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1. Introduction

Emilia sonchifolia \eaf extract-mediated green
synthesis, characterization, in vitro biological
activities, photocatalytic degradation and in vivo
Danio rerio embryo toxicity of copper
nanoparticles

Vainath Praveen Sankara Narayanan, Sabeena Gabrial Kathirason,
Pushpalakshmi Elango, Rajaduraipandian Subramanian, Sivagurusundar. R
and Annadurai Gurusamy (9 *

The green-mediated synthesis of copper nanoparticles is of great interest in nanotechnology and is
regarded as a low-cost and environmentally beneficial method. Herein, Emilia sonchifolia leaf extract
was employed as a reducing and capping agent for the green production of copper nanoparticles. In this
work, we focused on the in vivo and in vitro biological studies of copper nanoparticles, which were
evaluated in zebrafish (Danio rerio) embryos. The biological effects from the in vitro studies of the
copper nanoparticles included cytotoxicity (in human cells) and anti-diabetic, anti-inflammatory, and
antibacterial activity. Furthermore, the effectiveness of the greenly produced copper nanoparticles for
photocatalysis was also evaluated, and then SEM-EDX, FTIR, XRD, TGA and UV-vis spectroscopy were
used to characterise the copper nanoparticles. The results of the toxicity test on zebrafish embryos
demonstrated that the green-produced copper nanoparticles had a significantly low harmful effect.
According to the results, the copper nanoparticles showed dose-dependent cytotoxicity against human
keratinocytes (HaCaT) and human breast cancer cells (MCF-7), which was higher than that of the Emilia
sonchifolia leaf extract. The green copper nanoparticles also demonstrated more potent anti-
inflammatory, antibacterial and anti-diabetic properties. In the photocatalytic experiment, the produced
copper nanoparticles successfully degraded the organic methylene blue dye. Thus, it can be concluded
that copper nanoparticles can be employed for drug administration in both in vitro and in vivo settings in
biomedical applications. Additionally, as catalysts, these copper nanoparticles can be employed for the
removal of organic dyes.

extracts of plants are very cheap and stable against harsh
reaction conditions.® Nevertheless, the green method is limited

Nanoparticles have attracted significant attention in diverse
fields due to their remarkable properties compared to their bulk
counterparts.™” Because nanoparticles are tiny units with a size
in the range of 1 to 100 nm, they have unique attributes
including shape, dispersion, and morphology.**
Green-mediated synthesis is considered to be the best tech-
nique among different synthesis strategies due to the reduction
in the use of reagents, photochemical and electrochemical
reactions, heat, etc.* Accordingly, the green synthesis of nano-
particles utilizing plant extracts offers an alternative to over-
come many problems associated with their synthesis, which is
a simple, environmentally friendly and efficient technique. The

Sri Paramakalyani Centre of Excellence in Environmental Sciences, Manonmaniam
Sundaranar University, Alwarkurichi-627412, India. E-mail: gannadurai@msuniv.
ac.in; annananoteam@gmail.com

16724 | RSC Adv, 2023, 13, 16724-16740

by the extraction of green materials, long reaction times, and
poor product quality. For instance, the synthesis period is
lengthy, and the raw components are not easily accessible.
Recently, the potential weaknesses and limitations of green
methods were reviewed.”

Numerous works investigated the use of plant extracts, for
example, Solanum lycopersicum,® Eclipta prostrata,®* Punica
granatum,’ Plantago asiatica,® Gnidia glauca and Plumbago zey-
lanica,” Uncaria gambir Roxb,'° Camellia sinensis,"* Moringa
oleifera,"> Crataegus pontica L,** dates,"* tea leaves,"> Murraya
Koenigii leaves,'® tomato leaves,® Aegle marmelos leaves," for the
synthesis of copper nanoparticles. Consequently, different
plants produce diverse nanoparticle attributes.

Despite the fact that it is rarely used, Emilia sonchifolia is
recorded in Ayurveda and Siddha medicine. Ayurveda suggests
that this plant can be employed for the treatment of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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gastropathy, loose bowels, ophthalmia, nyctalopia, cuts and
wounds, irregular fevers, pharyngodynia and asthma.*® In Sid-
dha medicine, this plant is suggested for the treatment of
intestinal worms and bleeding piles."” The Emilia sonchifolia
plant is reported in ethnomedicine to have therapeutic advan-
tages in treating diarrhoea, night blindness, sore throat, rashes,
measles, motion sickness, eye and ear afflictions, fever,
stomach tumors, jungle fever, asthma, liver illnesses, eye irri-
tation, ear infection and chest pain.*® In China, Emilia sonchi-
folia leaves are utilized for the treatment of looseness of the
bowels, roundworm infestations, wounds and abscesses, the
flu, burns and snake bites.?® In India, the administration of the
leaf glue one spoonful daily before bed for around 2-3 months
is prescribed to treat night visual impairment.”** The crushed
leaves are scoured on the brow to soothe cerebral pain.*>**
Emilia sonchifolia leaf extract is a fantastic source of antidiabetic
and anti-inflammatory activity and cytotoxicity and a novel way
to make nanoparticles safer and more stable, where the
synthesis of stable nanoparticles using Emilia sonchifolia leaf
extract is a quick, easy and safe procedure.”

