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ABSTRACT: In this study, zinc oxide nanoparticles (ZnO NPs) were synthesized using an aqueous extract of the Ocimum
lamifolium (O. lamifolium) plant. The I-optimal coordinate exchange randomized response surface methodology (RSM) was used to
optimize the effect of the zinc acetate precursor, temperature, and time on ZnO NPs by designing nine runs. From ANOVA analysis,
the significance and validity of the designed model showed that the optimal values of the zinc acetate precursor, temperature, and
time during ZnO NPs synthesis were found to be ∼0.06 M, ∼30 °C, and ∼1.35 h, respectively. The obtained ZnO NPs under these
optimized conditions were characterized and explored by UV−vis, TGA/DTA, FTIR, XRD, SEM-EDX, TEM, HRTEM, and SAED.
Furthermore, the electrocatalytic performance of ZnO NPs was performed for sulfamethoxazole (SMZ) sensing activity with a
0.3528 μM (S/N = 3) limit of detection (LOD). In addition, an antibacterial study revealed that ZnO NPs confirmed an excellent
zone of inhibition against E. coli, S. aureus, P. aeruginosa, and S. pyogen pathogenic drug resistance bacterial strains at concentrations
of 50, 75, and 100 μg/mL. Thus, ZnO NPs synthesized using the O. lamifolium leaf have a potential electrocatalytic activity for
diverse organic pollutant detection as well as a desirable material for such drug resistance antimicrobial strains.

1. INTRODUCTION
Nanoparticles (NPs) in nanotechnology areas have particular
interest in creating unique and new nanoscale (1−100 nm)
materials for a wide range of applications.1 The small particle
size that is found in the nanomaterial size range shows a
tremendous increase in specific surface area with low
dimensions, which results in a wider range and efficient
application in a variety of fields.2 Among semiconducting
nanometal oxide-based materials are zinc oxide (ZnO) NPs,
which are some of the most effective transition metal oxides
that exhibit high antibacterial activity3 and have been widely
used for the detection and quantification of toxic molecules
found within different components, such as drugs, foods,
drinking matter, soaps, and many others.4 This is due to their
low cost, nontoxicity to eukaryotic cells at therapeutic dosages,
low electric resistance, good stability, high catalytic efficiency,
high UV protection, excellent electron transfer capability, and,
at the same time, biocompatibility properties.5−7

In terms of antibacterial activity, ZnO NPs have been used
for food safety, as they can protect agricultural crops and
products from food-borne-related pathogens. This application
was successful due to the nontoxicity and decreasing particle
size nature of ZnO NPs.8 For example, Fatimah et al. have
reported 2.714 and 4.694 nm sized ZnO NPs using Mimosa
pudica and coffee powder extracts, respectively.9 Later, Doan
Thi et al. reported microstructural ZnO NPs synthesized using
orange fruit peel extract, and the NPs had strong antibacterial
activity toward Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) without UV illumination at an NP
concentration of 0.025 mg/mL after 8 h of incubation.10 On

the other hand, due to their good stability, selectivity,
antijamming ability, and reproducibility, ZnO NPs could
possess excellent electrocatalytic behavior for sensor applica-
tions.11 Especially the green nanomodified carbon paste
working electrode strategy has been given a lot of attention
due to its novel and cost-effectiveness techniques.12 Patil et al.
have reported the detection of trimethoprim (TMP) using a
nanostructured ZnO NP-modified carbon paste electrode with
an anionic surfactant and sodium dodecyl sulfate (SDS) with
the help of voltametric techniques. The electrode process of
TMP was irreversible and diffusion controlled with two
electrons transferred. The effective concentration range (8.0
× 10−7 M to 1.0 × 10−5 M) of TMP was obtained by varying
the concentration, with a lower limit of detection obtained of
2.58 × 10−8 M.13 However, the low sensitivity and inefficient
antibacterial activity found in biological and pharmaceutical
samples have not yet been solved and are still a challenge in
large-scale applications due to several factors. Those factors are
the synthesis methods, optimization techniques, and particle
sizes. Therefore, in this study, all factors are effectively
improved to increase the electrochemical sensor and
antibacterial activity.
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Recently, green synthesis of ZnO NPs has gained much
attention in nanoscience and nanoengineering technology due
to their cost-effectiveness, reliability, environmental friend-
liness, and use of cheap instruments during their syn-
thesis.14−17 Principally, different sources of plants and their
various components produce active natural molecules like
phenols, flavonoid polyphenolics, and alkaloids that can act as
a good reducing and stabilizing agents for efficient ZnO NP
preparation.18−21 Previously, different plants, such as Myristica
f ragrans,22 Lawsonia inermis,23 Pelargonium odoratissimum
(L.),24 Hagenia abyssinica,25 Calotropis gigantean,26 orange
fruit peel,10 Ananas comosus fruit,27 Cocos nucifera leaf,28 and
Catharanthus roseus leaf,29 have been reported to synthesize
ZnO NPs. However, until now, all of the green synthesis
processes of ZnO NPs have not been optimized properly,
which reduces their effectiveness. Hence, in this study, to
improve such a problem, an efficient, recent, and cost-effective
mathematical and statistical analysis method known as
response surface methodology (RSM) improves and solves
all of the demerits that were identified in classical methods.
RSM is a very popular experimental design to reduce the cost
and time. It has been widely applied to get the optimum
conditions during well-dispersed and stabilized NP synthesis,
followed by evaluating interaction effects between each
experimental variable.30

