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ABSTRACT
Here is an insight into the effects of interaction of ZnO nanoparticles and the various cellular level changes that are brought
about by the help of Raman spectroscopy on individual Escherichia coli cells. Raman vibrational signatures show variation in
peak intensities of some of the cellular components of E coli cells with increase in nanoparticles concentration. This can be
attributed to the cellular and molecular changes associated with bacterial cell growth, as the cells proceed from lag phase to
stationary phase, which indicates that ZnO interferences with bacterial growth. Growth kinetics studies show mitigation in
growth and colony forming units (CFU) counts. Changes in cellular morphology as investigated by atomic force microscopy and
scanning electron microscopy, show destruction and even rupture of cell wall at higher ZnO concentration. This study pertains
to any alterations brought about at the cellular level, which may be extended to other nanomaterials in the environment and the
effect on human cells as well. Copyright © 2011 VBRI press.
Keywords: Bactericidal effect; Raman spectroscopy; AFM; ESEM; ROS.
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Introduction
Nanometer scale composites having multifunctional
properties display unique, superior and indispensable
properties and have attracted tremendous attention for their
distinct characteristics that are unavailable in conventional
macroscopic materials. In the recent years much attention
has been paid to the synthesis, characterization and
applications of these nanoparticles due to their excellent
unique size dependent properties [1-3]. Quantum dots [4]
such as ZnO [5], TiO2 [6], CdS, CdSe, CdTe, CdSe@ZnS
and carbon nanotubes are widely used in light-emitting
devices [7, 8], diluted magnetic semiconductors (DMS) [9
-12], display devices, photo detectors, photodiodes,
transparent UV protection films, biological systems [13]
(drug delivery system, bio imaging, in vivo cell imaging
etc.), cosmetic products and chemical sensors. With the
increased prevalence of nanoparticles in commercial
products like cosmetics and sunscreens (TiO2, Fe3O4, and
ZnO) [14], fillers in dental fillings (SiO2), in water filtration
and catalytic systems, photovoltaic cells (CdS, CdSe, ZnS)
etc, a public debate is emerging on the toxicological and
environmental effects of direct and indirect exposure to
these airborne nanosized particles [15]. While beneficial
aspects of nanomaterials are well visualized, several reports
have reminded the harmful impact of nanomaterials on
living cells. The process of bioaccumulation and
biomagnifications may be the consequence of the ignorant
use of nanoparticles in the environment. The disruption
may even be carried as mutation in the genome and pass on
subsequently.
Many studies on the biological activity of ZnO have
been carried out; most of these pertain to the antimicrobial
effect of bulk ZnO with a large particle size. Cellular
damage caused by ZnO can be attributed to the Size
(Yamamoto et al. [16]), shape, roughness or orientation of
ZnO (Wang et al [17]). They are known to damage cells by
the production of Reactive Oxygen Species (ROS) inside
cells. Analyzing the effects of nanoparticle’s interaction
with biological cells or characterizing molecular
interactions in the biological cell is currently a challenging
task. Since the emergence of nanotechnology, studies
pertaining to the toxicological impact of nanoparticles as
determined by growth curve, scanning electron microscopy
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(SEM), transmission electron microscopy (TEM) are
abundant in literature. An exact molecular mechanism
remains to be elucidated for the precise molecular and
cellular level changes that are infested by nanoparticles
inside individual living cells. Proper cell signaling
mechanism is not yet properly understood. Nanoparticles
have large surface to volume ratio which increases their
reactivity towards biomolecules. Here is an insight into the
preliminary study of a more precise molecular level
changes of bacterial cells brought about by nanoparticles.
Besides carrying out the growth kinetics and morphological
studies, we have used Raman Microscopy as a tool to study
the change in vibrational signatures in some of the cellular
components of Escherichia coli cells upon ZnO exposure.
Along with atomic force microscopy (AFM), the Raman
microscopy enables us to determine the interaction of
different microorganisms and other substances with
nanoparticles.
Raman spectra are obtained from each position in a
sample, and the distribution of intensity of Raman
scattering is used to construct an image of a molecular
distribution. Raman peak in the spectrum can be assigned to
molecular vibrations of chemical bonds in the sample by
measuring the inelastically scattered light following
excitation. Biologically associated molecules such as
nucleic acids, protein, lipids, and carbohydrates all generate
strong signals in Raman spectra. The exploitation of a
Raman microscope allows us to determine the threedimensional distribution of substances with high spatial
resolution by scanning a tightly focused laser beam over the
sample. Raman spectroscopy can tolerate water molecules
and can generate more sharp and distinguishable bands of
specific molecules. Therefore, the Raman spectroscopic
method can be used to generate “whole-organism
fingerprints” for the differentiation of biological samples or
in analyzing the effect of nanoparticles’ interactions with
biological cells or characterizing molecular interactions in
the biological cell. In past, some researchers [18-24]
showed Raman spectroscopy as an effective tool for the
rapid identification of bacteria, fungi and for the study of
the mode of action of antibiotics [25]. While, the
chemotaxonomic identification of single bacteria by microRaman spectroscopy was studied by Rosch et al. [26].
In the present work, Escherichia coli cells were treated
with a range of ZnO concentrations between 0µg/ml to
100µg/ml. The changes in growth kinetics were studied by
measuring the optical density of the cells in the growth
medium, represented by growth curves and estimation of
CFU (Colony Forming Unit) counts. OD is a simple
method to evaluate the cytotoxicity of the material and CFU
count is a measure of the ability of bacteria to replicate.
Optical density of the growth medium and CFU counts
decreased in comparison to the control with increasing
concentration of ZnO nanoparticles. Changes in cellular
morphologies were studied by AFM and SEM analysis,
which show cell wall destruction and damage at higher ZnO
concentration and probably death of the cells at the highest
concentration. Besides this, we have prognosticated the
probable cellular level changes infested on cells after
interaction with ZnO by Raman microscopy by the specific
Raman vibrational signatures originated from the cellular
components like DNA, proteins, lipids etc. The presented
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results provide new insights into the study of interaction
between ZnO nanoparticles and Escherichia coli cells.

