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A B S T R A C T

Zinc oxide (ZnO) and silver-zinc oxide (Ag/ZnO) nanocomposite were synthesized by a green method using
Zn(CH3COO)2 and AgNO3 as precursors for zinc and silver respectively; and Urginea epigea bulb extract as a
reducing/capping agent. The nanomaterials were characterized by X-ray diffraction (XRD) analysis, Fourier
transform infrared spectrophotometer (FTIR), ultraviolet-visible spectrophotometer, scanning, and transmission
electron microscopy (SEM and TEM). Their elemental composition was studied using EDX analysis, while
elementary mapping was used to show the distribution of the constituent elements. The powder X-ray diffraction
confirmed hexagonal phase ZnO, while the Ag/ZnO nanocomposites identified additional planes due to cubic
phase Ag nanoparticles. The absorption spectrum of the nanocomposite indicated a red shifting of the absorption
band of the metallic ZnO and a surface plasmon resonance (SPR) band's appearance in the visible region due to
the metallic Ag nanoparticles. The analysis from the TEM image showed the particles were of spherical
morphology with a mean size of 35 nm (ZnO) and 33.50 nm (Ag/ZnO). The biological activity of the nanoparticles
was studied for their antibacterial and antioxidant capacity so as to assess their ability to hinder bacterial growth
and capture radical species respectively. The results demonstrated that the modification of ZnO with silver
nanoparticles enhanced the antibacterial potency but reduced the antioxidant activity. This biogenic method
offers a facile approach to nanoparticles for biological purposes, and the strategy may be extended to other metal
oxide and their composites with metallic silver nanoparticles as a more effective approach compared to the
physical and chemical routes.
1. Introduction

Among the metallic and metal oxide nanomaterials, silver (Ag) and
zinc oxide (ZnO) nanoparticles (NPs) are widely used. They have found
wide applications in various fields including medicine, renewable en-
ergy, cosmetics, textile manufacturing, environmental remediation,
electronics, surface disinfection, agriculture, and others. With their large
binding energy, high piezoelectric properties, biocompatibility, and non-
toxicity, ZnO-NPs have become the subject of intense research due to
their increased industrial potential (Jain et al., 2020). Also, Ag-NPs are
one of the inorganic nanomaterials of great popularity due to their
excellent antimicrobial activity (Senthilraja et al., 2018; Das et al., 2016;
D.C. Onwudiwe).
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Tao et al., 2019). Together with Ag-NPs, ZnO-NPs have proved to be of
formidable utility as antimicrobial substances against resistant microbial
strains even at very low concentrations (Kim et al., 2007; Sondi and
Salopek-Sondi, 2004) due to their intracellular destruction of many
biological pathways in microbial cells (Liu et al., 2018; Huh and Kwon,
2011), leading to induction of long-lasting cell growth inhibition within a
very short contact time (Gunalan et al., 2012; Feris et al., 2010).

The antimicrobial activity of Ag-NPs is a function of particle size, with
higher antimicrobial efficiency as the size decreases (Morones et al., 2005;
Samberg et al., 2011). However, the problem of NPs aggregation ensues as
Ag-NPs size decreases, leading to the decreased antibacterial activity of the
NPs. Consequently, this has led to the recent hybridization innovation of
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incorporating Ag-NPs into various other nanomaterials including ZnO to
prevent aggregation as well as cytotoxicity of the former (Agnihotri et al.,
2015; Ocsoy et al., 2013). In addition, Ag/ZnO hybrid NPs have been
shown to have further enhanced antimicrobial activity compared to the
individual capabilities of their components (Gupta et al., 2017). The
enhanced properties of Ag/ZnO-NPs derive from the synergy between the
two NPs (Youssef et al., 2017), which augments oxidative stress induction
and hence improves the antimicrobial activity of the nanocomposite (Liu
et al., 2020; Lu et al., 2017; Rajaboopathi and Thambidurai, 2019).

Recently, ZnO-NPs have found animal feed safety and animal health
applications emanating from their newfound utility in binding myco-
toxins. In this regard, Saramas and Ekgasit demonstrated the ability of
high surface-area-activated carbon with ZnO-NPs to bind the mycotoxins
aflatoxin B1 (AFB1), zearalenone, and fumonisin B1, and that this nano
product could be used as an animal feed additive (Saramas and Ekgasit,
2021). However, this composite of carbon with ZnO-NPs was synthesized
using a non-green approach involving potentially toxic chemicals and
therefore may not be biologically friendly.