In this study, ZnO NPs were synthesized using Ocimum
lamifolium (O. lamifolium) leaf extract and optimized with
randomized RSM; I-optimal coordinate exchange; and
quadratic study type, design type, and Design Model. After

optimization, the obtained green ZnO NP characterization and
electrochemical detection of sulfamethoxazole (SMZ) as well
as antibacterial activity toward Eschricha coli (E. coli),
Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P.
aeruginosa), and Streptococcus pyogenes (S. pyogen) were
reported.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Hydrated zinc acetate

(Zn(CH3COO)2·H2O), sodium hydroxide (NaOH), potassi-
um hydroxide (KOH), sulfamethoxazole (C10H11N3O3S), and
ethanol (CH3CH2OH) were purchased from Sigma-Aldrich.
Distilled water (DW) was used to prepare all of the solutions.
All of the chemicals and reagents were of analytical grade and
used as received without further purification.
2.2. Ocimum lamifolium Leaf Extract Preparation. A

leaf of O. lamifolium was collected from Adama Science and
Technology University, Ethiopia. The collected leaves were
washed with DW to remove dust particles and impurities from
the surface of the plant leaf. Then, the leaf was allowed to shed
until completely dry at room temperature for 2 weeks. After
drying, the leaf was crushed by grinding in a mortar and pestle
for the formation of a homogeneous powder mixture.
Afterward, 10 g of dried powder of O. lamifolium was added
to a 500 mL Erlenmeyer flask, and the flask was filled with 400
mL of DW. The mixed components were then heated to 50 °C
followed by stirring for 1 h. After cooling, the solution was
filtered with Whatman no. 1 filter paper, and the extract was

Scheme 1. Schematic Diagram of Green Synthesis Mechanism of ZnO NPs Using O. lamifolium
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collected in a colored bottle before being placed in the
refrigerator at 4 °C for further use.
2.3. Biosynthesis of ZnO NPs. The biosynthesis of ZnO

NPs was synthesized by following the literature with
modifications.30 Briefly, aqueous solutions of zinc acetate
(0.01, 0.05, and 0.1 M) were prepared. Nine runs with three
factors and three levels were designed by using Design-Expert
10 software. So, to synthesize ZnO NPs, the three aqueous
solutions of zinc acetate were mixed with 20 mL of O.
lamifolium leaf extract. The mixtures were allowed to stand for
1, 1.5, and 2 h at a temperature of 30, 60, and 90 °C. The pH
of each of the formed suspensions was adjusted to pH 12 using
0.1 M NaOH solution as a precipitating agent. The formed
suspension was placed in a refrigerator overnight. Then, the
precipitate was centrifuged at 3000 rpm for 10 min in three
consecutive steps using ethanol, DW, and ethanol, respectively.
Finally, the optimized washed sample was oven-dried, and after
TGA confirmation, the sample was calcined at 450 °C. The
detailed green synthesis mechanism of the ZnO NPs is
summarized in Scheme 1.
2.4. Statistical Analysis. I-optimal coordinate exchange

randomized RSM was used to optimize experimental factors in
the preparation of ZnO NPs. The three experimental factors,
zinc acetate concentration, temperature, and time, were
studied very well, as shown in Table 1, to find their influences
on the prepared NPs. In order to illustrate the validity of the
designed model, ANOVA, correlation coefficients (R2), and
probability (p value < 0.05) were studied. In addition, the
adequacy, precision, and significance of the model were studied
to ensure its adequacy.
2.5. Characterization of ZnO NPs. The synthesis of ZnO