Experimental
We used, the ZnO nanoparticles (having mean size 15 nm)
synthesized by our group [27], to study the bactericidal
effect of these ZnO nanoparticles on the Escherichia coli
cells.
Optical density and growth kinetics estimation
The optical density of ZnO treated E coli cells was
recorded using Perkin Elmer Lambda 35 UV-Visible
spectrometer. The density of bacterial cells in the liquid
cultures was estimated by O. D measurements at 600 nm.
Environmental scanning electron microscopy analysis
The effect of interaction of ZnO nanomaterial with E coli
cells were observed with a scanning electron microscope
model Quanta 200 MK2 microscope operated at 25 kV in
Environmental SEM (ESEM) mode on the ZnO treated E
coli films.
Atomic force microscopy analysis
An atomic force microscope (AFM) model Nanonics Multiview 2000 having piezo-electric scanner’s with < 0.005 nm
(Z), < 0.015 nm (XY), < 0.002 nm (XY) low voltage mode
resolutions was used to investigate the surface topography
of the bacterial samples. The obtained AFM images were
processed on WSxM 4.0 software to determine the surface
roughness and distance vs height curves.
Raman analysis
Raman spectra were recorded on a Renishaw make micro Raman (model RM-2000) integrated with Nanonics AFM
(model Multiview 2000, capable of ~ 2 λ spatial resolution.
514 nm Ar+ laser was used as excitation source. Typically,
the incident laser power was attenuated to 2 mW and
acquisition time was set to 50 S throughout the
measurements. This Raman microscope was equipped with
an integrated Leica microscope having three distinct
microscope objectives as 5×, 20× and 100× respectively. In
the current work all the Raman data were acquired with
100× objective. The detector used was a Peltier air-cooled
CCD detector. The true performance of the instrument
allows the analysis of single cells of 1μm or smaller size.
The laser beam was targeted on the single bacterial cell
visually in videoscope mode on computer screen, using 100
× objective. Raman signal was optimized by adjusting the
laser focus; the full range spectrum (100 cm-1 – 3200 cm-1)
were recorded for glass slide, bacterial growth media,
untreated E coli cells, E coli cells treated with 20µg/ml
ZnO, 40µg/ml ZnO, 60µg/ml ZnO
80µg/ml ZnO,
100µg/ml ZnO and only ZnO nanoparticles. Furthermore,
the spectra between 800–2000 cm-1 range were again
recorded for precise estimation of several cellular
components. The system was calibrated, prior to analysis,
and monitored using a silicon Raman band reference.
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Bacterial culture
Bacterial culture Escherichia coli (DH 5α) were obtained
from Centre for Cellular and Molecular Biology (CCMB),
Hyderabad, India. Agar, Yeast extract, Peptone and NaCl
were purchased from Alfa Aesar, Germany and were of
bacteriological grade. The axenic culture of E coli (DH5α)
was grown in liquid nutrient broth medium containing NaCl
(5 g), peptone (5 g) and yeast extract (2.5 g) in 100ml
water. The density of bacterial cells in the liquid culture
was estimated by optical density (O. D.) measurements at
600 nm and was maintained at 0.8 - 1.0, which is the ideal
optical density of the cells. ZnO nanoparticles were
dispersed in autoclaved deionized water by ultrasonication
to prepare a stock solution. For our experimental
investigation, E. coli culture (50 µl) with an approximate
concentration of 106 colony forming units per milliliter
(CFU/ml) was inoculated to a series of 50 ml media
containing a range of ZnO nanoparticle concentrations
between 20µg/ml - 100µg/ml and incubated at 37˚C with
constant shaking. One sample was taken as a control, with
no nanoparticle load. In liquid medium, the growth of E
coli was indexed by measuring O. D at 600 nm against
abiotic control after every 2 h up to 24 h. OD is a simple
method to evaluate the cytotoxicity of the material. After 24
h, cell viability was measured by serial dilution of the
culture in sterile distilled water. The viable cell number was
recorded by counting the number of bacterial colonies
grown on the plate multiplied by the dilution factor and
expressed as CFU/ml.
Sample preparation for microscopic analysis
The direct analysis of bacterial cells from colonies growing
on the culture medium minimizes sample preparation and
time. However, the major problem with this approach can
be the result of any (or combination of) the following:
limited thickness of the microcolony, the focal point, and
the Raman signal not only originating from the colony, but
beyond the depth resolution, from the culture medium.
Thus, the resultant Raman signal consists of signal
contributions not only from the bacterial cell but also from
the underlying culture medium. In order to overcome this
difficulty, the samples were washed prior to analysis. These
sample were taken from the stationary phase of the bacterial
growth. About 3 ml of culture from each of the samples
were centrifuged at 3000rpm for 5 minutes and cells were
washed with sterile distilled water and suspended in 1 ml
sterile distilled water. ~ 0.01 ml of bacterial cells from each
washed sample was spread onto glass slides and allowed to
dry prior to ESEM, AFM and Raman Spectroscopic
analysis.

