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Abstract

In the last two decades, nanomaterials have received much attention for the treatment of multidrug-resistant microbes that
threaten human health. In the current study, the novelty and scientific significance concentrated on the biogenic synthesis of
bimetallic silver-zinc oxide nanoparticles (Ag-ZnO NPs) using pomegranate peel extract (PPE) for the first time. The new
constructed bimetallic Ag-ZnO NPs possessed the synergistic activity at a low concentration to avoid toxicity and elevate the
superior potential. UV-Vis. characterization illustrated that Ag-ZnO NPs were small in size (15.8 nm), which was observed
at 395.0 nm. The SEM image of Ag-ZnO NPs, incorporated with PPE, exhibited uniform Ag-ZnO NP surfaces with a clear
surface appearance. It can be detected that Ag-ZnO NPs were isolated typically as a rounded particle across the PPE, which
showed as brilliant NPs combined and stabilized with the prepared PPE. Results also revealed that Ag-ZnO NPs exhibited
potential antibacterial activity toward Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus aureus,
and Enterococcus faecalis where minimum inhibitory concentrations (MICs) were 62.5, 125, 15.62, 62.5, and 250 pg/
ml. Likewise, Ag-ZnO NPs appeared antifungal activity against Candida albicans, Cryptococcus neoformans, Aspergil-
lus fumigatus, and Aspergillus brasiliensis, where MICs were 7.81, 31.25, 125, and 62.5 pg/ml, respectively. Moreover,
Ag-ZnO NPs exhibited anticancer activities against MCF7 and Caco2, where 1Cs, was 104.9 and 52.4 ug/ml, respectively.
Additionally, these concentrations are safe in use where results of cytotoxicity on Vero normal cell line confirmed that ICs,
was 155.1 pg/ml. Overall, bimetallic Ag-ZnO NPs were for the first time, successfully biosynthesized using PPE; also, they
had a promising antibacterial, antifungal, and anticancer activities.
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MTT 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphe-
nyl-2H-tetrazolium bromide

0.D. Optical density

SPR Surface plasmon resonance

PDI Polydispersity index

JCPDS Joint committee on powder diffraction
standards

WH Williamson-Hall

1 Introduction

Cancer is considered one of the most diseases which affect
human health worldwide [1]. Chemotherapy is the com-
mon route for treating cancer due to its potential efficacy;
however, it causes dangerous side effects such as hair loss,
feeling tired most of the time, a sore mouth, and dry, sore,
or itchy skin. Recently, some anticancer agents do not give
high efficacy. Moreover, the abuse of antibiotics led to the
development of multidrug-resistant bacteria around the
world [2—4]. Thus, discovering new compounds that have
antimicrobial and anticancer activities is highly needed.

Nanotechnology and nanomaterials have attracted the
attention of most researchers in different fields such as medi-
cal, pharmaceutical, agricultural, environmental, and indus-
trial fields [5—10]. Nanomaterials are frequently synthesized
using chemical and physical methods. Although these meth-
ods have high efficacy, they are expensive and toxic to the
environment [11]. Recently, plants, algae, fungi, and bacteria
have been used as biological methods for the biosynthesis
of nano-metals [12-20]. Ag NPs and ZnO NPs have been
widely used in a variety of fields, including environmental,
biomedical, and pharmaceutical applications. Studies have
shown that shape and size of Ag NPs and ZnO NPs have a
major impact on their electromagnetic, optical, and catalytic
characteristics [21, 22]. Various morphologies, including
discs, rods, wires, prisms, and spheres, of these NPs, have
been produced in numerous research. Tetrahedrons, cubes,
decahedrons, and pentagons are a few examples of certain
shapes that have been successfully synthesized [23].

The biogenic synthesis of bimetallic Ag-ZnO NPs has
been conducted in the literature. For instance, Sohrabnezhad
et al. [24] synthesized Ag-ZnO NPs using Urtica dioica leaf
extract for increasing the photocatalytic activity of Ag-ZnO
NPs for dye removal. Additionally, Khatami et al. [25] utilize
the extract of Prosophis fracta and coffee for the successful
formation of Ag-ZnO NPs. The synthesized bimetallic NPs
are also promising antibacterial agents against Acinetobacter
baumannii and Pseudomonas aeruginosa. Furthermore, a
recent report conducted a facile green synthesis route for
Ag-Zn0O nanocomposite synthesis using potato residue by
simple and cost-effective combustion route [26]. The photo-
catalytic degradation of methylene blue (MB) dye was also
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investigated. Finally, Noohpisheh et al. [27] synthesized Ag-
ZnO nanocomposites using Trigonella foenum-graecum leaf
extract and investigated their antibacterial, antifungal, anti-
oxidant, and photocatalytic properties.

