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Abstract: In the present work, the facile eco-friendly synthesis and evaluation of the anti-tumor
activity of Ni(OH)2@Mn3Os: nanocomposite were carried out. The synthesis of Ni(OH)2@Mn3Os
nanocomposite from chia-seed extract was mediated by sonication. The obtained materials were
characterized by different spectroscopic techniques such as transmission electron microscopy
(TEM), scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), ultraviolet-visible (UV-Vis), and Fourier
transform infrared (FT-IR) spectroscopies. The results of XRD, SEM, EDS, TEM, FT-IR, and UV-Vis
analysis indicate the successful manufacturing of a crystalline, cactus-type Ni(OH)@MnsOs
nanocomposite of 10.10 nm average particle size. XPS analysis confirms that the synthesized
materials consist mainly of Ni?*, Mn?*, and Mn®*. The antitumor activity of the nanocomposite was
tested against a breast cancer (MCF-7) cell line. The results showed Ni(OH)2@Mn304 nanocomposite
possesses insignificant cytotoxicity. The cell-death percentage was 34% at a 100 ppm concentration
of Ni(OH)2@Mns30s nanocomposite. The obtained results imply that the synthesized nanocomposite
could be suitable and safe for drug delivery and water treatment.
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1. Introduction

Cancer is a disease caused by abnormal cell division and is considered one of the
major worldwide health problems [1]. The common treatment methods that are used in
cancer therapy are chemotherapy, radiation therapy, immunotherapy, surgery, targeted
therapy, and hormone therapy [2,3]. Such methods are usually associated with serious
side effects and an increased risk of recurrences. Therefore, nanoparticles have recently
been used to overcome the limitations of conventional treatment methods [4]. Nano-drug
carrier systems have shown advantages in cancer therapy due to the high penetration of
nanoparticles into human tissue [5]. Nanotechnology and nanoscience are
multidisciplinary fields that use unique methodologies and exceptional results to make
use of the vast range of burgeoning fields and fundamental disciplines like physics,
chemistry, electronics, and material science with novel techniques and produce
nanomaterials with uncommon and unique properties on the nano scale [6].

Metal nanocomposites are multicomponent materials that consist of many phases; at
least one has a nanoscale diameter [7]. They show numerous outstanding properties in
comparison with their conventional counterparts. Nanocomposites are extensively
employed in many fields such as drug delivery [8], water remediation [9-11],
photocatalysis [5], supercapacitors [12-15] industrial catalysts [16], and recently in bio-
medical applications as antibacterial and cancer treatments [17].
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There are several forms of metal nanocomposites, including metal-metal, metal-
metal hydroxide, metal-metal oxide, metal oxide—metal oxide, and metal-organic
polymer. It is necessary to develop new classes of nanomaterial —nanoparticles (NPs)—
and improve functionalities to overcome the limitation of mono-nanoparticles and
enhance their properties [12,13].

Metal nanocomposites can be synthesized through chemical and physical routes.
However, these methods have adverse effects on the environment and are not
economically viable [18,19]. Hence, the growth of environmentally friendly routes for
synthesizing metal nanocomposites without using hazardous materials is important [9].
This can be achieved through the use of plant extracts as reducing agents. Different parts
of plants such as leaves, fruits, roots, stem, and seeds have been applied for producing
various nanoparticles due to the presence of phytochemicals in their extracts, which act
like stabilization and reducing agents [10].

Metal nanocomposites are amongst the nanomaterials that have been widely
examined due to their wide-ranging availability in chemical sensors, microwave
absorbers, permanent magnets, and in bio-medical applications like drug delivery and in
cancer thermotherapy. They have shown significant pharmacokinetic advantages in
cancer treatment; lately, they have been used as anticancer materials for different kinds of
cancer cells such as (A549), HepG-2, and MCEF-7 cell lines [14-16].

MnsOs is a mixed oxide material, and one of the important nanoparticles, which
encompasses many crystal forms. Because it is naturally abundant, inexpensive, and
exhibits a variety of oxidation states, it has been used extensively in different fields,
including catalysis, electrochemistry, and medicinal chemistry [20-23]. Mn3Os has
improved biological capabilities and low toxicity, and it has the potential to be used in
antibacterial systems due to its synergistic behavior [24]. Mn?* generates non-toxic reactive
species that have been widely applied in the treatments of many diseases such as diabetes,
heart disease, and cancer. It is anticipated as a promising research area for chemotherapy
[25].

Since Ni(OH): has diverse uses in many fields, is considered the most effective
nanomaterial among other metal hydroxide nanomaterials. To a limited extent, Ni(OH)2-
NPs have been characterized in vivo and in vitro applications [26]. According to a
literature review, there are different methods for the synthesis of nanomaterials. These
methods include the use of chemical solvents that have a negative influence on the
environment. The green production of nanoparticles refers to the employment of plant
extracts in the production of nanoparticles.

In nanocomposites, metal and metal oxide nanoparticles show different
physiochemical characteristics. They have extremely exciting semiconducting capabilities
and are highly recommended for the growth of biological activities [27]. For example,
MnsO4/Ni(OH)2 nanocomposite could be used as a practical electrode material for pseudo
capacitors [14].

The current work aims to manufacture Ni(OH)2@MnsOs nanocomposite using chia-
seed extract as an environmentally safe, cheap, and fast method to limit chemical
consumption by substituting chemical stabilizing and capping agents with aqueous chia-
seed extract assisted by ultrasound radiation. In addition, the antitumor behavior of the
manufactured nanocomposite toward the MCF-7 cell line was examined.

