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Abstract

Rubia cordifolia represents the pivotal plant resource belonging to traditional Chinese medicine and Indian Ayurveda. The pre-
sent study aims to synthesize biocompatible copper oxide nanoparticles (CuONPs) using R. cordifolia bark extracts, characterize
the incumbent chemical transitions, and explore their biomedical and environmental applications. The absorbance peak between
250 and 300 nm clearly demonstrates the formation of CuONPs in the UV-visible spectrum. Fourier transform infrared spec-
troscopy results showed the presence of functional groups essential for copper ion reduction. Field emission scanning electron
microscopy (FE-SEM) and dynamic light scattering analysis revealed that the CuONPs are spherical-shaped with a mean par-
ticle size of 50.72 nm. Additionally, the zeta potential demonstrates its robustness at 11.2 mV. X-ray diffraction pattern showed
mixed phases (Cu, Cu,0, and CuO) of cubic monoclinic crystalline nature. CuONPs exhibited noticeable antibacterial activity
against Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus and Bacil-
lus cereus) pathogenic bacteria. Bacterial cell damages were affirmed through FE-SEM imaging when treated with CaONPs.
Further, CuONPs demonstrated considerable antioxidant activities by quenching free radicals such as DPPH (60.75%), ABTs
(70.88%), nitric oxide (65.48%) and reducing power (71.44%) in a dose-dependent way. CuONPs showed significant larvicidal
activity against Aedes aegypti (65 +8.66%), Anopheles stephensi (80 +13.69%), and Culex quinquefasciatus (72 +13.04%)
mosquito larvae. The photocatalytic activity of the CuONPs demonstrates the methylene blue (81.84%) and crystal violet
(64.0%) dye degradation potentials, indicating the environmental bioremediation efficacy. Hence the present study is the first
report in accounting for the versatile applications of the phyto-CuONPs. Moreover, the green synthesis of CutONPS has future
applications in designing the drug for life-threatening diseases and various environmental issues.
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Introduction

Rubia cordifolia belonging to the Rubiaceae family are
predominantly present in hilly regions like the Himalayas
with antibacterial, anti-inflammatory, antioxidant, and
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anticonvulsion potentials (Deshkar et al. 2008; Gong et al.
2017). Further antihemolytic properties of the Rubia species
have been established in traditional Chinese medicine in curing
various blood circulation complications like dysmenorrhea
and blood stasis (Chen et al. 2021; Gong et al. 2017; Hu
et al. 2020). Nevertheless, the R. cordifolia shows promising
benefits in Ayurveda against various circulatory, urinary, and
integumentary complications (Deshkar et al. 2008; Meena
2015). The plant also called munjeet/Manjeet (R. cordifolia L.)
remains a prominent dye (red, scarlet, brown, and mauve) in the
cotton and woolen fabric industries of the Asian subcontinent
(Deshkar et al. 2008; Gleba et al. 2016). Natural dye extraction
procedures employing R. cordifolia roots henna extracts
using wool as substrate showed antifungal properties (Yusuf
et al. 2017, 2015). Rubia cordifolia (Manjishtha) barks have
been used in the preparation of many Ayurvedic and Siddha
polyherbal-based products which have several therapeutic
applications (Sekar and Mariappan 2010). Barks generally
contain a wide spectrum of secondary metabolites (especially
polyphenols, alkaloids, flavonoids, lignans, terpenes, and
taxanes) with biological activity that includes antioxidant,
antimicrobial, and anticancer properties (Burlacu and Tanase
2021). Biosynthesis of nanoparticles using plant barks extracts
is investigated by eco-friendly and cost-effective approach.
CuONPs using bark extracts of cinnamon and Syzygium
alternifolium (Wt.) showed antimicrobial, anticancer, and
dye degradation potential (Sarwar et al. 2021; Yugandhar
et al. 2017). Until date copper nanoparticle synthesis from R.
cordifolia has not been documented for influential roles in dye
degradation and antibacterial activities collectively. The present
research report coerces the existing versatile applications of R.
cordifolia in biosynthesis of copper nanoparticles (CuONPs) for
eco-friendly bioremediation and biodegradation perspectives
together with bioactive potentials. Similar works employing
green synthesis of CuONPs from Allium sativum extract
showed antimicrobial, antioxidant, and larvicidal activities
(Velsankar et al. 2020). Further, copper oxide nanoparticles
synthesized based on cost-effective green chemistry approaches
revealed antibacterial activity and dye degradation potential
by photocatalysis (Sathiyavimal et al. 2018, 2021; Vasantharaj
et al. 2019). In another study, silver nanoparticles were
synthesized using the aqueous extracts of R. cordifolia depicted
antibacterial, antibiofilm, and hemolytic potentials effectively
(Mariswamy et al. 2021). Similarly, eco-friendly synthesis of
zinc oxide nanoparticles mediated via R. cordifolia showed
antioxidant and photocatalytic activity (Negi 2018). Further,
eco-friendly and cost-effective synthesis of copper and zinc
oxide nanoparticles showed larvicidal potential against Aedes
aegypti and Culex tritaeniorhynchus and prevent mosquito-
borne diseases such as dengue and Japanese encephalitis
(Velsankar et al. 2020; Vinotha et al. 2020).
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Limited studies in establishing the R. cordifolia CuaONPs
affirming Ayurvedic authentication in traditional use with
eco-friendly dye degradation prospects need to be unrave-
led. As a result, an attempt was made to elucidate the most
important applications of R. cordifolia CaONPs. Standard
techniques in deciphering the optimal characterization of the
synthesized CuONPs and potential radical scavenging activi-
ties were derived. Combinatorial verification of antioxidant
potentials will establish the anticancer properties of CuONPs
through preliminary validation from the present study. Anti-
bacterial activities towards Gram-negative and Gram-positive
bacteria comprising the normally encountered environmental
contamination are incumbent for bioactivities of the CuONPs.
Further, green synthesized cost-effective and biodegradability
CuONPs control mosquito larval growth and prevent principal
mosquito-borne diseases such as dengue, malaria, and Japa-
nese encephalitis. Photocatalytic activities were performed
for advocating the basis of the R. cordifolia CuONPs as eco-
friendly component combating dye degradation effectively.