Copper nanoparticles are widely applied in industry, medi-
cine, equipment, etc. Because of their desirable properties such
as high electrical conductivity, low electrochemical migration
behavior, high melting point and low cost.>”*® In the literature,
reports®® show that copper nanoparticles can be utilized as
alternatives to metals in various applications, for example, in
inkjet printing, heat transfer, gas-phase catalysis, photo-
catalysis and electrocatalysis.”” Furthermore, the green-
mediated synthesis of copper nanoparticles has been reported
using bottom-up techniques. Considering the biomedical
applications of copper nanoparticles, the solvent, stabilizing
agent and reducing agent used for their green-mediated
synthesis need to be non-toxic. Recently, green-synthesized
nanoparticles have received significant attention due to their
photocatalytic ability to degrade organic dyes.*®

In vivo studies can provide an accurate assessment of the
safety, toxicity, and efficacy of a complicated model. Further-
more, breakthroughs have been achieved in the replication of
human diseases in animals with excellent accuracy.”® The
zebrafish embryo toxicity test is employed as a conventional in
vivo approach to assess evolving toxicity. Thus, recently, zebra-
fish have been employed as different and effective in vivo
models to evaluate the biosafety of various nanoparticles.”®
Zebrafish embryos develop significantly faster than mammalian
models, thereby decreasing the time required to perform
experiments. In preclinical studies, the zebrafish (Danio rerio)
has emerged as a crucial platform for drug delivery and toxicity
screening. Zebrafish are not only used for toxicity testing, but
researchers are also developing transgenic Zebrafish models
through genetic modification and focusing on their trans-
formation for diseases such as digestive system disorders,
cardiovascular and neurological diseases, diabetes, malignant
growths, and inflammation.” Copper nanoparticles may be
effective agents in a variety of environmental and biological
applications, which will be investigated in the near future.

Consequently, herein, we report for the first time, the use of
leaf extracts from the medicinal plant Emilia sonchifolia to

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

synthesise copper nanoparticles. This unique green synthesis is
pollutant free and eco-friendly. Ultraviolet-visible spectroscopy,
Fourier transform infrared spectroscopy, X-ray diffraction,
thermogravimetric analysis and scanning electron microscopy-
energy dispersive X-ray were used to characterise the green
copper nanoparticles. The aim of this work was to determine
the in vitro anti-diabetic, anti-inflammatory, and cytotoxicity
activity of the green-produced copper nanoparticles employing
Emilia sonchifolia leaf extract as a reducing agent and their
photocatalytic efficacy for the degradation of organic dyes.
Zebrafish embryos were used as a model animal for the toxicity
analysis.

2. Experimental
2.1 Plant collection

Emilia sonchifolia, a traditional and medicinally essential plant,
was obtained from Western Ghats in Tamil Nadu.

2.2 Materials

Copper nitrate utilised in this investigation was of analytical
quality and bought from Sigma Aldrich. Filtration was accom-
plished using Whatman No. 1 filter sheets. Distilled water was
used twice. Before embarking on the experiment, all glassware
was thoroughly sanitized, rinsed with double distilled water,
and dried in a hot air oven.

2.3 Preparation of Emilia sonchifolia leaf extract

As shown in Fig. 1, Emilia sonchifolia leaves were collected and
rinsed thoroughly in double distilled water, and then chopped
into tiny pieces. Subsequently, 15 g of leaves was weighed and
placed in a 250 mL beaker with 150 mL of water. After around
20 min, the extract was filtered through Whatman No. 1 filter
paper. The extract supernatant was collected and kept at 40 °C
for future use.

2.4 Green-mediated synthesis of copper nanoparticles

Under continuous stirring, a 30 mL solution of Emilia sonchi-
folia leaf extract was dropped into 100 mL of 1 mM copper
nitrate solution. The solution was heated at 70 °C for 20 min on
a magnetic stirrer. After the addition of all the leaf extract, the
mixture was incubated for 24 h. Within a short period, the

Leaf Extract Preparation h‘ ﬂ

| — . | —
Emilia sonchifolia Dried
leaf power

Emilia
sonchifolia
Leaf Extract

Emilia sonchifolia

Fig. 1 Preparation of Emilia sonchifolia leaf extract, which was
employed as a reducing agent for the synthesis of copper
nanoparticles.
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Fig. 2 Green-mediated synthesis of copper nanoparticles.

brownish-green solution changed to brownish black, indicating
the creation of copper nanoparticles (Fig. 2). The majority of the
novel secondary metabolites found in Emilia sonchifolia
extracts, including phenolic acid, flavonoids, alkaloids, and
terpenoids, are responsible for reducing ionic Cu into zero
valent Cu, and finally the formation of copper nanoparticles,
together with an increase in the thermodynamic stability of the
copper nanoparticles.'® Subsequently, the solution was refrig-
erated at 4 °C. Finally, the precipitate settled at the bottom of
the conical flask. The solution was centrifuged for 15 min at 10
000 rpm and dispersed in double-distilled water before being
washed in ethanol to eliminate any biological contaminants.*

2.5 Antibacterial activity

The qualitative well diffusion approach was used to assess the
antibacterial activity of the copper nanoparticles.** The bacte-
ricidal effect of copper nanoparticles has been linked to their
tight interaction with the bacterial membranes. The copper
nanoparticles were tested for antibacterial activity against
a variety of pathogenic bacteria, including E. coli, Staphylococcus
aureus, Pseudomonas, Enterobacter, and Bacillus. Nutrient agar
was employed to culture the bacteria. Mueller-Hinton agar
(MHA) plates were inoculated with each microbe. The wells
were set on the hardened medium once it had solidified. In each
plate, test wells (5 mm) were created, and the synthesized
copper nanoparticles were gently added to the wells at different
concentrations ranging from 25 uL to 100 pL. The Petri dishes
were maintained at 37 °C for 24 h before measuring the widths
of the inhibitory zones around the samples in millimetres. The
results for these plates for each sample were averaged, and this
value was used to calculate the minimum inhibitory concen-
tration (MIC) of the copper nanoparticles against each
microbe.**

