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Abstract: Novel hierarchical flower- and nanorod-shaped ZnO nanoparticles with uniform morphological features were
successfully synthesized through controlled precipitation method in aqueous media without using any surfactant or
template. To elucidate the growth mechanism of the synthesized nanoparticles, the effects of pH, reaction time and
temperature were studied systematically. Selected ZnO samples were then subjected to SEM, FT-IR and XRD analysis.
XRD patterns confirmed well crystalline nature of the as-synthesized powders. Furthermore, synthesized nanoparticles
(hierarchical flowers as ZnO-1 and nanorods as ZnO-2), as well as commercial ZnO (ZnO-Com), were then
investigated for in-vitro evaluation of antibacterial activity against various bacterial strains of clinical importance.
Results showed that ZnO-2 exhibited higher antibacterial activity to all tested strains than ZnO-1, while ZnO-Com
showed no antibacterial response in the applied experimental conditions. In addition, ZnO concentration-dependent
antibacterial study unfolded that size of inhibition zones increased significantly from ~30 to 33 mm against
Streptococcus mutans and from ~28 to 30 mm against Escherichia coli with increasing ZnO-2 concentration from 0.25
to 0.75 pg/puL. The present study, therefore, suggests that the application of synthesized ZnO nanoparticles as the
antibacterial agent may be effective for inhibiting certain pathogenic bacteria in biomedical sides.
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revealed as a promising candidate for orthopedic
and dental implant coating [8].

Since antibacterial activity is one of the
existing hot research programs, it has attracted
considerable interest in nanomedicine to fulfill the

1 Introduction

Uniform fine particles of zinc oxide have
emerged as the foremost multifunctional materials

due to the remarkable performance in a number of
high-tech applications, such as gas sensors,
catalysis, cosmetics, food preservation, and
nanomedicines [1-5]. In particular, zinc oxide
being a versatile compound, is of prime importance
due to its unique properties, like good electrical

conductivity, enhanced uv protection,
biocompatibility, and excellent antimicrobial
activity [6—8]. Besides, zinc oxide offers

remarkable benefits in biomedical and clinical sites
due to significant antibacterial activities over
broad-spectrum pathogenic bacteria. It has been

drug delivery requirements, to minimize antibiotic
concentration and to control drug-resistant
pathogenic bacteria. As such, the introduction of a
novel and a powerful antibacterial agent is of vital
importance to control pathogenic bacteria. In this
respect, it has been reported that ZnO could be
effectively used as an antibacterial agent because of
its biocompatible nature and high purity. Besides, it
shows no resistance against antibiotics [9]. It has
been used as an antibacterial agent in both nano and
microscale formulations. The toxicity perspective
revealed that ZnO nanoparticles exhibit selective
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toxicity towards bacteria with no harmful effects on
human cells [10]. It has been suggested that on
contact with bacteria, the cytotoxic effects of ZnO
nanoparticles primarily disrupt the cell membrane,
resulting in subsequent leakage of intracellular
contents and thus cell death. Being a biosafe
material, it is also used as an antibacterial agent in
the food packaging industry,
food-born diseases. ZnO nanoparticles are
appropriately incorporated in the packaging
materials, where they interact with pathogenic
bacteria on the food surface, causing inhibition of
cell growth and eventually bacterial death [11].

A comparative study [12] for examining the
antibacterial activity of CuO, ZnO and Fe,04
revealed that ZnO showed the most significant
inhibitory effects against various bacterial species.
The authors explored that ZnO nanoparticles
possess the potential to be used as an antibacterial
agent against different pathogenic bacteria.
THOMAS et al [13] prepared ZnO by using a
stabilizing agent, sodium dodecyl sulfate. They
evaluated the antibacterial activity of both bulk and
nanoparticle over a broad spectrum of bacterial
species. They observed that the nanoparticle of ZnO
produced better results than the bulk ZnO and
hence reported that antibacterial activity increased
with the decrease in particle size of the agent.