Materials and methods
Plant material and preparation of bark extract

Rubia cordifolia barks were collected from locally available
market, Tiruchirappalli, Tamil Nadu, India. It was shadow
dried and thoroughly washed under running tap water to
remove any possible impurities. Briefly, 10 g of R. cordifolia
barks was chopped into small pieces boiled in 100 mL of
double-distilled water for 10 min. Subsequently the extract
was cooled to room temperature and filtered using Buchner
funnel and Whatman No. 1 filter paper. Finally, the purified
aqueous solution/extract was used for further study.

Biosynthesis of copper oxide nanoparticles

The biosynthesis of copper oxide nanoparticles was per-
formed according to Sathiyavimal et al. (2018). Precisely,
10 mL of 10% bark extract-aqueous solution was added
with 90 mL of 1 mM aqueous copper sulfate (CUSO,) solu-
tion, under continuous stirring at 100 °C for 2 h which aids
in copper ions reduction. After that, the color suspension
changed gradually from light brown to deep dark brown,
indicating the formation of CuONPs. Further, the CuONPs
solution was purified using sterile deionized water through
repeated centrifugation at 10,000 rpm for 10 min, to ensure
a better separation of free entities from the metal nanopar-
ticles. Then the precipitated CuONPs solution was dried at
90 °C for 8 h. Finally, the CuONPs powder was collected
and used for further research.
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Physical characterization of copper oxide
nanoparticles (CuONPs)

UV-visible and Fourier transform infrared (FT-IR)
spectroscopy analysis

Biosynthesis of CuONPs was primarily characterized utiliz-
ing a UV-visible spectrophotometer (Jasco V-650, Japan) set
to the range of wavelength within 300-800 nm (Sankar et al.
2014). FT-IR (JASCO FT-IR 4700) was used to decipher the
functional groups present in the synthesized CuONPs. Pre-
cisely, a disc composed of hydraulic pressure was prepared
to employ the addition of 1 mg of CuONPs with 10 mg of
potassium bromide (KBr) pellets after grinding well. The
spectral range in the 4000-400~! nm was cataloged using
FT-IR spectroscopy (Sankar et al. 2014).

X-ray diffraction (XRD) analysis

X’Pert Pro X-ray diffractometer was used to interpret the XRD
patterns to establish the CuONPs encapsulated in the drop-
coated films. The parameters used are voltage, 40 kv, and cur-
rent, 30 mA. The nanoparticles size (L) was estimated using
Debye—Scherrer’s equation utilizing PAN analytical X pert
PRO model along with Cu Ka radiation (Singh et al. 2019).

L = 0.9)\/BcoshO

where A is wavelength of the X-ray; f is full width and half
maximum h of the X-ray, and 0 is Bragg’s angle.

Field emission scanning electron microscopic (FE-SEM)
analysis with EDAX

FE-SEM (FE-SEM, Carl Zeiss — Xigma model, Germany)
was used to analyze the morphological changes of the R.
cordifolia synthesized CuONPs with a 10 kV accelerating
voltage. Briefly, 5 mg of CuONPs is positioned in a double-
sided metal stub and added 10 nm gold (Au) thickness for
obtaining clear micrographs. Further affirmation of the char-
acterized nanoparticles was subjected to dynamic light scat-
tering (DLS) and zeta potentials for determining the particle
sizes of the CuONPs (Vasantharaj et al. 2019).

