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Green synthesi
to their eco-fri

= used the stem extract of the Himalayan plant Hippophae
for the synthesis of copper nanoparticles (CuNPs). The

Fourier transform infrared spectroscopy (FTIR), UV-Vis spectroscopy, X-ray
raction (XRD), high-performance liquid chromatography (HPLC), and scanning
electron microscope (SEM). The size of the synthesized CuNPs was varying from
38 nm to 94 nm which were mainly spherical in shape. Further, the potential of the
synthesized CuNPs was evaluated as an anticancer agent on the Hela cell lines, by
performing an MTT assay. In the MTT assay, a concentration-dependent activity of
CuNPs demonstrated the lower cell viability at 100 pg/mL and ICsq value at 48 pg/
mL of HelLa cancer cell lines. In addition to this, apoptosis activity was evaluated by
reactive oxygen species (ROS), DAPI (4',6-diamidino-2-phenylindole) staining,
Annexin V, and Propidium iodide (PI) staining, wherein the maximum ROS
production was at a dose of 100 pg per mL of CuNPs with a higher intensity of
green fluorescence. In both DAPI and Pl staining, maximum nuclear condensation
was observed with 100 pg/mL of CuNPs against Hela cell lines.

KEYWORDS
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Introduction

Cancer arises when a cell gets through the natural barriers that prevent unchecked
growth and spread (Sathishkumar et al., 2022). Evaluating medical, economic and social
costs according to cause-based DALY (Disability-Adjusted Life Years), cancer is a disease
that seeks the highest expenses (Schlottmann et al., 2022). Ages up to 74 are associated with a
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20.2% cancer risk. 2.09 million cases of prostate, breast and lung are
the most common types of cancer diagnoses in 2018 (1.28 million
cases). In India, cancer is currently the main reason for excessive
medical costs, unstable finances, and rising costs before death
(Kulothungan et al., 2022). Men had higher rates of lung cancer
(9 PBCRs), mouth cancer (9 PBCRs), oesophageal cancer (5 PBCRs),
stomach cancer (4 PBCRs), and nasopharyngeal cancer (1 PBCRs),
according to population-based cancer registries. In the western and
central regions, the most prevalent cancer was oral cancer, while the
southern region and large cities were dominated by lung cancer. On
the Indian subcontinent, men were more frequently diagnosed with
oral and lung cancer (Mummudi et al., 2019; Iyer et al., 2023). The
continued rise in cancer incidence, prevalence, and death
underscores the necessity for modern technology to play a
pivotal part in cancer therapy (Sathishkumar et al, 2022). The
major challenge is that malignancies cannot be prevented by simple
behavioral changes; hence technology development is necessary to
improve outcomes. Viruses like the human papillomavirus (HPV)
(Pareek et al, 2021) have helped the industrialized world
significantly reduce the incidence of cancer (McBride, 2022).
Chemotherapy is frequently used in clinics because of its simple
and useful approach. Radiation and surgery are two more common
cancer treatments (Pucci et al., 2019; Zhang et al., 2023).
Chemotherapy, however, is associated with a number of serious
drawbacks, for instance, chemotherapeutic medications are widely
dispersed as well as penetrating and prone to multi-drug resistance
(MDR) (Anand et al, 2023) throughout the therapy, and
chemotherapy is unsuccessful at halting the growth, spread, 4

\ et al., 2020; Burgess et al., 2021).
prominent scientific field that greatly

and insomnia (Lop

Nanotechnology i
contributes to the rapid advancement of technology, according to
Modi et al,, 2023; Ray and Bandyopadhyay, 2021; Imoisili and Jen,
2022; Modi et al,, 2023). Nanoparticles (NPs) are substances whose size
falls between 1 and 100 nm (Inwati et al,, 2021; Choudhary et al., 2023).
The field of nanomedicine involves science and technology that utilizes
molecular tools and information about the human body to produce
novel medications (new treatments), ailments, and tissue repair; to
develop quick monitoring tests (high nanoparticles, imaging
technology), throughput arrays (labels, nano biosensors, or extremely
sensitive detectors) (Sebastian et al., 2022; Balram et al, 2023); to
develop biopharmaceuticals (targeted medications), delivery methods,
and gene delivery; and to enhance (implantable) cell function (Jagaran
and Singh, 2021; Lin et al,, 2021; Kim and Lee, 2022; Rhaman et al,
2022). Even though NPs could be synthesized by all three routes,
i.e, chemical (co-precipitation, sol-gel, solvothermal, chemical vapor
deposition, sonochemical), physical (ball-milling, physical vapor
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deposition), and biological (plant, bacteria, fungi, algae) (Yadav
et al, 2020). Plant-mediated green synthesis of NPs is beneficial for
the environment there is minimal use of hazardous and toxic chemicals.
There are several pieces of literature where plants have been used for the
synthesis of NPs as they are rich in flavonoids, terpenoids, and other
biomolecules which may reduce the metal ions and also may act as a
capping agent for the synthesized NPs. Plants are rich in various bio-
active compounds such as phenols, lycopene, flavonoids, saponins
steroids, tannins, vitamin C, and glycosides (Pinto et al., 2021; Shen
et al, 2022; Priya et al,, 2023). Most of these phytochemicals serve as
stabilizing and capping agents, for the formation of NPs. NPs
synthesized by plants are capped with plant-origin biomolecules
which do not have any harmful effect on the patient during the
application of NPs in nanomedicine or as drug delivery. But for
medical applications, biologically synthesized NPs are most suitable
due to their biocompatible nature (Huang et al., 2022; Singh Jassal et al,,
2022). NPs synthesized biologically arg
importance not only due to their j