2. Experimental and Methods
2.1. Materials

Light chia seeds were bought at a local market in Hufof, Saudi Arabia’s Eastern
Province. Manganese (II) chloride, 97% (MnClz); nickel (II) chloride hexahydrate, 99.9%
(NiCl2-6H20); and potassium hydroxide, 285.0 %, were obtained from Sigma-Aldrich (St.
Louis, MO, USA). All solutions were made using deionized water.
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2.1.1. Chia Extract Preparation

To prepare the aqueous chia seed extract, 100 mL of deionized water was combined
with 4.0 g of crushed seeds and heated to 80 °C for 15 min. The extract was next doubly
filtered through a home sieve system and Whatman No. 1 filter paper. The extract was
stored at 4 °C for later use.

2.1.2. Synthesis of Nanomaterials

The green synthesis of Ni(OH)2@Mn:O+-NC was accomplished according to our
earlier work for the synthesis of Ni(OH)2 [28]. In brief, 25 mL of 0.1 M metal chloride salts
(NiClz and MnCl2) in a 1:1 ratio were mixed with 25.0 mL of aqueous chia extract with
constant stirring at room temperature followed by dropwise addition of KOH (1.0 M) to
fix the solution pH at a value of (11.0). The pH of the solution was recorded using a
Thermo Fisher Scientific Orion 2 Star (Waltham, MA, USA) pH meter. After this, the
sample solution was subjected to a 30-min sonication process using a Power-Sonic 405
(Hwashin, Korea) device with a working frequency of 40 kHz and a maximum input
power of 350 W. The samples that had been prepared were then thoroughly rinsed with
deionized water and allowed to dry at room temperature.

2.1.3. Characterization

To examine the characteristics of the prepared nanoparticles various analytical
techniques were used. A UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan) was used
to analyze the optical properties of produced materials. Dynamic light scattering (DLS)
was recorded using a Cilas (Orléans, France) dual scattering particle size analyzer Nano
DS. Fourier transform infrared spectroscopy (FT-IR) was collected using a (Cary, NC,
USA, (630 FT-IR)) spectrophotometer. Field emission-scanning electron microscopy (FE-
SEM) was recorded using a scanning electron microscope, model (FEI, QUANTA FEG,
250 high-resolution field emission electron microscope), coupled with a high-angle,
angular dark-field detector, and an X-ray energy-dispersive spectroscopy system (EDX).
Transmission electron microscopy (TEM) images were recorded using (JEOL JEM-2100,
Tokyo, Japan) at an acceleration voltage of 90 KV. To examine the crystalline phase of the
produced nanomaterials, X-ray diffraction spectroscopy (XRD) was carried out using an
X-ray diffractometer (EMPYREAN by Cu Ka radiation with a wavelength of 1.54°A).
Debye-Scherrer’s equation was applied to calculate the nano-crystallite size from the
width of the XRD peaks. The surface structure and the oxidation state of the manufactured
samples were analyzed using X-ray photoelectron spectroscopy (XPS). K-ALPHA XPS
instrument (Thermo Fisher Scientific, USA) aligned with monochromatic X-ray Al K-
alpha radiation -10 to 1350 eV spot size 400 um at pressure 10~ mbar with full-spectrum
pass energy 200 eV and at narrow-spectrum 50 eV was used to record the XPS spectra.

2.1.4. In Vitro Antitumor Activity

The MCF-7 cell line was obtained from the American Type Culture Collection
(Rockville, MD, USA). The tumor cells were then cultured in DMEM (Dulbecco’s Modified
Eagle Medium) with 10% FBS (fetal bovine serum) and 100 U/mL of penicillin and
streptomycin. The cells were grown at 37 °C in a humidified incubator with 5% CO2 [29].

The antitumor activity of the produced materials was assessed against the MCF7 cell
line using an MTT assay. The MTT assay is based on tetrazolium salt cleavage by
mitochondrial dehydrogenases in viable cells. The cells were placed in 96-well sterile
microplates (5 x 104 cells/well) and incubated at 37 °C with DMSO solutions of the test
compounds for 48 h in a serum-free medium prior to the MTT assay. The negative control
was considered as the medium culture free from the tested materials. The medium in each
well was carefully removed and replaced with 40 pL of MTT (2.5 mg/mL) after incubation.
The samples were then incubated for another 4 h. To dissolve the purple formazan dye
crystals 200 pL of DMSO was added. Absorbance was then recorded at 570 nm using a



Molecules 2022, 27, 8703

4 of 12

Absorbance (a.u.)

SpectraMax Paradigm Multi-Mode microplate reader. The relative cell death was
determined by calculating the mean percentage of dead cells relative to the control
sample. All experiments were performed in triplicate on different days. All the values are
reported as the mean + SD. SPSS software (SPSS Inc., Chicago, IL, USA) was used to
perform probit analysis to determine ICso values.

2.2. Results and Discussions
2.2.1. Characterization
UV-Vis Spectroscopy

UV-Vis Spectroscopy was utilized to examine the electronic characteristics of
synthesized materials and chia-seed extract. Figure 1a. shows the absorption spectra for
Ni(OH)2@Mn30s-NC, and chia-seed extract in the range 200-700 nm. The absorption
spectrum of the chia-seed extract shows peaks at 280 and 320 nm that are assigned to the
C=0 group of glucose and protein contents of chia-seed extract, respectively [30]. The
Ni(OH)2@Mn304-NC UV-Vis spectrum shows a more linear spectrum in the range 250-
350 nm and this could be because of the existence of Ni(OH)2, which decreases the light-
illuminating properties of the nanocomposite [25,26].
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Figure 1. (a) FT-IR and (b) UV-Vis spectra for chia powder and Ni(OH)2@MnsOs-NC.