In the present work, uniform fine particles of
ZnO with controlled morphological features were
synthesized in aqueous using  the
straightforward and economically feasible method.
The synthesized ZnO, as well as commercially
available ZnO powders, were then employed for
antibacterial activity against various pathogenic
bacteria to check the effect of particle uniformity
and morphology on the antibacterial performance of
the test material.

against various

media

2 Experimental

2.1 Materials

Zinc nitrate and ammonium hydroxide were
purchased from the reputed firms. The
bacteriological grade nutrient agar and nutrient
broth were also obtained for performing an
antibacterial activity. Experiments were conducted
using Pyrex glassware. Distilled water was used for
making all sorts of solutions.

2.2 Synthesis of ZnO nanoparticles

ZnO uniform nanoparticles were prepared
through a controlled precipitation method. For this
purpose, the aqueous solution of zinc nitrate
(0.1-0.2 mol/L) and ammonium hydroxide (25%)
were heated at constant temperatures for 5—30 min
time intervals. In some cases, aqueous solutions of
zinc nitrate were purged with ammonia gas at the
flow rate of 110 mL/min under the same reaction
conditions. The precipitated powders were then
filtered using vacuum filtration, air-dried and stored
for further study.

2.3 Characterization of ZnO nanoparticles

The particle morphology of synthesized
powders was examined using a scanning electron
microscope (JEOL, JSM—5910). For crystallinity
and phase identification, the samples were
subjected to X-ray diffractometry (PXRD, JEOL
JDX-3532). The FTIR spectroscopic analysis was
carried out by wusing FTIR (Shimadzu; IR
Prestige—21 & FTIR 8400S) to determine the
composition and presence of the functional group in
the test materials.

2.4 Antibacterial activity tests

The antibacterial activity of the selected
samples was assessed against the clinical strains of
Gram-positive and Gram-negative bacteria (S.
aureus, S. mutans, E.coli, P. aeruginosa, and
Enterobacter cloacae) by using agar well diffusion
method. The bacterial strains were collected from
Khyber Teaching Hospital KPK, Pakistan. Fresh
culture of each test microorganism at the
concentration of 7.5x10° CFU/50 pL was spread
over Muller—Hinton agar plates having wells of
8 mm in diameter. Then 20 puL. of the desired
particle suspensions were added into wells at three
different concentrations (0.25, 0.50 and 0.75 pg/uL).
Ciprofloxacin was used as a positive control. The
plates were incubated overnight at (35+£2) °C, and
antibacterial activity was examined by measuring
zones of inhibition against the test microorganisms.

3 Result and discussion

3.1 Characterization of ZnO nanoparticles
3.1.1 SEM analysis

Uniform and novel ZnO architectures were
prepared from heating the aqueous solutions of zinc
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nitrate and ammonium hydroxide at constant
temperatures. In all cases, ZnO powders in the
reactant mixtures formed from the
precipitation reactions that mostly emerged in the
aqueous medium. The mechanism of ZnO
formation through the reaction of ammonia with
dissolved Zn** ions can be summarized in the
following equations [9,14]:

were

NH;+H,0—=NH; +OH" (1)
Zn* +4NHy==[Zn(NH;),]** >ZnO+4NH;+2H,0

(2)
[Zn(NH;),)* +40H —[Zn(OH),]* +4NH; (3)

Zn*"+40H <=[Zn(OH),]* ==ZnO+H,0+20H (4)

It is well known that crystal formation is
generally controlled by the nucleation and growth
rates, which in turn is preceded by the induction
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time. During the induction period, ammonia
provides hydroxyl ions that are used in generating
and subsequent development of the primary growth
units [Zn(NH;),]*" and [Zn(OH),J* [15]. In our
designed experimental conditions, at pH higher
than pHie, of ZnO (pH;ep=9.56), Zn*" cations form
mainly as [Zn(OH),]*” with a small quantity of
[Zn(NH3)s]*" complex. When zinc nitrate solution
was purged with ammonia gas for 30 min with
110 mL/min flow rate at 30 °C, relatively uniform
hierarchical 3D ZnO nanoflowers were obtained
(Fig. 1). It was of interest to know about the growth
mechanism of these appealing flower-like
nanostructures. Since it has been investigated that
reaction time plays a substantial role during the
production and growth of nanoparticles, the same
experiment was repeated to understand the effect



1608 Naila ZUBAIR, Khalida AKHTAR/Trans. Nonferrous Met. Soc. China 30(2020) 1605-1614

of reaction time on the particle morphology, and the
precipitated powder was isolated after every 5 min
and analyzed for morphological characteristics.