o and are gaining
but also due to
hs et al., 2022;
alfff 2022; Sagadevan

their biocompatible and ec

wity, for instance to date, Ag,
thesized by using plant and their

quirement for such metallic NPs which are easily available,
economical, and as effective as that of those expensive metallic NPs.
One such metallic NPs is copper nanoparticles (CuNPs) which are
economical and widely available (Alphandéry, 2020). CuNPs have high
conductivity, in comparison to other metal NPs. Moreover, Cu is a less
expensive metal as compared to noble metals like gold, platinum, and
silver. CuNPs are powerful catalysts that provide great yields, have
simple product separation, and may be used again (Brunet et al., 2021;
Ma et al., 2022; Gobane et al., 2023). CuNPs and their oxide are mainly
used for antibacterial, anticancer, and antioxidant activity (Maliki et al,,
2022). It is because NPs have the ability to interact with the biological
system in a variety of ways and perform a variety of tasks at the cellular
level (Halbus et al., 2019).

Literature is filled with several plant-mediated syntheses of
CuNPs, but very few attempts were made where the involved
plants have medicinal values. So, there is a requirement for such
a plant which have medicinal importance so that the synthesized
NPs could get entrapped with the bioactive compounds having
medicinal values. One such plant is Hippophae rhamnoides which is
basically a hardy, deciduous shrub with a deep-rooted system which
widely recognized and highly beneficial to human health and diet
(Pundir et al., 2021). Hippophae rhamnoides can be found in
different regions of Asia, with its most prevalent presence
observed in the Himalayan regions spanning India, Nepal,
Bhutan, and the northern regions of Afghanistan (Chen et al,
2010). These countries have used sea buckthorn to make more
than ten different types of medications, which comes in variable
forms like pills, pastes, powders, liquids, liniments, suppositories,
films, plasters, etc (Vinita and Punia, 2018; Wang et al., 2022). This
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FIGURE 1

Google image showing location for collection of Hipphophae rhamnoides L. stem.

plant has ethnomedicinal applications in different countries around
for instance in Tibet its seed, fruit, and leaves are used for oedema,
tissue generation, skin grafts, burning injury and cosmeceutical. In
Russia, the oil of berries is used in cosmetics, skin grafts, burn
injuries, etc. In Central Asia (Tajikistan and Afghanistan) it is sued
for digestive disorders, hypertension, gastritis, stomach ulcers, and
genital tract infections. In China, berries are used for the treatment
of gastric ulcers, inflammation, radiation damage, and burns. In
Turkey, its fruit and leaves are used as an antiseptic agent, for wound
healing, and for ulcer treatment. While India its fruit is used as a
digestive agent (Andualem et al., 2020; Lee et al., 2021; Pundir et al.,
2021).
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There are several cases, where the investigators have synthesized
CuNPs from plants and applied them for anticancer activity.
Chandraker and their team synthesized ~80 nm cubic, hexagonal,
and rectangular-shaped CuNPs from the leaf extracts of Ageratum
houstonianum Mill. Further authors assessed the antimicrobial
activity of the synthesized CuNPs against Escherichia coli and
obtained a zone of inhibition of 12.43 + 0.23 mm (Chandraker
et al.,, 2020).

Mali and their colleagues synthesized spherical-shaped,
2-10 nm with an average diameter of about 5nm from the leaf
extracts of Celastrus paniculatus. Further, the investigators assessed
the antifungal activity of the synthesized CuNPs against Fusarium
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TABLE 1 Phytochemicals present in H. rhamnoides.