2.6 Zebrafish and embryo maintenance

Each test was performed in accordance with the (OECD) Orga-
nization for Economic Cooperation and Development proper
creature practise standards and policies.*® Wild-type zebrafish
were maintained, and zebrafish were purchased from a nearby
aquarium fish dealer. Fish breeding was facilitated by main-
taining a 3 : 1 ratio of females to males. They were maintained
for 10 h in the dark and 14 h in light as part of the photoperi-
odism. After breeding, the water temperature was maintained at
26 °C =+ 2 °C using a suitable staple and Artemia. In addition to
being reared in E; medium (5 mM L' sodium chloride,
0.18 mM L' potassium chloride, 0.33 mM L' calcium
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chloride, and 0.33 mM L™ magnesium sulphate), the embryos
were maintained at 28.5 °C and came from spontaneous
spawning.**

2.7 Toxicity study of green-mediated synthesized copper
nanoparticles in embryo zebrafish

Invivo hazardous quality evaluation of the copper nanoparticles
was attempted using Emilia sonchifolia leaf extract, and a life
model was created. Briefly, Emilia sonchifolia leaf extract was
used to facilitate the synthesis of copper nanoparticles, and
their effect on 30 underdeveloped zebrafish 24 hpf for a period
of 72 h. The concentrations used ranged from 450 mg L™ to
500 mg L' in the E; mode. The arrangement was hatched at 28
£ 1 °C and had a photoperiod of 10 h in the dark and 14 h in the
light. At each break, perception by microscopy was carried out
to visualise the evolving and morphological variants. The birth
survey was reliable because fewer incubated underdeveloped
organisms were present by 72 hpf than in the natural collection.
Compared to the control group, a few incipient organisms were
terminated after 72 hpf, indicating a death rate. The exploratory
tests were conducted in groups of three for each test.** The
number of hatched larvae, dead embryos, and embryos with
developmental abnormalities was tallied. Under a binocular
microscope, the growth stages of the eggs were observed. We
considered pericardial edema, scoliosis, and a reduction in
body size as abnormalities in the zebra fish embryos. At the
conclusion of the experiment, the population mortality index,
proportion of morphologically aberrant zebrafish embryos,
hatching rate, and morphological variance among survivors
were calculated.*

2.8 Anti-diabetic activity

2.8.1 oa-Glucosidase inhibitory activity. The produced
copper nanoparticles were combined with a-glucosidase (0.05 g
a-glucosidase in 50 mL ice-cold distilled water), and then
sonicated for 20 min at room temperature.*® P-Nitrophenyl-p-
glucopyranoside (4 mM) was added to the mixture as a substrate
in potassium phosphate buffer to initiate the reaction. After
10 min of incubation at 37 °C, the process was stopped by
adding sodium carbonate in a certain ratio (2 mL, 0.2 M). As
a control, a tube containing a-glucosidase with 100% enzyme
activity and no nanomaterials was used. The release of p-
nitrophenyl-p-glucopyranoside as a percentage of inhibition
was calculated to measure the a-glucosidase inhibitory activity
using the formula below.

Ia-glucose (%)) = A405 control — A405 sample/A405 control X 100

2.9 Anti-inflammatory activity

2.9.1 Protein denaturation-egg albumin. A reaction
mixture (5 mL) of 0.4 mL of fresh hen egg albumin, 5.6 mL of
phosphate-buffered saline (pH 5.4), and 4 mL of different
concentrations of copper nanoparticles (10-80 pL mL™") was
incubated at 35 °C for 25 min, and then heated at 40 °C for
5 min in a biochemical oxygen demand incubator. An

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equivalent volume of pure water served as the control. After
cooling, the absorbance was measured at 660 nm using the
vehicle as a blank. A standard solution with various concen-
trations was used and treated similarly for absorbance.?”*® The
following equation was used to calculate the percentage of
protein denaturation inhibition:

Vi

% Inhibition = 100 x A

where V, represents the absorbance of the test sample and V.
represents the absorbance of the control. The percentage inhi-
bition with respect to the standard was plotted against the
treatment sample concentration.

2.10 Cytotoxicity activity

2.10.1 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide reduction assay. Using the traditional 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduc-
tion assay, a cell viability study was carried out to determine the
cytotoxic and anticancer effects of the Emilia sonchifolia, green-
mediated copper nanoparticles.**"** Briefly, human keratinocyte
(HaCaT) and human breast cancer (MCF-7) cells were seeded in
96-well plates at a density of 4000 cells per well. The cells were
cultured for 24 h in an incubator containing 2% carbon dioxide
at 35 °C. Following a 24 h seeding period, the medium inside
the wells was changed and different concentrations of Emilia
sonchifolia, green-mediated copper nanoparticles (10-120 pL
mL ') were added. Then, the wells were incubated for a further
24-72 h at 37 °C. The old medium was replaced with 200 mL of
new medium, 10 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium solution was added to each well, and the
plates were incubated for an additional 3 h to determine the cell
viability. Subsequently, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium solution was removed, and 200 pL of
dimethyl sulfoxide was applied to each well and incubated
overnight for 50 min in the dark. Finally, the solution was
diluted and its absorbance was read at 492 nm using a micro-
plate reader.