In farm animals, particularly pigs and chickens, mycotoxins induce
acute to chronic effects including carcinogenicity, mutagenicity, terato-
genicity, immunosuppression, and endocrine disruption (Mili�cevi�c et al.,
2010; Haque et al., 2020) with the predisposition of animals to secondary
bacterial infections (Pierron et al., 2016). Their toxicity is mediated
through induction of oxidative stress and compromising of the animal's
antioxidant defencemechanisms (Mavrommatis et al., 2021) as is the case
with bacterial infections (Lauridsen, 2019). Unfortunately, there is
currently no remedy for mycotoxin infections in farm animals and human
beings. Instead, mycotoxin binders have been incorporated into animal
diets as a strategy to bind mycotoxins to render them unavailable for
interaction with the animal's digestive and cellular systems. However,
these substances have lately been shown to also sequester and thus
decrease the bioavailability of dietary nutrients including proteins, amino
acids, vitamins (Kihal et al., 2021; Barrientos-Vel�azquez et al., 2016) and
also in-feed antibiotics (Goossens et al., 2012). Since the mechanism of
action of mycotoxins generally involves induction of cellular or tissue
oxidative stress, there is, therefore, an urgent need for an alternative
antioxidant-bolstering strategy to attenuate their toxicity in farm animals.

One possible mycotoxin ameliorative strategy involves the administra-
tion of plant-derived bioactive compounds (phytochemicals) that have the
capacity to increase the gene expression and specific activity of enzymes.
They can defend cells and tissues against oxidative stress as well as be
involved in the biotransformation of mycotoxins and their epoxides. Such
enzymes include glutathione S-transferase (GST) (Hayes et al., 1991a,
1991b; Guengerich et al., 1998) andhemeoxygenase (Milbury et al., 2007).
Inthisregard,studieshaveshownthatpre-treatmentwithplant-derivedGST
isoform inducers protects against DNA damage and carcinogenesis induced
by aflatoxin B1 (AFB1), one of themycotoxins (Buetler et al., 1995;Manson
et al., 1997). Also, other researchers have shown that in vivo administration
of phytochemicals upregulates gene expression and the activity of heme
oxygenase (Milbury et al., 2007) and ameliorates AFB1-induced effects via
up-regulation of antioxidant enzyme gene expressions, and increase the
availability of reduced glutathione (GSH) (El-Bahr, 2015; Limaye et al.,
2018; Lee et al., 2019) the major antioxidant in all living cells.

It is against this background that phytochemicals of plants such as
U. epigea are being investigated for their ability to bolster antioxidant
mechanisms in animals and poultry subjected to mycotoxin toxicity. An
indigenousbulbousplant inhabiting semi-aridandrockygrasslandsofmany
Southern African countries of the eastern seaboard, and commonly used by
Zulu, Swati, and Xhosa traditional healers as an oral tonic for soothing body
pains, healing bone fractures, and as an aphrodisiac. Theplant is reported to
possess cardiotonic activity and its bulb sap usually induces skin irritation
upon handling. This is due to the presence mainly of bufadienolides (Koor-
banally et al., 2004; Lukhoba et al., 2006). Bufadienolides are a group of
24-carbon cholesterol-related polyhydroxy steroids and their glycosides;
theyarecharacterizedbyasix-membereddoublyunsaturatedlactoneringas
well as a 2-pyrone group at the C-17 position of the perhydro phenanthrene
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nucleus (De Sousa et al., 2017; Kolodziejczyk-Czepas and Stochmal, 2017).
They have blood pressure stimulating, anti-angiogenic, anti-viral, immu-
nomodulatory, anti-inflammatory, and antibacterial activities (Gao et al.,
2011; Kamboj et al., 2013; Xiao et al., 2011; Wu and Lu, 2022).

Nonetheless, phytochemicals are chemically unstable and easily
degradable upon exposure to conditions like temperature, oxygen, pH, and
light beforebeingabsorbed (Assadpour andMahdi Jafari, 2019). Therefore,
it is necessary to protect these bioactive compounds to ensure their
controlled release at the target site. Encapsulation of phytochemicals into
NPs throughbiogenicNPsynthesis isoneof themosteffective techniques for
entrapping, protecting, and delivering bioactive materials into biological
systems (Dima et al., 2020; Koshani and Jafari, 2019; Rezaei et al., 2019).
Theycan induce skin irritationuponhandling (Koorbanally etal., 2004), are
hydrophobic, and possess weak antioxidant potential (Kolodziejczyk-Cze-
pas and Stochmal, 2017). These properties might limit their direct addition
into animal feed formulations. Bufadienolides are ideal phytochemical
candidates for nanoencapsulation. However, no studies have previously
investigated nanoencapsulation through phytogenic synthesis of ZnO and
Ag/ZnO NPs mediated by U. epigea phytochemicals. Also, no studies have
reported the antioxidant and antibacterial applications of these NPs. The
objective of this study therefore was to study the biosynthesis,
physico-chemical characteristics, as well as antibacterial and antioxidant
activities of U. epigea bulb extract-mediated ZnO and Ag/ZnO NPs.
Furthermore, thepristineZnOandthecompositewithAgwerealsoprepared
using the conventionalmethod,without the green plants, and a comparison
of their optical, structural, as well as morphological properties were made.