Results and discussion
Growth kinetics
Bactericidal effect of ZnO nanoparticles was studied
against the Gram-negative bacteria E. coli (DH5α).
Bacterial cells grow by a process called binary fission in
which one cell doubles in size and splits into halves to
produce two identical daughter cells. Bacterial cell growth
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enhances the turbidity of the liquid nutrient medium and as
a result the absorption increases. Optical densities as a
function of time measured periodically up to 24 h of the
control and solutions containing different concentrations of
ZnO nanoparticles treated E. coli are shown in Fig. 1. In
our experiment (Fig. 1a), slope of the growth curve
continuously decreases with increasing nanoparticle
concentration from 0 to 100 μg/ml. The kinetics of bacterial
growth was found ZnO dose dependent and the number of
bacteria required to reach the stationary phase of growth
decreases. This is evident from the reduction in the OD
from 0.6 of the control to 0.06 of the culture containing 80
µg/ml of ZnO, i.e. almost 10 times reduction in OD was
observed. At the highest concentration, almost negligible
growth and a clear flattening of the growth curve and
complete absence of exponential phase was observed.
Hence disruption of the DNA synthesis may have been
caused with increase in nanophosphor concentration.
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the representative AFM images for the films of (a) E coli
cells without ZnO treatment i.e. Control (b) E coli cells
treated with 40µg /ml of ZnO nanoparticles (c) E coli cells
treated with 100µg /ml of ZnO nanoparticles. Moreover the
roughness profile and distance vs height curve were
obtained by processing these AFM images on WSxM 4.0
software.

Fig. 1. (a) Growth curve: Optical density as function of time with varying
concentration of ZnO nanoparticles treated E coli in solution state. (b)
Antibacterial characterization: CFU after 24 hour incubation time with
varying concentration of ZnO nanoparticles on solid agar plates (error bar
5 %).