2.11 Photocatalytic activity

The performance of the copper nanoparticles for the removal of
methylene blue dye (MB) in an aqueous solution was assessed.
To guarantee the process of dye removal, 0.01 g of copper
nanoparticles and 1 mL of methylene blue dye solution con-
taining 10 ppm were mixed in a 10 mL vial and stirred at room
temperature for 25 min.*»** The sample was removed from the
vial at predetermined intervals to check for dye loss using
a spectrophotometer. The percentage of methylene blue (MB)
dye removed from the aqueous solution was determined using
the following equation:

Degradation efficiency = x 100%

0

where C, is the initial concentration of methylene blue dye and
C is the methylene blue dye concentration after a specific time.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Characterization

Ultraviolet-visible spectroscopy was used to validate the crea-
tion of the copper nanoparticles on a Jasco V-550 spectropho-
tometer, which possessed a size in the range of 300-700 nm.
Fourier transform infrared spectroscopy analysis was per-
formed in the range of 400-4000 cm " to identify the biomol-
ecules present in the leaf extract, which reduced the copper
ions. Here, the sample was ground with KBr to produce a pellet
after centrifuging it at 9500 rpm for 20 min and drying in a hot
air oven. Subsequently, the pellet was examined using a Jusco
5300 Fourier transform infrared spectrometer. X-Ray diffraction
was performed on a Rigaku X-ray diffractometer (Miniflex, UK)
at 40 kv with 2 s intervals at room temperature of 27 °C to
investigate the crystalline structure of the copper nanoparticles.
Scanning electron microscopy analysis was used to establish the
morphology and mean particle size of the copper nanoparticles.
A Supra Zeiss instrument with 1 nm resolution at 30 kV with
a 20 mm Oxford Energy Dispersive X-ray detector was used to
perform the scanning electron microscopy analysis. Energy
Dispersive X-ray analysis was used to ascertain the elemental
composition of the reaction mixture.

4. Statistical analysis

The GraphPad Prism software was used to perform the one-way
analysis of variance (ANOVA) and Dunnett's multiple range test
(Tukey's post hoc test) on the data. The data are presented for
each experiment as the mean + standard deviation (SD) from
three experiments.

5. Result and discussion
5.1 X-ray diffraction

Using the XRD method, the microcrystalline structure of the
greenly produced copper nanoparticles was further examined.
All the peaks match copper, as shown in Fig. 3, with strong
peaks at 20 = 32.1°, 35.2°, 39.5°, 49.5°, 53.2°, 62.3°, 67.2°, 68.5°
and 75.2°, corresponding to the (110), (002), (111), (202), (020),
(113), (311), (220), and (222) planes, respectively. Ultimately, the
data indicated the creation of the characteristic face-centred
cubic symmetry. The sharp peaks further supported the
production of copper nanoparticles with an extremely crystal-
line structure, which closely match the values of the face-
centred cubic phase.**

Importantly, it is interesting to observe that the 26 values of
the synthesised copper nanoparticles match JCPDS No. 04-0836
as well as the Joint Committee for Powder Diffraction Standard
(JCPDS). CuO, Cu,0, and Cu(OH), were found to be absent in
the synthesised copper nanoparticles.*> Additionally, the
Debye-Scherrer equation was used to derive the average size of
the copper nanoparticles, as follows:***

D = kMBcosé
where D is the crystalline size of the nanoparticles and k is the

Scherrer constant, which is 0.9, 8 is the full width at half-

RSC Adv, 2023, 13, 16724-16740 | 16727
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Fig. 3 X-ray diffraction pattern of copper nanoparticles, demon-
strating their crystalline structure.

maximum (FWHM) of the primary intensity peak, A is the X-ray
wavelength (Cu Ko radiation wavelength, 1.5418 A), and 4 is the
Bragg angle.”” Subsequently, it was found the copper nano-
particles have an average crystalline size of 45 nm.

5.2 Ultraviolet-visible spectroscopy

Fig. 4(A) displays the UV-vis spectra of the green-mediated
copper nanoparticles. Due to the simultaneous vibration of
the metal nanoparticle free electrons in resonance with the light
wave, metal nanoparticles feature a surface plasmon resonance
(SPR) absorption band.*

An extract of Emilia sonchifolia leaves was used to manufac-
ture copper nanoparticles in the wavelength range of 200-
900 nm, which exhibited the characteristic absorption peak at
650 nm. As a result of the surface plasmon resonance (SPR)
excitation trigger and the reduction of the substrates in the
reaction mixture, the intensity of the colour change from blue to
green indicated that copper nanoparticles were continually
formed during incubation. Fig. 4(B) shows that the energy
bandgap value of greenly synthesized Cu nanoparticles such as
1.83 eV. Additionally, it was discovered that as the particle size
increased, the peak value gradually decreased. This is because
the particles get opaque as their size increases.*>** The detec-
tion of larger particles or aggregation of small particles can be
determined by using spectrophotometric analysis.*®