FT-IR Spectroscopy

The FTIR spectra of chia-seed powder and their corresponding prepared
nanocomposite are presented in Figure 1b. The appearance of absorption bands at 3200
3500 cm™ is correlated to the stretching vibrations of -OH groups [31-33]. Additionally,
the vibrational bands in the 1745-1460 cm™ are assigned to (C=O) for the amide I groups
in the protein content of chia seed. The methyl and methylene C-H stretching frequencies
that appear at 2923-2850 cm™ are related to the presence of lipids and proteins,
respectively [27].

The FT-IR spectrum for the as-prepared nanocomposite exhibits small peaks in the
range of 3200-3600 cm™, which could be attributed to the vibrational mode of the
hydroxyl group (O-H) of interlayer water molecules and the H-bonded -OH groups
[28,29]. Ni(OH)2@MnsOs-NC FT-IR spectrum reveals characteristic peaks at 1104, 788, 636,
and 600 cm™, which are characteristic for both Mn-OH, Mn-O, and Ni-OH, Ni-O
vibrations indicating the successful synthesis of the Ni(OH)2@Mn304 nanocomposite [31].
The C-H stretching frequency of the methyl and methylene backbones of chia-seed lipids
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appears at 2907 and 1626 cm™!, respectively [34-38]. These results affirm the success of the
green production of Ni(OH)2@Mn3Os nanocomposite.

2.2.2. FE-SEM and EDS Analysis

To examine the morphological and structural characteristics and elemental
components of the obtained nanoparticles, field emission-scanning electron microscopy
(FE-SEM) and X-ray energy dispersive spectroscopy (EDS) were performed on the
prepared materials. The formed nanocomposite, Ni(OH)2@MnsOs shows agglomerated
cactus-type nanoparticles morphology as shown in Figure 2a,b with different scales of 1
and 2 um, respectively.

Figure 2c illustrates the EDS microanalysis of Ni(OH)2@MnsOs nanocomposite. The
results show the existence of Ni, Mn, and O components solely in the obtained
nanocomposite, indicating the successful synthesis of pure Ni(OH):@MnsOs
nanocomposite [39—-41].

0 2 4 6 8 10
Energy (KeV)

Figure 2. (a,b) FE-SEM images with different magnification scales (¢) Energy Dispersive
Spectroscopy (EDS) for Ni(OH)2@ Mn3O4 NC.
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2.2.3. HR-TEM and DLS Analysis

The manufactured samples’ size and morphology were examined using HR-TEM
analysis. The HR-TEM image for the Ni(OH):@Mn3Os nanocomposite is presented in
Figure 3a. The images show that the nanocomposite is agglomerated irregular shape
particles mixed with thin hexagonal segments due to the existence of Ni(OH)2 [42]. Figure
3b shows the (001) and (112) crystal planes of the Ni(OH)2 and MnsOs in which the lattice
fringes could be matched with d-spacings 0.35 nm and 0.28 nm, correlated with the phase
of theophrasite hexagonal crystal system of Ni(OH): (#014-0117) and the phase of
tetragonal hausmannite MnsOs (#24-0734)[43]. The SEAD (selected area of electron
diffraction) pattern of synthesized Ni(OH)@Mn3Osnanocomposite is presented in Figure
3c and clearly shows the multilayered patterns, confirming the polycrystalline nature of
the green synthesized nanocomposite.

The prepared nanocomposite’s particle size distribution from the dynamic light
scattering (DLS) investigation is shown in Figure 3d. The mean particle diameter is (~7430
nm) for Ni(OH):2@MnsOs as calculated from DLS, whereas the grain-size distribution
estimated from TEM analysis is 10.1 nm using Image ] software as represented in Figure
3e. The difference between the particle sizes measured by DLS and TEM analyses could
be explained by the existence of layers of organic molecules from plant extract linked to
the nanocomposite. Due to their electron transparency, these organic compounds do not
appear in TEM [44]. These results indicate the manufacturing of Ni(OH)2@MnsOs-NC
using chia extract as a stabilizing and capping agent [45].

4 S

Diameter (nm) x 10°

6

7

12 0 5 10 15 20 25 30
Diameter (nm)

8 9 10 M1

Figure 3. (a) TEM image (b) HR-TEM image of the composite with lattice fringes (c) Selected electron
area diffraction pattern (SEAD), Particle size distribution calculated from (c) DLS analysis, (d) TEM
analysis for Ni(OH)2@MnsOs-NC and (e) Particle size distribution from TEM for Ni(OH)2@Mn3Os-
NC.



Molecules 2022, 27, 8703

7 of 12

Intensity

2.2.4. XRD Analysis

The crystal phase of the synthesized nanomaterials was tested using XRD. The XRD
pattern of Ni(OH)2@ Mn3sOs-NC aligned with the respective JCPDS pdf card, as shown in
Figure 4. The XRD profile of the obtained nanocomposite (Ni(OH):@MnsOs) reveals
distinctive peaks of both Mn3Os and Ni(OH)z. the diffraction plans (001), (100), (101), (002),
(102), and (110) are related to the principal peaks at 20 values of 19.2°, 33.1°, 38.5°, 39.0°,
52.1°, and 59.5°, respectively. This matches the reference pattern of theophrasite
hexagonal crystal system of Ni(OH)2 according to pdf card number # 014-0117 [46—49].
The peaks at 18.0°, 29.0°, 32.2°, 36.4°, 56°, 5°, 60.4°, and 65.3° correspond to the (101), (112),
(102), (202), (220), (303), (215), and (323) diffraction plans of tetragonal hausmannite MnsOs
(JCPDS 24-0734) [46] which proves the successful production of Ni(OH)2@MnsOs
nanocomposite [13,47].