2. Materials and methods

2.1. Materials

Urginea epigea bulbs were collected at Ermelo, Mpumalanga province,
South Africa at a latitude of -26� 31059.9900 S and longitude of 29�

58059.9900 E. Zinc acetate dihydrate (Zn (CH3COO)2�2H2O) and silver
nitrate (AgNO3) were procured from Merck. Sodium hydroxide (NaOH),
ethanol, 3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide, and Ascorbic acid were obtained fromMerck.
All chemicals were used as received.

2.2. Instrumentation

TheXRDsampleswererecordedusingtheBrukerD8Advance,whichwas
equippedwith a counter that uses CuKα radiation (k¼ 1.5405, nickelfilter)
andoperatedat40kVand40mA.TheFTIRspectrumoftheU.epigeabulbwas
acquired on a Cary 670 FTIR spectrometer. The absorbance properties of
synthesizedU.epigeaZnOandAg/ZnOnanoparticlesweremeasuredonaCary
30 UV–vis spectrometer from Agilent technologies. A TECNAI G2 trans-
missionelectronmicroscope (TEM)wasused to study themorphologyof the
nanoparticlesatanacceleratingvoltageof200kV. ImageJsoftwarewasused
ontheTEMimagestodeterminetheaverageparticlesizeofthenanoparticles.

2.3. Extraction of the phytocomponents from the U. epigea bulb

The collected bulb was rinsed under a running tap, afterwards by
distilled water to remove dust and unwanted specks of dirt. These bulbs
were chopped, air-dried under shade to prevent the volatile organic
component from escaping, and grounded to powder. The biomolecules
were extracted from the plant by adding 5 g of bulb powder into 100 mL
of distilled water and heated at 80 �C for 4 h, while continuously stirring
with a magnetic stirrer. The mixture was cooled to room temp., filtered,
and the obtained filtrate was stored at 4 �C for further use.

2.4. Synthesis of zinc oxide nanoparticles

0.05 M of Zn(CH3COO)2 was utilized for the preparation of ZnO-NPs
following an already described procedure (Thema et al., 2015). About 20



Figure 1. XRD patterns of ZnO and Ag/ZnO-NPs synthesized using (a) conventional (b) green method.
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mL of the aqueous extract of U. epigea was mixed with 0.05 M of Zn
(CH3COO)2 solutionand thepHwasadjusted to8byaddinga solutionof2.0
M sodium hydroxide in dropwise, followed by vigorous stirring at 85 �C for
2 h. The colour change from brown to creamy white after 40 min signalled
the formation of the nanoparticles, and therefore the reaction was termi-
nated. The solutionwas then cooled andcentrifuged for 30min at 4300 rpm
to separate the precipitate. The collected precipitate was rinsed three times
with distilledwater and ethanol, then dried overnight at room temperature
before being calcined at 400 �C for 3 h to afford the nanoparticles.

2.5. Synthesis of Ag/ZnO nanocomposite

For the Ag/ZnO-NPs, 0.05 M Zn (CH3COO)2 was mixed with 0.2%
Ag/NO3 and stirred steadily on a magnetic stirrer. Thereafter, a solution
of NaOH was added in dropwise to adjust the pH to 8. The solution was
heated at 85 �C for 15 min, then about 20 mL of plant extract was added
and the reaction was left for 90 min. The mixture was allowed to cool to
room temp. and the composite was recovered by centrifuging for 30 min
at 43000 rpm. Afterwards, the product was rinsed three times with
distilled water and ethanol, dried at 50 �C for 3 h, and was calcined at
450 �C for 2 h. The nanoparticles were then stirred overnight in a solu-
tion of the plant extract to allow the interaction of the nanoparticles with
the plant's biomolecules. The product was then filtered, dried in the air,
and transferred into a sealed container for characterization.

2.6. Antibacterial testing of ZnO nanoparticles and Ag/ZnO
nanocomposite

The bacterial strains used were Gram-positive (Klebsiella oxytoca,
Staphylococcus aureus, and Bacillus cereus) and Gram-negative (Escherichia
3

coli). The antibacterial screening was carried out using the agar disk
diffusion method. Muller–Hinton agar was used to prepare the Petri
plates. The test cultures at a concentration of 106 CFU/mL were streaked
onto condensed agar in Petri dishes by the aid of a sterilized cotton swab
and allowed to dry for 15 min. For the nanoparticles that were evaluated,
100% dimethyl sulfoxide was employed as a diluent. ZnO and Ag/ZnO
concentrations of 5, 7.5, and 10 μg/mLwere soaked in a 6.0 mm diameter
blank paper disks. After incubation at 37 �C for 30 min, each plate was
stained purple with 1.25 mg/mL 3-(4, 5- dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide MTT (Merck). For the bacteria, the plates
were allowed to incubate for 24 h at 37 �C, and control studies were
conducted under comparable conditions using commercially available
antibacterial drugs as positive control drugs and 100 % DMSO as a
negative control. The diameters of inhibitory zones were measured to
determine the microorganism species sensitivities to the samples. The
experiment was done twice, and the inhibition zones were measured in
mm.
2.7. Antioxidant activity of ZnO nanoparticles and Ag/ZnO
nanocomposite

