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In this study, the leaves extract of Cordia myxa, has been used for the first time to synthesize zinc oxide
(ZnO) hierarchical microstructures. The solution combustion method was employed as a self-sustaining
reaction between zinc nitrate and the leaves extract. The surface properties of leaves mediated ZnO
microstructures were determined by UV–Visible spectral analysis, Fourier transform infrared (FT-IR),
Cold field emission-scanning electron microscopy (CFE-SEM), Energy dispersive X-ray (EDX), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). In addition, the effect of the leaves extract
concentration on ZnO structures, size and surface properties was also studied. ZnO structures synthesized
employing C. myxa were found to be hexagonal, triangular and round in shape which was determined
using CFE-SEM. X-ray diffraction (XRD) analysis confirmed the crystalline nature of compounds.
Furthermore, C. myxa mediated ZnO microstructures shows good bactericidal activity against Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Among metal oxides, zinc oxide (ZnO) nano/micro-structures
have attracted considerable interest in the field of engineering as
well as in optical, chemical, mechanical, and biological sciences
due to their unique functions and stimulation characteristics
(Zhang et al., 2009; Zhao et al., 2014). Fascinating properties of
ZnO due to their high surface area make it a remarkable agent
for various applications like electronics (biosensing and biodetec-
tion) (Dagdeviren et al., 2013), gas sensors fuel production
(Wang et al., 2012), cosmetics (Cross et al., 2007) and environmen-
tal protection (Zhou et al., 2006). It’s environmental friendly prop-
erty and biocompatibility makes it desirable especially for
biomedical applications and therapeutic intervention, such as drug
delivery and nanomedicine (Rasmussen et al., 2010), biological
sensing/bioimaging (Xiong, 2013), biological labeling, gene deliv-
ery, DNA delivery cell culturing (Nie et al., 2006), anti-diabetic
activities (Alkaladi et al., 2014), antibacterial defense (Applerot
et al., 2009), antifungal protection (Sharma et al., 2010) and
pediculocidal/larvicidal control (Kirthi et al., 2011).

Several approaches such as chemical precipitation (Dakhlaoui
et al., 2009; Raoufi, 2013), sol–gel spin coating (Vafaee and
Ghamsari, 2007), spray pyrolysis (Lee et al., 2012), thermal decom-
position (Baskoutas et al., 2007; Yi et al., 2008) and electrochemical
techniques (Pourmortazavi et al., 2015) have been developed to
synthesize the nano/micro-structure of ZnO (Li and Wang, 2009;
Qiu et al., 2010; Song et al., 2012). Recently, owing to the biological
importance of the ZnO nano/micro-structure, synthesis of these
materials using eco-friendly routes has gained considerable atten-
tion. So far, great deal of effort has been devoted towards exploring
the green synthesis routes which is an efficient alternative to
chemical and physical methods. The green synthesis of bioactive
ZnO nano/micro-structures from various plant resources and their
antibacterial, antifungal and photocatalytic activities have been
documented by many researchers (Lakshmeesha et al., 2014;
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Tripathi et al., 2014; Yuvakkumar et al., 2014; Kavyashree et al.,
2015; Odoom-Wubah et al., 2016; Udayabhanu et al., 2016).

Among various green synthesis methods, solution combustion
synthesis (SCS) is a facile, cost effective and environmental friendly
approach for the synthesis of nanocrystalline metal oxides using an
appropriate precursor (metal salt) and fuel (reducing agent). Gen-
erally, metal nitrates are preferred over other salts as the oxidizing
agent due to their solubility, thus resulting in a highly homoge-
neous solution. Many studies have been revealed that carbohy-
drates, amines, sugar, urea and glycine can be used as a fuel to
prepare nanocrystalline ZnO (Dinesha et al., 2009; Amdad et al.,
2013).