5.3 Fourier transform infrared spectroscopy

To confirm the functional and active groups present in the bio-
reduced copper nanoparticles created utilising aqueous leaf
extract of Emilia sonchifolia, Fourier transform infrared spec-
troscopy analysis was also applied for their analysis. The NH
and -COO groups in the Emilia sonchifolia leaf extract played
a significant role in associating the active chemicals with

copper, thereby equilibrating the biogenesis of the

16728 | RSC Adv, 2023, 13, 16724-16740
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Fig. 4 UV-vis spectra of copper nanoparticles. The copper nano-
particle free electrons are in resonance with the light wave, and thus
they feature a surface plasmon resonance (SPR) absorption band. (A)
represent greenly synthesized Cu nanoparticles. (B) represent the band
gap of greenly synthesized Cu nanoparticles.
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Fig. 5 Fourier transform infrared spectrum of copper nanoparticles.
The functional groups appear to play a significant role in the creation
of the copper nanoparticles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vibrational modes of the functional groups in the copper
nanoparticles

Wavenumber Functional group

510 cm ™" Copper vibration stretching bonds
661 cm " Copper vibration stretching bonds
1202 cm ™’ C~C and C-O stretching

1350 cm " CO-NH (amine group) stretching
1750 em ™" C=N bonds

2347 cm ™! C=N bonds

3004 cm ™’ O-H and N-H bond stretching

nanoparticles, according to a prior publication in the Fourier
transform infrared spectra of copper nanoparticles.>>*

The Fourier transform infrared spectroscopy analysis was
carried out in the wavenumber range of 4000 to 500 cm . The
spectrum of the synthesised copper nanoparticles, as shown in
Fig. 5, show bands located at 510 cm ™", 661 cm ", 1202 cm ™,
1350 cm ™%, 1750 em ™Y, 2347 em ™, and 3004 cm ™. The O-H

and N-H bond stretching vibrations correspond to the large

EHT =20.00 kv
WD = 95mm

Signal A= SE1
Mag= 50.00 KX

View Article Online
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peak located at 3004 cm ™ *. The compounds with C=N bonds
have tiny peaks at 2347 cm™ ' and 1750 cm™', which are
stretching vibrations. The sharp peak at 1350 cm ™' indicates
the presence of amide, which may be due to the biomolecules in
the Calotropis floral extract.®> The copper vibrations cause
smaller peaks to appear in the infrared spectrum at low
frequencies below 700 cm ™, such as 661 cm™ " and 510 cm ™.
Given that they supply the reducing groups that aid in the
production of nanoparticles, the functional groups appear to
play a significant role in the creation of the copper nano-
particles (Table 1).

5.4 Scanning electron microscopy-energy dispersive X-ray

SEM images were used to examine the morphology of the green
copper nanoparticles created utilising the aqueous leaf extract
of Emilia sonchifolia (Fig. 6). The spherical shape of the copper
nanoparticles was confirmed, which were clumped together,
similar to earlier reports on the synthesis of copper nano-
particles mediated by extracts of the Magnolia champaca plant.>

Date :29 Jun 2021
Time :11:51:26
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Fig. 6 Scanning electron microscopy-energy dispersive X-ray image of copper nanoparticles. SEM images were used to examine the
morphology of the greenly produced copper nanoparticles. The copper nanoparticles subjected to energy dispersive X-ray investigation and the

produced copper nanoparticles were clean and free of contaminants.
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Fig. 7 Thermogravimetric and derivative thermogravimetric analysis
of copper nanoparticles, with the derivative thermogravimetric anal-
ysis curve showing exothermic peaks at the same temperature range
corresponding to the loss of mass observed in the thermogravimetric
analysis.

Similarly, Vanaja et al first reported on the aggregation of
nanoparticles when they used Morinda tinctoria leaf extract to
reduce copper ions.* Copper and oxygen elements were found to
be present in the copper nanoparticles that were subjected to
energy dispersive X-ray investigation (Fig. 6). Fig. 6 shows that the
produced nanoparticles were clean and free of any contaminants.

5.5 Thermogravimetric analysis

Thermogravimetry (TG) is a technique that measures the mass
of a sample against time or temperature.>*>

The thermogravimetric analysis was performed after the
thermal disintegration of the copper nanoparticle powder.
Fig. 7 depicts the thermogravimetric analysis (TGA) and deriv-
ative thermogravimetric analysis (DTG). The thermogravimetric
analysis curve illustrates two major stages of weight loss. In
addition to water and carbon dioxide evolution across the full
weight loss range, in the first stage, approximately 0.3 mg
weight loss occurred between 100 °C and 200 °C, corresponding
to the loss of the groups on the surface of the material. In the
second and main stage, approximately 2.39 mg weight loss
occurred between 200 °C and 500 °C, which is attributed to the
loss of organic compounds and other organic gases remaining
after the pyrolysis. It can be observed that the derivative ther-
mogravimetric analysis curve of the copper nanoparticles
showed exothermic peaks at the same temperature ranges cor-
responding to the loss of mass observed in the thermogravi-
metric analysis. These peaks confirm the output of water and
the broken chains. It was observed that there was no weight loss
after 500 °C.

