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This study was aimed to fill the critical gap of knowledge regarding the interaction between green zinc

oxide nanoparticles (ZnONPs) and bacterial interface. Wurtzite phase ZnONPs with a band gap energy

of 3.28 eV were produced by exploiting a simple and green biosynthesis method using an inexpensive

precursor of A. indica leaf extract and zinc nitrate. ZnONPs were characterized using UV-Vis spectroscopy,

XRD, FTIR, SEM, EDX, DLS, TEM, and zeta-potential analysis. The primary size obtained was 26.3 nm (XRD)

and 33.5 ± 6.5 nm (TEM), whereas, the secondary size was found to be 287 ± 5.2 nm with −32.8 ± 1.8 mV

ζ-potential denoting the physical colloid chemistry of ZnONPs. Crystallinity and the spherical morphology

of ZnONPs were also evident with some sort of particle agglomeration. ZnONPs retained plant functional

groups endorsing their hydrophilic character. The antibacterial and antibiofilm activity of ZnONPs was sig-

nificant (p ≤ 0.05) and the MIC/MBC against most frequent clinical isolates of Escherichia coli, Klebsiella

pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus ranged from 0.5 to 1.0 (MIC)/1.0 to

1.5 mg ml−1 (MBC). The dissolution of ZnONPs to Zn2+ ions in a nutrient medium increased as a result of

interaction with the bacterial surface and metabolites. Substantial surface binding of ZnONPs followed by

intracellular uptake disrupted the cell morphology and caused obvious injury to the cell membrane.

Interrupted bacterial growth kinetics, loss of cell respiration, enhanced production of intracellular ROS,

and the leakage of the cytoplasmic content unequivocally suggested a strong interaction of ZnONPs with

the exterior cell surface and intracellular components, eventually leading to cell death and destruction of

biofilms. Overall, the results elucidated eco-friendly production of ZnONPs expressing a prominent inter-

facial correlation with bacteria and hence, prospecting the use of green ZnONPs as effective

nanoantibiotics.

1. Introduction

The developments in manufacturing and increasing appli-
cations of nanomaterials, in recent times, have affected almost
every domain of human life.1 Metal and metal oxide nano-
particles (NPs) such as silver, gold, zinc oxide, iron oxide,
copper oxide etc. are extensively used in a range of consumer
goods. Recently, they have also been widely used in agricul-
ture, medical, and pharmaceutical products.2–4 When desired,
NPs have been synthesized using physical and chemical
methods, for instance, microwave irradiation, thermal evapor-

ation, metal–organic chemical vapour deposition, sputter
deposition, hydrothermal growth, laser ablation, ion beam
assisted deposition, chemical precipitation, electro-chemical
deposition, sol–gel growth, pH mediated growth, sol–gel
process, and flame transport synthesis.5–7 Apart from these,
NPs have also been generated in recent times using biological
or biomimetic approaches which have shown greater advan-
tages over other methods. Such advantages include- (i) swift-
ness of NPs (ii) economical/eco-friendly nature and (iii) no
involvement of toxic chemicals, high energy, and pressure.8

Moreover, the metal oxide (MO) NPs, sometimes called nano-
antibiotics have been realized as a supplement of conventional
antibacterial drugs because of their significant antibacterial
potential. This has prompted immense research interest due
to the growing emergence of multiple drug resistance (MDR)
among clinical bacteria.9 The emergence and consequent
spread of drug resistant bacterial strains pose greater risks to
human health as accepted globally by clinicians, healthcare
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agencies, and drug manufacturers.10 Moreover, the frequent
use of antibiotics in hospitals followed by their discharge into
effluents and municipal sewage through direct deposition or
patient excreta enforce a selection pressure upon the existing
bacterial pathogens to become more resilient against different
classes and generations of antibiotics.11 Very recently, the
World Health Organization (WHO) has reported high resis-
tance rates in Klebsiella pneumoniae and Escherichia coli to
IIIrd generation cephalosporins which are used to control
both hospital and community infections (WHO, 2014).12 To
overcome these issues and to find ways, green NP synthesis
using plants extracts without further involvement of capping
agents and surfactants is being advocated around the world.13

This green chemistry approach principally involves the use of
biomolecules present in plant extracts for efficiently reducing
and stabilizing metal ions.14 The reduction of ions followed by
capping provides post reduction surface modification in
addition to controlling the NP aggregation to relatively bigger
sizes.15 Among variously reported NPs, zinc oxide (ZnO) with a
wide band gap (∼3.37 eV) has been preferred due to its mul-
tiple flexible properties such as electro-catalysis, high chemical
stability, and electron transfer capability.16 Furthermore, the
US FDA listed ZnO as “Generally Recognized as Safe” (GRAS)
due to low toxicity, even though ZnO has been biomedically
utilized since ancient times. For instance, fly ash of Zn, in par-
ticular, was used to treat many severe illnesses and was found
quite efficient.16 Additionally, the strong protein adsorption
activity of ZnONPs makes it more useful in the modulation of
metabolism, cellular responses, and cytotoxicity.16 In other
studies, specially designed tetrapods of ZnO with oxygen
vacancies were used as nano-immunotherapeutic agents and
when introduced intra-vaginally, suppressed the HSV-2 genital
infection in female BALB/c mice.17 These tetrapods also neu-
tralized the HSV-2 virions and thus HeLa and human epi-
thelial cells exhibited much reduced infection with such
virions incubated with ZnO tetrapods.19 Other products of
ZnO like quantum dots having properties such as chemical
stability, high durability, ease in the synthesis process, heat re-
sistance, low cytotoxicity, more selectivity, etc. have been found
superior compared to other conventional organic nano-
materials.18 Still, ZnONPs prepared from various plant extracts
have been shown to possess antimicrobial and anti-diabetic
activities.20,21 These vast and varied advantages of greener syn-
thesis over other methods and the extensive use of ZnO have
encouraged us to use Azadirachta indica (neem) leaf extract for
fabricating neem leaf extract capped ZnONPs by reduction of
Zn(NO3)2·6H2O without incorporating any physical method
and toxic chemical agent.

A. indica is a member of Meliaceae and is found commonly
in tropical and subtropical regions like India, Pakistan, Nepal
and Bangladesh. A. indica contains some important chemicals
like, nimbidin, nimbin, limnoids, and nimbolide which play
important roles in disease management through the modu-
lation of various genetic pathways.21 The extract from A. indica
has been used for the synthesis of silver (Ag) NPs,22 gold (Au)
NPs,23 and ZnONPs.24,25 Earlier studies with A. indica plant

extract have reported the synthesis of ZnONPs, but did not
study their agglomeration in aqueous media and biological
features. Moreover, the quantity of leaf extract used in this
study (5% w/v) for the production of ZnONPs is much less
than that used by others which is as high as 20% w/v and 25%
w/v.24,25 Beside these, the major interest of our study was to
understand in detail the plausible antibacterial mechanism of
A. indica extract synthesized ZnONPs and their behavior at
various contact sites on the bacterial interface and cell
interior, which has not previously been explored adequately.