Recently, the trend of preparing metal/metal oxides NPs using
the extracts of various plants has gained popularity. So far, several
plants such as, Pulicaria glutinosa, Salvadora persica L. and so on
have been employed for this purpose (Al-Marri et al., 2015;
Fazlzadeh et al., 2017). Apart from these, different plants from
the genus Cordia such as Cordia dichotoma and Cordia myxa, which
are widely distributed in regions of tropical and subtropical cli-
mates such as Central and South America, Asia and Africa
(Schmelzer and Gurib-Fakim, 2008), have also been applied for
the synthesis of nanoparticles (Kumari et al., 2016). However, to
the best of our knowledge, Cordia myxa L. which is another plant
of the genus Cordia, has not been used so far for the preparation
of nanoparticles. This plant, belongs to the family Boraginaceae
and exhibit excellent biological, and pharmacological properties
(Ghazanfar, 1994; Ficarra et al., 1995). The phytochemical studies
have reveal the presence of flavonoids, alkaloids, saponins, sterols
and terpenes in leaves and fruits of Cordia myxa L. plant. Particu-
larly, the Cordia leaves extract has shown significant antioxidant
activity due to the presence of many phenolic derivatives such as
chlorogenic and caffeic acid (Aberoumand and Deokule, 2009;
Matias et al., 2015).

In this study, a SCS approach was adopted for the synthesis of
ZnO utilizing Cordia myxa L. leaves extract as fuel (reducing agent)
with an aim to prepare a uniform, ultrafine ZnO using a process
that saves time and energy. It is assumed that phenolic contents
in C. myxa extract may act as a reducing agent during solution
combustion synthesis for the production of ZnO. This study places
special emphasis on detailed characterization of C. myxa mediated
ZnO structures. The effect of extract concentration on ZnO mor-
phology and sizes was evaluated. Furthermore, potential toxicity
of resultant ZnO nanomaterials were investigated against selected
microbial pathogens.
2. Materials and methods

2.1. Materials and chemicals

Cordia myxa leaves were collected from Bagh-e-Jinnah, Lahore
Pakistan. Zinc nitrate hexahydrate (Zn (NO3)2�6H2O), Muller Hin-
ton Agar and 69% HNO3 were purchased from Sigma Aldrich.
Milli-Q water (Millipore Sigma Aldrich) was used throughout the
reaction process.
2.2. Preparation of extract

The C. myxa leaves extract (LE) was prepared by the following
procedure. C. myxa leaves were cleaned with tap water followed
by distilled water and dried in the shade. The dried material was
ground and passed through a 20 mesh sieve. Extract was prepared
by the maceration method. 20 g of dry leaves powder was macer-
ated in 200 mL of water at 30–33 �C with occasional shaking
(Vongsak et al., 2013). The extract was filtered, and then the same
process was repeated until the extraction was exhausted. Double
filtration was done by using Whatmann filter paper for removal
of any solid residue. Finally, a stock solution containing 0.1 mg/
ml of C. myxa leaves extract was obtained.

2.3. Synthesis of zinc oxide (ZnO)

ZnO microstructures were prepared by solution combustion
synthesis (SCS) using zinc nitrate and C. myxa leaves extract as a
fuel (Lakshmeesha et al., 2014). In this study, three different con-
centrations of extract were used (i) pure extract (0.1 mg/ml), 25%
extract (prepared by mixing 25 mL pure extract and 75 mL water),
and 10% extract (prepared by 10 mL pure extract + 90 mL water). In
order to prepare the zinc based microstructures from pure extract,
4.5 g of Zn(NO3)2�6H2O (15 mmol) was taken in 20 mL of stock
solution of leaves extract, the mixture was thoroughly stirred using
a magnetic stirrer to make a homogenous mixture at 60 �C. This
mixture was subjected to calcination in a preheated furnace at
400 �C for 2 h. The obtained milky white ZnO product was stored
in a dry container in a dry place for further analysis (Fig. 1). Simi-
larly, the reactions with diluted extract were also performed using
20 mL of aqueous leaves extract from the aforementioned diluted
stock solutions. The product obtained was labeled as ZnO-P
(obtained using pure extract), ZnO-10 (prepared by using 10%
extract), ZnO-25 (prepared by using 25% extract).