5.6 Copper nanoparticles induced hatching, mortality and
malformation in zebrafish embryos and larvae

Numerous studies have shown that metal nanoparticles are
hazardous to zebrafish eggs and larvae.>*°
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The mortality of zebrafish embryos and larvae exposed to
different concentrations of copper nanoparticles was deter-
mined at specific periods. As shown in Fig. 8 and 9, both the
control and 10 pL of copper nanoparticles exhibited almost no
toxicity to the zebrafish embryos or larvae. Compared with the
control group, both 20 and 40 pL mL~" of copper nanoparticles
showed significant effects on mortality in the zebrafish
embryos, which demonstrated toxicity, killing 55% and 80%,
respectively, of the zebrafish embryos at 96 hpf. Consequently,
at 96 hpf, the LCs, was calculated for all the concentrations.
However, the 80 uL mL ™" copper nanoparticle-treated groups
showed 100% mortality at 72 hpf. The hatching rates of the
zebrafish embryos exposed to various concentrations of copper
nanoparticles at early embryonic stages are shown in Fig. 8 and
9. During the normal condition, the zebrafish embryos had
a hatching period comparable to that of the control group and
10-20 pL mL ™" copper nanoparticle-treated groups; however, at
a concentration of 40-80 uL mL™', the copper nanoparticle-
treated groups showed significant hatching delay. Also, 10 pL
mL ™" of Cu NPs resulted in a lack of embryonic hatchability.
Our data showed that exposure to copper nanoparticles caused
developmental toxicity and a severe hatching retardation effect
on the embryonic zebrafish, inducing malformation in the
embryos. Subsequently, the embryos were exposed to 10-80 pL
mL~" of copper nanoparticles and the malformation was
observed at 24-96 hpf (Fig. 8 and 9). The copper nanoparticle-
treated group had significantly higher malformation rates
than the control group. However, at a concentration of 80 pL
mL ™, the copper nanoparticle-treated embryos and larvae
exhibited acute malformations and unhatched embryo (Fig. 9).
At higher concentrations, the affected embryos were unable to
hatch and eventually died (Fig. 8 and 9). Several malformation
patterns including yolk-sac edema (YSE), eye malformation
(EM), tail bent (TB) and spinal curvature bent (SB) were
observed (Fig. 8). These observations showed that the
unhatched embryonic phenotype was mainly induced by copper
nanoparticles in the developing embryos. Similar malforma-
tions were also noted in zebrafish embryos after exposure to
copper nanoparticles in earlier research.®*

5.7 In vitro-anti-diabetic activity

The in vitro o-glucosidase inhibitory efficacy of the synthetic
copper nanoparticles was tested in relation to a standard solu-
tion (Table 2 and Fig. 10). According to research, copper
nanoparticles have a stronger anti-diabetic effect than Emilia
sonchifolia leaf extract. The results showed that in the concen-
tration range of 20-100 uL mL ", both copper nanoparticles and
Emilia sonchifolia leaf extract produce dose-dependent inhibi-
tion of a-glucosidase enzyme activity. The ICs, values of anti-
diabetic activity for the copper nanoparticles and Emilia
sonchifolia leaf extract were 59.7 pL mL™ " and 46.1 pL mL ™",
respectively (Table 2). Additionally, the antidiabetic efficacy of
the copper nanoparticles was marginally higher than that of the
Emilia sonchifolia leaf extract, with the former inhibiting o-
glucosidase by 92 + 5%, while the latter inhibited it by 62.2 +
5%. Thus, the copper nanoparticles should be further

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Typical image of zebrafish embryos and larva exposed to copper nanoparticles. At 24 hpf, 48 hpf, 72 hpf, and 96 hpf, the control group
displayed the predicted appearance. Eye malformation (EM), yolk sac edema (YSE), spinal curvature bent (SB), and tail bent (TB) are the major
copper nanoparticle malformations, and each has its unique designation. Scale bar: 500 pm.

investigated for their anti-diabetic potential for therapeutic
applications based on these results.

The previous reports demonstrating that copper nano-
particles can act as enzyme inhibitors with promising antidia-
betic characteristics were further strengthened by the inhibition
of a-glucosidase as well as murine intestinal a-glucosidase. In
vitro investigations have shown that the copper ion and its

© 2023 The Author(s). Published by the Royal Society of Chemistry

complexes have significant a-glucosidase inhibitory action that
is even stronger than acarbose, which is clinically employed.®*7*

5.8 Invitro study on anti-inflammatory activity

The copper nanoparticles were tested for their anti-inflammatory
action (inhibition of protein denaturation) at concentrations
ranging from 10 to 80 uL mL ™. Diclofenac sodium was used as
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Fig. 9 Statistics for the copper nanoparticles is presented as mean +

standard deviation. The one-way analysis of variance (ANOVA) and

Dunnett's Multiple range test (Tukey's post hoc test) were used to statistically analyse the data using statistical software. p < 0.05 and p < 0.01 are
the respective standards for significance, denoted by “*" and "**", respectively.

a control material to compare the inhibitory effects of the
prepared samples. The results showed that the two samples
(Emilia sonchifolia and copper nanoparticles) inhibited egg
albumin denaturation in a dose-dependent manner (Fig. 11).
However, the copper nanoparticles exhibited higher anti-
inflammatory activity than the Emilia sonchifolia samples. The
ICs, values of anti-inflammatory activity for the copper nano-
particles and Emilia sonchifolia leaf extract were 239.3 pL mL ™"