The antioxidant potency of the ZnO and Ag/ZnO was determined
using the DPPH technique. Briefly, 1 mL of 100 M DPPH was prepared in
methanol and mixed with 1 mL of ZnO and Ag/ZnO-NPs solution (con-
centrations of 20, 40, 60, 80, and 100 μg/mL) before being dispersed in
methanol. Ascorbic acid was used as a standard with the same concen-
trations as ZnO and Ag/ZnO-NPs. Both the control and sample absor-
bances were read at 520 nm, and the experiment was repeated three
times. DPPH scavenging activity was determined using the formula
shown in Eq. (1):



Figure 2. FTIR of U. epigea bulb, ZnO, and Ag/ZnO nanoparticles.
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Scavenging activity%¼Absorbance control� Absorbance sample
Absorbance control

� 100
(1)

3. Results and discussion

3.1. XRD patterns of ZnO nanoparticles and Ag/ZnO nanocomposite

The purity and crystallinity of the ZnO andAg/ZnOwere studied using
XRD analysis and are shown in Figure 1. The peaks which appeared at
31.67�, 34.46�, 36.32�, 47.50�, 56.66�, 62.93�, and 67.85� for ZnO
nanoparticles in Figure 1 corresponded to (100), (002), (101), (102),
(110), (103), and (110) crystallographic planes respectively of hexagonal
phase ZnO (JCPDS No: 00-036-1451). The diffraction pattern of the ZnO
Figure 3. UV-vis spectra of (a) conventional and (b) biosynthesized ZnO; and Tauc pl
nanoparticles.
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NPs from the two routes: conventional (Figure 1a) and green (Figure 1b)
showed a difference in the peak intensity, specifically in the (0 0 2) plane,
which might indicate a difference in the growth direction of the nano-
particles. The introduction of Ag to ZnO to form a composite showed
additional diffraction peaks to the ZnO patterns at 31.7�, 34.8�, 36,1�,
38.5�, 38.0�, 44.2�, 47.5�, 56.9�, 62.7�, and 67.9� attributed to the crys-
tallographic phase of cubic planes of Ag. Characteristic peaks of the Ag
appeared at 2θ ¼ 38.0�, 44.2�, and 64� which confirmed that silver was
present in the Ag/ZnO composite. The intense diffraction peaks affirm the
significant increase in crystallinity of the ZnO in the Ag/ZnO composite
compared to ZnO alone, and this could be ascribed to the higher tem-
perature of calcination in the latter. Debye Scherer's Eq. (2) was used to
estimate the average crystallite size of the nanoparticles.

D¼ kλ=β cos θ (2)

where D is the crystallite size, β is the FWHM, depicting the Full width at
half maximum measured in radians, K is a constant (0.90), which is
known as the Scherrer shape factor, λ represents the X-ray wavelength
(1.5406Å), and θ is the Bragg diffraction angle, which is given in degrees.
The estimated particle sizes of the conventional ZnO and Ag/ZnO (30.8
and 30.4 nm) were higher than biosynthesised ZnO and Ag/ZnO (25.09
and 25.16 nm) NPs respectively.
3.2. Infrared spectral studies of U. epigea bulb and the synthesized
nanoparticles

FTIR was used to explore the possible functional groups of the bio-
molecules present in theU. epigea bulb. In the FTIR spectrum presented in
Figure 2, the major absorption bands appeared at 3294, 2919, 1612,
1317, and 1035cm�1. The observed broad peak at 3294 cm�1 could be
ot showing respective bandgap energy of conventional (c) and biosynthesized (d)



Figure 4. UV-vis spectra of (a) conventional and (b) biosynthesized Ag/ZnO; and Tauc plot showing bandgap energy of conventional (c) and biosynthesized (d) Ag/
ZnO nanoparticles.
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attributed to the O–H stretching vibration (Ajitha et al., 2015). The two
low-intensity peaks at 2919 cm�1 and 2879 cm�1 were the symmetric
and asymmetric C–H of the alkane group (�Alvarez-Chimal et al., 2022).
The peak at 1612 cm�1 is attributed to C¼C stretching vibration (Jaya-
chandran et al., 2021), while the C–O- vibrations appeared around 1035
cm�1 (Dobrucka and Długaszewska, 2016). These vibrational frequencies
suggest the availability of different biologically active phytomolecules on
the nanoparticles that are available for adsorption, which can mediate
the synthesis of the nanoparticles from their respective metal salts. The
spectra of the ZnO and Ag/ZnONPs show the presence of peaks identified
in the spectrum of the plant extract but with a slight shift in the positions
of their appearance and this could be a result of the interaction of the
functional groups with the nanoparticles.
3.3. UV-visible studies of ZnO nanoparticles and Ag/ZnO nanocomposite