It has been observed that optical density of the growth
medium decreased in comparison to the control with
increasing concentration of ZnO nanoparticles. This has
been attributed to the reduced growth of bacterial cells. The
Growth curve [Fig. 1 (a)] shows mitigation of growth
gradually from 20µg/ml to 80µg/ml and almost complete
inhibition of bacterial growth at concentration of 100µg/ml.
Fig. 1 (b) shows the normalized number of bacterial
colonies grown on nutrient agar plates as a function of
concentration of ZnO nanoparticles. The bacterial cell
colonies on agar-plates were detected by viable cell counts.
Viable cell counts are the counted number of colonies that
are developed after a sample has been diluted and spread
over the surface of a nutrient medium solidified with agar
and contained in a petri dish. The number of CFU reduced
significantly with increasing the concentration of ZnO
nanoparticles, there was virtually no CFU observed in the
samples containing 80µg/ml and higher ZnO nanoparticles.
The bacterial growth inhibition trend observed from CFU
data are in accordance with the results of optical density.
Both MIC and MBC were calculated and found between 80
µg/ml -100 µg/ml and 100 µg/ml -120 µg/ml.
AFM and ESEM studies
Surface features and shape of E coli cells treated with
different concentrations of ZnO nanoparticles were
observed by AFM and ESEM measurements. Fig. 2 shows

Adv. Mat. Lett. 2011, 2(4), 268-275

Fig. 2. AFM images (a) Control E coli films (i.e. E coli cells without
ZnO treatment) (b) E coli films (E coli cells treated with 40µg /ml of ZnO
nanoparticles) (c) E coli films (E coli cells treated with 100µg /ml of ZnO
nanoparticles).

Initially bacteria maintained the hydrated appearance
with no evidence of cell wall collapse [Fig. 2 (a)]. Later on,
as we go on increasing the ZnO nanoparticle concentration,
the bacteria start showing the dehydrated appearance with
some evidence of cell wall collapse [Fig. 2 (b)]. For the
maximum ZnO nanoparticle treated bacterial cells, strong
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evidence of dehydration and cell wall collapse [Fig. 2 (c)]
was observed. The differences in the bacterial packing
density in AFM images can be attributed due to differences
in the concentration of the spotted cultures. In higher
resolution images, insets of Fig. 2, bacterial surface showed
much rough surface with clear indication of damage caused
[i.e. distortion of cell wall in Fig. 2 (c)] due to treatment of
100 µg/ml of ZnO nanoparticles. This is clearly evident
from the roughness profile, distance vs. height curve as
shown in Fig. 2. Greater roughness was observed for
bacterial cells treated with higher concentration of ZnO
nanoparticles and gives clear indication of damage caused
on the surface of the bacterial cells due to increasing doses
of ZnO nanoparticles. Similar results were observed from
the ESEM analysis.

Raman spectroscopic studies
The bacterial cells at different growth phases will contain
different bio-molecules and are expected to generate
different Raman spectral signatures [29, 30]. The relatively
short range (800 cm-1- 2000 cm-1) Raman spectra of
selected single bacterial cell from each sample are shown in
Fig. 4. This figure depicts E coli treated with (a) Control
i.e. without ZnO (b) 20µg/ml ZnO (c) 40µg/ml ZnO (d)
60µg/ml ZnO (e) 80µg/ml ZnO and (f) 100µg/ml ZnO. For
control i.e. untreated E coli cells Raman Spectra showed
the main vibrational bands at 874, 961, 1006, 1126, 1157,
1199, 1216, 1271, 1296, 1313, 1355, 1452, 1516, 1586 and
1660 cm-1 [Fig. 4(a)]. Some of the major bands observed
by us can be associated with nucleic acids [31] (1516, 1586
cm-1) and aromatic amino acid [22] (1006 cm-1). According
to some authors [32], the peak at 1516 cm-1 is also
considered for aromatic amino acids. We do see an intense
band at 1157cm-1 associated to protein [23, 33] (C-N, C-C
stretching). Peak at 1126 cm-1 can be associated with C-N,
C-C stretching [34, 35]. Raman band at 1452 cm-1 is due to
presence of lipids [34, 36] (CH2 deformation). For samples
treated with 20µg/ml ZnO and 40g/ml ZnO, Fig. 4 (b) and
Fig. 4 (c) respectively, almost all the Raman signals of E
coli were present with slight variations in intensities.