2.4. Characterization measurements

Absorption spectra of samples were measured by the UV–Visi-
ble spectrophotometer (UV-1800; Shimadzu, Tokyo, Japan).). Mor-
phology, size and microstructures of resultant ZnO product were
studied using cold field emission scanning electron microscopy
(CFE-SEM, SU8230, Hitachi, Tokyo, Japan) equipped with EDX.
Samples were dried at 60 �C for at least 24 h before testing. Chem-
ical binding of synthesized zinc oxide products were analyzed
using a Fourier transform infrared (FTIR) spectrometer (Perkin
Elmer, Spectrum 400, Walthman, MA, USA) equipped with an
attenuated total reflection (ATR) attachment. Samples were placed
on the sample holder, and all spectra were recorded in a wave
number ranging from 4000 to 650 cm�1 by cumulating 20 scans
at a resolution of 4 cm�1. Crystalline nature of plant mediated
ZnO was identified by X-ray powder diffraction patterns (Bruker
D8 Advance, Germany) using Cu Ka radiation (k = 1.54 Å) source.
The Thermo ScientificTM K-Alpha+TM+ X-ray Photoelectron Spec-
trometer (XPS) System (Thermo Fisher Scientific, Waltham, MA,
USA) was used to study the near-surface elemental composition
of ZnO samples. Survey spectra were collected over 0–1350 eV,
with a high-resolution scan of 0.1 eV.

2.5. Antibacterial assay

The antibacterial activity of synthesized ZnO microstructures
was evaluated against Gram-positive (Staphylococcus aureus) and
Gram-negative (Escherichia coli) strains using the disk-diffusion
method. Agar plates were prepared with 15–20 mL of sterile Mul-
ler Hinton Agar for bacteria and allowed to stand for 2 h. 10.0 mL of
24 h broth culture of bacterial species were swabbed on the top of
the solidified agar plates and allowed to dry. Three different con-
centrations (50 mg/mL, 100 mg/mL, and 200 mg/mL) of synthesized
ZnO product were used for antibacterial assay. Whatman paper
discs were soaked in colloidal solutions of ZnO for 30 min. The
loaded disks were placed on the surface of the agar plates. Water
was used as a solvent. Negative control was without ZnO. All the
plates were then incubated at 37 �C for bacteria for 24 hr. The sen-
sitivity was recorded by measuring the clear zone of growth inhi-
bition on agar surface around the disks in millimeter. Experiments
were performed in triplicates.



Fig. 1. Schematic representation of the synthesis of ZnO microstructures and reaction mechanism.
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3. Results and discussion

This study reports the green synthesis of crystalline ZnO
microstructures using aqueous leaves extract of C. myxa by
employing solution combustion method. The effect of extract con-
centration on characteristics of synthesized ZnO and their bacteri-
cidal activity has been investigated as well.

3.1. UV–Vis spectroscopy

Fig. 2 shows the absorption spectra of pure leaves extract and
as-prepared ZnO using different concentrations of C. myxa leaves
Fig. 2. UV–Vis absorption spectra of ZnO synthesized employing different concen-
trations of C. myxa leaves extract.
extract. The narrow peak obtained at 273 nm is attributed to the
UV absorption of polyphenols present in leaves extract. All the
samples exhibited strong UV absorption spectra with the absorp-
tion peak ranging from 340 to 370 nm, which appears due to the
surface plasmon resonance of ZnO which indicates the formation
of the desired ZnO as reported previously (Sangeetha et al., 2011;
Lakshmeesha et al., 2014; Ramesh et al., 2015). It was observed
that the concentration of leaves extract has significant effect on
the formation of ZnO microstructures. Notably, a broad absorp-
tion peak at 368 nm is obtained when the pure extract is
employed. However, upon dilution of leaves extract with water,
the absorption peak is shifted to the lower wavelength from
368 nm to 354 and 342 nm in case of ZnO obtained from 25%
and 10% leave extract, respectively. Apart from the red-shift, the
peak intensity also increased by increasing the extract concentra-
tion as seen in Fig. 2. The band gap energy corresponds to the
absorption limit, which was roughly estimated by the following
equation:

Eg ¼ hc
k
eV ð1Þ
Eg ¼ 1240
k

eV ð2Þ

where Eg is the band gap energy (eV), h is Planck’s constant
(6.62 � 10�34Js), c is the light velocity (3 � 108 m/s) and k is the
wavelength (nm). The band gap energy for the ZnO samples
obtained by using different concentration of leaves extract were cal-
culated 3.36 eV, 3.5 eV, and 3.62 eV, in case of pure, 25% and 10%
leaves extract.



