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ABSTRACT

Investigating potent anticancer, antibacterial, and antioxidant core-shell nanostructures (CSNs)
using the green method is highly preferred as it is an environmentally friendly approach. In this
work, Co30,@Zn0 (CZ), Coz0,@NiO (CN), and Co30,@CuO (CC) CSNs, as well as Co304,
ZnO, NiO, and CuO metal oxide nanoparticles (MONPs) were synthesized employing D.
stramonium leaf extract. The XRD confirmed the formation of the cubic Co3s0,, hexagonal
wurtzite ZnO, face-centered cubic NiO, and monoclinic CuO MONPs, as well as cubic-
hexagonal CZ, cubic-face-centered cubic CN, and cubic-monoclinic CC CSNs. The average
crystallite size of Co304(11), ZnO(11), NiO(11), and CuO(11) MONPs was found to be 11, 17,
12, and 13 nm, whereas CZ(11), CN(11), and CC(11) CSNs were 22, 13, and 15 nm,
respectively. The diffraction peaks of the core and shell were slightly shifted, which suggests the
formation of core-shell nanostructures. The spherical CZ, prismatic CN, and cylindrical CC
CSNs with particle sizes of 21.1, 16.99, and 11.07 nm were revealed from TEM analysis,
respectively. Additionally, the HR-TEM image reveals a less-contrast shell enclosing a dark
core, and lattice fringes are found in both regions. The polycrystalline nature of CZ, CN, and CC
CSNs was also revealed from SAED analysis. The in vitro cytotoxicity of CZ, CN, and CC CSNs
and the Epirubicin drug against MCF-7 cancer cells at 800 pug/mL were found to be 95.22,
81.38, 97.72, and 96.15%, whereas against PBMC they were 66.44, 51.94, 62.43, and 65.18%,
respectively. The CC CSNs showed stronger anticancer activity even than the Epirubicin drug
with less cytotoxicity. The 1Csq of CZ, CN, and CC CSNs was revealed to be about 18.3, 21.25,
and 17.8%, respectively. The in vitro antibacterial activity of Co304(11), ZnO(11), NiO(11), and
CuO(11) NPs against S. aureus showed ICsq values of 22.22, 18.36, 28.55, and 17.21 ug/mL and
against E. coli were 33.3, 27, 36, and 26 ug/mL, respectively. The low ICsy of CuO(11) NPs
indicates the high inhibition activity of CuO NPs in contrast to the other. CZ, CN, and CC CSNs
showed IC50s of 11.6, 23.46, and 14 ug/mL against S. aureus, but 17.55, 26, and 21.76 ug/mL
against E. coli, respectively. The percentage scavenging activity of Co30O4, ZnO, NiO, and CuO
NPs and CZ, CN, and CC CSNs against DPPH radical at 500 ug/mL were 63.308, 75.385,
57.0769, 74.872, 86.87, 65.98, and 76.32%, respectively. As a result, CSNs exhibit stronger
antibacterial and antioxidant activity than corresponding individual MONPs due to basic
features and synergistic effects within the core-shell structure.

Keywords:  Antibacterial, Anticancer, Antioxidant, Core-shell, Datura stramonium
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1. INTRODUCTION
1.1. Background of the Study

Nowadays, cancer, bacterial infection, and oxidative stress are being reported to be among major
health challenges worldwide. Cancer is non-communicable disease caused by physicochemical
and biological carcinogenic interactions with the human body cells that cause genetic change and
result in uncontrolled growth of abnormal cells (S. Khan et al., 2015, Mousa et al., 2023). It is
the second most protruding cause of death in the world next to cardiovascular disease. In a
cancerous cell, the abnormal cells invade the healthy parts of the body and are capable of altering
the biochemical and cellular functions and finally causing death. In 2019, about 18 million new
cases of cancer and 8.8 million with a death rate of 15.7% were reported (Hussain et al., 2019,
Siegel et al., 2022). Additionally, the World Health Organization (WHQO) report shows that
cancer is expected to rise from 14 million in 2012 to 22 million deaths in the coming 20 years
(Al-Sheddi et al., 2018, Nabil et al., 2020). The most common cancer diseases that cause an
increment in the number of deaths per year are lung cancer, colon cancer, bladder cancer, breast
cancer, colorectal cancer, kidney cancer, prostate cancer, and pancreatic cancer. Of these cancer
diseases, breast cancer is the second leading cause of cancer death among women (Pugazhendhi
et al., 2019, Aboeita et al., 2022).

In 2020, the International Agency for Research on Cancer, WHO reported about 2.26 million
new cases of breast cancer worldwide which became the most common cancer by replacing lung
cancer. As mentioned in some reports, the preference used for the prevalence rate of breast
cancer increased from 16.7 to 33.6 per 100,000 women in 2000 and 2009, respectively. As per
the report of 2018, out of 2.1 million cancer deaths worldwide, 6.6% of deaths are due to breast
cancer (Abu-Serie & Eltarahony, 2021, Vinardell & Mitjans, 2015, Mubarik et al., 2022).
Additionally, breast cancer caused 685,000 deaths in women in 2020 worldwide. Furthermore,
the report of WHO indicated that about 1.7 million new cases of breast cancer recorded in 2015
are expected to double in 2030 (Torres-Roman et al., 2023). Due to this, several therapies such
as chemotherapy, radiotherapy, proton beam therapy, hormone therapy, targeted drug therapy,
clinical trials, immunotherapy, etc. have been used to medicate this devastating disease, that
causes so much suffering (Tao et al., 2021, Perumal et al., 2024 , Aboeita et al., 2022, J. Wang et
al., 2017, Wang et al., 2017, Mousa et al., 2023, van Beek et al., 2021, Van den Bosch et al.,



2021). However, these treatment methods have significant adverse effects on normal cells with
limited efficacy, toxic and non-selective toward cancerous cells (Nagajyothi, Pandurangan, et al.,
2017, Zubair et al., 2021).

Therefore, it is imperative to develop a potent, high efficacy, non-toxic, cost effective, selective,
and biocompatible drug for breast cancer treatment (Amina et al., 2020, Y. Huang et al., 2023).
In the treatment of breast cancer, the most challenging problem is the side effects of therapies
that caused due to the difficulties in differentiating cancerous and normal cells which lead to
systematic toxicity. The researchers explore new strategies that led to several promising results
with their activity in the diagnosis and treatment of breast cancer (Raj Preeth et al., 2019). The
advanced and effective strategy for breast cancer treatment is nanoparticles (NPs) that have been
developed for cancer treatment for the last three decades. The nanoparticles-based systems, with
high biocompatibility, easy surface functionalization, cancer targeting and drug delivery
capacity, have demonstrated the potential to overcome these side effects. Among these, metal
oxide nanoparticles (MONPs) find significant biomedical applications such as drug delivery,
gene therapy, biomarker mapping, targeted therapy, and molecular imaging in the treatment of
cancer with minimum side effects (Arsalan et al., 2020, Vinardell & Mitjans, 2015, Shalaby et
al., 2022). The anticancer activity of MONPs such as Co304 (S. A. Khan et al., 2021), Fe,0O3
(Ramalingam et al., 2020, Shanmugasundaram et al., 2018, TiO, (Maheswari et al., 2020), ZnO
(Al-Enazi et al., 2023), CuO (Elsayed et al., 2021), Cu/CuO (Abu-Serie & Eltarahony, 2021),
NiO (Kganyago et al., 2018), and TiO,/ZnO (Chakra et al., 2017) have been widely examined.

The other serious public health challenge that emerged over recent years around the world is
bacterial infectious diseases. Bacterial infectious diseases are caused by various harmful bacteria
strains mainly food pathogens, such as Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa, Shigella flexneri, Enterococcus faecalis, Salmonella types, and Clostridium
perfringens (Sirelkhatim et al., 2015, Hussain et al., 2019). A variety of antibiotic drugs are
being used to treat the infectious diseases caused by these strains. Antibiotics such
sulphonamides (Kim et al., 2019), p-lactams (Rabiei et al., 2020), aminoglycosides (Huth et al.,
2011), tetracyclines (Jabeen et al., 2011), lincosamides (Ahmadi et al., 2021) and streptogramins
(Johnston et al., 2005) are commonly used for bacterial infection treatment. However, some

bacteria have developed resistance to these drugs. Antibiotic resistance occurs when the



medication loses its efficiency in Killing bacteria and the bacteria keep growing and cause
infection. According to the data from WHO, closely about 80% of bacterial drug-resistivity is
developed because of overuse, improper use, availability of new antibiotics, and the emergence
of new bacterial gene mutations (Rajeshkumar et al., 2019, Dubale et al., 2023). The morbidity
and mortality due to infection caused by multidrug-resistant bacteria increased from time to time.
The report showed that the mortality due to infection caused by multidrug-resistant bacteria in
2019 was found to be approximately 5.0 million people (Alavi et al., 2022, Barzan et al., 2022).
Similarly, some studies also showed that drug-resistant bacterial infection caused about 3.0
million and 10 million deaths in developing countries and some tropical countries annually,

respectively (Rezk et al., 2022).

Among multidrug-resistant bacteria, the Gram-negative bacteria (E. coli and P. aeruginosa) and
gram-positive (S. aureus and S. pyogenes) have the potential and still cause infection even in the
presence of antibacterial drugs (Slavin et al., 2017). Due to this, searching for a potential and
effective antibacterial agent becomes a serious assignment to work on for researchers all over the
world. In recent studies, the antibacterial activities of different metal based nanoparticles (NPs)
have been investigated. Among several nanoparticles metal oxide nanoparticles (MONPSs) and
their composites have become the most promising agents in addressing the antibacterial
resistance (Lizundia et al., 2020, Dinga et al., 2022).

The MONPs have the ability to inhibit the growth of a wide range of Gram-positive and Gram-
negative bacteria than other organic NPs due to their durability, high stability, and low
mammalian cell toxicity. Some of the MONPs that are capable of combatting bacteria include
ZnO (Ogunyemi et al., 2019), Ag.O (Manikandan et al., 2017), CuO, Cu,O (Nagaraj et al.,
2019), NiO (Hafeez et al., 2021), Ti,O (Aravind et al., 2021), WO3; (Habtemariam, 2021), Al,O3
(Ansari et al., 2015) and Co30,4 (Hafeez et al., 2020) which were examined in the last few
decades for both gram-negative and Gram-positive bacteria (De Souza et al., 2019, Arsalan et
al., 2020, Hariharan et al., 2017). Mixed metal oxide nanostructures such as CuZnFe (Alzahrani
et al., 2018), ZnO/SiO, (Grigorie et al., 2017), ZrO,/ZnO (Uribe Lbpez et al., 2019), Fe,03/Zn0O
(Nabil et al., 2020) and ZnO-NiO-CuO (Algarni et al., 2022) were also investigated to possess
the potential to reduce cytotoxic effect of monoxide nanoparticles and the ability to inhibit
bacterial growth (Asamoah et al., 2020).



In addition to cancer and bacterial infection diseases, the global population is confronted with
oxidative stress as another health challenge caused by excessive production of reactive oxygen
species (ROS) in cells. In normal cellular metabolism, ROS such as superoxide radical (O2"),
hydroxyl radical (OH), singlet oxygen (*O), and hydrogen peroxide (H.O.) are formed as a
byproduct that has a significant role in cell signaling and homeostasis (Slavin & Bach, 2022, S.
Yang & Lian, 2020). During times of environmental stress such as high temperature, drought,
salinity, chemo-toxicity, radiation, and microbial attack reactive oxygen species are excessively
produced. In normal cellular metabolism, the generated ROS are scavenged by natural
antioxidants such as superoxide dismutase, catalase, and peroxiredoxins to prevent oxidative
damage (Tavassolifar et al., 2020), Sundram et al., 2022, Alarifi et al., 2014). However, the
excessive generation of ROS induces oxidative stress which is the imbalance between ROS and
antioxidants and causes chronic diseases such: as diabetes, cancer, cardiovascular and
neurodegenerative diseases (Snezhkina et al., 2020, Pizzino et al., 2017). To address this health
problem, researchers have taken the initiative to develop various potent antioxidants to prevent
oxidative damage. Exogenous delivery of antioxidants holds promise to alleviate oxidative stress
to regain the redox balance. There exist reports of the development of natural and synthetic
antioxidants. Metal based nanoparticles are among the commonly studied antioxidant agents.
Among these, MONPs such as ZnO (Nagajyothi et al., 2015, Mahendra et al., 2020), CuO
(Bukhari et al., 2021), Cos04 (Hag, Abbasi, et al., 2021), Fe,Os (Ustiin et al., 2022) and NiO
(Barzinjy et al., 2020) are proven to be effective in scavenging reactive oxygen species. Even
though a lot of research has been carried out and promising results are being achieved, the
problem of treating cancer, bacterial infections, and oxidative stress is not fully solved yet.
Hence, researchers keep trying to find the most efficient and potent drugs to solve the
aforementioned human health issues. As the concept of synthesis and characterization of NPs
increases, the researchers gained interesting knowledge in designing a new hybrid nanostructure

called core-shell nanoparticles.

In recent developments, literature reports indicate that in contrast to monometallic oxide and
metal oxide nanostructures, metal oxide core-shell nanostructures are preferred for biomedical
applications due to their low toxicity, high solubility, thermal and chemical stability, less defect,
biocompatibility, and high permeability to specific target cells (Ganesan et al., 2020,

Ramalingam et al., 2020). Metal oxide core-shell nanoparticles (MOCSNSs) such as:
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Co30,@NIO (Q. Yang et al., 2014), ZnO/Co304/NiO (Zhu et al., 2021), Fe30,@Co304 (Algarni
et al., 2022) (Shivappa et al., 2018), NiO@Co30s@graphene (Yin et al., 2019), Th(OH);@SiO,
(Ta et al., 2022), Co30,@ZnO (AlTurki, 2018), CuO@ZnO (Tamanis et al., 2015),
Co30,@Cu0O (X. Li et al., 2017), Co30,@MnO; (Tahir et al., 2017), Co3;0,@SiO; (Ding et al.,
2021), and TiO,@Co304 (Goutam et al., 2020) have been synthesized by using different methods
and for several applications. These MOCSNs are synthesized by chemical methods such as sol-
gel, hydrothermal, sono-coprecipitation, solvothermal, emulsion polymerization, microemulsion
polymerization, ultrasonic microwave, electrochemical, electroless deposition, and a few are by
green methods (Shamhari et al., 2018, Kolodziejczak-Radzimska & Jesionowski, 2014,
Nasrollahzadeh et al., 2020, Veisi et al., 2019). The chemical method of synthesis is often costly,
and potentially harmful to the environment and living organisms. Thus, in search for safe, eco-
friendly, cost-effective, rapid, easily available, high stability, and biocompatible synthesis,
researchers were motivated to develop green synthesis methods (S. U. Khan et al., 2018,
Vasantharaj et al., 2019). Among chemically synthesized core-shell nanostructure (CSNS)
C030,@Zn0 (Zhang et al., 2019), NiO/ZnO (Juma et al., 2017), and CuO/ZnO (Zhao et al.,
2010, Xu et al., 2019) caught the attention of researcher due to their parent essentiality, less
toxicity, high dispersibility, biocompatibility, good conjugation with bioactive molecules and
high thermal and chemical stability. However, core-shell nanoparticles Co03;0,@Zn0O,
Co30,@NIO, and Co3;0,@CuO have not been synthesized by the green approach, and their

anticancer, antibacterial, and antioxidant activities are not reported yet.

Green synthesis methods encompass the use of microorganisms and plants part for the
miniaturization of metal ions into their nanoscale size (1-100 nm). Nowadays, the method gained
comprehensive attention from researchers because of its safety, efficiency, simplicity,
economical, eco-friendly, reliable, non-toxic and sustainable for synthesizing various NPs
(Murali et al., 2021, Carpa et al., 2017, Lagashetty et al., 2020). The properties of synthesized
CSNs are characterized by using UV-Vis-diffuse reflectance spectroscopy (DRS), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM/EDX), transmission electron
microscopy-high resolution transmission electron microscopy (TEM/HRTEM), selected electron
area diffraction (SAED), X-ray diffraction (XRD), and thermogravimetric analysis-differential

thermal analysis (TGA/DTA). In this work, the novel Datura stramonium leaf extract-mediated
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C030,@Zn0 (CZ), Co304@NIO (CN), and Co30,@CuO (CC) CSNs were synthesized. Finally,
the anticancer, antibacterial, and antioxidant activities of biologically synthesized CSNs were
investigated.

1.2. Statement of the Problem

Cancer disease, bacterial infection, and oxidative stress are some of the most serious health
challenges that have drawn the public and researchers' attention worldwide as human health
threat that prolongs economic and health crises. Cancer is the leading cause of death worldwide;
specifically, breast cancer is a major ongoing public health issue among women. Conventional
therapies such as surgery, radiotherapy, chemotherapy, and hormone therapy are commonly used
for cancer treatment (Tagde et al., 2022, Sharifi et al., 2020). However, these treatments are
unable to stop the propagation of cancer cells and show adverse side effects on healthy cells
(Kouhbanani et al., 2021). Due to this, searching for effective treatment methods and developing

safe and less toxic anticancer drugs are imperative issues worldwide.

Bacterial infectious diseases are caused by a harmful bacterial strain inside or outside the body
and can be treated by different antibacterial drugs which show rapid increment as a consequence
of the spread of antibacterial-resistant infection disease. However, due to the change in bacterial
species and their genetic makeup, the activity of antibacterial drugs against bacteria is resisted
(Kamurai et al., 2020, Happy et al., 2019). Even though the advances in synthesizing new
antibacterial drugs used in the formal pharmaceutical industry are still derived, the organisms
continue to grow and cause infection. Therefore, finding potent antibacterial drugs has become a
critical issue all over the world. Additionally, excess reactive oxygen species produced in normal
metabolic processes exert oxidative damaging effects by reacting with nearly every molecule
found in living cells and can initiate different degenerative diseases. The oxidative reaction of
ROS is controlled by enzymes such as superoxide dismutase, catalase, and antioxidant
compounds (Xu et al., 2019). However, the excess production of ROS in the body results in
oxidative stress which in turn consequences, in diseases like neurological disorders, cancer,
emphysema, cirrhosis, atherosclerosis, and arthritis (Al-Snafi, 2017, Alavi et al., 2022).
Antioxidant drugs in clinical use are not strong enough to reduce excessive production of ROS in

cellular metabolic processes and have numerous side effects.



Due to these health problems, with the development of nanotechnology, various types of NPs
have been synthesized. The antibacterial and antioxidant activities of several metal oxide
nanoparticles have been studied widely. However, the antibacterial and antioxidant activities of
Co0304, Zn0O, NiO, and CuO NPs synthesized utilizing D. stramonium leaf extract have not yet
been reported. Furthermore, to address a wide range of challenges in medical fields and the
limitations of individual components, researchers designed different mixtures of metal oxide
nanoparticles. Amongst, in exploring various options to address these problems, metal oxide
core-shell nanoparticles, have emerged as promising candidates due to their low toxicity,
biocompatibility, selectivity, high dispersibility, permeability, and thermal stability. Moreover,
the synergetic effect that might arise from the combination of the core and shell metal oxides
derives interest in designing core-shell type nanostructures. However, the anticancer,
antibacterial, and antioxidant activities of D.stramonium mediated Co3;0,@Zn0O, Co30,@NiO,
and Co30,@CuO CSNs were not yet reported. Therefore, this study investigated the anticancer,
antibacterial, and antioxidant activities of Datura stramonium leaf extract-mediated CZ, CN, and
CC CSNs.

1.3. Objectives

1.3.1. General Objective
To synthesize Co30,@Zn0, Co3z0,@NiO, and Co30,@CuO CSNs using Datura Stramonium

leaf extract and investigate their anticancer, antibacterial, and antioxidant activities.

1.3.2. Specific Objectives
To prepare the aqueous extract of the Datura Stramonium plant leaf and screen its phytochemical
composition.
To synthesize Co304, ZnO, NiO, and CuO metal oxide nanoparticles and Co30,@Zn0O,
Co030,@NIiO, and Co30,@CuO CSNSs.
To characterize the synthesized nanomaterials using TGA/DTA, FTIR, XRD, UV-Vis, SEM-
EDX, TEM, HR-TEM, and SAED techniques.
To examine the in vitro anticancer activities of the synthesized MOCSNSs against breast cancer.
To study the antibacterial activity of synthesized MONPs and MOCSNSs against gram-positive
(Staphylococcus aureus and Streptococcus pyogenes) and gram-negative (Escherichia coli and
Pseudomonas aeruginosa).
To study the antioxidant activities of the synthesized MONPs and MOCSNSs.
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1.4. Significance of the Study

The best achievement of this study was expected to come up with improved nanostructure and
ensure the potent anticancer, antibacterial, and antioxidant activities of Co03;0,@Zn0O,
Co30,@NIO, and Co30,@CuO CSNs. The work was also expected to provide insight into the
biological synthesis of CSNs and alternative approaches to the researchers to synthesize the core-
shell nanostructures by utilizing phytochemical constituents of different parts of plants,
microorganisms, and bio-based compounds. Furthermore, the result of the study provides
significant baseline data for researchers and pharmaceutical industries on the use of MOCSNs as
biological agents. Due to their high cytotoxicity to cancer cells, low toxicity to healthy cells, high
inhibition efficiency in antibacterial, and strong scavenging activities, the biogenically
synthesized CSNs were supposed to contribute to the development of new drugs. The scientific
community will also benefit from the publications of the findings.

1.5. Scope of the Study

In this research work, the D.stramonium mediated Co30., ZnO, NiO, and CuO NPs and CZ, CN,
and CC MOCSNs were carried out using leaf extract. The D.stramonium mediated metal oxide
nanoparticles and their CSNs were characterized using advanced instruments such as UV-Vis,
FTIR, TGA/DTA, XRD, SEM-EDX, TEM, HR-TEM, and SAED techniques. The antibacterial
and antioxidant activity of MONPs and MOCSNs were evaluated. Additionally in vitro,
cytotoxicity of CZ, CN, and CC MOCSNSs to breast cancer cells was studied. The synergistic
effect of core-shell nanostructures was seen in antibacterial and antioxidant activity studies.
However, this work didn‘t focus on the optimization of core concentration, pH synthesis, and

calcination temperature.



2. Literature Review

2.1. Nanoparticles

Nanomaterial technology is the most striking science in the world, which refers to research and
technology development since the last century. It was presented in 1959 by Nobel laureate
Richard P. Feynman at the annual American Chemical Society meeting and stated “There’s
Plenty of Room at the Bottom”. Richard P. Feynman elaborated on the prospects of manipulating
single atoms that behave differently from their parent materials and building nanoscale machines
(Guisbiers et al., 2012, Turna et al., 2014). Since then, the increment of demand for the
miniaturization of technology has resulted in an upsurge in nanotechnology research and
products containing NPs. In the last two decades, nanotechnology has studied the optical,
mechanical, magnetic, and thermal characteristics and the production and application of physical,
chemical, and biological systems of NPs (G. Sharma et al., 2019, Amaliyah et al., 2020).

In the century of nanotechnology, NPs become promising particles owing to their noble physical
and chemical properties resulting from their small size and large surface area to volume ratio (S.
U. Khan et al., 2018). Due to this fact, the NPs are highly reactive, stable in chemical processes,
have good mechanical strength, non-toxic, dispersible, and bioavailable. However, the shape,
size, and structure of these NPs are different even for the NPs synthesized from the same
materials. Example: Gold nanoparticles show distinct color owing to a phenomenon known as
localized surface plasmon resonance (LSPR). The colors of gold are a result of the collective
oscillation of the conduction electrons in the gold nanoparticles when they are excited by
incident light. The incident light causes the electrons to oscillate collectively at a specific
frequency, which depends on the size, shape, and composition of gold nanoparticles. This
frequency corresponds to a particular color in the visible spectrum and causes the LSPR
frequency shifts, resulting in a different color being observed the smaller gold nanoparticles tend
to appear red, while larger nanoparticles may appear blue or purple as shown in Figure 1 (X.
Huang & El-Sayed, 2010).
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Figure 1: Solutions with gold nanoparticles and color altered as the size of gold nanoparticles
increases.

Several NPs are manipulated on an atomic, molecular, and super-molecular level and gain much
attention due to their numerous applications in different fields. While nanoparticles offer
enormous promise, their safety and possible environmental effect must be thoroughly reviewed
during research and deployment to guarantee responsible use (Ganesan et al., 2020). The
versatility of nanoparticles allows for innovations in multiple sectors, enhancing existing
technologies and enabling new solutions to complex challenges. Their unique properties continue

to drive research and development, promising even more applications in the future.

In the novel study of NPs, the synthesis method is an imperative issue that enables the
customization of nanomaterials for specific applications. Nanoparticles are synthesized by two
main approaches, namely top-down and bottom-up as shown in Figure 2. In top-down
approaches, the nanoscale particle is obtained by the reduction of bulk material by milling,
etching, crushing, grinding, nanolithography, laser ablation, sputtering, and thermal
decomposition. In top-down approaches, synthesizing uniform shapes and surface perfection is a
big challenge. Wang Y et al., (2021) reported that the synthesis of uniform spherical colloids of
MONPs within the range of 0.1-1 nm remains an impressive challenge, even though almost all
the synthesized NPs are limited to a diameter below 100 nm (Han et al., 2016, Baig et al., 2021).
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Unlike that, bottom-up approaches, which are atom to atom or molecules to molecules assemble
and synthesis approaches such as Sol-gel (Sugihartono et al., 2019), hydrothermal (Sharifi et al.,
2020), and biosynthesis (Andleeb et al., 2021). Due to this fact, the bottom-up approach is
preferred to synthesize uniform shapes and perfect surface structures. In contrast to physical and
chemical bottom-up approaches that result in environmental toxicity and are possibly hazardous,
the green method synthesis of nanoparticles is environmentally friendly, cost-effective, nontoxic,
and rapid synthesis (I. M. Alarifi, 2022, Shafey, 2020, Marslin et al., 2018).
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Figure 2: Different methods used for synthesizing nanoparticles.

2.2.  Metal Oxide Nanoparticles

Metal oxide nanoparticles (MONPs) have shown remarkable potential in various fields of
applications. It signifies a field of nanomaterials chemistry that got great attention a few decades
ago because of its special physicochemical properties and numerous applications as shown in
Figure 3. MONPs play an important role in the fields of physics, chemistry, biology,
engineering, medicine, industry, and material sciences (Usmani 1 et al., 2018). Due to the small
size and high density of edge surface sites, MONPs exhibit unique physicochemical properties
that significantly improve their bioavailability, biocompatibility, and minimize drug toxicity.

MONPs are of different types and they have unique physical, chemical, and biological
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characteristics that can be easily altered or manipulated (Keat et al., 2015, Chung et al., 2017;
Hussain et al., 2019, Hossain et al., 2024)

Textile Industry

Biomedicine

Rubber industry |

Metal Oxide
Nanoparticles

Electronic L l

industry

Catalyst

Pharmaceutical and
Cosmetic industry

Figure 3: Diverse applications of MONPs in different fields.

In general, the functional properties of MONPs have resulted from parameters such as size,
shape, morphology, crystal structure, and surface chemistry. Due to this, several metal oxide
nanostructures such as Fes04, ZnO, Co304, CuO, MgO, NIO, TiO,, and MnO, MONPs have
been studied (Shalaby et al., 2022, Jayasimha et al., 2024).

Out of these metal oxide nanoparticles Co3z04, NiO, CuO, and ZnO NPs have gained great
attention due to their novel applications such as anticancer, antibacterial, antioxidant, and
antidiabetic (Arsalan et al., 2020, Yagoub et al., 2022). Investigation of these MONPs is
valuable for developing modern nanomaterials with high performance. The synthesis, properties,
characterization, structural designing, and their potential application were highly focused by

researchers to modify the properties of their respective metal based NPs (Bekele et al., 2022)

2.2.1. Cobalt Oxide Nanoparticles (Co3zO4 NPS)
Nowadays, intense scientific study is focusing on MONPs due to their numerous potential
applications in fields of the space industry, solar cells, sensors, catalysis, cosmetics, fuel cells,
biomedicines, electrochemistry, biotechnology, energy devices, agriculture, food technology, and
optical devices, pharmaceuticals, textile industry, and water treatment (Waris et al., 2021).
Amongst, metal oxide nanoparticles of transitional metal specifically cobalt attracted numerous
researchers due to their low cost and good electro-activity. Cobalt metal can exist in variable
oxidation states +2, +3, and +4 making it prominent to be used for different applications (Raeisi
et al., 2021, Khalil et al., 2020). Due to its variable oxidation states and high resistance to
corrosion and oxidation, it shows potential applications. An antiferromagnetic p-type

semiconductor cobalt oxide nanoparticles (Co3O4 NPs) attained focus due to its unique properties
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such as magnetic, electrical, catalytic, and use in a variety of applications such as energy storage,
field emission, sensing, and magnetic semiconductors properties irrespective of bulk materials
(Safdar et al., 2023, Omran et al., 2020). In addition, cobalt oxide NPs show good antioxidant,
anticancer, and antibacterial activities and are synthesized by environmentally friendly and non-
toxic green approach. In green synthesis of cobalt oxide nanoparticles, plants, bacteria, algae,
and fungi are widely used. In contrast, plants are preferred due to their abundance, safe nature,
and greater stabilization and reduction capacity (Govindasamy et al., 2022, Ajarem et al., 2021).
Yu et al., 2017, also synthesized Co3O4 NPs by a green method using leaf extract of Helianthus
annuus which shows good photocatalytic activity. The synthesized cobalt oxide NPs using
Punica granatum peel extract and characterized by advanced techniques and their size was in the
range of 40-80 nm.

Intemsity (au)

20 (degree)

Figure 4: The SEM image (a), EDX spectra (b), XRD pattern (c), particle size distribution (d),
and AFM image (e) of Co304 NPs (Bibi et al., 2017).

The XRD diffraction peaks of Co304 NPs with an average size of 43.78-73.10 nm were reported
at 20 0 20.05 (111), 31.19 (22 0), 36.56 (311), and 44.29 (400) (Bibi et al., 2017, Nomura et al.,
2019, Jia et al., 2016). As shown in Figure 4, the spherical shape, elemental composition, and

surface topography of Co304 NPs obtained from SEM images, EDX spectra, and AFM images
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were reported. Dewi et al., (2019), reported Euphorbia heterophylla L. leaves extract mediated
C0304 NPs with ~17 nm size.