Antibacterial activity of R. cordifolia CuONPs
Bacterial pathogens

The Gram-negative (Escherichia coli MTCC 1610 and
Pseudomonas aeruginosa MTCC 1953) and Gram-positive
(Staphylococcus aureus MTCC 96 and Bacillus cereus)
bacterial pathogens were procured from Microbial Type

Culture Collection (MTCC), Institute of Microbial Tech-
nology (IMTECH), Chandigarh, India.

Agar well diffusion method

Agar well diffusion method was utilized for estimating the anti-
bacterial activity of the CuONPs (Vasantharaj et al. 2019). The
pathogenic microorganisms were sub-cultured in Luria Bertani
(LB) broth and incubated overnight at 37 °C overnight for opti-
mal growth conditions. The bacterial cultures were attuned with
0.5 McFarland standards (1 x 10 CFU/mL) which were spread
on Mueller Hinton agar plates. CaONPs (100 pL) were added to
the well on the agar plates and incubated for 24 h at 37 °C. Zone
of inhibition (diameter) was calculated, and the experiment was
accomplished in triplicates.

SEM analysis of antibacterial activity

Briefly, 100 uL of log-phase bacterial cultures €103CFU/mL)
treated with CuONPs (500 pg/mL) at 37 °C for 3 h of incu-
bation. Further, it was centrifuged at 3000 g for 10 min. The
harvested pellets were collected and resuspended with 10 mL of
1 X phosphate buffered saline (PBS) solution (pH 7.4). Then, the
collected pellets were washed thrice with PBS buffer to elimi-
nate residual media. Further, the pellets were re-suspended in
500 pL of glutaraldehyde solution (2.5%) in 0.1 M Tris-buffered
saline (TBS) and allowed to stand for 30 min at 37 °C. After
that, the pellets were washed and re-suspended in 0.1 M TBS.
Then, 50 pL of the bacterial suspension was added onto a poly-
L-lysine coated coverslip. The samples were air-dried using
absolute ethanol and sputter coated with a double-sided metal
stub with a 10 nm gold (Au) thickness to obtain clear micro-
graphs. Finally, the samples were observed using FE-SEM (Carl
Zeiss — Zigma model, Germany) and recorded images.

In vitro antioxidant assay
2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity

The antioxidant activity of CuONPs was evaluated using
DPPH assay to neutralize free radicals (Vinothkanna and
Sekar 2018). Briefly, 1 mL of DPPH (0.1 mM) in ethanol
was added to the various concentrations of 10, 20, 40, 60,
80, and 100 pg/mL CuONPs in a test tube. These mixtures
were shaken well and kept in the dark for 30 min. The
absorbance was measured using a UV-Vis spectrophotom-
eter (JASCO V-650, Japan) at 517 nm. L-ascorbic acid was
used as a positive standard. Higher scavenging activity was
corroborated by low absorbance values. Scavenging capabil-
ity or the inhibition are calculated using:

Ac —Ag

C

Inhibition (%)= x 100
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where Ac = control and As=sample.

2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid
(ABTS) radical scavenging assay

The antioxidant activity of CuONPS was determined using
ABTS radical scavenging assay by decolorization (Vinoth-
kanna and Sekar 2018). Briefly, 7 mM ABTS and 2.45 mM
of potassium persulfate were added in equal amounts and
stored in the dark at a suitable temperature for the generation
of cation radical. Dilutions of the solution prepared are opti-
mized with double distilled water to set 0.700 absorbance
values at 734 nm wavelength. Equal volume of CuONPs
with 10, 20, 40, 60, 80, and 100 pg/mL concentrations (w/v)
was vortexed and after 6-min incubation preceded meas-
urements. The experiment was carried out in triplicates,
and scavenging capabilities were calculated using ABTs as
standard similar to DPPH assay based on A3, values.

Nitric oxide (NO) radical scavenging assay

The nitric oxide radical scavenging activity of CuONPs
was evaluated by Griess-llosvoy reaction (Vinothkanna
and Sekar 2018). Briefly, 0.5 mL of sodium nitroprusside
(5 mM) in phosphate-buffered saline (PBS) (pH 7.4) and
1 mL of CuONPs at different concentration (10, 20, 40, 60,
80, and 100 pg/mL) were mixed thoroughly. This reaction
mixture was incubated at 25 °C for 150 min. After the incu-
bation period, nitrite produced from sodium nitroprusside
was measured by adding Griess reagent (1% sulphanilamide,
5% phosphoric acid, and 0.1% 1-naphthalene diamine dihy-
drochloride in water). The absorbance was immediately
read at 570 nm using a UV-Vis spectrophotometer. The
nitric oxide scavenging effect was calculated by compar-
ing the absorbance values of control and positive standard
(L-ascorbic acid).