S. Saif et al. / Saudi Journal of Biological Sciences 26 (2019) 1364–1371 1367
3.2. FT-IR spectroscopy

Biomolecules of C. myxa responsible for the reduction of zinc
salt to metallic zinc oxide was identified through particular vibra-
tion peaks at different wave numbers by FTIR spectroscopy. Fig. 3
(a) spectra represents the possible biomolecules present in aque-
ous leaves extract of C. myxa. A broad peak at 3328 cm�1 represent-
ing the hydroxyl groups, confirms the presence of phenols; while a
sharp peak at 2920 cm�1 corresponds to the stretching of CAH
bonds of aliphatic groups. The absorption peak around
1656 cm�1 is due to aromatic bending of the alkene (C@C) group,
whereas a 1,244 cm�1 strong bands is related to the stretching of
CAO group in ether. Furthermore, the sharp absorption peak at
1047 cm�1 and a weak band at 807 cm�1 represents the stretching
of primary alcohol (OH) and bending of CAH of aromatics group.
All these IR peaks clearly points towards the presence of flavonoids
and polyphenolic phytomolecules.

The interactions between the phytomolecules of C. myxa leaves
extract and surface of ZnO is demonstrated by the FT-IR spectra as
shown in Fig. 3. FTIR spectra exhibit several intense peaks corre-
sponding to various functional groups of the phytomolecules of
the leaves extract. Such as, a strong band at 3280 cm�1, due to
stretching vibrations of OAH groups of phenols. All these peaks
are almost similar to the peaks demonstrated in the IR spectrum
of pure leaves extract, except some marginal shift in their peak
position and variation in the intensity. This strongly suggests the
Fig. 3. FTIR spectra of (a) C. myxa leaves extract (b) ZnO-10 (c) ZnO-25 (d) ZnO-P.

(a) (b)

Fig. 4. SEM images of synthesized ZnO microst
little coating of the phytomolecules of the leaves extract on the
surface of the resultant ZnO particles. Notably, the sample pre-
pared by high concentration of leaves extract i.e. pure extract
demonstrated the presence of phytomolecules as compared to
the other samples prepared at lower concentrations (Fig. 3d). This
is further confirmed by XPS analysis the details of which are given
below.
3.3. CFE-SEM and EDX analysis

Morphology of C. myxa synthesized ZnO samples were also
characterized by cold field emission scanning electron microscope
(CFE-SEM). Images of ZnO are shown in Fig. 4 (a, b, c). Hexagonal
wurtzite structures were obtained when pure extract was used;
the images clearly indicate that the structure consists of clusters
of symmetrically arranged small hexagonal plates. At 25% extract
concentration, wurtzite shaped particles were obtained, which
comprised of micro or nano size triangular entities. Whereas at
lower extract concentration (10%), spherical shaped particles com-
prising of layer-by-layer discs like entities were observed as shown
in Fig. 4c. Further analysis by energy dispersive X-ray (EDX) spec-
trometer confirmed the presence of ZnO (Fig. 5). The weight per-
centage of zinc and oxygen was found to be analogous for all
samples of ZnO.
3.4. X-ray diffraction study

Fig. 6 shows the XRD patterns of ZnO microstructures synthe-
sized by C. myxa leaves extract with different concentrations. The
sharp diffraction peaks reveal the crystalline nature of the as-
prepared materials. The prominent peaks at 31.66�, 34.42�,
36.02�, 47.53�, 56.56�, 62.86�, 67.85�, 69.42, 72.14� and 76.40� cor-
respond to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0),
(1 1 2), (2 0 1) and (0 0 4) planes, confirming the formation of
wurtzite structure and well matched with JCPDS (Card No: 36-
1451) (Suresh et al., 2015b).
3.5. High resolution X-ray photoelectron spectroscopy (XPS)