2.2.2. Zinc Oxide Nanoparticles (ZnO NPs)

Zinc metal is the most abundant trace element in the mammalian body and is essential to the
structure and function of myriad proteins which are classified as regulatory, structural, and
enzymatic. Due to the lack of its storage site in the body, it should be added to animal diets. For
a few decades ago, numerous MONPs have been widely studied. Of them, zinc oxide
nanoparticles (ZnO NPs) which are inorganic metal oxides have been synthesized due to their
large range of applications such as biomedical, catalytic, photocatalytic, energy, and
environmental treatment (Perumal et al., 2024, Chikkanna et al., 2019, Samy et al., 2019). ZnO
NPs are also used in sunscreen and cosmetic yields hence it does not be absorbed via epidermis.
Zinc oxide is known by its n-type semiconductor and its nanomaterials acquired remarkable
consideration because of its inspiring properties like a wide direct band gap of 3.37 eV at room
temperature and high excitation binding energy of 60 meV which have made zinc oxide
important both for scientific and industrial applications (Kebede Urge et al., 2023, Sundrarajan et
al., 2015). Its material exhibits semiconducting, piezoelectric, and pyroelectric optical properties.
Among several classes of semiconductors, ZnO is a promising oxide owing to its non-hazardous
and economical features such as high thermal, chemical immovability, resistivity control, high
quantum field, flexible morphologies, and superior electrical properties (Mallikarjunaswamy et
al., 2020). Moreover, a nanosized ZnO showed potential biological applications such as
antibacterial, antifungal agents, bio-imaging probes, and drug carriers. The most prominent
characteristics of ZnO NPs are bioavailability and low toxicity which is why it is potent
antibacterial, antimicrobial, anticancer, and good scavengers of reactive molecules (Mahendra et
al., 2020, Jiang et al., 2018, Bayat et al., 2019).

Nowadays, it can be synthesized by using green methods under different parameters and
characterized by different techniques such as UV-Vis, SEM, TEM, XRD, HRTEM, and EDX.
Sundrarajan et al., 2015, reported that ZnO NPs synthesized using Pongamia pinnata plant
extract show good activity against Staphylococcus aureus (gram-positive) and Escherichia coli
(gram-negative) organisms. The hexagonal phase and high purity of green synthesized ZnO NPs

are characterized by XRD and EDX techniques.
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2.2.3. Nickel Oxide Nanoparticles (NiO NPs)

Nickel oxide is an attractive p-type semiconductor with of band gap energy of 3.6 eV and a
conduction band energy is 1.8 eV. Due to its basic properties, the researcher reduced the bulky
size of nickel metal and metal oxide to its nanoscale (Sabouri et al., 2021). The nano-size nickel
oxide has fascinating features such as being optical, magnetic, electrical, and catalytic with good
thermal stability, specific capacitance, stable endurance for resistive switching, rapid switching
time for resistance-based memory, excellent durability, electrochemical stability, and chemical
properties when compared to their bulk state (Olajire & Mohammed, 2020). In addition to this,
NiO NPs have also been widely used in biomedical applications which is due to their unique
surface area, Ni*? ion releasing and adsorbing ability, and cytotoxic effects. As a result of its
great uses, NiO NPs have been synthesized by different chemical and biological methods. The
chemical methods are complex and use unsafe and toxic chemicals that are costly and take a long
time to give the desired product (Barzinjy et al., 2020). Because of this, the researchers
developed an environmentally benign technique called the green method. The green synthesized
NiO NPs have potential antibacterial, anticancer, antidiabetic, and antifungal activities (Wardani
et al., 2019).

2.2.4. Copper Oxide Nanoparticles (CuO NPs)

Copper is an inorganic transition metal and is widely used for nanomaterials manufacturing due
to its low cost and high abundance in nature, stability and has been used in applications such as
sensors, catalysis, biotechnologies, and nontoxicity (Sharmila, Sakthi Pradeep, et al., 2018).
Copper which is an active metal is used in many redox processes in animal and plant cells. In
plants, it is used as part of regulatory proteins, a cofactor of phenol oxidases, ascorbate oxidase,
superoxide dismutase (SOD), and participates in electron transport in the respiratory and
photosynthetic chains. In addition to copper metal, copper oxide has also been used in different
fields of applications that as energy conversion and storage through environmental science,
electronics, and sensors (ljaz et al., 2017).

Recently, CuO NPs have attracted considerable attention and explored in electronics, air and

liquid filtration, ceramics, wood preservation, textiles, bioactive coatings, skin products, films,
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lubricant oils, and in inks medical therapeutics, particularly as antimicrobial, antibacterial,
anticancer agents and drug delivery systems (A. Singh et al., 2017).

The existing results did not provide clear information about the effect of CuO NPs on plant cells.
The action of CuO NPs on plant cells has not been studied satisfactorily. However, it is known
that nanopowders are successfully used as microfertilizers and pesticides. CuO NPs have distinct
physicochemical and biological properties due to the large surface area to volume ratio
(Benhammada & Trache, 2021, Nagajyothi, Muthuraman, et al., 2017). CuO NPs can be
fabricated by chemical methods (direct precipitation, sol-gel, solvothermal, thermal
decomposition, emulsion precipitation, and hydrothermal) and biological methods. The most
preferred green synthesis attains much more consideration, in which active biomolecules like
aloe barbadensis, Carica papaya, Eucalyptus globules, Tecoma castanifolia, Corymbia
itriodora, Nephelium lappaceum L., Lycopersicon esculentum, bacteria, and fungi were used for
the synthesis of CuO NPs. CuO NPs synthesis is much less expensive in contrast to gold and
silver nanoparticles which have potent anti-microbial activity due to their unusual crystal
(Nagajyothi et al., 2015).

2.3. Core-Shell Nanostructures

Recently, metal oxide NPs in various forms and morphology have been discovered to be efficient
in different applications which are primarily attributed to their size, shape, and crystal structures.
Several MONPs and their composite have been developed for a variety of applications. Among
composite NPs, core-shell metal oxide nanostructure (MOCSNSs) are recently developed and play
a significant role in various fields such as catalyst, industrial, and biomedical (B. Sharma et al.,
2013, Rajith Kumar et al., 2020). The CSNs are distinguished by their biphasic inner core and
outer shell components. They may have varying core sizes and shapes, as well as shell
thicknesses and surface morphologies. The CSNs have distinct features that result from the
arrangement of various components inside the structures. The CSNs are constructed such that
shell components increase the core part's reactivity, oxidative stability, and thermal stability
while reducing flaws throughout the structure-(Nomoev et al., 2015, Pathak et al., 2019).

Due to the unique properties that developed from layer by layer arrangement of core and shell

material, geometry, and design, the CSNs attract the researcher’s attention. The combination of
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one core and two or more shell nanomaterials can be termed core-shell, core@shell, or
core/shell. The CSNs are designed based on the purpose of the study and their application can be
varied by changing the individual components (Kalska-Szostko et al., 2015, B. Sharma et al.,
2013). Unlike other nanostructures, the CSNs are separated layer by layer as shown in Figure 5.
Researchers synthesized spherical core/shell nanoparticles for the first and later different types of
CSNs have been developed based on core shape. The non-spherical shape of core nanoparticles
leads to the formation of different shapes of particles. These structures are synthesized by
layering the shell over core material which is used as a physical separation from the surrounding
environment and prevents the direct involvement of surface chemistry (Rakgalakane & Moloto,
2011, Costas et al., 2020, Gawande et al., 2015).

Core
Shell

Core-shell nanostructure

Figure 5: Different structures of core-shell nanoparticles: (a) spherical core/shell nanoparticles,
(b) nano matryoshka material, (c) Core double-shell particles or core multi-shell nanoparticles,
(d) hexagonal core-shell nanoparticles, (¢) multiple small core materials coated by single shell

material and, (f) Rod core-shell nanoparticles (El-toni et al., 2023).

The core-shell nanoparticles are the most appropriate and operative ways to have a synergetic
effect of metal-metal, metal-metal oxide, and metal oxide-metal oxide inorganic NPs
combination for multifunctional applications. In addition to this, shell nanoparticles layered the

core phase to manage its migration and aggregation (Bekele et al., 2022, EI-Toni et al., 2016).

17



The decorating of a benign shell nanomaterial on the surface of a core nanoparticle is used to
improve properties such as less toxicity, high dispersibility, biocompatibility, cyto-compatibility,
good conjugation with other bioactive molecules, and high thermal and chemical stability. Due
to the unique structural feature consisting of a distinct core and shell makes core-shell
nanoparticles (CSNP) and modified properties, CSNs are used in various applications such as
energy harvesting, environmental, catalysis, drug delivery, cell therapy, anti-microbial and
cancer treatment (Costas et al., 2020, Yilmaz & Yilmaz, 2020). The physical and chemical
properties of core-shell hybrid structures have been modified in contrast to single components
and received incredible research interest in recent years exhibiting the modifiable materials
properties (AlTurki, 2018). Recently, several CSNs such as Cu@ZnO (Chang et al., 2016),
FesO,@Ag (Nalluri et al., 2019), ZnO@Polymer (Xiong et al., 2008), Au@PVP (XU et al.,
2016), CUO@NIO (Bayal & Jeevanandam, 2012) Au@Ag (G. Li & Tang, 2014) (Samal et al.,
2013), Co30,@NiO (R. X. Chen et al., 2015), ZnO-CuyO (Florica et al., 2019), CuO-ZnO
(Costas et al., 2020), ZnO@ZnS (Sadollahkhani et al., 2014), NiO@ZnO (Han et al., 2016),
PbO/ZnO (Pathak et al., 2019), CdSe/ZnO (Rakgalakane & Moloto, 2011), have been

synthesized by several methods.

For example, Sadollahkhani et al., (2014) synthesized ZnO@ZnS core-shell nanoparticles step
by step, in which ZnO NPs co-precipitation firstly and then afterward covered with ZnS using a
solution-based chemical method at low temperature (Sadollahkhani et al., 2014). The core-shell
nanowire structure of Co3O4@NiO is synthesized in two steps. The Co3O4 NPs are synthesized
by the hydrothermal method and have a diameter of 70 nm with a length of approximately 10
um. The Co30,4 nanowire structure is used as a core for successive deposition of NiO nanoflakes
with a thickness of about 10 nm (Xia et al., 2012). Ning-Ning et al., (2016) synthesized
Au@PVP NPs using the hydrothermal method and obtained uniform size with controlled shell-
thickness. The synthesized Au@PVP has an optimal shell-thickness and shows appropriate
adsorption time with high sensitivity toward malachite green (XU et al., 2016). Bayal et al.,
(2012) reported the monoclinic phase of CuO NPs and cubic phase of NiONPs of CuUO@NiO
core-shell synthesized using a homogeneous precipitation method (Bayal & Jeevanandam, 2012).
Xiong et al., (2014), reported Au@Cu,O core-shell nanoparticles synthesized by solution
method and determined their sensitivity to carbon monoxide. In this hybrid of nanostructure Au

nanorods (10-15 nm width and 40-60 nm length) were used as core and 30-60 nm Cu,0O shell
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layer were deposited to form bricks and spherical shape Au@Cu,O core@shell nanostructures.
With morphological and orientation control the Au NPs cores have channeled the growth of
Cu,0 shells. The (111) planes of Cu,0 and Au were layered over one another while the (200)
planes of Cu,O can grow on the (200) facets of gold to form the interfaces. The core which is Au
has an exact plane orientation with the Cu,O shells. The (100), (110), and (111) plane
orientations of cores were parallel to the corresponding planes of the Cu,O shells (J. S. Chen et
al., 2010). Rakgalakane and Moloto, (2011) reported the CdSe/ZnO core-shell nanoparticles
synthesized by an electrochemical deposition method (Rakgalakane and Moloto, 2011).

2.4. Synthesis of Metal Oxide Nanoparticles

Over the last several years, green synthesis of MONPs has captured the interest of researchers
and emerged as the most pursued strategy. The procedures have mostly been developed by
employing various microbial and plant extract portions (Ruiz-Garcia et al., 2020). Amongst,
plant extract to synthesize NPs is the most preferred which offers an alternative to microbes that
is not easily available, and needs safe environmental conditions and proper culturing methods.
Due to this, green synthesis of MONPs using plant extract which follows a simple procedure, is
fast in production rate, easily available, and cost-effective has been developed (Bouafia et al.,
2020, Nasrollahzadeh et al., 2020, Rahman et al., 2022).

Plant extracts are used to reduce metal salt to their corresponding MONPs. The good reducing
capacity of plant extract is due to several bioactive constituents found in different parts of plants.
The most common bioactive molecules are the polyphenolics which consist of flavonoids and
phenolic acids which form the building up of polymeric tannins (Wanjala Wafula et al., 2023).
Furthermore, phytochemicals such as alkaloids, terpenoids, amino acids, vitamins,
polysaccharides, and protein molecules contribute to the synthesis of MONPs by reducing their
precursor salts and stabilizing the generated NPs in the complicated redox-mediated process
(Ogunyemi et al., 2019, Widatalla et al., 2022, Jacob & P, 2019). In the green synthesis of
nanoparticles, a variety of plant parts are used for reduction purposes and as a capping agent. The
plant parts preferred for synthesis are properly cleansed to remove dust particles and
contaminants before drying in the shade. Finally, the phytochemical was extracted by heating a
mixture of plant powder and a specified solvent at temperatures ranging from 40-50 °C and

utilized for reduction as shown in Figure 6.
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Figure 6: Green synthesis nanoparticles using plant leaf extract.

Phytochemicals with reducing properties include polyphenols, flavonoids, terpenoids, and
alkaloids. They may transfer electrons to metal ions, decreasing them from ionic to zero-valent
states. This decrease is frequently shown by a color shift in the solution, as metal nanoparticles
usually have unique hues due to surface plasmon resonance. After the metal ions are reduced to
zero-valent atoms, they can aggregate to form nanoparticles. Phytochemicals can also be used as
stabilizing or capping agents, preventing nanoparticles from avoiding particle agglomeration.
Functional groups found in phytochemicals, including hydroxyl (-OH), carboxyl (-COOH),
amino (-NH,), and others, can adsorb onto the surface of nanoparticles, giving stability and
influencing the size and form of the particles. The metal cations of precursor salt will be
saturated to form hydroxyl complexes and grow up to form crystallite with oxygen after
supersaturation as depicted in Figure 7 (Khalil et al., 2020, Robertson et al., 2019, Mittal et al.,
2013, Mendes et al., 2022).
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Figure 7: Schematic illustration of mechanism involved in phytochemical mediated MONPs
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Incidentally, nanoparticles are incorporated into numerous fields by giving innovative solutions
in the world (Mohd Yusof et al., 2019). There are several types of NPs including metal, metal
oxide, polymers, ceramic, quantum dots, fullerenes, and nanotube nanoparticles. Among these
NPs, MONPs are of special interest due to their multifunction. The research interest in the
MONPs become an imperative issue, because of their distinctive physical and chemical
properties and their noble application (Aziz et al., 2019).

Dewi et al., (2018) synthesized the Co304 NPs using Euphorbia heterophylla leaves extract and
obtained a spherical shape and 17 nm size nanoparticles from transmission electron microscopy.
The size of Co304 NPs obtained by the Debye Scherer equation was 39.99 nm with 1.53 eV band
gap energy (Dewi et al., 2019). Hafeez et al., (2020) reported that the CosO, NPs were
synthesized by using leaves extract of Populus ciliata and cobalt nitrate hexahydrate precursor
salt and characterized using x-ray diffraction (XRD), transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) (Hafeez et al., 2020). Ullah et al., (2020) synthesized
Cobalt-oxide nanoparticles using Punica granatum peel extract using cobalt nitrate hexahydrate
precursor salt and characterized them using methods such as XRD, SEM, EDX, AFM, FTIR, and
UV-Vis spectroscopy. The particles showed a spherical shape and 40-80 nm size(Waris et al.,
2021).

Selam et al., (2020) synthesized ZnO NPs using Deverra tortuosa plant extract as a reducing
agent and confirmed by using UV-Visible (UV-Vis) spectroscopy. The absorption spectrum of
Deverra tortuosa plant extract mediated ZnO NPS showed a characteristic peak at 374 nm
(Dagne et al., 2019). Al-Ameer et al., (2019) synthesized ZnO NPs using Olea europaea leaves
extract as a bioreductant agent and obtained 20-50 nm size with a spherical shape (Alrubaie &
Kadhim, 2019,. Sharmila et al., 2018) synthesized CuO NPs using Tecoma castanifolia leaf
extract and obtained a spherical shape and a size < 100 nm from TEM analysis. The copper
precursor salt is reduced by phytochemicals like polyphenols, hydrocarbons, resins, and volatile
oils of Tecoma castanifolia plant leaf. The formation of CuO NPs through bioreduction of
copper sulphate salt by using Bauhinia tomentosa leaf extract and observed the spherical shape
with size of 22-40 nm (Sharmila, Sakthi Pradeep, et al., 2018).

Similarly, Ananda Murthy et al., (2018) reported that the spherical CuO NPs with an average
size of 20-30 nm are synthesized by reducing agents such as flavonoids, triterpenoids, steroids,

cardenolides, and alkaloids of Calotropis gigantea leaves (Ananda Murthy et al., 2018).
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2.5. Synthesis of Core-Shell Nanostructure

CSNs are synthesized by creating nanoparticles with a core made of one substance and a shell
made of another. These structures can be constructed to have unique qualities that are not present
in the individual components. The core-shell design enables the use of various materials to
provide certain functionality, such as increased stability, controlled release, or improved
biocompatibility (Sanad et al., 2021). The core/shell nanostructures are typically manufactured
by reducing metal salts in one or two steps using appropriate reducing agents. The core/shell
nanoparticles were synthesized in one-step via simultaneous reduction, which involves reducing
both metal precursors at the same time to form core/shell structures. In this instance, the
development of shell particles on the core is beyond one's control (A. Ali et al., 2021). In a two-
step procedure, the core is formed, and the second material is coated on the core as shell particles
by serial reduction using a suitable agent for each phase (Khatami et al., 2018).

Recently, Co30, NPs which exhibit numerous oxidation states and ZnO NPs which are
semiconductors are becoming interesting in the research area. AlTurki, (2018) prepared CZ
CSNs by using the sol-gel method and obtained the spherical shape with 12 nm size of NPs from
TEM analysis (AlTurki, 2018). The peaks located at (20) match with the refection of crystal
planes in the left side panel of Figure 8, whereas in the right panel side of the XRD pattern, the
peaks are attributed to Co3O4 core and ZnO shell. D.Y. Han, et al., (2015) reported the
NiO@ZnO CSNs prepared by using a microemulsion system. The result of the XRD pattern
demonstrated that the particles were exactly indexed to a cubic rock salt structure of NiO and
ZnO as depicted in Figure 8(a). The morphological feature of the CSNs obtained by TEM was
also reported as shown in Figure 8(b) D.Y. Han, et al., (2015).

Jinglong Bai, et al., (2021) reported that all of the diffraction peaks in NiO@ZnO CSNFs are in
good agreement with the wurtzite ZnO (JCPDS no. 36-1451) and cubic NiO (JCPDS no. 04-
0835). In the report, there is no distinct peak index to other phases, except for ZnO or NiO,
which indicates the formation of NiO@ZnO CSNs. as shown in Figure 8(c). As shown in Figure
8(d), the SEM pictures show that following deposition, NiO NPs are covered by ZnO layers (~20
nm) with wrinkled surfaces. AlTurki, (2018) synthesized Co03;0,@ZnO CSNs at low
temperatures by using the sol-gel method. According to the study, the XRD for Co3;0,@Zn0O

CSNs revealed that the major peaks correspond to the ZnO hexagonal wurtzite structure, which
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is consistent with JCPDS card 36-1451, as shown in Figure 8(e). Furthermore, as seen in Figure
8(f) of the HR-TEM picture, the Co30,4 cores are darker than the ZnO shell. HR-TEM pictures
reveal a definite interface between the core and the shell, with the edge of the shell showing

lower intensity than the core (AlTurki, 2018).
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Figure 8: XRD pattern of (a) ZnO@NIO, (c) NiO@ZnO, (e) Coz0,@Zn0O, and (b) the SEM
image of ZnO@NIiO, TEM image of (d) NiO@ZnO and (f) Co30,@Zn0O CSNs

In addition to this, Cai et al., (2014) synthesized Co030,@ZnO core-shell using
hydrothermal/sol-gel routes. The Co30,@Zn0O core-shell particles were characterized by TEM
and 22 and 56 nm were obtained for the Co3z0, core and ZnO shell respectively (Cai et al., 2014).
Zhang et al., (2019) synthesized ZnO@Co30, core-shell on Ni foil by using a mild photo-
deposition method which has a larger electrochemical active surface area. The ZnO@Co030,

core-shell showed bundle-like nanostructure from SEM image with diameters of 50-80 nm. In
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ZnO@Co304 CSNs the core and shell components are identified by using TEM in which the
ZnO core is fully covered by the CozO4 NPs (El-Toni et al., 2016).

A p-type semiconductor NiO can form a shell nanostructure. Co304,@NiO CSNs are a particular
type of nanostructured particles and their characteristics depend on the volume of CSNs. Han et
al., (2015) synthesized NiO@ZnO CSNs of core NiO and shell ZnO by using thermal oxidation
in air. The core-shell particles have 35 nm with a thickness size of ZnO shell ~15 nm for NiO-
ZnO. NiO@ZnO CSNs were successfully prepared in Triton X-100/n-hextnol/cyclohexane/water
microemulsion system (Han et al., 2016, Paul et al., 2020). The NiO@ZnO CSNs that consist of
NiO core and ZnO shell with a diameter of 200-300 nm showed the interfaces of the crystallite
NiO and ZnO crystal lattices. The interplanar distance of 0.26 nm coincides with the lattice
spacing of the (002) plane of ZnO, while the lattice spacing of 0.241 nm corresponds to the
interplanar spacing of the (111) plane of cubic NiO. Moreover, the distinct interface and
continuity of lattice fringes observed between the NiO and ZnO nanostructures indicate the
formation of p-n heterojunction between NiO and ZnO in CSNs (Han et al., 2016).

c r v - v - v - - - v v
,_). 1200 | 3 = ot~
n ! c & +Cul
o 1000} 'A <  ZnO .
€ | »
= 800; g = & 8
8 | S = e §
= 600} _ :
£ | =
o 400 ''E
g | TP -
z 200.- =2 L

0

0 50 60 70 80
2 theta (degrees)

Figure 9: The TEM image (a), SAED image (b), and XRD pattern (c) of CuO-ZnO NPs.

Costas et al., (2020) synthesized CuO@ZnO CSNs of core CuO and shell ZnO by using thermal
oxidation in air and magnetron sputtering respectively (Costas et al., 2020). In the report, the
core nanomaterials have a monoclinic structure and the shell film has a hexagonal wurtzite
structure. In XRD analysis the Cu showed the diffraction maxima and, Cu,O film and the CuO
showed peaks at 28: 31.7°, 34.4°, 36.2° and 56.6° corresponding to the Miller indexes of the
reflecting planes for ZnO in hexagonal wurtzite phase: (100), (002), (101) and (110) proving the
presence of the ZnO shell as shown in Figure 9(c) (Florica et al., 2019).
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The TEM image of a CuO-ZnO core-shell nanoparticle indicates that the cylindrical shape of the
CuO core is conserved after the coating with the ZnO shell. Moreover, the CuO core has a
diameter of about 50 nm and the entire CuO-ZnO core-shell nanowire diameter is about 80 nm,
the thickness of the ZnO shell being evaluated at ~15 nm. The component of monoclinic for the
CuO core and hexagonal wurtzite for the ZnO shell. The SAED implies that CuO-ZnO core-shell
particles exhibit both components polycrystalline structures, monoclinic for the CuO core and
hexagonal wurtzite for the ZnO shell Figure 9(b).

Mansournia and Ghaderi (2016) (Mansournia & Ghaderi, 2017) prepared the CuO@ZnO core-
shell using a simple two-step hydrothermal method. The photocatalytic effect of CuO@ZnO
CSNs was varied with the thickness of the CuO core particle, and the order of degradation rate is
as follows: CuO < 50% CuO@ZnO < ZnO < 10% CuO@ZnO < 2% CuO@ZnO ~ 0.4%
CuO@ZnO CSNs. Park et al., (2012) synthesized ZnO-CuO core-shell nanoparticles in two
steps, that ZnO nanoparticles were prepared by hydrolysis and injected in situ to form ZnO-CuO
core-shell. The needle-like CuO shell was shown in the TEM image with an mean length of
49 4+ 4 nm and a thickness of 8 nm (Chan Park et al., 2012).

Table 1: Plant extract mediated Co304, ZnO, NiO, and CuO NPs.

Types of plants  Salts Particle Morphology Applications References
precursor sizein  of MONPs
nm
Populus ciliata Co(NO3),.6H,O  15-35 Sqaure like  Antibacterial (Hafeez et al.,
2020)
Salvia Co(NO3),.6H,O 9.218  Spherical Antibacterial (Kiani et al.,
hispanica 2021)
Rosmarinus CoCl,.6H,0 10 Sheet like Anticancer (Raeisi et al.,
ofcinalis 2021)
Punica Co(NO3),.6H,O  40-80 Spherical Antibacterial (Bibi et al.,
granatum peel 2017)
Apium Co(NO3),.6H,O 21-72  Cubic Antibacterial (Urabe & Aziz,
graveolens 2019)
Algae Co(NO3),.6H,0 30 Spherical Anticancer (Ajarem et al.,
Antibacterial 2021)
Antioxidant
Hibiscus Co(NO3),.6H,O  20.8 Rod-like Antibacterial (Waris et al.,
cannabinus 2021)
Sageretiathea  Co(NO3),.6H,0 43 Spherical Anticancer (Khalil et al.,
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Citrus limon
fruit
Moringa
oleifera

Calotropis
gigantean
Gymnema
sylvestere
Aegle
marmelos

Zingiber
officinale
Allium sativum

Rhamnus
virgate

Raphanus
sativus
Abutilon
indicum

Pterospermum
acerifolium
Syzygium
alternifolium
cordiamyxa

Camellia
japonica
Tea leaves

Malva
sylvestr

COC|2.6H20 19
Ni(NO3), 9.69
Ni(NO3); 20-40

Ni(NOs),-6H,0 32

Ni(NO3), 8-10
Ni(NO3), 16-52
Ni(NO3), 11-59
Ni(NO3), 24

Ni(NO3), 13-52

Ni(NO3),-6H,0 33

Cu(NO3)2-3H,0 46

CuS04.5H,0 17.2
CuS04.5H,0 20-26
Cu(NO3)>-3H,0  15-25
CuS04.5H,0 26-40
CuS04.5H,0 5-30

Cubic

Spherical

Spherical
Cubic

Cubic

Cubic
Spherical

Cubic

Spherical

Spherical

Spherical
Spherical

Spherical

Spherical
Spherical

Spherical

26

Antibacterial
Antioxidant

Antibacterial

Anticancer
Antibacterial

Antimicrobial

Anticancer
Antimicrobial
Antibacterial
Anticancer

Antibacterial
Antibacterial

Anticancer
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Rheum Zn(CH,COO0O),. 30 Spherical Anticancer (Salari &
rhaponticum 2H,0 Neamati, 2019)

2.6. Anticancer Activity
2.6.1. Breast cancer

Cancer is a generic name for diseases known by the development of abnormal cells that grow
and divide uncontrollably due to multiple changes in genes and can break into and destroy
normal parts of the body tissue (Punnoose et al., 2014). Cancer induces various pathological and
metabolic changes in cellular systems and is the second leading cause of death around the globe
next to cardiovascular disease. Distressingly cancer Kills about 8.8 million people each year,
accounting for one out of six deaths and more than the total number of deaths from HIV/AIDS,
malaria, and tuberculosis. According to the World Health Organization (WHO) report, cancer
caused 7.4 million deaths in 2004, 8.2 deaths in 2012, 9.6 million deaths in 2018, and expected
to increase approximately 12 million deaths in 2030. (Kantelhardt et al., 2014, Casais-Molina et
al., 2018).

According to the 2014 World Health Organization report, the number of new cancer cases is
expected to increase from 14 million to 22 million, in the coming 20 years (Vinardell & Mitjans,
2015). Among various groups of cancer, lung cancer is the leading cancer that causes 1.5 million
deaths, whereas liver, stomach, colorectal, breast, and esophageal cancer causes 745,000,
723,000, 694,000, 521,000, and 400,000 deaths respectively. Breast cancer is the most often
diagnosed among all other cancers that develop in the lining of the milk duct. Breast cancer
became the most frequent class of fatal cancer in women throughout the world a few decades
back.

Nowadays, cancer is treated by chemotherapy, surgery, radiotherapy, and immunotherapy (Al-
Sheddi et al., 2018). Inappropriately, the existing therapeutic methods for these cancers are
unsatisfactory and signify a great challenge as many patients have cancer recurrence and severe
side effects. For example, Methotrexate (MTX) is a well-established (antineoplastic or cytotoxic)
chemotherapy and immunosuppressant drug used to treat different types of cancer, but its usage
requires high doses causing severe side effects. Due to this researchers probe novel drugs with

high antitumor efficacy in addition to safety (Nabil et al., 2020, Pugazhendhi et al., 2019).
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Breast cancer is the most common malignancy and one of the deadliest after lung cancer in
women worldwide. It is metastatic cancer that is transferred to different organs such as the bone,
liver, lung, and brain, which mainly accounts for its incurability. Breast cancer accounted for
approximately 570,000 deaths in 2015 (Pugazhendhi et al., 2019; Salari & Neamati, 2019). Over
1.5 million women (25% of all women with cancer) are diagnosed with breast cancer every year
throughout the world. In 2016, ~ 61,000 new cases of in situ breast cancer and 249,000 new
invasive breast cancer cases were estimated in the USA (Tang et al., 2017; Santhoshkumar &
Balupillai, 2018). In 2017, it was estimated that 30% of all new cancer cases (252,710) among
women cancers are breast cancer in America. In the US, over 266,000 new cases of invasive
breast cancer are expected to be diagnosed in women, along with nearly 64,000 new cases of
non-invasive breast cancer in 2018. Nowadays, such virulence disease is treated by commonly
known methods such as surgery, chemotherapy, and radiotherapy which have adverse side
effects on normal cells. Due to this, various NPs have been discovered and synthesized to be able
to selectively target tumor cells without causing any harm to the healthy cells (Zubair et al.,
2021, Rao et al., 2016, Sun et al., 2017, Azizi et al., 2017, Selvakumari et al., 2015; Poller et al.,
2017). Among these, Co304, NiO, ZnO, and CuO NPs and their composition have been studied.
Breast cancer is a complicated illness with several potential causes, and it frequently results from
the combination of various elements, such as genetic, hormonal, environmental, and lifestyle
factors.
2.6.2. Anticancer Activity of MONPs

MONPs gain diverse applications due to their unique antibacterial, anticancer, antioxidant,
antifungal, and enzyme inhibition properties. Among the MONPs, Co30O4 NPs find immense
applications and attract numerous research interests. Co3O4 NPs have a potent potential in cancer
treatment, even though their cellular mechanistic interactions are still poorly understood (S.
Khan et al., 2015).