Considering the multiple exceptional advantages and wide
ranging utility of ZnONPs, a comprehensive and detailed sys-
tematic work was undertaken to achieve the following objec-
tives: (i) green synthesis of ZnO NPs using A. indica leaf extract
and its confirmation/validation, (ii) determination of the
surface morphology, particle and crystal size of ZnONPs, (iii)
assessment of biomolecules involved in the reduction and
stabilization of biosynthesized ZnONPs, (iv) determination of
Zn2+ ion dissolution from ZnONPs alone and in the presence
of bacterial cells, (v) determination of the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration
(MBC) of ZnONPs against Gram negative (Pseudomonas aerugi-
nosa, Escherichia coli, Klebsiella pneumoniae) and Gram positive
(Staphylococcus aureus) clinical isolates, (vi) evaluation of
nucleic acid release, β-galactosidase activity and cell mem-
brane permeability damage, (vii) stimulation of reactive oxygen
species (ROS) in bacterial cells and its impact on cellular res-
piration, (viii) ZnONP concentration and time dependent
growth of clinical isolates, (ix) bacterial cell morphology,
surface adsorption and intracellular uptake determination of
ZnONPs by SEM/EDX equipped with atomic absorption spec-
trophotometry (AAS) and (x) assessment of the in situ biofilm
inhibition ability of ZnONPs employing light microscopy, laser
confocal microscopy, and SEM.

2. Materials and methods
2.1 Green synthesis of ZnONPs: preparation of leaf extract,
synthesis and harvesting of ZnONPs

The method used for green ZnONP synthesis is depicted in ESI
Fig. S1.† Fresh foliage of A. indica rinsed with running tap
water followed by double distilled water (DDW) was allowed to
dry at 37 °C and 20 g of sample was used for ZnONP extraction.
The aqueous leaf extract was boiled for 25 min at 60 °C and
was then allowed to stabilize at room temperature (RT). The
extract was further processed as described elsewhere.26

Zn (NO3)2·6H2O was dissolved in 500 mL DDW to attain the
final molarity of 50 mM. After complete dissolution using a
magnetic stirrer, 100 mL of aqueous leaf extract was added to
it and the pH of the mixture was adjusted to 8. Then the
sample was vigorously stirred (≈450 rpm) at 80 °C for 1 h. The
resulting pale yellow colored slurry was washed with DDW and
allowed to dry at 400 °C for 2 h in a muffle furnace. Finally, a
white color powder was obtained which was maintained and
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used for characterization and determination of biological
activities.

2.2 UV-visible, FTIR, XRD, SEM-EDX, TEM, and DLS analysis
of particle morphology, composition, shape, and the primary
and secondary size

Surface plasmon resonance (SPR), crystal size, functional
groups, surface morphology, shape, and the primary and sec-
ondary size of ZnONPs were analyzed by the methods
described earlier3,26,27 (please see the ESI†).

2.3 Antibacterial activity of ZnONPs

2.3.1 Bacterial growth inhibition and MIC/MBC determi-
nation of ZnONPs. Agar well diffusion assay as described
earlier27 was used to test the antibacterial activity of ZnONPs.
For this, 100 µL of ZnONPs (from 20 mg mL−1 stock) was
added to each well. Gentamicin (5 µg per disc) was included as
the positive control. The MIC and MBC of ZnONPs against
P. aeruginosa, E. coli, S. aureus, and K. pneumoniae sub sp.
pneumoniae were determined by growing bacterial cells in
Luria broth supplemented with various doses of ZnONPs
ranging from 0.125 to 1.5 mg mL−1 following our previous
method.27 The MIC is defined as the lowest concentration of
antimicrobial agent (ZnONPs) that prevents microbial growth
whereas the MBC is the minimum concentration required to
kill micro-organisms.26

2.3.2 Concentration and time dependent growth of test
strains under ZnONP stress. The concentration dependent
effect of ZnONPs on P. aeruginosa, E. coli, S. aureus, and
K. pneumoniae sub sp. pneumoniae growth was assessed by
employing an optical method.27,28 Polystyrene wells filled with
200 μL of LB were supplemented with 0.125, 0.25, 0.5, 1.0, and
1.5 mg mL−1 of ZnONPs and then inoculated with 20 µL of
exponentially grown young bacterial culture. The data were
recorded and analyzed as described elsewhere.26

2.4 Integrity of cell membranes

2.4.1 Determination of nucleic acid release from ZnONP
treated cells. As the permeability of the bacterial plasma mem-
brane is compromised, release of the cytoplasmic content can
be monitored. By recording the absorbance at 260 nm, the
amount of nucleic acids (DNA and RNA) leaked from the inner
cellular material could be estimated. The overnight grown cul-
tures (20 ml) of P. aeruginosa, E. coli, S. aureus, and
K. pneumoniae in 100 ml capacity conical flasks were sup-
plemented with varying concentrations of ZnONPs
(0.125–1.5 mg ml−1) and then incubated at 37 °C for another
4 h. Aliquots of 1.5 ml were taken from each treatment and
control and then centrifuged at 5000 rpm for 5 min to remove
bacterial cells. 100 µl of the resulting supernatant was diluted
with 1.5 ml DDW and the spectra were recorded in the UV
range.

2.4.2 Determination of the β-galactosidase activity. The
activity of the β-galactosidase enzyme was determined using
o-nitrophenyl-β-D-galactopyranoside (ONPG; HiMedia, India)
as the substrate to check the inner membrane permeability of

the bacterial cells. Bacterial cultures were grown in LB broth
with added 2% lactose and the log phase cells were separated
by centrifugation followed by their re-suspension in 0.02 M
sodium phosphate buffer (pH 7.5) containing NaCl (0.1 M) to
maintain 108–9 CFU ml−1 bacterial cell density. A 500 µl cell
suspension from each treatment group was mixed with
ZnONPs appropriately diluted from the stock to attain the
final concentration ranging from 0.125 to 1.5 mg ml−1. The
mixture was incubated at 37 °C overnight followed by centrifu-
gation. In the resulting supernatant, the conversion of ONPG
into galactose and o-nitrophenol was monitored by recording
the absorbance of o-nitrophenol at 420 nm.