Reducing power assay

Reducing power activity of the CuONPs was determined
(Vinothkanna and Sekar 2018) with minor modifications.
Different dilutions (w/v) (10, 20, 40, 60, 80, and 100 ug/
mL) of CuONPs were used. The reaction consists of a 1 mL
sample, phosphate buffer (2.5 mL in 0.2 M, pH 6.6), and
potassium ferricyanide (2.5 mL in 1%) and subjected to
water bath incubation for 20 min at 50 °C. To inhibit the
reaction, TCA was used (2.5 mL in 10%). Finally, the tubes
were centrifuged (3000 X g) for 10 min. From this superna-
tant, 2.5 mL was mixed with an equal volume of distilled
water and ferric chloride (0.1 mL in 0.1% w/v) followed
by 10-min incubation. A4,,,, was measured with reference
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to the L-ascorbic acid standard. Higher absorbance values
denote higher reducing power.

Larvicidal activity of CuONPs
Collection of eggs and larval rearing

Mosquito eggs were procured from the center for research
in medical entomology, Madurai, Tamil Nadu, India, and
reared in the laboratory under optimal conditions (tem-
perature 27 +2 °C, relative humidity: 75-80%, 14 L:10 D
photoperiod). The eggs were hatch in the six enamel trays
(18 X 13 x4 cm) containing 500 mL of tap water. After
hatching, the larvae were fed with yeast and dry biscuits in
a 3:1 ratio. Feeding was continued until larvae transformed
into pupae.

Larvicidal bioassay of CuONPs

The larvicidal bioassay of Aedes aegypti, Anopheles stephensi,
and Culex quinquefasciatus larvae (IV instar) was carried out
with different concentrations (10, 20, 30, 40, and 50 ppm) of
CuONPs mediated by R. cordifolia bark extract. The larvae
were introduced into a beaker containing 249 mL of water
and 1 mL of CuONPs. Briefly, 20 larvae in five replicates
were used for each dose tested. Mortality rates of larvae was
recorded after 24 h post-treatment and expressed in percent-
age. The control mortality was calculated using Abbott’s for-
mula (Abbott 1925).

Numberofdeadlarvae

Percenatageof mortality = x100

Numberoflarvaeintroduced

The median lethal concentrations LCs, and LCy, were cal-
culated using the probit analysis method (Finney 1971).

Photocatalytic activity of CuDNPs

The photocatalytic activity of the CuONPs was performed
using the degradation of toxic dyes, viz., crystal violet and
methylene blue (Sathiyavimal et al. 2018). Briefly, 10 mg
of CuONPs was added with 100 mL of crystal violet or
methylene blue dye (10 mg/L). Without CuONPs served as
control. The mixture was appropriately stirred by a magnetic
stirrer for 30 min and then kept in direct sunlight irradia-
tion. At specific intervals, the samples were centrifuged at
10,000 rpm for 10 min, and the optical density was measured
using a UV spectrophotometer. The following formula calcu-
lated the percentage of degradation efficiency (E).

E= " C00

Co
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where C,=the absorbance before treatment and Cr=the
absorbance at the time.

Statistical analysis

Experiments were run in triplicates. The values are given
as mean =+ standard deviation. The tool used was Graphpad
software (Instat and Prism 5.0 Demo version). The assay
values were subjected to two-way ANOVA comprising Dun-
net’s multiple comparison tests. The mean difference is con-
sidered significant at the levels of *p <0.05, **p <0.01, and
*#%p <0.001. Statistical analyses of larvicidal bioassay were
carried out with SPSS software (version 25).

Results and discussion
Biosynthesis and characterization of CuONPs

The work was devised to synthesize CutONPs using R. cor-
difolia for emancipating the eco-friendly method for wide
application perspectives. The color change of the solution
from light brown to brownish-black validated the green syn-
thesis of CuONPs employing R. cordifolia extract (Fig. 1a).
The development of color steadily increased with an increase
in incubation time. After 150 min of incubation, the solution
color remained stable, indicating the saturation of CutONPs
synthesis (Fig. 1a). UV-Vis spectroscopy results showed a
significant absorption between 250 and 300 nm, implying
the generation of copper oxide nanoparticles. The surface
plasma resonance (SPR) effect was responsible for changing
in color, shape, and size of the nanoparticles (Sankar et al.
2014). These results are similar to that of bio-fabricated cop-
per oxide nanoparticles wherein Andean blackberry fruit,
P. guajava leaf extract, and Carica papaya showed the
transition of excitation potentials revealing the biosynthesis
(Sankar et al. 2014; Singh et al. 2019). Secondary metabo-
lites produced by plants are essential for the reduction of
harmful and stabilizing agents during the synthesis of metal
oxide nanoparticles.