The optical absorption properties of ZnO nanoparticles prepared via
conventional and green methods were studied in the range of 200–850
nm at room temp., and the spectra are shown in Figure 3a and b
respectively. The maximal absorption peak of the ZnO nanoparticles in
the UV–vis spectral range is around 390 nm. These peaks could be
attributed to the absorption engendered by electrons transitioning from
the lower valence band to the higher conduction band. Furthermore,
these sharp peaks are due to the existence of the particles within the
nanosized regime. It could also be indicative of a narrow particle size
5

distribution (Zak et al., 2011). The broadening of the peak as they tailed
out could imply polydispersity in the solution (Zhang, 2008). These re-
sults corroborate previous reports (Jain, 2013; Selvarajan, 2013; Bajpai,
2016). Figure 4 shows the absorption spectrum of the Ag/ZnO sample. A
lower intensity in the light absorption capacity could be observed in the
UV range of the spectrum, which broadens out into the visible region. A
similar observation has been reported in the biogenic synthesis of
Ag/ZnO nanoparticles using extracts of Crataegus monogyna (Fouladi--
Fard et al., 2022). This is owing to the wide bandgap (3.4 eV) of ZnO
which upon addition of Ag nanoparticles to form a composite resulted in
red-shifting of the absorption band due to surface plasmon resonance
(SPR) (K.K. Paul, 2017). It is possible that the light excitation of the
composite generated more electron-hole pairs in the region which
resulted in the broadening of the peak. The optical band gap energy of the
nanoparticles was determined using the following Eq. (3):

αhv¼Aðhv� EgÞn (3)

where α denotes absorption coefficient, h is Plank's constant, and v rep-
resents the frequency of the photon. The symbol A is a constant, while Eg
represents the optical band gap energy of the nanoparticles, and the value
of n is ½, used when the semiconductor has a direct band gap. The peak
maxima in the absorbance spectrum is clearly shown to correlate to the
real optical band gap of the ZnO-NPs with an energy band gap of 3.5 eV
(Figure 3c and d). Figure 4a and b show the absorption spectra of con-
ventional and biosynthesized Ag/ZnO nanoparticles respectively. The



Figure 5. SEM images of the biosynthesized ZnO at (a) low, (b) high magnifications, and (c) EDX spectrum; and the TEM images (d) and its particle size distribution
histogram (f).
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band gap in ZnO was found to reduce to about 2.6–2.7 eV after the
addition of silver (Figure 4c and d respectively). The lowered band gap
energy of the composite and widening of absorption range indicate an
improvement in the light capturing ability due to the co-addition of Ag
and ZnO NPs. It also demonstrates the suitability of the composite for
medical applications that require light absorption such as sunscreen
protectors and antibacterial ointments.

3.4. Morphological studies of biosynthesized nanoparticles from U. epigea
bulb extract

The morphologies of the ZnO-NPs and Ag/ZnO nanocomposites were
analysed using SEM and TEM. Figure 5 presents the SEM images of the
nanoparticles, where the spherical structures of the ZnO nanoparticles
are well distinct at low (Figure 5a) and higher magnifications (Figure 5b).
The elemental composition of the samples was studied using EDAX
analysis, which confirmed that the pristine ZnO was composed of zinc
and oxygen (Figure 5c). Zinc had three strong signals at 1 keV, 8,6 keV,
and 9,3 keV, while oxygen signals appeared at 0.6 keV [58]. The internal
morphology presented by the TEM micrograph (Figure 5d) corroborated
the SEM image, depicting the nanoparticles to be of pseudo-spherical
morphology, whose good crystallinity was confirmed by the distinct
lattice fringes observable in the HRTEM image of Figure 5e. Particle size
distribution histogram (Figure 5f) showed that the average size of the
synthesized ZnO NPs were about 33.0 nm.

Figure 6a, b and c are the SEM images of the conventional Ag/ZnO
at low and high magnification, as well as the EDX spectrum. The
morphology of the Ag/ZnO nanocomposite depicts spherical nano-
particles, and the introduction of the Ag ions did not seem to affect the
external morphology of the resulting nanocomposite. The presence of
Ag ion within the composite material was confirmed by the EDX
spectrum of Figure 6c, which depicts the presence of Ag, Zn and O. The
6

SEM micrographs of the Ag/ZnO using the plant extract (Figure 6d and
e) present irregularly distributed short rods with no specific ordering,
but with more compactness compared to the unmodified ZnO nanopa-
rticles.

A confirmation of the incorporation of Ag nanoparticles into the
modified ZnO is evident in the EDX spectrum of the nanocomposite
(Figure 6f). A high-intensity zinc peak at 1 keV (typical peaks at 8,7 keV
and 9,5 keV), oxygen (0,5 keV and 2,4 keV), and Ag peak at 3 keV.