2.4.3 Fluorescence detection of cell permeabilization by
CLSM. For this, PI was used as a fluorescent probe for the
detection of cells with compromised cell membranes.28

Untreated and bacterial cells treated with the MIC of ZnONPs
were washed at least three times with 1× PBS and stained with
PI (100 µM) for 15 min at RT in a dark chamber. Cells of
K. pneumoniae and S. aureus were visualized under a CLS
microscope.26

2.5 Detection of cellular respiration and intracellular ROS
under ZnONP stress

Inhibition of bacterial cellular respiration was determined by
dehydrogenase assay, as described by Wahab et al. with modi-
fications. Briefly, the cells of P. aeruginosa, E. coli, S. aureus,
and K. pneumoniae in the early log phase were harvested by
centrifugation at 5000 rpm for 10 min.29 The cells were re-sus-
pended in 1× sterile phosphate buffer (pH 7.0) to achieve an
absorbance (Abs600) of 0.4, and 200 µl of this cell suspension
was then transferred to wells in a 96-well microtitre plate. To
each well, the ZnONPs were added in increasing concen-
trations of 0.125, 0.25, 0.5, 1.0, and 1.5 mg ml−1. The cell sus-
pension without ZnONPs was run in parallel as a control.
Subsequently, 40 µl of the reagent 2,3,5-triphenyl-tetrazolium
chloride (TTC) (0.5%, w/v) was added to each well followed by
incubation at room temperature. The change in color from a
colorless solution to red was measured at 450 nm using a
microplate reader (Thermo Scientific Multiskan EX, REF
51118170, China). The intracellular ROS produced by the
Gram positive (S. aureus) and Gram negative (K. pneumoniae)
bacteria grown in the absence and presence of the MIC of
ZnONPs was detected by the method used earlier.26

2.6 Assessment of the cellular morphology and uptake of
ZnONPs by SEM-EDX and AAS

Non-stressed and S. aureus and K. pneumoniae cells grown
under ZnONP stress were processed for SEM, EDX, and
elemental mapping of the region of interest (ROI) following
methods described previously.26,30 Samples were visualized
under a JSM 6510LV SEM (JEOL, Tokyo, Japan) at an accelerat-
ing voltage of 10 kV. The attachment of ZnONPs onto root sur-
faces was detected by using an Oxford Instruments INCAx-
sight EDX equipped SEM followed by the mapping of
elements. In order to determine Zn2+ ion dissolution, ZnONPs
were incubated with a nutrient medium for 24 h at 37 °C with
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constant stirring at 150 rpm and the supernatant collected
after centrifugation (10 000 rpm, 20 min) was filtered through
a 0.22 µm membrane filter. The concentration of soluble zinc
was measured by AAS, (GBC 932B plus, Australia). Similarly,
Zn2+ ions in the bacterial supernatant and internalized
ZnONPs in the bacterial cell pellet after treating the cells of
clinical isolates with 1000 µg ZnONPs per ml at 37 °C for 24 h
were determined. The bacterial cell pellet was digested with
5 ml aqua regia and appropriately diluted with DDW up to
100 ml volume in volumetric flasks prior to AAS analysis.

2.7 Assay for biofilm inhibition under ZnONP stress

The impact of the sub MIC concentrations of ZnONPs on the
biofilm forming ability of K. pneumoniae and S. aureus was
determined by the crystal violet (CV) method.26

2.8 In situ visualization of biofilms

2.8.1 Light microscopy analysis. The biofilm inhibition by
ZnONPs was also evaluated on a glass surface under a light
microscope.27 For this, wells (6 well polystyrene plates) were
filled with LB broth and the sub MIC concentrations of
ZnONPs followed by the addition of young bacterial cells (1 ×
107 cfu mL−1) of K. pneumoniae and S. aureus at 1% culture
rate. Glass cover slips were set as described for ROS production
followed by incubation at 37 °C for 24 h. Biofilms were then
rinsed with PBS and stained with 0.1% CV and visualized.

2.8.2 Confocal laser scanning microscopy (CLSM) analysis
of biofilms. The anti-biofilm potential of ZnONPs on clinical
isolates belonging to the genera Klebsiella and Staphylococcus
was assessed using the fluorescent probe acridine orange (AO):
a dye which is used to stain DNA and intercalates at the major
groove of dsDNA. After interaction, it produces green fluo-
rescence upon excitation. For this, control and biofilms treated
with the sub MICs of ZnONPs were washed three times with
sterile PBS and stained with 0.01% AO (prepared in PBS) for
20 min at RT in the dark. Biofilms of K. pneumoniae and
S. aureus after incubation with AO were gently rinsed three
times with PBS and then mounted on a microscope slide and
visualized using an LSM-780 confocal microscope (Zeiss,
Germany).

2.8.3 Scanning electron microscopy (SEM) analysis of bio-
films. The inhibition of biofilm formation was further
assessed using SEM. The biofilms of K. pneumoniae and
S. aureus grown in the presence and absence of ZnONPs were
rinsed with sterile PBS (1×) and subsequently fixed in a
mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in
a sterile polystyrene plate for 12 h at 4 °C. The fixed biofilms
after three successive washes with PBS (1×) were dehydrated by
an ethanol gradient (30, 50, 70, 90 and 100%) for 10 min each.
The cover slips containing biofilms were air dried and sputter
coated with a 2 nm thin layer of gold. The coated samples were
observed under a JEOL JSM-6510 (JEOL, Tokyo, Japan).

2.9 Statistical analysis

The data presented in this study represent mean (N = 3) ± S.D.
(standard deviation) of experiments done at least in duplicate.

Sigma Plot 10.0, USA was used for statistical analysis and for
preparing curves and graphs. The difference among the treat-
ment means was compared using Student’s t-test at 95% and
99% probability levels.

3. Results and discussion
3.1 Green synthesis of ZnONPs

The reducing and capping efficiency of A. indica leaf extract
was exploited for the green biosynthesis of ZnONPs. The quali-
tative observation of ZnONP formation was based on the devel-
opment of a white colored precipitate as the end product of
the reaction (ESI Fig. S1†). The major biomolecules present in
A. indica leaves are terpenoids, flavanones, and sugars that act
as reducing as well as stabilizing agents.31 The aldehyde
groups in A. indica leaf broth have been suggested responsible
for the production of ZnONPs along with other chemical
groups.25 In a study, benzoquinones in plant extracts have also
been reported as reducing agents which stimulate NP syn-
thesis.32 Moreover, the proteomes of plant extracts are also
known to alter the physicochemical properties of NPs by
forming weaker associations with the nascent crystals of
ZnONPs that ultimately lead to the isotropic growth of
ZnONPs.33 Here, Fig. 1A shows the UV visible spectra of 0.1%
(w/v) green synthesized ZnONPs and commercially available
ZnONPs (Sigma Aldrich, USA) in an aqueous dispersion. A
characteristic absorption of green synthesized ZnONPs was
detected at 378 nm which was comparable to the Sigma
Aldrich ZnONPs (374.5 nm). This strong excitonic absorption
peak could be assigned to the intrinsic band gap of ZnONPs
owing to the electronic transition from the valence to conduc-
tion band.24 No other absorption peaks were observed in the
UV-vis spectra of green ZnONPs suggesting the maximum
purity of ZnONPs (Fig. 1A). The band gap energy (E) of the
green ZnONPs calculated using the equation E = hc/λ was 3.28
eV, where, h is Planck’s constant (6.626 × 10−34 J s), c is the vel-
ocity of light (3 × 108 m s−1), and λ is the wavelength of
ZnONPs. Indeed, ZnONPs are well known to absorb in the
range of 300–400 nm, and a characteristic signal has been
observed in various studies at 372 nm and 370 nm.34,35

