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Introduction

Abstract. We investigate the antibacterial effect of ultrafine nanodiamond particles with an average size of 5 nm
against the gram-negative bacteria Escherichia coli (E. coli). UV-visible, Raman spectroscopy, and scanning
electron microscopy (SEM) have been employed to elucidate the nature of the interaction. The influence on
bacterial growth was monitored by measuring optical densities of E. coli at 600 nm as a function of time in
the presence of carboxylated nanodiamond (cND) particles (100 xg/ml) in highly nutritious liquid Luria—
Bertani medium. The SEM images prove that cND particles are attached to the bacterial cell wall surface
and some portion of the bacterial cell wall undergoes destruction. Due to the change of the protein structure
on the bacterial wall, a small Raman shift in the region of 1400 to 1700 cm~! was observed when E. coli inter-
acted with cNDs. Raman mapping images show strong evidence of cND attachment at the bacterial cell wall
surface. Electrotransformation of E. coli with a fluorescent protein markers experiment demonstrated that the
interaction mechanisms are different for E. coli treated with cND particles, E. coli by lysozyme treatment, and
E. coli that suffer lysis. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.5.051014]

Keywords: Escherichia coli; nanodiamond; UV-visible spectroscopy; scanning electron microscopy; Raman spectroscopy;
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ionization time-of-flight mass spectroscopy.®! There are some

Recent advances in nanotechnology provide us with a variety of
nanomaterials with diverse physical and chemical properties and
direct applications in daily life."* Among the inorganic nanopar-
ticles, carbon derivatives, which include carbon nanotubes,>°
carbon nanofibers,” fullerenes (Cq),>” and nanodiamonds
(NDs),'!* have been used for a broad range of applications,
such as electronic, electrochemical devices, sensors, protective
coatings, optical window, and biomedical applications.'*"!?
The bioapplications of carbon nanoparticles reported until now
show considerable interactions with different biomolecules and
cells,'®!” including blood cells and the elements of blood.!” In
contrast to these nanoparticles, nanoscale diamond particles of
an average diameter 5 to 100 nm have been proved to be an
excellent probe for biolabeling and sensing applications due
to their apparent low cytotoxicity and biocompatibility. The
natural green fluorescence!®? of ND particles makes them
an attractive substitute for other carbon nanoparticles, metallic
nanoparticles,*? and highly fluorescent quantum dots.?® It has
been recently shown that although carbon nanotubes display
cytotoxicity in human lung cells, treatment with 5 or 100 nm
carboxylated nanodiamonds (cNDs) did not induce cell death or
apoptosis.?'?*= It is also observed that NDs (such as cNDs)
can adsorb large protein molecules, which makes the detection
of proteins such as cytochrome c, myoglobin, hemoglobin,
and albumin in dilute solution possible.?®313 After selective
functionalization, it can also serve for the detection of DNA
oligonucleotides by using matrix assisted laser desorption/
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other applications like the construction of a biochip with a coat-
ing of ND particles carrying immobilized bacterial luciferase.*®

Because of the variety of applications offered by NDs in the
field of biomedicine, their biocompatibility still remains an
important topic. NDs have been reported to be biocompatible
for various cells and animal cell cultures. Nevertheless, a recent
research report has illustrated that NDs are found to be toxic to
some unicellular microorganisms. Lin et al. has shown that
ultrafine ND can destroy the T. thermophile and P. caudatum.>*
As a consequence, it would be even more interesting to study
the antibacterial properties of NDs as well. Until now, the
antibacterial behavior of toxic metals,>*** ceramic oxide nano-
particles,36 titanium dioxide,”” or even pure carbon black or
diamond-like carbon nanoparticles®®*° has been observed.
However, the mechanism of the biocidal effect has not yet
been fully defined. Few studies have reported that the antibac-
terial action of nanoparticles is attributed to the presence of elec-
tronic effects that are brought about as a result of changes in
local electronic structures. The antibacterial effect of oxide
nanoparticles has been explained considering the fact that
the electrons subsequently react with O, to form superoxide
radicals, while the holes react with the surface OH groups to
form OH radicals. These radicals attack the organic molecule,
which is eventually oxidized to become CO,, H,O, and HCI,
thus achieving an antibacterial effect or even free radicals.*’
The antibacterial behavior of ultrafine ND particles has not
been thoroughly studied. Only one paper analyzes the bacteri-
cidial activity of ND both to gram-negative and gram-positive
bacteria depending on the NDs’ surface chemistry.*!