Previous studies [28-31] used different kinds of peel for the
biosynthesis of metal nanoparticles, but in this study, pomegran-
ate peel was used due to its availability in the environment which
causes many problems such as agro-wastes. The chemical con-
stituents of the peel of pomegranate can help in the successful
formation of stable bimetallic NPs. Regarding the biosynthesis
of different NPs using the PPE, Hashem et al. [19] synthesized
Se NPs using PPE in high concentration and narrow nano-size.
The synthesized Se NPs possessed high activity which is simply
used as antimicrobial, and antioxidant agents, in addition to their
roles in biocompatibility and hemocompatibility.

This research aims to discuss one of the green ways for
bimetallic Ag-ZnO NPs synthesis as well as their characteri-
zation and their biological activity as antimicrobial and anti-
cancer agents. Due to the significant growth that has occurred
in nanotechnology, various chemical, physical, and biological
approaches have been created for generating Ag-ZnO NPs. To
this end, the goal of this research was to use PPE extract to pre-
pare bimetallic Ag-ZnO NPs as an eco-friendly and cost-effec-
tive method and to evaluate their ability to inhibit pathogenic
bacteria and fungi, in addition to their anticancer potential.

2 Materials and methods
2.1 Chemicals and reagents

Media ingredients and components were purchased from Hi-
Media and Difco. Chemicals such as silver nitrate, zinc nitrate,
and other reagents (used in the following examinations) were
obtained at the analytical standard grade from Sigma-Aldrich.
The peels of pomegranate (Punica granatum L.) were col-
lected from a juice factory on 6 October, in Giza City, Egypt.

2.2 Preparation of PPE

The outside and inner portions of pomegranate peels were
firstly cleaned with tap water, and dried at 80 °C for about
24 h. After the drying process, the peels were crushed in a
mixer and finally sieved by a 20-mesh sieve screen. About
10 g of the obtained fine peel powder was dissolved in
100 ml distilled water and heated for about half an hour at
85 °C. Finally, the filter paper used for vacuum filtration
is Whatman No. 1 filter paper which is applied for getting
the final filtered liquid extract as mentioned in the follow-
ing reference with some modifications [32]. The definitive
part of the extract was adapted to 100 ml with sterilized
distilled water and maintained in an amber bottle (at 4 °C)
for additional investigations.
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2.3 Biosynthesis of bimetallic Ag-ZnO NPs using
PPE

For the purpose of bimetallic biosynthesis, the distinct
amount of salts was used for Ag-ZnO NPs biosynthe-
sis. In details, 10 ml of (2.0 mM) Zn (NO;),-6H,0 was
mixed with 10 ml (2.0 mM) AgNO; and stirring at room
temperature for about 30 min. Then they were mixed
with 80 ml of the created PPE. After preparing the mix-
ture solution, we check the solution pH and it was found
to be 7.2. The reaction parameters were prepared as the
incubation temperature set at 30 °C, and reaction time
of about 24 h under agitation (250 rpm) in a shaking
incubator, which were adapted to develop the most profit-
able synthesis of bimetallic Ag-ZnO NPs [33]. After the
complete incubation, we noted the change in color and
fixed it as faint brown which demonstrated the bimetal-
lic Ag-ZnO NPs bio-formation. Finally, the synthesized
bimetallic Ag-ZnO NPs were clarified by centrifugation
at 7500 rpm for about 15 min and must be cleaned five
times with distilled water to draw loosely bound peel
biomolecules.

2.4 Ag-ZnO NPs validation

Firstly, the optical property of the formed bimetallic Ag-
ZnO NPs was tested by UV-Vis. spectrophotometer (JASCO
V-560) at distinct wavelengths in the range from 190 to
900 nm. It must be mentioned that we must auto-zero the
instrument by the sample without the known metal salt
before the measurements. For the average particle size dif-
fusion of the produced bimetallic Ag-ZnO NPs, we conduct
dynamic light scattering (DLS-PSS-NICOMP 380, USA).