Fig. 3. ESEM micrograph of E coli treated with (a) Control i.e. without
ZnO: showing an intact E coli cell, (b) 20 µg/ml ZnO: showing erosion of
the cell wall of E coli cell, (c) 40 µg/ml ZnO: initial damage and
destruction in the cell wall was observed, (d) 60 µg/ml ZnO: considerable
damage with much disorganized cell wall and affected morphology was
observed, (e) 80 µg/ml ZnO: Extensive damage of the cell wall and cell
membrane was observed (f) 100 µg/ml ZnO: shrinked E coli cell
membrane and probably cell death.

Fig. 3 shows ESEM micrograph of E coli cells (a)
without ZnO: showing an intact cell, treated with (b) 20
µg/ml ZnO: showing erosion of the cell wall of E coli cell,
(c) 40 µg/ml ZnO: initial damage and destruction in the cell
wall was observed, (d) 60 µg/ml ZnO: considerable damage
with much disorganized cell wall and affected morphology
was observed, (e) 80 µg/ml ZnO: Extensive damage of the
cell wall and probably cell membrane (f) 100 µg/ml ZnO:
shrinked E coli cell membrane and probably cell death. For
80 µg/ml and 100 µg/ml concentrations of ZnO, the E coli
cell morphology is extensively damaged (Fig. 3 (e) and
Fig. 3 (f)) and it is likely that the intracellular content has
leaked out hence shrinkage of cell (Fig. 3 (f)) and probably
cell death has occurred. Preliminary results of cellular
internalization of ZnO nanoparticles and cell wall
disorganization have already been shown by Brayner et al.
[28]. Brayner et al. showed E coli cells with damaged
morphology at lower ZnO concentration and cell rupture at
higher concentrations due to internalization of ZnO
nanoparticles.
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Fig. 4. Narrow range confocal Raman spectra of E coli treated with (a)
Control i.e. without ZnO (b) 20µg/ml ZnO (c) 40µg/ml ZnO (d) 60µg/ml
ZnO (e) 80µg/ml ZnO (f) 100µg/ml ZnO.
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Furthermore, the representative full range Raman spectra
are shown in Fig. 4, Supporting Information. Fig. 4,
Supporting Information, show Raman spectra of (a) bare
glass slide, (b) bacterial growth medium, (c) E coli cells
without ZnO treatment i.e. Control (d) E coli bacterial cells
treated with 40µg/ml ZnO (e) E coli bacterial cells treated
with 80µg/ml ZnO and (f) only ZnO nanoparticles. The
observed high background Raman scattering with no
significant Raman signal in glass slide (Fig 4 a) can be
attributed to the strong fluorescence under 514 nm visible
laser excitation. The broad Raman signals at 450 and 930
cm-1 in Fig. 4 (b) is due to presence of protein in the
growth media, whereas, the well known LO and TO optical
phonon modes of ZnO were observed in Fig. 4 (f). Besides
this, the Raman signal corresponding to CH aliphatic chain
around 3000 cm-1 was also observed for all the ZnO treated
E coli cells (Fig. 4 c, d, e) and becoming weaker gradually
with the increasing ZnO concentration, indicating damage
of the cell wall components.
The most prominent Raman signal of E coli cell was at
1516 cm-1. A clear suppression in this signal was observed
with increasing concentration of ZnO nanoparticles and
drastic reduction in this signal was observed for highest
concentration of ZnO treated E coli cells. This shows
reduction in nucleic acid content of the cells with
increasing concentration of ZnO due to inhibition of DNA
replication of bacterial cells. This can be supported by the
growth curve analysis. Exponential phase is characterized
by cell doubling which certainly pertains to the replication
of DNA. The number of new bacteria appearing per unit
time is proportional to the present population. If growth is
not limited, doubling will continue at a constant rate so
both the number of cells and the rate of population increase
doubles with each consecutive time period. For this type of
exponential growth, plotting the natural logarithm of cell
number against time produces a straight line. The slope of
this line is the specific growth rate of the organism, which
is a measure of the number of divisions per cell per unit
time. The actual rate of this growth depends upon the
growth conditions, which affect the frequency of cell
division events and the probability of both daughter cells
surviving. In our experiment (Fig. 1a), slope of the growth
curve continuously decreases with increasing nanoparticle
concentration from 0 to 100 μg/ml. The kinetics of bacterial
growth was found ZnO dose dependent and the number of
bacteria required to reach the stationary phase of growth
decreases. This is evident from the reduction in the OD
from the control 0.6 OD to 0.06 OD of 80 µg/ml of ZnO,
i.e. almost 10 times reduction in OD was observed. At the
highest concentration, almost negligible growth and a clear