Figure 1 shows the whole scenario of
successive growth stages of hierarchical flower-like
ZnO structures as a function of reaction time
(5-30 min). This process of flower formation
clearly illustrated the so-called growth process
consisting of a fast nucleation stage followed by
slow aggregation. As can be seen from the SEM
image in Fig. 1(a), initially uniform and well-
distributed 2D nanosheet-like petals were produced.
When the reaction time exceeded 10 min, the
primarily obtained nanopetals attached in a specific
manner (Fig. 1(b)). In this way, these nanopetals
followed a standard crystallographic orientation and
thus reduced their surface energy [16]. It was
indicated that as the induction time was increased
beyond 5 min, the more growth units, i.e.
[Zn(OH),]*", were generated due to Coulomb’s
electrostatic forces of interaction according to Eq.
(3) and thus more ZnO nuclei were produced. As
the growth time further increased after nuclei
formation, sheet defects initiated on the surfaces of
newly formed ZnO nuclei, thereby increasing the
radii of newly formed ZnO crystals as well as
enlarging the phase boundaries of these crystals to
the extent that they touched one another. As such,
the base or core point of the flower-like structure
was established (Fig. 1(c)). Once the basic structure
was created, further growth in radial direction
sprouted with exceeding reaction time to 30 min
and these crystals developed into fully grown
hierarchical flower-like assemblies which closely
resembled with French marigold flower shape,
given in the inset of Fig. 1(f). The steps of the
proposed mechanism for the synthesis of uniform
particles shown in Fig. 1(f) are schematically
portrayed in Fig. 2.

It is generally accepted that in addition to the
reaction time, other reaction parameters like pH of

pH>pH;

5 min 10 min
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reactant solution and reaction temperature also
affected the morphological features of the
particle [17].

In this regard, a set of experiments were
carried out in which pH of the reactant solution
containing zinc nitrate and aqueous ammonia was
kept below the isoelectric point of ZnO and the
samples were heated for 10—30 min under reflux
conditions. Figure 3 illustrates a fascinating
morphological evolution under the effect of
refluxing time and temperature. It was evident from
the SEM images (Fig. 3(a)) that the powders
obtained after 10 min refluxing time were
composed of colloidal nanospheroids with excellent
uniformity in particle shape and size. When the
refluxing time was extended to 20 min, a
considerable increase in particle size was observed
with a slight change in particle morphology from
spherical to oval shape with tapering ends
(Fig. 3(b)). On further reflux heating (30 min),
particles attained the shape of monodispersed
ellipsoidal nanorods (Fig. 3(c)). The particles shown
in Fig. 3 are schematically presented in Fig. 4.

In order to account for the above nanoparticle
morphologies, it was noted during the synthesis that
ZnO nanoparticles were probably formed through
Reaction (3) when pH of the reactant mixture was
below the PZC of the material. Therefore, they
inhibited the expected homocoagulation during
their growth stage due to highly positive charges on
their surfaces and thus stayed smaller in size.
According to BARUAH and DUTTA [17], at low
pH, the nucleation rate was high, and the growth
rate was slow due to fewer growth units formed.
As a result, monodispersed fine particles of
smaller sizes were produced. The morphological
transformation into aesthetic nanorods evidenced
that the reaction temperature was also responsible
for controlling the particle morphology of the
synthesized material. It was proposed that initially,
the temperature of the reactant solution was low,

20 min

Fig. 2 Schematics illustrating effect of aging time on growth pattern of particles depicted in Fig. 1(f)
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Fig. 3 SEM images of ZnO particles prepared using aqueous ammonia at different time intervals: (a) 10 min; (b) 20 min;

(¢) 30 min; (d) ZnO (commercial)
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Fig. 4 Schematics illustration of growth mechanism of
particles depicted in Figs. 3(a—c)

but the precipitated powder obtained sufficient
thermal energy as the temperature of the reactant
solution increased. It is added that these ellipsoidal
ZnO nanorods formed through ammonia were much
smaller and reported for the first time.