NPs was elucidated by a UV−vis spectrophotometer in the
range of 200−800 nm (UV−vis 1800-double beam spec-
trophotometer, Shimadzu, Japan). Thermogravimetric-differ-
ential thermal analysis (TGA-DTA) was carried out on a
DTG-60H detector (Shimadzu, Japan) under N2 gas. Fourier
transform infrared spectroscopy (FTIR, PerkinElmer 65,
PerkinElmer, Inc., Waltham, USA) was performed in the
range of 4000−400 cm−1. Crystallite size determination of
ZnO NPs was done by using an X-ray diffractometer (XRD-
7000, Shimadzu, Tokyo, Japan) with a voltage of 40 kV and a
current of 30 MA with Cu K = 1.5406 radiation as an X-ray
source at a 10−80° diffraction angle. The surface morphology
and chemical composition of prepared ZnO NPs were
explored using a scanning electron microscope and energy
dispersive X-ray spectroscopy (SEM-EDX-EVO 18 model-low
vacuum facility-ALTO 1000 Cryo attachment), respectively.
The microstructural morphology, crystalline size distribution,
and purity of the synthesized NPs were elucidated using TEM,
HRTEM, and SAED micrographs using the JEOL TEM 2100
HRTEM machine, and all image analyses were done by Gatan
and ImageJ Software. Finally, the electrochemical property of
the ZnO NPs modified carbon paste electrode (CPE) as a
working electrode was investigated using an electrochemical
workstation, Model CHI608E (CH Instruments, Inc. Austin,
TX, USA), with 1 M KOH solution as an electrolyte. Ag/

AgCl/KCl (0.1 M) and platinum wire were used as reference
and counter electrodes, respectively. A modification of the
working electrode (ZnO/CPE) was prepared by following the
procedure from our previous work.12

2.6. Screening of Antibacterial Activity. The anti-
bacterial activity of ZnO NPs was tested against E. coli, S.
aureus, P. aeruginosa, and S. pyogen pathogenic bacteria using a
disc diffusion method.30 The standard culture of test bacteria
was first spread onto the surface of Mueller Hinton agar plates.
Since, Mueller Hinton agar medium was adjusted to neutral
pH with 1 M NaOH and DW to form a 1 L solution, four wells
were made in each plate and were filled with ZnO NPs at
concentrations of 50, 75, and 100 μg/mL with ampicillin as a
positive control added to each plate. All of the plates were then
covered with lids and incubated at 37 °C for 24 h. Finally, the
size of inhibition zones was measured, and the antimicrobial
activity of the ZnO NPs was expressed in terms of the average
diameter of the inhibition zone in millimeters.

3. RESULTS AND DISCUSSION
3.1. UV−Vis Spectral Analysis of Nine Experimental

Runs. The UV−vis absorption intensity is highly dependent
on the concentration of ZnO NPs. From Figure 1, the increase

in intensity of ZnO NPs observed from each run indicated a
better solubility and dispersion of ZnO NPs in solutions.
Differences in wavelength positions indicated variations in
morphology and size variations found in the prepared ZnO
NPs, and the maximum absorption spectra in the range of
263−339 nm indicated the characteristic electron transitions
from n → π* and π → π*. The actual maximal absorption of
nine experimental runs and their predicted absorption
maximum values are shown in Table 2.

From ANOVA analysis, the quadratic equation elucidated by
I-optimal coordinate exchange confirmed that the model’s F

Table 1. Design of the Model

factor name units type subtype coded min coded max mean std. dev.

