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Abstract: Bergenia ciliata (B. ciliate) leaf extract was used as a capping and stabilizing agent to
synthesize copper oxide nanoparticles (CuO NPs). The selection of B. ciliate is purely based on
its rich phytochemical composition and less utilization in green chemistry. The X-ray diffraction
(XRD) analysis showed that the CuO NPs were found to be highly crystalline, while the irregular
morphology and other structural properties were investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), and the average particle size was found to be 50.05 nm.
Energy dispersive X-ray (EDX) spectroscopy was used to determine the percentage composition and
purity, whereas Fourier transform infrared (FTIR) spectroscopy was utilized to examine the surface
functional groups. CuO NPs were tested for their antibacterial properties against Gram-positive and
Gram-negative bacteria, and the activity was found to increase with an increasing concentration of
CuO NPs in the wells. The dose-dependent antioxidant potential is slightly higher than ascorbic acid.
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1. Introduction

The improper and wide utilization of antibiotics led to the formation of multi-drug
resistant bacterial strains, which are considered a serious threat to human health. To tackle
these strains, multiple drugs are required. These medications are quite expensive, take a
long time to work, and may cause side effects [1]. Similarly, different chemical entities that
include one or more unpaired electrons are known as free radicals. These very unstable
molecules inflict harm on other molecules by removing electrons from them in an attempt
to achieve stability. They arise inside the system and are highly reactive, posing a threat to
the short-lived chemical species [2,3]. To deal with these multiple problems, a single-step
solution is inorganic nanomaterials (metals/metal oxides), which have attracted attention
due to their safe and stable nature as compared to organic materials [4-7].

The CuO NPs is a p-type semiconductor that has a low band gap of 1.2 eV, and
exhibits unique optical, electrical, mechanical, magnetic, and chemical capabilities [8,9].
CuO NPs are frequently used as transistors in the design and manufacture of batteries,
sensors, solar cells, solar energy conversion devices, high-temperature superconductors,
heterogeneous catalysts, drug delivery agents, imaging agents antibacterial and antioxidant
agent [10-12]. CuO is less costly than silver and gold NPs, both of which have significant
antibacterial properties and have exceedingly unique crystal morphologies and large
surface areas when produced, making those potentially highly important antibacterial
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agents [13,14]. By comparing Cu with other metals such as Zn and Fe, essential trace
elements are needed to regulate various biological processes within living organisms. The
nano-sized oxides of these metals possess widespread applications in many areas, among
which the therapeutic potentials of these metal oxides are of great public concern [15]. CuO,
on the other hand, has a lower toxicity level toward organisms and a higher therapeutic
efficacy when compared to other metal oxides such as zinc oxide and iron oxide [16,17].
When compared to organic antibacterial agents, these NPs are more durable and stable
with an extended shelf life [18,19].

CuO NPs have been synthesized using a variety of processes including chemical,
physical, photochemical, and electrochemical procedures [20]. Although most of these
methods are effective in the fabrication of pure and well-defined NPs, though, they are
either expensive or environmentally hazardous [21]. Green fabrication is a sophisticated
alternative to traditional methods and has received a lot of interest in the last few years due
to its simple, cost-effective, and environmentally friendly nature [22]. It not only disregards
the use of toxic chemicals but also allows for the active coating of biological substances
on the surface of the NPs [23]. The usage of plant extract for NPs production is a rapidly
developing research topic referred to as the green synthesis of NPs [24]. Plant-based CuO
NPs synthesis is presently under development and according to a literature survey, there
are just a limited number of publications on the plant-mediated synthesis of CuO NPs [25].
The CuO NPs were synthesized using plant extracts such as Aloe vera leaves extract [25],
Carcia papaya leaves extract [18], Centella asiatica leaf extract [20], Malva sylvestris leaves
extract, Ocimum basilicum extract [22], Gloriosa superba plant extract [26], Populus ciliate
leaves extract [27], Fumaria indica plant extract [28] which showed the NP formation of
different sizes and morphologies such as quasi-spherical, spherical, rod-shaped, hexagonal
with agglomerates. In most studies, the CuO NPs synthesized via the green route are used
either for antibacterial or antioxidant applications, however, in this, both antibacterial and
antioxidant potentials of the CuO NPs were explored in a dose-dependent manner.