flattening of the growth curve and complete absence of
exponential phase was observed. Hence disruption of the
DNA synthesis may have been caused with increase in
nanophosphor concentration. This supports the explanation
given for the mitigation in signal at 1516 cm-1.This could
be due to inhibition of DNA replication. The attainment of
the stationary phase is clearly evidenced earlier with the
gradual increase in nanoparticles concentration. Our results
also showed peak at 961 cm-1 and according to Spiro and
Gaber [37] this peak is due to the C-C stretch ( or C-C-N
stretch) for various proteins that are present in the cell wall.
These peaks broaden and lose intensity with denaturation.
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The gradual broadening of peak (with decrease in intensity)
can be attributed to some deformation of cell wall
components with increase in ZnO concentration. Raman
peak at around 1450 cm-1 can be assigned to the bending
vibration mode of CH2 which is contained in large amounts
in the hydrocarbon chains of lipid molecules. Reduction in
intensity may pertain to some cell membrane disruption
caused at higher ZnO concentration, since lipids are
abundant in the cell membrane of gram negative bacteria.
Raman signal at 1680 cm-1 can be assigned to Amide-I
vibrational mode of peptide bonds that can be commonly
seen in proteins. This can be attributed to attenuation in
coupled transcription and translation mechanism of
Escherichia coli cells. For highest concentration of ZnO
[Fig. 4 (f)], some overlapped Raman signal associated with
second order ZnO vibrations were also observed between
990 – 1200 cm-1. Broadening around 1000 –1200 cm-1 in
Raman spectra was observed with maxima at 1004 cm-1 at
the highest concentration of ZnO nanoparticle (100µg/ml
ZnO). Peaks present in these regions are conformational
markers and they broaden and decrease in intensity with
denaturation of cellular components. This is an
investigation of molecular dynamics in cells under
oxidative stress. Some distinct peaks are seen as side bands,
which may be due to different methods of sample
preparation,
measurement
and
some
possible
conformational changes of cellular proteins on interaction
with increasing concentration of ZnO. Characteristic peaks
determined from literature for cellular components such as
carbohydrates, lipids, proteins and nucleic acids are
present. Emergence of few different peaks seems to be due
to the incorporation of ZnO nanoparticles.
We propose that the relevant mechanism in our case is
membrane dysfunction owing to the interaction of ZnO
with the cell membrane. This is supported by the fact that
since ZnO particles, have been prepared in nonaqueous
medium (i.e., methanol) it leads to oxygen deficient (Zinc
rich) surface. This could exhibit a strong electrostatic
interaction with the negatively charged cell membrane of
the bacterial cells.
Several explanations have been given for the damage
caused by ZnO on E coli cells. Brayner et al have reported
the internalization of ZnO inside E coli cells causing triple
membrane disorganization. Several other groups [38-41]
have reported the interaction of ZnO with various cellular
components causing DNA damage and oxidative lesions.
ZnO is known to effect cell viability and damage DNA
[42]. Smaller size ZnO has higher antibacterial activity as
determined by N Padmavathy and R Vijayaraghavan [43].
One explanation is based on the reactive oxygen species
released on the surface of ZnO, which cause fatal damage
to the cells [44]. Generation of highly reactive oxygen
species such as OH−, H2O2 and O22− can be explained as,
ZnO with defects can be activated by both UV and visible
light, which can create electron-hole pairs (e− - h+). The
holes split H2O molecules (from the suspension of ZnO)
into OH− and H+. Dissolved oxygen molecules are
transformed to superoxide radical anions (•O− 2), which in
turn react with H+ to generate (HO2•) radicals, which upon
subsequent collision with electrons produce hydrogen
peroxide anions (HO2−). Then, they react with hydrogen
ions to produce molecules of H2O2. The generated H2O2
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can penetrate the cell membrane, causing destruction of
lipids, proteins and DNA, thereby resulting in the bacterial
[45] cell death. The schematic representation of reactive
oxygen species (ROS) mediated cellular damage is shown
in Fig. 5.The results obtained by Raman spectra are in
accordance with the results obtained by AFM and ESEM
investigations.

the cellular level, which may be extended to other
nanomaterials in the environment and the effect on human
cells as well.
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