A zinc acetate mM numeric discrete −1.000 = 0.01 1.000 = 0.1 0.0533333 0.0390512
B temperature °C numeric discrete −1.000 = 30 1.000 = 90 60 25.9808
C time h numeric discrete −1.000 = 1 1.000 = 2 1.5 0.433013

Figure 1. UV−vis spectra of biosynthesized ZnO NPs.
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value of 10.67 implies the model is significant. Values of “Prob
> F” less than 0.0500 indicate that model terms are significant.
In this case, A and B are significant model terms. The “Pred R-
Squared” of 0.5857 is in reasonable agreement with the “Adj R-
Squared” of 0.7838; i.e., the difference is less than 0.2. “Adeq
Precision” measures the signal-to-noise ratio. A ratio greater
than 4 is desirable. From Table 3, the ratio of 7.747 indicates
an adequate signal. This model can be used to navigate the
design space. Hence, it is suggested that the experimental
parameter with the highest F value from Table 3 is zinc acetate,
and this parameter is the most influential factor that affects the
synthesized NPs.

As shown in Figure 2, acetate concentration has the most
positive effect on ZnO NPs. However, in all parameters, at
higher values, their corresponding absorption maxima decrease
(i.e., the synthesis of ZnO NPs is not effective). In addition,
both temperature and reaction time have minor effects on the
synthesis of ZnO NPs. According to Kahsay, the biosynthesis
of ZnO NPs at low temperatures and for short periods of time
does not affect the reaction.30 From the development of
ANOVA analysis, a quadratic polynomial model summarizes
the influences of each experimental factor in terms of the codes
in eqs 1 and 2, factors which show the sign and magnitude of
each parameter.

= + A B C

absorption maximum (nm)

299.62 31.22 20.56 11.69 (1)

= + ×
× ×

absorption maximum (nm)

413.96346 693.71585 zinc acetate
0.68542 temperature 23.37500 time (2)

From both equations, the relative impact of each
experimental factor is identified from its parameter coefficients.
Hence, the coefficients coded A corresponding to zinc acetate’s
actual values were higher compared to other coefficients. This
indicates that the biosynthesis of ZnO NPs is highly influenced
by the concentration of zinc acetate as compared with reaction
temperature and time.
3.2. Optimization of ZnO NPs. The significant factors of

zinc acetate, temperature, and time on the absorption
maximum of ZnO NPs are shown in Figure 3. In Figure 3a−
c, lower and intermediate amounts of zinc acetate, temper-
ature, and time increase the synthesis of ZnO NPs, while
higher values of all parameters are not effective for ZnO NP
synthesis. As a result, the optimum conditions to synthesize
ZnO NPs were found to be zinc acetate ≈ 0.06 M, temperature
≈ 30 °C, and time ≈ 1.35 h. Under these optimum conditions,
the absorption maximum of ZnO NPs was 320.6 nm.
3.3. Thermal, Optical, and XRD Analysis. The TGA/

DTA curves of the synthesized ZnO NPs were investigated to
confirm their thermal stability and identify their calcination
temperature, as shown in Figure 4a. Hence, the first weight loss
occurred up to 200 °C because of the physical absorption of
water molecules. The weight loss from 200 to 450 °C is due to
the loss of binding water molecules. As can be depicted from
the TGA/DTA spectra, beginning at 450 °C, no more weight
loss is observed, which confirms that the green synthesized
ZnO NPs are found to be thermally stable. Thus, the
thermogram confirms that 450 °C is a suitable calcination
temperature for the green ZnO NPs.

Figure 4b indicates the UV−visible absorption spectra of
optimized ZnO NPs after calcination at 450 °C. Hence, its
maximal absorption is found between 270 and 350 nm, and
this confirms that this spectrum is truly validated as evidenced
from I-optimal coordinate exchange randomized RSM. There-
fore, this spectrum range indicated the clear synthesis of ZnO
NPs. Figure 4b (inset) indicated a band-to-band transition
pattern,31 and the sharp nature of such a Tauc plot indicated
the direct band gap nature of ZnO NPs with a value of ∼3.2
eV.