Huang et al., (2020) determined that Co3O, NPs can induce lysosomal function damage by
inhibiting lysosomal proteolytic activity (X. Huang et al., 2021).

Raeis et al., (2021) reported the cytotoxicity effect of green synthesized Co3O, NPs on
astrocytoma cells. The activity of NPs depends on their concentration and the 1Cso value was
found to be ~55 pg/mL which indicates the green synthesized Co3O, NPs have an optimal
toxicity on U87 cells (Raeisi et al., 2021).
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Khan et al., (2015) reported that the synthesized Co3;O4 NPs have great anticancer potential
against cancerous cell lines; rather they have no significant toxic effect on normal cells. They
investigated the potential cytotoxic of Co304 NPs in human colorectal types of cancerous cells
HT29 and SW620 and obtained 1Csq values of 2.26 and 394.5 pug/mL respectively (Hafeez et al.,
2020, S. Khan et al., 2015).

The cytotoxic activity of P. guajava plant extract mediated Co3O4 NPs against breast cancer cell
lines using the MTT test was investigated. Its percentage cytotoxic activity was observed as 90,
83, 77, 68, 61, 58, and 52% against MCF-7 cells compared to control cells in which the cell
viability decreases with concentration increase (Govindasamy, Raja, Singh, Govindarasu, &
Sabura, 2022).

ZnO NPs have a unique performance that makes them appropriate for various biomedical
applications which approved by the Food and Drug Administration (FDA, USA) vouch for their
biocompatible nature. The Zn** of ZnO NPs can generate ROS when it interacts with the cell and
shows higher toxicity against cancer cells. In addition to this, ZnO NPs used as an effective
carrier for the targeted delivery of several anticancer drugs into tumor cells (Vinardell & Mitjans,
2015, Sushma et al., 2016).

Table 2: The 1Csq values for cancer (MCF-7) and healthy (HFF & HDF) cells

Time of Cancer cell Normal cell
Ineubation MCF-7 HF-F HD-F
I1Cs0 24 hr 12 pg/ml 30 pg/ml 147 pg/ml
48 hr 11 pg/ml 25 pg/ml 137 pug/ml
72 hr 8 ug/ml 12 pg/ml 137/ml

Gowdhami et al., (2019) reported that the Gracilaria edulis plant extract mediated ZnO NPs
showed the anticancer potential on cervical cancer cell lines. The particles showed the
concentration cytotoxicity with an 1Csp value of 35 pg/mL in cervical cancer cells which did not
show any toxicity towards normal healthy peripheral blood mononuclear cells even at 200 pg/mL
concentration. This particle also caused 100% death in HelLa cells at the highest concentration of

200 pg/mL, whereas around 80% of cells were alive at the same concentration in HEK-293 cells.
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Selim et al., (2020) investigate the potent anticancer activity of Deverra tortuosa plant extract
mediated ZnO NPs. The activity was in vitro probed against human colon adenocarcinoma
“Caco-2” and human lung adenocarcinoma “A549” compared to their activities on the human
lung fibroblast cell line using the MTT assay. The green synthesized ZnO NPs showed
remarkable selective cytotoxicity against these cancer cell lines (Selim et al., 2020).

Salari et al., (2019) and Salari & Neamati, (2019) examined the anticancer activity of Rheum
rhaponticum waste extract mediated ZnO NPs on MCF-7 breast cancer cells and the impact on
normal (HFF and HDF) cells. The cytotoxicity of ZnO NPs on both cancerous and normal cells

was measured in terms of concentration and time dependent treatment.
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Figure 10: TEM images of NiO NPs synthesized at 300 °C (a), 400 °C (b) and 500 °C (¢) and its

cell viability against MCF-7 (d), Hep-G2 (e), and HT-29 (f) cancer cell lines (Kouhbanani et al.,
2021).

The treatment indicated the 1Cso values of MCF-7 cancer cells are different from those of normal
(HFF and HDF) cells. The values of ICs, indicate that ZnO NPs have lower cytotoxic effects on
healthy (HFF & HDF) cells in contrast to cancerous cells. The anticancer activity of ZnO NPs on
MCF-7 (Breast cancer cell) was reported by Shobhaa and his coworkers. The cancerous cell

exhibited a 50% reduction at a very low concentration of 31.2 pg/ml (Shobhaa et al., 2017).
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Nickel oxide nanoparticles attract the attention of researchers, because of their unique properties
such as optical, electronic, and physiochemical properties. Nowadays, NiO NPs are synthesized
by using green methods (plant, algae, bacteria, and fungi) for different applications like sensors,
drug delivery, antimicrobial, anticancer, etc. Among them, anticancer activity green synthesized
NiO NPs have been widely studied. Kouhbanan et al., (2021) reported the anticancer activities of
NiO NPs against human liver cancer cell (Hep-G2), breast cancer cell (MCF-7), and colon
cancer cell (HT-29) lines using the MTT assay. In the report, NiO NPs synthesized at 300, 400,
and 500 °C showed higher cytotoxicity effects. However, NiO NPs synthesized at 300 °C have
higher cytotoxicity effects than at 400 and 500 °C due to their small size as shown in Figure 10
(Kouhbanani et al., 2021).

Ezhilarasi et al., (2016) also reported the anticancer activity of Moringa oleifera extract
mediated NiO NPs against HT-29 cancer cells. The small size of NiO nanoparticles causes
cytotoxicity in cell lines that showed changes in cell morphology due to the cell swelling and
breaking as a result of apoptosis. Unlike that in the controlled cells, NiO NPs caused DNA

destruction by apoptotic process (Angel Ezhilarasi et al., 2018).

The current treatment methods for cancer are associated with toxicity in healthy tissues, partial
therapeutic response, drug resistance, and finally recurrence of the disease. Cancer drugs are
challenged by non-specific binding, undesired toxicity in healthy cells, low therapeutic index,
and finally poor therapeutic outcome (Nagaraj et al., 2019). To overcome the challenge MONPs
are being engineered to enhance the transport property of therapeutic agents and diagnostic tools
through the complex biological barriers and to aid the interaction with biomolecules. Of them,
CuO NPs play a crucial role in filtering the compatibility and bioavailability of natural products
in the treatment of cancer due to their specific interaction with and disruption of the
mitochondrial respiratory chain (Gnanavel et al., 2017b). It can also disorder mitochondrial
function by generating ROS and suppressing ATP synthesis, which leads to DNA damage. The
biocompatibility of CuO NPs was evaluated by in vitro cytotoxicity assay for their potential in
vivo biomedical applications such as targeted drug delivery, cancer cell diagnostics, and
therapeutics (Rehana et al., 2017, K. Ali et al., 2020).

Akintelu et al., (2020) reported that black bean extract mediated CuO NPs reduce the growth of

cervical carcinoma cells by altering the mitochondrial structure. It has been also reported green
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synthesized CuO NPs using Ficus religiosa showed potential anticancer efficiency against the
growth of A549 adenocarcinomic human alveolar basal epithelial cells (Sankar et al., 2014). The
cytotoxicity of Pterolobium hexapetalum plant leaf mediated CuO NPs against human breast
cancer cell lines clearly showed enhanced effectiveness (Nagaraj et al., 2019, Akintelu et al.,
2020).

Wu et al., (2018) investigate the in-vitro cytotoxicity of CuO NPs synthesized by using Coleus
aromaticus leaf extract. The in-vitro of the synthesized was studied by investigating the cell
viability of A549 cell lines (Wu et al., 2019).

2.6.3. Anticancer Activity of CSNs

CSNs have attracted considerable interest in the field of cancer therapy due to their unique
properties, which can be customized for various anticancer activities. These nanostructures
consist of a core material surrounded by a distinct shell, which can be designed to encapsulate
drugs, enhance targeting, improve biocompatibility, and provide controlled release of therapeutic
agents. CSNs can be designed to precisely target cancer cells by functionalizing the shell with
atoms that identify and bind to receptors overexpressed on cancer cells, delivering the
encapsulated medications directly to the tumor location while decreasing systemic toxicity. The

nanostructure's shell can operate as a barrier, controlling medication release.
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Figure 11: The ICs values of Ag@Pd core-shell NPs (a) Almond and (b) blackberry fruit extract
mediated against HEPG2 and MCF-7 cancer cells compared to the normal one (Abdel-Fattah et
al., 2017).

This is especially important for chemotherapeutic medicines since it enables the drug's

continuous release over time, ensuring effective concentrations at the tumor location while
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avoiding adverse effects. The size and surface features of CSNs can be adjusted to take
advantage of the enhanced permeability and retention effect, which occurs when tumors have
leaky vasculature, allowing nanoparticles to aggregate preferentially in tumor tissue (Ahmadi
Bakhtiari et al., 2022).

Several studies on the anticancer activity of CSNs synthesized using different methods have been
reported. The anticancer potential activity of biogenic synthesized Ag@Pd core-shell
nanoparticles utilizing blackberry fruit and almond (Prunusamygdalus) was reported by Wafa et
al., 2017, Abdel-Fattah et al., 2017). The image size analyzer showed 8 + 0.26 and 6 + 0.23 nm
for almond (Prunusamygdalus) and black berry fruit extract mediated Ag@Pd core-shell

nanoparticles respectively.

The anticancer activity of Ag@Pd core-shell NPs against human breast cancer (MCF-7) and
hepatocellular carcinoma (HEPG2) cell lines at different concentrations was investigated by
using an MTT assay as depicted in Figure 12. The almond extract mediated Ag@Pd core-shell
NPs showed slightly more effectiveness than blackberry fruit extract due to its morphology
resulting from the function group belonging to the plants.

Elbaz et al., (2016) examined the cytotoxicity of Ag@PVP core-shell nanoparticles against
MCF-7 cancer cells and 1BR hTERT normal cells by using MTT assay. The report indicates that
Ag@PVP core-shell nanoparticles showed higher cytotoxicity against MCF-7 cancer cells in
contrast to normal 1BR hTERT cells. The Ag@PVP core-shell nanoparticles pass through the
cell membrane via endocytosis and localize into the lysosomes. In an acidic environment, Ag* of

nanoparticle is released ultimately inducing the generation of ROS.
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Figure 12: The percentage of viable MCF-7 cells and 1BR hTERT cells treated for 48 h with (a)
Ag NPs, (b) Ag/PEG NPs, (c) Ag/PVA NPs, and (d) Ag/PVP NPs (Elbaz et al., 2016).

The mitochondria are disrupted by induced ROS and silver ions that result in DNA damage and
cell death. The report implies that Ag@PVP core-shell nanoparticles are highly cytotoxic MCF-7
cancer cells and PEG-coated Ag NPs which are more cytotoxic to normal cells as shown in
Figure 12 (Elbaz et al., 2016).
Kovécs et al. showed the extraordinary in vivo metastasis-suppressing power of Au@Ag CSNs
in metastasis-promoting cells in the reactive stroma (Kovacs et al., 2020).
The cytotoxic effect of Garcinia mangostana peel extract mediated Au NPs and Au@Ag against
colon-derived HCT-116 (cancer) and CCD-112 (normal) cells was also reported (Lee et al.,
2022).

2.7. Antibacterial Activity

Human beings have been living unfriendly with several microorganisms which is a potential
cause of different infectious diseases. During the 20" century, the investigation of antibacterial
for the treatment of bacteria caused infection was the most prominent. According to WHO,
bacteria can be attacked by antibacterial drugs. The first medicine discovered for the treatment of
infectious disease specifically syphilis was Salvarsan which is nontoxic to the patients. However,

it was not used until the discovery of Penicillin, in 1928 by Alexander Fleming (Peterson &
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Kaur, 2018, Reta et al., 2019). Several antibacterial were produced between 1930 and
2000However due to they are capable of horizontal gene transfer between different species,
enzymatic degradation of antibacterial drugs, alteration of bacterial proteins that are
antimicrobial targets and changes in membrane permeability to antibiotics the evolution of new
resistant discovery of new molecules with antibacterial activity has become even more
challenging to the pharmaceutical industry (Sanchez-Ldpez et al., 2020, Tanwar et al., 2014).

A recent study indicates even though the struggle to defeat bacterial pathogens continues,
bacteria are still resisting several antibiotics as shown in Figure 13. Currently, the profile studies
of antimicrobials have proved that bacteria that cause infections become resistant to different
groups of antibiotics. The WHO reported that the rate of resisting drugs becomes high in bacteria
such as E. coli against antibiotics as cephalosporin and fluoroquinolones, K. pneumoniae against
cephalosporin and carbapenems, Staphylococcus aureus against methicillin, S pneumoniae
against penicillin, N Salmonella against fluoroquinolones, Shigella species against
fluoroquinolones, Neisseria gonorrhoeae against cephalosporin, and Mycobacterium
tuberculosis against rifampicin, isoniazid, and fluoroquinolone causing common infections (like
urinary tract infections, pneumonia, and bloodstream infections) and high percentage of hospital-

acquired infections (Bridges et al., 2020, Tanwar et al., 2014, Sanchez-Ldpez et al., 2020).
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Figure 13: The time of antibiotic development and resistance by bacterial strains.

Thus, the continuous emergence of bacterial resistance has challenged the research community to
develop novel antibiotic agents. Among the most promising of these novel antibiotic agents are
metal and MONPs, which have shown strong antibacterial activity in a devastating humber of
studies (Gupta et al., 2018).
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In contrast to other antibiotics, MONPs with antibacterial activities have the potential to kill or
inhibit bacterial growth by targeting multiple biomolecules. A high antimicrobial activity of
MONPs depends on the particle size that allows greater surface contact and a direct interaction
with the membrane’s microorganisms. Nanoparticles smaller than 10 nm highly interact with
bacteria and produce electronic effects which improve the reactivity of NPs. Thus, it is proven
that the bactericidal effects of NPs are size dependent (Turakhia et al., 2020, Benhammada &
Trache, 2021). MONPs are known for their potent capability to inhibit the growth of a wide
range of bacteria. MONPs release positively charged ions that interact with the negatively
charged surface of bacteria cell walls causing cell wall or membrane disruption. The metal ions
enter the cytoplasmic membrane interact and inhibit molecules such as proteins or nucleic acids
and then resulting in the generation of ROS that is toxic to the bacteria (Usmani et al., 2018).
The cell membranes of the microorganisms interact with the medium so metal oxide NPs have
some interactions to release metal ions that interfere with the processes of deoxyribonucleic acid
(DNA) replication, cell membrane formation, and cell division (Kumar et al., 2020). Several
studies propose that MONPs attach to the surface of the cell membrane disturbing the
permeability and respiration function of the cell. The damage to the cell may be caused by the
interaction of NPs with sulfur or phosphorus containing biomolecules in the cell such as DNA.
As a result of electrostatic attraction and affinity to sulfur proteins, metal ions can adhere to the
cell wall and cytoplasmic membrane (Khandel et al., 2018). The adhered metal ions can enhance
the permeability of the cytoplasmic membrane and lead to disruption of the bacterial envelope.
After the uptake of free metal ions into cells, respiratory enzymes can be deactivated, generating
ROS but interrupting adenosine triphosphate production (Bouafia et al., 2020). ROS can be a
principal agent in the provocation of cell membrane disruption and deoxyribonucleic acid (DNA)
modification. As sulfur and phosphorus are important components of DNA, the interaction of
metal ions with the sulfur and phosphorus of DNA can cause problems in DNA replication, cell
reproduction, or even result in the termination of the microorganisms. MONPs also have the
ability to penetrate bacterial cell walls and subsequently change the structure of the cell
membrane, because of their nanoscale size. The denaturation of the cytoplasmic membrane can
rupture organelles, and even result in cell lysis (Din et al., 2017, Dessen et al., 2001, Lan et al.,
2014, Khandel et al., 2018).
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2.7.1. Bacterial Strains

From a clinical perspective, the bacteria justifying the term most fully are multi-resistant Gram-
positive and Gram-negative species that are classified based on their cell wall structures. The
Gram-positive bacteria such as Staphylococcus aureus and Bacillus subtilis have a thick layer of
peptidoglycan in their cell walls which are decorated with teichoic acid polymers and covalently-
bound proteins and provide bacterial structure, tensile strength, and counteracting the osmotic
pressure imparted by the cytoplasm (Kamurai et al., 2020, Teshome et al., 2020). In Gram-
positive bacteria, the peptidoglycan has a large permeability threshold and is accessible for
several molecules. Due to this, such types of bacteria are susceptible to various antibiotics. But
the Gram-negative bacteria such as E coli, P. aeruginosa, and P. vulgaris have a thin
peptidoglycan layer. However, the Gram-negative bacteria are intrinsically insusceptible to many
of these antibacterial agents owing to the presence of a much finer molecular sieve, called the
outer membrane that framed a thin peptidoglycan layer (Cox & Wright, 2013, Din et al., 2017).

Staphylococcus aureus is both a commensal bacterium and a human pathogen and is the most
dangerous of all of the many common staphylococcal bacteria that cause a wide variety of
infections such as skin infections, heart valve infections, and bone infections. Staphylococci are
gram-positive bacteria that are characterized by individual cocci that appear to be divided into
more than one plane to form grape clusters that are none motile and none spore-forming
facultative anaerobes and grow by aerobic respiration or by fermentation pathogenic (Nabera,
2009); (Neupane et al., 2018). S. aureus is a member of the genus staphylococci which is named
aureus due to its golden color appearance as it grows on solid media. The cell wall of S.aureus is
50% peptidoglycan by weight which consists of alternating polysaccharide molecules of N-
acetylglucosamine and N-acetylmuramic with 1, 4 — B bonds. The surface features of
staphylococcal have a secretory signal sequence at the N terminal, positively charged amino
acids that extend into the cytoplasm, a hydrophobic membrane-spanning domain, and a cell-
wall-anchoring region, all at the carboxyl terminal. This bacteria can destroy human tissues by
producing different enzymes, such as protease, lipase, and hyaluronidase (D.lowy & M.D., 1998,
Slavin et al., 2017, Tong et al., 2015).

Escherichia coli is a Gram-negative bacteria found in the environment, foods, and intestine of

humans and animals. It exhibits phospholipids, lipopolysaccharides, colanic acid and about 50%
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of its outer membrane consists of proteins attached to the membrane. E. coli strains are
comparatively easy to grow under both aerobic and anaerobic conditions some of E. coli isolates
are considered part of the beneficial normal flora of the intestine but some strains appeared to
acquire pathogenicity mechanisms to cause disease in humans such as urinary tract infections

and sepsis or meningitis (Wang et al., 2021, Happy et al., 2019).

Bacillus subtilis is a Gram-positive bacterium that was used many years ago as a model to
determine the molecular pathways that control biofilm formation. It is known for aerobic,
endospore-forming, and rod-shape among the phylum Firmicutes and family Bacillaceae.
Peptidoglycan in the cell wall of B. subtilis is responsible for shape determination and cellular
viability. The peptidoglycan polymer is formed from an irregular sequence of glycan strands of
repeating disaccharide residues, cross-linked via peptide side chains which allow a high osmotic
pressure inside the cell (Bridier et al., 2011, Harwood et al., 2001).

Klebsiella is a type of Gram-negative bacteria that can cause infections such as pneumonia,
bloodstream infections, urinary tract cystitis, wound or surgical site infections, and meningitis.
Klebsiella pneumoniae is an encapsulated, non-motile bacterium found in the environment. K.
pneumoniae strain is the most prevalent multidrug-resistant Enterobacteriaceae in hospitals
worldwide. The Major factors of K. Pneumoniae’'s extreme harmfulness are the capsule,
lipopolysaccharide, and adhesins. The capsule is one of the most important virulence
determinants, protecting against serum bactericidal activity, antimicrobial peptides, and
phagocytosis (De Souza et al., 2019, Tanwar et al., 2014).

2.7.2. Antibacterial Activity of MONPs

Co304 NPs can interact with the sulfur of protein contained in the bacterial cell membrane and
DNA. The NPs preferably attack the respiratory chain and cell division of bacteria, finally
leading to cell death. The NPs release cobalt oxide in the bacterial cells enhancing their
bactericidal activity.

Dewi et al., (2020) reported that the potent antibacterial activity of Populus ciliata leaf extract
mediated Co30,4 NPs and the activity was concentration dependent. The green synthesized Co30,
NPs were higher against gram-positive bacteria as compared to gram-negative bacteria (Dewi et

al., 2019). The maximum inhibition zone 24.5 £+ 1.3 against B.subtilis which is gram-positive
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and 20.4 £ 0.7 for Klebsiella pneumoniae gram-negative bacteria was observed. In this report,
the green synthesized Co304 NPs are more efficient against B.subtilis than antibiotics used as a
control during their study. The gram-positive bacteria are more exposed to CozO4 NPs due to the
high permeability of porous on the bacteria cell walls in contrast to gram-negative bacteria and
such a structure of cell wall facilitates the maximum absorption of NPs.

Saeed et al., (2018) synthesized Co3O4 NPs using leaves extract of Salvia hispanica and
evaluated its antibacterial activity. The particle showed noble antibacterial activity in comparison
with the standard drugs and control (Nomura et al., 2019).

Urabe and Aziz (2019) synthesized Co3O04 NPs using Apium graveolens and Camellia sinensis
extracts and studied their antibacterial activities against Gram-negative (P. aerugino) and Gram-
positive (S. aureus) bacteria. The Co304 NPs with 21-72 nm size inhibit Gram-negative (P.
aerugino) at about 17 mm and Gram-positive (S. aureus) at 12 mm and 200 pg/ml (Urabe &
Aziz, 2019).

The bacterial inhibition by ZnO NPs could be attributed to its high specific surface charge and
ROS generation. Naseer et al., (2020) reported the antibacterial activities of ZnO NPs
synthesized using Cassia fstula and Melia azadarach plant extracts against Gram-negative
pathogen) E. coli and (Gram-positive pathogen) S. aureus). In contrast to standard antibiotics,
the biosynthesized ZnO nanoparticle showed strong bacterial activity. Gram-negative standard
drugs inhibit from 15-20 mm whereas green synthesized ZnO NPs inhibit in the range of 16-
40mm. S. aureus was resistant to a variety of standard drugs and the zone of inhibition for the
rest of the standard drugs ranged from 4-13 mm while that of ZnO NPs was 14-37 mm in range
(Naseer et al., 2020).

Mahendra et al., (2019) determined the antibacterial activity of ZnO NPs synthesized using leaf
extracts of Canthium dicoccum. The particles are highly effective against B. subtilis and less
sensitive against Stapyhlococcus aureus. The inhibition zone of ZnO NPs is 18.33, 16.33, 15.66,
and 15 mm against B. subtilis, E. coli, P. aeruginosa and S. aureus respectively. The study
indicates that the green synthesized ZnO NPs have antibacterial effective activity in contrast to
plant leaf extract reported by (Prashanth et al., 2015, Shivappa et al., 2018).

Suresh et al., (2014) reported the antibacterial activity of green synthesized ZnO NPs against
Gram-negative and Gram-positive. The particles showed significant activity on four selected

bacterial strains at 500 and 1000 mg concentrations (Suresh et al., 2014).
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A few decades ago, the prevalence of bacterial borne diseases increased intensely. The
continuous placement of antibacterial agents in treating infections caused the development of
drug-resistant bacteria. The bacterial borne infections mostly occur around the hospitals, due to
the availability of a variety of bacterial strains that enable to copying of genes from one another
to develop new gene orders. Bacteria with modified gene order can resist the existing
antibacterial agents and cause different infections. Henceforth, the researchers developed a
potential antibacterial agent at nanosize. The recently fabricated and widely used nanoparticle is
metal oxide nanoparticles. The antibacterial activity of NiO NPs against various bacterial
pathogens has been studied (Ezhilarasi et al., 2016, R. K. Das et al., 2017, Sabouri et al., 2021).

Ezhilarasi et al., (2018) investigated the antibacterial activity of Aegle marmelos leaf extract
mediated NiO NPs against two Gram-positive and Gram-negative strains. The report indicated
that, the antibacterial activity of NiO NPs against two Gram-positive higher than the Gram-
negative bacterial strains. The difference in the inhibition zone of treated bacteria is due to the
thin layer cell wall with a single layer of peptidoglycan (Angel Ezhilarasi et al., 2018).

Haider et al., (2020) reported the antibacterial activity of NiO NPs synthesized using zingiber
officinale and allium sativum extract. The garlic extract mediated NiO NPs showed a high
inhibition zone in contrast to the ginger extract mediated against multidrug resistance bacteria
due to the synergetic effect of phytochemicals in the plant and reduced NiO NPs (Haider et al.,
2020).

Copper metal containing nanomaterials have potent applications in contrast to their parent
material. P-type semiconductors CuO NPs with band gap energy of approximately 1.7 eV
possess unigque properties based on particle size, shape, morphology, and orientation (ljaz et al.,
2017). Among CuO NP's potent applications, antibacterial is the most common activity. The
Cu?* ions released from the CuO NPs have a potent effective nature in antibacterial activity
(Bhuvaneshwari et al., 2018). The antibacterial activity of Azadirachta indica plant extract
mediated CuO NPs was reported by Sharma et al., (2015). The antibacterial activity of CuO NPs

at concentrations of 50 pl, 75 pul and 100 pl against the bacterial strain E. coli are observed as 17
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+ 0.25 mm, 19 + 0.25 mm, and 20 = 0.25 mm, respectively as indicated in Figure 14 (J. K.
Sharma et al., 2015).
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Figure 14: Antibacterial activity of CuO NPs against E.Coli (J. K. Sharma et al., 2015).

The Cu?* of CuO NPs inhibits the bacteria by interacting with biomolecules such as protein,
DNA, and enzymes. The ions released from NPs interact with DNA and break down the DNA
strands leading to bacterial death.

Turakhia et al., (2020) investigated the antibacterial activity of Carica papaya leaf extract
mediated CuO NPs against gram-positive and gram-negative bacterial strains. It has been also
reported that CuO NPs have more toxicity on bacterial strains in contrast to Carica papaya plant
extract due to the electrostatic interaction of Cu** with proteins, DNA, and cell walls that resulted
in their denaturation (Singh et al., 2017, Turakhia et al., 2020).

Vaidehi et al., (2018) also reported that CuO NPs synthesized using Solanum lycopersicum
aqueous leaf extract showed good antibacterial activity. CuO NPs showed different activity
against Bacillus subtilis, S.aureus, and E.coli bacterial strains that increase with the increment of

concentration (Bhuvaneshwari et al., 2018).
2.7.3. Antibacterial Activity of CSNs

Villalobos-Noriega, J. A., (2021) reported the antibacterial activity of Rumex hymenosepalus
root extract mediated Au@Ag CSNs against S. aureus, E. coli as shown in Figure 15(a) and (b),
respectively. The Au and Ag NPs, as well as the Au@Ag CSNSs, inhibit the growth of the gram-
positive bacteria S. aureus almost equally. However, the Au@Ag CSNs show good percent

inhibition against E. coli in contrast to the parent nanoparticles (Villalobos-Noriega et al., 2021).
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Additionally, the antibacterial activity of Ag@Pd core-shell NPs synthesized using almond and
blackberry fruit extract against S. aureus, E. coli, and C. albicans was evaluated. Almond extract
mediated Ag@Pd core-shell NPs showed higher inhibition against S. aureus than E. coli and C.
Albicans as shown in Figures 15(c) and (d). Elyamny, S. reported the dose-dependent
antibacterial activities of Ag@Ag,O CSNs on a variety of pathogens. The report demonstrates
that at 50 pg/mL, Ag@Ag,O CSNs suppress S.aureus, P.aerginosa, and C.vulgaris biofilm
disintegration by about 74.7, 67.8, and 83.5%, respectively.
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Figure 15: Antibacterial activity of Au@Ag CSNs (a) against S. aureus, (b) E.coli and
antibacterial activities of Ag@Pd CSNs against S. aureus, E.coli, and C.albicans (c) Blackberry
mediated and (d) Almond mediated (Abdel-Fattah et al., 2017).

2.8. Antioxidant Activity

The oxidative phosphorylation metabolism is processed in mitochondria and generates ROS such
as superoxide (O, hydrogen peroxide (H203), and hydroxyl radical (HO¢) which is a crucial
molecule for cellular actions. The concentration of these reactive molecules is determined by the

steadiness between the rate of production and consumption by oxidizing agents in the cell.
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Several mechanisms are used by the cell to maintain the redox reaction when exposed to ROS
(Navarro-Yepes et al., 2014, Plenkowska et al., 2020). On the other hand, when ROS
enthusiastically produced, the antioxidant in the cell cannot adjust to the normal level of redox
homeostasis, thereby resulting in oxidative stress. The excessively produced ROS can cause
indiscriminate damage to biological molecules such as proteins, nucleic acid, membranes, lipids
and leading to loss of function and even cell death (Liang et al., 2020). The tissues and cells
control the excessive production of ROS by using enzymatic components, such as superoxide
dismutase, catalase, and glutathione peroxidase, and non-enzymatic such as vitamins C, A, and
E, glutathione, and thioredoxin to protect themselves from ROS-induced cellular damage.
However, the high increment and endogenously uncontrollable production of ROS causes
oxidative stress and results in several diseases such as cancer, diabetes, metabolic disorders, and
cardiovascular diseases. In aerobic organisms, ROS are derived from singlet oxygen molecules

by receiving a single electron (Murray et al., 2021, Garcia-Sanchez et al., 2020).

02 + e — 02._ (1)
The superoxide (O»*) can react with a ferric ion (Fe*") in the cell and can result in the formation

of reactive hydroxyl radical (HO*) by Fenton reaction (Navarro-Yepes et al., 2014, Liang et al.,
2020).

0, + H*—0,’H (2)
0,’H + 0, + H*—->H,0,+ 0, (3)
Fe3* + 0,7 —Fe? "+ 0, (4)
Fe?* + H,0, —»Fe3*+ HO® + HO™ (5)

Recently, to combat the excessive production of ROS several organic and inorganic compounds
are investigated. Amongst, inorganic substances specifically MONPs are studied and their potent
antioxidant activities were assured (Pizzino et al., 2017).
2.8.1. Antioxidant Activity of MONPs

The green synthesized Co3;0, NPs have potent antioxidant activity due to their superior
biomedical applications. The cobalt oxide NPs showed 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
free radical scavenging potential. Additionally, the plant extract mediated cobalt oxide NPs
showed DPPH stable free radical scavenging potentials and antioxidant capacities. In another

study, greener synthesis of cobalt NPs was reported by applying secondary metabolites from
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Celosia argentea plant extract and showed antioxidant activities against DPPH radical, and their
scavenging power was reportedly accelerated with increasing concentration. It was also reported
that the radical scavenging activity of green synthesized Co3;0,4 NPs is dose-dependent (Ajarem
et al., 2021, Khalil et al., 2020, Shaheen et al., 2020). Ullaha et al., (2020) reported that the
cytotoxic of Co304 NPs to macrophages (1C5,=58.55 mg/mL) than that of RBCs (IC5,>200
mg/mL). The report indicates that the green synthesized CoszO, NPs have more potent
antioxidant activity (Ullah et al., 2019). It has been reported that the Sageretia thea leaf extract
mediated Co304 NPs showed strong antioxidant activity Khalil et al., 2017, Khalil et al., 2020).
The highest DPPH radical scavenging (57%) was observed at 200 pg/ml while the scavenging
ability decreased at lower concentrations.