The FT-IR spectrum was employed to determine the bio-
active components in the plant extract and to evaluate the
functional group interaction of green synthesized CuONPs.
The FT-IR spectra of biologically synthesized CuONPs are
shown in Fig. 1b. The band at 3265 cm™' corresponds to
-OH stretch due to carboxylic acids. The peak obtained at
1648 cm™! responds to —C = C— stretch due to alkenes. The
peak observed at 1482, 1376, and 1802 cm™! was attributed
to the C-H, N-O, and C—N vibration modes of alkane, nitro,
and aromatic compounds. The peak 894 cm™! was ascribed
to the C—H vibration due to alkene functional groups. The
characteristic peaks at 631 cm™! and 550 cm™! could be
attributed to the vibration mode of metal oxide (CuO) in the
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Fig.1 Characterization of Rubia cordifolia CuONPs. (a) Ultravio-
let—visible spectrum, (b) Fourier transform infrared spectrum, and (c)
X-ray powder diffraction pattern

green synthesized CuONPs. Thus, FT-IR analysis validated
the presence of carboxylic acids, alkenes, esters, alcohols,
and aromatic nitro compounds in the green synthesized
CuONPs. The abundance of such bioactive plant secondary
metabolites may have resulted in the reduction and encap-
sulation of CuONPs. These findings corroborated an earlier
study on the biosynthesis of CuONPs from plant materials
(Sathiyavimal et al. 2018, 2021).
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The XRD spectra of green biosynthesized CuONPs
revealed a range of diffraction patterns at 29.63°, 35.57°,
36.50°, 38.96°, 42.40°, 43.32°, 48.82°, 50.45°, 61.52°,
73.69°, and 77.56°, corresponding to the (110), (—111),
(111), (200), (200), (111), (—202), (200), (220), (311), and
(222), respectively. The prepared sample shows the presence
of mixed crystalline phases of cubic copper (Cu), mono-
clinic cupric oxide (CuO), and cubic cuprous oxides (Cu,0)
(Fig. 1c). Among the three-phase indices, Cu and Cu,O show
a highly symmetric cubic phase, while CuO reveals a low-
symmetric monoclinic structure. Hence, the Cu and Cu,O
phase generation is majorly found in the prepared material.
The XRD result of CuONPs has significantly matched with
JCPDS file no 85-1326 (Cu), 89-5895 (CuO), and 65-3288
(Cu,0), respectively. The standpoints of the strong peaks
are entirely consistent with the monoclinic structure. The
X-ray diffraction analysis revealed that the synthesized cop-
per oxide nanoparticles are crystalline in nature. This result
agrees with similar findings indicated as monoclinic cubic
structure (Al-Saeedi et al. 2021; Sathiyavimal et al. 2021).

The surface shape and size of the CuONPs were exam-
ined using FE-SEM, and energy dispersive X-ray analysis
(EDX) analysis revealed the existence of the elements in
CuONPs. The R. cordifolia extracts mediated CuONPs dem-
onstrate rough agglomerates and irregular spherical shapes
(Fig. 2a). EDX analysis confirmed the maximum propor-
tions of elemental copper (Cu) and oxide (O) peaks were
found in CuONPs (Fig. 2b). These findings corroborated
earlier research observations on CuONPs nanoparticles from
Psidium guajava leaf extract (Singh et al. 2019).

The determination of normal particle size and surface
charge of nanoparticles were studied using DLS analysis.
Figure 2(c) reveals that the average particle size distribution
of R. cordifolia green synthesized copper oxide nanoparti-
cles was 50.72 nm which was comparable size (50 nm) of
CuONPs synthesized using Sida acuta extract (Sathiyavi-
mal et al. 2018). The zeta potential distribution revealed a
negative value of about—11.2 mV (Fig. 2d). It was indi-
cated that the size and charge distribution of the synthesized
nanoparticles facilitated or improved CuONPs’ biological
properties. The larger adverse zeta potential demonstrated a
high repulsive force between the nanoparticles, resulting in
an intensification or augmentation of consistency. Similar,
comparable negative zeta potential value was obtained in
the biologically synthesized CuONPs from Ruellia tuberosa
extract (Vasantharaj et al. 2019).

Antibacterial activity of CuONPs
Antibacterial activities were precisely grouped to assess
a couple of Gram-negative and Gram-positive pathogens.