Additionally, the average and exact size of the formed
bimetallic Ag-ZnO NPs and the noted shapes of the syn-
thesized Ag-ZnO NPs were determined by HR-TEM (HR-
TEM, JEM2100, Jeol, Japan). The crystallinity and the
crystal size determination were investigated after conduct-
ing XRD (XRD-6000, Shimadzu Scientific Instruments,
Japan). The surface morphology and boundary size of
the synthesized bimetallic Ag-ZnO NPs were assessed by
SEM (SEM, ZEISS, EVO-MA10, Germany). In addition,
the elemental arrangement, purity, and dispersal of com-
ponents established in the synthesized Ag-ZnO NPs were
determined by EDX, BRUKER, Germany.

Additionally, FTIR analysis (JASCO FT-IR 3600,
KBr Pellet method, and wavenumber range from 400 to
4000 cm™") was carried out to reveal chemical functional
groups established between the prepared bimetallic Ag-
ZnO NPs and PPE.

2.5 Antibacterial activity

Antibacterial activity of bimetllic Ag-ZnO NPs, zinc nitrate,
silver nitrate, and PPE was evaluated against Gram-negative
(Pseudomonas aeruginosa ATCC 27853, Escherichia coli
ATCC 25922) and Gram-positive bacteria (Bacillus subtilis
ATCC 6051, Enterococcus faecalis ATCC 29212, Staphy-
lococcus aureus ATCC 25923) using agar well diffusion
method according to document M51-A2 of CLSI [34] with
minor modifications. Bacterial suspensions of 1.5x 10’ CFU/
ml were separately prepared, seeded into Muller Hinton agar
media, and poured under septic conditions into sterilized Petri
plates. In each plate, four agar wells (7 mm) were made using
a cork-porer, and then 100 pl of bimetallic Ag-ZnO NPs, zinc
nitrate, silver nitrate, and PPE at a concentration of 1000 pg/ml
was transferred to wells separately. Then plates were put in the
refrigerator for 2 h followed by incubation at 37 °C for 24 h.
and then the inhibition zone diameter was measured. Different
concentrations of Ag-ZnO NPs and PPE ranging from 1000 to
3.9 ug/mL were used to detect MIC [35].

2.6 Antifungal activity

Also, antifungal activity was assessed toward Candida albi-
cans ATCC 90028, Cryptococcus neoformans ATCC 14116,
Aspergillus fumigatus ATCC 204305, and A. brasiliensis
ATCC 16404 using the agar well diffusion method. Fungal
suspensions were uniformly distributed on agar potato dex-
trose agar (PDA) plates individually. Then, 100 pl of each
bimetallic Ag-ZnO NPs, zinc nitrate, silver nitrate, and PPE at
a concentration of 1000 ug/ml was added and was put in agar
wells (7 mm) separately. All plates were incubated at 30 °C
for 3 days, and then inhibition zones were measured. Different
concentrations of Ag-ZnO NPs and PPE ranging from 1000
to 3.9 pug/ml were tested as an antifungal to detect MIC [35].

2.7 Cytotoxicity and anticancer activity

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium bromide) (Bio Basic Inc. Canada) assay protocol was
used to check the cytotoxicity of the prepared bimetallic Ag-
ZnO NPs [36]. The normal Vero cell line and cancerous cell
lines MCF7 (breast cancer) and Caco2 (colorectal adenocar-
cinoma) were collected from American Type Culture Collec-
tion (ATCC). The viability and inhibition percentages were
calculated according to these equations:

Sample optical density

Viability % = x 100
1abtity Control opticald ensity

Inhibition % = 100 — Viability %
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3 Results and discussion

3.1 Bimetallic Ag-ZnO NP biosynthesis using PPE

Fruit peel wastes are a valuable source of phytochemicals
which have an essential role in nanocomposite produc-
tion. Different plant organ extracts showed different results
during nanoparticle production [37]. The production of
bimetallic Ag-ZnO NPs by PPE was observed in this study
by a change in solution color to faint brown color, which
operated as a reducing agent or capping agent to reduce
zinc nitrate and silver nitrate into bimetallic Ag-ZnO NPs
and stabilize them in a colloidal form. The bioactive phy-
tochemicals from plant extracts serve as a capping agent,
preventing nanoparticle aggregation and altering their
biological activity [38, 39]. Yilmaz et al. [40] indicated
that the watermelon and pomegranate peel extracts have a
higher total phenolic content which helps in the reduction
of silver ions to Ag NPs.