Phytochemical tests Qualitative analysis

Flavonoids +
Tannins +
Anthraquinone
Glycosides
Phenols +
Phlobatannins
Anthrocynine
Saponins
Terpenoids +
Phytosterols
Steroids
Alkaloids +
Carotenoids +

oxysporum which exhibited 7629 +
inhibition (Mali et al., 2020).
Wu and their team synthesized 5-20 nm sized CuNPs using

1.52 maximum mycelial

the leaf extract of the Cissus vitiginea plant. Further, the
the CuNPs for the
and antibacterial

investigator utilized evaluation

antioxidant activity against
causing urinary tract infections caused by E. colj

sp., Proteus sp., and Klebsiella sp. (Wu et al.

ippbphae rhamnoides L
synthesize the copper

nanoparticles. Anothi@lebjective was to characterize the synthesized
copper nanoparticles

vis spectroscopy (UV-Vis), X-ray diffraction (XRD), Fourier

sing a sophisticated instrument like UV-

transform infrared spectroscopy (FTIR), and a scanning electron
microscope (SEM). One final objective was to assess the anticancer
activity of the plant-mediated synthesized copper nanoparticles
against the Hela cell line by MTT assay.

Materials and methods
Materials

Stem parts of Hipphophae rhamnoides, CuSO, (Merck, Mumbai,
India), ethanol (SRL, Gujarat, India), milli-Q water (Merck,
Millipore, Germany), Potassium bromide (FT-IR grade, SRL,
Gujarat, India), 0.45 pm membrane filter (Millipore, India). All
the chemicals were analytical grade with a purity of 98%.
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Methodology
Collection of plant material sample

Hipphophae rhamnoides, and stem parts were gathered from
Rangrik (Lahul-Spiti, Himachal Pradesh, India) in August 2021. The
location of the Himalayan region is shown in Figure 1.

Preparation of Hipphophae rhamnoides
plant powder

The collected stem parts were brought in to the laboratory, and
cleaned thoroughly with double distilled water 2-3 times in order to
remove any dust or dirt from the surface of the stem. Further, the
stem was cut into several small pieces. This was followed by proper

drying under a dry and shaded area at perature for at least

gfinder (Bajaj, Rex
pwder. Finally, the

mical analysis of the powdered sample was
e identification of various compounds and

Synthesis of copper nanoparticles by
Hipphophae rhamnoides

The synthesis of CuNPs using Hipphophae rhamnoides L. stem
was done with some modifications (Loo et al., 2012). About 5 g of
stem powder was mixed with 100 mL of double distilled water and
boiled at 60°C for 10-12 min. The sample powder was filtered using
a 0.45um and a 0.2 um Millipore membrane filter. After fifteen
minutes, utilize this filtrate (plant extract) for CuNPs biosynthesis.
Of at room temperature, the biosynthesis of CuNPs was performed
by mixing in 12 mL of plant extract with hundred mL of 1 mM
CuSO,4 mixture in a beaker, then placing on a magnetic stirrer for
uniform mixing. The solution color changed, indicating CuNP
synthesis. Different instrumentation including X-ray diffraction
(XRD), (HPLC),
Fourier scanning

high-performance
transform  infrared

liquid chromatography

spectroscopy  (FTIR),
electron microscope (SEM), UV-visible spectroscopy (UV-Vis)
were used to acquire various elemental, chemical and
morphological properties of the synthesized CuNPs. The color

change was observed to be caused by CuNPs formation.

Characterization of copper nanoparticles
UV-visible spectroscopy

At regular intervals, a 2-3 mL sample of the mixture was
collected to monitor the copper ion bio-depletion in an aqueous

frontiersin.org
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Phytochemicals in stem

extract of H. rhamnoides

—

Hipphophae rhamnoides

FIGURE 2
Possible mechanism for formation of CuNPs by H. rhamnoides.

resolution of

infrared (FTIR)

nt, about 2 mg of CuNPs was mixed finely
with 98 mg of potassium bromide (IR grade). The mixing was done
with the help of a mortar and pestle. Further, the finely mixed

Fourier transfo
For, FTIR measur

powder was subjected to a pellet-making machine in order to obtain
a pellet. Finally, the pellet was placed against a blank KBr pellet for
the measurement in the range of 400-4,000 cm™’, at a resolution of
Inm by using a Perkin Elmer, Spectrum 65 instrument
(United States).

Phase identification of CuNPs by X-ray
diffraction (X-RD)

The crystallographic structure of CuNPs as well as phase
identification was determined through X-ray diffraction pattern
analysis. The CuNPs sample was analyzed by using D-8,
advanced powder XRD (Bruker, Germany), in the range of two
theta degrees 10°-70° with a scanning speed of 10.00° per minute and
a step width of 0.02. The current was 50 mA at a voltage of 40 kV.

Frontiers in Molecular Biosciences

Addition
of Cu?*
ions

Reduction, stabilizati”.a,
and capping of (.- 7
phytoche__“als

The well-dried CuNP powder was placed in the sample holder and
spectra were collected.

Morphological analysis of CuNPs by scanning
electron microscope (SEM)

The surface morphology and size of the synthesized CuNPs were
analyzed by the SEM-Carl ZEISS EVOR-18 (Germany). About
4-5mg of CuNPs was sprayed with the help of a brush on the
double-sided carbon-coated tape which in turn placed on an
Aluminium stub. Finally, the sample loaded on aluminum stub
was placed in the sample holder in the SEM, and images were taken
at different resolutions with an operating current of 20 kV EHT and
8.5 mm WD.