The four representative bacterial pathogens, E. coli MTCC
1610, P. aeruginosa MTCC 1953, and S. aureus MTCC 96,
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and B. cereus, showed the zone of inhibition at 500 pg/mL
concentrations (Table 1). However, the increased inhibitory
profiles were found at 400 pg/mL and not for 100, 200, and
300 pg/mL concentrations. The inhibitory zone of CutONPs
(500 pg/mL) observed for tested pathogenic bacteria is 7 mm
for E. coli MTCC 1610; 14 mm for P. aeruginosa MTCC
1953; 11 mm for S. aureus MTCC 96; and 6 mm for Bacil-
lus cereus. Hence, it can be ascertained that an increase in
concentrations will have optimal outcomes for effective anti-
bacterial activity. SEM analysis revealed that the CuONPs
would rupture the P. aeruginosa MTCC 1953 and S. aureus
MTCC 96 bacterial cell wall and cause membrane damage
at a maximum concentration (500 pg/mL), thus, leading
to the death of bacteria (Fig. 3). On the contrary, the rare
medicinal plant Cissus arnotiana showed activity against
E. coli at 75 pg/mL using copper nanoparticles. These
results can be corroborated by the usage of rare plant and
a single bacterial species, whereas the present assessment
indicated the utility of four bacterial species (Rajeshku-
mar et al. 2019). Citrus limon derived copper nanoparticles
have been proved to possess similar antibacterial properties,
showing cost-effectiveness and eco-friendly nature (Amer
and Awwad 2021). Similar results were also witnessed in
the synthesis of green copper nanoparticles against the same
bacterial pathogens employed in the present study (Murthy
et al. 2020). Nevertheless, the R. cordifolia CaONPs have
coercive antibacterial properties, and antioxidant capabilities
indicate the further drug design and reduced toxicity levels.
CuONPs synthesized from citron juice (Citrus medica Linn.)
showed potential antibacterial and antifungal potentials and
were specifically suitable for plant pathology applications
against Fusarium wilt (Shende et al. 2015). Some research
studies on copper nanoparticles have revealed that the nox-
iousness of copper ions would lead to rapid DNA degrada-
tion and decrease bacterial respiration. Further, in certain
Gram-negative bacteria, copper ions may amend the confor-
mation and electron transferase of the associated reductase
leading to the suppression of cytochromes in the membrane
(Warnes and Keevil 2011). Thus, the versatile applications
of the CuONPs synthesized using R. cordifolia can have both
environmental and biomedical applications. However, field
trials and randomized controlled clinical trials are necessi-
tated for essential applications. Ample reports have proved
the antibacterial efficacies of copper nanoparticles synthe-
sized from plant extracts.

Antioxidant activity of CUONPs

The in vitro antioxidant profiles of CuONPs are reported
cohesively based on reducing power, DPPH, ABTs, and
nitric oxide scavenging assays. Results indicated that the
quenching of DPPH free radicals by CuONPs significantly
increased with an increasing concentration from 10-100 pg/
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Fig.2 a Field emission scan-
ning electron microscopy
images of Rubia cordifolia
CuONPs. (b) EDX pattern of
CuONPs. (¢) Dynamic light
scattering analysis of particle
size distribution. (d) Zeta poten-
tial value of CuONPs
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mL. The DPPH quenching ability of CuONPs exhibited
60.74% at 100 pg/mL concentration which is significantly
(p <0.05) lesser than the reference standard L-ascorbic acid
(88.76%) (Fig. 4a). Furthermore, CuONPs exhibit the ABTS
quenching activity of about 70.88% at the maximum dose
of 100 pg/mL, which is considerably lesser than L-ascor-
bic acid (92.82%) (Fig. 4b). The CuONPs have exhibited
better nitric acid scavenging activity in a dose-dependent

100 200
Apparent Zeta Potential (mV)

way with the maximum activity of 65.46% at 100 pg/mL,
which was less compared to the standard L-ascorbic acid
(82.42%) (Fig. 4c). The maximum scavenging of reducing
power by CuONPs was 71.44% at 100 pg/mL concentration
in a dose-dependent manner (Fig. 4d). The CuONPs from
endophytic fungi could scavenge free radicals at low concen-
trations, which were determined by DPPH, nitric oxide radi-
cal scavenging tests, and reducing power ability (Mani et al.
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Table 1 Antibacterial activity of R. cordifolia CuONPs against bacte-
rial pathogens

Zone of inhibition (mm)

Sample Escherichia  Pseu- Staphylococ-  Bacillus
concentration coli MTCC  domonas cus aureus cereus
(ug/mL) 1610 aeruginosa ~ MTCC 96
MTCC 1934
100 3 NE
200 5 NE
300 6 8 NE
400 6 11 10 4
500 7 14 11 6

NE no effect detected

2021). Magnolia kobus leaf extracts were proved for better
eco-friendly attributes than silver nanoparticles against E.
coli, showing the significance of copper nanoparticles (Lee
et al. 2013). The antioxidant activities of the leaf extracts of
Eclipta prostrata derived copper nanoparticles were proved
effective in in vitro anticancer activities against HepG2 cell
lines showing hepatotoxicity (Chung et al. 2017). Hence, the
present extensive antioxidant profiling will potentially effec-
tuate anticancer activities against major cancers. CuONPs
have been attributed to linking reactive oxygen species for
effective antibacterial potentials (Gopinath et al. 2016).
Moreover, it has also been proved that leaf extracts derived
from copper oxide nanoparticles from Allium sativum and
Allium eriophyllum Boiss possess subsequent antibacterial
and antioxidant potentials (Velsankar et al. 2020; Zhao et al.

