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Aqueous leaf extract of Plectranthus barbatus was used, for the frst time, for preparation of (2, 6mol%) silver (Ag)-doped zinc
sulfde nanoparticles (ZnS NPs), acting as a stabilizing and capping agent for NPs’ production. Te obtained metal oxides were
characterized by FTIR, UV-visible, XRD, and SEM methods. Te results revealed that 0.02 and 0.06% Ag-doped ZnS had optical
bandgaps of 3.20 and 3.03 eV. Te XRD evinced the crystalline nature, while the FTIR confrmed the doped structure of the
prepared oxides. Te bioactivity investigations revealed that the biosynthesized Ag-doped ZnS NPs are more active against
S. aureus than E. coli. Furthermore, the hemolytic tests indicated no potential harm to red blood cells if utilized at a low dose. Such
enhanced optical and biological properties of Ag-doped ZnS may promote its prospective use in electronics and as an
antibacterial agent.

1. Introduction

Green synthesis of metal sulfde nanoparticles (NPs) is
a growing feld of nanoscience and nanotechnology. Te
nanomaterial’s size and shape are key factors in its optical,
morphological, spectral, structural, and antibacterial
properties [1–5]. Zinc sulfde nanoparticles (ZnS NPs) are
one of the signifcant semiconductor materials due to their
large bandgap (3.68 eV) and wide exciton binding energy
(38meV) at room temperature (RT) [6–12]. Tis makes it
great for use in many applications. NPs can be produced via
chemical and physical routes, which are expensive, hurtful
to the environment, and need high energy use. In the
literature, the use of plant extracts, microbes, fungi, and
enzymes in the synthesis of various metal sulfde NPs has
been suggested as a potential ecofriendly substitute for

chemical and physical methods [13–18]. However, de-
veloping efcient, environment-friendly routes for pro-
ducing NPs with a certain size, shape, composition, and
yield remains challenging.

In this study, the synthesis and subsequence charac-
terization of Ag-doped ZnS NPs by using Plectranthus
barbatus leaf (PBL) extract are reported for the frst time.
PBL is a medicinal herb that grows in several countries,
such as tropical East Africa, Egypt, Brazil, India, Yemen,
and Saudi Arabia. According to the literature, PBL can
serve as an antibacterial agent [19, 20]. Furthermore, the
plant is also safe for conventional usage and is used to treat
a variety of disorders, including seizures [21]. Phyto-
chemical studies revealed the presence of various phyto-
compounds in the plant, of which forskolin is the dominant
and most active against seizures. Te plant leaf aqueous
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extract has been reported to predominantly contain ter-
penoids, saponins, tannins, alkaloids, and essential
oils [22].

Hence, the study describes the synthesis of 2% and 6%
Ag-doped ZnS NPs using Plectranthus barbatus leaf extract.
To our knowledge, the biosynthesis of Ag-doped ZnS NPs
using PBL extract and their antimicrobial activity is poorly
documented. To this end, the primary objective of this work
is to produce Ag-doped ZnS NPs using the PBL extract. Te
infuence of Ag doping on the properties of ZnS is also
investigated using various characterization tools, including
XRD, SEM, FTIR, and UV-visible. Furthermore, their an-
tibacterial and hemolytic activities were tested.

2. Materials and Methods

2.1. Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O;
98.5%), silver nitrate (AgNO3; 98%), sodium sulfde (Na2S;
97%), and ethanol (EtOH; 96) were purchased from BDH
Chemical Ltd. (Pool, England, UK). Te Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) test bacteria
were kind gifts from Alfa Medical Laboratory, Tamar city,
Yemen. Mueller–Hinton Agar (MHA) was procured from
Sigma-Aldrich (Darmstadt, Germany). Distilled water
(dH2O) was used wherever required. Fresh leaves of Plec-
tranthus barbatus (PBL) were collected, during the summer
season of 2021, from Anis district, Tamar governorate,
Yemen.

2.2. Preparation of Aqueous Leaf Extract. Plectranthus bar-
batus leaves were washed with tap water, then dried and
washed using dH2O and ethanol to remove dust particles.
Te leaves were cut into small pieces and crushed with
mortar and pestle into a paste. To synthesize the aqueous
extract of Plectranthus barbatus leaves, 16 g of the leaves’
paste were mixed with 250mL dH2O. Te mixture was
stirred on a magnetic stirrer at 25°C for 90minutes until the
color of the solution changed from colorless to brown. Te
extract was fltered and utilized to synthesize Ag-doped ZnS
[23–25].