High-performance liquid chromatography (HPLC)
analysis for identifying biomolecules associated
with CuNPs

In order to reveal the phytochemical associated with the
synthesized CuNPs an isocratic HPLC system with a
Phenomenex column was used. Different compounds migrate at
varying rates depending on the column and mobile phase selected,
affecting the separation degree. The mobile phase had 70%
methanol, a 7.2 pH phosphate buffer solution (PBS), and
ultrapure water (70:4:26 ratio). A Rheodyne syringe (Model
7,202, Hamilton) injected 20 pL of the material, and the column
was kept at a constant 27°C (Lopez-Santiago et al., 2014).
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FIGURE 3
UV-Vis spectra of H. rhamnoides synthesized CuNPs.
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FIGURE 4
FTIR spectrum of CuNPs synthesized by H. rhamnoides.

Anti-cancer activity of the synthesized experiment was conducted using the normal cell line, 1929, and the
CuNPs cervical cancer cell line was treated with CuNPs in different doses

from 10 pg/mL to 100 pg/mL for 24 h. After the treatment, the MTT
MTT assay assay was incorporated, and followed by incubation for 4h.

Ten thousand cells were planted into ninety-six well plates. ~ Absorbance was measured at 490 nm, and the average % viability
Followed by overnight incubation done at 37°C with 5% CO, The  of cells was measured and analyzed through Student’s ¢-test. The
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TABLE 2 Major FTIR assignments of the CuNPs synth d by H. rh

Wavenumber (cm™) Functional group

Band in the earlier study (cm™)

FEBRUARY 2026 10.3389/fmolb.2023.1246728

References

610 Cu-O (strong) 669, 480 Ghosh et al. (2020)
1,062 C-O (medium) 1,046 Ghosh et al. (2020)
1,392 C=C - Mohamed et al. (2022)
1,638 C=N/OH 1,589 Ghosh et al. (2020)
2,297 C-H 2,980 Ghosh et al. (2020)
2,914 O-H (broad) - Wu et al. (2020)
3,449 OH 3,380 Ghosh et al. (2020)
experiment was repeated in triplicate form with a value of p < DAPI staining

0.05 considered significant. All images were taken with the help of a
floid cell imaging station.

Apoptosis study

ROS generation

Following the method of Krejsa and Schieven. (2000) with
some modifications, the formation ROS was determined with
DCFH-DA, an oxidation-sensitive probe, via flow cytometry.
Different levels of CuNPs (10 pg/mL, 20 ug/mL, 40 pg/mL,
60 ug/mL, 80 ug/mL and 100 pg/mL) were administered to
HeLa cells that were grown in twelve well plates, followed
incubation with 5% CO, at 37°C for 24 h. Untreated cells weé
used as controls after washing them twice with
salt solution. Subsequently, the cells were in

washing
S. The green
e of ROS in the
the help of floid cell

The cytotoxic effects of CuNPs can induce apoptotic changes
and nuclear condensation, which can be confirmed through
propidium iodide (PI) staining. PI creates a bright red fluorescent
complex with RNA and DNA in the nuclei of dead cells, but not in
healthy cells, due to its ability to pass through damaged cell
membranes (Almutairi et al., 2020).

The above process is completed in two steps: i) first is staining -
wash cells with cold PBS, resuspended in 1X binding buffer, add
FITC PI-annexin V, incubate for at least fifteen minutes in the dark,
add 1X binding buffer, and analyzed through flow cytometry, ii)
blocking-washing the cells with cold PBS, resuspension in 1X
binding buffer, addition of purified recombinant Annexin V,
incubation for 15 min, add FITC Pl/annexin V, incubation at
least for 15 min in the dark, add 1X binding buffer and analyzed
through flow cytometry.

Frontiers in Molecular Biosciences 07

The method for assessing morphological changes in the
nucleus of HeLa cells due to the a
based on Vasanth and their tg

ains DNA and

undred pg/mL), depending on
014). Incubated for another at least

dtion for at least 15 minutes. Finally, the removed dye,
images were recorded by blue filter using the Floid
microscopy (Invitrogen, Thermo Scientific).

The statistical analysis for the experiment involved conducting each
trial in triplicate and reporting the mean value with the standard error
[SE]. The standard error (SE) calculated through this formula SE = SD/
+/N. (SD = standard deviation, N = sample sizes.