The main phytochemicals present in plant peels are fla-
vones, terpenoids, sugars, ketones, aldehydes, carboxylic
acids, and amides, which are responsible for the biore-
duction and NPs synthesis [41]. Flavonoids contain vari-
ous functional groups, which have an enhanced ability to
reduce metal ions. The reactive hydrogen atom is released
due to tautomeric transformations in flavonoids by which
enol-form is converted into the keto-form. This process
is realized by the reduction of metal ions into metal NPs
[42].

3.2 Characterization of the biosynthesized
bimetallic Ag-ZnO NPs

PPE filtrate was tested for its capability regarding bime-
tallic Ag-ZnO NPs biosynthesis. The color of the PPE
seemed brown, which shifted to faint brown concerning
the biosynthesis of bimetallic Ag-ZnO NPs. The produced
pale brown color was assigned to the stimulation of bio-
genic Ag-ZnO NPs’ surface plasmon resonance and pro-
vided a correct spectroscopic signal of their appearance
[43].

The UUV Vis. spectra exhibited the experimental peak
(Fig. 1) conducting the O. D. (1.029; diluted 5 times), and
the bimetallic Ag-ZnO NPs were diminutive in size, which
was observed at 395.0 nm, according to the UV-Vis. analy-
ses. The existence of filtrate peaks is shown by the UV-Vis.
spectrum of the produced PPE, which matches the literature
studies [44, 45]. The intensity of the brown constructed was
fitting to the power of the prepared PPE to biosynthesize Ag-
ZnO NPs [25, 46]. Additionally, the detected peaks from 250
to 300 nm in the Ag-ZnO NP spectrum corresponded to the
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Fig.1 UV-Vis. spectra of the synthesized bimetallic Ag-ZnO NPs,
and the prepared PPE

PPE constituents. Usually, surface plasmon resonance (SPR)
is influenced by the intensity, dimension, morphological sur-
faces, and structure and dielectric manners of any constructed
nanoparticles [47, 48].

To investigate the average size of the biosynthesized bime-
tallic Ag-ZnO NPs, HR-TEM analysis was performed, and its
outcomes were likened to the DLS investigation, which oper-
ated to define the hydrodynamic radius, particle size distribu-
tion, and polydispersity index (PDI) [49]. HR-TEM image
represented the spheroidal forms with moderately mono-dis-
persed Ag-ZnO NPs with a common size from 9.5 to 25.2 nm.
The mean diameter was calculated to be 15.8+1.5 nm, as
shown in Fig. 2a. The delivered mono-dispersed bimetal-
lic Ag-ZnO NPs were appointed to the prepared PPE rich
in protein and amino acid, etc. This was supposed to reduce,
stabilize, and cap agents [50]. In HRTM imaging (Fig. 2a),
the line spacing was the same indicating one phase structure.
It can be suggested that silver was homogeneously distributed
within the zinc oxide matrix forming an alloy. The radical-
multi-position of PPE may cause simultaneous reduction of
both Ag and Zn as mentioned in the published article [51].

By making a comparison in the literature regarding the
average particle size and shape, it was found that our syn-
thesized bimetallic Ag-ZnO NPs were small in size, and a
major shape is spherical. Castro-Longoria et al. [52] syn-
thesized silver, gold, and silver-gold bimetallic NPs by a
green method utilizing the extract of a filamentous fungus,
and the shape of NPs was found to be mainly spherical with
an average diameter of 11.0 nm for silver and 32.0 nm for
gold, when the fungus was exposed to the aqueous solutions
of 1073 M of AgNO; and HAuCl,, respectively.

The produced shapes may be varied in that study [52],
since the shape of extracted NPs was nearly spherical or
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Fig.2 Mean particle size, (a)
shape, particle size distribution

and PDI determination of the

synthesized bimetallic Ag-ZnO

NPs, where a HRTEM imaging,

and b DLS analysis

50 nm
I

ellipsoidal in all cases, although other morphologies may
be observed due to the synthetic process from extract so the
anisotropic shape had been noted. In our study, a fixed shape
is displayed due to the single reducing and capping agents
being applied (PPE).