Sangeetha et al. have also reported the absorption by ZnONPs
in the range of 358–375 nm with increasing SPR under
different synthesis conditions.36

3.2 X-ray diffraction, FTIR, SEM, TEM, EDX, and DLS
analysis of ZnONPs

The SEM images taken at 10 000× (Fig. 1B) and 50 000×
(Fig. 1C) magnification exhibited the morphological features
of ZnONPs. The micrographs clearly revealed the aggregates of
variable sizes of ZnONPs in which the individual NPs were
largely spherical in shape (Fig. 1B and C). The elemental ana-
lysis of the ZnONPs was revealed through EDX, and signals for
Zn (68.22 wt%) along with C (13.43 wt%) and O (18.35 wt%)
were found in the spectrum (Fig. 1D). The emission peaks of
Zn with small signals for O confirmed the formation and
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purity of green synthesized ZnONPs. The even lower intensity
signal for C was due to the carbon tape used in the scanning
process. These results correlate with the report in which
similar peaks have been observed in ZnONP synthesis using
Acalypha indica leaf extract.8 The ZnO nanostructures also
show different morphologies which vary from sheets to flowers
with variable pH values (7–12).18 Moreover, the results of TEM
analysis revealed predominantly spherical ZnONPs with an
average particle diameter of 33.5 ± 6.5 nm (Fig. 1E). Fig. 1F rep-
resents the characteristics XRD pattern of ZnONPs with shar-
pened reflection peaks which indicate that the growth of crys-
talline ZnONPs has occurred. The Bragg reflections appearing
at the 2θ scale of 31.76°, 34.46°, 36.26°, 47.57°, 56.59°, 62.92°,
66.37°, 66.97°, and 69.09° could be well indexed to the [100],
[002], [101], [102], [110], [103], [200], [112], and [201] Miller
indices (hkl) of ZnO crystal planes, respectively. This is in
agreement with the wurtzite structure of ZnO (JCPDS file no.:
36-1451). The full-width-at-half-maximum (FWHM) value for
the major crystalline planes of [100], [002], and [101] reflection
was used to obtain the mean crystalline size of ZnONPs. The
average particle size determined using Debye–Scherrer’s
equation was found to be 26.3 nm under our experimental
conditions. The results of XRD are in good agreement with
those reported for O. europa leaf extracts in which 2θ values
were obtained at 31.84°, 34.50°, 36.32°, 47.59°, 56.63°, 66.89°,
67.98°, 69.09°, and 76.98°.37 The obtained XRD data clearly

indicated the formation of ZnONPs and showed no other diffr-
action peaks, thus confirming the purity of the ZnO phase.
The size obtained by TEM and XRD of ZnONPs corresponds to
each other. The FT-IR spectra of the A. indica leaf extract alone
and pure ZnONPs are shown in ESI Fig. S2A and B† and a ten-
tative assignment of transmittance is presented in ESI
Table 1.† The spectra showed a broad absorption band at
3440–3200 cm−1 assigned to the –OH phenolic group in the
extract. The signal at 2970 cm−1 is attributed to the C–H
stretching of aliphatic hydrocarbons. The peak shift at
3445 cm−1 is due to the change in the functional group
present in the A. indica leaf extract, as a result of interaction
with ZnONPs (ESI Fig. S2B†). Similar FT-IR bands have been
suggested by Sangeetha et al. for Aloe barbadensis ZnONPs.36

The signals at 3445, 1760, and 1400 cm−1 in the ZnONP FT-IR
spectrum indicate the participation of functional groups from
polyols, terpenoids, and proteins such as amines, alcohols,
ketones, alkanes, and carboxylic acids in the dual process of
bioreduction and capping. In the bioreduction process, terpe-
noids are considered secondary due to their poor water soluble
nature. However, proteins are considered less important in the
biosynthesis of NPs.41 In contrast, the prime moieties in this
process are water soluble flavonones and phenolics which are
thought to act as the major reducing agents.38 The stability of
ZnONPs may be due to the free amino and carboxylic groups
that have interacted with the zinc surface. The bonds of func-

Fig. 1 Characterization of ZnONPs; UV-visible spectrum (A) of green synthesized ZnO-NPs (0.1% w/v; solid line) and its comparison with commer-
cially available ZnO-NPs (dashed line) which confirms the purity of ZnONPs. SEM analysis of ZnO-NPs at a direct magnification of ×10 000 (B) and
×50 000 (C). EDX spectrum of ZnONPs (D) and the TEM micrograph of at ×60 000 (E) with an average diameter of 33.5 ± 6.5. The inset in panel B
depicts the morphology of ZnO-NPs. Panel F shows the X-ray diffractogram of ZnO nanopowder. The average crystal size by XRD was found to be
26.3 nm.
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tional groups such as –CO–C–, –C–O– and –C–C– are derived
from heterocyclic compounds and the amide bands derived
from the proteins are present in the leaf extract and they are
the capping ligands of the NPs. Additionally, the amino (–NH)
and carboxylic (–COO−) groups interact with the zinc surface
and contribute to the formation and stability of ZnONPs.36

This adsorption of phyto-constituents on the ZnONP surface
provides stability through supramolecular interactions such as
H-bonding or reversible bond formation (Diels–Alder reaction),
ionic, and π–π interactions.1,8,14,24 The signal at 495 cm−1 con-
firms the stretching vibrations of the Zn–O bond of ZnONPs.
Similarly, the prominent IR signal at ∼440 cm−1 has been
attributed to the stretching vibration of the Zn–O bond.39,40

The secondary size (hydrodynamic size) distribution measure-
ment of ZnONPs in nutrient media showed particle aggregates
of 287 ± 5.2 nm. The results for zeta potential of ZnONPs are
shown in ESI Fig. S3.† The ζ-potential or electrokinetic poten-
tial of ZnONPs was found to be −32.8 ± 1.8 mV which denotes
enough stability in solution to exert biological reactions. The
average hydrodynamic diameter of ZnONPs in media suspen-
sion indicates particle aggregation. The hydrodynamic size
and ζ-potential characterization data are in good agreement
with a recent study on the agglomeration of ZnONPs in
aqueous media.42 In an aqueous dispersion, the number of
collisions due to inter-particular interactions increases
whereas, the path average length travelled by particles between
successive collisions falls.43 The increase of ZnONP size (287 ±

5.2 nm) could be suggested as a result of soft corona formation
composed of nutrient broth constituents of different masses
and charges.43 Hence, dispersed ZnONPs exhibited a hydrated
surface which was wrapped within a cover of molecules not
being the ingredients of ZnONPs itself.