Results and discussion

Formation of CuNPs by stem extracts of
H. rhamnoides

The study aimed to develop CuNPs using Hippophae
rhamnoides, the pale-yellow color turned into dark brown
color. This suggests the formation of CuNPs from the stem
extracts of H. rhamnoides. The dark color was observed due to
the reduction of copper (III) to cupric ion (Cu®). It happened
due to the interaction between photons and conduction
electrons of metal nanoparticles (Jana et al., 2016). The
phytochemicals the of H.
rhamnoides were available in the aqueous medium to which
an aqueous solution of Cu added. All the
phytochemicals reduced the oxidized Cu ions into CuNPs.

various from stem extracts

ions was
Moreover, the synthesized CuNPs were stabilized and capped

with several phytochemicals which are shown in Figure 2. Earlier
a team led by Ghosh also showed a possible mechanism for the
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FIGURE 5
XRD pattern of CuNPs synthesized by H. rhamnoides.

FIGURE 6
Scanning electron micrograph of CuNPs synthesized by H. rhamnoides.

100nm
SEM WD 9.3mm

MUJ-JEOL 8/22/2022

15:45:58

development of CuNPs by using the leaf extracts of Jatropha
curcas (Ghosh et al., 2020). The investigators reported that the
plant extracts have various biomolecules (terpenoids, flavonoids,
phenols, saponin, etc.) which are responsible for the reduction of
Cu®" ions into CuNPs. Hippophae rhamnoides also have
similar phytochemicals so the possible route of development
of CuNPs.

Frontiers in Molecular Biosciences

Preliminary confirmation of formation of
CuNPs by uv-vis

Figure 3 shows a typical UV-vis spectra of CuNPs synthesized by
plant extract. The UV-Vis spectra of CuNPs arise due to the excitation
of the surface plasmon resonance (SPR) phenomenon. The spectra are
showing a typical absorbance peak at 284 nm which indicates the

frontiersin.org
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HPLC Chromatogram of CuNPs synthesized from H. rhamnoides.

7

u Cell viability (%) Normal Cell Line = Cell viability (%) Cancer Cell Line

= Concentrations (ng/mL)

FIGURE 8
Assessing the impact of CuNPs on the viability of normal and cancerous cell lines.

formation of CuNPs by using the plant extract of H. rhamnoides. ~ Functional group identification by FTIR
Besides this, there was no other peak indicating the purity of the analysis

synthesized CuNPs. Previously a team led by Mali also recorded its

higher absorbance is 269 nm for synthesized CuNPs from the Celastrus Typical FTIR spectra of plant-mediated synthesized CuNPs are
paniculatus leaves (Mali et al,, 2020). Ghosh et al,, obtained peaks at  displayed in Figure 4. The broadband signal observed at 3,449 cm™ in
337 and 266 nm for the CuNPs synthesized from the leaf extracts of ~ the CuNPs material can be attributed to the -OH group, which could
Jatropha curcas (Ghosh et al., 2020). originate from either water molecules in the sample or other sources.
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FIGURE 9
The ICso of CuNPs against Hela (cervical cancer cell line).

Another band at 2,914 cm™ may be due to carbon adsorbed from the
atmosphere onto the surface of the CuNPs sample during analysis. The
band at 2,914 cm™ can also be attributed to (>CH-), 1,638 cm™ (C=@
stretch), 1,446 cm™ (Methyl), 1,392 cm™ [“iso” (doublet) or ge
Dimethyl], 1,062 cm™ (1° and 2° OH in-plane bend), )

1,4-disubstitution (para) of the aromatic ring (g %

ermore, any additional peaks that were not
ectra indicate high sample purity. The collected data

eral investigators have also obtained similar peaks for the
ulNPE, for instance, A team led by Wu also obtained peaks for C.
vifiginea mediated synthesized CuNPs 35.5° and 43.2° which

: ¢ corresponds to lattice planes (1 1 1) and (2 0 2), respectively (Wu
CuNPs. The band at 610 and 527 cm i R et al, 2020). A team led by Iliger also obtained similar types of

bond, resulting in the formulation of i ¢ . diffraction peaks for CuNPs synthesized from extracts of Eucalyptus
Copper oxide NPs (Cu i i plant and mint leaves (Iliger et al,, 2021).