The goal of this study is to use B. ciliate medicinal plant leaves extract as a bio-reductant
and capping agent to synthesize CuO NPs. B. ciliate leaf extract is rich in phytomolecules
that are responsible for CuO NPs reduction and biofabrication. Several approaches were
employed to characterize the CuO NPs made using the biogenic process. The antioxidant
and antibacterial activities of the CuO NPs as produced were also investigated.

2. Materials and Methods
2.1. Reagents

All the reagents used in this experiment including copper sulfate penta-hydrated
(CuSOy4-5H,0), (2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), Agar nutrient, potassium persulphate were of analytical grade and bought from
Merck and Sigma-Aldrich.

2.2. Collections of Plant Leave and Extract Preparation

B. ciliata leaves were collected from Neelum Valley, Azad Jammu, and Kashmir, Pak-
istan, and were all washed many times with distilled water to eliminate the dust particles
before being used in the experiment. Afterward, the plant leaves were shade dried for
seven days to remove the moisture and then boiled at 80 °C for 30 min in 200 mL of distilled
water. After cooling the mixture to room temperature and was filtered with the help of
Whatman No.1 filter paper and kept at 4 °C as stock extract for the production of CuO NPs.

2.3. Phytogenic Synthesis of CuO NPs

The 70 mL of copper sulfate penta-hydrated (CuSO4-5H,0) was combined with 30 mL
of an aqueous leaves extract of B. ciliata with continual stirring on magnetic stirring at
70 °C to prepare CuO NPs. The color changes from deep blue to brick red with increasing
time duration indicating formation of the CuO NPs. The precipitate formed was collected
through centrifugation at 4000 rpm for 30 min and then washed thrice with distilled water.
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The solid product was dried in an oven at 100 °C and was then calcined at 400 °C for 2 h in
the muffle furnace.

2.4. Instrumentation

The physico-chemical properties of synthesized CuO NPs prepared by green method
were studied through different techniques as is also evident from the literature [29,30].
The crystallite geometry and size of synthesized CuO NPs were studied via Philips X'Pert
XRD (manufactured by CAE, Montreal, Canada) using 40 kV, 30 mA, Cu Ka radiation
(A = 1.54.5 A) with scan speed of 20 = 5 min~!. The morphology was examined using a
HITACHI HT-780 TEM (Cleveland, TN, USA) with accelerating voltage of 100 kV. EDX and
SEM were performed using a JEOL JSM-5600LV scanning electron microscope (Yokogishi,
Tokyo, Japan). FTIR spectrum was obtained with Bruker spectrometer ranging between
4000-400 cm ! using KBr pellets.

2.5. Bactericidal Assay

The antibacterial effectiveness of CuO NPs was assessed against Staphylococcus aureus
(S. aureus) ATCC# 5638 and Escherichia coli (E. coli) ATCC# 15,224 using the agar well
diffusion method [31]. The plates were created using DW and agar materials, and they
were let to set up at room temperature. The medium was covered with the overnight
developed bacterial culture and the wells were drilled with a polystyrene tip. The stock
suspension was created by ultrasonically dispersing 50, 100, 500, and 1000 pg of CuO NPs
in 1 mL of DW, and then a volume of 100 uL was added to each well. Following a 24 h
incubation period at 37 °C, the zone of inhibition, which indicates the activity of the CuO
NPs, was measured in millimeters (mm).

2.6. ABTS®** Scavenging Assay

A previously reported method was used for the screening of CuO NPs against the
ABTS free radicals [32]. First, the ABTS** was created by combining a 5 mM solution of
K55,0g with 14 mM ABTS (1:1 (v/v) and 12:8 (w/w)) in the dark. The absorbance was then
measured at 734 nm after sixteen hours. Amounts of 5, 25, 50, 100, 200, and 400 pg of CuO
NPs were dispersed in 1 mL of distilled water using ultrasonic dispersion for 30 min at
room temperature. After combining 0.15 mL of the ABTS+ solution with 0.2 mL of the
CuO NPs suspension, the absorbance was measured after 30 min. The activity of CuO
NPs is defined as the decrease in absorbance, and the current activity was estimated using
Equation (1), where A, and A; are the control absorbance and absorbance, respectively.