ZnO NPs used as a significant antioxidant against reactive free radicals in protecting cellular
defense against oxidative stress. Zinc metal ion in ZnO NPs reduces the reactive free radical
species to maintain oxidative DNA damage and integrity within the cell (Sushma et al., 2016).
Sushma et al., (2016) determined the antioxidant activity of Ocimum tenuiflorum plant leaf
extract mediated ZnO NPs using DPPH and obtained the maximum inhibition (65.23%) and
absorbance (0.6 a.u). Safawo et al., (2018) determine the antioxidant activity of Occinia
abyssinica extract mediated ZnO NPs (ZnO Nps) which is measured by DPPH assay. In this
report, the radical scavenging capacity ZnO Nps slightly lower than standard ascorbic acid in all
concentrations. The radical scavenging activities of the particles showed increment with
increasing the concentration with 1Csq value of 127.74 pg/ml (Safawo et al., 2018). Lingaraju et
al., (2016) evaluated the DPPH stable free radical scavenging activity of Ruta graveolens herbs
mediated ZnO NPs. The absorbance of free radicals decreases as reduction takes place and the
radical scavenging activity was reported for ZnO NPs. They also reported that the %inhibition
of free radicals by ZnO NPs was obtained with I1Csy having a value of 9.34 mg/mL as shown in
Figure 16(a) (Lingaraju et al., 2016).

Raghavebdra et al., (2017) also reported that the green synthesized ZnO NPs using Garcinia
gummi-gutta plant seed extract also showed antioxidant activity. The radical scavenging effects
of ZnO NPs were reported at various concentrations (50, 100, 150, and 200 pg/mL) mixed with
1.0 mL of 50% methanolic solution containing 140 pl of 1 mM DPPH solution. The DPPH free
radical scavenging activity with an 1Csy value of 425 pg/mL, indicates ZnO NPs were proved to

be potent inhibitors as shown in Figure 16(b). From the report, the difference in the percentage of
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inhibition is due to the phytochemical of plants, size, and shape of particles. Previous reports
have also shown the antioxidant activity of green synthesized ZnO NPs using different plants
such as Cassia fistula (Pavan Kumar et al., 2015), Aegle marmelos (Mallikarjunaswamy et al.,
2020), Ocimum tenuiflorum (Sushma et al., 2016), Polygala tenuifolia (Nagajyothi et al., 2015)

and Ruta graveolens (Lingaraju et al., 2016) extract.
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Figure 16: Antioxidant activity of ZnO NPs synthesized using (a) Ruta graveolens herbs and (b)
garcinia gummi-gutta plant seed extract (Raghavendra et al., 2017).

The properties of MONPs are achieved by changing their size at the nanoscale which provides
the capacity to use them in a variety of fields. Owing to their precise functional features and
significance in a wide variety of technical applications, NiO NPs have been used. The numerous
rewarding applications of NiO NPs in biomedical have been reported. As reported in some

studies, NiO NPs have great potential antioxidant activity (Behera et al., 2019).

Khan et al., (2021) reported that the green synthesized NiO NPs showed higher antioxidant
activity than chemically synthesized. The antioxidant activity of NiO NPs showed a superior
linoleic acid peroxidation inhibition percentage compared to chemically synthesized NiO
nanoparticles but slightly lower than plant extract and BHT. The greater inhibition observed in
green synthesized NiO NPs is due to the synergetic effect of plant phytochemicals and NiO NPs.
The report indicated the chemically synthesized NiO NPs had shown a toxic effect on fibroblast
cells as many dead cells (Red) appeared compared to NiO NPs plant extract mediated. The
bioactive molecules enhance the biocompatibility and dispersibility of green synthesized NiO
NPs in cells (S. A. Khan et al., 2021). Hag et al., (2021) also reported that the Raphanus sativus

plant leaf extract mediated NiO NPs have potential antioxidant activity. The antioxidant activity
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of the particle is concentration-dependent. As shown in the report, the scavenging activity of NiO
NPs increases with their concentration (Dildar, et al., 2021)

Recently, CuO NPs have gained considerable interest due to their potential health benefit.

The antioxidant activity of green synthesized CuO NPs by plant extracts such as Anthemis
nobilis, Calotropis gigantea, Gloriosa superba, Cinnamomum camphora, Aloe vera, and Carica
papaya have been reported (Ghosh et al., 2020). Debrucka R. (2018), reported the antioxidant
activity of green synthesized CuO NPs using the Galeopsis speciosa extract. The CuO NPs
reduce the stable free radical DPPH, leading to the decrease in absorbance measured at 515 nm
wavelength. The 1Cso of CuO NPs was 4.12 pg/ml which indicates its high antioxidant activity
(Dobrucka, 2018). ljaz et al., (2017) reported that Abutilon indicum extract mediated CuO NPs
synthesized showed a potential antioxidant activity.

2.8.2. Antioxidant Activity of CSNs

Antioxidants have an important function in maintaining a healthy cell state, as evidenced by
extensive studies. The endogenous antioxidant defense mechanism is normally competent in
dealing with free radicals in the body, but under disease-developing-threshold situations, the
crucial requirement for exogenous antioxidants increases. Core-shell nanostructures can act as
efficient antioxidants due to their unique features and the synergistic effects of the core and shell
materials. Arriagada et al., (2019) reported the antioxidant activity of caffeic Acid grafted on
amino-functionalized core-shell silica nanospheres (ACSSNs@CA). The CA enhances the
capacity of the core materials to inhibit the DPPH free radicals (Arriagada et al., 2019).
Mohamed et al., (2024) reported the antioxidant activity of M. suaveolens extract mediated
CoO@TIiO; andFe,O;@TiO, CSNs was evaluated by DPPH. The report indicates the antioxidant
activity was concentration-dependent. The antioxidant activity of Fe,O;@TiO, CSNs was
revealed to be 76.34% at 0.11 mg/mL attended by a higher 1Cs, value of 0.055 mg/mL
(Hammouda et al., 2024).

2.9. Datura Stramonium

Datura stramonium (D. stramonium) is a family of Solanaceae and is an annual flowering erect
herb distributed in warm regions of the world. D. stramonium is known for its unpleasant odor

and has a height of 0.6-1.2 m. It has hairy leaves with stalks 4-6 in long, pale green, and ovate
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with a lightly hairy branched stem (Carpa et al., 2017). It is a common herb in disturbed areas,
waste ground, fertile soils in fields, and roadsides and is well known for its potent
pharmacological activity with great utility and usage in folklore medicine. Due to the presence of
active phytochemicals, some species of D. stramonium are widely used in different medical
treatments. Traditionally, D. stramonium plant extract was used for the treatment of diseases
such as asthma, sinus infections, gastrointestinal problems, aches, abscesses, arthritis, boils,
headaches, hemorrhoids, rattlesnake bites, sprains, swellings, burns, ulcers, and tumors (Kishore
et al., 2016, Soni et al., 2012, Guo et al., 2018). Nowadays, it is added to the medicinal plants
list which has a broad range of medicinal applications such as antinociceptive, antioxidant,
hypolipidemic, anti-rheumatoid, and hypoglycemic properties (Batool et al., 2020, Rahmoune et
al., 2017).

In addition to its very important medicinal role, it is toxic due to the presence of alkaloid groups:
hyoscyamine, atropine, and scopolamine. D. stramonium is a hallucinogenic plant that causes
serious poisoning. Taking any part of this plant may result in a severe anticholinergic reaction
which causes toxicity and occasionally leads to diagnostic difficulties (Carpa et al., 2017, S. Das
et al., 2012). In general, the potential activity in disease treatment and dangerous toxicity of D.

stramonium plants is due to phytochemicals.

Figure 17: Leaf of D. stramonium plants (Kadam et al., 2018)

2.9.1. Phytochemical Constituents of Datura Stramonium

D. stramonium contains a variety of biologically active phytochemicals like alkaloids, atropine,
scopolamine, tannin, fat, Phenols, Saponins, sterols, Steroids, glycosides Flavonoids,

carbohydrates, and proteins (Batool et al., 2020). As documented in different reports, the leaf
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and seed of D. stramonium are rich in alkaloids, including atropine, hyoscyamine, and

scopolamine.
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Figure 18: The Structure of Ethyl iso-allocholate (a), D-asycarpidan-1-methanol, acetate (ester)
(b) and 2, 7-Diphenyl-1, 6- dioxopyridazino [4, 5:2, 3] pyrrolo [4,5-d] pyridazine (c) present in
the leaves extract of D. stramonium using GC-MS analysis.

Huda et al., (2015) determined compounds of alkaloids ethanolic extract using gas
chromatography-mass spectroscopy and investigated the Ethyl iso-allocholate, D-asycarpidan-1-
methanol, acetate (ester) and 2,7-Diphenyl-1,6- dioxopyridazino [4,5:2,3] pyrrolo[4,5-d]
pyridazine as shown in Figure 18 (Altameme et al., 2015). Miraldi et al., (2017) also determine
the quantitative value of scopolamine and atropine in D. stramonium plant. The maximum
contents of hyoscyamine and scopolamine in D. stramonium were found in the leaves. The
maximum average atropine level in the leaves is within the range of 0.831 £ 0.014 ug/mg, while
the maximum level of atropine in the flowers is 0.270 = 0.026 pg/mg. On the other hand, the
maximum scopolamine level in the stems and flowers is 0.129 + 0.014 and 0.106 + 0.031 pg/mg
respectively (Altameme et al., 2015). In addition to this D. stramonium contains belladonnine,

leucine, glutamic acid, enzymes, citric acid, malic acid, etheric oil, mineral salts, etc.
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Figure 19: The chemical constituents of D. Stramonium plant (Batool et al., 2020).

Altameme et al., (2015), investigated some phytochemicals found in D. stramonium as shown in
Table 3. The reported phytochemical study revealed the presence of alkaloids, flavonoids,
saponins, tannins, and terpenoids. Furthermore, the quantitative analysis showed saponins (44.61
mg/g) and alkaloids (39.10 mg/g) were the dominant compounds followed by flavonoids (34.71
mg/g) and terpenoids (32.34 mg/g) (Altameme et al., 2015).

Table 3: Qualitative and quantitative investigation of D.stramonium’s phytochemicals.

S.No Qualitative test Quantitative test
Secondary Color Methanol Metabolites
metabolites observation extract mg/g

1 Flavonoids Yellow ++ 34.71+0.005
2 Terpenoids  Reddish brown + 32.34+0.007
3 Saponins Small bubble + 44.61+0.007
4 Alkaloids Reddish brown ++ 39.10+0.009

The (+) moderately and (++) highly positive indicate the presence of phytocomponents.
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D. stramonium's phytochemical components play an important role in green nanoparticle
formation. These bioactive chemicals function as reducing and stabilizing agents, allowing the
synthesis of stable, biocompatible nanoparticles with potential uses in a variety of fields. This
environmentally friendly method complements the increased emphasis on sustainable and green

chemical processes (Carpa et al., 2017).
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3. Materials and Methods

The purpose of chemicals, materials, and advanced characterization techniques used in this work
has been described. Additionally, the experimental procedures used for plant extraction,
phytochemical screening, metal oxide nanoparticles, and core-shell nanostructure synthesis were
explained. Furthermore, the standard procedures for anticancer, antibacterial, and antioxidant
activity tests were explored.

3.1. Chemicals and Reagents

In this study, the precursor salts such as cobalt acetate hexahydrate (Co(CH3CO,),.6H,0 (Sigma
Aldrich), nickel acetate dihydrate (Ni(CH3CO2),.2H,0) (Sigma Aldrich), copper acetate
dihydrate  (Cu(CH3CO,)2.2H,0) (Sigma  Aldrich), and zinc acetate dihydrate
(Zn(CH3CO0,)2.2H,0) (Sigma Aldrich) have been used for the synthesis of respective MONPS
and CSNs. Chloroform (CHCI3), sulphuric acid (H,SQ,), ferric chloride (FeCls), ammonia
(NHs), benzene (CgHg), and potassium iodide (KI) which are (Sigma Aldrich) were used for
phytochemicals screening. Additionally, ethanol (CH3CH,OH) (99.9%, LabTech Chemicals) and
sodium hydroxide (NaOH) (Sigma Aldrich) were also used for washing purposes and as
precipitating agents, respectively. Distilled water was also used as the synthesis medium.
Dimethyl sulfoxide and ampicillin were used as negative and positive controls, respectively.
Ascorbic acid and DPPH (Sigma Aldrich) were used as a positive and negative control for
antioxidant activity tests, respectively (Ajarem et al., 2022). Dulbecco’s Modified Eagle Medium
(DMEM), Fetal Bovine Serum (FBS), penicillin-streptomycin, and insulin were used for cancer
cell growth in an anticancer study. Additionally, MTT ((3, 4, 5-dimethylthiazol-2-yl)-2-5-
diphenyletrazolium bromide) reagent (Sigma Aldrich) was for in vitro cytotoxicity study
whereas Epirubicin was used as a positive control. All the chemicals and reagents used were of

analytical grades and were purchased from the market.

3.2. Materials and Instruments
Materials used in this research work were; spatulas, borosilicate glass, electronic balance, pipet,
hotplate, test tube, centrifuge, Erlenmeyer flask, pestle, volumetric flask, mortar, crucible, plastic

bottles, funnel, Whatman number 1 filter paper, refrigerator, pH meter, aluminium foil, forceps,

watch glass, burette, stand, graduating cylinder, and micro grinding machine. The advanced
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characterization instrumental techniques such as; Uv-visible spectroscopy (UV-Vis), fourier
transform infrared spectroscopy (FT-IR), scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM/EDX), transmission electron microscopy-high resolution transmission
electron microscopy (TEM/HRTEM), selected area electron diffraction (SAED), X-ray
diffraction (XRD), and thermogravimetric analysis-differential thermal analysis (TGA/DTA)
have been used for sample analysis.

3.3. Collection of Datura stramonium Plant Leaf

The Leaf of the D. stramonium plant used in this study for the synthesis of the nanoparticles was
collected from around Adama city, East Shewa, Oromia regional state. Adama is a city located in
the East Shewa zone, Oromia. It is located at 8.54 N 39.27 E, at an elevation of 1712 m, and 99
Km away from Addis Ababa to the southeast of Oromia. The specimen was identified and
authenticated at the Addis Ababa University Herbarium (Voucher No. AUGHO016) and

documented for reference purposes.

3.4. Preparation of Plant Leaf Extract

In this study, the first step in the synthesis of nanoparticles was the preparation of the plant leaf's
aqueous extract. Accordingly, the collected D. stramonium leaf was washed thoroughly using
distilled water to remove dust particles and any contaminants and dried under a shadow area at
room temperature for 15 days until all moisture was lost. The dried leaf was ground using a
micro grinding machine, and the fine powder of the plant leaf obtained, about 3200 g, was
packed in a dry bottle. The agueous extraction was carried out using a 1000 mL conical flask
containing 500 mL of distilled water by taking 30 g of leaf powder from the D. stramonium
plant. The colloidal suspension of D. stramonium was boiled at 40 °C for about 90 min under
continuous stirring. The boiled mixture was cooled to room temperature and filtered using
Whatman number 1 filter paper (J. K. Sharma et al., 2015). Finally, the filtrate was stored in the
refrigerator at 4 °C for the synthesis of Co30,4, ZnO, NiO, and CuO MONPs and CZ, CN, and
CC CSNs (Tilahun et al., 2022). The schematic diagram of the leaf extraction is presented in
Figure 20.
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Figure 20: A schematic representation of D. stramonium leaf extraction.

3.5. Phytochemical Screening of Aqueous Extract of Datura
Stramonium Leaf

The plant leaf extract was subjected to assessment for the existence of the phytochemicals by
using the following standard methods (Batool et al., 2020, )

1. Tests for Flavonoids (Alkaline Reagent Test): 2 mL of 2.0% NaOH mixture was mixed with
aqueous plant crude extract; a concentrated yellow color was observed, which became colorless
when 2 drops of diluted acid were added to the mixture. This result confirms the presence of

flavonoids.

2. Test for Alkaloids (Wagner’s test): 2 mL of the D. stramonium plant aqueous extract
solution was dissolved in Wagner's reagent (lodine in Potassium lodide). The formation of a

brown/reddish precipitate confirms the presence of Alkaloids.

3. Test for tannins: 0.5 g of D. stramonium plant extract was boiled in 10 mL of distilled water
in a test tube and filtered. 5 drops of 0.1% FeCl; was added to the filtrate, to give a brownish-

green or a blue-black color which confirms the presence of tannins.

4. Test for terpenoids (Salkowski test): 2 mL of aqueous D. stramonium plant extract was
mixed with 2 mL of chloroform and 3 mL concentrated H,SO, carefully to form a layer. A
reddish-brown coloration of the interface formed showed positive results indicative of the

presence of terpenoids.

54



5. Test for Steroids: 2 mL of chloroform and concentrated H,SO,4 were added with the 5 mL
aqueous D. stramonium plant crude extract and no color change was observed, which could

indicate the absence of steroids.

6. Tests for Glycosides (Salkowski’s Test): 2 mL concentrated H,SO, was added to the
aqueous plant crude extract. The formation of a reddish-brown color is indicated by the presence
of glycosides.

7. Test for phytosterols (Salkowski’s test): 2 mL of aqueous plant extract and 10 mL of
chloroform were mixed and then filtered. 5 drops of concentrated H,SO, were added to the
filtrate; the mixture was shaken and examined for the appearance of a golden yellow color which
indicates the presence of phytosterols.

8. Test for Anthraquinones: 10 mL of benzene was added to 6 g of the plant extract in a conical
flask and kept for 10 minutes and then filtered. Further, 10 ml of 10% ammonia solution was
added to the filtrate and shaken vigorously, and pink, violet, or red color formation indicated the

presence of anthraquinones in the ammonia phase.

9. Test for saponins: 0.5 g of plant extract was taken then 5 mL of distilled water was added and

shaken while heating to boil. Frothing showed the presence of saponins.

10. Test for phenols: 5 drops of 2% of FeCl; was added to 2 mL of aqueous plant extract and

the formation of a bluish-green to black color indicates the presence of phenols.

3.6. Synthesis of Metal Oxide Nanoparticles

Metal oxide nanoparticles (MONPS) such as cobalt oxide, zinc oxide, nickel oxide, and copper
oxide nanoparticles were synthesized using D. stramonium plant leaf extract according to

modified synthesis procedures (George et al., 2022).

3.6.1. Synthesis of Cobalt Oxide Nanoparticles

In this study, cobalt acetate hexahydrate (Co(CH3CO;),.6H,0) and D. stramonium leaf extract
were used for the synthesis of cobalt oxide nanoparticles (Co304 NPs). The Co3O4 NPs were
prepared in (1:2), (1:1), and (2:1) volume ratios of cobalt acetate hexahydrate
(Co(CH3CO0,)2.6H,0) to D. stramonium leaf extract. Three different metal salt-to-plant leaf
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extract volume ratios were Co304 (50:100 mL), Co304 (50:50 mL), and Co304 (100:50 mL)
which denoted as Co0304(12), C0304(11), and Co0304(21), respectively. During Co0304(11)
synthesis, 50 mL of D. stramonium leaf extract was added dropwise to a 500 mL Erlenmeyer
flask containing 50 mL of 0.5 M Co(CH3CO,),.6H,0 solution and stirred for 4 h at room
temperature. The pH of the formed suspensions on stirring was checked after the stirring time
was completed and adjusted to pH = 12 by adding some drops of 0.1 M NaOH solution based on
the reported procedure (Safdar et al., 2023). The formed suspension was further stirred for 30
min to maintain the uniform distribution of the added base. The precipitate formation was
enhanced by the addition of NaOH solution. The resulting solution was placed in a refrigerator
overnight to enhance precipitate formation. Then, the precipitate was centrifuged at 3000 rpm for
20 min. The supernatant was decanted carefully and washed thrice in all cases by using ethanol
and distilled water sequentially. The washed precipitate was collected from the centrifuge tubes
on a ceramic crucible dish and placed in a drying oven for 3 h at 100 °C and then allowed to cool.
The dried precipitate was calcined at 350 °C using a muffle furnace for 5 h and stored for further
analysis (Kiani et al., 2021, Urabe & Aziz, 2019, Nagajothi, 2022, Hashami et al., 2024).
Similarly, Co304(12) and Co304(21) were also synthesized in 50:100 mL and 100:50 mL volume

ratios, respectively, following the same procedure.

3.6.2. Synthesis of Zinc Oxide Nanoparticles

In the synthesis of ZnO NPs, the precursor zinc acetate dihydrate (Zn(CH3CO,)..2H,0) salt,
sodium hydroxide (NaOH), and plant extract were utilized. To synthesize ZnO NPs, 0.5 M of
Zn(CH3CO,),.2H,0 was prepared using distilled water and mixed with D. stramonium plant leaf
extract. In this case, the three different metal salt-to-plant extract volume ratios (50:100 mL),
(50:50 mL), and (100:50 mL) were assigned as Zn0O(12), ZnO(11), and ZnO(21), respectively.
For instance, in the synthesis of ZnO(11), 50 mL of plant extract was added dropwise into a 1000
mL Erlenmeyer flask containing 50 mL of 0.5 M Zn(CH3CO,),.2H,0. The mixtures were stirred
for 4 h and followed by the addition of 0.1 M NaOH to adjust the pH to 12 based on the previous
work in the literature (Hafeez et al., 2020). After the dropwise addition of 0.1 M NaOH, the
obtained precipitate was stirred for 20 min. The precipitate was centrifuged at 3000 rpm for 20
min and was followed by washing with ethanol and distilled water three times. The washed
nanoparticles were collected and placed on a ceramic crucible, which was left to dry in an oven

for 3 h at 100 °C. The oven-dried precipitate was calcined using a muffle furnace at 480 °C for 5
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h and stored for characterization and applications (Alvarez-Chimal et al., 2021). Similarly,
Zn0O(12) and ZnO(21) were also synthesized by varying their corresponding volume ratios under
the same condition and procedure.

3.6.3. Synthesis of Nickel Oxide Nanoparticles

The synthesis of NiO NPs within different three volume ratios was performed by utilizing D.
stramonium leaf extract and nickel acetate dihydrate (Ni(CH3CO,).-2H,0) precursor salt. The
synthesis was carried out using 0.5 M Ni(CH3CO;),-2H,0 and plant leaf extract within NiO(12)
(50 mL of precursor:100 mL of extract), NiO(11) (50 mL of precursor:50 mL of extract), and
NiO(21) (100 mL of precursor:50 mL of extract) ratios using a separate Erlenmeyer flask. The
mixture of precursor salt solution and plant leaf extract was stirred for 4 h at room temperature.
The pH of the suspensions was adjusted to 12 by adding 0.1 M NaOH and followed by stirring
the three ratios for about 20 min to maintain the homogenized mixture. After completion of the
reaction, each of the individually formed suspension were placed in a refrigerator for 12 h. The
formed and settled precipitate was centrifuged at 3000 rpm and washed three times using ethanol
and distilled water. All the volume ratios of the precipitates were collected on a crucible ceramic
dish and dried at 100 °C till the solvents and the reagents were removed. Finally, the samples

were calcined for 5 h at 380 °C by using a muffle furnace (S. Hussain et al., 2023).

3.6.4. Synthesis of Copper Oxide Nanoparticles

In the presence of an aqueous crude extract of D. stramonium leaf and 0.5M of
(Cu(CH3CO0,),2.2H,0), CuO NPs were synthesized in three different volume ratios, such that (12)
(50 mL precursor: 100 mL extract), (11) (50 precursor mL:50 mL extract), and (21) (100 mL
precursor:50 mL extract). To probe the effect of volume ratios on the structure, morphology, and
biological activities such as antibacterial and antioxidant with specified volume ratios CuO NPs
were synthesized. The synthesis was performed by utilizing the three volume ratios within three
different Erlenmeyer flasks. The volume of extract was gradually added to the three Erlenmeyer
flasks with the stated volume ratios containing 0.5 M of (Cu(CH3CO,)..2H,0) precursor salt.
The mixtures were stirred for about 4 h. Then the pH of the solution was adjusted to 12 by
utilizing 0.1 M NaOH solution. To homogenize the added NaOH, the formed suspension was
stirred for an additional 20 min. Then, each of the three Erlenmeyer flasks containing the formed

suspension was placed in a refrigerator for 12 h. Each of the suspensions was centrifuged 3 times

57



at 3000 rpm and washed three times by utilizing distilled water and ethanol. The formed
precipitates were then collected on a ceramic dish and dried at 100 °C until the moisture and
solvents were removed (Almisbah & Mohammed, 2023). The dried samples were calcined at 300
°C for5 h.
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Figure 21: The schematic representation of metal oxide nanoparticles synthesis.

Similarly, Co304, ZnO, and CuO NPs were also synthesized by utilizing their corresponding
precursor salts under the same condition and procedure.

3.7. Synthesis of Core-Shell Nanostructures

In this study, the MOCSNs were synthesized using D. stramonium leaf extract and the precursor
salts. Cobalt acetate hexahydrate (Co(CH3CO,),.6H,0) was used to synthesis a core, whereas
zinc acetate dihydrate (Zn(CH3CO,),-2H,0), nickel acetate dihydrate (Ni(CH3CO,),-2H,0), and
copper acetate dihydrate (Cu(CH3CO,), 2H,0) precursor salts were utilized for respective shell

synthesis. The synthesis was performed separately by keeping the concentration of the core

58



(inner) part material constant and varying the concentration of the shell (outer) material. The
volume of plant extract, core, and shell material was constant throughout the synthesis.

3.7.1. Synthesis of Co30,@Zn0O Core-Shell Nanostructures

The Co030,@Zn0O (CZ) CSNs were synthesized using the D. stramonium leaf extract,
Co(CH3C0O,),2.6H20, and Zn(CH3CO,)2.2H,0 precursor salts. The synthesis of CZ CSNs, was
carried out using an in-situ method in three different concentration ratios of precursor salts of
core to shell materials as 0.5:0.25, 0.5:0.5, and 0.5:0.75 M which are denoted as CZ(21), CZ(11),

and CZ(23), respectively.

(Co(CH;CO,),.6H,0  (Zn(CHCO,),.2H,0)

Salt solution Plant Extract Stirred for 4 h Stirred for 20 min
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;’.’ )
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Calcined CZ CSNs Oven dried Centrifuged Kept in refrigerator

overnight

Figure 22: The synthesis of CZ core-shell nanostructures.

In this case, the effect of three different concentration ratios of precursor salt of the shell was
studied. Specifically, during the synthesis of CZ(11), 100 mL of the plant leaf extract was
gradually added to a 1000 mL beaker containing the mixture of 50 mL of 05 M
(Co(CH3CO0,),.6H,0) and 50 mL of 0.5 M Zn(CH3CO,),. 2H,0 and stirred for about 4 h. Then,
0.1 M of NaOH was added (pH=12) under stirring for 30 min resulting in the precipitation of the
CSNs. The precipitate was kept in a refrigerator overnight. The precipitate was centrifuged at

3500 rpm for 20 min and washed three times using ethanol and distilled water. The washed
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CZ(11) CSNs was collected on a ceramic crucible and dried in an oven at 100 °C and finally
calcined at 360 °C using a muffle furnace and the obtained crystalline nanostructure was stored
for the characterization (Kirubha & Palanisamy, 2014). The same procedure was repeated for the
synthesis of CZ(21) and CZ(23) CSNs.

3.7.2. Synthesis of Co304,@NiO Core-Shell Nanostructures

In the synthesis of Co30,@NiO (CN) CSNs, the three different concentration ratios of precursor
salts of the core to shell materials CN(21), CN(11), and CN(23) by keeping the concentration of
(Co(CH3CO0,),.6H,0) constant (0.5 M) and varying the concentration of (Ni(CH3CO),.2H,0) as
0.25, 0.5, and 0.75 M, respectively. Unlike that of the CZ CSNs, the CN CSNs were synthesized
in two steps. For example, during the synthesis of CN(11), the first 50 mL of D. stramonium leaf
extract was gradually added to 50 mL of 0.5 M (Co(CH3CO,),.6H,0) and stirred for 4 h. To
adjust the pH of the mixture and enhance the precipitate formation, 0.1 M of NaOH was added

and further stirred for 30 min. At this step, the Co(OH), precipitate was formed and

followed by the addition of precursor salt solution of shell material.
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Figure 23: The schematic diagram of CN CSNs synthesis.
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To develop the shell materials on the Co(OH), precipitate, 50 mL of 0.5 M Ni(CH3CO,)2.2H,0
was added and followed by the gradual addition of 50 mL of plant extract. The mixture was
stirred for another 4 h. After the completion of 4 h stirring, 0.1 M of NaOH was added to adjust
the pH to 12 and stirred for 30 min. The CN(11) CSNs were kept in a refrigerator for 12 h to
enrich precipitate formation and then centrifuged at 3500 rpm for 20 min and washed three times
using ethanol and distilled water. The same procedure was repeated for CN(21) and CN(23)
CSNs by utilizing 0.25 and 0.75 M of Ni(CH3CO;),.2H,0 salt, respectively. Finally, the
precipitate was collected on the ceramic crucible and dried in the oven at 100 °C. The dried CN

CSNs were calcined at 400 °C and kept for further analysis (Rezk et al., 2022).