Morphological analysis of the synthesized
Weak absefff CuNPs by SEM
and 1,072.79 cm™
oxide (M = Cu), and ti€hnid-range peak of the spectra at 2,338.49 cm™ Figure 6 is showing spherical shaped CuNPs synthesized by
could be attributed availability of ambient CO,, 2,923.88cm™  Hipphophae rhamnoides stem. Some of the CuNPs are unaggregated
(OCH3 stretching), 2,866.46 cm™ (-CH stretching), and 17454 cm™  while most of the particles got aggregated whose size has increased. The
(C=0 stretching), 1,608.52cm™ (C=C bending) and 1,100.06 cm™ size of the individual CuNPs is in the range of 38 nm-94 nm while the
(C-O stretching), which confirmed the presence of an ester group,  aggregated particle size is above 100 nm. Similar, spherical-shaped were
aryl C=C group, and aliphatic C-O group respectively. From star anise,  also reported by various investigators for instance a team led by Batool
FTIR spectra connected to OCHj stretching and—CH stretching showed ~ recorded dimensions between 80-120 nm for biogenic CuNPs using
the presence of a benzene ring in the greener-formulated CuNPs (Zhang  leaf extract of Aloe barbadensis (Batool et al., 2018). CuNPs formed by
et al, 2018). Table 2 is showing the major FTIR assignments of the  using mace extract (150-220 nm), nutmeg (170-210 nm) and star anise
CuNPs synthesized by sea buckthorns and other plants. (210-270 nm) were noticed in the range of nanoscale (Zhang et al.,
2018). Formulation of spherical shape, aggregation-free and evenly
distributed bio-synthesized nanoparticle within the nano-range
Phase identification of the synthesized 40-80 nm. The formulation of CuNPs was evenly distributed with
CuNPs by XRD spherical in shape, within the nano ranging from 38 to 94 nm
(Pugazhendhi et al., 2019; Radhakrishnan et al., 2021). The authors
The XRD spectrum of CuNPs synthesized by the plant is depicted ~ concluded that the shape of the developed NPs formed on the
in Figure 5. The XRD pattern is showing a single peak at 22.7° which ~ bioavailability of phytochemical components in the plant extract
confirms the formation of CuNPs. In addition to this, a small peak is  sample.
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60 pg/mL

FIGURE 10

10 pg/mL

o

100 pg/mL

Effect of different cdhcentrations of CuNPs against Hela (cervical cancer cell line). (A) Control, (B) 10 pg/mL, (C) 20 pg/mL, (D) 40 pg/mL,

(E) 60 pg/mL, (F) 80 pg/mL, and (G) 100 pg/mL.

High performance of liquid chromatography
for identification of biological compounds
with CuNPs

HPLC was developed to explore and demonstrate the
differences in bioactive chemicals between various plant
sources (Ma et al, 2020). HPLC is helpful for the green
synthesis of NPs particularly because of the involvement of
plants as it quantifies the types of compounds present in the
sample material. Here HPLC helped in the identification of
biomolecules associated with the external surface of CuNPs. A
sharp peak was observed at 2.652 retention time with 86.21%

Frontiers in Molecular Biosciences
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concentration. Investigation of Sambucus ebulus water extracts
shows the presence of phenolic acid and flavonoid derivatives like
p-coumaric acid, gallic acid, catechin, and frolic acid (Hashemi
et al., 2022). HPLC application is also tested to a significant
reduction in the number of active components due to ions
depletion and the formulation of NPs (Kumar et al., 2019). It
was concluded that the availability of bioactive constituents is the
major reason for synthesizing NPs due to metal ions reduction.
This research marks the initial instance where HPLC was utilized
to examine CuNPs synthesized using a greener approach. To the
best of our understanding, this technique has not been employed
in any prior research or study to examine copper ions. Figure 7 is
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FIGURE 11
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100 pg/mL

ROS Generation by different concentrations of CuNPs. (A) Control, (B) 10 pg/mL, (C) 20 pg/mL, (D) 40 pg/mL, (E) 60 pg/mL, (F) 80 pg/mL, and

(G) 100 pg/mL.

showing HPLC chromatogram of CuNPs synthesized by H.
rhamnoides.

Anticancer activity of CuNPs

MTT assay was assessed to study the cytotoxicity of formulated
CuNPs The enzyme mitochondrial succinate dehydrogenase

Frontiers in

12

determines the reduction of MTT to formazan. (

). The anticancer activity of CuNPs was evaluated by
evaluating HeLa cell line viability against a normal cell line
(L929 cell line) at a CuNPs concentration of 0-100 ug/mL.
Synthesized CuNPs demonstrated a significant negative effect
on cancer cell viability as its concentration increases as shown
in ( ). At the highest concentration (100 pg/mL), cancer cell
viability drops to 28.18%. Normal cell viability is also affected by
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FIGURE 12
Percentage apoptosis in Hela cell lines after staining with Annexin V/PI. The cell line is treated with CuNPs using Hige®

the CuNPs but to a lesser extent. Even at the highest concentration,
normal cell viability remains at 71%. The data shows a dose-
dependent response, with higher concentrations of the CuNPs
leading to a greater decrease in cell viability for both cancer and
normal cells. The substance exhibits selective toxicity,
preferentially targeting cancer cells over normal cells. This
suggests its potential for targeted cancer treatments. Based on
(Figure 9) data, the IC5q value is determined at 48 pg/mL. The I
value is a measure of the concentration required to inhibit
reduce the viability of a particular biological or cel

Overproduction of ROS can lead to harm to cellular health by
damaging mitochondrial membranes, ultimately leading to
ave a  toxicity and cellular damage (Tirichen et al., 2021). ROS are
chemically harmful species that are produced naturally as by-
products of metabolic activities and can damage DNA, proteins,
toxicity at a higher  and lipids. A team led by Aranda developed a fluorometric assay
rived from E. prostrata  called DCFH-DA to measure the oxidative potential of NP-
tigators also evaluated the  treated cells (Aranda et al., 2013). As per the findings of