The different elemental components of the nanoparticles were evenly
and uniformly distributed across the entire nanomaterials as confirmed
in Figure 7(a, b, c, d, e, f, g).

TEM analysis of conventional and biosynthesized Ag/ZnO-NPs dis-
played spherical-shaped images with some degree of agglomeration as
presented in Figure 8a and b respectively. The dense parts of the images
are possibly due to aggregation and overlapping of smaller particles.
There is obvious formation of irregular morphology with different par-
ticle sizes, and an average particle size of 27.0 nm for the Ag/ZnO
nanoparticles obtained conventionally (Figure 8c). The biosynthesized
Ag/ZnO NPs exhibited particles whose size was in the range of 15.0–55.0
nm and an average particle size of 33.50 nm (Figure 8d).

3.5. Antibacterial and antioxidant activity of U. epigea bulb extract
mediated ZnO and Ag/ZnO nanoparticles

3.5.1. Antibacterial activity
Generally, ZnO and Ag/ZnO possess some antibacterial properties,

which has resulted in their huge application in medicine and other fields
(Agarwal et al., 2017). Table 1 depicts the results of the antibacterial
activity of both ZnO and Ag/ZnO against selected gram-positive and
gram-negative bacterial pathogens. The nanoparticles were observed to
be effective against all tested bacterial strains. However, the control drug
exhibited higher activity compared to both ZnO and Ag/ZnONPs. Among



Figure 6. SEM images of the conventional Ag/ZnO at (a) low magnification, (b) high magnification, and (c) EDAX spectrum; and the SEM images of the bio-
synthesized Ag/ZnO at (d) low, (e) high magnification, and (f) EDAX spectrum.

Figure 7. (a) Elemental mapping results of ZnO, (b) Zn, and (c) O elements of ZnO; and the (d) elemental mapping of Ag/ZnO, (e) Zn, (f) O and (g) Ag elements of Ag/
ZnO synthesized using extract of U. epigea bulb.
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the bacterial strains, E. coli, and K. oxytocawere more susceptible to both
test samples than the S. aureus and B. cereus bacterial strains. Gram þ ve
bacteria have a rigid cell wall network that makes them resistant to
rupture, whereas Gram -ve bacteria have a network of cell membrane
that is made up of one molecule thick (Satyavani et al., 2011).
7

Furthermore, the size of nanoparticles has been linked to increased
permeability through bacterium cells of E. coli (Elemike et al., 2017).
However, the Gram þ ve bacteria's strengthened cell wall renders it less
permeable than the Gram-negative bacteria's cell membrane, as observed
with S. aureus and B. cereus.



Figure 8. TEM images of Ag/ZnO (a) conventional, (b) biosynthesized 20 mL aqueous extract of U. epigea bulb, and their respective particle size distribution his-
togram (c) and (d).

Table 1. Antibacterial activity of biosynthesised ZnO nanoparticles and Ag/ZnO nanocomposite.

Microorganisms Inhibition zone (mm) at different a concentration of NPs (μg/mL)

ZnO Ag/ZnO

Control 5 7.5 10 Control 5 7.5 10

E. coli 24 � 0.0 10 � 0.5 12 � 0.3 15 � 0.3 28 � 1.4 11 � 0.0 15 � 1.4 19 � 0.7

K. oxytoca 20 � 0.3 9.0 11 � 0.0 15 � 0.7 27 � 0.0 9.0 � 0.7 1 4 � 0.3 17 � 0.7

S. aureus 20 � 0.7 7.0 � 0.0 11 � 0.0 13 � 0.3 21 � 0.7 11 � 0.0 11 � 0.3 13 � 0.3

B. cereus 20 � 0.7 0.0 � 0.0 9.0 � 1.4 9.0 � 0.3 21 � 0.7 6.0 � 0.3 9.0 � 0.7 9.0 � 0.3

Zone of inhibition mean � Standard deviation.
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Tables 2 and 3 present some selected results of the antibacterial and
antioxidant activities of ZnO and Ag/ZnO NPs respectively from different
plant extracts reported in the literature. The biosynthesized nano-
particles using different parts of plants display varying degrees of potency
against the different pathogenic bacteria including Escherichia coli,
Pseudomonas aeruginosa, Streptococcus pneumoniae Bacillus subtilis, Kleb-
siella pneumonia, Enterococcus faecalis, Staphylococcus aureus, Proteus
mirabilis, pyogenes, Proteus mirabilis, Salmonella typhi, etc (Ramesh, 2015;
Happy et al., 2019; Noohpisheh et al., 2020; Taha et al., 2020). They also
exhibited moderate to high antioxidant activities. A comparison of these
biological activities with results in the current study involving the extract
8

of Urginea epigea confirms the high efficacy of green synthesized ZnO and
Ag/ZnO NPs against both gram-positive and gram-negative bacteria. The
antibacterial property of the ZnO NPs from extract of Urginea epigea
exhibited a high minimum inhibition concentration against
Gram-negative E. coli and Gram-poitive S. aureus (Bala, 2015). Bhuyan
et al. (2015) reported the antibacterial potency of biosynthesized ZnO
nanoparticles against S. aureus, S. pyogenes, and E. coli that exhibited a
decrease in the growth of bacterial with a concentration 100 μg mL�1.