3.3 Antibacterial activity of ZnONPs

The ZnONPs were assessed for their antibacterial activity
against Gram +ve S. aureus and Gram −ve E. coli, P. aeruginosa,
and K. pneumoniae. The results of the well diffusion assay
shown in ESI Fig. S4† are comparable to the gentamicin anti-
biotic (5 µg per disc) and are suggestive of the similar efficacy
of ZnONPs towards the test bacteria. The MIC of ZnONPs for
S. aureus, E. coli, and P. aeruginosa was found to be 1.0 mg
ml−1, whereas, it was 0.5 mg ml−1 for K. pneumoniae. The MBC
for S. aureus, E. coli, and P. aeruginosa was 1.5 mg ml−1,
whereas, it was 1.0 mg ml−1 for K. pneumoniae under identical
experimental conditions. Fig. 2A–D demonstrate the time
(0–24 h) and ZnONP concentration dependent growth kinetics
of S. aureus (Fig. 2A), E. coli (Fig. 2B), P. aeruginosa (Fig. 2C),
and K. pneumoniae (Fig. 2D). With the increase in the concen-
tration of ZnONPs (from 0.125 to 1.5 mg ml−1), a gradual
increase in bacterial inhibition was recorded. The ZnONPs
induced an obvious decline in bacterial viability which
however, also increased with the exposure time. Time-resolved
bacterial responses provided important information on toxic
dynamics, i.e., ZnONPs rapidly killed bacterial strains within

Fig. 2 Antibacterial activities of ZnONPs against the clinical isolates of bacteria. Comparison of the absorption spectra at 620 nm, as an index of the
growth kinetics of clinical isolates, at an increasing ZnONP dose (0.125, 0.25, 0.5, 1, and 1.5 mg ml−1) and as a function of incubation time at 37 °C is
shown in panels A–D. Panel A: Gram +ve S. aureus; panel B: Gram −ve E. coli; panel C: Gram −ve P. aeruginosa; and panel D: Gram −ve
K. pneumoniae.

Toxicology Research Paper

This journal is © The Royal Society of Chemistry 2019 Toxicol. Res., 2019, 8, 246–261 | 251

Pu
bl

is
he

d 
on

 2
6 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 R
SC

 I
nt

er
na

l o
n 

3/
14

/2
01

9 
4:

06
:4

4 
PM

. 
View Article Online

http://dx.doi.org/10.1039/c8tx00267c


6 h of incubation. The Gram −ve K. pneumoniae cells were
observed most susceptible to ZnONPs compared to the other
strains. In another study, the ZnO nanoparticles have shown
attractive antibacterial properties due to the increased specific
surface area.44 Additionally, the antimicrobial activities of
ZnONPs towards bacteria depend on the particle size, concen-
tration, crystal morphology etc. Mechanistically, the suscepti-
bility of the bacterial cells to ZnONPs could possibly be due to
the enhanced release of H2O2 from the surface of ZnONPs.
The H2O2 so generated can penetrate the cell membrane and
cause bacterial cell death.45 Since ZnONPs have been found
biocompatible with human cells, they therefore have been
used as antibacterial agents.18 Categorically, the results indi-
cated that the ZnONPs synthesized from the A. indica leaf
extract were effective enough and demonstrated considerable
antibacterial activity against all the test bacterial species.

3.4 Determination of cell membrane integrity and porosity at
the ZnONPs–bacteria interface

The plasma membrane of the bacterial cells allows them to
communicate with the surrounding environment. It may
become functionally ineffective under the influence of anti-
bacterial agents.46 The plasma membrane is selectively per-
meable which facilitates the interfacial transport of molecules.47

In order to investigate the condition of the membrane, the bac-
terial isolates were exposed to different doses (0.125–1.5
mg ml−1) of ZnONPs and membrane disorganization caused by
ZnONPs was observed through CLSM. Following the damage in
the cellular membrane, small ions like potassium (K+) and

phosphate (PO4
3−) tend to release first followed by the forceful

discharge of larger ones such as nucleic acids (DNA and RNA)
along with other molecules.26,48 Therefore, to check mem-
brane disintegration, the extracellular release of nucleic acids
(DNA and RNA) from ZnONP treated E. coli, K. pneumoniae,
P. aeruginosa, and S. aureus was quantified (Fig. 3A–D). The
data exhibited dose dependent enhancement in nucleic acid
release and consequently the membrane permeability. The
percent increase in nucleic acid release induced by ZnONPs
was found to be 5–17%, 1–10%, 2–20%, and 1–8% from E. coli
(Fig. 3A), K. pneumoniae (Fig. 3B), P. aeruginosa (Fig. 3C), and
S. aureus (Fig. 3D) cells. To further confirm the alteration of
cell membrane permeability more specifically the inner mem-
brane (IM) permeability, the activity of the enzyme
β-galactosidase was assayed. The enzyme β-galactosidase (an
endoenzyme) is a frequently used stress marker to observe the
injuries triggered by stressor molecules.49 The ability of
ZnONPs to permeate the cellular membranes of clinical iso-
lates in a lactose supplemented medium was evaluated in
terms of the production of o-nitrophenol from the substrate
ONPG (Fig. 3E). A maximal increase in the absorbance of
o-nitrophenol was noticed which followed concentration
dependent enhancement of ZnONPs: up to 1.9, 2.2, 2.05, 1.75
for E. coli, K. pneumoniae, P. aeruginosa, and S. aureus, respect-
ively, at 1.5 mg ZnONPs per ml after 4 h of incubation. The
enhanced release of β-galactosidase from the cell interior is in
good agreement with those reported by others.50,51 However,
the untreated bacterial cells showed negligible release of
β-galactosidase (0.25–0.4) after 4 h growth.