The FTIR spectra at about 3394 cm−1 as shown in Figure 4c
indicated the stretching and bending vibrations of the −OH
and H−O−H groups of adsorbed water molecules, respec-
tively. The absorption peak observed at about 2860−2919

Table 2. Three Factor−Three Level Maximum Absorption
Values Optimized by I-Optimal Coordinate Exchange
Design Layout

response 1

factor 1 factor 2 factor 3
absorption maximum

(nm)

stda run
A: zinc

acetate (mM)

B:
temperature

(°C)
C: time

(h)
actual
value

predicted
value

3 1 0.01 30 2 339.00 339.71
9 2 0.01 60 1.5 339.00 342.53
1 3 0.01 90 1 333.00 310.28
5 4 0.05 30 1.5 333.00 335.34
4 5 0.05 60 1 279.00 291.40
7 6 0.05 90 2 264.00 282.53
6 7 0.1 30 1 291.00 277.28
8 8 0.1 60 2 263.00 268.40
2 9 0.1 90 1.5 266.00 259.53

astd = standard deviation.

Table 3. ANOVA Analysis

source sum of squares degree of freedom mean square F value p value Prob > F model significances

model 8266.34 3 2755.45 10.67 0.0130 significant
A: zinc acetate 5871.15 1 5871.15 22.73 0.0050
B: temperature 2255.02 1 2255.02 8.73 0.0317
C: time 728.52 1 728.52 2.82 0.1539
residual 1291.22 5 258.24
Cor Total 9557.56 8
Adeq Precision 7.747
R-Squared 0.8649
Adj R-Squared 0.7838
Pred R-Squared 0.5857
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Figure 2. Effects of experimental factors on effective desirability.

Figure 3. 2D plots of the effects of (a) zinc acetate and temperature, (b) temperature and zinc acetate, (c) zinc acetate and time, and (d) on
absorption maximum and normal plot.
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cm−1 indicated a C−H stretching vibration that might
originate from binding plant phytochemicals of the aromatic
of aldehyde.32 The presence of such phytochemicals in the

plant extract is responsible for reducing the metal ions into
nanoscale materials.33 On the other hand, the peak observed at
1411−1644 cm−1 corresponds to the stretching vibration

Figure 4. (a) TGA/DTA curves and (b) UV−vis spectra (inset: Tauc plot of ZnO NPs), (c) FTIR spectra, (d) XRD patterns of ZnO NPs.

Figure 5. (a) SEM image, (b) average particle size, and (c) EDX spectrum of biosynthesized ZnO NPs.
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characteristics of aromatic rings. The absorption peak found at
899 cm−1 corresponds to the stretching of the C−H in-plane
and out-of-plan bending. The peak observed at about 427 cm−1

indicated the stretching of Zn−O vibrations.25

To evaluate the crystalline structure as well as the phase
purity of the biosynthesized ZnO NPs, see Figure 4d. The
XRD pattern showed a significant peak at 31.84° (100), 34.54°
(002), 36.36° (101), 47.66° (102), 56.74° (110), 62.92°
(103), 66.56° (200), 67.98° (112), and 69.22° (201). From
the presented graph, it is observed that the biosynthesized
nanomaterial has exactly matched the hexagonal phase/
wurtzite structure ZnO NPs with JCPDS No. 00-036-1451.34

The average crystallite size of the biosynthesized NPs was
estimated by using Scherer’s formula. In eq 3, D, λ, 0.9, and β
were the average crystallite size, wavelength (0.15416 nm),
shape factor, and full width at half-maximum of peaks. Thus,
the average ZnO NP crystallite size was calculated as 21.8 nm.

=D
0.9
cos (3)

3.4. SEM-EDX Analysis. The surface morphology of
aqueous O. lamifolium leaf extract ZnO NPs is investigated

in Figure 5. Figure 5a, shows the SEM images of the
distribution of nearly spherical ZnO NPs, and their average
particle size is found to be 22.8 nm, as shown in Figure 5b.
This size is comparable to the results that were elucidated by
the XRD analysis. Figure 5c shows the EDX analysis, which
confirmed the presence of Zn and O elemental signals in ZnO
NPs. The presence of elemental carbon in the EDX result is a
direct confirmation, as the biosynthesized material is obtained
using plant leaf extract.
3.5. TEM, HRTEM, and SAED Analysis. The TEM images

of the ZnO NPs are shown in Figure 6a. From the image, a
spherical mesoparticle size distribution with an average size of
6.5 nm was elucidated from the histogram, as shown in Figure
6b. Hence, SEM and TEM analysis evidenced that the
diameter of the NPs covered the range 6.5−22.8 nm. On the
other hand, the HRTEM results shown in Figure 6c provide
evidence that the structure of ZnO NPs and its d-spacing value
at the (100) plane are fitted with XRD values. In addition,
from Figure 6d, all planes evidenced from SAED also support
the crystalline structure of the biosynthesized ZnO NPs as
evidenced from the XRD spectra.