The particle diameter of the as-prepared nanocomposite was calculated by the
Scherrer equation [50]. The mean crystallite size calculated using the Scherrer equation
was found to be 11.5 nm for Ni(OH):2@MnsOs-NC, which agrees well with the mean
diameter calculated from TEM measurements.

—— Ni(OH),@Mn,0, -
—— 00-014-0117 - Ni(OH), &
——— 00-024-0734 - MNn,0,

105

o~
- o
o N
| ]
L ]

- |,|| Tl 1ll|_|| i
20 30 40 50 60 70

20

Figure 4. XRD diffraction pattern of Ni(OH)2@Mn30s-NC.

X-Ray Photoelectron Spectroscopy (XPS)

XPS, X-ray photoelectron spectroscopy analysis, was used to examine the surface
structure and the oxidation state of the synthesized samples. The survey scan of the
prepared materials indicated the purity of the samples; hence it contains only M, O, and
C elements, where M represents Ni and/or Mn. Figure 5 illustrates the survey scan of the
Ni(OH)2@Mns0s nanocomposite. The survey spectrum shows that the elements Ni, Mn,
O, and C exist without any other contaminants, suggesting the successful synthesis of the
nanocomposite. Figure 6a represents the high-resolution spectrum of Ni 2p. The Ni 2p
spectrum consists of two shakeup satellites and two main peaks at 855.5 and 873.3 eV that
correspond to Ni 2ps2 and Ni 2pi.2 spin-orbit peaks, respectively, which indicates the
existence of Ni(OH): [51]. The high-resolution spectrum of Mn 2p (Figure 6b) consists of
two main peaks at 641.98 and 653.5 eV, which are attributed to Mn 2pszand Mn 2pi.
orbits, respectively [52].
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The C (1s) spectrum can be split into three principal peaks which are related to C-C,
C-O, and C=0, respectively (Figure 6c) [53]. The XPS spectrum of O 1s for all prepared
samples reveals the presence of characteristic peaks that are related to M-O-M, surface
hydroxide groups, and adsorbed water molecules, respectively (Figure 6d) [54]. The co-
existence of C in nanomaterials could be attributed to the chia extract used in the green
synthesis of the nanomaterial [55]. Table 1 shows FWHM, atomic percentages, and the
binding energy of all peaks for the produced materials.

Table 1. FWHM, atomic percentages, and the binding energy (eV) for the prepared samples.

Sample Name B1nd1?fvlinergy FWHM  Atomic %
O1s 531.91 3.54 49.18
Ni 2p 856.42 4.34 15.11
i(OH
Ni(OH):@ MnsO: Mn 2p 643 5.9 1321
Cls 285.96 3.98 22.7

12

Ni 2
10- o eP 0 1s

3 . Ve
8 8-
s | Mn 2p
A e
X /
2
(7)) .
T
£ 47
2-

1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure 5. X-ray photoelectron survey scan spectrum for the synthesized Ni(OH):@MnsOs
nanocomposites.
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Figure 6. XPS spectra of (a) Ni (2p) (b) Mn 2p (c) C (Is) (d) O (Is) spectra for the produced
Ni(OH)2@Mn3O4 nanocomposite.

2.2.5. Cytotoxicity Assessment for the Synthesized Samples

The antitumor efficiency of the produced Ni(OH)2@Mn3Os+ nanocomposite toward
the MCEF-7 cell line was examined using MTT assay. It has been previously reported that
Ni(OH):2 has a potential activity toward several cancer cell lines (83.2%) [28]; however, it
has been reported that MnsOs nanoparticles have been less toxic to some kinds of cell lines
such as HT29 cells [56] and 1.929 fibroblast cells [57]. The results showed that the
manufactured Ni(OH)2@Mn3O4 nanocomposite has insignificant cytotoxic activity toward
the examined cell line. The cell mortality was found to be 34% at 100 ppm concentration
of Ni(OH)2@MnsOs. The lower cytotoxic behavior of Ni(OH):@MnsOs nanocomposite
could be attributed to the presence of MnsOs-NP in the produced nanocomposite. These
results suggest that produced Ni(OH):2@MnsOs nanocomposites could be safe to use for
water remediation and drug delivery [58].

3. Conclusions

Ni(OH):@MnsOs nanocomposite was successfully synthesized via an
environmentally safe, easy, and cheap method using aqueous chia-seed extract. FT-IR
confirmed the interaction between different function groups in the chia-seed extract and
the synthesized nanocomposite. XRD analysis confirmed the crystalline structure of the
nanocomposite and investigated the size in the range of 11 nm. SEM showed
agglomerated cactus-type nanoparticle morphology. According to the XPS survey
spectrum, the produced nanocomposite consists of the elements Ni, Mn, O, and C existing
without any other contaminants, suggesting the successful synthesis of the
nanocomposite. The antitumor activity of the manufactured nanocomposite was tested
against a breast cancer (MCEF-7) cell line. The results showed that the Ni(OH)2@MnsOx
nanocomposite has insignificant cytotoxicity toward the cancer cells, with a cell mortality
of 34% at 100 ppm concentration. Based on a literature review, MnsOs nanoparticles
showed lower toxicity toward some cancer cell lines. Therefore, the lower cytotoxic
activity of Ni(OH)2@Mn30s-NC could be attributed to the presence of MnzOs-NP.