Fig. 3 Mean absorbance spectra of nucleic acid released from the membrane compromised cells of the clinical strains of E. coli (panel A),
K. pneumoniae (panel B), P. aeruginosa (panel C), and S. aureus (panel D) after exposure with various concentrations of ZnONPs (0–1.5 mg ml−1).
The inset linear plots show enhancement in the optical density at 260 nm as a function of ZnO-NP concentration. Panel E depicts the extracellular
β-glycosidase activity of bacterial cells as a result of inner plasma membrane damage. The absorbance change of o-nitrophenol at 420 nm has been
plotted against various ZnONP concentrations (0.125–1.5 mg ml−1) at 0 and 4 h of incubation at 37 °C. Values from three replicates are expressed as
mean ± SD (*p ≤ 0.05 vs. control at 4 h).
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Qualitative measurement of the impact of ZnONPs on the
permeability of K. pneumoniae and S. aureus cells was done
using the fluorescent probe PI. PI is commonly used as a cell
death marker due to its repulsion by an intact cellular mem-
brane of untreated viable cells. Hence, the fluorescence
emitted by PI can be effectively correlated to dead bacterial
cells. Metabolically inactive cells of K. pneumoniae (Fig. 4B)

and S. aureus (Fig. 4D) appeared red against the black back-
ground followed by the excitation at 532 nm (λexc) due to PI
stained bacterial DNA. Control cells showed only a residual
increase in the red fluorescence of PI (Fig. 4A and 5C). The
damage caused by ZnONPs to cell membranes exhibited a con-
centration dependent effect and was coherent with the find-
ings of the bactericidal activity. The attachment of ZnONPs to

Fig. 4 ZnONP induced cell death, reactive oxygen species, and inhibition of cellular respiration in treated clinical isolates. The ZnONP (1.0 mg ml−1)
mediated increase in the number of dead cells as a result of increased membrane permeability. Panels A and C show the residual fluorescence of PI
in K. pneumoniae and S. aureus cells. Panel C and D present an increase in PI fluorescence due to the damaged cell membrane. Panels E and G
show the residual fluorescence of DCF in K. pneumoniae and S. aureus cells. Panel F and H show a significant increase in intracellular ROS when
exposed to 1 mg ml−1 of ZnONPs. Panel I shows the inhibition of cellular respiration of E. coli, S. aureus, K. pneumoniae, and P. aeruginosa by green
synthesized ZnONPs at 0.125–1.5 mg ml−1. The decrease in red color intensity in microtitre wells represents the loss of metabolic activity of bacterial
cells.
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bacterial membranes at various locations has been reported to
augment the level of ROS and superoxides (O2

•−), which
creates new pores in cell membranes leading to an enhanced
uptake of PI.52 The bacterial cell death due to ZnONPs could
be attributed to the damage of the cell membrane and the
extrusion of the cytoplasmic contents. The excessive leakage of
solutes from inside to the exterior environment thereby results
in cell death.53 The present findings therefore describe a clear
toxicity of ZnONPs and further confirm the fact that the most
critical target for any stressor molecule is the cell mem-
brane.54,55 Similar to these findings, PI stained dead bacterial
cells of E. coli, P. aeruginosa, and S. aureus observed under a
CLSM have recently been reported.26,56,57

3.5 Loss of cellular respiration and enhanced intracellular
ROS production under ZnONP stress

The chemically reactive species containing oxygen such as
H2O2, O

2−, and OH are collectively known as reactive oxygen

species (ROS) whose level in bacterial cells is affected by xeno-
biotics.58 Antibacterial agents modify the composition, struc-
ture and functions of bacterial cells leading to oxidative burst.
Accordingly, the production of ROS due to ZnONP pressure
was investigated in this study. ROS generation under ZnONP
stress has been monitored using a fluorescent probe,
DCFH-DA, which is a cell permeable stain. When cleaved by
intracellular esterases, it gives the anion (H2DCF

−) and after
reaction with ROS, this low fluorescent reduced anion is con-
verted to a highly fluorescent oxidized form (DCF) and serves
as a ROS indicator.59 Fig. 4E and G show the residual ROS for-
mation by the cells of Gram −ve K. pneumoniae and Gram +ve
S. aureus when grown in the absence of ZnONPs, since most of
the stains are in the form of a reduced anion (H2DCF

−) while
some reacted with ROS present at the threshold levels for
essential intracellular signaling.

Moreover, the ROS produced for intracellular signaling in
untreated bacterial cultures is regularly scavenged by the ROS

Fig. 5 SEM images and EDX spectra indicating ZnONP induced morphological damage in bacteria. Representative SEM micrographs depict cellular
damage and structural distortion in ZnONP (1 mg ml−1) exposed cells: Panels C: Damage to K. pneumoniae cells while Panel G has S. aureus cells.
Panels A and E show the untreated cells of K. pneumoniae and S. aureus cells, respectively. EDX spectra and elemental mapping of treated
K. pneumoniae and S. aureus cells in panels D and H show the presence of Zn as peak signals and dots in mapping along with C and O; Panel B and
F represent untreated cells. Panel I shows the release of soluble Zn ions from NPs. Panel J represents the concentration of Zn in the cell supernatant
and bacterial pellets of E. coli, P. aeruginosa, S. aureus, and K. pneumoniae grown in 1000 µg ml−1 of ZnONPs (for 24 h at 37 °C. The loss of ZnONPs
is shown as the undetected percentage of Zn. Values from three replicates are expressed as mean ± SD (*p ≤ 0.05, **p ≤ 0.005 vs. control).
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reacting enzyme system.60 However, in the presence of 1 mg
ZnONPs per ml, significant ROS production was observed in
K. pneumoniae (Fig. 4F) and S. aureus (Fig. 4H) cells. This ROS
production in turn caused the loss of cellular metabolic
activity (Fig. 4I) and substantially declined the population
density (Fig. 3). The ROS also oxidize cellular components and
disrupt the integrity of the cell membrane. Hence, the
increased bacterial cell membrane porosity and the leakage of
the cytoplasmic content (Fig. 3) can be correlated with the
increased formation of ROS at the sub-lethal concentration of
ZnONPs. Additionally, quantitative estimation of cell viability
(Fig. 4I) and porosity (Fig. 3E) showed higher damage to
E. coli, P. aeruginosa, and K. pneumoniae as compared to
S. aureus cells. This behavioral difference of ZnONPs among
the Gram –ve and Gram +ve bacteria can be rationalized on the
basis of the varying magnitude of change in the interface
potential. The neutralization of this interfacial potential by
ZnONPs to exert toxicity has also been reported to induce ROS
generation which is also a major cause of DNA, lipid, and
protein damage.61,62

The ZnONP concentration dependent inhibition of respir-
ation in E. coli, K. pneumoniae, P. aeruginosa, and S. aureus is
shown in Fig. 4I. The inhibition of the dehydrogenase activity
recorded in this study was obvious and visible by red color for-
mation (red formazan) in untreated cells. In contrast, the cell
metabolic activity was significantly reduced with increasing
concentrations of ZnONPs (Fig. 4I). The percent change in
absorbance (450 nm) was calculated and was found decreasing
in a dose dependent manner. The percent change as compared
to the untreated control (100%) was: 98%, 85%, 65% 35%, and
0% for S. aureus, 80%, 74%, 38%, 3%, and 0% for
P. aeruginosa, 90%, 80%, 32%, 4%, and 0% for E. coli, and
50%, 21%, 2%, 0%, and 0% for K. pneumoniae at 0.12, 0.25,
0.5, 1.0, and 1.5 mg ml−1 ZnONPs, respectively. This kind of
inhibition in bacterial cell respiration by some other NPs has
also been reported by other workers in E. coli, P. aeruginosa,
and nitrifying bacteria.29 Furthermore, it has been observed
that the interaction of NPs with bacterial cell membrane com-
ponents arrests respiration, causes cellular disintegration and
produces oxidative damage.63,64 The main advantage associ-
ated with the use of ZnONPs as an antibacterial agent is its
biocompatible nature and easy synthesis process. Due to these,
ZnO nanostructures have also been found to function as pro-
spective prophylactic agents against clinical infections.6 In
similar experiments, many workers have concluded that
ZnONPs could be used as anti-infective agents for chronic bac-
terial infections.61,62