The high resolution XPS spectra of the as-prepared ZnO are
shown in Fig. 7. The survey of XPS spectrum clearly revealed that
the product was ZnO. High binding energy of element zinc,
Zn2p3, was observed by two sharp peaks around 1021.38 ± 0.3 eV
and 1044.58 ± 0.2 eV for all samples. Binding energies around
531.06 ± 1.0 eV of the prepared samples could be attributed to lat-
tice oxygen of ZnO. However, the low intensity signals of carbon
(C) element were observed in ZnO sample synthesized with pure
extract. This may be due to the presence of carbon in the form of
(c)

ructures (a) ZnO-P (b) ZnO-25 (c) ZnO-10.



Fig. 5. . EDX profile of C. myxa synthesized (a) ZnO-P (b) ZnO-25 (c) ZnO-10.

Fig. 6. XRD pattern of synthesized ZnO microstructures.
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phytomolecules on the surface of ZnO particles prepared from pure
extract, which was also confirmed from the FT-IR spectroscopy.

3.6. Antibacterial bioassay

In this study, bactericidal activity of C. myxa synthesized crys-
talline ZnO microstructures was investigated against both gram-
positive (Staphylococcus aureus) and gram-negative (Escherichia
coli) using disc diffusion method. The antibacterial activity of pre-
pared ZnO samples were tested towards bacteria in a dose-
dependent manner and values of zone inhibition obtained from
assay are presented in Tables 1a and 1b. All synthesized ZnO sam-
ples showed substantial growth inhibition against Gram-positive
and Gram-negative bacteria.

ZnO hexagonal wurtzite structures synthesized from pure
extract i.e. ZnO-P showed prominent activities against S. aureus
(19.64 ± 0.52 mm) and E.coli (17.66 ± 0.46 mm) at the concentra-
tion of 200 mg/mL. Moreover, the maximum zone of inhibition
was recorded for E. coli which was 8.0 ± 0.54 mm,
12.68 ± 0.50 mm and 19.00 ± 0.60 mm at concentrations of 50 mg/
mL, 100 mg/mL and 200 mg/mL respectively by ZnO-25. Likewise,
ZnO-25 had the highest antimicrobial activity against S. aureus,
the zone of inhibition ranged from 9.4 ± 0.20 to 23.63 ± 0.68 mm
at different concentrations of ZnO. Antibacterial activity of pre-
pared ZnO against S. aureus and E. coli by changing the ZnO dosage
can be seen clearly in Fig. 8. A zone of inhibition of
14.00 ± 0.86 mm and 16.60 ± 0.40 mm was recorded for E. coli
and S. aureus, respectively for ZnO-10 at dosage of 200 mg/mL. It
can be observed that S. aureus is more susceptible to ZnO as com-
pared to E.coli and the results are in confirmation with the several
previous researches (Senthilkumar and Sivakumar, 2014; Bhuyan
et al., 2015; Qian et al., 2015; Suresh et al., 2015a). The discrepancy
in antibacterial activity among the Gram-positive and Gram-
negative could be due to difference in bacterial cell wall composi-
tions and the membrane structure (Yuvakkumar et al., 2014).

It is found that the higher concentration of ZnO leads to growth
inhibition in both Gram-positive and Gram-negative bacteria as
reported by Dutta et al. (2013) who employed higher concentra-
tion of ZnO i.e. 175 mg/L against E. coli bacterial strains, it was
believed that with high amount of reactive oxygen species (ROS)
was produced when increasing concentrations of ZnO, which leads
to the phenomena of lipid peroxidation (Zhang et al., 2007). It is
thought that increasing concentration may damage the bacterial
cell membrane, resulting in a leakage of intracellular contents
and eventually directing to the death of bacterial cells. Further-
more, the free zinc ion from ZnO has also been found to be respon-
sible for the toxicity in bacterial cells (Li et al., 2011).