Fig.3 FE-SEM images showed
normal and damaged cells of

bacterial pathogens treated with
CuONPs showing cell damages

Staphylococcus aureus

Pseudomonas aeruginosa

@ Springer

Control

2020). Thus the coherent assessment of both properties will
have potential implications and positive outcomes. Hence,
the present analysis will aid in further research for assessing
the antibacterial, antifungal, and anticancer activities using
CuONPs. By and large, the CuONPs showed promising free
radical scavenging to improve immune function against oxi-
dative damage.

Larvicidal bioassay of CuONPs

The results obtained from the larvicidal bioassay clearly
indicate that a significant larvicidal effect on Aedes, Culex,
and Anopheles was exerted by the green synthesized
CuONPs. Further, LCs, values of 26.88 ppm, 16.93 ppm,
and 26.60 ppm were recorded against Aedes aegypti, Anoph-
eles stephensi, and Culex quinquefasciatus, respectively.
The larvicidal activity of the CuONPs were found to be
dose-dependent manner. CuONPs at 10 ppm concentration
showed 35, 43, and 31% of mortality against A. aegypti, A.
stephensi, and C. quinquefasciatus. An increase in the con-
centration of CuONPs to 50 ppm exhibited a high percent-
age of larval mortality (65, 80, and 72%), respectively, for
A. aegypti, A. stephensi, and C. quinquefasciatus (Table 2).
Microbial extract (Metarhizium robertsii) mediated CuONPs
exhibited 80, 94, and 100% mortality in A. aegypti, A. ste-
phensi, and C. quinquefasciatus, respectively, at 25 pg/
mL concentration with the LCj, value of 7.796, 3.478, and
3.136 pg/mL. However, the present study recorded higher
LCs, values, and the difference in the larvicidal effect might
be due to the difference in bioactive compounds in fungal
and plant extracts (Vivekanandhan et al. 2021). Mosquito

Treated with CUONPs
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Fig.4 Antioxidant activity of (a) 1009  Accorbic acid
Rubia cordifolia CaONPs. (a) == CuONPs
DPPH scavenging. (b) ABTs ~ 807

radical scavenging. (c¢) Nitric 2

oxide scavenging. (d) Reducing S 60
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Table 2 Acute toxicity of synthesized copper nanoparticles against larvae of three mosquito species

Concentration (ug/mL)

Mosquito Concentra- Mortality (%) LCs, (ppm) (LCL-UCL) LCy, (ppm) 1 (df=3) Regression
tion (ppm) (LCL-UCL) equation
Aedes aegypti 10 35+3.54 26.88 (19.18-33.17) 97.45 (76.28-50.53) 0.930 X=0.02
20 48+7.58 Y=-049
30 54+8.94
40 59+6.52
50 65 +8.66
Anopheles stephensi 10 43+5.70 16.93 (8.86-22.05) 68.51 (57.84-89.02) 1.416 X=0.02
20 56+6.52 Y=-042
30 58+7.58
40 73+8.37
50 80+ 13.69
Culex quinquefasciatus 10 31+8.94 26.60 (21.72-30.84) 74.62 (63.49-94.93) 0.528 X=0.03
20 44+6.52 Y=-0.71
30 56+7.42
40 64+9.62
50 72+13.04

LCs,=lethal concentration that kills 50% of the exposed organisms
LCy,=lethal concentration that kills 90% of the exposed organisms
LCL =lower confidence limit

UCL =upper confidence limit

% =chi-square value

d.f. =degrees of freedom

larvae feed on sterols from plant decays, and the possible
cause of mortality among mosquito species due to CuONPs
might be attributed to inhibition of sterol carrier proteins-2
(SCP-2). The phytosterols are converted into a cholesterol

which plays a significant role in developing cell membrane
and growth of the larvae. SCP-2 are also involved in the
transfer of cholesterol to mitochondria. Hence, the inhibition
of SCP-2 effectively inhibits the growth of mosquito larvae
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(Angajala et al. 2018). A recent study demonstrated that the
CuONPs via Allium sativum extract had noticeable larvi-
cidal efficacy against Anopheles subpictus mosquito larvae
(Velsankar et al. 2020).