3.6 Assessment of the bacterial morphology and uptake of
ZnONPs

SEM-EDX and AAS were used to further assess the quantum of
ZnONPs located on the bacterial surface. For instance, Fig. 5A–J
show the SEM-EDX and AAS data related to Zn2+ ions released
from ZnONPs in the presence and absence of bacterial cells
under identical experimental conditions. SEM-EDX and data
of elemental mapping reveal the interaction of ZnONPs at a

sub lethal dose of 1000 µg ml−1 with bacterial surfaces and
their adsorption followed by internalization in the representa-
tive strains of K. pneumoniae and S. aureus cells. Panels A and
E in Fig. 5 show the control cultures of K. pneumoniae and
S. aureus with their corresponding EDX spectra and element
maps (Fig. 5B and F). The untreated cells appeared unda-
maged with a smooth and intact surface exhibiting the normal
bacterial cell morphology. In contrast, cells with ZnONPs
(Fig. 5C and G) had extensive cellular damage with a disorga-
nized cell envelope and morphology. Moreover, the adsorption
of Zn was also a noticeable sign of membrane injury (Fig. 5D
and H). The SEM micrographs in this study, therefore, vali-
dated the ZnONP nuisance at the bacterial interface leading to
a clear inhibition of bacterial growth. The ZnONP induced cel-
lular damage in test isolates detected through SEM-EDX corro-
borated well with those obtained through CLSM (Fig. 4). In
similar studies, Manzoor et al. and Dwivedi et al. have also
noticed cellular destruction of bacterial cells due to the inter-
action with ZnONPs.66,67 Besides assessing the adsorption of
ZnONPs on the bacterial surface, the release of Zn2+ ions as a
result of interaction between the bacterial metabolites with
ZnONPs was also assayed. The ZnONPs subjected to incu-
bation (at 37 °C, 4 h) with the nutrient medium alone in the
absence of bacterial cells showed a progressive release of
soluble Zn2+ ions (Fig. 5I). After 24 h interaction with bacterial
cells, the release of soluble zinc from ZnONPs (1000 µg ml−1)
in the bacterial supernatant was found to be 79.28 ± 12.15
µg ml−1 for E. coli; 84.14 ± 8.4 µg ml−1 for P. aeruginosa;
74.56 ± 3.2 µg ml−1 for S. aureus; and 94.15 ± 6.2 µg ml−1 for
K. pneumoniae, whereas, 598.4 ± 24.5, 612.3 ± 14.6, 590.6 ±
17.5, and 635.2 ± 21.2 µg ml−1, respectively, was recorded in
the acid digested bacterial cell pellet (Fig. 5J).

The internalization propensity of NPs is a principal factor
arbitrating the toxicity apart from the surface conditions of
NPs.68 The bacterial products of metabolism are expected to
be released in the growth medium. These metabolites in
media interact with ZnONPs and biotransformation of
ZnONPs occurs which ultimately liberates soluble Zn2+ ions
from NPs. The soluble zinc is also suggested to form com-
plexes with the inorganic and organic constituents of metab-
olites and subsequently be transported to spaces in bacterial
cell walls, membranes, and taken up in the cell interior
causing growth arrest. Similar interfacial behavior between
zinc and the cell envelope has been advocated by Zhang
et al.69 which is in good agreement with our findings. In spite
of the additive role of a soluble metal on bacterial growth,
ZnONPs–bacteria interaction accounts for their major contri-
bution to the bacteriostatic impact after getting internalized
and subsequently inducing intracellular ROS which inflicts
cell death.70

3.7 Antibiofilm activity of ZnO-NPs

A dose dependent inhibition of the biofilm forming ability of
K. pneumoniae and S. aureus was noticed while growing under
ZnONPs and viewed under a light microscope (Fig. 6A–J),
CLSM (Fig. 6K–T), and SEM (Fig. 7A–H). A maximum inhi-
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Fig. 6 Inhibition of biofilm formation by ZnONP treated bacterial isolates (Panel I). Micrographs A–E represent the biofilm formed on the glass
surface; untreated K. pneumoniae biofilm (A), K. pneumoniae + 0.25 mg ml−1 ZnONPs (B), K. pneumoniae + 0.5 mg ml−1 ZnONPs (C), K. pneumoniae
+ 1 mg ml−1 ZnONPs (D), and K. pneumoniae + 1.5 mg ml−1 ZnONPs (E). Images F–J represent the biofilm of S. aureus formed on the glass surface;
untreated S. aureus biofilm (A), S. aureus + 0.25 mg ml−1 ZnONPs (B), S. aureus + 0.5 mg ml−1 ZnONPs (C), S. aureus + 1 mg ml−1 ZnONPs (D), and
S. aureus + 1.5 mg ml−1 ZnONPs (E). CLSM analysis of the bacterial biofilm: images K–O represent the biofilm formed by K. pneumoniae on the glass
surface; untreated K. pneumoniae biofilm (A), K. pneumoniae + 0.25 mg ml−1 ZnONPs (B), K. pneumoniae + 0.5 mg ml−1 ZnONPs (C), K. pneumoniae
+ 1 mg ml−1 ZnONPs (D), and K. pneumoniae + 1.5 mg ml−1 ZnONPs (E). Images P–T represent the biofilm formed by S. aureus on the glass surface;
untreated S. aureus biofilm (A), S. aureus + 0.25 mg ml−1 ZnONPs (B), S. aureus + 0.5 mg ml−1 ZnONPs (C), S. aureus + 1 mg ml−1 ZnONPs (D), and
S. aureus + 1.5 mg ml−1 ZnONPs (E). Bar diagrams in panel II show the percent inhibition in the biofilm formation of K. pneumoniae (U) and S. aureus
(V) under ZnONP stress (0.25–1.5 mg ml−1). The bars represent the mean values of three independent replicates ± SD (*p ≤ 0.05, **p ≤ 0.005 vs.
control).