2.3. Synthesis ofAg-DopedZnSNPs. In the frst, 25mL of leaf
extract was taken and poured into a beaker with a volume of
100mL. Te beaker was put on a magnetic stirrer. Ten,
8.18 g of Zn(NO3)2·6H2O was added to the solution at
23± 2°C with constant stirring. Also, 2.14 g of Na2S was
mixed in 25mL of aqueous leaf extract at 23± 2°C. Both
solutions were mixed in a new beaker with constant stirring
at RT for 60min, and 2% Ag was added during mixing. Te
mixture was converted to a brown-colored solution. Te
obtained precipitate was fltered, washed sequentially, three
times with dH2O and EtOH and dried at RT for 24 h. After
that, the product was collected in a crucible and dried in an
oven at 100°C for 90mins. Te brown-colored powder was
ground using a mortar and pestle. Finally, nanopowder was
stored for further characterization [24, 26]. Similarly, the
same procedures were repeated with doping ZnS NPs with

0.06 Ag. Te overall experiments are schematically shown in
Figure 1.

2.4. Antibacterial Test. Te antibacterial efect of the syn-
thesized samples was executed for E. coli (Gram negative)
and S. aureus (Gram positive) bacteria using the disc dif-
fusion technique [27–29].Te concentrations of 67, 134, and
201mg/mL of the synthesized NPs were taken for the an-
tibacterial check. After incubation at 35–37°C for 24 h, the
zones of inhibition (ZOI) were measured.

2.5. Characterization Techniques. Te structural properties
and phase identifcation of Ag-doped ZnS NPs were ana-
lyzed using an X-ray difractometer (Shimadzu EDX-720,
China) with Cu Kα radiation (λ� 0.154 nm). Te optical
properties were studied using a UV-vis spectrophotometer
(Hitachi U3900) with the software of Varian Cary 50. Te
FTIR spectrum was recorded on a Nicolet iS10 fromTermo
Scientifc (Madison, WI, USA, USA). Te surface mor-
phology imaging was performed on a JSM-6360 LV SEM
(Jeol Ltd., Tokyo, Japan).

3. Results and Discussion

3.1.XRDAnalysis. Te crystal structures of prepared 2% and
6% Ag-doped ZnS NPs were investigated via XRD, as shown
in Figure 2. As depicted in Figure 2, three prominent dif-
fraction peaks were indexed for zinc sulfde displays, cor-
responding to the (111), (220), and (311) of cubic ZnS
(JCPDS Card, No. 05-0566). In addition, a new difraction
peak was indexed. Tis characteristic difraction peak cor-
responds to hexagonal Zn (JCPDS Card No. 04-0831). Te
XRD results emphasize the formation of ZnS-Zn nano-
particles. After doping of ZnS-Zn NPs with 6% Ag ions, two
new peaks were observed, and thus indexed for Ag dopant
and assigned to the (111) and (200) of cubic Ag (JCPDS
Card, No. 04-0783). Te XRD peaks for Ag-ZnS demon-
strate the formation of clear distinct phases for Ag, ZnS, and
Zn. Te crystallite size D (nm) and the average dislocation
density (δ) for all the synthesized materials were estimated
using the Scherer formula D � (0.9λ/β cos θ) [30, 31] and
δ � 1/D2 [32], respectively. Te microstrain (ε) was com-
puted using the equation ε � β cos θ/4, where β is the full
width at half maximum, λ � 0.154 nm, and θ is Bragg’s
difraction angle, and Stacking fault (SF) was calculated by
the equation SF� [2π2/45(3 tan θ) .5]β [33, 34]. Te results
are summarized in Table 1.

3.2. SEM Analysis. Te morphology of the synthesized NPs
was studied via SEM device. Figure 3 shows an SEM mi-
crograph of 6% Ag-doped ZnS NPs. Te SEM image reveals
irregularly shaped NPs, existing in an agglomerated struc-
ture with a stone-like profle.

3.3. UV-Vis Analysis. Te absorption spectra of 2% and 6%
Ag-doped ZnS NPs are shown in Figure 4, in the wavelength
(λ) range of 200–800 nm. It displayed a sharp decrease in
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optical absorbance with increasing the λ up to 300 nm.
Above this range, the optical absorbance was nearly con-
stant. According to the fgure, the absorbance is higher for
2% than 6% Ag-doped ZnS NPs.