3.7.3. Synthesis of Co30,@CuO Core-Shell Nanostructures

The Co30,@CuO (CC) CSNs were synthesized by utilizing the aqueous extract of D.stramonium
plant leaf, cobalt acetate hexahydrate (Co(CH3CO;),.6H,0), and copper acetate dihydrate
(Cu(CH3CO,), 2H,0) precursor salts by following the procedure shown in Figure 24. In the
synthesis of CC CSNs, the concentration of Co(CH3CO,),.6H,0 was kept constant (0.5 M) and
Cu(CH3CO0y), 2H,0 was prepared in three different concentrations as 0.25, 0.5, and 0.75 M and
represented as CC(21) CSNs, CC(11) CSNs, and CC(23) CSNs, respectively. In the two step
synthesis of CC(21) CSNs, 50 mL of plant leaf extract was added to 50 mL of 0.5 M
(Co(CH3CO0,),.6H,0) and stirred for 4 h. Based on the literature, the pH was adjusted to 12 by
addition of 0.1 M of NaOH to enhance the precipitate formation and further stirred for 30 min.
Then, the shell was synthesized by the addition of 50 mL of 0.25 M Cu(CH3CO,),.2H,0
precursor salt solution to the Co(OH), nanoparticle dispersion formed in the first step followed
by the addition of 50 mL of plant extract. The mixture was stirred for 4 h and the pH was
readjusted to 12 by the addition of 0.1 M of NaOH and stirred for 30 min. The CC(21) CSNs was
kept in a refrigerator for 12 h to enhance precipitate formation and then centrifuged at 3500 rpm
for 20 min and washed three times using ethanol and distilled water (Venkateswarlu et al., 2015).
The CC(11) and CC(23) CSNs were also synthesized by following the same procedure by
utilizing 0.5 and 0.75 M of Cu(CH3CO0,)..2H,0 salt, respectively (Ganesan et al., 2020). Finally,

the synthesized CSNs were collected on the ceramic crucible and dried in the oven at 100 °C.

The dried CC CSNs were calcined at 320 °C and kept for further analysis.
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Figure 24: The schematic diagram of CC CSNs synthesis.
3.8. Characterization Techniques

The synthesized MONPs and CSNs by utilizing D. stramonium leaf extract have been confirmed
by using advanced characterization techniques. The proportion of weight loss of the MONPs and
CSNs samples was determined using TGA curves and compared to the relevant thermal changes
of the DTA peaks. The calcination temperature of MONPs and MOCSNs samples resulted from
the formation and decomposition of different species, as represented in TGA/DTA curves
(Ajarem et al., 2021). The appropriate temperature at which no weight loss occurred and
thermally stable with constant heat change was determined. At the School of Chemical and Food
Engineering, Bahir Dar University, Bahir Dar, thermal gravimetric analysis and differential
thermal analysis (HCT-3, Beijing Hengjiu Instrument, China) were used to determine the
temperature at which MONPs and MOCSNs have to be become calcined. The heating rate was

10 °C/min and the hold time were 50 °C/min.

The MONPs and MOCSNs were also characterized using a UV-Vis spectrophotometer (Lambda
1050 (PerkinElmer, Japan)). The absorption spectra were obtained using a spectrophotometer
between the wavelengths of 200 and 800 nm. The absorption band and band gap energy of the
synthesized nanoparticles were revealed. During analysis, the MONPs and CSNs dispersed in

DMSO solvent, and the blank solution was placed in the lid of the sample champer and scanned
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within the selected wavelength range and the absorbance spectrum was recorded. The generated
absorbance was drawn as a function of wavelength and furthermore, the band gap energy was
also calculated by using Tauc relation.

FT-IR spectroscopy has been used to describe the type of functional group present in the plant’s
leaf and the synthesized nanoparticles. To determine several functional groups, the synthesized
nanostructures were homogenized with a KBr pellet and analyzed using Fourier transform
infrared spectroscopy (FT-IR) (Bruker TENSOR27 Spectrometer, Germany) with a scanning
range of 4000 - 400 cm™. The investigated function group resulted from the spectra appearing in
the FT-IR analysis.

The crystal structure and average crystallite size of MONPs and CSNs were analyzed by using
XRD (XRD-7000, SHIMADZU Corporation, Japan) which is furnished with a Cu metal used for
generating a Cu Ko radiation with A = 0.15406 nm and recorded in the range from 10-80°. The
average crystallite sizes of all synthesized MONPs and CSNs were determined using Debye-
Scherrer’s formula written in equation (1) (Perumal et al., 2024)

kA
b= BCosB (1)

Where:

D — the average size of crystallite,

A — the wavelength of the X-ray with values of 1.5406 A for CuKa,

K — crystallite constant (0.94)

6 — the peak position (in degrees)

B — the full width at a half-maximum height
The XRD analysis of C0304(12), C0304(11), and Co0304(21) NPs was performed using CuKa
radiation with a scanning rate of 0.16 deg/s. The characterization was performed at the
Department of Material Science and Engineering of Adama Science and Technology University.

QualX software was used to determine the JCPDS card number of the samples.

Scanning electron microscopy-Energy dispersive X-ray Analysis (SEM-EDX, model CamScan
MV2300, Germany) was used to investigate the morphology and elemental composition of
MONPs and CSNs. The characterization was performed at the Research Institute of Materials

Chemistry, Chungnam National University, Republic of Korea. The sample was placed in the
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sample holder and moved to the instrument's stage. During characterization, the incident electron
beam interacts with the sample, and secondary electrons are inelastically scattered from the
surface of the sample to provide high-resolution topographical information about the sample
surface. Furthermore, the elemental composition of the samples was determined by using EDX.
The EDX spectra of MONPs and CSNs samples were evaluated based on their percentage
abundance. The peak with the highest percentage of abundance in samples was expected to be

the most intense.

The particle size distribution, grain orientation, and shape of synthesized MONPs and CSNs
were determined by using TEM/HR-TEM. The TEM employs an electron beam to photograph
the picture that was used for identification. TEM can also be used to observe and analyse the
core-shell structure. SAED was used to determine the crystallinity nature of MONPs and CSN.
The TEM/HR-TEM (JEM-2100, USA) analysis was performed at the Department of Chemistry,
Chemistry Engineering, and Applied Chemistry at Chungnam National University in the
Republic of Korea. Finally, the particle size and distribution were determined by using Gatan

software and plotted by using origin software.

3.9. Synthesis Mechanism of Metal Oxide Nanoparticles

In the phytochemical mediated MONPSs, the mechanistic electron interaction occurs in different
stages. Under the controlled temperature and pH, the phytochemicals from the extract donate
electrons to reduce metal ions to metal atoms. The n-electron donors such as amine, carboxyl,
and hydroxyl functional groups of phytochemicals are potential reducing agents and are
subsequently used as a capping agent to stabilize the metal nanoparticles by preventing
agglomeration. The initial stage involves complexation, in which phenolic hydroxyl groups (OH)
form electrostatic complexes with metal ions, which are then reduced to metal atoms. The
resulting metal atoms undergo nucleation and form a cluster of metal nanoparticles. This is
followed by the growth and coalescence of separate small nanoparticles into larger ones that
occur through the coarsening process. This process continues until the particles become stable in
shape and size for nanoparticles. The phytochemicals interact with the metal by electrostatic
interaction and form a protective coating that prevents particle growth. In an aqueous medium,

metal atoms react with hydroxide ions (OH™) present in the solution, particularly if the pH is
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raised due to the presence of certain compounds in the plant extract as well as alkaline solution
added during synthesis. This reaction leads to the formation of metal hydroxides which can
further precipitate out of the solution. The metal hydroxide further undergoes oxidation under
exposure to an elevated temperature that leads to the formation of MONPs (S. Hussain et al.,
2023, H. Singh et al., 2023).
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Figure 25: Synthesis mechanism of metal oxide nanoparticles (Thatyana et al., 2023).

3.10. Anticancer Activity
3.10.1. Cell Culture

Human breast cancer cells (MCF-7) and peripheral blood mononuclear cells (PBMC) were used
to study the cytotoxicity of synthesized samples. MCF-7 was cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 10 pg/mL of insulin at 37
°C in a humidified incubator with a 5% CO, atmosphere. Cells passaged at pre-confluent
densities were used for further studies (K. Ali et al., 2020).
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3.10.2. Cell Viability Assay

The cell viability was determined by using standard MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium Bromide) reagent. The MCF-7 and PBMC from the confluent flasks was
trypsinized and plated into 96 well tissue culture plates at a density of 3.0 x 10° cells/well. The
cells were treated with concentrations of 12.5, 25, 50, 100, 200, 400, and 800 pg/mL of CZ, CN,
and CC CSNs in triplicates. After 24 h incubation, MTT solution (2.5 pg/mL) was added and
further incubated at 37 °C and 5% CO, for 4 h. The amount of colored formazan was determined
by measuring optical density (OD) using a TECAN microplate reader at 570 nm. OD values
were subjected to calculate the percentage of viability by using the following formula (S. A.
Khan et al., 2021)

0D of Control— OD ofSample
*
0D of Control

% Cell viability = 100 . e e e (2)

3.11. Antibacterial Activities

The antibacterial activities of the synthesized Co304, ZnO, NiO, and CuO NPs as well as CZ,
CN, and CC CSNs were evaluated using the disc diffusion method. The inhibition efficiency of
the biologically synthesized NPs was studied for gram-positive (S. aureus and S. pyogenes) and
gram-negative (E. coli and P. aeruginosa) bacterial strains. In the disc diffusion method, 12 g of
broth agar was prepared in 200 mL of distilled water. The solution of nutrient agar was
dispensed onto the petri dish. The poured liquid nutrient agar was solidified on the petri dish and
well homogenized and the grown culture of the four bacteria was inoculated and kept on a shaker
at 35 °C for 24 h at 200 rpm. The standard drug Ampicillin (positive control) was used in the
analysis to determine the antibacterial activities of all biologically synthesized NPs (Nagajothi,
2022). In addition to this, DMSO was used as a solvent and negative control. Then, the
biologically synthesized NPs were applied to the gram-positive and gram-negative in four
different concentrations (25, 50, and 100 pug/mL). The plates were incubated at 37 °C for about
24 h and checked for the zone of inhibition. The scale of the image was determined in

millimeters. The same procedure was followed for all nanoparticles synthesized in this work.
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3.12. Antioxidant Activities

The stable purple 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical was utilized to investigate
the radical scavenging ability of biologically synthesized NPs. The activity was measured
following the modified procedure used in the previous work report (Din et al., 2017). A 4 mL of
100 uM DPPH was prepared in DSMO and added to methanolic 1000 uL. NPs with 50, 100, 200,
300, and 500 pg/mL. The mixture was sonicated and kept in the dark chamber for 30 min and
followed by incubation at 37 £ 2 °C for the same time. The UV-Vis absorbance of positive
control (ascorbic acid) and the mixture of the same concentration were measured at 517 nm. All
the experiments were performed in triplicate and the average absorbance for each sample was
considered. Finally, the percentage scavenging capacity of NPs was determined using equation
(3) (Ajarem et al., 2022). The same procedure was followed for all metal oxide nanoparticles and
CSNs synthesized in this work.

Absorbance of control—Absorbance of samle

% Radical scavenging activity = * 100 3)

Absorbance of control

3.13. Data Analysis

The generated data of synthesized NPs were analysed and computed by using Microsoft Excel,

2013, Origin Pro software, ImageJ software, and Gatan Microscopy Suite Software.
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4. Results and Discussions

4.1. Phytochemical analysis

The phytochemical constituents found in the aqueous extract of D. stramonium plant leaf were
qualitatively screened by using the reagents listed in Table 4. All phytochemical analyses
showed positive results except steroids as the color change indicates the presence of
phytochemical constituents (Dubale et al., 2023). The analysis confirmed that alkaloids,
flavonoids, tannins, saponins, phenol, phytosterols, glycosides, terpenoids, and anthraquinones
were among the major constituents of the D. stramonium leaf extract as depicted in (Figure 26
and Table 4) (M. A. Ali & Endalew, 2021, Cornelius et al., 2019).
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Figure 26: Qualitatively analyzed result of selected phytochemical constituents of D. stramonium
leaf extract.

In the qualitative screening, alkaloids, flavonoids, tannins, saponins, phenol, steroids, and
anthraquinones were tested by utilizing wagners’s, alkaline, water, iron chloride, buchard, and
Borntrager reagent, respectively. Salkowski reagent was also used to test phytosterols,
glycosides, and terpenoids. As shown in Figure 26, the appearance of brown/reddish, white,
froth, black, golden yellow, reddish-brown, brown, and red color ensured the presence of
alkaloids, flavonoids, tannins, saponins, phenol, phytosterols, glycosides, terpenoids, and
anthraquinones phytochemicals, respectively (Rehana et al., 2017, Hashmi et al., 2021).

However, in the steroids test no color change was observed which is indicative of its absence.
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Table 4: Some selected phytochemicals screened from aqueous D. stramonium leaf extract.

S.No Phytochemicals Reagents Result Color
1 Alkaloids Wagner’s + Brown/reddish
2 Flavonoids Alkaline + White
3 Tannins FeCls + Green
4 Saponins Water ++ Froth
5 Phenol FeCls; ++ Black
6 Phytosterols Salkowski + Golden yellow
7 Glycosides Salkowski + Reddish-brown
8 Steroids Burchard - No change
9 Terpenoids Salkowski + Brown
10 Anthraquinones Bontrager + Red

The (-), (+), and (++) signs indicate the absence, moderate, and high presence of phytochemicals
in aqueous leaf extract, respectively.

Similar phytochemical constituents of the D. stramonium plant extract were reported in a
previous study (M. A. Ali & Endalew, 2021). Among the phytochemicals, the polyphenol groups
are used to reduce the metal ions to their zero-valent and as a capping agent to prevent the
agglomeration of nanoparticles during their synthesis. Due to this, the aqueous extract of D.
stramonium was utilized for the synthesis of Co304, ZnO, NiO, and CuO NPs and CZ, CN, and
CC CSNs.

4.2. Characterization of MONPs and CSNs
4.2.1. Thermal (TGA/DTA) Analysis

In this study, the thermal analysis of Co304, ZnO, NiO, and CuO NPs and CZ, CN, and CC
CSNs was operated within a range of 29 — 800 °C using thermogravimetric analysis coupled
with differential thermal analysis (TGA-DTA). For each case, 10 mg of the sample was analyzed
and the trend of weight loss was recorded as the temperature rose. The TGA curve depicted in
Figure 27 showed the removal of thermally unstable substances found in the synthesized metal
oxide nanoparticles and the data were used to determine the calcination temperature. The
percentage weight loss of chemical constituents of MONPs has been determined from the curve

of TGA. The endothermic and exothermic energy changes of the sample were also determined
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from DTA curve. The endothermic process evaporates the volatile molecules, while the
exothermic process involves chemical changes like oxidation reactions. As shown in Figure
27(a-d), from the TGA curve the percentage weight loss and calcination temperature of the
MONPs were determined. Accordingly, the calcination temperatures of Co3z04, ZnO, NiO, and
CuO NPs were found to be 350, 480, 420, and 300 °C, respectively (Moavi et al., 2021). The
compounds incorporated within the synthesized nanoparticles, such as water and several organic
molecules were removed before the temperature reached these calcination points. The TGA
curve in Figure 27(a) showed the removal of extremely volatile molecules (1.8%) and water
molecules (5.8%) (Fatimah et al., 2016). About 13% of non-volatile organic molecules have

been removed within the range of 240-350 °C.
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Figure 27: TGA/DTA curves of the synthesized (a) Co30., (b) ZnO, (c) NiO, and (d) CuO
nanoparticles.

Similarly, in the TGA curve of ZnO NPs, 0.83%, 1.22%, and 4.65% weight loss were observed
because of the removal of volatile molecules, water, and some organic molecules from plant
extract, respectively (Nagajyothi et al., 2015). Unlike Co30O4 and ZnO NPs, the TGA curve of
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NiO and CuO NPs showed weight loss at two stages. As indicated in Figure 27(c) and (d), the
first weight loss about 11.85%, and 1.8% within the range of 30-260, and 30-180 °C were found
to be water for NiO and CuO NPs, respectively. The loss observed in the second stage was due to
the removal of some organic molecules of plant extract utilized during the synthesis of
nanoparticles. The percent loss for these organic molecules was found to be 33.96%, and 17.4%,
for NiO and CuO NPs within the range of 270-380, and 190-290 °C, respectively. As shown in
the DTA curve, Co-O, Zn-0O, Ni-O, and Cu-O MONPs were formed in the temperature range of
300-425, 300-580, 330-580, and 240-400 °C, respectively.

The complementary information such as thermal change, bond formation, and weight loss of
CSNs as a function of temperature were also determined by using TGA/DTA. The analysis was
done to determine the calcination temperature for MONPs and CSNs. As depicted in Figure 28,
the synthesized CZ, CN, and CC CSNs became thermally stable beyond 360, 400, and 320 °C,
respectively. The exothermic and endothermic heat occasions associated with the heat change of
CSNs were determined by using differential thermal analysis techniques. As shown in Figure
28(a) from the DTA peak, the heat was released slightly at 302 °C and highly at 338 °C. Such an

intense peak is believed to be due to the formation of metal-oxygen bonds.

In Figure 28(b), it is evident that CN CSNs exhibit heat absorption peaks at 38 °C and 295 °C,
facilitating weight loss, and subsequently released absorbed heat at 430°C. The endothermic
peak of CC CSNs at 50 °C and 284 °C and the exothermic peak at 206 °C and 390 °C were also
presented in Figure 28(c) (Devi et al., 2014).

The percentage weight losses of synthesized CSNs were explored from the TGA curve as
depicted in Figure 28 The change in physical properties of the CSNs was monitored as a function
of controlled temperature change. As shown in the TGA curve plotted in Figure 28(a), CZ CSNs
became stable at a temperature of 360 °C and onwards. In the curve, the removal of some
molecules such as ethanol, water, and organic bioactive molecules from the plant extract was
observed at different stages. The first two weight losses of 4.95% and 6.77% recorded were due
to the removal of volatile compounds and water respectively, whereas, the remaining two steps
(9.01 and 17.2%) were due to the removal of organic molecules of the plant extract. In general,

about 37.93% weight of the sample was lost in the thermal analysis of CZ CSNs within the
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temperature range of 30-360 °C. The difference in the stages of weight loss is believed to be the
formation of a hydrogel-like structure between metal-phytochemical and phytochemicals-
phytochemicals.
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Figure 28: TGA/DTA curve of the synthesized (a) CZ, (b) CN, and (c) CC core-shell
nanostructures.

This supported that the CZ CSNs were capped by the phytochemicals of the plant extract. In the
TGA analysis shown in Figure 28(b), the curve for CN CSNs showed weight loss at three stages.
The weight loss of CN CSNs was found to be about 1.8%, 5.8%, and 13% which was associated
with volatile molecules, water, and bioactive molecules from plant extract utilized during
synthesis. In the case of CC CSNSs, weight loss of about 4.4% and 15.66% were associated with
water and bioactive molecules. As depicted in Figure 28(c), from the TGA curve it can be noted
that above a temperature of 320 °C, the CC CSNs were found to be thermally stable (Ong et al.,
2015).
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Generally, as observed from TGA/DTA curve analysis, the synthesized Cos04, ZnO, NiO, and
CuO nanoparticles and CZ, CN, and CC CSNs were found to be stable beyond different
temperatures. The thermal stability of Co3O,4 core material was increased when coated with ZnO
and NiO shell materials. The arrangement of atoms within the core-shell material was restricted
due to the confinement effect. This effect stabilized the CSNs by preventing structural
decomposition and transformation at high temperatures. However, in the case of CC CSNs, the
lower calcination temperature of the CuO shell affects the overall thermal stability of the CSNs.
This is mostly believed to be due to the difference in the coefficient of thermal expansion and
compatibility of the Co30,4 core and CuO shells (Zhang et al., 2014, Rocchetti et al., 2016). The
exothermic curve of DTA observed in the range of 320-440, 290-440, and 230-380 °C, indicates
the formation of Co/Zn-O, Co/Ni-O, and Co/Cu-O, respectively.

4.2.2. UV-Vis Analysis

The synthesized Co304, ZnO, NiO, and CuO MONPs and CZ, CN, and CC CSNs were analyzed
by using UV-Visible spectroscopy. As shown in Figure 29, the absorption band of MONPs
synthesized in (1:1), (1:2), and (2:1) volume ratios were measured. The analysis was done by
using UV-Vis spectroscopy within the range of 200-800 nm wavelengths. The absorbed UV-Vis
light by the synthesized nanoparticles was recorded and used for band gap energy calculation.
From the generated data, the values of absorbance for these nanoparticles varied mainly due to
their size. The MONPs absorb UV-Vis light at a specific wavelength and cause electron
transition between the valance band and conduction band of nanoparticles. As indicated in Figure
29(a), the absorption spectra of Co304(11), C0304(12), and Co304(21) NPs were measured and
their band appeared at two different wavelengths. The absorption bands observed at 230 and 276
nm were associated with Co304(11) NPs, whereas 288 and 338 nm correspond to Cosz04 (12),
and 368 and 417 nm belong to Co304 (21) NPs, respectively. The absorption bands observed
relatively at shorter and longer wavelengths in each spectrum were due to the charge transfer
from 0% — Co?" and 0% — Co*', respectively (Ravi Dhas et al., 2015). The absorption bands of
Zn0O(11), ZnO(12), and ZnO(21) NPs were 275, 334, and 382 nm which are represented in
Figure 29(b). The broadband shown in the absorption band of ZnO NPs in all the ratios was due

to the wide range of particle size distribution. The difference in particle size distribution affects
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the distribution of energy levels within the particles and causes the broadening of the absorption

spectrum.
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Figure 29: UV-visible absorption spectra of (a) Co30s4, (b) ZnO, (c) NiO, and (d) CuO NPs
synthesized in (1:1), (1:2), and (2:1) volume ratios.

Additionally, the absorption spectra of NiO(11), NiO(12), and NiO(21) NPs were found at 264,
296, and 310 nm which is represented in Figure 29(c), whereas CuO(11), CuO(12), and CuO(21)
NPs were found at 295, 335, and 344 nm as depicted in Figure 29(d). In general, CuO(11) NPs
typically exhibit a blue shift in absorption due to quantum effects but show lower intensity at
these shorter wavelengths which is believed to be less concentration and dispersion of the
particles. The absorption bands that occurred in ZnO, NiO, and CuO NPs analysis were due to
the charge transfer from O% to Zn*?, Ni**, and Cu®, respectively (Hag, Dildar, et al., 2021,
Aldeen et al., 2022). Furthermore, among the ratios of all MONPs synthesized within three

different ratios, (2:1) absorb at a longer wavelength. This is due to its relatively large size. As
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shown in Figure 29(a-d), the particle size increases in the order of (1:1), (1:2), and (2:1) volume
ratios which enabled the particles to absorb UV-Vis light at different wavelengths.

The band gap energy of metal oxide nanoparticles with small sizes was calculated and further
characterized with advanced instruments. The Tauc relation was used to calculate the band gap
energy as shown in equation (4) (Haq, Abbasi, et al., 2021).

F(r)hv = A(hv — Eg)? (4)

Where F(r) is the Kubelka-Munk function, hv is the photon energy, and Eq refers to band gap
energy. The band gap energy values of all metal oxide nanoparticles were obtained using
extrapolation methods. As shown in Figure 30, the band gap of Co304, ZnO, NiO, and CuO NPs
was found to be 3.06, 3.58, 3.45, and 2.88 eV, respectively. The broad absorption band of ZnO
NPs is due to the wide range of particle size distribution. In contrast to their corresponding bulk,
the band gap value indicates that the MONPs absorb visible light at shorter wavelengths (Safawo
et al., 2018). The blue shift is because of the large band gap energy between the valance and
conduction band in nanoparticles. In general, the band gap energy of Co30,4, ZnO, NiO, and CuO
NPs was larger than their corresponding parent bulk materials (Ganesan et al., 2020, Dewi et al.,
2019, Karam & Abdulrahman, 2022).

75



200

(a) (b) f

150 -

100 +

E_=3.06 ¢\

50 4

E,=3.58 ¢\

4.050 2.75 3.00 325 3.50 3.75

e
h

200

(c)

(F(R)hv)2 (eV c¢m-1)2

150 4

100 4

S0 4

T

1.5 3.0 4.5 6.0.5 25 3.0 3.5 4.0 45 5.0

2.0
Energy (eV)

Figure 30: The band gap of (a) Co30s4, (b) ZnO, (c) NiO, and (d) CuO metal oxide nanoparticles.

Similarly, the absorption band of synthesized CZ, CN, and CC CSNs measured by using a UV-
Vis spectrometer is shown in Figure 31(a-c). In UV-Vis analysis, the metal of the core and shell
interact with incident visible light and cause oscillation of conduction electrons. The incident
visible light is coupled with the oscillation of conduction electrons of CSNs and the optically
active CSNs samples exhibit a plasmon resonance peak. As represented in Figure 31, the spectra
show two different absorption bands which are believed to be associated with the absorption of
core and shell materials. The absorption band of CZ CSNs synthesized by utilizing salt-to-salt
concentration ratios was observed within the range of 230-350 nm. As depicted in Figure 31(a),
the absorption peak of (11), (21), and (23) precursor salt concentration ratios were found to be
245, 250, and 254 nm which are associated with shell and 290, 315, and 320 nm that associated
with core materials, respectively. Similarly, the CN CSNs absorbed the UV-Vis light at two
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different wavelengths. As depicted in Figure 31(b), the characteristic absorption peak appeared at
240 (11), 254 (21), and 260 nm (23) and absorption peak at 306 (11), 322 (21), and 330 nm (23)
were associated with NiO shell and Co30, core nanoparticles, respectively. Additionally, the
absorption peak of CC CSNs was determined from the absorbance spectrum in terms of
absorbance as a function of wavelength. As indicated in Figure 31(c), the Cos0,4 core and CuO
shell absorb visible light and result in two different absorption peaks. The first spectrum
appeared at a shorter wavelength and was formed because of UV-Vis light absorption by the core
and the second band is due to shell material. The absorption peak observed at 248 (11), 285 (21),
and 288 nm (23) and absorption peak at 312 (11), 354 (21), and 358 (23) nm were believed to be
the absorbance due to Co30, core and with CuO shell nanoparticles, respectively.

In the case of CZ and CN CSNs, the absorption peaks due to the shell appeared at a shorter
wavelength, whereas in CC, the peak was observed at a longer wavelength. Relatively, the Amax-
shift is due to the size and band gap energy difference of core and shell materials. From the
absorption measured in nm, the band gap energy was determined by extrapolation using Tauc
plots of the square root of the absorption coefficient as a function of energy. As shown in Figure
31(d-f), the band gap energy of core-shell nanoparticles with small size (11) was calculated from

the intercept of an extrapolated line.

As demonstrated in Figure 31(d), the band gap energy of the Co30O4 core and ZnO shell were
found to be 3.58 and 3.82 eV, respectively. Based on the electronic nature and particle size of the
core and shell materials, electrons are excited from the valance band to the conduction band. In
the CZ CSNs, the core and shell particles interaction induces a change in the electronic structure
and band gap energy arrangement which increases the gap between the valance band and
conduction band. The band gap energy of CN CSNs was also investigated and shown in Figure
31(e). The Co30,4 core and NiO shell exhibit their characteristic band gap energy. From Figure
31(e), the calculated band gap energy values of 3.68 and 4.52 eV were believed to be associated
with the Coz0, core and NiO shell. The band gap energy of CC CSNs was determined from the
intersection of the extrapolated line with the x-axis as shown in Figure 31(f). The band gap
energies of Co3O4 and CuO NPs in CC CSNs were evaluated from the plot to be 3.15 and 2.95
eV, respectively. The increase in energy resulted in absorbing visible light at a shorter

wavelength.

77



4o

us () (b) — CN(@23) (c) —_ 0(23)
psag” 3% — CZ(23) — CN(11) 28 — CC(11)
- CC(21)

200
- 310 — CZ11) = CN(21)
— CZA21)

-
>

s

Absorbance (a.u)

<— X-axis-wavelength (nm) —»
200 308 i So0 0 700 o000 0 4 0 m'm ] 3000 300 400 500 €00 700 400

(e)

(F(R)hv)? (eV em™)?

14 28 32 l6 ‘0 23 LEJ s o 45 S0 L5

' Energy (eV)

Figure 31: UV-visible optical absorption spectra of (a) CZ, (b) CN, and (c) CC and their band
gap energy of (d) CZ, (e) CN, and (f) CC CSNs.

4.2.3. Functional Group Analysis

The different functional groups present in D. stramonium leaf extract and the synthesized metal
oxide nanoparticles as well as the respective CSNs were assessed using FTIR analysis. The
analysis was performed within the range of 4000-400 cm™ and different spectral peaks were
observed at different regions of spectra. These spectral data were used to determine the
functional group present in the bioactive molecules of plant leaf extract based on the peak value
in the region of infrared radiation. The spectra depicted that the bond in these functional groups
interacts with infrared allowing the appearance of different spectra at different wave numbers. As
shown in Figure 32 the broad absorption band at ~3448 cm™ is due to the stretching of O-H of a
phenolic group found in the D. stramonium plant (Babiker et al., 2017). The absorption bands at
2925 and 2852 cm™ were due to C-H asymmetric and symmetric stretching vibration groups,
respectively (Ikhmal et al., 2018). The symmetric stretching of the -CH,- groups is characteristic
of aliphatic compounds, such as long-chain fatty acids and alkanes. Additionally, the absorption
band observed at 1638 cm™ was due to the presence of C=C. The bands that appeared at 1390
cm™ were due to the presence of bending vibration of C-H groups of aldehyde. Similarly, the
absorption band of C-O stretching vibrations of the phenolic hydroxyl and C-N vibration of the
amide groups were found to be at 1245 and 1045 cm™, respectively (Younis et al., 2021).

78



—-

=

=
A

€
<
A

Al
>
A

H —CH,-CH, 2852

H —CH,-CH, 2925

-—
=
A

Transmittance (%)

20 -

5 O-H stretching

2

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™*)

T

Figure 32: The FTIR spectra of D. stramonium plant leaf powder.

The chemical bond vibration of synthesized metal oxide nanoparticles, Co304, ZnO, NiO, and
CuO NPs was predicted by measuring the absorption of infrared rays. The FTIR analysis was
done to identify the functional groups that were responsible for the formation of metal oxide
nanoparticles. However, most of the secondary metabolites present in D. stramonium plant leaf
extract were removed during calcination. The metal oxygen bond stretching of Co304, ZnO,
NiO, and CuO NPs was investigated as indicated in Figure 33. In the analysis of all four metal
oxides, the spectra of the organic functional groups involved in the reduction and capping of the
synthesized NPs were not observed. The disappearance of those functional groups was due to the
calcination of synthesized nanoparticles at high temperatures. The metal oxide bonds such as Co-
0, Zn-0, Ni-0, and Cu-O were revealed in the spectra. In the case of Co304 NPs, two successive
stretching vibrations were observed. Basically, Co3O4 NPs contain two mixed valances, namely
Co?* and Co** ions that form Co%**-O and Co®*'-O, respectively. The tetrahedrally coordinated
Co?* and octahedrally Co** ions undergo stretching vibration at 648 and 402 cm™, respectively.
Additionally, two extra spectra were observed along with Co304 NPs. Due to the large surface
area of nanoparticles, CO, molecules can be adsorbed and develop intermolecular forces. During

FTIR analysis, the adsorbed CO, molecules undergo two characteristic bending vibration modes.