In the present work, we have used gram-negative bacteria
Escherichia coli (E. coli) to study their interaction with 5 nm
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cNDs and compare with the effect of 100 cNDs. E. coli is an
extraordinary diverse prokaryotic model organism; they are nor-
mally harmless, but some of them can cause serious diseases in
humans, like gastroenteritis, infections of the urinary tract,
bloodstream, and central nervous system. We focus on the direct
interaction of ultrafine cNDs ~5 nm with E. coli in a nutritious
medium and in an aqueous medium to observe the nature of
inhibition that occurs during the growth either inside the bacte-
rial cell or in the membrane structure. The destruction in the
bacterial cell wall structure has been analyzed using UV-visible
spectroscopy and scanning electron microscopy (SEM). Raman
spectroscopy has been used to study the interaction of NDs and
E. coli to get specific information about the biochemical struc-
tures of E. coli after and before interaction. The electrotransfor-
mation of E. coli with fluorescent protein markers was done to
analyze the interaction mechanism for E. coli.

2 Experimental Procedures

2.1 Preparation of Carboxylated Nanodiamond
Samples

Detonation NDs with an average size of crystallites of 4 to 5 nm
were purchased from Microdiamant AG, Switzerland. The car-
boxylation of NDs was done to remove the metallic impurities,
non-diamond carbon, and to create carboxyl groups on the sur-
face by using a standard chemical method as described earlier.*?
The carboxylation of NDs was confirmed by characterizing
well-resolved lines of C=0 stretching (1720 to 1780 cm™!
and O—H bending (1620 to 1640 cm™') of carboxyl groups
on the ND surface using Fourier transform infrared spectros-
copy* (ABB Bomem MBI154 FTIR spectrometer, Zurich,
Switzerland) (not shown here). The size distribution of 5 nm
ND nanoparticles analyzed using a Zetasizer Nano-ZS90
(Malvern Instruments, Worcestershire, United Kingdom) has
demonstrated strong aggregation in a water medium. 100 nm
ND powders purchased from Kay Diamond, United States of
America, has been carboxylated and analyzed via the same pro-
cedures and shows many COOH surface groups and an insig-
nificant degree of aggregation.

2.2 Preparation of Bacteria Samples for
Growth Studies

E. coli bacteria were cultivated in 5 ml of Luria—Bertani (LB)
medium in a shaking incubator (200 rpm) overnight at 37°C.
After incubation, the bacteria were separated by centrifugation
at 12,000 rcf for 10 min and the sediment was resuspended in
LB medium. Optimal cultivating was achieved when the optical
density level at a wavelength of 600 nm (ODg) reached 0.5 to
1.0 compared to the culture medium OD (OD of 0.1 corresponds
to a concentration of 108 cells per cm?),* as analyzed by a UV-
visible spectrometer (Jasco V-550).

2.3 Experimental Conditions and Instrumental
Parameter

To monitor the antibacterial effect in LB medium, 20 pl aliquot
of bacterial aqueous suspension was put in 3 ml of LB medium
and incubated at 37°C together with and without 5 nm cNDs
(100 pug/ml) for 13 h. The UV-visible measurements were
carried out at 30 min interval up to 13 h. The concentration of
bacteria was determined by measuring the absorbance (ODg)
at different time intervals using a UV-visible spectrometer.
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Lysozyme (50 pug/ml) was also used to interact with E. coli
in similar conditions. Simultaneously, for the interaction studies
in an aqueous medium, E. coli and E. coli interacted with cNDs
(0 to 6 h) were washed three times with double distilled water
(D. D. water) by centrifugation (12,000 rcf for 10 min, each) and
resuspended in 1 ml of D. D. water.

For SEM images and Raman measurements, E. coli were
incubated with cND particles or lysozyme at 37°C for 4 h.
Subsequently, it was centrifuged at 11,000 rcf for 10 min, and
the sediment was resuspended in D. D. water (ODgg, = 0.5).
The samples were dropped and dried on either a silicon substrate
or an indium tin oxide-coated glass substrate. SEM images
were taken using a scanning electron microscope (SEM JEOL
JSM6500F, Japan). Raman measurements were performed using
a confocal Raman spectrometer (Alpha 300, Witec, Germany)
with a piezo-driven controlled scanning stage, a 100X Nikon
objective (N.A. = 0.90) lens at room temperature, and an Ar
ion laser (Melles Griot) at a wavelength of 488 nm. To avoid
specimen damage from laser power, a low laser power
(<1 mW in focal spot) was used.