Te coefcient of absorption (α) was evaluated using the
Beer–Lambert equation [6, 35]. Figure 5(a) displays the α as
a function of incident photon energy (hv). Te α increased
with increasing incident photon energy (hv) for the prepared
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Figure 1: Flow steps for the green synthesis of Ag-doped ZnS NPs using Plectranthus barbatus leaves’ extract, characterization, and
antibacterial activity.
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Figure 2: XRD pattern of 2% and 6% Ag-doped ZnS NPs.

Table 1: Structural parameters of Ag-doped ZnS NPs.

Sample 2-theta
(2θ°) (hkl) FWHM

(β)
Crystallite size

(D, nm)
Average
(D, nm)

Average dislocation density
(lines/m2) ∗ 1016

Microstrain
(ε) SF

2% Ag-doped
ZnS

29.06 (111) 3.109 2.639
4.419 5.120

0.0131 0.0269
48.09 (220) 1.753 4.962 0.0069 0.0115
56.89 (311) 1.597 5.657 0.0061 0.0095

6% Ag-doped
ZnS

29.06 (111) 2.669 3.075
8.402 1.416

0.0112 0.0231
48.01 (220) 0.751 11.58 0.0029 0.0049
56.86 (311) 0.856 10.55 0.0032 0.0051
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Figure 3: SEM image of 6% Ag-doped ZnS NPs.
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Figure 4: Absorbance spectra of 2% Ag-doped ZnS and 6% Ag-doped ZnS NPs.
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materials. Te coefcient of extinction (k) was evaluated
using the equation k � (αλ/4π) [35, 36]. Figure 5(b) displays
the k as a function of incident photon energy (hv) for the
investigated materials. It is obvious that the k decreased as
incident photon energy increased and that, up to a certain
point after that, the k dramatically increased in response to
an increase in photon energy. Te optical bandgap energy
(Eg) of the synthesized samples can be calculated by Tauc’s
method [34, 37, 38].Te computed Eg values of Ag (0.02 and
0.06)-doped ZnS NPs were 3.52, 3.20, and 3.03 eV, re-
spectively. Figures 6(a) and 6(b) illustrate the evaluated Eg

for the synthesized NPs. Te Eg decreases as dopant con-
centration increases due to the interaction between ZnS and
Ag ions. Also, the reduction in the energy gap may be due to
the creation of some defects in the ZnS NPs.

3.4. FTIR Analysis. Figure 7 displays the ATR-FTIR spec-
trum of the prepared 0.06 Ag-doped ZnS NPs. Te FTIR is
a helpful tool for identifying the functional groups present
on the material surface [39, 40]. Here, the spectrum of
0.06 Ag-doped ZnS NPs was listed in the FTIR range of
600–4000 cm−1 [41]. Tus, the broadband at 3280 cm−1 is
due to the stretching vibration of various OH groups, v

(OH), involving Zn-OH and water-OH of both free and H-
bonding. Te peaks at 1100, 960, and 840 cm−1 can be at-
tributed to the stretching bands of NO−1

3 and asymmetric
and symmetric stretching of C-O [40, 42], respectively, in the
extract agents that drove the NPs’ production.

As it is reported, the Plectranthus barbatus plant is rich
in forskolin, a labdane diterpenoid compound [21]. Hence,
its leaf aqueous extract has been reported to contain ter-
penoids, saponins, tannins, alkaloids, and essential oils [22].
Tese compounds are associated with specifc functional
groups that could be involved in the production of NPs
[43, 44]. As depicted in Figure 8, the phytocompounds serve
as capping and stabilizing agents during the biosynthesis of
NPs [43]. In this case, plant-based compounds such as

amino acids and terpenoids (as representatives for the target
phytocompounds in the PBL extract [29, 45, 46]) can sta-
bilize sulfde and metal (i.e., Zn2+, S2−, and Ag+) ions, re-
spectively, which are further hydrolyzed to the
corresponding NPs.

3.5. Antibacterial Activity. Te antibacterial activity of the
as-synthesized Ag-doped ZnS NPs was investigated against
S. aureus and E. coli bacterial strains to determine their
utility as potential materials for biological applications.
Figure 9(a) depicts selected images of antibacterial Petri
plates, and the results are presented in the histogram in
Figure 9(b). Te results (Table 2) revealed that the anti-
bacterial efect of 2% is less than that of 6% Ag-doped ZnS
NPs. Te variation between the antibacterial efects of the
bacteria strains can be interpreted via the composition of
chemical and diverse structure of every cell surface.Te high
antibacterial activities are because of the increased ability of
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the fabricated NPs to generate reactive oxygen species (ROS)
[4, 47–50].