As indicated in Figure 33 of Co304 NPs spectra, CO, molecules absorbed from the atmosphere

exhibit absorption bands at 1424 and 874 cm™, respectively, which is due to the fermi resonance
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between symmetric stretching and bending and bending vibration of C-O of CO.. In addition, the
FTIR spectrum of synthesized ZnO NPs showed absorption at 405 cm™ wave number which is
associated with, the stretching vibration of the Zn-O bond in the sample. The presence of Ni-O
and Cu-O bonds was confirmed by FTIR analysis. In the spectrum of NiO NPs the absorption
spectra associated with Ni-O stretching vibration appeared at 588 cm™ whereas, Cu-O stretching
vibration was observed at 504 cm™ (Olajire & Mohammed, 2020, Mahalakshmi et al., 2020).
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Figure 33: FTIR spectra of Co304, ZnO, NiO, and CuO NPs from bottom to top order.

Similarly, the FTIR analysis of synthesized CZ, CN, and CC CSNs was done in the same range.
As shown in Figure 34, the functional groups seen in the FTIR spectra of the plant extract didn’t
appear in the spectra of CZ, CN, and CC CSNs. The absence of functional groups of the
phytochemicals in the spectra of CSNs indicated that these functional groups involved in the
reduction process were removed during calcination. As depicted in Figure 34, different
absorption bands of CZ spectra at 864, 470, and 402 cm™, CN spectra at 1355, 498, and 412 cm’
! and CC 1890, 821, 598 and 424 cm™ were observed. In the case of CZ CSNSs, the absence of a
broad absorption band was due to the calcination of CZ CSNs at a high temperature that
degrades and eliminates the organic functional groups. The characteristic broader peak observed
at 864 cm™ was due to the bending vibration of C-O of CO, molecules. The stretching vibration
modes of Zn-O and Co?**-O were also found at 470 and 402 cm™, respectively. The Functional

group present in the biogenically synthesized CN CSNs was also analyzed. In the synthesized
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CN CSNs prominent groups showed absorption peaks at different wave numbers (cm™). As
shown in Figure 34, the absorption peak that appeared at 1355 cm™ is due to the fermi resonance
between symmetry stretching and bending of C-O of CO, adsorbed from the atmosphere on the
surface of the sample (Lushchikova et al., 2021).

Additionally, the absorption peak for the Ni-O stretching vibration bond, and Co-O stretching
vibration bond were found at 498, and 412 cm™, respectively. As shown in Figure 34, at the
higher absorption wave number, the absence of peaks indicates that the synthesized sample was
calcined for 5 h at which the bioactive molecules were removed. The chemical constituents of
CC CSNs were also identified by measuring the absorption band at different wave numbers.
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Figure 34: The FTIR spectral analysis of CZ, CN, and CC core-shell nanostructures.

The absorption band seen at 821 cm™ is believed to be the bending of C-O in a CO, molecule.
Additionally, the distinctive spectra that appeared at 598 and 424 cm™ were associated with Cu-

O stretching vibration Co**-O groups, respectively (Dewi et al., 2019).

4.2.4. X-Ray Diffraction (XRD) Analysis
The valuable information such as crystal structure, average crystallite size, and crystallographic
orientation of MONPs and CSNs were investigated by using XRD spectroscopy. The average
crystallite sizes of C0304(12), C0304(11), and Co304(21) NPs synthesized utilizing 0.5 M of
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Co(CH3C0O,),.6H20 and plant leaf extract were found to be 14, 11, and 16 nm, respectively. In
the synthesis of Co30,4 (11), the use of equal volumes of precursor salt and plant extract resulted
in a small average crystallite size of the particles. In the case of C0304(12), the volume of plant
extract was twice that of precursor salt, in which the excess amount of phytochemicals interacted
with each other rather than reducing the nanoparticles and resulted in the large average crystallite
size of the particles in contrast to Co304(11). The XRD patterns of C0304(12), Co304(11), and
C0304(21) NPs were shown in Figure 35(a) and demonstrated strong and distinct diffraction
patterns at 20 with corresponding crystal planes 19° (111), 31.2° (220), 36.82° (311), 38.5°
(222), 44.8° (400), 59.32° (511), and 65.24° (440). All the diffraction peaks of Co30, NPs were
indexed and fitted the standard data (JCPDS Card No: 42-1467). The cubic structure of Co30,
NPs was revealed from XRD analysis (space group: Fd-3m). The length of cubic lattice
parameters in which a = b = ¢ was calculated using the formula given in equation (5) (in the
Appendix section). The calculated lattice parameter value was a = b = ¢ = 0.8074012 nm which

matched with a theoretical value of 0.8072904 nm length with angles of . = =y =90°.

Similarly, average crystallite sizes of ZnO(12), ZnO(11), and ZnO(21) synthesized using 0.5 M
of Zn(CH3C0,),.2H,0 and plant leaf extract were found to be 18, 17, and 19 nm, respectively.
The XRD peaks of ZnO NPs were depicted in Figure 35(b) which revealed at 26 of 38.82, 41.48,
43.32, 54.56, 63.66, 70, 75 and 76° and indexed to the (100), (002), (101), (012), (110), (013),
(112), and (201) planes, respectively. The hexagonal wurtzite crystal structure of ZnO NPs was
also investigated from XRD analysis. The diffraction peaks of ZnO NPs were fitted with their
corresponding standard data JCPDS Card No: 01-070-8072. The lattice parameters of the
hexagonal wurtzite structure of ZnO NPs (a = b # ¢) were calculated using the formula shown in

equation (6) (in the Appendix section) (Azam et al., 2009).

Where a, b, and c are the axial length of a unit cell, (hkl) is Miller indices and d is the inter-
planar spacing of the corresponding planes. The lattice parameter values (a = b) and c for
hexagonal structure (o = = 90°, and y = 120°) of ZnO NPs were found to be 0.324017 nm and
0.519454 nm, respectively. The calculated length of lattice parameters (a = b) and ¢ of ZnO NPs
strongly fit the experimental values of 0.3247814 and 0.5198413 nm, respectively.

82



12004 3CPDS - 00-042-1467 —C0,0, (21) JCPDS = 01-070.8072 - Za0(21)
(ﬂ) ;..'.' Co,0, (11) (h) 101 = ZnO(12)
w—Ca,0,(12) 100 - In0O(11)
o 1504 4 00
900 4 = 01 110 nl‘ "
X
- 3 el
p Ce,0421) s ZpO(21)
26001 e
] B
g £ Y e S
= Co0,(11) T 500 4 ZeO(12)
300 4
Co 013 0 A A A l;&_
04 ZnO(11)
10 20 30 40 50 60 0 80 0 20 30 4 S 6 0 80
20 (ch“.e) 20 (Degroe)
4000 15000
(c) JCPDS 010731519 NIO 21) JCPDS~01.073.6372 Cu0 (21)
8 —— NIO (11) (d) e ———CuO (11)
- ——NiO (12) 120004 =3 ——Cn0 (12)
3000 4 53 :
- N ool —-g
~ = & =a=za 2
= 29000 4 A A M
= NIO{21) S CuO (21)
=, 2000 4 z
=z =
z * < 6000 ’
et =
= ______,JL.J — AN E 9. L.A_._L_»%
_1000-! MN1O(11) CuO(11) !
3000 < I I '
AL —L—A.—LJ.—ALAA_
Ll RO is) | 01 cwo(12)

v . 2 30 40 0 60 70 )
30 40 S0 60 70 50 10 0 2(?( Degree) ¥,
26 (Degrec)

Figure 35: The X-ray diffraction patterns of (a) Co3sO., (b) ZnO, (c) NiO, and (d) CuO NPs.

The X-ray diffraction patterns of biogenically synthesized NiO NPs are depicted in Figure 35(c).
The diffraction pattern of NiO NPs synthesized in three volume ratios such that (1:2), (1:1), and
(2:1) were obtained from XRD analysis. The peaks were obtained at 20 values of 37.42, 43.42,
63.06, 75.56, and 79.58° which matched with the miller indices of (111), (200), (220), (311), and
(222) planes, respectively. The obtained result was complemented with the previous work and
properly matched the standard database JCPDS card no. 01-073-1519 of NiO NPs. Furthermore,
the average crystallite sizes of biogenically synthesized NiO NPs were calculated using Debye-
Scherrer’s formula written in equation (1). The calculated average crystallite size of NiO NPs
synthesized within volume ratios of NiO (12), NiO(11), and NiO(21) were found to be 15, 12,
and 17 nm, respectively. It was also found that the particles have a face-centered cubic structure
with space group 225: Fm-3m. In the crystal structure of NiO NPs, the lattice parameter was
found to be a=b=c=4.2024 nm with a lattice angle of (o = B =y = 90°). The calculated lattice

parameter values were matched with the theoretical 4.1268 nm.

83



The formation of CuO NPs was confirmed by the XRD data analysis. As shown in Figure 35(d),
the characteristic diffraction peaks of CuO NPs synthesized in (1:2), (1:1), and (2:1) volume
ratios were observed which corresponds with the arrangement of atoms in the crystal lattice of
the samples. The XRD pattern exhibited peaks at 26 angles around 32.66, 35.6°, 38.8°, 48.9°,
53.6°, 58.4°, 61.6°, 66.4°, 68.2°, and 75.3° which correspond to the (110), (111), (200), (202),
(112), (020), (113), (311), (220), and (004) crystallographic planes of CuO NPs, respectively.
The diffraction peaks of all three ratios were found to be in good agreement with standard
JCPDS with card number 01-073-6372 which confirms the formation of CuO NPs. The average
crystallite particle size of (1:2), (1:1), and (2:1) volume ratios of CuO NPs were calculated using
Debye Scherrer’s equation written in equitation (1), and the values were found to be 14, 13, 17
nm, respectively. The difference observed in the average crystallite size of the particle is due to
the difference in the volume of plant extract. The small size of CuO(11) NPs was because of the
sufficient concentration of bioactive molecules required to reduce the metal ions. The diffraction
peaks in Figure 35(d) indicated that the CuO NPs have a monoclinic crystal structure with lattice
parameters a # b # ¢ with o = y#p angles. The lattice parameter of the CuO NPs structure was
calculated using equation (12) (in the Appendix section) (Nzilu et al., 2023).

Using equation (12), the values of the lattice parameter of a # b # ¢ of CuO NPs were found to
be 4.26, 3.5, and 4.98 nm, respectively. The theoretical values of a # b # ¢ of were 4.67, 3.43,
and 5.12 nm with lattice angle of o = y= 90 #[ = 99.53°, respectively which strongly support

the experimental results.

The experimental data of the diffraction angle of the newly synthesized particles (26), full width
at half maximum (FWHM), inter-planar distance (d), and lattice parameter for ZnO NPs have
been generated from the XRD diffraction pattern peaks. All the experimentally obtained data
were highly matched with the standard values of ZnO NPs. The d-spacing values of ZnO NPs
were found to be 0.2809, 0.2597, 0.247, 0.190, 0.1623, 0.148, and 0.137 nm referring to the
corresponding planes with indices (100), (002), (101), (012), (110), (013), and (112). All the
experimental values found between planes of ZnO NPs obtained from data of XRD were fully

matched in the first two decimals in the standard data.
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The X-ray diffraction patterns of CZ, CN, and CC CSNs of all concentration ratios are depicted
shown in Figure 36(a-c). The XRD patterns of CZ(11) CSNs and parent particles such as Co304
and ZnO NPs were also shown in Figure 36(d). In XRD analysis, the electrons of both the core
and shell nanostructure scattered the X-rays and produced different constructive interference
patterns with different intensities. The diffraction peaks observed in separate CozO; NPs and
ZnO NPs have appeared in the biosynthesized core-shell NPs which are consistent with other
previous reports. The less intense diffraction peaks were observed at 31.86, 56.66, 59.12, 65.14,
and 68.06 of 20 values which were assigned to the crystal planes with miller indices (220),
(442), (511), (440), and (522), respectively, which correspond to Co3O4 NPs (Wahab et al.,
2021). The intense peak of ZnO shell NPs was seen at 20 values of 34.52, 36.34, 47.71, 56.68,
62.96, and 68.06 which correspond to (002), (101), (012), (110), (112), and (013) planes
respectively. As shown in Figure 36(a), all the diffraction peaks of the CZ core-shell NPs within
CZ(21), CZ(11), and CZ(23) have fitted the peaks of the corresponding parent particles which is
similar to the previous work report (AlTurki, 2018).

In addition to this, the formation of all CZ synthesized in (2:1), (1:1), and (2:3) concentration
ratios correctly matched the standard database of JCPDS card no. 01-079-5606. The average
crystallite size of in situ synthesized CZ core-shell NPs has been calculated using the formula
shown in equation (1). The average crystal sizes of CZ(21), CZ(11), and CZ(23) were found to
be 24, 22, and 25 nm, respectively. Relatively, the calculated average crystallite size of CZ(11)
was found to be 22 nm which is smaller than the two ratios. The difference in the average
crystallite size of CZ core-shell NPs is due to the variation in ZnO NPs in their concentration. In
the case of CZ(221), the excess amount of phytochemicals present in the leaf extract is believed
to compete with each other rather than reduce the NPs. But, in CZ(23), the number of
phytochemicals present in the extract was less and not enough to reduce and cap the NPs which
resulted in the agglomeration of NPs. The calculated lattice parameters of the cubic core were
found to be a=b=c=0.868 nm, whereas, the hexagonal wurtzite shell was revealed with
a=b=0.318 and ¢=0.5192 nm. The calculated lattice parameter of the core exceeds the theoretical

value by 0.054 nm, which indicates the strain stretching.
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Figure 36: The X-ray diffraction patterns of (a) CZ, (b) CN, (c) CC CSNs, (d) CZ CSNs, Co304
NPs, and ZnO NPs, () CN CSNs, Co304 NPs and NiO NPs, and (f) CC CSNs, Co304 NPs, and
CuO NPs.

As depicted in Figure 36(e), the diffraction peak with miller indices of (220), (111), (222), (200),
(511), (220), (311), and (222) at 20 values of 30.28, 37.52, 38.2, 43.32, 54.54, 62.72, 76.38, and
79.34°, respectively were obtained. The combination of plane lattice and diffraction patterns of
CN CSNs indicated the formation of a core and shell which agreed with the previous work
(Sanad et al., 2021). Furthermore, the average crystallite sizes of biogenically synthesized CN
CSNs in (21), (11), and (23) concentration ratios were calculated using Debye-Scherrer’s
formula written in equation (1). The calculated average crystallite size of CN(21), CN(11), and
CN(23) CSNs were found to be 14, 13, and 16 nm, respectively. Reasonably, the calculated
average crystallite size of CN(11) is smaller than the two ratios due to the optimum
concentration and volume ratios of precursor salt to plant extract. In the case of CN(23) CSNs
the amount of bioactive molecules present in the extract was not enough to reduce the size and
capped the nanoparticles and this led to the agglomeration of particles and resulted in large size.
Whereas in CN(21) the excess amount of phytochemicals present in the leaf extract is believed to
reduce very small size which can undergo nucleation and agglomeration. As shown in Figure

36(e), the plane of the core material diffracted the X-ray radiation from the plane (220), (222),
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(400), and (511) at 20 values of 31.22, 36.82, 38.48, and 55.64°, whereas the plane of shell
material diffracted from the plane (111), (200), (220), (311), and (222) at 26 of 37.42°, 43.42°,
63.06°, 75.56, and 79.58°, respectively. Some peaks of the shell material are more intense and
some are less intense than that of core materials. This indicated that the Co3O, NPs were not
fully enclosed by the shell NiO NPs. As shown in Figure 36(b), all the diffraction peaks of
biosynthesized CN CSNs within all concentration ratios have fitted the peak of corresponding
parent particles which is similar to the previous work report. In addition to this, the formation of
all CN CSNs ratios correctly matched the standard database JCPDS card no. 00-041-1057. The
face-centered cubic (space group-225:Fm-3m) crystal structure of the shell with a lattice
parameter a=b=c=0.368 nm and cubic core with lattice parameter a=b=c=0.768 nm were
investigated from XDR analysis. Compared to the theoretical value of the core (0.810 nm), the
lattice parameter decreased by 0.042 nm due to strain stress.

The crystalline structure and average crystallite particle size of two-step based CC CSNs were
determined using XRD analysis. Figure 36(c) shows the XRD pattern of CC CSNs synthesized
in three different concentration ratios, namely (2:1), (1:1), and (2:3) CSNs. The XRD diffraction
peak with miller indices of all the three ratios were found to be (111), (220), (110), (111), (311),
(200), (400), (202), (113), (311), and (220) at the corresponding 20 values of 19, 31.2, 32.66,
35.6, 36.82, 38.8, 44.8, 48.9, 61.6, 66.4, and 68.2°, respectively. As indicated in Figure 28(f) the
XRD diffraction pattern appeared at 19, 31.2, 36.82, and 44.8 ° belongs to the Co30O,4 core NPs,
whereas 32.66, 35.6, 38.8, 48.9, 61.6, 66.4, and 68.2° belongs to CuO shell NPs. In the XRD
analysis of CC CSNs, the peak of the CuO NPs shell is more intense than that of CozO,4 core
NPs. The intense peak of shell material indicated that CuO NPs were found on the surface of
Co304 core NPs and is believed to be that the shell was thicker and covered CoszO, core NPs.
Additionally, the average crystallite sizes CC(21), CC(11), and CC(23) CSNs were found to be
17, 15, and 20 nm, respectively. Figure 38(f) indicates the XRD diffraction peak that appeared in
the CC CSNs matches with the peak of single metal oxide nanoparticles. Additionally, the
monoclinic crystal structure (15: C12/cl space group) of the shell was obtained from XRD
analysis. The calculated lattice parameters of the CuO shell were found to be a=0.45843,
b=0.34012, and ¢c=0.5098 nm, whereas the experimental values were a=0.4674, b=0.34311, and
¢=0.51222 nm. Similarly, the lattice parameter of the cubic Co30,4 core was found to be 0.764

nm and is less than the theoretical value by 0.046 nm.
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4.2.5. SEM-EDX Analysis

The morphology of the MONPs (Co304, ZnO, NiO, and CuO NPs) and the CSNs (CZ, CN, and
CC) were analyzed by using the SEM instrument. The SEM images provide an estimate of the
average size and size distribution of the nanoparticles present in the synthesized nanoparticles.
Figure 37(a, c, e, and g) depicted the SEM image and 29(b, d, f, and h) the EDX spectra of
Co0304, ZnO, NIO, and CuO NPs, respectively. The rod-like shape of Co304, peacock wing-like
shape of Zn0O, and the spherical shape of NiO, and CuO NPs have been observed from the SEM
analysis. The elemental composition of Co304, ZnO, NiO, and CuO NPs was also determined
from energy-dispersive X-ray spectroscopy analysis. As shown in Figure 37(b), the 100%
elemental composition of Co304 NPs confirms the presence of only Co and O which assured that
the synthesized nanoparticles were free of any impurity. In CozO4 NPs, the elemental percentages
of Co and O were found to be 35 and 65%, respectively. As shown in Figure 37(b), the high
intense peak indicated that the oxygen element found in synthesized Co304 NPs is more in
percent. In the stoichiometry of Co304 NPs, the ratio of Co:O is 3:4 in which the characteristic
X-ray emitted by oxygen in the sample resulted in the intense peak. Similarly, the EDX analysis
of ZnO NPs indicates the presence of Zn and O elements with their elemental percentage
composition of 56.8 and 43.2%, respectively. Unlike that of Co30, NPs, the elemental
percentage of Zn metal is higher than that of oxygen in ZnO NPs. As depicted in Figure 37(d),
the most intense peak obtained from EDX corresponds to the number of X-rays detected, which
is proportional to the percentage of Zn element in the sample. As shown in Figure 37(f) and (h),
the EDX spectra of NiO and CuO NPs were presented respectively. The elemental percentage of
Ni and O investigated from the EDX spectrum of NiO was found to be 66.3 and 33.7%,
respectively. Additionally, the elemental analysis and purity of CuO NPs were determined by
using EDX spectra as shown in Figure 37(h). The sharp and intense peaks of Cu and O atoms
confirmed the presence of CuO NPs. The percentage composition of Cu and O was revealed to
be 52.4 and 47.6%, respectively, which ensured the absence of any other impurity in the

synthesized CuO nanoparticles.
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Figure 37: (a) SEM image of Co304, (b) EDX of Co304, (¢) SEM image of ZnO, (d) EDX of
Zn0, (e) SEM of NiO, (f) EDX of NiO, (g) SEM of CuO, and (h) EDX of CuO NPs.

The mean particle size of D.stramonium plant leaf extract mediated Co304 ZnO, NiO, and CuO
NPs was calculated from the SEM images depicted in Figure 37(a), (c), (e), and (g), respectively.
The individual diameter of the NPs was measured forty times and analyzed using Gatan
software. The mean particle size of synthesized nanoparticles obtained from the SEM image was
investigated using the Gaussian Fit mode of the histogram graph. All the mean particle sizes of
Co304 Zn0, NiO, and CuO NPs calculated from their SEM images using Gatan software were
different.

As depicted in Figure 38(a) the mean particle size of Co30, NPs was found to be 43.1+1.01 nm.
The distribution curve of the histogram graph showed the size distribution within the range of

89



25-55 nm. The particle size distribution of ZnO NPs within the range of 34-54 nm with a mean
particle size of 45.7 + 0.6 nm is shown in Figure 38(c). Similarly, the mean particle size of NiO
(Figure 38(b)) and CuO NPs (Figure 38(d)) were calculated to be, 34.1+1.01 and 43.2 + 0.4

nm, respectively (Ganesan et al., 2020).
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Figure 38: The particle size distribution of (a) Co30,4, (b) NiO, (c) ZnO, and (d) CuO metal oxide
nanoparticles

The physical features and characteristics of CZ, CN, and CC CSN’s surface such as size, shape,
and distribution of nanoparticles, as well as the overall quality and uniformity of the CSNs, were
revealed from the SEM micrograph shown in Figure 39. As depicted in Figure 39(a) in the SEM
analysis, a packet of the electron beam interacts with the surface of samples, and the spherical
shape of CZ CSNs was revealed from the scanned surface. The spherically shaped NPs are
highly branched from the same point which seems most likely shell material that surrounded the
core NPs. The overall shape of CZ NPs shows agglomeration due to the adhesion force
developed from the electrostatic interaction between the core and shell NPs. The surface
topography of ex-situ synthesized CN CSNs was also revealed from the SEM image as indicated
in Figure 39(b). The spherical and rod shapes of CN CSNs were found with the indistinct core
and shell region. Similarly, the morphology of the synthesized CC CSNs was also found and
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analyzed. The rod, spherical, and flake-like structure of CC CSNs was depicted in Figure 39(c).
From the SEM image of CC CSNs, the flaked structure was intercalated with each other and
distributed in the form of aggregation to some extent.

Additionally, the elemental composition of CZ, CN, and CC CSNs was identified using energy
dispersion X-ray spectroscopy within the range of 0 to 10 keV. The relative amount of elements
were identified and quantified from the X-ray energy spectrum of EDX analysis as indicated in
Figure 39(b), (d), and (f) for CZ, CN, and CC CSNs, respectively. The synthesized CZ CSNs
were found to be composed of Co, Zn, O, and C elements. The elements of shell NPs showed an
intense peak of ~ 500 at 1 KeV and core NPs ~100 counts at 0.8 KeV. The intensity of the X-ray
energy spectrum refers to the concentration of elements found in the sample. As an impurity,
carbon element appeared in the analysis and is believed to be from three different sources. Most
likely, it is from the atmosphere in the form of carbon dioxide, which is absorbed on the surface
of CSNs, formed during the calcination of synthesized materials in a muffle furnace, and from
specimen holders, which were used for coating non-conducting materials for analysis. As
depicted in Figure 39 (b) the atomic percentages of C, Co, Zn, and O were found to be 4.1, 15.4,
30.6, and 49.9%, respectively.

Similarly, the EDX analysis result of CN CSNs samples indicated that all elements belong to
these CSNs particles. As shown in Figure 39(d), the EDX spectrum shows the presence of Co
(26.91 wt%), Ni (43.69 wt%), and O (29.40 wt%), and atomic percent of Co (15.03%), Ni
(24.49%), and O (60.48%) elements in CN CSNs.

The elemental composition of Co3zO,4 core and CuO shell nanoparticles was also described using
EDX as shown in Figure 39(f). As indicated in the EDX spectra of CC, the Co element was
appeared at 0.8 and 6.2 KeV, Cu at 0.8, 7.8, and 8.7 KeV, whereas O observed at 0.5 KeV. The
evidence for elemental composition of CC CSNs obtained from EDX was in good agreement
with XRD data. Additionally, valuable information about the elemental constituent of both core
and shell was investigated from the EDX spectrum. In the analysis, a variety of elements have
different X-ray emission which gives different peak intensities. As depicted in Figure 39(f) the
elements found in CC CSNs in the EDX spectrum were Co, O, and Cu with atomic percentage
composition of 15.05, 60.48, and 24.49%, respectively. In CC CSNs the copper atom (Cu) has

higher X-ray emission in contrast to cobalt (Co) elements and results in an intense peak. The
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higher X-ray emission of Cu and its intense peak indicated that the CuO is a shell and found on
the surface of Co304 which is a core material.

Figure 39: SEM-EDX of (a-b) CZ, (c-d) CN, and (e-f) CC CSNs

Several properties such as reactivity, solubility, stability, and dispersibility of nanoparticles
depend on their particle size distribution. The mean particle size of CZ, CN, and CC CSNs were
calculated using ImageJ software. In the analysis, an expressive way of plotting a particle size
distribution is the histogram, in which the width of a bar indicates the lower and higher group of
particle size, and where its height indicates the frequency of particle size. For this purpose, the
measured values of the particles are summed up as a count and the average size was determined
from the cumulative curve. As depicted in Figure 40(a-c), the mean particle size of CZ, CN, CC

CSNs were found to be 63.4, 24.2, and 30.6 nm, respectively.

92



(a) N 63,4 1 1602 mm (b)

24208 nm

& 30620 4nm

Frequency

15 0 2% 30 ¥ 40 o4& %
Average particle size (nm)

Figure 40: Particle size distribution obtained from SEM image of (a) CZ, (b) CN, and (c) CC
CSNs.

In particle size measurement, the cumulative particle size distribution is from the class-
dependent values. For this purpose, the quantities for each measurement are determined as mean.
This produces a curve with maximum particle size values within different ranges of the curve.

4.2.6. TEM/HR-TEM and SAED Analysis

The D. stramonium leaf extract mediated Co304, ZnO, NiO, and CuO NPs and CZ, CN, and CC
CSNs were further analyzed using TEM/HR-TEM and SAED techniques. The TEM and HR-
TEM images provided detailed information on the size and shape of the MONPs and CSNs,
while the SAED patterns were used to confirm the crystalline nature of the synthesized material.
In Figure 40(a-d), the shapes of Co304, ZnO, NiO, and CuO NPs were investigated. It has been
observed from Figure 41(a) that the D. stramonium leaf extract mediated CozO4 NPs show semi-
spherical and rod like shapes. TEM images of ZnO NPs also provided information such as size,
shape, and particle size distribution (Ramesh et al., 2022). As indicated in Figure 41(b), the

synthesized ZnO NPs have appeared with semi-spherical shape.
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Figure 41: TEM images of (a) Co30a, (b) ZnO, (c) NiO, and (d) CuO metal oxide nanoparticles.

The morphology of the synthesized NiO NPs is also shown in Figure 41(c). The TEM image
shows that NiO NPs have appeared with spherical and oval shapes. From the image, the shape of
particles is not uniformly distributed which is due to particle aggregation to some extent. The
TEM image of CuO nanopowder synthesized in (1:1) volume ratio is shown in Figure 41(d). The
spherical shapes of CuO NPs were revealed from the TEM images. In addition to the mean
particle size obtained from SEM Images, the mean particle size of MONPs was also determined
from TEM images. The mean particle size of Coz04, ZnO, NiO, and CuO NPs were depicted in
Figure 42(a-d). In the case of Coz04 NPs, the particle size distribution was found within the 10-

25 nm range.
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Figure 42: The particle size distribution of (a) Co304, (b) ZnO, (c) NiO, and (d) CuO metal oxide
nanoparticles obtained from the TEM image.

As indicated in Figure 42(a) the mean particle size of Co304 NPs was found to be 15.55 nm. The
diameter measured at the nanoscale was analyzed using the Gaussian Fit model and the mean
particle sizes for CozO4 NPs were determined using the equation (13) (in the appendix section).
Figure 42(b) is a histogram of ZnO NPs that represents the mean particle size and particle size
distribution. The particle size distribution of synthesized ZnO nanopowder was commonly
determined by using a transmission electron microscope. The analysis was performed to obtain
the appropriate particle size of the synthesized nanoparticles. As shown in Figure 42(b) the size
of synthesized ZnO NPs was found less than 25 nm. The diameters of individual particles were
found within the 10-25 nm range. Nearly the diameter of 60 particles was measured randomly
and the determined mean particle size of synthesized ZnO NPs was found to be 17.4 nm. The
difference in particle size is believed to be from nucleation and growth of nanoparticles. The
bioactive molecules of D. stramonium utilized as a reducing and stabilizing agent act as
templates in which aggregation and formation of particles with different sizes take place. The
phytochemicals bound to the surface of nanoparticles in a certain crystallographic direction help

the nanoparticles to have a particular shape.
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Similarly, the mean particle size of NiO NPs synthesized utilizing plant leaf extract was also
determined. As shown in Figure 42(c), the particle diameters of NiO NPs were typically within
the range of 4-14 nm. The bioactive molecules stabilized the NiO NPs by forming a protective
layer and prevented the aggregation which resulted in small size. As shown in Figure 42(c) the
mean particle size of NiO NPs was found to be 8.184 with an uncertainty value of +1.64 nm.
From the value obtained using ImageJ software, the uncertainty of +1.64 nm indicated that the
actual size of NiO NPs ranged from 6.54-9.82 nm.

The reduction of Cu ions by using the secondary metabolites present in the D. stramonium leaf
extract was also confirmed using TEM techniques in terms of size. Using Gatan software, the
particle size distribution of CuO NPs was found to be within the range of 6-25 nm. As depicted
in Figure 42(d), the actual particle size of CuO NPs has been found 12.26-12.74 nm with an
mean particle size of 12.5 nm. In contrast to the particle size distribution of Co304, ZnO, and
NiO NPs, the particle size distribution of CuO was consistent. The homogeneity of particle size
is mainly due highest reduction potential of Cu®* ion.