2.4 Electrotransformation of E. coli with
Fluorescent Protein Markers and
Interaction with cND and Lysozyme

E. coli HB101 cells were rendered electrocompetent for plasmid
transformation. Five ml of LB was inoculated with a colony-
forming unit of E. coli and incubated overnight at 37°C with
shaking at 200 rpm. The overnight culture was diluted 100-
fold in LB and incubated at 37°C with shaking at 200 rpm
until the ODgy, reached 0.5 to 1.0. The culture was chilled
on ice for 10 min and then centrifuged at 12,000 rcf for
5 min at 4°C. The supernatant was discarded, and the sediment
was resuspended in D. D. water at half the diluted culture vol-
ume and centrifuged at 12,000 rcf for 5 min at 4°C. This step
was repeated two times. The washed cells were then resus-
pended in a sterile solution with 10% glycerol at a 1:50 dilution,
and dispensed in microcentrifuge tubes that were chilled at 4°C.

A volume of 100 ul of the electrocompetent cells in a chilled
1.5 ml tube was mixed with ~1 ug of plasmid (pGLO, Bio-Rad,
Hercules, California). DNA and cells were transferred to a
chilled 1 mm gap electroporation cuvette (Bio-Rad) and incu-
bated on ice for 5 min. The cells were then electroporated in
a GenePulser II electroporator (Bio-Rad) at a voltage of
1.25 kV, capacitance of 25 uF, resistance of 200 €, and a
time constant of 4 ms. The cells were transferred to 1 ml of
LB and incubated at 37°C for 1 h with shaking at 100 rpm.
50 ul of cell culture was then spread onto selective LB agar
plates supplemented with ampicillin and incubated overnight
at 37°C. Successful E. coli transformations survived and were
verified with the green fluorescent protein (GFP) expression
by overnight growth on LB agar supplemented with 5 mg/ml
of arabinose. Each positive clone that emitted green fluores-
cence by UV light illumination was transferred to LB containing
ampicillin for further propagation. The bacteria were washed
and finally resuspended in 1 ml of D. D. water.

For electrotransformation of E. coli, cNDs with various con-
centrations (100, 500, and 1000 gxg/ml) and 50 ug/ml of lyso-
zyme separately interacted with 3 ml of E. coli suspension in
water. The interaction was done for 4 h by incubating the sol-
utions at 37°C with shaking. Additionally, a negative control
E. coli sample was prepared by mechanically breaking the bac-
terial cell membrane using ultrasonic centrifugation. The volume
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of the samples was 3 ml. After 4 h, E. coli was separated from
all of the samples by ordinary centrifuge. The absorption spectra
of the supernatant of these six samples were measured with
equal dilution to monitor the change in the absorbance at
260 nm, which is the signal of nucleic acids. The supernatants
were also exposed to UV light to visualize the transformation of
GFP containing E. coli.

3 Results and Discussion

3.1 Optical Density Measurements

The antibacterial effect was examined by measuring the bacte-
rial growth in the presence of 5 nm cND particles in LB
medium. The growth was estimated via measurements of the
turbidity of bacterial suspension using a UV-visible spectropho-
tometer. Optical densities at 600 nm as a function of time were
recorded periodically up to 13 h for the control and the solution
containing 5 nm cND particles. In the visible range (600 nm),
the light is scattered by the bacteria as a whole. A typical growth
curve is shown in Fig. 1(a). The antibacterial effect of lysozyme
was also studied for bacteria in LB medium prepared with sim-
ilar conditions. The inset in Fig. 1(a) shows the growth curve in
the presence of lysozyme. There is an obvious growth delay of
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Fig. 1 (a) Growth curve as a function of time of E. coli, E. coli incu-
bated with 5 nm carboxylated nanodiamond (cNDs) (100 xg/ml) and
5 nm cNDs (100 xg/ml) in Luria—Bertani (LB) medium. Inset shows
growth curve of E. coli incubated with lysozyme (50 pg/ml) in LB
medium. (b) The specific growth rates were calculated for E. coli and
E. coliin the presence of 5 nm cND (100 ug/ml).