%RSA = [(AOA* Ai)} % 100 (1)

0

3. Results
3.1. XRD Analysis

XRD pattern of CuO NPs produced with B. ciliate leaves extract is shown in Figure 1.
In order to examine the crystal structure of CuO NPs, XRD analysis was performed, and the
peaks were found at 32.50, 35.63, 38.77, 46.69, 48.83, 51.47, 53.87, 58.04, 61.54, 65.66, 66.49,
68.31, 72.60, 75.07, and 80.35, with corresponding hkl values of —110, 002, 111, —112, —202,
112,020, 202, —113, 022, —311, —220, 311, 004, and —204. These diffraction peaks are due
to the monoclinic geometry-shaped CuO crystallite, which was compared to the standard
powder diffraction card of JCPDS no. 00-045-0937. Using full width at half maximum
(FWHM) data, calculated average crystallite size 48 nm. The sharp diffraction peaks that
appeared in the XRD pattern suggest the formation of highly crystalline CuO NPs. All
the observed peaks are assigned to monoclinic CuO, which also suggests the formation of
extremely favorable and single-phase CuO crystallites.



Crystals 2022, 12, 1796

40f9

35000

(002)
(111)

30000

25000

20000

Intensity

150007 @12) (113) |

10000 +

5000 +

T
40 60 80
2 theta position

Figure 1. XRD Spectrum of B. ciliate mediated CuO NPs.

3.2. SEM Analysis

The SEM images of the synthesized CuO NPs shown in Figure 2, show that the
particles are haphazardly dispersed forming a porous network with several cavities of
different sizes and shapes in between. Both the low (a) and high (b) magnified SEM images
show nearly identical morphology of the sample. The particles are closely connected with
one another, and in some areas of the micrographs, the boundaries between the particles
disappeared. However, some individual particles are also seen in the images, which are of
different shapes and sizes. Due to the high degree of agglomeration, the precise size and
morphology of the particles are difficult to determine.

ZBkU X168, 086 Mm Z8 24 S 28k 888 8. Smum

Figure 2. Low (a) and High (b) magnification SEM images of B. ciliate mediated CuO NPs.

3.3. TEM Analysis

The low- and high-magnification TEM images provided further insights into the
morphology and particle size distribution profiles of CuO NPs (Figure 3a,b). Both the TEM
images’ low resolution (80,000 x) and high resolution (120,000 x) show that the particles
are closely connected with each other, and the boundaries of the particles are visible.
The particles seem to be unevenly distributed in both images. In both images, irregular
morphological-shaped particles are seen, where some particles possess a slightly elongated
shape, whereas others have nearly rectangular and square-type structures. The left lower
portion of the low magnification image is highly agglomerated and a compact structure has
formed the accumulation of eight to ten smaller particles. The particles range from 64.85 to
121.29 nm with an average size of 69.15 nm.
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Figure 3. Low (a) and High (b) magnification TEM images of B. ciliate mediated CuO NPs.

3.4. EDX and FTIR Analysis

The elemental composition was analyzed through EDX and obtained spectrum con-
firmed the existence of copper and oxygen in the synthesized CuO NPs (Figure 4a). The
weight percent of the copper and oxygen detected in the prepared CuO NPs is 71.74 and
28.36, respectively, and are found very close to that reported in the literature [33]. The
chemical composition was studied through FTIR, and the spectrum obtained is shown in
(Figure 4b). The low-intensity peak at 1118.19 cm ™! is due to O-Cu-O bond vibrations in
the lattice structure whereas the intense peak at 452.48 cm ! specifies Cu-O vibrations that
indicate the formation of CuO NPs [34,35]. The presence of no other peak in both (EDX
and FTIR spectra) confirmed the formation of highly pure CuO NPs. That means that the
EDX and FTIR results are in good agreement with the XRD results regarding the purity of
the prepared CuO NPs.
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Figure 4. EDX spectrum (a) and FTIR spectrum (b) of B. ciliate mediated CuO NPs.