Additionally, the samples were analyzed under HR-TEM to determine the number of grains and
lattice fringe alignment. The lattice-fringe/structural fingerprint of biologically synthesized
Co304 NPs was found with a long-range arrangement as shown in Figure 43(b). The structural
fingerprints developed by the incident electron diffraction after transmitting through the sample
were used to determine the inter-planar distance. From the actual HR-TEM image shown in
Figure 43(b), the characteristic distance between the fringes was obtained using the Inverted Fast
Fourier transform (IFFT) model. The inter-planar distance for Co30, NPs was found to be
0.3286 nm which refers to the plane (311). The high visibility and long-range alignment of the
structural fingerprinting are shown in Figure 43(b) indicating the high crystalline nature of the

biologically fabricated Co304 NPs.
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Figure 43: The TEM image (a), HR-TEM image (b), and SAED (c and d) images of Coz04 NPs.

Moreover, the crystallinity nature of the synthesized Co3O4 NPs was also explored from the
SAED image shown in Figures 43(c) and (d). The diffraction spots are regularly well arranged in
the long-range distances and found in the parallel lattice fringe of Co304 NPs. The spots in the
structural fingerprint form parallel lines rather than circular diffraction. As represented in Figure
43(c) the spots in each parallel lattice fringe are arranged at equal distances. Thus, it indicates the
atoms in the biologically synthesized Co3O, NPs are ordered regularly and have a high

crystalline nature.

The crystallinity nature and structural fingerprint of synthesized ZnO NPs were also analyzed
employing SAED and HR-TEM, respectively. The lattice fringe-structural fingerprint of the HR-
TEM image is shown in Figure 44b). The inter-planar distance was also determined using Gatan
software and was found to be 0.2744 nm which is almost equivalent to the theoretical values
(0.28 nm). The experimental value of inter-planar distance obtained from the actual HR-TEM
image complies with the calculated value from XRD data. Thus, the comparable result achieved
from different characterization techniques helps to confirm the formation of ZnO NPs. The
crystalline nature of hexagonal wurtzite ZnO NPs was investigated by employing SAED

techniques. As displayed in Figure 44(c) the diffraction spots seem regularly ordered with
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unequal distances. The unequal distances between spots were believed to be due to several
crystals present in ZnO NPs which designate the poly-crystallinity of the particles.

Figure 44: The TEM image (a), HR-TEM image (b), SAED image (c), and miller indices (d)
with corresponding planes of ZnO NPs.

The crystalline nature and lattice parameters of NiO NPs were investigated from the high-
resolution (HR-TEM). Figure 45(a) and (b) indicate the HR-TEM image and the distance
between the lattice fringes. The d-spacing values depicted in Figure 45(b) were calculated using
Gatan software. The lattice distance corresponding to the respective miller indices (111) was
found to be 0.26 nm. These characteristic (hkl) values of NiO NPs with the d-spacing values
obtained from SAED were in good agreement with the standard values of XRD data.
Additionally, the crystal structure of synthesized NiO NPs was determined from SAED images

shown in Figure 45(c).
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Figure 45: The HR-TEM image (a), interplanar distance (b), SAED image with miller indices (c)
of NiO nanoparticles.

Based on the orientation and particle size, the circular diffraction pattern was obtained. The
circular diffraction spot corresponds to the lattice points of the crystal structure exhibiting the
concentric rings which ensure that the synthesized NiO NPs have a polycrystalline nature.

In addition to HR-TEM, SAED analysis results of CuO NPs shown in Figure 46(a) and (c) also
confirm the formation of the particles, respectively. As depicted in Figure 46(b), the lattice
fringes in HR-TEM images of CuO NPs were found to be 0.24 nm, associated with the
respective miller index (202) which is in good agreement with the d-spacing values of standard
and calculated XRD data.
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Figure 46: The HR-TEM image (a), interplanar distance (b), SAED image with miller indices (c)
of CuO nanoparticles.

Table 5: The particle sizes of Co304, ZnO, NiO, and CuO NPs obtained from XRD, SEM, and
TEM.

Nanoparticles Particle size Particle size - Average crystallite
-SEM (nm) TEM (nm) size-XRD (nm)
Co304 43.1 15.55 11
ZnO 45.7 17.4 17
NiO 34.1 8.184 12
CuO 43.1 12.5 13

The morphology of CZ, CN, and CC CSNs was investigated using TEM characterization
techniques. In the case of CZ CSNs, the shape and mean particle size of in-situ synthesized
particles were revealed with the Co304and ZnO NPs as core and shell, respectively. As shown in
Figure 47(a) of the TEM image, rod-like and spherical shapes of CZ CSNs were investigated.

The TEM images have shown the core and shell NPs. The black area observed in Figure 47(a) is
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the Co30, core particle surrounded by a ZnO shell. In this study, the synthesized CZ CSNs are
supported by XDR pattern placement and HR-TEM/SAED results, which are highly similar to
those reported in previous studies of sol-gel synthesized CZ CSNs (AlTurki, 2018). The
successful synthesis of these features suggests that our synthesis method is effective in producing
core-shell NPs with similar properties and characteristics. As indicated in Figure 47(d), the mean
particle size was found to be 21.94 nm within the particle size distribution range of 10-35 nm
which is determined under the nonlinear curve Gaussian Fit. Furthermore, the mean particle size
of the Co30,4 core particle was found to be 10.95 nm. The size of the core material was obtained
using the normal (Gaussian) distribution formula. The value of the size of the core particle is less
than that of the overall size of the CSNs. This indicated that the size of the shell material coating
the inner core was larger than the core. The normal Gaussian distribution plot in terms of particle
size showed that the value of xc was 10.68 to 11.22 nm which is the size of the Co3O4 Core

nanoparticle.

Additional information on the precise morphological aspects of CN CSNs was examined using
TEM. The TEM images of CN CSNs presented in Figure 47(b) showed spherical and prismatic
shapes. As shown in Figure 47(b) the darker area in CN CSNs is believed to be CozO4 NPs which
is a core and the lighter area shows NiO NPs which is a shell of synthesized particles. This is
because of the difference in the electron sprinkling between the core and shell particles. The
distribution of CN CSNs across the TEM image in terms of their size was also obtained. The
diameter of 60 particles was measured by using Gatan software and the mean particle size was
determined from the histogram. As depicted in Figure 47(e) the mean particle size of CN CSNs
was found to be 16.99 nm with a standard deviation of 0.13 nm. The range of particle size
distribution was within 5-35 nm which implies that the CN CSNs were found to be agglomerated
to some extent which might be attributed to the removal of bioactive molecules during
calcination. The originally bioactive capped CN CSNs shrank together after calcination and

resulted in agglomeration.

The synthesized CC CSNs was also analyzed using the TEM technique. The analysis has aided
in understanding the morphology of CC CSNs. In CC CSNs, the Co3O4 NPs form the core and
CuO forms the shell. As shown in Figure 47(c) the TEM image showed the contrasted regions

surrounding the lighter area. This dark region implies the formation of a Co30,4 core surrounded

101



by the lighter part which is CuO shell nanostructure. From the TEM image of CC CSNs the
shape, mean particle size, and particle size distribution were investigated. The TEM image of D.
stramonium plant leaf extract mediated CC CSNs presented in Figure 47(c) showed semi-
spherical and cylindrical shapes. Furthermore, the mean particle size of CC CSNs was calculated
and the particle size distribution was revealed within the range of 2-22 nm. The mean size of CC
CSNs was found to be 11.07 nm with a standard deviation value of 0.63 nm as shown in Figure
47(f). Additionally, the mean particle size of the core and shell of CC CSNs were found to be 8
and 4 nm, respectively.
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Figure 47: The TEM image of (a) CZ, (b) CN, and (c) CC and particle size distribution (d) CZ,
(e) CN, and (f) CC.

The HR-TEM analysis explored the grain distribution of synthesized NPs as depicted in Figure
47(a and b). The distance between fringes (d-spacing) was determined from HR-TEM using
Gatan software. The d-spacing for CZ CSNs obtained from IFFT of Gatan software and
determined from X-ray diffraction peak using Origin2023/24 were almost equal. As indicated in
Figure 48(c) the d-spacing for the ZnO (002) and Co30,4 (220) planes was 0.259 and 0.28 nm
respectively. The crystalline structure of the CZ CSNs was revealed using selected area electron
diffraction (SAED). Figure 48(d) demonstrates the polycrystalline structure of CZ CSNs from
the SAED image. Unlike that of XRD, electron beams were diffracted from the highly selected
area. In SAED analysis the atoms in the CSNs diffracted by the electrons resulted in small bright
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spots that made up of a full ring-like pattern. In XDR analysis the crystallinity was confirmed by
the diffraction peaks of X-ray from the atoms found on the planes whereas SAED used
diffraction of electrons that showed the regularly ordered spots. The bright ring of SAED refers
to the fringe alignment which is equivalent to the plane in which its atoms diffract X-ray. The
circular electron diffraction is depicted in Figure. 48(d) has resulted from many crystalline

arrangements.

d&0.28
Co30,(220)

10 nm

Figure 48: The HR-TEM image (a), selected area of HR-TEM image (b), inverted IFFT (c), and
SAED image (d) of CZ CSNs.

In addition to its crystalline nature, SAED is also used for determining the distance between each
ring which corresponds to the plane represented by Miller indexes (hkl). The SAED pattern of
CZ CSNs indicated the first inner ring with a d-spacing of 0.275 nm and the second 0.258 nm
which matched with the d-spacing values of XRD with miller index (220) and (002). In the CZ
CSNs the plane with miller index (220) belongs to Co304 NPs and the (002) plane to ZnO NPs
which confirmed that Co3O4 NPs were found in the core and ZnO NPs on the shell of CZ CSNs.
This investigation indicates good agreement with the CSNs formation obtained from the TEM

image and its nanoscale size.

The CN CSNs containing Coz0,4 core and NiO shell were further examined by using high-
resolution TEM. The core-shell structures, interface of core and shell, and the distance between

adjacent crystals lattice planes in the nanostructure have been explored. As shown in Figure
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48(a) the highly magnified CN CSNs showed the core and shell structure. As shown from the
TEM image in Figure 49(a), the HR-TEM image also showed the dark region that ensures the
formation of the core and shell nanostructure. In the area where the NiO shell coats the Co304
core appeared darker in the HR-TEM image. The darker region is believed to be because of
higher electron density in the core, resulting in different electron scattering.

Co,0,(400)

(220)
(400)
'Y"_J

Co0),

Figure 49: The biologically synthesized (a) HR-TEM image, (b) d-space values of selected
fringe (c) inverted IFFT and (d) SAED image of CN NPs.

Under high-resolution detection with the beam of an electron, the incident electron from the
electron gun passes through the core of the CN CSNs sample and experiences strong diffraction
because of the high density of the electron. The strong diffraction causes a reduction in the
intensity of the electron reaching the detector, resulting in a darker region in the HR-TEM image.
In contrast, the NiO shell with lower electron density diffracts electrons to some extent whereas
most electrons reach the detection and result in brighter regions of the shell observed in Figure
49(a). On the other hand, the shell material, which has a lower atomic number and electron

density, scatters electrons to a lesser extent.

As a result, more electrons reach the detector, leading to a brighter appearance in the image. The

distance between adjacent crystal lattice planes of the Co3O,4 core corresponding miller indices
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(400) was found to be 0.25 nm, which is presented in Figure 49(b and c). Similarly, the d-
spacing for the NiO shell with miller indices (111), (200), and (220) were 0.25, 0.21, and 0.13
nm respectively. The miller indices obtained from HR-TEM and SAED were found in good
agreement with the d-spacing values of standard XRD data.

Moreover, Figure 49(d) clarified the SAED image of CN CSNs where miller indices are shown
with their corresponding planes. The miller indices were identified from the d-spacing values of
the crystal lattice planes of CN CSNs. The calculated lattice space belongs to the miller indices
of CN CSNs which are used to confirm the formation of CSNs. In addition, the SAED image
explored the crystalline structure of synthesized CN CSNs. As shown in Figure 49(d), the well-
defined ring was revealed that shows the polycrystalline nature of CN CSN.

The structure of D. stramonium plant leaf extract mediated CC CSNs containing Co3O4 core and
CuO shell was also determined by using HR-TEM and SAED analysis. The HR-TEM image of
CC CSNs, calcined at 320 °C for 5 h was shown in Figure 50(a and b). A similar mode that was
found for the structure of CZ and CN CSNs, was also observed in the structure of the CC CSNs.
The darker region found in the HR-TEM images of CC CSNs indicates the presence of a core in
the synthesized nanoparticle. Additionally, the lattice fringe of both the core and shell with a d-
spacing were determined. As shown in Figure 50(b), the distinctive d-spacing value of the Co30,
core corresponding to Miller indices (311) was found to be 0.23 nm. Whereas, the d-spacing
values of the CuO shell for corresponding miller indices (111) and (113) were 0.26 and 0.15 nm,
respectively. The experimental value obtained for the d-spacing of CC CSNs was in good
agreement with standard XRD data. The crystalline nature of CC CSNs which is a periodic
function of atoms was characterized and confirmed through SAED in transmission electron
microscope. The circular pattern shown in Figure 50(d) indicates that the CC CSNs exhibit a
high degree of crystalline which reveals a polycrystalline structure. In SAED analysis, the
electron beam interacted with the selected area of CC CSNs and experienced diffraction patterns
corresponding with the crystal structure. The crystal structure's circular shape is a consequence
of the rotationally symmetric nature of the crystal structure and the random orientation of the
nanoparticles in the sample. The presence of a circular pattern indicates that the core-shell
nanoparticles have a polycrystalline nature, meaning that they consist of multiple crystalline

domains with different crystallographic orientations. Each crystalline domain within the
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nanoparticles contributes to the diffraction spots that form the circular pattern in the SAED

image.
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Figure 50: Synthesized (a) HR-TEM image, (b) d-space values calculated from HR-TEM image,
and (c) SAED image of CC NPs.

4.3. Anticancer Activity

Nanoparticles (NPs) have emerged as a strong tool in the encounter against cancer, particularly
breast cancer, because of their unique physicochemical features. The two most important
conditions for breast cancer therapy are efficacy and selective toxicity. To address these issues,
MONPs, the most promising alternative to traditional chemotherapy for breast cancer treatment,
underwent comprehensive testing. The CSNs have a unique core substance surrounded by a shell
layer and offer various benefits for anticancer applications, such as increasing stability, control
drug release, and precise targeting capabilities, and recently gained attention for their potential
anticancer effects. This indicates that the properties of the core-shell nanoparticles have been
modified, and outperform single MONPs in all of their activities. Similarly, in this study, the

ZnO, NiO, and CuO NP shells were coated onto Co3O, core NPs.
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4.3.1. Cytotoxicity

The cytotoxicity of synthesized CZ, CN, and CC CSNs, as well as Epirubicin (conventional
drug), was assessed against breast cancer (MCF-7) cell lines and peripheral blood mononuclear
(PBM) cells using an MTT assay. In this work, different concentrations of 12.5, 25, 50, 100, 200,
400, and 800 pg/mL of CZ, CN, and CC CSNs, as well as Epirubicin have been examined on
MCEF-7 and PBMC. As depicted in Figure 51, the images of untreated MCF-7 cell lines and the
treated cell with 100, 200, and 400 pg/mL of CZ, CN, CC CSNs, and conventional drug were
taken by using a fluorescence microscope (KFL30LED, India). To determine the cytotoxicity
MOCSNSs against of the cultured breast cancer cell lines, the micrograph was captured at the
wavelength of 520 nm. Consequently, the living cells were observed. Figure 51(a) represents the
untreated cancer cell and the treated cell with 100, 200, and 400 pg/mL concentrations of
Epirubicin. The micrograph image showed that the number of cancer cell lines decreased with
increasing concentration of standard drug. As depicted in Figure 51(b), the in vitro cytotoxicity
of CZ CSNs against MCF-7 cell lines was examined. The cultured cancer cells treated with 100,
200, and 400 pg/mL concentrations of CZ CSNs showed different morphological changes. As
the concentration of the sample increased, the cancer cell population decreased. This indicated
that the cell-killing ability of CZ CSNs against the MCF-7 cancer cell line is dose dependent.
Similarly, the cytotoxicity of CN and CC CSNs against cancer cell lines showed the same trend
as indicated in Figures 51(c) and 51(d). However, cancer cells distributed more densely in the
group treated with CN CSNs than in the groups treated with CZ and CC CSNs. As depicted in
Figure 51(d), cancer cells treated with the same dose of CC CSNs were effectively destroyed.
Overall, the cytotoxicity of the synthesized core-shells was found to be in the order CC > CZ >
CN.
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Figure 51: Cytotoxicity on MCF-7 cell lines: (a) untreated cell and the treated cell with 100, 200,
and 400 pg/mL of Epirubicin and (b) CZ CSNs, (¢) CN CSNs, and (d) CC CSNs treated with the
same concretion.

The in vitro cytotoxic effect of CZ, CN, and CC CSNs on MCF-7 was measured in terms of
percent inhibition, which involves assessing cell viability after treatment with the CSNs and
calculating the reduction in viable cells compared to an untreated control. The percent inhibition
of CZ, CN, and CC against cancer and healthy cells was determined. Figure 52(a) and Table 6
indicate that CZ CSNs and the Epirubicin inhibit MCF-7 and PBMC cells more effectively as
concentration increases. The CZ CSNs inhibit the MCF-7 cells about 35.66, 43.43, 51.54, 68.44,
79.55, 87.77, and 95.22% at 12.5, 25, 50, 100, 200, 400, and 800 pg/mL, respectively. The
percentage inhibition of CZ CSNs against healthy cells (PBMC) steadily rises with
concentration. At 400 pg/mL, CZ CSNs inhibit MCF-7 and PBMC cells by about 87.77 and
53.28%, respectively, whereas Epirubicin inhibits 86.77 and 53.52%. The percent inhibition of
CZ CSNs against PBMC is less than that of the Epirubicin drug; this indicates that Epirubicin
has a stronger inhibitory effect on PBMC compared to CZ CSNs. This suggests that Epirubicin, a
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chemotherapy drug commonly used to treat breast cancer, has a more potent impact on the
viability or function of PBMC than CZ CSNs. Therefore, even though the anticancer activity of
CZ CSNs is slightly less than that of Epirubicin, it is less toxic to healthy cells.
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Figure 52: The cytotoxicity of (a) CZ, (b) CN, and (c) CC CSNs with Epirubicin against MCF-7
and PBMC cells.

Additionally, as shown in Figure 52(b), the percent inhibition of CN CSNs against MCF-7 at
12.5, 25, 50, 100, 200, 400, and 800 pg/mL were found to be 22.16, 32.20, 43.62, 52.41, 68.21,
74.11, and 81.38%, respectively, and against PBMC were found to be 12.57, 18.88, 24.44, 30.21,
38.54, 42.67, and 51.94%, respectively. In contrast to CZ CSNs and Epirubicin drugs, CN CSNs

is less toxic to both cancer and healthy cells.

Similarly, CC CSNs inhibit the MCF-7 at about 37.33, 49.22, 59.52, 76.23, 83.86, 89.66, and
97.72% at the same concentration used for the CZ CSNs, respectively. As shown in Figure 52(c),
the percent inhibition of CC CSNs against PBMC is higher than that of Epirubicin drug but less
toxic to PBMC, this implies that CC CSNs have a stronger inhibitory effect on MCF-7 with less
side effect on normal cells (PBMC) compared to conventional drug. This suggests that CC CSNs
have a greater impact on the viability or growth of MCF-7 as shown in Figure 52. The half-
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maximal concentrations (ICsp) of CZ, CN, CC CSNs, and Epirubicin used in treating MCF-7
were investigated to be 18.3, 21.25, 17.8, and 18.01 pg/mL, respectively. The minimal 1Csy of
CC CSNs indicates that the concentration needed to suppress breast cancer by 50% is less than
that of Epirubicin. This suggests that CC CSNs are more potent and effective at inhibiting breast
cancer cells with fewer side effects. The good anticancer activity of CC CSNs is mostly due to
the ability of the Cu* ion to accept an electron to generate ROS that causes cancer cell death.

Table 6: The percentage inhibition of CZ, CN, CC CSNs, and Epirubicin against MCF-7 and
PBMC cells.

Conc CZ( % In) CN (% In) CC (% In) Epirubicin ( % In)
(“g;m MCF-7 PBMCs MCF-7 PBMCs MCF-7 PBMCs MCF-7 PBMCs
L
DMSO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
125 | 3566+ 001 | 16.04+004 | 2216 +0.03 | 1257001 | 37.33+0.01 | 1411+004 | 3342+003 | 17.13+001
25 | 4343+003 | 2033 £ 003 | 3220+0.02 | 1888002 | 49.22+0.00 | 2043+0.01 | 46.68+0.0l | 26.33+0.03
50 | 51.54+004 | 2836+ 001 | 43.62+000 | 2444+001 | 5952+000 | 28.35+000 | 5531002 | 33.56+0.02
100 | 6844+ 003 | 3818+ 0.03 | 5241 %001 | 30.21£001 | 7623+003 | 3540+003 | 7453+0.03 | 37.23+0.00
200 | 79.55+00L | 45.52 +0.02 | 68.21£0.03 | 3854003 | 83.86+0.02 | 42.13+0.02 | 81.22+ 001 | 46.66+0.03
400 | 87.77+001 | 53.28+0.00 | 74.11x003 | 42.67+004 | 89.66+001 | 51.08+005 | 86.77£0.00 | 5352 0.02
800 | 95.22+002 | 6644 +000 | 81.38+£001 | 51.94+002 | 97.72£002 | 6243+000 | 96.15+002 | 6518 +0.04
1Cso 18.3 285 21.25 38.72 178 307 18.01 26.40

4.3.2. Cell Viability

The proportion of living cancer cells in a population after being treated with CZ, CN, and CC
CSNs has been investigated. As depicted in Figure 53, the treatment of cancer cells with
synthesized CSNs has a considerable impact on cell viability. Treatment of cancer cells with
increasing concentrations of CZ, CN, and CC CSNs dramatically reduced cell proliferation in a
dose-dependent manner. In the treated cancer cells, the metabolically active cell produces an
oxidoreductase enzyme that catalyzes Nicotinamide adenine dinucleotide phosphate (NADP/H)
to NADP™. The reducing agent NADPH donates a pair of electrons to MTT which is added to the
viable cancer cell and forms a purple formazan compound (Carrefio et al., 2021, S. Hussain et
al., 2023). The transfer of a pair of electrons from NADPH to the tetrazolium ring of MTT

involves breaking the ring and forming the formazan as shown in Figure 53.
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Figure 53: Reduction of MTT to Formazan by using mitochondrial Reductase (Selvakumari et
al., 2015).

The number of viable cancer cells in percent treated with CZ CSNs at 100, 200, 400, and 800
pg/mL were obtained to be 43.88, 33.23, 26.98, and 18.38%, respectively. In the case of cancer
cells treated with CN CSNs, the percentage of viable cells treated with the same concentration
was 68.24, 62.69, 58.34, and 48.99%, respectively. This result implies that CN CSNs are less
toxic to the breast cancer cells in contrast to the Epirubicin drug.

80
L w100 w200 w400  WS00 pghl
-~ 70
S o0 | [
-
=50
2 40
~ 3
)
O 20
10 ‘
o +
MCF-7-CN MCF.7-CZ MCF-7-Epi MCF.7-CC
Concentration pug/mL

Figure 54: The percent cell viability of cancer cells treated with CSNs and Epirubicin.

Similarly, the percent cell viability of cancer cells treated with CC CSNs at 100, 200, 400, and
800 ug/mL were 22.73, 18.33, 15.73, and 3.63%, respectively. As depicted in Figure 54, the
number of metabolically active breast cancer cells is fewer than in cells treated with Epirubicin.

This indicates that CC CSNs have more potential activity than conventional drugs.
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Table 7: The cell viability percent of breast cancer cells treated with CSNs and Epirubicin

Treated Cells Concentration (pg/mL)

100 200 400 800
MCF-7-CN  68.24 £0.01  62.69 £0.01  58.34 +£0.01 = 48.99 +0.01
MCF-7-CZ  43.88 £0.01  33.23+0.01  26.98 £0.01  18.38 £0.01
MCF-7-Epi 2518 £0.01  21.324+0.01  14.92+0.01  4.2140.01
MCF-7-CC ~ 22.73+0.01  18.33+0.01 15.7340.01 3.63+0.01

4.3.3. Mechanistic Interaction of CSNs with Breast Cancer Cells

The objective of anticancer drugs is to prevent tumor cell growth and cause death without a
significant negative impact on healthy cells. The specific molecular mechanisms involved in the
interaction between nanoparticles and breast cancer cells can vary depending on the type of
nanoparticle, its physicochemical properties, the breast cancer cell line, and the experimental
conditions (Andleeb et al., 2021, Juan et al., 2018). In breast cancer treatment, the type of
chemotherapy used is typically determined by the tumor's unique receptor status. The primary
receptors evaluated while choosing the proper chemotherapy treatment are hormone receptors
(estrogen receptor (ER) and progesterone receptor (PR)), human epidermal growth factor
receptor 2 (HER2), and triple-negative breast cancer (TNBC). Chemotherapy is frequently used
in conjunction with targeted treatments of ER, PR, and HER2-positive breast cancer. However,
chemotherapy remains the major systemic treatment option for triple-negative breast tumors,
which has no targeted treatments. TNBC is a particularly difficult kind of breast cancer because
it lacks the presence of the hormone receptor and HER2. This implies that TNBC does not react
to targeted therapy. Chemotherapy intervenes in cell cycle control, suppresses proliferation, and
has a cytotoxic impact, which causes intolerable side effects. Furthermore, this medication is
ineffective against a wide variety of malignant tumors. Nanoparticle based therapies are being
investigated and developed for a variety of breast cancer subtypes, with the most promising

outcomes shown in the treatment of triple-negative breast cancer (TNBC) (Brown et al., 2015).

Due to this, the CSNs having unique physicochemical features have emerged as a new hope for
cancer therapy. By delivering drugs directly to cancer cells, anticancer treatment can be more

effective while minimizing adverse effects. CZ, CN, and CC CSNs inhibit and induce death by
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oxidative stress, causing DNA damage, arresting the cell cycle, and inducing cancer cell death by
apoptosis as well as nonapoptotic modes of cell death.
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Figure 55: Mechanistic interaction of CZ, CN, and CC CSNs with different parts of breast cancer
cells.

In cancer cell proliferation, cyclin-dependent kinase 1/2 (CDK1/2) plays a crucial role in the
whole cell cycle. It has become a new target for cancer therapy. CDK1linteracts with cyclin B1 to
facilitate the transition from the growth (G2) phase into mitosis, whereas CDK2 activates the
growth 1/synthesis (G1/S) and synthesis/growth 2 (S/G2) transitions in the interphase stage of
the cell cycle. As shown in Figure 55, the delivered metal ion of CSNs is believed to inhibit the

activity of CDKSs by binding to groups such as imidazole nitrogen of histidine, amide nitrogen
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atoms of asparagine and glutamine, carboxylate oxygen atoms of aspartic acid and glutamic acid,
hydroxyl oxygen atoms of serine, threonine, and tyrosine residues, and thiol group of cysteine
amino acids. Similarly, particular elements inside DNA polymerase, such as the nitrogen,
oxygen, and sulfur atoms of amino acids, reacted with metal ions found in CSNs, inhibiting its

action.

The other key mechanism of CSNs to induce the death of cancer cells is producing Reactive
oxygen species (ROS). Once the CSNs are internalized by the cancer cell through the endocytic
pathway and dissolved to metal ions, and disrupts the cellular homeostasis. This homeostasis
disruption resulted in the production of excessive ROS within the cancer cells, leading to
oxidative stress and mitochondrial dysfunction (Fu et al., 2022). Additionally, the core-shell
nanoparticles are recognized and taken up by the breast cancer cells through receptor-mediated
endocytosis. Once the CSNs are internalized, they become entrapped within the endocytic
vesicles, which then fuse with lysosomes to form endolysosomes. The drug is released into the
cytoplasm once the endolysosomal membrane is disrupted, and then the drug is targeted to the
mitochondria (Wongrakpanich et al., 2014).

4.4. Antibacterial Study

The antibacterial activities of Co304, ZnO, NiO, and CuO NPs and CZ, CN, and CC CSNs
against gram-positive (staphylococcus aureus and streptococcus pyogenes) and gram-negative
(escherichia coli and pseudomonas aeruginosa) bacterial strains considered in the study has been
determined in terms of inhibition mode. The inhibition efficiency of MONPs and CSNs against
the bacteria has been evaluated using diffusion methods.

The MONPs and CSNs were believed to inhibit bacterial strains by producing reactive oxygen
species (ROS), disrupting cell walls, DNA damage, protein damage, lipid damage, enzyme
inhibition, membrane disintegration, etc., (Slavin et al., 2017). In this particular study, the
inhibited zone were recorded for 25, 50, and 100 pg/mL concentrations as shown in Table 8. 100
ug/mL of Co304(12) inhibits S.aureus, S. pyogenes, E.coli, and P. aeruginosa about (14.5, 13,
13, and 12 mm), Co304(11) (15, 14.5, 13, and 12.5 mm), and Co0304(21) (14, 13, 11.5, and 8.5
mm), respectively. The inhibition activity of Co3z04(11) NPs against both gram-positive and

gram-negative is higher than Co304(12) and Co304(21) volume ratios at all three concentrations.
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Similarly, the inhibition zones of ZnO(11) at 100 ug/mL were found to be 16, 14.5, 13, and 12
mm against S. aureus, S. pyogenes, E. coli, and P. aeruginosa, respectively as shown in Figure
56. Among Zn0O(12), ZnO(11), and ZnO(21) NPs, ZnO(11) showed high inhibition efficiency in
all concentrations. The high efficiency of ZnO(11) NPs is due to their small size which enables
them to penetrate the cell wall of bacteria. The CuO(11) NPs was also highly competitive with
standard drugs with the inhibition activity of (16, 14, 15, and 11 mm), against S. aureus and S.
pyogenes, E. coli, and P. aeruginosa at 100 pg/mL, respectively. Out of CuO NPs synthesized in
three different volume ratios, CuO(11) shows good inhibition activity.

Table 8: Inhibition zone for Co304, ZnO, NiO, and CuO NPs (in mm).