The DLS technique defined the typical particle size distri-
bution and was estimated as 21.20 nm in the bimetallic Ag-
ZnO NPs biosynthesized by the prepared PPE (Fig. 2b).

International standard organizations (ISOs) have dem-
onstrated that polydispersity index (PDI) values less than
0.05 are more expected to monodisperse models. In contrast,
values more than 0.7 are expected to be a polydispersity
diffusion of particles [53]. Herein, for the accepted PDI val-
ues (Fig. 2b), the PDI value was 0.315. The current values
demonstrate that the biosynthesized bimetallic Ag-ZnO NPs
were a moderate mono-size spread.

From the obtained results, the mean and predominate size
calculated from DLS analysis was greater than the size of the
particles estimated from the HRTEM imaging. The causes are
defined as the DLS method considered the hydrodynamic radius
within the biosynthesized Ag-ZnO NPs and surrounded via the
water layers concerning the considerable sizes of the biosyn-
thesized bimetallic Ag-ZnO NPs as described in the following
reference [54].

The surface features and surface shape of the produced
bimetallic Ag-ZnO NPs were investigated via SEM tech-
nique. The date in Fig. 3a depicts the SEM analysis of the
PPE, which seems as irregular flakes aggregated as bulk
organic materials. On the other hand, SEM images of bime-
tallic Ag-ZnO NPs biosynthesized by the prepared PPE with
variable boundary size and the equivalent spherical particles
were located within the PPE (Fig. 3b). Moreover, the SEM
results of bimetallic Ag-ZnO NPs (Fig. 3b), combined with
PPE, exhibit uniform Ag-ZnO NPs surfaces, and the surface
appearance was clear. It can be detected that bimetallic Ag-
ZnO NPs were isolated typically as a rounded particle across
the PPE, which shows as brilliant NPs combined and stabi-
lized with the prepared PPE. By making a comparison in the
literature regarding the morphological shape and elemental
analysis, it was found that the synthesized bimetallic Ag-ZnO
NPs (in this study) were uniformly distributed with narrow
size and the same spherical shape. Muhammad Mohsin et al.

Mean Diam.= 21.20, PDI=0.315

2:0 3:0
Size (d. nm)

[55] synthesized bimetallic silver and gold core-shell NPs by
citrate reduction method at different temperatures and pH. The
obtained morphological shape and boundary size indicated
that they have possessed a size ranging from 50 to 65 nm and
appear as spherical particles, so the temperature and pH play
a vital part in the production process.

The EDX examination is a rational approach used for
the fundamental analysis or the chemical characteriza-
tion of the synthesized specimens [56]. EDX analysis was
employed to demonstrate the primary form, and true struc-
ture of the biosynthesized bimetallic Ag-ZnO NPs and the
purity (Fig. 3d). Ag NPs revealed specific absorption peaks
of Ag element at 2.71 keV; additionally, ZnO NPs exhibited
specific absorption peaks of zinc element at 1.12 keV and
oxygen at 0.51 keV. The relative elemental percentage for
Ag was 12.5%, Zn was 19.4%, and O was 10.4%, while C
for the remaining PPE possessed an elemental percentage
of 57.7%. EDX examination of the prepared PPE (Fig. 3c)
represented the essential peaks that correspond to the basic
atoms found in the filtrate (O, C, Na, K, and Cl).

XRD studies for bimetallic Ag-ZnO NPs are illustrated in
Fig. 4a. XRD results regarding the produced bimetallic Ag-
ZnO NPs represent the amorphous, and crystal arrangements
for the precursor (PPE) and the biosynthesized bimetal-
lic Ag-ZnO NPs. It must be noted that 20 at 22.21° (donated
as *) corresponds to the amorphous PPE (amino acids and
total phenolic content) [19, 57]. XRD results of the bio-
synthesized bimetallic Ag-ZnO NPs in Fig. 4a illustrated
the XRD diffraction peaks of Ag NPs including peaks at
20=38.49°, 44.09°, 63.90°, and 78.31° which corresponded
with a traditional card JCPDS-ICDD number 04-0783, and
resembled to (111), (200), (220), and (311) Bragg’s reflec-
tions [58].