The present work employed a straightforward,
time-effective and low-temperature  aqueous
synthesis route for obtaining uniform fine particles
of ZnO without the addition of any surfactant.
Though ZnO nano/micro flowers have been
reported, the researchers either wused higher
temperatures with time requiring experimental
procedures or they employed shaped directing
additives like CETAB, monoethanolamine (MEA)
and benzoic acid [18-20]. Similarly, ELKADY
et al [21] employed various types of surfactants
(CTAB, PEG, PVA and PVP) to construct ZnO
particles with different particle morphologies.

Furthermore, selected batches of the
synthesized particles, shown in Fig. 1(f) (nano-
flowers) and Fig. 3(c) (nanorods), were used for
further characterization by XRD, FTIR, and
antibacterial analysis and labeled as ZnO-1 and
Zn0O-2, respectively. Also, to check the efficiency in
antibacterial activity of the synthesized powders, a
batch of commercial ZnO powder (ZnO-Com,
Fig. 3(d)) was taken for antibacterial activity assay
under the same conditions, and the results were
compared.

3.1.2 XRD analysis

To confirm the composition and crystallinity,
the selected batches of as-prepared particles were
subjected to XRD analysis (Fig. 5). The XRD
patterns of ZnO-1 and ZnO-2 were recorded over
the 20 range of 15°—80°. The presence of sharp
diffraction peaks confirmed the fine crystalline
nature of the synthesized particles. The acquired
diffraction patterns matched well with the standard
ICDD No. 50664. The observed peaks for both
samples were indexed to wurtzite hexagonal phase
of ZnO with characteristic reflection lines,
identified as (100), (002), (112), (101), (102), (110),
(103) and (200), respectively. The presence of
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Fig. 5 XRD patterns of synthesized ZnO particles:
(a) ZnO-1; (b) ZnO-2

similar diffraction peaks with different intensities
on the two patterns can be attributed to the different
crystallographic arrangement in these morphologies.
For instance, the relative intensities of the peaks
(100) and (101) were more significant for ZnO-2
with respect to ZnO-1. This, in fact, implied that the
preferred orientations of crystals occurred during
the growth stage. As can be seen in Fig. 5, no other
peaks regarding the impurities or other crystalline
phases were detected on the obtained XRD patterns,
which confirmed the synthesized particles as pure
crystalline ZnO. The diffraction data of the
significant peaks of both XRD spectra were
employed for estimation of the crystallite size of
ZnO-1 and ZnO-2 by using Debye Scherrer
formula [22]:

D=KJ/(ficos 6) ®))

where D is crystallite size of the particles, K is
Scherrer constant (0.9), 4 is the wavelength of
X-rays used (0.154 nm) and g is full width at half
maximum of major diffraction peaks at the Bragg
angle (6).

The calculated average crystallite sizes were
11.92 and 17.55 nm for ZnO-1 and ZnO-2 (Table 1),
respectively. The difference in crystallite sizes
attributes to the degree of crystallinity of
synthesized particle systems.

3.1.3 FTIR analysis

The same samples (ZnO-1 and ZnO-2) were
also analyzed by FTIR spectroscopy to confirm the
composition and purity of the synthesized product
further. The FTIR spectra (Fig. 6) in the wave-
number range of 400—4000 cm ' were composed of
several absorption bands, which appeared due to

different vibrational frequencies of FTIR detectable
various chemical groups present on the surfaces of
test particles. The absorption bands in the region of
3800-3100 cm™' were attributed to OH stretching
vibrations [23,24]. Similarly, the bands at
1600—1400 cm ™' were due to the bending vibrations
of OH [2].