3.5. Antibacterial Activity

Figure 5 shows the antibacterial activity of the CuO NPs and the inhibitory zone
displayed by CuO NPs at various doses (50 ug/mL, 100 ug/mL, 500 pg/mlL, 1000 pug/mL)
against bacterial pathogens (S. aureus and E. coli). Zones were measured in millimeters
(mm) around each well and the size of the zones of inhibition increased as the concentra-
tion increased as shown in Table 1. The activity was found to increase with increasing
concentration of the CuO NPs in the wells and higher activity was found against E. coli
compared to S. aureus. The difference in the activity is attributed to the difference in the
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cell wall composition, which affects the penetration of NPs into bacterial cells, and also
due to the difference in the surface charge of both bacteria. The metal cation and other
radicals released in an aqueous solution are highly reactive and link the bacteria via surface
negative charge and thiol groups. Bacterial cell death occurs when more copper cations
engage with the bacterial surface and thiol groups [36]. CuO NPs interfere with bacteria’s
biological mechanisms by reducing cell growth, resulting in a bactericidal effect [37]. Bac-
terial death can be caused by NPs deposition on the surface of bacteria and infiltration
into the cytoplasm. By producing other reactive species from NPs and then penetrating
bacteria, reactive oxygen species can damage cellular constitutions (lipids, peptidoglycan)
and induce cell inactivatison [38]. In comparison to S. aureus, E. coli is more sensitive to
CuO NPs due to a strong surface negative charge and thin peptidoglycan layer. Because
the S. aureus cell wall is made up of thick and tough peptidoglycan, it is difficult for the
CuO NPs to penetrate inside. In contrast, the E. coli, well wall is comparatively soft having
a thin layer of peptidoglycan, which permits the infiltration of the incoming antibacterial
agent that disturbs the cytoplasmic composition and triggers cell death [39].

Figure 5. Pictorial representation of the antibacterial activity of B. ciliate mediated CuO NPs.

Table 1. Antibacterial activity of CuO NPs against E. coli and S. aureus and zones of inhibition was
measured in millimeters (mm).

Zones of Inhibition (mm) at Different

Concentrations . STD De- Correlation
Microorganisms Va:‘;azr)lce viation b/w Dose PC NC
50 100 500 1 (S) and Activity
(ug/mL) (ug/mL) (ug/mL)  (mg/mL)
E. coli 5 8 13 19 3.00 1.74 0.08 24 00
S. aureus 3 5 10 16 3.78 1.95 0.07 21 00

3.6. Antioxidant Activity

The ABTS radical scavenging activity of the produced CuO NPs to scavenge radicals
was tested using the ABBS assay. The findings of free radical scavenging activity at
various concentrations of CuO NPs were examined and compared to ascorbic acid used as
standard antioxidants and the obtained results are tabulated in Table 2. The decrease in
the absorbance at 734 nm with increasing concentrations is attributed to the antioxidant
potential of the CuO NPs. The percent radical scavenging activity of CuO NPs is increased
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with increasing concentration. At varied concentrations, CuO NPs showed scavenging
activity ranging from 22.62 percent to 85.27 percent. The increasing radical scavenging
potential is due to the oxygen atom which transfers the electron density to the ABTS
radical cation and stabilizes it. The ICsy value is the concentration of antioxidants that can
neutralize 50 percent of the ABTS®** radicals and is found to be 110.50 percent for CuO NPs
and ascorbic acid is 171.04 percent. The lower ICs5y value for the CuO NPs compared to the
standard are suggest the high efficacy of the synthesized antioxidant as compared to the
standard antioxidant [40].

Table 2. Antioxidant activity of CuO NPs against ABTS free radicals and statistical analysis.

. . L. Correlation
Sample Co?cenI:iajlon %RSA ( I(/:ISI(I)L) Variance (S?) Std D(esv)latlon Constant b/w
ug/ H8 Dose and %RSA

5 22.62
25 30.36

50 44.83 2.82 1.68 0.97

CuO NPs 100 5927 110.50

200 73.01
400 88.27
5 14.1
25 22.15
. . 50 34.13

Ascorbic acid 100 47.83 171.04 3.71 1.93 0.78
200 64.98
400 78.39

4. Conclusions

The plant leaf extract-assisted synthesis is a fast, environmentally friendly, one-pot
synthesis, simple, clean, energy-saving, and economically feasible way for the production
of CuO NPs, which can also be used for the synthesis of other NPs as well. The physico-
chemical study reveals that the produced CuO NPs are extremely pure, highly crystalline,
and a bit irregular in size and morphology shape, and can be used for many applications in
the future. The antibacterial and antioxidant activities are seen to increase with increasing
CuO NPs in the experiment. The antibacterial activity of CuO NPs was high against E. coli
as compared to S. aureus; however, the activity of CuO NPs against both bacterial species
is less than the standard drug. The low ICsj value for CuO NPs as compared to ascorbic
acid highlights the importance of this study.
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