterial activity of CuO NPs. The ZOI value reported by them were 12 mm for S. aureus and
10 mm for P. aeruginosa at the 5 mg/mL concentration of CuO NPs.*” Table 12 represents a comparative analysis of the
antibacterial activity of CuO NPs synthesized previously using algal extract. From the current findings, we conclude that
the test pathogens were strongly impacted by the antagonistic activity of green algal-mediated CuO NPs in contrast to
chemically synthesized CuO NPs.

Effect of Size and Shape on Antibacterial Activity of CuO NPs.

The size of the NPs is an essential factor in the antibacterial assay. Among all the biosynthesized NPs, CuO NPs
synthesized from the 15 mL algal extract (CuO-1) showed superior activity for both tested pathogens due to their lowest
size, 7.62 nm, along the maximum intensity plane (111). For S. aureus, the ZOI of CuO-1 (22 mm) was even higher than

S. aureus P. aeruginosa

Figure 18 Antagonistic activity of biosynthesized CuO NPs (CuO-I, CuO-2, CuO-3), chemically synthesized CuO NPs (CuO-4), antibiotic/positive control, and negative
control against test pathogens (A) S. aureus and (B) P. aeruginosa utilizing the disc diffusion method.
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Table Il Antibacterial Assay Showing ZOIl (Mm) of the Synthesized CuO NPs Against S. aureus and P. aeruginosa

ZOIl (mm)
S. No. Target CuO-1 CuO-2 CuO-3 CuO-4 Positive Control Negative Control
bacteria (uL) (uL) (L) (uL) (ub) (ubL)
l. S. aureus 22 mm 19 mm 19 mm 14 mm 14 mm NIL
2. P. aeruginosa 17 mm 16 mm 15 mm 13 mm 25 mm NIL

Notes: The bold value represents the highest ZOIl observed against both S. aureus and P. aeruginosa among the various CuO NPs tested.

Table 12 Comparative Study of Antibacterial Activity of Some Previously Reported Algae-Mediated CuO NPs

S. No. | Nanoparticles Algal Size (nm) Target Bacteria ZOl (mm) References
(NPs) Species
l. CuO NPs Bifurcaria 5-45 E. aerogenes and S. aureus 14 and |6 [42]
bifurcata
2. CuO NPs Sargassum - P. aeruginosa and Shigella dysenteriae I5+0.5and 6 + 0.5 [28]
polycystum
3. CuO NPs Cystoseira 743 E. faecalis, E. coli, S. typhimurium, 16.57, 18.79, 12.62, 12.76, [43]
trinodis B. subtilis, S. aureus, and S. faecalis, 17.48, and 13.27,
respectively respectively
4. CuO NPs Anabaena 3.6 E. coli 45+07 [44]
cylindrica
5. CuO NPs Sargassum 40-60 Serratia marcescens, Vibrio 14 £0.34,16 £ 0.18,and 17 [46]
longifolium parahemolyticus, and Aeromonas * 1.12, respectively
hydrophila, respectively
6. CuO NPs Coelastrella | 5.81-13.54 S. aureus and P. aeruginosa 22 and |7 This work
(CuO-1) terrestris

Abbreviations: E. aerogenes, Klebsiella aerogenes; E. faecalis, Enterococcus faecalis; E. coli, Escherichia coli; S. typhimurium, Salmonella typhimurium; B. subtilis, Bacillus subtilis;
S. faecalis, Streptococcus faecalis.

the positive control of ofloxacin (14 mm), as shown in Figure 18. For P. aeruginosa, CuO-1 also showed the best
antibacterial activity from all synthesized NPs due to its small size. Within the CuO NPs, the lowest antibacterial activity
was observed by chemically synthesized CuO NPs (CuO-4) against both tested pathogens i.e., 14 mm ZOI value for
S. aureus and 13 mm ZOI value for P. aeruginosa. The reason behind the lowest antibacterial activity of chemically
synthesized CuO NPs was a consequence of their large crystallite size of 20.38 nm along the maximum intensity plane
(—111) in contrast to biologically synthesized CuO NPs, as mentioned in Table 3. The results indicated that flattened rice-
like structures CuO-1 NPs exhibited higher antibacterial activity than flower petal-like structures CuO-3 NPs.

From the results, it was inferred that Coelastrella terrestris algal-mediated CuO NPs were more efficient on S. aureus
(Gram-positive) compared to P. aeruginosa (Gram-negative) bacteria. Our findings are consistent with Azam et al’® and
Suresh and co-authors’ results,” who demonstrated that the action of CuO NPs was more prominent against Gram-
positive bacteria than Gram-negative bacteria. The difference in the activity can be ascribed to the difference in the outer
membrane of the Gram-positive and Gram-negative bacterial strains. The cell wall of Gram-positive bacteria (S. aureus)
is made up of a thick peptidoglycan layer which induces resistance against the release of Cu'? ions.”’** On the contrary,
the cell membrane of Gram-negative bacteria had a thin peptidoglycan layer along with lipopolysaccharides surrounding
them which could be damaged as a consequence of the Cu*? ions penetration.”
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Figure 19 A plausible antibacterial mechanism of synthesized CuO NPs.

The predominant bactericidal mechanism of CuO NPs mainly involves the generation of ROS, like superoxide anion
radicals (O, ) and hydroxyl radicals ("OH). These ROS trigger oxidative stress and destroy the cellular membrane,
which harms various macromolecules, cell walls, DNA, and bacterial plasmids, and even directs to cell death.”*%?

Figure 19 shows the schematic illustration of a plausible antibacterial mechanism of CuO NPs.

Conclusion

The present study illustrates the facile, straightforward, eco-friendly, and practical approach for synthesizing CuO NPs via
Coelastrella terrestris algal extract. The structural, morphological, and optical properties of the synthesized NPs were
investigated in detail using XRD, FTIR, UV-Vis, DLS, FE-SEM, and EDS. The XRD study revealed that particle size decreases
along the (110) plane and increases along the (111) plane with the enhancement of the algal extract volume. The FTIR analysis
disclosed that the phytochemical molecules of algal extract were responsible for the function of reduction, stabilization, and
capping in the synthesis of CuO NPs. The FE-SEM images showed that enrichment of the algal extract during the nucleation
process clubbed the flattened rice-like structures to flower petals. The synthesized CuO-1 NPs with lowest band gap value (2.40
eV) were shown to be effective in degrading AB10B dye, with a degradation efficiency of 94.19% being observed at optimal
conditions. The antibacterial activity findings inferred that Coelastrella terrestris algal-mediated CuO NPs were more effective
on S. aureus (Gram-positive) with a ZOI value of 22 mm compared to P. aeruginosa (Gram-negative) with a ZOI value of
17 mm bacterial strain. In summary, an eco-friendly Coelastrella terrestris-mediated biosynthesis of CuO NPs can be a potential
contender for removing the contaminants from wastewater. Subsequent investigations should prioritize assessing the applic-

ability of CuO NPs in extensive wastewater and bacterial treatment systems with their potential impacts on the ecosystem.
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