Ps formulated with Acalypha  Arakha and their team, the cytotoxicity of NPs is positively

-7 cell line, while Biresaw and Taneja  correlated with ROS formation (Arakha et al, 2016).

of the MCF-7 cell line in the manner  Therefore, nanoparticles can effectively suppress cancer. In

of conc. Dependent on CuNPs synthesized by Prunus nepalensis  this study, the authors used DCFH-DA and observed dose-
(Biresaw and Taneja, 2022). Other studies have also reported  dependent ROS production. Conc. of 100 pug/mL of CuNPs,
significant anticancer activity of CuNPs, such as those ROS maximum production was recorded with a more intense
synthesized from broccoli by Prasad and their team (Prasad  green fluorescence, as illustrated in Figure 11. A disturbance
et al, 2016) and from Quisqualis indica by a team led by  between oxidants and antioxidants leads to higher basal
Mukhopadhyay, which showed promising activity against concentrations of ROS in cancerous cells as compared to
prostate cancer cells and B16F10 melanoma cells, respectively — normal cells. ROS has a dual role in cell metabolism. At low
(Mukhopadhyay et al., 2018). A team led by Gnanavel reported  to moderate levels, they act as signal transducers, activating
good inhibition of HCT-116 viability, while cell damage resulting  cellular processes such as proliferation, migration, invasion,
from an increase in necrosis and cytopathic effects in the presence ~ and angiogenesis. However, elevated levels of ROS can lead to
of NP was reported by another study (Gnanavel et al., 2017).  harm to different cellular components including proteins, nucleic
CuNPs exhibit cytotoxicity because they interact with functional  acids, lipids, membranes, and organelles, ultimately resulting in
groups of proteins and with nitrogen bases and phosphate groups  cell death. A team led by Gu evaluated the cytotoxicity activity of
present in DNA within the cell (Din et al, 2017). Antitumor  CuNPs synthesized by Phaseolus vulgaris L. against the cancer
properties of CuNPs have been shown to have the potential in  HeLa cancer cell line by inducing ROS-mediated apoptosis and
downregulating the activities of signalling proteins that are  mitochondrial dysfunctions (Gu et al, 2018). A team led by
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100 pg/mL

Propidium iodide staining in an apoptotic cell. (A) Control, (B) 10 ug/mL, (C) 20 pg/mL, (D) 40 ug/mL, (E) 60 ug/mL, (F) 80 ug/mL, and (G) 100 pyg/mL

also found cytotoxicity activity against the HelLa
cancer cell line by the generation of ROS in CuNPs
). A
team led by Castro reported the anticancer property of green-
formulated CuNPs with the help of F. religiosa by inducing ROS-
mediated apoptosis against lung cancer cells (A459 cell line) in

formulated with dry black beans (

Frontiers in

14

2021. A team led by Pariona observed strong green-colored
hyphae for Neofusicoccum sp., Fusarium oxysporum, and
Fusarium solani with 0.5 mg/mL of synthesized CuNPs that
ROS production. CuNPs-mediated
anticancer action involves oxidative stressors, a buildup of
ROS,

represent intracellular

genetic  material  fragmentation,  chromosomal
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FIGURE 14

DAPI staining in an apoptotic cell. (A) Control, (B) 10 pg/mL, (C) 20 pg/mL,

abnormality, the creation of caspases, and an increase of both
intrinsic and extrinsic apoptotic pathways ( ).

Apoptosis study

Evaluation of cellular apoptosis through annexin V
and PI staining

The cytotoxic effect includes apoptotic changes and the
nuclear condensation can be evaluated with the help of
propidium iodide staining. Propidium iodide (PI) forms a

Frontiers in
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10 pg/mL

80 pg/mL

100 pg/mL

(D) 40 pg/mL, (E) 60 pg/mL, (F) 80 pg/mL, and (G) 100 pg/mL

complex exhibiting high fluorescence that can be observed
within the nuclei of deceased cells, indicating the presence of
RNA and DNA, resulting bright red fluorescence signal.
However, PI does not form this complex in the nuclei of
healthy cells. This is because PI may pass through damaged
cell membranes ( ). Annexin V/PI staining
showed a significant % viability of cells depletion and increment
in the apoptotic cells. The lesser right quadrant shows, apoptotic
cells presence. shows the extent of apoptotic cells after
treatment with synthesized CuNPs using Hippophae rhamnoides

L. Extent of apoptosis observed with CuNPs using Hippophae
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rhamnoides L was 28%. Figure 13 shows red inflorescence
indicating nuclear condensation observed with 100 ug/mL of
CuNPs against the HeLa cell line. Images were taken and
documented with the help of floid cell imaging station.
al., red-colored mycelium  of
Neofusicoccum sp., F. oxysporum and Fusarium solani, after