According to Divya et al. (2013), the mechanism of action for both Ag
and ZnO NPs involves the penetration and damage of the bacterial
membranes as a result of the production of reactive oxygen species



Table 2. Comparison of the antibacterial and antioxidant activities of ZnO from different plant extracts with other reported studies.

Type of plants extract Size of nanoparticles Type of bacteria Antioxidant
assay

Efficiency References

Ailanthus altissima fruits extract 5.0–18.0 nm - Escherichia coli - E. coli þþ (Awwad et al., 2020)

- Staphylococcus aureus S. aureus þ
Aloe vera 40.0–180.0 nm - Bacillus subtilis - B. subtilis þþ (Sharma et al., 2019)

- Escherichia coli E. coliþ
- Staphylococcus aureus S. aureus þ

Aloe vera peel extract 50–220 nm - Staphylococcus epidermidis - E. coli þþ (Chaudhary et al., 2018)

- Klebsiella pneumoniae K. pneumoniae þ
- Escherichia coli S. epidermidis þ

Aloe socotrina leaf extract 15–50 nm - Escherichia coli (ATCC) - E. coli þþ (Fahimmunisha et al., 2020)

Azadirachta indica (L.) leaf extract 18.0 nm - Staphylococcus aureus - S. aureus þþ (Elumalai and Velmurugan, 2015)

- Bacillus subtilis B. subtilisþ
- Pseudomonas aeruginosa P. aeruginosa þ
- Proteus mirabilis P. mirabilis þ
- Escherichia coli E. coli þ

Cassia alata fresh leave 60.0–80.0 nm - Escherichia coli - E. coli þþ (Happy et al., 2019)

Cassia fistula 5.0–15.0 nm - Klebsiellaaerogenes - K. aerogenes þþ (Suresh et al., 2015a)

- Escherichia coli E. coli þ
- Plasmodium desmolyticum P. desmolyticum þ
- Staphylococcus aureus S. aureus þ

Ceropegia candelabrum leaf extract 12–35 nm - Staphylococcus aureus - B. subtilis þþ (Murali et al., 2017)

- Bacillus subtilis S. aureus þ
- Escherichia coli E. coli

Cinnamomum Verum 45.0 nm - Staphylococcus aureus - S. aureus þþ (Ansari et al., 2020)

- Escherichia coli E. coliþ
C. halicacabum leaf extract 65.0, 62.0, 55.0, and 48.0

nm
- Staphylococcus
saprophyticus

- E. coli þþ (Nithya and Kalyanasundharam,
2019)

- Bacillus subtilis B. subtilisþþ
- Escherichia coli S. saprophyticus þ
- Pseudomonas aeruginosa P. aeruginosa

Euphorbia hirta leaves extract - - Streptococcus mutans - S. aureus þþ (Ahmad and Kalra, 2020)

- Streptococcus aureus S. mutans þ
- Clostridium absonum C. absonum þ
- Escherichia coli E. coli þ

Ginger rhizome (Zingiber officinale) 23.0–26.0 nm - Klebsiella pneumonia - K. pneumonia þþ (Janaki et al., 2015)

- Staphylococcus aureus S. aureusþ
Melia azedarach leaf extract 33–96 nm - Escherichia coli - P. aeruginosaþþ (Dhandapani et al., 2020)

- Staphylococcus aureus S. thalpophilumþþ
- Pseudomonas aeruginosa E. coli þ
- Sphingobacterium.
thalpophilum

S. aureus þ

- Bacillus subtilis K. pneumoniaeþ
- Klebsiella Pneumoniae

Pandanus odorifer leaf extract 90.0 nm - Bacillus subtilis - B. subtilisþþ (Hussain et al., 2019)

- Escherichia coli E. coli þ
Pomegranate (Punica granatum) leaves and
flowers

57.75 and 52.50 nm - Bacillus cereus - E. faecalis þþ (Ifeanyichukwu et al., 2020)

- Aeromonas hydrophila S. diarizonaeþþ
- Salmonella diarizonae B. cereus þ
- Enterococcus faecalis A. hydrophila þ

Ruta graveolens 28.0 nm - Pseudomonas desmolyticum - P. desmolyticum
þþ

(Lingaraju et al., 2016)

- Klebsiella aerogenes E. coli þ
- Staphylococcus aureus K. aerogenes þ
- Escherichia coli S. aureus þ

Solanum nigrum leaf extract 20–30.0 nm - Staphylococcus aureus - S. aureus þþ (Ramesh et al., 2015)

- Salmonella paratyphi S. paratyphi þþ
- Vibrio cholerae V. cholerae þ
- Escherichia coli E. coli þ

(continued on next page)
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Table 2 (continued )

Type of plants extract Size of nanoparticles Type of bacteria Antioxidant
assay

Efficiency References

Trifolium pratense flower extract 60.0–70.0 nm - Staphylococcus aureus - P. aeruginosa þþ (Dobrucka and Dlugaszewska,
2016)

- Pseudomonas aeruginosa S. aureus þ
- Escherichia coli E. coli þ

þþ more efficient, þ efficient.