Photocatalytic activity of CuONPs

R. cordifolia CaONPs against methylene blue and crystal
violet dye under sunlight irradiation showed escalated deg-
radation ability ranging from O to 6-h incubation (Fig. 5a
and 5b). The effective degradation efficacy of methylene
blue (81.84%) and crystal violet (64.0%) dye using CutONPs
shows the potential application in environmental impact
management of pollution abatement. Similar green synthe-
sis of CuONPs derived from the plant extracts of Celastrus
paniculatus showed photocatalysis and antifungal proper-
ties. Photocatalytic activity of Sida acuta-mediated CuONPs
showed considerable dye degradation ability for methyl-
ene blue (93%) and crystal violet (87%) dye at 150 min

—0h
] —1n
—2h
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=
=
L

e
n
1
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v T T T T T T
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Absorbance (a.u.)
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Fig.5 Photocatalytic activity of Rubia cordifolia CaONPs against (a)
methylene blue and (b) crystal violet dye under sun light irradiation

@ Springer

(Sathiyavimal et al. 2018). These findings demonstrate the
multifaceted applications of green synthesis that are both
cost-effective and environmentally acceptable (Mali et al.
2020). In a similar study, the biodegradation potentials of
the leaf extracts of Euphorbia esula L. have been proved
effective for 4-nitrophenol reduction (Nasrollahzadeh et al.
2014). Methylene blue removal for toxic pollutants removal
employing Cynomorium coccineum copper nanoparticles
has been proved effectively based on adsorption interaction
(Sebeia et al. 2020). Ample research concerning photocata-
lytic profiles of plant-mediated biotransformation and intri-
cate chemical reactions for successful degradation of dyes
has been documented. As the plant utilized in the study is
largely studied earlier for dye degradation, the present pre-
liminary assessment corroborates to a holistic perception
of the utility of CuONPs for versatility of antibacterial and
antioxidant properties. The future prospects for the effectuat-
ing benefits in using the nanomedicine for combating major
cancers and the intrinsic foundations are thus implicated.

The present study accounts for the first report of CutONPs
synthesized using R. cordifolia. The plant represents as a
component for traditional Chinese medicine and Ayurvedic
principles. The applications of the plant in dye degradation
and biomedical pharmaceutics have been amply reported.
Nevertheless, the molecular dissection of the mechanistic
action mode remains intricately studied for improvising wide
applications. Alleviating the symptoms of the disease and
environmental-friendly bioremediation strategies will have
potential applications in nanophytomedicine and ecological
significance. However, nanoencapsulation and facile syn-
thesis have been explicitly addressed in large-scale human
welfare applications. This preliminary characterization will
be a blueprint for invigorating the pivotal roles for nano-
technology, plant physiology, metabolism, and versatile
applications.

Conclusions and future prospects

CuONPs were synthesized and characterized using R. cordi-
folia. The characteristics of the nanoparticles were affirmed
using standard methodologies for demarcating the intricate
parameters of nano-basis. The UV—Vis spectrophotometer,
FT-IR spectrum, XRD analysis, FE-SEM images, DLS, and
zeta potential show the appropriate characteristics of the bio-
synthesis. The absorbance peak between 250 and 300 nm
clearly demonstrates the formation of CuONPs in the UV-vis-
ible spectrum. FT-IR spectroscopy results showed the presence
of bioactive functional groups essential for copper ion reduc-
tion. FE-SEM and DLS analysis revealed that the eco-friendly
synthesized CuONPs are spherical-shaped with a mean par-
ticle size of 50.72 nm. Additionally, the zeta potential dem-
onstrates its robustness at 11.2 mV. X-ray diffraction spectra
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showed monoclinic cubic crystalline in nature. Antibacterial
and antioxidant potentials are corroborated for a linking based
on previous research. Nevertheless, a plethora of research is
necessitated for coercing the antibacterial and antioxidant
profiles. The antioxidant properties have been addressed for
quenching the toxic metabolites based on ROS production
using DPPH radical scavenging, nitric oxide scavenging, and
reducing power assays. The present assessment proves an
effective launchpad for further research on specific cancers
like hepatocellular carcinoma induced by Helicobacter pylori
infections. Additionally, maximum concentration (50 ppm) of
CuONPS mediated by R. cordifolia bark extract revealed a
considerable percentage of larval mortality against A. aegypti
(65%), A. stephensi (80%), and C. quinquefasciatus (72%).
Further, the conventional usage of the plant in dye degradation
has been addressed to photocatalysis and the redox potentials
that aid in the research perspectives for protein interactions
and metabolic crosstalk. Thus, nanomedicine employing
plant materials like R. cordifolia can be addressed to deci-
pher the protein interaction network with regulatory prospects
for addressing the optimal benefits. Transcriptomic, metabo-
lomic, RNAome studies, culturomics, and big data analytics
will have significant molecular prospects. Hence, the linking
possibilities for photocatalytic and antibacterial activities and
molecular dissection will provide an additional scenarios of
research. Future research regarding patenting nano encapsu-
lated plant extracts, environmental trials, and commercializa-
tion will gain momentum as the rise in pollution due to esca-
lating population.
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