Fig. 7 Scanning electron microimage of the bacterial biofilm. Images A–D represent the biofilm formed on a solid surface; untreated
K. pneumoniae biofilm (A), K. pneumoniae + 0.25 mg ml−1 ZnONPs (B), K. pneumoniae + 0.5 mg ml−1 ZnONPs (C), and K. pneumoniae + 1 mg ml−1

ZnONPs (D). A magnified view at ×15 000 is shown (Panel A and D insets). Micrographs E–H show the biofilm of untreated S. aureus (E), S. aureus +
0.25 mg ml−1 ZnONPs (F), S. aureus + 0.5 mg ml−1 ZnONPs (G), and S. aureus + 1 mg ml−1 ZnONPs (H). A magnified view at ×15 000 is shown in
Panel E and H insets. Red arrows indicate the distortion of the normal bacterial cell.
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bition of 100 ± 2 and 100 ± 1.9% in biofilm formation was
recorded for K. pneumoniae (Fig. 6U) and S. aureus (Fig. 6V),
when these cultures were grown with ZnONPs. Moreover, the
reduction in biofilm formation under ZnONP stress was also
visible under a CLSM. Here also, the CLSM image of
K. pneumoniae (Fig. 6K–O) and S. aureus (Fig. 6P–T) displayed
enhanced biofilm inhibition which increased gradually with
increasing concentrations of ZnONPs. The ZnONP induced
reduction in biofilm formation was also clearly visible under
an SEM (Fig. 6A–H). The alteration in bacterial biofilms due to
ZnONP application caused morphological changes in bacterial
cells. For example, both untreated (Fig. 7A) and biofilms
treated with 0.25 mg ml−1 (Fig. 7B), 0.5 mg ml−1 (Fig. 7C) and
1 mg ml−1 ZnONPs (Fig. 7D) of K. pneumoniae revealed that
the sessile cells with ZnONPs exhibited a different morphologi-
cal appearance compared with the shape and intactness of the
untreated sessile cells (Fig. 7A). The red arrows in Fig. 7D indi-
cate the damaged bacterial cells due to the ZnONP antibiofilm
activity. Likewise, the impact of the varying concentration of
ZnONPs on S. aureus biofilms followed a trend similar to those
observed for K. pneumoniae (Fig. 7F–H) which, however, signifi-
cantly differed from the control (Fig. 7E). The antibiofilm
activity of ZnONPs is suggested due to the uptake of ZnONPs
by bacterial cells followed by cell membrane damage through
enhanced ROS production and subsequent leakage of cellular
materials.65 The clinical isolates used in this study are known
biofilm formers, and hence their clinical management is

difficult. Furthermore, successful eradication of infection
becomes more puzzling with the increasing emergence of
multi-drug resistance among microbial populations.71

Particularly, in chronic infections, the antibiotic inefficacy has
been reported. Therefore, green synthesized ZnONP induced
quorum quenching can be suggested as an alternative yet
promising approach for treating biofilm established bacterial
infections. Even so, it could be debated that the phytocom-
pounds of A. indica involved in the entire process of ZnONP
synthesis might also act as siderophores, chelating iron (Fe)
from the growth media and causing the degradation of
biofilms.72

According to the results obtained in this study, a stepwise
and systematic event of ZnONP action on- (i) the bacterial
interface, (ii) cellular toxicity and (iii) biofilm inhibition is pre-
sented in Fig. 8. Broadly, the mechanism of bacterial cell sup-
pression/inhibition due to the ZnONP action may involve the
following steps- (i) adsorption of ZnONPs on the bacterial
surface (wall and membranes) due to the surface potential, (ii)
uptake of ZnONPs and their release into the periplasm and
cytoplasm along with Zn2+ ions due to bacterium-assisted
transformation of ZnONPs, (iii) membrane damage due to
increased porosity, and structural and functional interruption,
(iv) leakage of cytoplasmic and nuclear materials, (v) increased
production of intracellular oxidative stress which further aug-
ments the magnitude of damage to cellular constituents and
membranes, (vi) inhibition of cellular respiration, (vii) distor-

Fig. 8 A proposed mechanistic illustration of the various steps of ZnONP action on the bacterial interface and initiation of the signaling cascade of
bacterial cell death.
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tion of cell morphology, and (viii) eradication of biofilm for-
mation due to one or the simultaneous impacts of the above
stated actions. In general, the toxicity of NPs toward bacterial
cells depends on- (a) bacterial and metal oxide species73 and
(b) particle concentration, aggregation in growth media, and
biotransformation by bacterial metabolites. The antibacterial
performance of NPs lies in the composition of the outer mem-
brane of bacteria which comprises nanoscale pores.73 The
ZnONPs attach to the negatively charged cell membranes of
the bacteria via electrostatic interactions.67,73 The surface
adsorption and internalization triggers enhanced ROS for-
mation. Besides NP penetration, the dissolution of metal ions
is largely discussed to enhance the ROS response.74 Thus, the
oxidative stress generated by the physical interaction of
ZnONPs, their uptake, and Zn2+ ion dissolution lead to
deformed cells and increased porosity of the cell membrane
eventually leading to cell death. Moreover, the factors for
metal oxide NP mediated oxidative stress include radical for-
mation due to the activation of electron hole pairs by UV or
visible light and reduction–oxidation cycles on the surface of
transition metal based nanoparticles.74,75

4. Conclusion

The results endorsed the development of rapid green bio-
production of ZnONPs using the bio-reducing potential of a low
cost precursor, A. indica leaf extract without using any extrinsic
capping agent and surfactant. This study further unravels the
interfacial mechanisms between ZnO-NPs and bacteria. The
clear and distinct diffraction of X-rays confirmed the crystal-
line nature and purity of the wurtzite structure of hexagonal
ZnONPs. The FTIR, SEM-EDX, and TEM validated the for-
mation of ZnONPs and exhibited a spherical morphology.
Agglomeration of ZnONPs in nutrient media detected by DLS
and zeta-potential showed the hydrodynamic size in the nano-
scale range with good stability. The role of functional groups
present in A. indica leaf phytocompounds in ZnONP capping
and stabilization was clearly evident. The data obtained for cell
membrane activity and surface interaction through spectro-
photometry, CLSM, SEM-EDX, elemental mapping and zinc
uptake using AAS suggested the swift attachment and internal-
ization of ZnONPs in both Gram −ve and Gram +ve genera in a
dose dependent manner. The ZnONPs experienced enhanced
bio-dissolution to Zn2+ ions in culture media when interacted
with bacterial isolates. The dispersed ZnONPs along with
soluble zinc in the nutrient medium caused severe bacterial
damage. Differential growth kinetics of clinical isolates was
observed under the influence of ZnONPs. The toxic impact of
ZnONPs on K. pneumoniae, E. coli, and P. aeruginosa (G −ve
bacteria) was largest compared to S. aureus (G +ve bacterium)
which could possibly be due to the variation in the interfacial
potential of two divergent groups of bacteria. This study also
revealed a mechanism of strong antibiofilm and antibacterial
activity of green ZnONPs, which makes them interesting and
useful in treating specific bacterial infections and hence, can

serve as a future nano-antibiotics. Overall, all experiments con-
ducted in this study certainly add an important dimension to
better understand the NPs–bacteria interaction and pave the
way to explore ZnONPs in infection treatment.
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