Author Contributions: Conceptualization, A.T. and H.A.H.; methodology, A.T. and H.A.H,;
software, H.A.H and A.T.; validation, , A-T. and H.A.H.; formal analysis, HAH and A.T,;
investigation, H.A.H and A.T.; resources, A.T. and H.A.H.; data curation, A.T. and HAH,;
writing—original draft preparation, A.T. and H.A.H.; writing—review and editing, A.T. and
H.A.H.; All authors have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deanship of Scientific Research at King Faisal
University for funding this research through grant number (GRANT 1425).



Molecules 2022, 27, 8703 10 of 12

Institutional Review Board Statement: The study was conducted in accordance with the
Declaration of Helsinki and approved by the Research Ethics Committee at King Faisal University
(reference number “KFU-REC-2022-AUG-ETHICS63”, approval date 30 August 2022) for studies
involving human Cell lines

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study

Data Availability Statement: Data only available upon request from the corresponding author.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Wu, S.; Zhu, W.; Thompson, P.; Hannun, Y.A. Evaluating intrinsic and non-intrinsic cancer risk factors. Nat. Commun. 2018, 9,
3490. https://doi.org/10.1038/s41467-018-05467-z.

Park, W.; Heo, Y.-J.; Han, D.K. New opportunities for nanoparticles in cancer immunotherapy. Biomater. Res. 2018, 22, 1-10.
https://doi.org/10.1186/s40824-018-0133-y.

Jovcevska, I; Muyldermans, S. The Therapeutic Potential of Nanobodies. BioDrugs 2020, 34, 11-26.
https://doi.org/10.1007/s40259-019-00392-z.

Lacouture, M.; Sibaud, V. Toxic Side Effects of Targeted Therapies and Immunotherapies Affecting the Skin, Oral Mucosa, Hair,
and Nails. Am. ]. Clin. Dermatol. 2018, 19, 31-39. https://doi.org/10.1007/s40257-018-0384-3.

Shin, W.-K,; Cho, J.; Kannan, A.G.; Lee, Y.-S.; Kim, D.-W. Cross-linked Composite Gel Polymer Electrolyte using Mesoporous
Methacrylate-Functionalized SiO2 Nanoparticles for Lithium-Ion Polymer Batteries. Sci. Rep. 2016, 6, 26332.
https://doi.org/10.1038/srep26332.

Wu, S.; Rajeshkumar, S.; Madasamy, M.; Mahendran, V. Green synthesis of copper nanoparticles using Cissus vitiginea and its
antioxidant and antibacterial activity against urinary tract infection pathogens. Artif. Cells Nanomed. Biotechnol. 2020, 48, 1153
1158. https://doi.org/10.1080/21691401.2020.1817053.

Prajapati, A.K.; Mondal, M.K. Novel green strategy for CuO-ZnO-C nanocomposites fabrication using marigold (Tagetes spp.)
flower petals extract with and without CTAB treatment for adsorption of Cr(VI) and Congo red dye. . Environ. Manag. 2021,
290, 112615. https://doi.org/10.1016/j.jenvman.2021.112615.

Abdallah, O.M.; El-Baghdady, K.Z.; Khalil, M.M.H.; El Borhamy, M.I,; Meligi, G.A. Antibacterial, antibiofilm and cytotoxic
activities of biogenic polyvinyl alcohol-silver and chitosan-silver nanocomposites. |. Polym. Res. 2020, 27, 1-9.
https://doi.org/10.1007/s10965-020-02050-3.

Taha, A.; Ben Aissa, M.; Da’'Na, E. Green Synthesis of an Activated Carbon-Supported Ag and ZnO Nanocomposite for
Photocatalytic Degradation and Its Antibacterial Activities. Molecules 2020, 25, 1586. https://doi.org/10.3390/molecules25071586.
Taha, A; Da’Na, E.; Hassanin, H.A. Modified activated carbon loaded with bio-synthesized Ag/ZnO nanocomposite and its
application for the removal of Cr (VI) ions from aqueous solution. Surf Interfaces 2021, 23, 100928.
https://doi.org/10.1016/j.surfin.2021.100928.

Hassanin, H.A.; Taha, A.; Afkar, E. Novel bio-mediated Ag/CosOs nanocomposites of different weight ratios using aqueous
neem leaf extract: Catalytic and microbial behaviour. Ceram. Int. 2020, 47, 3099-3107.
https://doi.org/10.1016/j.ceramint.2020.09.146.

Saravanan, R.; Karthikeyan, S.; Gupta, V.; Sekaran, G.; Narayanan, V.; Stephen, A. Enhanced photocatalytic activity of ZnO/CuO
nanocomposite for the degradation of textile dye on visible light illumination. Mater. Sci. Eng. C 2012, 33, 91-98.
https://doi.org/10.1016/j.msec.2012.08.011.

Wang, Y.; Hao, J.; Li, W.; Zuo, X,; Xiang, B.; Qiang, Y.; Zou, X.; Tan, B.; Hu, Q.; Chen, F. Mn304/Co(OH)2 cactus-type nanoarrays
for high-energy-density asymmetric supercapacitors. J. Mater. Sci. 2019, 55, 724-737. https://doi.org/10.1007/s10853-019-03998-
4.