Table 3. Comparison of the antibacterial and antioxidant activities of Ag/ZnO from different plant extracts with other reported studies.

Type of plants extract Size of nanoparticles Type of bacteria Antioxidant assay Efficiency References

Trigonella foenum-graecum leaf 75.0 nm -Staphylococcus aureus
-Escherichia coli

- S. aureus þþ
E. coli þ

(Noohpisheh et al., 2020)

Bidens pilosa extract 2.20 nm -Escherichia coli
-Staphylococcus aureus

- E. coli þþ
S. aureus þ

(Kyomuhimbo et al., 2019)

Macrotyloma Uniflorum 91.17 nm -Bacillus subtilis
-Escherichia coli

- B. subtilis þþ
E. coliþ

(Sali et al., 2021)

Neem leaf Extract 35.0 nm -Pseudomonas aeruginosa
-Staphylococcus aureus

- P. aeruginosa þþ
S. aureus þ

(Taha et al., 2020)

Verbascum speciosum 45.58 nm -Staphylococcus aureus
-Escherichia coli

- E. coli þþ
S. aureus þ

(Mousavi-Kouhi et al., 2021)

þþmore efficient, þefficient.

M.C. Jobe et al. Heliyon 8 (2022) e12243
including superoxide and hydroxyl radicals. This is due to the electro-
static attraction as well as their affinity to sulphur containing proteins
within the bacteria. Thus, the nanoparticles ions are capable of adhering
to the cell wall and cytoplasmic membrane of the bacteria. Within the
bacteria, they modulate the microbial signal transduction pathways. In
the current report, the growth inhibition by ZnO and Ag/ZnO may be
ascribed to the cell membrane disruption and the expulsion of cyto-
plasmic contents from the bacteria, culminating to its death (Divyapriya
et al., 2014).

3.5.2. Antioxidant activity
The antioxidant activity of the ZnO and Ag/ZnO was assessed using

the DPPH method as a free radical, which is dominantly used due to its
abundant free radicals. The DPPH assay is simple and a high potential
method for scavenging free radicals during the examination of anti-
oxidant activity of various nanoparticles (Zare et al., 2019). Figure 9 is
a result of a radical scavenging activity of the test nanoparticles in
comparison with the standard (ascorbic acid) against DPPH free radi-
cals. As expected, the highest radical scavenging activity was observed
at the highest concentration of all test samples including the standard.
Figure 9. Scavenging activity of ZnO and

10
The ZnO, in contrast to the Ag/ZnO-NPs, was found to have a strong
scavenging activity. This might be because ZnO crystallinity enhanced
the amorphous nature of Ag/ZnO, which decreased Ag/ZnO antioxi-
dant's capacity relative to ZnO while increasing the surface area to
volume ratio. A large surface area to volume ratio of NPs typically
results in high material performance (Srijampa, 2020) due to the high
reactivity of the material's surface atoms. Usually, Ag and ZnO NPs are
better able to donate hydrogen ions' electrons to DPPH free radicals,
which subsequently results in higher radical scavenging activity
(Suresh et al., 2015b). However, the opposite was observed in the
current study. Consequently, the findings of the current study contra-
dict those reported in (Khan et al., 2022; Noohpisheh et al., 2020)
whereby Ag/ZnO exhibited higher antioxidant activity than ZnO
nanoparticles.

4. Conclusions

ZnO nanoparticles and Ag/ZnO nanocomposite have been success-
fully prepared using a cost-effective, non-toxic, easy-to-handle, facile
green approach using bulb extract of U. epigea. No external reagents or
Ag/ZnO nanoparticles against DPPH.
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additives were added, and it only required temperature and pH control.
The crystalline phases of the produced nanoparticles were confirmed by
XRD, while FTIR analysis identified the functional groups present in the
biomolecules of the U. epigea bulb. The elemental composition of ZnO
and Ag/ZnO NPs was confirmed by EDX. The plant extract functions as a
reducing agent for the Ag nanoparticles and mediator for the formation
of the ZnO and its composite with Ag. The size of the synthesized
nanoparticles contributed to their antibacterial activity and adding silver
to ZnO nanoparticles enhanced its antibacterial activity. The antioxidant
capacity of ZnO and Ag/ZnO might have been improved by the phenolic
compounds found in U. epigea. The biogenic method enables the prepa-
ration of nanoparticles for biological purposes. The synthesis strategy
may be extended to other metal oxide nanoparticles as a more effective
approach compared to the physical and chemical routes.
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