Nanoparticles Conc. Gram-positive Gram-negative
(ng/mL) S.aureus S. pyogenes E.coli P. aeruginosa
ATCC25923 ATCC19615 ATCC25922  ATCC27853
y3= 100 14.5 13 13 12
C0304(12) y2=50 12 11 10.5 10
v1=25 9 9 8 8
B3=100 15 14.5 13 125
Co304(11) B.=50 14 13.12 11.23 10.43
B1=25 12 12.5 11 9
oz =100 14 13 11.2 8.5
Co304(21) oz =50 12 115 9.4 8
o1=25 10 10.5 7 7.2
1Cs0(11) 22.22 23.88 33.3 34.4
V3 =100 13.7 13 11 10
Zn0(12) V2=50 11 10 9 9
V1=25 10 9 7 8
U3 =100 16 14.5 13 12.5
ZnO(11) U2 =50 14 11.92 10.1 9.22
Ul=25 10 11.3 9.87 7.89
R3 =100 14.5 15.5 13 14
Zn0O(21) R2 =50 12.5 13 11 12.5
R1=25 10 9.8 8 8
1Cs0(11) 18.36 19.34 27 26.5
T3=100 15 14 13 10
Cu0(12) T,=50 10 12 11 9.5
T.=25 9 9 8.5 8
S3=100 16 14 15 11
CuO(11) S,=50 15 13.5 13 9
S;=25 10 8 10 7
F;=100 14.5 15 10 8
Cu0(21) F,=50 12 11 9.5 75
Fi=25 9 7 7 7
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1Csoqus) 17.21 19.86 26 25.4

P3 =100 12 11 12 10

NiO (12) P2 =50 9 10.5 10 8.5
P1=25 7 8 6.5 7

D3 =100 13 12.5 12 115

NiO (11) D2 =50 11 11.2 11 10

D1=25 8 7.5 7.5 9.5

H3 =100 10 10.5 9 9.5

NiO(21) H2 =50 9 9.5 8.5 7.5

H1=25 7 8 6.5 6.5

1Cso(11) 28.55 26.69 36 37
Ampicillin 15 14 12 12

The results of the antibacterial activity of synthesized NiO NPs against these four different
bacterial strains are shown in Table 8. The results revealed that the synthesized NiO NPs in (1:1)
ratio showed 13, 12.5, 12, and 11.5 mm against S. aureus and S. pyogenes, E. coli, and P.
aeruginosa at 100 pg/mL, respectively. The NiO NPs exhibited less antimicrobial activity than
conventional antibacterial drugs. The high inhibition activity of small size MONPs is because of
the higher surface area that provides more active sites and interaction points for the nanoparticles
to interact with bacterial cells. Among the selected bacterial strains, the growth of gram-positive
bacteria primarily S.aureus was highly inhibited. As depicted in Figure 56, the drug resisted
bacteria; E.coli and P. aeruginosa were highly susceptible to Co304, ZnO, and CuO NPs. This
designated that these MONPs are a potent antibacterial against both gram-positive and gram-
negative. The in vitro antibacterial activity of Co304(11), ZnO(11), NiO(11), and CuO(11) NPs
against S. aureus showed ICsg values of 22.22, 18.36, 28.55, and 17.21 pg/mL and against E. coli
were 33.3, 27, 36, and 26 pg/mL, respectively. The ICs values of CuO(11) NPs are less than that
of the other MONPs, which indicates the high inhibition activity of CuO NPs in contrast to the
other.

Generally, the antibacterial activities of Co304 ZnO, NiO and CuO NPs synthesized under the
same condition were assessed for comparison purposes. The synthesized Co304 NPs also inhibit
the growth of both gram-negative and gram-positive bacteria than ZnO and NiO NPs at the same
concentrations. The high efficiency of Co3O4 NPs against bacterial strains is due to their small
size which allows the particles to penetrate the cell components easily and the availability of
Co?* and Co*' that induce cytotoxicity than Zn** and Ni**. As shown in Table 8, the high
efficiency of MONPs was observed for activities against gram-positive. This is due to the lack of

a protective outer membrane and the protein and sugar group of peptidoglycan that can interact
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with Co?*, Co**, Zn**, Ni?*, and Cu*" metal ions. However, the gram-negative is less inhibited
compared to gram-positive strain which reduces the effectiveness of MONPs. The ability to be
resistant against MONPs of gram-negative strain is due to the protective outer membrane.

Naturally, the outer part of bacteria is negatively charged due to the teichoic acid in the
peptidoglycan and the lipoteichoic acid in the membrane.

Figure 56: Photograph indicating the inhibition zone of Co304, ZnO, NiO, and CuO NPs against
bacterial strains.

The teichoic acid in peptidoglycan has a negative charge from its phosphate group at the
disaccharide head group, carboxylic group from its backbone, and hydroxyl group from its tail
group. These function groups can undergo non-covalent interaction with positive charges of
MONPs that cause cell wall and cell membrane disruption and lead to death. Additionally, the

Co?*, Co*, Zn**, Ni**, and Cu?" penetrate the cell of bacteria to damage protein synthesis and
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DNA damage. These charge of MONPs interred the bacteria cells and generate the reactive
oxygen species that cause oxidative stress and finally lead to death (Dizaj et al., 2014).

Table 9 and Figure 57 depicted the inhibition zone of gram-negative (S. aureus and S. pyogenes)
and gram-positive (E. coli and P. aeruginosa) CSNs. The CSNs synthesized in concentration
ratios have been applied to the gram-negative and gram-positive bacteria strains. The zone of
inhibition was determined by measuring the diameter of the spot zone shown in Figure 57. The
antibacterial activities of biologically synthesized CSNs were increased with increasing the
concentration. The inhibition activity of biologically synthesized CZ(21), CZ(11), and CZ(23)
CSNs against gram-positive S. aureus at 100 ug/mL revealed 19, 21, and 18.17 mm and for
gram-negative E. coli were found to be 17, 17.5, and 14.5 mm, respectively. The result indicates
that the antibacterial activity of CZ CSNs is less effective against gram-negative bacterial strains.
This is due to the additional barrier that allows the bacteria to prevent the nanoparticle from
entering the bacterial cells.

As depicted in Figure 57 and Table 9 the inhibition activity of CC CSNs against selected
bacterial strains was also revealed. The inhibition activity of CC(21) CSNs at 100, 50, and 25
ug/mL against S.aureu (17, 14.5, 13.55 mm), S.pyogenes (16.5, 14.5, 12.5 mm), E.coli (15, 12,
10 mm), and P.aeruginosa (14.5, 13, 11.24), respectively. The CC(11) CSNs inhibit S. aureus, S.
pyogenes, E. coli and P. aeruginosa bacterial strains at 100 pg/mL by about 20.5, 18.5, 16, and
16.5 mm, and CC(23) CSNs about 16.5, 16, 15, and 14.5 mm, respectively. The small size
CC(11) CSNs can more easily penetrate and enter bacterial cells, resulting in more effective
distribution of Co?" Co®* and Cu® to the intracellular cell whereas, the larger CC CSNs may
have a more difficult time passing bacterial cell walls and membrane barriers, limiting their
efficacy. The CC(11) CSNs is highly effective even at lower concentrations in contrast to its
parent materials. In general, the potential activities of core-shell against both gram-positive and
gram-negative were due to its small nano-scale and synergistic effect which enables it to
penetrate the cell wall of bacteria. The core-shell structure has a bigger surface area and more
active areas for interacting with bacterial cells than individual nanoparticles. This enhanced
surface area and active spots may improve the nanoparticles' potential to break bacterial cell
membranes and cause cellular stress. The intimate contact between the Co3O,4 core and the CuO

shell also allows for effective electron transport between the two metal oxide components. This

118



electron transfer can boost the nanoparticles' redox cycling and catalytic activity, resulting in

higher ROS production and antimicrobial properties that resulted in the high antibacterial activity

of CSNs.

Table 9: The inhibition activities of CZ, CN and CC core-shell nanostructures (mm).

Nanoparticles

CZ (21)

CZ (11)

CZ (23)

CC(21)

CC (11)

CC (23)

CN(21)

CN(11)

CN(23)

Amp

Conc. Gram-positive Gram-negative
(ug/mL)  S.aureus S.pyogenes E.coli P.aeruginosa
ATCC25923 ATCC19615 ATCC25922 ATCC27853
X4=100 19 18 17 16
X3=175 18 17.5 16 15.5
X2=50 15.5 16.5 14.5 14
Z,=100 21 18.5 17.5 16.5
Z3=175 18.5 17.2 15 14
Z,=50 15.86 16.5 15 13
Y,=100 18.17 17 14.5 14
Y3=75 15.86 15 13.5 13.5
Y,=50 13.55 14.3 12 13
ICs0011) 11.6 12.23 17.55 19.2
N3 =100 17 16.5 15 14.5
N, =50 14.5 14.5 12 13
Ni=25 13.55 12.5 10 11.24
Ls=100 20.5 18.5 16 16.5
L,=50 18.5 15.6 145 13
Li=25 14.5 14 11 11
Ms =100 16.5 16 15 145
M, =50 16 15 145 14
M =25 13.55 13 11 10.5
1Cs0(11) 14 15.8 21.76 22
Es; =100 16 17 145 135
E,=50 13.5 145 13 12,5
Ei=25 12 11 10.5 9.5
Ks=100 16.5 15 145 14.7
K>=50 14.5 14.5 125 12
Ki=25 12 12.24 9.5 9
J3 =100 14.5 14 125 11
J,=50 12.5 13 12 10.5
Ji=25 11 10.5 10 9.5
1Cs0(11) 23.46 25.43 26 28.5
16+0.99 17+0.87 14+0.65 13+0.44

The antibacterial activity of CN CSNs was also investigated. As indicated in Table 9, the

inhibition activity of CN(11) at 100 ug/mL against S. aureus, S. pyogenes, E. coli and P.
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aeruginosa bacterial strains were found to be 16.5, 15, 14.5, and 14.7 mm, respectively. CN
CSNs also show good inhibition activity against gram-positive bacteria. However, the inhibition
activity of CN CSNs is lower than that of CZ and CC CSNs. Nickel (Ni**) ions released from the
NiO shell in the CN core-shell nanoparticles are less toxic to bacteria than copper (Cu®*) and
zinc  (Zn®") ions released from the shell of core-shell  nanostructures.
The Cu®” and Zn?** ions can interrupt important cellular processes and cause more damage to
bacterial cells, resulting in improved antibacterial activity. The 1Cso of CZ(11) against S. aureus,
S. pyogenes, E. coli and P. aeruginosa were investigated at about 11.6, 12.23, 17.55, and 19.2
ng/mL, whereas CC(11) was at about 14, 15.8, 21.76, and 22 ug/mL, as well as CN (11) at
23.46, 25.43, 26, and 28.5 ug/mL, respectively.

Figure 57: The inhibition zone by biologically synthesized CSNs NPs against gram-negative (E.
coli and P. aeruginosa) and gram-positive (S. aureus and S. pyogenes).

The lower half-maximal inhibition concentration of CZ CSNs indicates that lower concentration
of the nanoparticles utilized to achieve a 50% inhibition of bacterial growth which implies that

the CZ CSNs are more potent and effective at inhibiting the target bacterial cells. In contrast to
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individual antibacterial activity, the core-shell nanostructure showed better activity. In gram-
positive bacteria, the positively charged metal ions from CSNs interact with the thick cell walls
of bacteria which are negatively charged and cause necrotic damage. In addition to this, the
glycerol phosphate and glucosyl phosphate of peptidoglycan which is an anionic polymer
trapped by the metal ions of biologically synthesized CSNs cleaved the glycoside bond of
disaccharide peptide Barrera-Ruiz et al. 2020. The main feature that made the gram-positive
bacteria to be susceptible to biologically synthesized CSNs was the absence of an outer
membrane. Unlike gram-positive, gram-negative bacteria are highly resistant to antibacterial
drugs. However, the small size CSNs showed good inhibitory activities against gram-negative
bacteria than standard drugs (ampicillin). The other reason that gram-negative can’t resist the
toxicity of biologically synthesized CSNs is the less thickened cell wall, the pore on the outer
membrane, and the negatively charged lipopolysaccharide molecules as reported (Shaikh et al.,
2021).

As reported elsewhere Liang et al., (2020), the potential electrical charge of nanoparticles
developed the adhesion force which enables it to stick on the surface of the bacterial cell wall. In
a similar sense, metal ions from the solution of biologically synthesized CSNs interact with the
cell wall of bacteria which causes shrinkage and results in rupturing that leads to cell death. On
the other hand, as shown in the report of a mechanistic study of Ag NPs (Feng et al., 2000)., the
small-size nanoparticles can cross the cell wall of the bacteria. In similar mechanisms, the metal
ions of biologically synthesized CSNs can cross the outer membrane through its pore or interact

with the thiol groups and deactivate proteins.

Co** Ni** Enzyme
e4 Co'" Cu* ® denaturation
Zn** ®
° Plasmid
Cell wall
Disruption °
) . @
@44
..‘_4- +

Generation
of ROS

® Inhibit protein

3
synthesis

Interruption in
clectron transport
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Figure 58: The cellular mechanistic interaction of MONPs and CSNs with bacteria cell.
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The CSNs enter the membrane, which can damage the DNA, deactivate the enzymes, and
generate the reactive oxygen species molecules. The free radical oxygen reactive molecules such
as hydrogen peroxide (H,0;), superoxide anion (O;"), hydroxyl radical (HO-), peroxyl radical
(ROy), and alkoxy radical (RO-). This reactive oxygen produced by D. stramonium leaf extract-
mediated CSNs caused oxidative stress which inhibits the growth of both gram-negative and
gram-positive as shown in Figure 58.

4.5. Antioxidant Study

DPPH Assay. The scavenging activity of D. stramonium leaf extract-mediated Co304, ZnO, NiO,
and CuO NPs, as well as CZ, CN, and CC CSNs, was tested against the stable free radical 2, 2-
diphenyl-1-picrylhydrazyl (DPPH) using spectroscopic techniques. In the case of the antioxidant
activity test of MONPs, the DPPH solution was mixed with 50, 100, 200, 300, and 500 pg/mL
concentrations of all MONPs produced at volume ratios of (1:2), (1:1), and (2:1) and analyzed.
The ability of antioxidants to donate hydrogen is thought to be the basis for their effect on
DPPH. The samples introduced into a violet DPPH solution are reduced to a yellow color
depending on concentration. As shown in Figure 59, the absorbance of the reaction mixture at
517 nm was measured using a spectrophotometer and displayed as a function of MONP
concentration. The absorbance value reflects the level of DPPH reduction by Co304, ZnO, NIO,
and CuO NPs and is used to assess their antioxidant activity. As depicted in Figure 59, the
absorbance of the reference medication (ascorbic acid) and MONPs containing DPPH at 517 nm
decreased as their concentration increased. The drop in absorbance suggests that the MONPs are
successfully neutralizing the DPPH free radical, validating their antioxidant activity. The greater
the decrease in absorbance, the stronger the antioxidant activity of MONPs. Furthermore,
because of their significant band gap energy, MONPs with small sizes decrease absorbance
quicker than those with large sizes. This ensured that the small-sized particles were powerful
antioxidants. Finally, as shown in Figure 59 (a-d), the absorbance order of all MONPs

synthesized in three volume ratios is (21) > (12) > (11).
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Figure 59: The absorbance of (a) Co304 (b) ZnO, (c) NiO, and (d) CuO NPs at various
concentrations (50, 100, 200, 300, and 500 pg/mL).

The percentage scavenging of Co304, ZnO, NiO, and CuO NPs against DPPH was measured to
determine their antioxidant activity. The percentage scavenging indicates the amount to which
these MONPS scavenge the DPPH radicals. Specifically, the percentage of radical scavenging of
Co0304, ZnO, NiO, and CuO NPs produced in (1:2), (1:1), and (2:1) volume ratios were
calculated. Figure 60 (a) and Table 10 demonstrate that Co30, NPs produced in a (11) volume
ratio inhibit 9.230, 22.564, 37.949, 53.846, and 63.308% at 50, 100, 200, 300, and 500 pg/mL,
respectively. As the concentration of Co304 NPs increases, so does their capacity to scavenge
DPPH radicals. Additionally, the percentage scavenging of CozO4 NPs synthesized in (12) ratio
was also found to be 4.103 (50), 15.385 (100), 28.205 (200), 36.410 (300), and 54.359% (500
pg/mL), whereas (21) scavenge 4.103 (50), 15.385 (100), 28.205 (200), 36.410 (300), and
54.359% (500 pg/mL). Among the three ratios, Co3O4 (11) NPs showed good scavenging
potential against the DPPH radical.

The synthesized ZnO NPs showed good radical scavenging ability due to their high electron
donating capacity to the radicals. The DPPH scavenging of ZnO (11) NPs at 50, 100, 200, 300,
and 500 pg/mL concentration were found to be 11.795, 26.154, 42.564, 56.923, and 75.385%,
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respectively. As shown in Figure 60 (b) the scavenging activity of ZnO NPs increases with the

concentration increases and shows the same trend in the two remaining ratios.
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Figure 60: The DPPH free radical scavenging activity of the MONPs.

Similarly, the scavenging activity of NiO and CuO NPs was studied and their activity increases

with concentration. The scavenging activity of NiO and CuO NPs synthesized in three volume
ratios was raised in the order of (2:1), (1:2), and (1:1). At 500 ug/mL, Co304(11), ZnO (11), NiO
(11), and CuO (11) NPs demonstrated scavenging activity about 63.308, 75.385, 57.0769, and
74.872%, respectively. ZnO NPs are commonly reported to have stronger antioxidant activity
than Co304, NiO (11), and CuO (11) NPs. This is mostly due to the high redox potential of ZnO
NPs. The ZnO NPs with high redox potentials are most likely to donate electrons to the DPPH

and inhibit oxidative damage. Similarly, the scavenging activity of CuO nanoparticles was

consistent with the prior research. Overall, the percentage scavenging activity of MONPs

produced under the same conditions using D. stramonium leaf extract was discovered in the
following order: ZnO > CuO > Co30,4 >> NiO NPs (Shalaby et al., 2022)
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Table 10: % Scavenging activity Co304, ZnO, NiO, and CuO NPs

Concentration (pg/mL) 50 100 200 300 500 1Cso
NPs Ratios (ug/mL)
2:1 4102 13.333 29.744  33.846 47.589 2.68
1:1 9.230 22564 37.949  53.846 63.308 2.49
Co0304 1:2 4103 15385 31.205  36.410 54.359 2.61
2:1 6.154 16.923 28.718  36.410 51.282 2.63
7n0O 11 11.795 26.154  42.564 56.923 75.385 2.02
1:2 10.256 17.436  33.846  40.513 58.462 2.52
2:1 3.589 15.385 26.666  30.769 41.538 3.33
NiO 1:1 7.692 20.002 34.359 @ 44.615 57.0769 2.57
1:2 5641 18974 323077 36.410 48.718 2.97
2:1 5641 14.872 27.692  34.359 49.230 2.69
Cuo 1:1 10.256 25.128 41.026  54.872 74.872 2.73
1:2 7.179 16.410 30.256  40.001 56.410 2.58
AA 94.154 95.077 96 96.769 97.846

The ICso values for DPPH radical scavenging activity of Coz0,4, ZnO, NiO, and CuO NPs
synthesized in (1:1) volume ratio and ascorbic acid were found to be 2.49, 2.02, 2.57, 2.73, and
47.48 pug/mL, respectively. Table 10 demonstrates that NiO NPs with an inhibitory concentration
ot 365.62 ng/mL scavenged DPPH radicals by about 50%. This means the study shows that NiO

NPs have a lower scavenging activity than Co304, ZnO, and CuO NPs.

The antioxidant activity of synthesized CZ, CN, and CC CSNs was also studied by using the
DPPH radical. The Uv-Vis spectra shown in Figure 61 (a-c) were obtained from ultraviolet-
visible spectroscopy and the scavenging activity of CSNs was determined. To assess the
scavenging activity of CSNs, the DPPH solution was mixed with the concentration of 50, 100,
200, 300, and 500 pg/mL of CSNs synthesized in (2:1), (1:1), and (2:3) concentration ratios and
their absorbance were measured at 517 nm. As indicated in Figure 61, the absorption spectra for
all synthesized CSNs were obtained and declined with the increment of concentration.
Furthermore, the absorbance value of CSNs with small sizes was lower than those with bigger
sizes. The absorbance difference is thought to be caused by band gap energy, which comes from

the particles' size.
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In addition to physical visualization, the percentage scavenging activities of CSNs, and ascorbic
acid (AA) at 50, 100, 200, 300, and 500 pg/mL were determined. In the case of the percentage
scavenging of CZ CSNs synthesized (21), (11), and (23) concentration ratios tested at 500 ug/mL
concentration were found to be 68.63, 86.87, 67.16, and 98.24%, respectively. Among the three
ratios, CZ(11) has a high-efficiency performance in scavenging the DPPH free radical. The half-
maximal inhibitory concentration (1Csp) of CZ(11) was also less than the two ratios that assured
the good capacity of these NPs at low concentrations. The half-maximal inhibitory
concentrations of CZ CSNs synthesized (21), (11), and (23) concentration ratio were 3.98, 1.68,
and 3.8 pg/mL respectively which were obtained by using a mathematical linear equation from
Y=mx+ b. Where m is the slope, x is the concentration of the sample, y is the percentage
scavenging activity, and b is constant.
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Figure 61: The absorbance of (a) CZ, (b) CN, (c) CC CSNs at various concentrations (50, 100,
200, 300, and 500 pg/mL).

The linear regression value also showed a consistent increment of percentage scavenging activity

with increasing concentration.
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Figure 62: The percent scavenging activity of (a) CZ, (b) CN, and (c) CC CSNs synthesized in
core to shell concentration ratios.

Similarly, the antioxidant activity of CN and CC CSNs was investigated as shown in Figure
62(b) and (c), respectively. The percentage scavenging activity of CN (11) at 50, 100, 200, 300,
and 500 pg/mL was found to be 15.07, 26.35, 38.18, 56.29, and 65.98%, while CC (11) CSNs
scavenged about 16.48, 31.21, 39.98, 61.11, and 76.32% for the corresponding concentrations, as
depicted in Figure 62 and Table 11. The result of the percentage scavenging activity achieved by
CZ, CN, and CC CSNs was more than that of the parent material. The potent antioxidant activity
of CSNs is believed to be due to the synergistic effect, redox potential, and surface area. The
shell ZnO, NiO, and CuO NPs enhance the overall antioxidant of CSNs which is a resulted of the
synergistic effects (Uddin et al., 2021). Similarly, the shell materials increase the core's redox
potential and surface area, allowing for effective electron transport between the Co3O,4 core and

the ZnO, NiO, and CuO NP shells, thus enhancing DPPH scavenging capabilities.
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Table 11: Percentage radical scavenging and 1Cso of CZ, CN, and CC CSNs

Concentration (ug/mL) 50 100 200 300 500 1Cs0
NPs Ratios (ug/mL)
2:1 21.46  34.80 44.60 61.27 68.63 3.98
1:1 24.02  34.80 52.45 66.18 86.87 1.68
Cz 2:3 18.63  31.86 43.63 58.33 67.16 3.8
2:1 10.29 23.01 34.31 48.53 57.52 5.78
CN 1:1 15.07 26.35 38.18 56.29 65.98 4.01
2:3 9.27 20.93 31.09 44.91 51.84 7.2
2:1 23.22  33.10 42.83 58.15 66.43 3.69
cC 1:1 16.48  31.21 49.98 61.11 76.32 2.37
2:3 17.24 28.56 41.12 54.37 61.17 4.2
AA 94.154  95.077 96 96.769 97.846

The absorbance of free radicals decreased at 517 nm as the concentration of CSNs increased

which increased scavenging capacity. The change in color of DPPH is due to the reduction of the

nitrogen atom in the molecule by an electron from the oxygen atom on the CSNs. The electron

transition is believed to be from n oxygen orbital to anti-bonding nitrogen orbital () (n - ™)

(Rahman et al., 2022). According to the mechanism outlined by Mandal et al., the unstable

purple-colored DPPHe solution was converted into a yellow stable DPPH reduced form during

the DPPH- free-radical scavenging process. The mechanistic interaction involves the transition
of DPPHe* into DPPH free radicals by the donation of electrons from CSNs to the stable DPPH
molecules as shown in Figure 63. The electrons supplied to the DPPH radical from MONPs and
CSNs reduced nitrogen of DPPH atom (Yamauchi et al., 2024)

Yellow

Figure 63: The reduction of DPPH by using CSNs and MONPs.
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1. CONCLUSIONS

In this work, Co304, ZnO, NiO, and CuO MONPs, as well as Co3;0,@Zn0O, Co3;04@NiO, and
Co30,@CuO CSNs, were synthesized by utilizing their respective precursor salts and D.
stramonium plant leaf extract. The qualitative test for alkaloids, flavonoids, tannins, saponins,
phenols, phytosterols, glycosides, terpenoids, and anthraquinones of aqueous extract showed
positive results except for steroids. The calcination temperature of Co3z04, ZnO, NiO, and CuO
MONPs was found to be 350, 480, 420, and 300 °C, whereas CZ, CN, and CC CSNs were 360,
400, and 320 °C, respectively. The O-H stretching vibration commonly found in polyphenolic
groups present in plant leaves was observed at 3448 cm™. The Co?*'0, Co*3-0, Zn-O, Ni-O, and
Cu-O bond stretching vibrations were observed at 648, 402, 405, 588, and 504 cm™, respectively.
The formation of cubic Co30,4, hexagonal ZnO, face-centered cubic, NiO, monoclinic CuO
MONPs, and cubic-hexagonal wurtzite CZ, cubic-face-centered cubic CN, and cubic-monoclinic
CC CSNs were confirmed using XRD analysis. A slight peak shift was observed in the XRD
diffraction pattern of CSNs due to the grain interaction of the core and shell. TEM investigation
indicated the spherical CZ, spherical and prismatic CN, and semi-spherical and cylindrical CC
CSNs, with particle diameters of 21.1, 16.99, and 11.07 nm, respectively. Moreover, the HR-
TEM images show a low-contrast shell enclosing a dark core, with lattice fringes visible in both
regions, indicating a crystalline core-shell structure. Co304(11), ZnO(11), NiO(11), and CuO(11)
MONPs showed antibacterial activity against gram-positive S. aureus with 1Csy values of 22.22,
18.36, 28.55, and 17.21 pug/mL, and against gram-negative E. coli with 1Csy values of 33.3, 27,
36, and 26 pug/mL. The ICso values of CuO(11) NPs are lower than those of other MONPS,
indicating that CuO NPs have a higher inhibitory action. The 1Csy of CZ(11), CN(11), and
CC(11) CSNs against S. aureus were investigated at 11.6, 23.46, and 14 pg/mL, and against E.
coli were 17.55, 26, and 21.76 pg/mL, respectively. CSNs had a lower ICso than individual
MONPs, indicating a synergistic influence on bacterial strain growth. The 1Cs, values for DPPH
radical scavenging activity of Co304(11), ZnO(11), NiO(11), and CuO(11) MONPs were found
to be 2.49, 2.02, 2.57, and 2.37ug/mL, respectively. In comparison to MONPs, CZ(11) and
CC(11) CSNs showed better antioxidant activities with 1Cso values of 1.68 and 2.37 pg/mL,
respectively. The in vitro cytotoxicity CZ, CN, and CC CSNs against MCF-7 and PBM cell
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using an MTT assay was investigated. The percent inhibition of CZ, CN, and CC CSNs against
MCF-7 at 800 pug/mL was found to be 95.22, 81.38, and 97.72 %, and against PBMC were
66.44, 51.94, and 62.43%, respectively. In contrast to CZ CSNs and Epirubicin drugs, CN CSNs
are less toxic to both cancer and healthy cells. However, CC CSNs showed better anticancer
activity due to the ability of Cu®* of shell material to produce ROS that resulted in cancer cell
death. Overall, the cytotoxicity of the synthesized core shell nanostructure was found to be in the
order CC > CZ > CN.
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5.2. RECOMMENDATIONS

The core material concentration, core-shell volume ratio, synthesis pH, and calcination
temperature were not optimized. As a result, it is critical to determine the optimal concentration,
synthesis pH, core-to-shell volume ratios, and calcination temperature for the synthesis of the
core-shell nanostructures. On the other hand, the core-shell nanostructure and its parent materials
should be synthesized by utilizing a variety of plants and microorganisms and their biological
activity should be investigated. Furthermore, the in vivo anticancer and antibacterial
investigation of CSNs will be suggested. Finally, the purpose of this work was to synthesize the
non-toxic and potent anticancer, antibacterial, and antioxidant core-shell nanostructure using a

green approach and recommended to study the in vivo test and manufacture at the industry level.
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APPENDIX
Mass Calculation
To synthesize MONPs, 0.5 M of Co(CH3CO,),:6H,0, Zn(CH3CO,),-2H,0,
Ni(CH3CO,)2:2H,0, and Cu(CH3CO,), 2H,O precursor salt were used for their
respective nanoparticles. The mass of Co(CH3CO;),-6H,0, 0.5 M solution in 100 mL,
was calculated in these steps.
e Mole determination

MOlarity (C) — moles of solute (n)

liters of solution (v)

n=cv
n=0.5 M x 0.1 L= 0.05 moles
e Molar mass of Co(CH3CO,),-6H,0
Cobalt (Co): 58.93 g/mol
Carbon (C): 12.01 g/mol (4C in 2CH5CO,)
Hydrogen (H): 1.01 g/mol (6H in 2CH5;CO, + 12H in 6H,0)
Oxygen (0): 16.00 g/mol (40 in 2CH3CO, + 60 in 6H,0)
Molar mass = 58.93 + (4 x 12.01) + (10 x 1.01) + (10 x 16.00)
=58.93 + 48.04 + 10.10 + 160.00
=277.07 g/mol

e mass=moles x molar mass
mass=0.05 moles x 277.07 g/mol
=13.85¢
Therefore, 13.85 g of Co(CH3CO,),-6H,0 was utilized for CosO, NPs synthesized in (1:1),

(2:2), and (2:1) volume ratios. Similarly, 7.78, 7.44, and 7.68 g of Zn(CH3CO,),:2H,0,

Ni(CH3CO,)2:2H,0, and Cu(CH3CO,), 2H,0O precursor salt, respectively were used to
synthesize their respective NPs.
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The lattice parameters of the crystal structure investigated from XRD were calculated using the

equation mentioned in this section.

Cubic structure:

T T et (5)
Hexagonal structure:
1 _4(h?+ hk+k?) | 17
—_ 4 —
= ™" R L P PR P PPN PRPS (6)
Monoclinic structure:
1 h? | k%sin?B | 12 2hlcosP 2
FER (a2 t— t3 > YCSCoP e (7)

The particle size were determined from TEM and SEM images by using ImageJ. In the analysis,

the xc value is calculated by using equation (12).

Y = y0 + A/(wy/(1/(4In(2)))) exp(—4In(2)(x — x¢)?2/w?) (8)
Where y0 is offset, xc is the center of size distribution, w is the width of the curve, and A is the

amplitude of the curve.
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