Table 1 Crystallite size with respective diffraction peaks
for synthesized ZnO samples

XRD 0/ FWHM/ Crystallite Va8
Sample X crystallite
peak rad rad sizemm  ;
size/nm
(100) 0277 0.0148 9.76
ZnO-1 (002) 0302 0.0101 14.30 11.92
(101) 0314 0.0124 11.70
(100)  0.277  0.0086 16.79
ZnO-2 (002) 0.302 0.0087 16.60 17.55
(101) 0314 0.0075 19.25

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

Fig. 6 FTIR spectra of synthesized ZnO particles:
(a) ZnO-1; (b) ZnO-2

The occurrence of strong absorption bands at
527-423 cm ' represented characteristic stretching
vibrations of Zn—O bond, explicitly confirming the
synthesized particles as pure ZnO [23]. The FTIR
results thus supported Egs. (2) and (4) for
identifying the produced particles as pure ZnO.

3.2 Antibacterial activity assessment

For evaluation of the antibacterial activity,
three samples of ZnO (ZnO-1, ZnO-2 and
Zn0O-Com) were investigated against
pathogenic bacteria, including two Gram-positive
bacterial strains (S. mutans and S. aureus) and
three Gram-negative bacterial strains (E. coli,

various
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P. aeruginosa and Enterobacter cloacae). Agar well
diffusion method was used and three different
concentrations (0.25, 0.50 and 0.75 pg/uL) of the
selected ZnO samples and positive control were
employed. The presence of inhibition zones
indicated the bactericidal property of the tested
samples. The inhibitions zones produced by the
tested ZnO samples against both Gram-positive and
Gram-negative bacterial strains are illustrated in
Figs. 7 and 8, respectively. The measured data are

also recorded in Table 2. On the other side,
ZnO-com showed no antibacterial activity in the
employed concentration range (0.25—0.75 pg/uL).
Figures 7 and 8 showed that the tested ZnO samples
were potentially effective in suppressing the growth
of the tested microorganism to variable potency,
which can be examined clearly from the size of
produced inhibition zones. It was, in fact, due to
(1) the type of test bacteria, (2) the concentration
of particles and (3) the morphology of the particles.

Fig. 7 Comparative antibacterial activity of ZnO and positive control against various Gram-positive bacterial strains
(Conc.1—0.25 pg/uL; Conc.2—0.50 pg/uL; Conc.3—0.75 pg/puL)

Fig. 8 Comparative antibacterial activity of ZnO and positive control against various Gram-negative bacterial strains
(Conc.1—0.25 pg/uL; Conc.2—0.50 pg/uL; Conc.3—0.75 pg/puL)
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Table 2 Antibacterial activity of ZnO against test bacterial strains

Zone of inhibition/mm

Bacterial
ac e.rla Sample 1 Sample 2 Positive control
strain
0.25 pg/ul 0.50 pg/pL 0.75 pg/ul 0.25 pg/ul 0.50 pg/ul 0.75 pg/ul 0.25 pg/ul 0.50 pg/ul 0.75 pg/pl
S. mutans 28 29 31 30 32 33 31 33 34
S. aureus 28 30 31 29 30 32 30 32 34
E. coli 25 27 29 28 29 30 28 29 31
Enterobactor 24 25 27 25 26 28 25 27 29
P, aeruginosa 23 25 27 26 27 28 28 29 32

The diameters of inhibition zones increased with
increasing the concentration of ZnO powder. These
results revealed that the as-synthesized ZnO
samples exhibited a promising antibacterial activity,
which can be attributed to considerable uniformity
in particle shape and size of the synthesized
product.

From Table 2, it can be seen that the
antibacterial activity of the test ZnO powders was
comparable with the results shown by ciprofloxacin,
used as a positive control. For instance, the
bactericidal performance of ZnO has been improved
by showing maximum inhibition zones at the
concentration of 0.75 pug/ul as compared to the
zone produced for 1.00 ug/ul employed by
DOBRUCKA and DUGASZEWSKA [23].
Similarly, the size of inhibition zone observed in the
present study for S. aureus was 30 mm, which was
larger than that reported by MOSTAFA [25]
(24.5mm) for the same ZnO concentration
(0.50 pg/uL). Furthermore, BAZANT et al [26]
demonstrated that the antibacterial activity of pure
ZnO increased (inhibition zone, 11-14 mm) for
S. aureus with the addition of silver nanoparticles to
Zn0.