Typically, there are more than one suggested mecha-
nism, and the destructive action can undergo one or more of
them [28, 51, 52]. Of these mechanisms, there are (i) direct
interaction of bioactive agent with the microorganism
surface leading to membrane damaging, then component
leakage, and fnally functionality loss; (ii) penetration of
released ions which inhibit several essential cell activities,
resulting in cell death; and (iii) generation of ROS which, at
the end, cause cell damage as a result of catalytic
degradation.

3.6. Hemolytic Activity. Hemolytic activity against eryth-
rocytes using a Plectranthus barbatus leaf extract mediated
0.06 Ag-doped ZnS NPs was estimated over a concentration
range of 7.8–500 μg/mL. Experimental procedures were
performed as previously described [53] with a few

adjustments. In brief, 5mL of blood was taken from
a healthy female volunteer (22 years old, O-positive (O+)
blood group). Te blood samples were conveyed into an
EDTA tube; then, RBCs were isolated using a typical pro-
cedure described elsewhere. Te EDTA-blood suspension
was centrifuged at 4000 rpm for 10min, decanting the su-
pernatant, and the pellets were adequately washed with 0.9%
normal saline (NS) solution. Te test erythrocyte suspension
was diluted to 2% cells, while check samples of 0.06 Ag-
doped ZnS NPs were synthesized as 7.8–500 μg/mL in NS.
Experimentally, 0.5mL of the cell suspension was mixed
with 0.5mL of each test sample and immediately incubated
at 37°C for 60min. After that, solutions were centrifuged at
4000 rpm for 10min to remove cell depression, and the
supernatant containing free hemoglobin was photometri-
cally measured at 540 nm. Sterile NS and DW were used as
minimal and maximal hemolytic controls and experimen-
tally treated as test samples. Te hemolytic percentage was
computed based on the following equation [53, 54]:
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Figure 9: (a) Antibacterial activity of 2% Ag and 6% Ag-doped ZnS NPs against E. coli and S. aureus: (1) 67mg/mL (2) 134mg/mL, (3)
201mg/mL per disc, (4) distilled water (negative control) and (4) azithromycin antibiotics (positive control). (b) Histogram illustration for
the corresponding zone of inhibition (ZOI).

Table 2: Antibacterial activity of prepared 6% Ag-doped ZnS NPs.

Samples Bacteria
ZOI (diameter in mm) at various concentrations (mg/mL)

67mg/mL 134mg/mL 201mg/mL Control (azithromycin)

2% Ag-doped ZnS S. aureus 14 16 19 31
E. coli 10 12 14 28

6% Ag-doped ZnS S. aureus 16 18 20 31
E. coli 12 13 15 28
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Hemolysis% �
AS − AN

AP − AN

  × 100, (1)

where AS, AN, and AP are the absorbance of the NPs (the
sample), NS (negative control), and DW (positive control),
respectively.

Figure 10 displays the average hemolytic activity from
two independent experiments. Cytotoxicity of 0.06 Ag-
doped ZnS NPs was observed (15.97%) at the higher
doses of 500 μg/mL, while no hemolysis was detected at
a concentration of 7.8 μg/mL. Te results recorded in Fig-
ure 10 display the less cytotoxic infuence of 0.06 Ag-doped
ZnS NPs on isolated RBCs. Tese results strongly agree with
previous studies by Muhammad et al. [29, 55].

4. Conclusions

Tis paper shows that 2% and 6% Ag-doped ZnS NPs have
successfully prepared using the green route. Te XRD and
FTIR data proved the crystallite structure of the prepared
metal oxides. Te UV-vis spectra revealed that the optical
bandgap decreased with increasing Ag content. Te anti-
bacterial efect of 2% Ag-doped ZnS was less than that of 6%
Ag-doped ZnS NPs. Furthermore, the efect was found to be
less on Gram negative than on Gram positive.Te hemolysis
study indicated no potential harm due to Ag-ZnS to red
blood cells if used in low doses. Our results showed that Ag-
ZnS NPs produced from Plectranthus barbatus leaf extract
might be a safe and efcacious resource for antibiotic
development.
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