Wang, H.-Y,; Li, D.-G.; Zhu, H.-L.; Qi, Y.-X,; Li, H.; Lun, N.; Bai, Y.-J. Mn304/Ni(OH)2 nanocomposite as an applicable electrode
material for pseudocapacitors. Electrochim. Acta 2017, 249, 155-165. https://doi.org/10.1016/j.electacta.2017.08.015.

Qi, Y.; Xu, Q; Wang, Y.; Yan, B.; Ren, Y.; Chen, Z. CO2-Induced Phase Engineering: Protocol for Enhanced Photoelectrocatalytic
Performance of 2D MoS:2 Nanosheets. ACS Nano 2016, 10, 2903-2909. https://doi.org/10.1021/acsnano.6b00001.

Naeimi, A.; Abbasspour, S.; Torabizadeh, S.A. The first and low cost copper Schiff base/manganese oxide bio nanocomposite
from unwanted plants as a robust industrial catalyst. Artif. Cells Nanomed. Biotechnol. 2020, 48, 560-571.
https://doi.org/10.1080/21691401.2020.1725027.

Ahamed, M.; Akhtar, M.].; Khan, M.A.M.; Alhadlaq, H.A. A Novel Green Preparation of Ag/RGO Nanocomposites with Highly
Effective Anticancer Performance. Polymers 2021, 13, 3350. https://doi.org/10.3390/polym13193350.

Zheng, D.-W.; Li, B.; Li, C.-X,; Fan, J.-X,; Lei, Q.; Li, C.; Xu, Z.; Zhang, X.-Z. Carbon-Dot-Decorated Carbon Nitride Nanoparticles
for Enhanced Photodynamic Therapy against Hypoxic Tumor via Water Splitting. ACS Nano 2016, 10, 8715-8722.
https://doi.org/10.1021/acsnano.6b04156.



Molecules 2022, 27, 8703 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Dhand, C.; Dwivedi, N.; Loh, X.J.; Ying, A.N.].; Verma, N.K,; Beuerman, R.W.; Lakshminarayanan, R.; Ramakrishna, S. Methods
and strategies for the synthesis of diverse nanoparticles and their applications: A comprehensive overview. RSC Adv. 2015, 5,
105003-105037. https://doi.org/10.1039/c5ra19388e.

Yazdi, M.E.T.; Nourbakhsh, F.; Mashreghi, M.; Mousavi, S.H. Ultrasound-based synthesis of ZnO-Ag>0s nanocomposite:
Characterization and evaluation of its antimicrobial and anticancer properties. Res. Chem. Intermed. 2021, 47, 1285-1296.
https://doi.org/10.1007/s11164-020-04355-w.

Tang, T.; Xia, Q.; Guo, J.; Chinnathambi, A.; Alrashood, S.T.; Alharbi, S.A.; Zhang, J. In situ supported of silver nanoparticles
on Thymbra spicata extract coated magnetic nanoparticles under the ultrasonic condition: Its catalytic activity in the synthesis
of Propargylamines and their anti-human colorectal properties in the in vitro condition. ]. Mol. Lig. 2021, 338, 116451.
https://doi.org/10.1016/j.molliq.2021.116451.

Murugaiah, H.; Teh, C.L.; Loh, K.C.; Yahya, A.R.M.; Noh, N.A.; Abu Bakar, N.H.H.; Kernain, D.; Hashim, R.; Bustami, Y. Study
of Antibacterial and Anticancer Properties of bioAgNPs Synthesized Using Streptomyces sp. PBD-311B and the Application of
bioAgNP-CNC/Alg as an Antibacterial Hydrogel Film against P. aeruginosa USM-AR2 and MRSA. Molecules 2021, 26, 6414.
https://doi.org/10.3390/molecules26216414.

Shaik, M.R; Syed, R.; Adil, S.F.; Kuniyil, M.; Khan, M.; Alqahtani, M.S.; Shaik, J.P.; Siddiqui, M.R.H.; Al-Warthan, A.; Sharaf,
M.A,; et al. Mn3O4 nanoparticles: Synthesis, characterization and their antimicrobial and anticancer activity against A549 and
MCEF-7 cell lines. Saudi ]. Biol. Sci. 2020, 28, 1196-1202. https://doi.org/10.1016/j.sjbs.2020.11.087.

Khan, S.; Ansari, A.A.; Khan, A.A,; Abdulla, M.; Al Obeed, O.; Ahmad, R. In vitro evaluation of anticancer and biological
activities of  synthesized manganese oxide nanoparticles. Med. Chem. Comm. 2016, 7, 1647-1653.
https://doi.org/10.1039/C6MDO00219F.

Bhattacharya, P.; Swain, S.; Giri, L.; Neogi, S. Fabrication of magnesium oxide nanoparticles by solvent alteration and their
bactericidal applications. ]. Mater. Chem. B 2019, 7, 4141-4152. https://doi.org/10.1039/C9TB00782B.

Cambre, M.H.; Holl, N.J.; Wang, B.; Harper, L.; Lee, H.-].; Chusuei, C.C.; Hou, F.Y.; Williams, E.T.; Argo, ].D.; Pandey, R.R.; et
al. Cytotoxicity of NiO and Ni(OH)2 Nanoparticles Is Mediated by Oxidative Stress-Induced Cell Death and Suppression of Cell
Proliferation. Int. . Mol. Sci. 2020, 21, 2355. https://doi.org/10.3390/ijms21072355.