Pariona et observed
treatment with 0.5 mg per mL of green synthesized CuNPs.
The that the CuNPs

membranes, altering their permeability, resulting in their

findings indicated harmed cell
disintegration, and ultimately, cell death (Pariona et al., 2019).
The observation of results was that NPs activate several
biochemical processes that contribute to the MCF-7 cell’s
by
Quisqualis indica extract exhibited an ICs, reading of 102 ug/
mL against the B16F10 cell line, resulting in 50% apoptotic cell

death and damage. In treated cells, there was an increment in the

increased anticancer activity. Biosynthesized CuNPs

expression of the pro-apoptotic gene Bax compared to untreated
control cells. The upregulation of Bax, which is associated with
p53-mediated that  the
mitochondrial pathway was stimulated during apoptosis
induced by CuNPs in B16F10 cells. Caspase 3, caspase 9, and
a part

tumor  suppression,  suggests

Bax expression possibly played substantial in
mitochondrial pathway stimulation during stimulation of
apoptosis by CuNPs in the «cell lines of BI6F10
(Mukhopadhyay et al., 2018). A team led by Bhavana, used
propidium iodide staining and found that green synthesized
CuONPs using leaves extract of Vitex altissima resulted in a

good effect of cytotoxic against cells of A549 by apoptd

et al., 2022).

DAPI staining

et al., 2020). Thi
A-T-rich parts of
nuclear condensation was observed with brighter fluorescence

e exhibits a commendable affinity for
VA. In the present study maximum

at 100 pg/mL level of CuNPs. DAPI assay was used to confirm
the apoptotic property of CuNPs (Figure 14). Asghar and their
colleagues reported that in the human lung as well as breast
cancer cell lines treated with CuNPs with Dillenia indica bark
extract that have small, condensed nuclei, the number of
apoptotic cells was considerably higher, implying increasing
numbers of apoptotic cells with incubation at longer as
2020). The
significance of methanol extracts apoptotic activity of leaves
of Moringa oleifera with bright fluorescence in a concentration-
dependent manner against cells of PC-3 (Khan et al., 2020).

compared to control cells (Asghar et al,
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Jeronsia and their team synthesized CuNPs synthesized by
Camellia sinensis (L.) and confirmed that the developed
CuNPs have better cytotoxicity against cancer cell MCF-7
(Emima Jeronsia et al., 2019). A team led by Ramanathan
synthesized CuNPs with Syzygium alternifolium and
demonstrated their potential to suppress cancer growth by
inducing cytotoxicity against the MCF-7 cell line (Akintelu
et al, 2020; Waris et al,, 2021; Chakraborty et al., 2022).
Another similar study found that CuNPs can inhibit the
growth of AMJ-13 and MCEF-7 breast cancer cells (Vishnu
et al., 2016). CuNPs derived from Calotropis procera (Aiton)
extract were found to induce apoptotic destruction of BHK
21 and HelLa cell lines. Despite limited research on the effects
of cytotoxic copper NPs on the HeLa cancer cell line, no prior
experimental work has explored the potential anticancer and
apoptotic properties of aqueous preparation CuNPs with
Hippophae rhamnoides stems (Cho, i al, 2016). As a
his topic.

A group of investigators coprecipitation
approach which was ic acid. These
functionalized conjugated  with
thiosemicarbazqx dtes apoptosis in breast
cancer ell lines (HEK293). The

splayed an in vitro cell viability

concentration-dependent  anti-

&s varying from 10 to 60 nm that can trigger the apoptosis of
Adenocarcinoma gastric. The study proved that the synthesized
complex proficiently depleted the augmentation of AGS cells with
significantly reduced ICs, reading (203 ug/mL) than HEK293
(ICs = 435 pg/mL) (Badrooh et al., 2022).

Conclusion

The current investigation shows that the H. rhamnoides have the
potential to synthesize copper nanoparticles with enhanced
medicinal properties. The presence of flavonoids, enzymes, and
proteins helped in the bioreduction, capping, and stabilizing of
the synthesized copper nanoparticles. The microscopic analysis
confirmed the formation of a spherical shape particle of size
38-94 nm. The XRD helped in the phase identification with a
peak at 22.8. The presence of biomolecules associated with the
synthesized copper nanoparticles was confirmed by FTIR and
HPLC. Concentration-dependent level decrease in cell viability
was concluded in the MTT test, and the conclusion of ROS
generation, DAPI, and PI staining confirmed cancerous cell
apoptosis. Thus, the study suggests that CuNPs could serve as
potential anti-cancer medicine in cancer treatment. One unique
aspect of this investigation is that the concentration-dependent level
of CuNPs is proficiently suppressed in the HeLa cancerous cells.

16 frontiersin.org
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Utilizing H. rhamnoides stem extract in the formulation of CuNPs
represents a promising approach for eco-friendly technology and its
application in biomedical and healthcare fields.
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