Figure 6. (a) TEM image, (b) particle size distribution, and (c) HRTEM and (d) SAED images.

Figure 7. (a) CVs’ response of bare CPE and ZnO/CPE toward 5 Mm SMZ, (b) CVs of different concentrations of SMZ using 1 M KOH solution
as an electrolyte at ZnO/CPE, and (c) plot of peak current (IP) versus concentration of SMZ at a scan rate of 50 mV s−1.
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3.6. Electrochemical Detection of SMZ. The electro-
catalytic activity of the ZnO NP-modified carbon paste
electrode (CPE) as a working electrode was done in the
presence of SMZ analyte, as shown in Figure 7a. It can be
observed that the cyclic voltammograms (CVs) of bare CPE
have not shown enough oxidation peak current, while ZnO
modified CPE showed a clear oxidation peak of SMZ at about
∼0.18 V. From this observation, it is elucidated that the
prepared ZnO/CPE could be used as a better electrochemical
sensor for SMZ. As a result, the better sensing activity on ZnO
NPs modified with CPE is due to the improved intrinsic
electrical conductivity of ZnO NPs.35 Figure 7b shows the CV
response of ZnO/CPE toward SMZ in the concentration range
between 1 mM and 6 mM. The calibration plot shown in
Figure 7c indicated good linear confirmation between the peak
current and concentration of SMZ in the given range, with a
regression coefficient (R2) of 0.9345. Its limit of detection
(LOD) was calculated by following the IUPAC method,36 as
shown in eq 4, with a value of 0.3528 μM.

=
m

LOD
3

(4)

where σ is the standard deviation of the blank (1.54 × 10−5)
and m is the slope of the calibration curve with a value of 1.31
× 10−4. In general, the LOD values of this work and previous
work that was performed for SMZ detection by different
working electrodes are shown in Table 4.

3.7. Antibacterial Activity. The antibacterial activity of
ZnO NPs toward E. coli, S. aureus, P. aeruginosa, and S. pyogen
pathogenic bacteria were examined. The specific antibacterial
activity mechanism of ZnO NPs is not yet very clear. However,
a detailed antibacterial activity mechanism against pathogenic
bacteria (genetic molecules) is summarized in Scheme 2 by
modifying and adopting the picture from ref 44. In general,
from the mechanism, ZnO NPs and their antibacterial activity
have three major aspects: These are interaction between ZnO
NPs and bacteria; release of Zn2+; and generation of reactive
oxide species (ROS). ZnO NPs possess positively charged
characteristics in water suspensions. Hence, a good electro-

static attraction between ZnO NPs and bacteria due to the
negatively charged nature of bacteria caused accumulation of
NPs on it and changes the zeta potential. Such a change on
bacteria caused the destruction of potassium channels on the
bacterial cell membrane. In addition, Zn2+ can combine with
functional proteins, and this changes the cell membrane
permeability.

A size range of 6.5 to 22.8 nm ZnO NPs was used for 50, 75,
and 100 μg/mL concentrations, as shown in Table 5. From
Table 5, the antibacterial activity of ZnO NPs against four
pathogenic bacteria was elucidated by using ampicillin as a
positive control. All of the activities were done using the disc
diffusion test method, and their results are shown in Figure 8.