Charbgoo, F.; Bin Ahmad, M.; Darroudi, M. Cerium oxide nanoparticles: Green synthesis and biological applications. Int. J.
Nanomed. 2017, 12, 1401-1413. https://doi.org/10.2147/I]JN.5124855.

Hassanin, H.A.; Taha, A. Sonochemical-Assisted Biogenic Synthesis of Theophrasite 3-Ni(OH)2 Nanocluster Using Chia Seeds
Extract: Characterization and Anticancer Activity. Nanomaterials 2022, 12, 1919. https://doi.org/10.3390/nano12111919.

Jia, S; Yu, H; Lin, Y.; Dai, Y. Characterization of extracellular polysaccharides fromNostoc flagelliforme cells in liquid
suspension culture. Biotechnol. Bioprocess Eng. 2007, 12, 271-275. https://doi.org/10.1007/BF02931103.

Samrot, A.V.; Angalene, J.L.A.; Roshini, S.M.; Stefi, S.M.; Preethi, R.; Raji, P.; Arumugam, M.K,; Kumar S, K. Purification,
characterization and exploitation of Azadirachta indica gum for the production of drug loaded nanocarrier. Mater. Res. Express
2020, 7, 055007. https://doi.org/10.1088/2053-1591/ab8b16.

Ghosh, S.; Basu, S.; Baskey, M.; Sen, M.B. Decorating mechanism of Mn304 nanoparticles on reduced graphene oxide surface
through reflux condensation method to improve photocatalytic performance. |. Mater. Sci. Mater. Electron. 2017, 28, 17860-17870.
https://doi.org/10.1007/s10854-017-7727-3.

Barakat, M.; Anjum, M.; Kumar, R.; Alafif, Z; Oves, M.; Ansari, M.O. Design of ternary Ni(OH)z/graphene oxide/TiO:
nanocomposite for enhanced photocatalytic degradation of organic, microbial contaminants, and aerobic digestion of dairy
wastewater. |. Clean. Prod. 2020, 258, 120588. https://doi.org/10.1016/j.jclepro.2020.120588.

Rajan, A.R; Vilas, V.; Rajan, A ; John, A.; Philip, D. Synthesis of nanostructured CeO:2 by chemical and biogenic methods: Optical
properties and bioactivity. Ceram. Int. 2020, 46, 14048-14055. https://doi.org/10.1016/j.ceramint.2020.02.204.

Archana, G.; Sabina, K.; Babuskin, S.; Radhakrishnan, K.; Fayidh, M.A.; Azhagu Saravana Babu, P.; Sivarajan, M.; Sukumar, M.
Preparation and characterization of mucilage polysaccharide for biomedical applications. Carbohydr. Polym. 2013, 98, 89-94.
https://doi.org/10.1016/j.carbpol.2013.04.062.

Darwish, A.M.G.; Khalifa, R.E.; El Sohaimy, S.A. Functional Properties of Chia Seed Mucilage Supplemented In Low Fat
Yoghurt. Alex. Sci. Exch. ]. 2018, 39, 450459, https://doi.org/10.21608/asejaiqjsae.2018.13882.

Tientong, J.; Garcia, S.; Thurber, C.R.; Golden, T.D. Synthesis of Nickel and Nickel Hydroxide Nanopowders by Simplified
Chemical Reduction. J. Nanotechnol. 2014, 2014, 1-6. https://doi.org/10.1155/2014/193162.

Saghatforoush, L.A.; Hasanzadeh, M.; Sanati, S.; Mehdizadeh, R. Ni(OH)2and NiO Nanostructures: Synthesis, Characterization
and Electrochemical Performance. Bull. Korean Chem. Soc. 2012, 33, 2613-2618. https://doi.org/10.5012/bkes.2012.33.8.2613.
Kumar, R.; Sahoo, S.; Joanni, E.; Singh, R.K,; Tan, W.K,; Kar, K K.; Matsuda, A. Recent progress in the synthesis of graphene and
derived materials for next generation electrodes of high performance lithium ion batteries. Prog. Energy Combust. Sci. 2019, 75,
100786. https://doi.org/10.1016/j.pecs.2019.100786.

Saleem, S.; Ahmed, B.; Khan, M.S.; Al-Shaeri, M.; Musarrat, J. Inhibition of growth and biofilm formation of clinical bacterial
isolates by NiO nanoparticles synthesized from Eucalyptus globulus plants. Microb. Pathog. 2017, 111, 375-387.
https://doi.org/10.1016/j.micpath.2017.09.019.

E.Da’'na , A.Taha, H.A. Hassanin. Green fabrication of iron nanoparticles decorated with amine functionality for the
remediation of lead ions from aqueous solutions. Sur and Inter. 2022, 30, 101909. https://doi.org/10.1016/j.surfin.2022.101909.



Molecules 2022, 27, 8703 12 of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Parsaee, Z. Synthesis of novel amperometric urea-sensor using hybrid synthesized NiO-NPs/GO modified GCE in aqueous
solution of cetrimonium bromide. Ultrason. SonoChem. 2018, 44, 120-128. https://doi.org/10.1016/j.ultsonch.2018.02.021.
Prabhu, S.; Viswanathan, T.; Jothivenkatachalam, K.; Jeganathan, K. Visible Light Photocatalytic Activity of CeO2-ZnO-TiO2
Composites for the Degradation of Rhodamine B. Indian ]. Mater. Sci. 2014, 2014, 1-10. https://doi.org/10.1155/2014/536123.