Table 2 also shows that bactericidal activity
was more toward Gram-positive than Gram-
negative
antibacterial activity of NPs is also dependent upon
the composition of the specific bacterial cell.
Likewise, some researchers believed that the
structure of the bacterial cell also affected the
inhibitory action of the nanoparticles (NPs). For
instance, due to the presence of a single membrane
cell wall, Gram-positive bacteria were more
susceptible to the antimicrobial action of ZnO [26].
Similarly, the thickness of the cell wall and certain
other components of Gram-negative bacteria also

bacteria. This was because the

affected the antimicrobial function of ZnO NPs.

The mechanism of the antibacterial activity of
ZnO NPs has not been well understood so far. The
antibacterial action is due to either one or a
combination of the following proposed mechanisms:
(1) production of reactive oxygen species (ROS),
(2) toxic ions release, and (3) direct interaction of
ZnO particles damage to cell membrane caused
through adhesion of particles with the bacterial
surface, and penetration through the cell
membrane [27].

It is considered that the antibacterial action of
ZnO through the well diffusion method was
possibly due to the disruption of the cell membrane
by direct interaction of ZnO particles with the
bacterial surface. The direct contact might be due to
the stress stimuli initiated by the particle shape,
size, and surface charge of the particle, which
resulted in electrostatic interaction between the ZnO
particle and the surface of the bacterial cell. Such
type of surface interaction was also confirmed by
ZHANG et al [28] through the electrochemical
measurements. On contact with the bacterial
surface, reactive oxygen species were generated,
which led to bacterial cell death by the chemical
interaction of hydrogen peroxide with membrane
proteins [11,28,29]. The direct damage to the cell
membrane, thus, led to the leakage of the
intracellular contents, causing the death of the
bacterial cell.

4 Conclusions

(1) The synthesized zinc oxide (ZnO-1 and
Zn0-2) demonstrated the promising antibacterial
activity comparable to that of ciprofloxacin
(positive control), while ZnO-Com showed no
antibacterial response.
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(2) The antibacterial activity of the as-prepared
powders  increased  with  the  increasing
concentration of ZnO (0.25—0.75 ug/uL).

(3) The inhibition zone was increased from
~30 to 33 mm against Streptococcus mutans and
from ~28 to 30 mm against Escherichia coli for
Zn0O-2 nanoparticles. Besides, the antibacterial
activity was more towards Gram-positive than
Gram-negative bacteria.

(4) The synthesized uniform fine ZnO
nanoparticles possess the great potential to be used
as an antibacterial agent for inhibiting certain
pathogenic bacteria.
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1 OE EAE R AR RS MR B (LT, R AT R AR K R T B B B 3R S 43 R AR AR AN
YRR EMAEE(ZnO). N T I HGR BRI A KA, R FC pHL SIS (8] R G 99K UKL T 50 (¥ 50
KH SEM. FT-IR Fl XRD % RAEF B FEMBEAT 08T, XRD BEUESL & B AR BAT R AF s k. sbah, xf
Het A0 A I EAR (ZnO- 1) R KA R (ZnO-2) ] ZnO GKITRLE Ml ZnO(ZnO-Com) B (A SN VE 1 . 45
R, EREWHFKMT, ZnO-2 tb ZnO-1 X 2B B A H @ BT EE 1, MRk ZnO WA HUEENE. 24 ZnO-2
HIVREEM 0.25 F= 5 0.75 pg/ul BF, WS S8R B PR PE L) 30 mm &7 KF 33 mm, SR B B0 B 2R
2928 mm I KF) 30 mm. BFFEERY, &RAEMEEGKBRIE RPUE T, 7T REAEAE YR 2 5 TH A R ] 5 L8 35
I B
EHEIR: ZnO; YRR Bk PR
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