Synthesized ZnO NPs showed enhanced antibacterial
activity against S. pyogen at higher concentrations (100 μg/
mL). This is due to the fact that S. pyogen is a Gram-positive
bacteria, so it is very simple to penetrate the cell wall of the
bacteria and prevent the growth followed by the killing of the
cell of this pathogenic bacteria. It is reported that Gram
positive bacteria are surrounded by a peptidoglycan layer, and
this could easily promote ZnO NP attack inside the cell wall.
On the other hand, due to the presence of lipopolysaccharides
in Gram-negative bacteria, there can be a counterattack of ZnO
NPs.45 However, S. aureus is also more exposed to ZnO NPs
than E. coli and P. aeruginosa at all concentrations. In addition,
ZnO NPs covered high zone inhibitions and were effective at
higher concentrations, with a value of 100 μg/mL. It is noted
that, as compared to all antibacterial activities, ampicillin
(positive control) inhibits higher activity than ZnO NPs. All of
the results are found to be in good agreement with previously
reported work.23,46−48 As can be confirmed from Table 5, the
antibacterial activity of ZnO NPs toward E. coli and P.
aeruginosa are found to be relatively low, and this in turn
confirms that those bacteria strains contain a double cell
membrane, which makes it difficult for the penetration of ions
from ZnO MPs. As the dose of the bacteria is increased from
50 to 100 μg/mL, the antibacterial activity is also linearly
increased. This is due to the fact that, as the dose of ZnO is
increased, the excess amount of reactive oxygen species is
increased, which enhances the killing of the cell of the targeted
bacteria strains.

4. CONCLUSIONS
ZnO NPs were synthesized using O. lamifolium leaf extract,
and this method is green, cost-effective, environmentally
friendly, and simple. Precursor concentration, temperature,
and time were optimized by using a simple I-optimal
coordinate exchange RSM. The results indicated that zinc
acetate has a primary effect on the synthesis of ZnO NPs.
Thermal, surface, spectroscopic, and structural techniques were
used to characterize the synthesized NPs. Structural and
morphological results illustrated that the particle size of the
prepared NPs was in the range between 6.5 and 22.8 nm. The
electrochemical sensor activity of ZnO/CPE exhibited a linear
regression in the range of 1 mM to 6 mM toward SMZ, which
was effective with a LOD of 0.3528 μM. Furthermore, ZnO
NPs demonstrated effective antibacterial inhibition at concen-
trations of 50, 75, and 100 μg/mL. Hence, the bacterial strain
activity of ZnO NPs was effective for four different types of
bacteria in the given zone of inhibition. In this regard, these
findings have potential applications for diverse electrochemical
activity for typical organic pollution detection and for any
antimicrobial activities due to the intrinsic electrical con-

Table 4. Summary of This Work and Previously Worked
Linear Range and LOD Comparison for the SMZ Sensor

electrodesa
linear ranges

(μM)
LOD
(μM) reference

g-C3N4/ZnO/GCE 0.02−1105 0.0066 36
GR/ZnO/GCE 1−220 0.4 37
ZnO@ZIF-8/CPE 0.04−50 0.02 11
1M3OIMZTFB/NiO-NPs/

CPE
0.003−400 0.001 38

MIP/BDD 0.1−100 0.0241 39
Fe3O4/ZIF-67/ILCPE 0.01−520 0.005 40
MWCNT/PBnc/SPE 1−10 0.038 41
MIP/Ppy/PGE 25−750 35.9 42
PPy/GC 25−1250 1.03 43
ZnO/CPE 1000−6000 0.3528 this work
a1-Methyl-3-octylimidazolium tetrafluoroborate = 1M3OIMZTFB,
graphene = GR, molecularly imprinted polymer = MIP, boron doped
diamond = BDD, ionic liquid (IL) 1-butyl-3-methylimidazolium
hexafluorophosphate = ZIF-67/IL, screen printed electrodes = SPE,
Prussian blue nanocubes = PBnc, pencil graphite electrode = PGE,
molecularly imprinted polymer = MIP, polypyrrole = PPy, glassy
carbon = GC.
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ductivity, environmental friendliness, and cost-effectivene

nature of green synthesized ZnO NPs.
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Scheme 2. Schematic Diagram of Antibacterial Activity and the Mechanism of ZnO NPs Toward E. coli, S. aureus, P.
aeruginosa, and S. pyogen44

Table 5. Antibacterial Activity of ZnO NPs and Zone of Inhibition in mm

compound concentration E. coli (ATCC25922) S. aureus (ATCC25923) P. aeruginosa (ATCC27853) S. pyogen (ATCC19615)

A = 50 μg/mL 8 9 7.5 9
B = 75 μg/mL 9 10 9 10
C = 100 μg/mL 11 11.5 11 12
ampicillin (positive control) 12 12.5 12 13

Figure 8. Antibacterial activity of ZnO NPs on E. coli, S. aureus, P.
aeruginosa, and S. pyogen on disc (6 mm).
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