16732 | RSC Adv, 2023, 13, 16724-16740

and 22 pL mL™", respectively (Table 2). Additionally, the anti-
inflammatory efficacy of the copper nanoparticles was margin-
ally higher than that of the Emilia sonchifolia leaf extract, where
the former inhibited the protein denaturation of egg albumin by
30 + 1%, while the latter inhibited it by 90.6 + 9.2%. Earlier
research found that the prevention of denaturation of egg
albumin increased with an increase in the concentration of
various nanostructures.®’>”® Previous research has shown that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 1Csq values for cytotoxicity, anti-inflammatory activity, and anti-diabetic activity
Activity Concentration Standard Emilia sonchifolia Copper nanoparticles
Anti-diabetic activity (a-glucosidase assay) 20 uL 42.6 £ 6.4 43 £+ 15.7 65+ 5
40 uL 52 +7 48.3 £17.5 7545
60 pL 63.6 = 5.6 54 + 19.6 85+ 7.5
80 uL 68.6 = 5.6 60 £ 21.7 89+ 6
100 pL 67.6 + 6.6 62 £ 22.5 92 £5
IC5, value 44.5 59.7 46.1
Anti-inflammatory activity 10 pL 60 1 20+ 1 34+ 4.5
(protein denaturation-egg albumin) 20 puL 62+1 22 +1 55+5
40 pL 64 £1 24 £1 80 £ 2.5
60 pL 66 + 1 26 £1 86.6 + 5.8
80 uL 69 £ 1 30+1 90.6 + 9.2
ICs, value 227.3 239.3 22.06
Human keratinocyte (HaCaT) Control 74 +1 95 +1
cells cytotoxicity activity 10 pL 59+ 1 90 + 1
20 pL 46 + 1 74 +1
40 pL 31+1 59 +1
60 uL 26 +£1 46 +£1
80 uL 16 +£1 31+1
100 pL 11+1 26 +1
120 pL 6+1 16 £ 1
IC5, value 137.1 315.7
Human breast cancer (MCF- 7) Control 75+ 4 91 + 3.6
cells cytotoxicity activity 10 pL 61 + 4.7 87 +£2.5
20 pL 45 + 4.1 75 £ 3.5
40 pL 35+2.5 59 +£3
60 nL 26 £ 2.5 51+4
80 pL 16 + 2.5 45+3
100 pL 13 £ 3.5 30 £ 3.5
120 pL 7+25 21+3.6
1C5, value 160 596.5
5.9 Invitro study of cytotoxicity
150
- B Standard The outcome of cytotoxicity tests on different cell lines, ie.,
£ wkx XXX _xx B Emilia sonchifolia human keratinocyte (HaCaT) and human breast cancer cells
=2 1007 *i****i* w* T oof ME| B CuNps (MCF-7), using Emilia sonchifolia leaf extract and green-
l.i lﬂl r I mediated copper nanoparticles showed that both the leaf
9 5011 n extract and nanoparticles are hazardous to the cancerous cell
=~ lines but not to the normal cell lines (Fig. 12A and B), respec-
tively. Fig. 12A demonstrates that at concentrations of 10-120

20pL. 40pL. 60pL. 80pL 100pL

Concentration (nL/mL)

Fig. 10 Graph demonstrating the anti-diabetic activity of the copper
nanoparticles. Data from three replicates are provided as the mean +
standard deviation. Using the Prism software, the data were statistically
analysed using one-way analysis of variance (ANOVA) and Dunnett's
multiple range test (Tukey's post hoc test). The statistical significance
symbols “*", "*¥*" and "***" stand for p < 0.05, p < 0.01 and p < 0.005,
respectively.

protein denaturation, particularly of blood proteins such as
albumin, is the primary cause of rheumatoid arthritis and
inflammation.*>”*”® Protein denaturation is the process by which
proteins lose their tertiary and secondary structure as a result of
external stress caused by physical or chemical agents such as
heat shock. Protein denaturation is well known to result in the
loss of biological function.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Graph demonstrating the anti-inflammatory activity of the
copper nanoparticles. Data from three replicates are represented as
mean =+ standard deviation. Using GraphPad Prism software, the data
were statistically analysed using one-way analysis of variance (ANOVA)
and Dunnett's multiple range test (Tukey's post hoc test). Statistical
significance "*" and "**" stand for p < 0.05 and p < 0.01, respectively.
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uL mL ™", the cytotoxicity of the copper nanoparticles and the
extract against the human breast cancer cell (MCF-7) tumor cell
line was 80% and 52%, respectively. Fig. 12B reveals that
following 72 h exposure to the synthetic leaf extract, the highest
cell death measured in the cultivated human keratinocyte
(HaCaT) cells was only 35%. When the concentration of copper
nanoparticles was between 10 and 120 pL mL ™', the human
keratinocyte (HaCaT) cells were 60% more susceptible to cyto-
toxicity. Finally, as a result of the in vitro cytotoxicity, with an
increase in concentration, the viability of the cancer cells
decreased. Numerous studies conducted to date have demon-
strated that phytochemical substances are harmless to healthy
cells but hazardous to malignant cells.””"*> As has already been
established, the leaf extract is a rich source of phytochemicals,
which account for its anticancer property seen in this study.
Alternatively, the copper nanoparticles with increased activity