Also, Fig. 4a displays the XRD diffraction peaks
of ZnO NPs including peaks at 26 =27.50°, 47.15°,
56.80°, 66.58°, and 71.25° which complemented with a
typical card JCPDS number 361451, and corresponding
to (002), (101), (102), (110), (103), and (201) Bragg’s
reflections [59], indicating that the produced bimetal-
lic Ag-ZnO NPs were crystal in character and delivered
the face-centered cubic (fcc) crystalline design. Ulti-
mately, there is exclusively one undeveloped peak at
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Fig.3 Morphological surface
determination, and elemental
analysis where a SEM imaging
of the prepared PPE, b SEM
imaging of the biosynthesized
bimetallic Ag-ZnO NPs, ¢ EDX
spectrum of the prepared PPE,
and d EDX spectrum of the
biosynthesized bimetallic Ag-
ZnO NPs

Fig.4 Crystallinity, surface
bonding and functional groups
analysis of PPE and the bio-
synthesized bimetallic Ag-ZnO
NPs where a XRD spectra of
the prepared PPE, and bimetal-
lic Ag-ZnO NPs, and b FTIR
spectra of the prepared PPE,
and bimetallic Ag-ZnO NPs
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23.50° (donated as *) regarding PPE validation (Fig. 4a)
which is interested in the synthesis and strength of
bimetallic Ag-ZnO NPs. Nevertheless, its intensity was
more straightforward than that noticed in PPE, and 26
was shifted because of the incorporation of bimetal-
lic Ag-ZnO NPs into the active PPE. The XRD results
indicate that the produced bimetallic Ag-ZnO NPs were
highly crystalline and conjugated with amorphous PPE
which increased its distribution in the solution for better
biomedical application [60].

Finally, the mean bimetallic Ag-ZnO NP crystallite
size was defined by the equation of Williamson-Hall (W
H) [61, 62] and was observed to be 13.85 nm according
to Eq. 1.

p cos 0= +4e sin 60 1)

W-H

Figure 4b displayed the FTIR range of PPE and the
biosynthesized bimetallic Ag-ZnO NPs. The FTIR spec-
trum of PPE demonstrated the complicated character of
the peels and confirmed the existence of a broad assort-
ment of combinations. Investigations have noted that
pomegranate peels possess additional biological mixtures
with natural character [63—-65].

From Fig. 4b, it marked that the PPE spectrum
revealed vast bandwidth of 3419 cm™' and demonstrates
the O—H stretching band ensures the existence of alcohol
and carboxylic acids. The C=C stretching band of the
alkyne group was seen at band 2923 cm™!. The blunt
mid-intense peak at 1728 cm™! was due to carbonyl
group C =0 indicating the presence of ketones, alde-
hydes, and carboxylic acids. The short moderate peak
at 1605 cm™! shows the existence of unsaturated com-
binations (alkenes), and the bands located at 1389 cm™!
for —0-CH, deformation. The band at 1343 cm™' (CH,
bending) is connected to cellulose’s existence; a peak at
1115 cm™! (-CH;CO stretching) demonstrates the exist-
ence of ethers and esters.

Finally, a noted peak at 769 cm™~! for -CCH and -COH
bending, from Fig. 4b, can attend that the PPE spectrum
are identical to that declared in the literature review [65,
66].

Finally, the FTIR spectrum of bimetallic Ag-ZnO NPs
biosynthesized by PEE indicated the same peaks detected
in the FTIR spectrum of PPE alone, but a separate peak
at 632 cm™! was seen within FTIR of bimetallic Ag-ZnO
NPs only, which may be because of the connection and
a cross of Ag or Zn NPs within the hydroxyl group as
Ag-0O or Zn-0O.

The FTIR results determined that the strength of peaks
was slightly changed within the bimetallic Ag-ZnO NPs
spectrum, which may be due to the physical incorporation
of bimetallic Ag-ZnO NPs across the hydroxyl group (inter-
molecular hydrogen bonding [67, 68]) and the other func-
tional groups presented in PEE. The absence of additional
non-identified peaks suggested the purity of the synthesized
sample and all the peaks were in the same wavenumbers
indicating the similarity in the incorporation and/or conju-
gation of the synthesized bimetallic Ag-ZnO NPs through-
out the main functional groups of the stabilizer PPE [69].