Bactericidal property of ZnO toward bacterial species depends
on various factors such as particle size, ion dissolution, concentra-
tion, morphology, specific surface area, etc. (Li et al., 2011;
Raghupathi et al., 2011; Azam et al., 2012; Sharma et al., 2016).
Several researchers have found that the toxicity relates to particle
size, smaller the particle size higher would be the antibacterial
activity (Raghupathi et al., 2011; Azam et al., 2012; Rajiv et al.,
2013), however, the results of the present study differ from the
previous reports. In one study, Elumalai et al. (2015) synthesized
ZnO spherical nanoparticles with an average size of 12 nm utilizing
extract of Murraya koenigii and tested antibacterial activity against
S. aureus and E. coli. Though, the antibacterial activity of nanosize
particles was found to be less as compared to C. myxa synthesized
ZnO micro particles as described in this study at similar dosage
regimes of ZnO. Results of present study clearly display that the
morphology and structures of crystalline ZnO influence on antibac-
terial activity, however it is independent of its size.

The relation of bacterial toxicity with the morphology of crys-
tallite ZnO has been described in few recent researches (Talebian



Fig. 7. (a) XPS survey spectra of ZnO microstructures mediated by different concentrations of C. myxa extract (b) Zn 2p scan; (c) O 1s scan.

Table 1a
Antibacterial activity of ZnO nano/microstructures against E.coli at different dosage regimens.

ZnO microstructures Morphology Zone of inhibition(mm) Concentration of ZnO (mg/mL)

50 100 200

ZnO-P Hexagonal 7.2 ± 0.68 11.4 ± 0.74 17.66 ± 0.46
ZnO-25 Pyramid 8.0 ± 0.54 12.68 ± 0.50 19.00 ± 0.60
ZnO-10 Round 6.0 ± 0.80 9.2 ± 1.02 14.00 ± 0.86

Mean ± standard deviation.

Table 1b
Antibacterial activity of ZnO nano/microstructures S. aureus at different dosage regimens.

ZnO microstructures Morphology Zone of inhibition(mm) Concentration of ZnO (mg/mL)

50 100 200

ZnO-P Hexagonal 8.00 ± 1.00 2.00 ± 0.22 19.64 ± 0.52
ZnO-25 Pyramid 9.4 ± 0.20 15.08 ± 0.30 23.63 ± 0.68
ZnO-10 Round 7.2 ± 0.80 10.8 ± 0.45 16.60 ± 0.40

Mean ± standard deviation.
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et al., 2013; Lakshmeesha et al., 2014; Sirelkhatim et al., 2015),
which suggest that the generation of reactive oxygen species
(ROS) by ZnO is associated with the structural, morphological
and optical properties. In the present study, it was observed that
the spherical structure of ZnO-10, displayed scanty antibacterial
activity against both in Gram-positive and Gram-negative bacterial
as compared to other ZnO microstructures of varying
morphologies.



Fig. 8. Antibacterial activity of ZnO-P nano/microstructures against. (a) E.coli and (b) S. aureus.
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4. Conclusions

This study reports the synthesis of ZnO microstructures by
aqueous leaves extract of C. myxa. The solution combustion
method was adopted as a low cost, environmental friendly process
in which the oxidizer was nitrate salt and the leaves extract was
used as fuel. Different concentrations of extract were employed
to synthesize unique ZnO structures. Furthermore, a detailed char-
acterization was part of the physical and chemical analysis of
obtained ZnO product. The appearance of broad optical absorption
peak of UV–Visible spectral analysis confirmed the synthesis of
ZnO, and the stabilizing role of the biomolecules involved in the
formation of ZnO was ascertained by FTIR. The FE-SEM studies con-
firmed that the concentration of the leaves extract is highly effi-
cient in controlling the shape and size of ZnO structures. Data
profile of EDX and XPS confirmed that the synthesized product
was pure ZnO, while the XRD pattern showed the crystalline nat-
ure of synthesized ZnO. This study showed that the C. myxa medi-
ated ZnO microstructures obtained have the potential to display
the bactericidal properties against various gram positive and gram
negative bacterial strains. Further studies are warranted to under-
stand the role of surface morphology and antibacterial property of
the obtained ZnO microstructures which will be carried out in the
future.
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