Human Breast Cancer (MCF- 7) cells

>

120 5
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60- B CuNPs

Percent Viability

d P I IPIPIPYY
s e&‘ \Q\? WQQ b‘@? @Q %Q\? \§Q 0@?
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B
120-pkskk
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21009 L Tk
3 = CuNPs
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Fig. 12 Graph showing cytotoxicity of copper nanoparticles. Data
from three replicates are provided as mean =+ standard deviation. (A) In
vitro cytotoxicity (cell viability) on human breast cancer (MCF-7) cells
following the administration of various quantities of copper nano-
particles and plant extract (Emilia sonchifolia). (B) In vitro cytotoxicity
(cell viability), as measured on human keratinocytes (HaCaT) cells,
which are healthy human keratinocytes, following exposure to various
quantities of copper nanoparticles and plant extract (Emilia sonchi-
folia). Using the GraphPad Prism software, the data were statistically
analysed using one-way analysis of variance (ANOVA) and Dunnett's
multiple range test (Tukey's post hoc test). Statistical significance "*"
and “**" stand for p < 0.05 and p < 0.01, respectively.
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could easily penetrate cells, interact with the cell components,
and affect the cell regulatory pathways because of their high
surface to volume ratio. It has been hypothesised that copper
nanoparticles interact with mitochondria and the operation of
the electron transport chain in cells, increasing the level of
reactive oxygen species.®** Consequently, the principal mech-
anism through which copper nanoparticles are hazardous to
cells is the oxidative stress caused by reactive oxygen species.
Given that cancerous cells have an abnormal metabolism and
a high rate of proliferation, they are more vulnerable. Thus, the
effect of the copper nanoparticles against cancerous cells occurs
as a result of the high uptake of the nanoparticles by these cells.
This result is good agreement with the data in the literature,
which report the concentration-dependent toxicity of nano-
particles, particularly at lower levels.?**¢-%8

5.10 Antibacterial activity

Due to the enhanced antibacterial activity of nanomedicine, it is
widely applied.®*>*° Fig. 13 demonstrates that the antibacterial of
the copper nanoparticles against different bacteria.

The agar well diffusion method was used to test the anti-
bacterial activity of the green-generated copper nanoparticles,
which showed a large zone of inhibition against E. coli, Staph-
ylococcus aureus, Pseudomonas, Enterobacter and Bacillus. Occa-
sionally, a smaller zone of inhibition was produced at a lower
concentration, showing the effect of the concentration of
copper nanoparticles on the zone of inhibition. The zone of
inhibition was determined in mm (millimetres), demonstrating
that the effective prevention of bacterial growth was accom-
plished with the use of the copper nanoparticles.

91-93

5.11 Photocatalytic activity

5.11.1 Mechanism of photocatalytic activity. As shown in
Fig. 14, the breakdown of the methylene blue dye is a ultraviolet
light-dependent process. During this process, a positive hole
(h") is promoted to the valence band, and the material is then
exposed to ultraviolet radiation to excite the valence electrons
and permit them to move from the valence band to the
conduction band. The positive holes and free electrons interact
with the adsorbed water molecules on the photocatalyst surface
to form hydroxy (OH) radicals, while free electrons convert
dissolved oxygen into superoxide anion oxygen (O,) radicals.
Subsequently, these light-generated radicals disassemble the
dye molecules into simpler molecules such as carbon dioxide
(CO,) and water (H,0).>***

Cu NPs + iw(UV) — Cu NPs (" (CB) + h*(VB))
H,O + h*(VB) - OH' + H*
(0,7)-0, +e(CB) —» O,
(OH")-0,~" + H" 2 HOO*
2HOO" — H,0, + O,

H202 — 20H"

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Antibacterial activity of copper nanoparticles synthesized using Emilia sonchifolia leaf extract. The agar well diffusion method was used
to test their antibacterial activity.
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Fig. 14 Reaction mechanisms for the degradation of methylene blue.
Methylene blue dye + OH® — CO, + H,0 (dye intermediates) Methylene blue dye* + Cu NPs —

methylene blue dye+ + Cu NPs™
Methylene blue dye + h*(VB) — oxidation products

Methylene blue dye + ¢ (CB) — reduction products 5.11.2 Photocatalytic activity of copper nanoparticles.
Recyclability and reusability are two main properties for evalu-

Methylene blue dye + /iw — methylene blue dye* ating the performance of a catalyst bed in industrial catalytic
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Fig. 15 Photocatalytic activity of copper nanoparticles: (A) absor-
bance of copper nanoparticles with time and (B) degradation of dye by
copper nanoparticles. The complete degradation of methylene blue
was achieved using the copper nanoparticles as a nanocatalyst.

degradation applications.”® In this work, we evaluated the prop-
erties of the copper nanoparticles through a simple experiment
involving the repeated degradation of dyes. The experimental
process of copper nanoparticles of methylene blue is shown in
Fig. 15. The reactions were carried out with a fixed amount of
reactants and catalyst (0.01 g copper nanoparticles). Fig. 15 shows
the time required for the complete degradation of methylene blue
by using the copper nanoparticles as a nanocatalyst. The degra-
dation performance of the copper nanoparticles decreased slightly
in the continuous cycle due to the loss of the composite material
during the recovery/washing process. The active sites of the copper
nanoparticles may have also been blocked by the reaction product
during the reduction process.”*” The result showed that the
copper nanoparticles can maintain high catalytic activity with
a high frequency turnover.

6. Conclusion

In conclusion, a green route yielded copper nanoparticles. The
green-mediated synthesis of the copper nanoparticles was

16736 | RSC Adv, 2023, 13, 16724-16740
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analyzed using different instrumental techniques during the
synthesis process. The in vivo toxicity in zebrafish and several
biological in vitro activities of the copper nanoparticles were
investigated. The results revealed that compared to the leaf
extract, the green-prepared copper nanoparticles (Emilia son-
chifolia) displayed higher levels of antidiabetic and anti-
inflammatory activities. Human keratinocyte cancer -cells
(HaCaT) and human breast cancer cells (MCF-7) showed
increased sensitivity to the greenly produced copper nano-
particles. It was interesting to note that the green copper
nanoparticles were less harmful to zebrafish embryos. This
study provides a low-cost, environmentally acceptable method
for the green synthesis of copper nanoparticles with potential
for use in the pharmaceutical industry.
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