3.3 Biological studies
3.3.1 Antibacterial activity

The antibacterial activity of starting materials (PPE, silver
nitrate, and zinc nitrate) and bimetallic Ag-ZnO NPs toward
Gram-positive and Gram-negative bacteria were assessed
(Fig. 5). Results revealed that bimetallic Ag-ZnO NPs at a
concentration of 1000 pg/ml exhibited potential antibacterial
activity toward P. aeruginosa, E. coli, B. subtilis, S. aureus,
and E. faecalis where inhibition zones were 24.2, 17.6, 32.1,
21.7, and 14.9 mm respectively. Moreover, B. subtilis was the
most sensitive toward bimetallic Ag-ZnO NPs where MIC was
15.62 pg/ml, while E. faecalis was the least sensitive where
MIC was 250 pg/ml. Also, MICs of bimetallic Ag-ZnO NPs
against E. coli, P. aeruginosa, and S. aureus were 62.5, 125,
and 62.5 ug/ml, respectively.

On the other hand, PPE exhibited weak antibacterial activity
against E. coli and B. subtilis only. Also, both silver nitrate and
zinc nitrate did not exhibit any activity on all tested bacterial
strains. This indicates that the efficacy of bimetallic Ag-ZnO
NPs is not attributed to their starting material but attributed to
the effect of the prepared nanoparticles (bimetallic Ag-ZnO
NPs). Ibdnescu et al. [70] reported that Ag-ZnO NPs had
antibacterial activity against E. coli and Micrococcus luteus.
Also, Ag-ZnO NPs exhibited antibacterial activity against P.
aeruginosa and S. aureus [71-73]. The mechanism of action
of bimetallic Ag-ZnO NPs may be attributed to electrostatic
interaction which causes cell membrane damage, disruption
of proteins and enzymes, ROS generation and oxidative stress,
protein binding which leads to homeostasis disturbance (elec-
tron transport chain disruption), signal transduction inhibition,
and genotoxicity [74, 75]. Also, the efficacy may be attributed
to the roughness of the external surface of Ag-ZnO NPs which
causes damaging the cell wall; these lead to penetrating Ag-
ZnO NPs to the plasma membrane and causing toxicity to bac-
teria as reported by Zhang, Jiang, Ding, Povey and York [76].
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Fig.5 Antibacterial activity of bimetallic Ag-ZnONPs and PPE against E. coli (A), P. aeruginosa (B), B. subtilis (C), S. aureus (D) and E. fae-

calis (E)
3.3.2 Antifungal activity

Antifungal activity of the starting materials and bimetal-
lic Ag-ZnO NPs toward C. albicans, C. neoformans, A. bra-
siliensis, and A. fumigatus was shown in (Fig. 6). Results
illustrated that bimetallic Ag-ZnO NPs have antifungal effi-
cacy toward unicellular as well as multicellular fungi. The
prepared bimetallic Ag-ZnO NPs exhibited antifungal activ-
ity against C. albicans, C. neoformans, A. brasiliensis, and
A. fumigatus, where inhibition zones at a concentration of
1000 pg/ml were 38.3, 34.8, 31.4, and 21.7 mm, respectively.

@ Springer

Additionally, MIC of bimetallic Ag-ZnO NPs toward each
tested fungal strain was detected as shown in Fig. 6. Results
of MIC showed that MICs of bimetallic Ag-ZnO NPs against
C. albicans, C. neoformans, A. brasiliensis, and A. fumigatus
were 7.81, 31.25, 62.5, and 125 pg/ml, respectively. These con-
firms that bimetallic Ag-ZnO NPs have high efficacy toward
unicellular more than multicellular fungi. Moreover, C. albi-
cans were the most sensitive strains among other tested strains.

On the other hand, silver nitrate and zinc nitrate did not
give any activity, while PPE exhibited weak antifungal activity
at higher concentrations (500-1000 pg/ml). Previous studies
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Fig.6 Antifungal activity of bimetallic Ag-ZnONPs and PPE against C. albicans (A), C. neoformans (B), A. brasiliensis (C), A. fumigatus (D)

confirmed the antifungal activity of bimetallic nanoparticles
[73,77]. A previous study reported that Ag-ZnO NPs showed
potential antifungal activity toward C. albicans [73]. Likewise,
Zaheer and Albukhari [73] reported that ZnO-AgNPs have
promising antifungal activity against C. albicans. Gutiérrez
et al. [78] synthesized bimetallic Au—Ag NPs and found that
these nanoparticles have antifungal activity against C. parapsi-
losis, C. Krusei, C. glabrata, C. guillermondii, and C. albicans.