Raj, B.G.S.; Angulakshmi, R.; Baskaran, N.; Wu, J.J.; Anandan, S.; Ashokkumar, M. Pseudocapacitive performance of Mn304-
SnO2 hybrid nanoparticles synthesized via ultrasonication approach. J. Appl. Electrochem. 2020, 50, 609-619.
https://doi.org/10.1007/s10800-020-01421-4.

Lim, J.; Yeap, S.P.; Che, H.X,; Low, S.C. Characterization of magnetic nanoparticle by dynamic light scattering. Nanoscale Res.
Lett. 2013, 8, 381-381. https://doi.org/10.1186/1556-276X-8-381.

Vijayakumar, S.; Muralidharan, G. Electrochemical supercapacitor behaviour of a-Ni(OH)2 nanoparticles synthesized via green
chemistry route. J. Electroanal. Chem. 2014, 727, 53-58. https://doi.org/10.1016/j.jelechem.2014.05.029.

Anantharaj, S.; Karthik, P.E.; Kundu, S. Petal-like hierarchical array of ultrathin Ni(OH)2 nanosheets decorated with Ni(OH):
nanoburls: A highly efficient OER electrocatalyst. Catal. Sci. Technol. 2017, 7, 882-893. https://doi.org/10.1039/c6cy02282k.
Klaus, S.; Cai, Y.; Louie, M.W.; Trotochaud, L.; Bell, A.T. Effects of Fe Electrolyte Impurities on Ni(OH)2/NiOOH Structure and
Oxygen Evolution Activity. |. Phys. Chem. C 2015, 119, 7243-7254. https://doi.org/10.1021/acs.jpcc.5b00105.

Stern, L.-A.; Hu, X. Enhanced oxygen evolution activity by NiOxand Ni(OH)2nanoparticles. Faraday Discuss. 2014, 176, 363-379.
https://doi.org/10.1039/c4fd00120f.

Tian, Y.; Li, D,; Liu, J.; Wang, H.; Zhang, J.; Zheng, Y.; Liu, T.; Hou, S. Facile Synthesis of Mn304 Nanoplates-Anchored
Graphene Microspheres and Their Applications for Supercapacitors. Electrochim. Acta 2017, 257, 155-164.
https://doi.org/10.1016/j.electacta.2017.09.116.

Kroon, R. Nanoscience and the Scherrer equation versus the ‘Scherrer-Gottingen equation’. South Afr. ]. Sci. 2013, 109, 1-2.
https://doi.org/10.1590/sajs.2013/a0019.

Guan, C; Liu, X.; Ren, W,; Li, X,; Cheng, C.; Wang, J. Rational Design of Metal-Organic Framework Derived Hollow NiCo2 O4
Arrays for  Flexible  Supercapacitor and  Electrocatalysis. =~ Adv.  Energy  Mater. 2017, 7, 1602391.
https://doi.org/10.1002/aenm.201602391.

Zhang, Z.; Bao, F.; Zhang, Y.; Feng, L.; Ji, Y.; Zhang, H,; Sun, Q.; Feng, S.; Zhao, X,; Liu, X. Formation of hierarchical
CoMoO4@MnOQO: core—shell nanosheet arrays on nickel foam with markedly enhanced pseudocapacitive properties. J. Power
Sources 2015, 296, 162-168. https://doi.org/10.1016/j.jpowsour.2015.07.042.

Wang, L.; Li, Y.; Han, Z; Chen, L.; Qian, B.; Jiang, X; Pinto, J.; Yang, G. Composite structure and properties of MnsOs/graphene
oxide and MnsOs/graphene. ]. Mater. Chem. A 2013, 1, 8385-8397. https://doi.org/10.1039/C3TA10237H.

Kar, P; Sardar, S.; Ghosh, S.; Parida, M.R,; Liu, B.; Mohammed, O.F.; Lemmens, P.; Pal, S.K. Nano surface engineering of Mn20s
for potential light-harvesting application. . Mater. Chem. C 2015, 3, 8200-8211. https://doi.org/10.1039/C5TC01475A.

Mathew, A.T.; Saravanakumar, M.P. Removal of Bisphenol A and Methylene Blue by a -MnO 2 Nanorods: Impact of
Ultrasonication, Mechanism, Isotherm, and Kinetic Models. |. Hazard. Toxic Radioact. Waste 2021, 25, 04021005.
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000600.

Sobanska, Z.; Roszak, J.; Kowalczyk, K.; Stepnik, M. Applications and Biological Activity of Nanoparticles of Manganese and
Manganese Oxides in In Vitro and In Vivo Models. Nanomaterials 2021, 11, 1084. https://doi.org/10.3390/nano11051084.

Goti¢, M,; Ivankovi¢, S.; Musi¢, S.; Prebeg, T. Synthesis of Mn304 nanoparticles and their application to cancer cells. Collect.
Czechoslov. Chem. Commun. 2009, 74, 1351-1360. https://doi.org/10.1135/cccc2009047.

Kganyago, P.; Mahlaule-Glory, L.; Mathipa, M.; Ntsendwana, B.; Mketo, N.; Mbita, Z.; Hintsho-Mbita, N. Synthesis of NiO
nanoparticles via a green route using Monsonia burkeana: The physical and biological properties. J. Photochem. Photobiol. B Biol.
2018, 182, 18-26. https://doi.org/10.1016/j.jphotobiol.2018.03.016.