3.4 Cytotoxicity anticancer activity

To check the biosafety of the prepared bimetallic com-
pounds, cytotoxicity against normal cell lines is required.
Therefore, the cytotoxicity of bimetallic Ag-ZnO NPs
toward Vero cells was evaluated as shown in Fig. 7B.
Cytotoxicity of different concentrations of bimetallic Ag-
ZnO NPs (1000 to 31.25 pg/ml) was evaluated. Results
illustrated that the ICs, of bimetallic Ag-ZnO NPs was
155.1 pg/ml. Thus, the prepared bimetallic Ag-ZnO NPs
in the current study are safe to use because if IC is greater
than 90 pg/ml, the material is classified as non-cytotoxic
[79].

Anticancer activity of biosynthesized bimetal-
licA g-ZnO NPs was carried out against MCF7 and
Caco2 as cancerous cell lines (Fig. 7A and B). Results
revealed that bimetallic Ag-ZnO NPs exhibited antican-
cer activity against both MCF7 and Caco2 cancerous cell
lines where IC5, was 104.9 and 52.4 pg/ml, respectively.
Moreover, the anticancer activity of bimetallic Ag-
ZnO NPs toward MCF7 at concentrations 1000, 500,
250, and 125 pg/mL were 97.7, 97.6, 93.2, and 67.1%,
respectively.

Likewise, bimetallic Ag-ZnO NPs exhibited promising
anticancer activity against Caco2, which were 96.2, 95.1,
92.3, 89.2, and 70.87% at concentrations 1000, 500, 250,
125, and 62.5 pg/ml, respectively. Ambujakshi et al. [80]
reported that biosynthesized Ag-ZnO NPs using Chonemor-
pha grandiflora leaf extract was tested towards MCF 7, HCT
116, and A 549 cell lines.

Elsayed et al. [81] fabricated ZnO-Ag NPs using laser
ablation and found that these particles have antican-
cer activity against HCT 116 and HeLa cancerous cell
lines. Finally, Pandiyan et al. [82] reported that the nano-
composite (Ag-Au/ZnO) has potential anticancer activity
toward human cervical cancerous cells (HeLa).
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4 Conclusion

In the current study, the novelty and scientific significance
concentrated on the biogenic synthesis of bimetallic Ag-ZnO
NPs using PPE for the first time, for increasing the synergistic
activity at a low concentration (to avoid toxicity) and elevate
the superior potential. The UV-Vis. spectra exhibited a noted
peak at the O. D. (1.029; diluted 5 times), and the bimetal-
lic Ag-ZnO NPs were small in size (15.8 nm), which was
observed at 395.0 nm. The SEM image of the PPE looks like
irregular flakes aggregated as bulk organic materials; also,
the SEM image of bimetallic Ag-ZnO NPs has a variable
boundary size, and the equivalent spherical particles were
located within the PPE. The FTIR results determined that the
strength of peaks was slightly changed within the bimetal-
lic Ag-ZnO NP spectrum, which may be due to the physical
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incorporation of bimetallic Ag-ZnO NPs across the hydroxyl
group by intermolecular hydrogen bonding. The biosynthe-
sized bimetallic Ag-ZnO NPs at a concentration of 1000 pg/
ml exhibited potential antibacterial activity toward P. aer-
uginosa, E. coli, B. subtilis, S. aureus, and E. faecalis where
inhibition zones were 24.2, 17.6, 32.1, 21.7, and 14.9 mm,
respectively. The prepared bimetallic Ag-ZnO NPs (1000 pg/
ml) exhibited antifungal activity against C. albicans, C. neo-
formans, A. brasiliensis, and A. fumigatus where inhibition
zones were 38.3, 34.8, 31.4, and 21.7 mm, respectively.
Results revealed that bimetallic Ag-ZnO NPs exhibited anti-
cancer activity against both MCF7 and Caco?2 cancerous cell
lines, where ICs, was 104.9 and 52.4 pg/mL, respectively.
According to the promising results, the prepared eco-friendly
and cost-effective bimetallic Ag-ZnO NPs may be used in the
biomedical fields as smart and encouraging agents.
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