Journal of Biomedical Optics

051014-3

E. coli in the presence of 5 nm cNDs and lysozyme in the LB
medium.

Figure 1(b) displays the specific growth rate of E. coli in the
presence of cND. The specific growth rate x4 can be calculated
using the equation y = A In ODgq,/At, where ¢ is time.** It can
be seen that 5 cND particles have an impact on the bacterial
growth pattern in the first 3 h. The growth rate gradually reached
a stable state after 6 h. Initially, growth was slow for both experi-
ments; it could be that E. coli was adapting to a new environ-
ment. It reached an exponential growth phase in 3 h and, finally,
a stationary state. However, it can be seen from the figure that
the inhibition of growth in the presence of cND is appreciable
at the initial stage of bacterial growth in a highly nutritious
medium.

To gather more details about the interaction, UV-visible
absorption spectra for the whole range of absorption, 250 to
400 nm, have been collected. The absorbance spectra for E. coli
treated with cNDs in LB medium during 1, 2, and 4 h of growth
are displayed in Fig. 2. Every spectrum has been corrected by
subtracting the absorbance of 5 nm cND particles in this wave-
length range. The inserts of Fig. 2 show the absorbance spectra
of E. coli and E. coli treated with lysozyme under the identical
conditions. We can observe that the absorption profile of E. coli
after interaction with cNDs has changed drastically. Usually, the
peak in the absorbance spectrum near the wavelength of 260 nm
is due to DNA and membrane proteins inside the bacterial cells.
In the visible range, the bacteria scatter light that can affect the
curve or spectrum. It can be seen for E. coli that the absorbance
peak at 260 nm has shifted after interaction with ¢cND particles
to ~300 nm for the initial incubation time of 1 h. The absorption
peak has split into two peaks with peak positions at 285 and
300 nm after the interaction of E. coli with ¢cND (E. coli +
cND) particles for an incubation time of 4 h. The interaction
of E. coli with lysozyme showed almost similar changes in
absorbance. Thus, from the absorption spectra, it is suggested
that there is a definite interaction at the bacterial cell membrane
surface, which may destroy the integrity of the cell wall proteins.
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Fig. 2 UV-visible absorbance spectra of E. coli+ 5 cND (100 ug/ml)
with different time of incubation in LB medium. The spectra were
corrected by subtraction of the absorbance from 5 cND particles in
this range. Top insert shows UV-visible absorbance spectra of E. coli
and bottom insert shows UV-visible absorbance spectra of E. coli
with lysozyme.
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At the initial stage of interaction, before the cell division period
(40 min) of E. coli, they might be efficiently killed by the cND
particles and cell wall proteins may come out in the solution
resulting in a shift in the absorption maxima formation as
shown in the figure. The splitting of the two absorption maxima
at 285 and 300 nm might have originated from a change in the
bacterial cell wall components, i.e., proteins consist of trypto-
phan and tyrosine, which may denature after the interaction.*’
From the figure, the absorbance of this new peak was also found
to increase consistently with time of incubation. As the incuba-
tion time increases, the bacterial population also increases and
corresponding interaction leads to an increase in the product
formation after lysis, which has been observed from absorbance
data for 4 h of incubation. The shift of the 260 nm and a steady
increase in 300 nm absorbance with the time of incubation of
E. coli with cNDs further signifies the cell wall structural integ-
rity has been changed in the presence of cND particles and that
may have caused cell death.

In order to monitor the number of E. coli still alive in LB
medium, both E. coli and E. coli + cNDs suspension have
been centrifuged and the LB medium was removed. The E. coli
were resuspended in D. D. water and an absorbance at 260 nm
was measured, shown in Table 1. E. coli + cND in an aqueous
medium (OD,qy) and only E. coli still alive in the aqueous
medium are compared. The concentration of bacteria (OD»g4()
is much less (28%) for 4 h of treatment, which means that
72% have suffered lysis in the presence of cND particles.
The OD,g, for pure E. coli increased as the time increased.
Thus, after extraction into water, the E. coli which was still
alive, can contribute to the 260 nm absorbance.

Separately, a controlled growth experiment in an aqueous
medium with bacteria and cND interaction was performed.
E. coli can neither grow drastically with a less nutrient medium
nor repair the damage occurring at the outer wall due to the
cNDs’ interaction. The absorbance data (OD,4;) has been
shown in Table 2. It can be seen from the table that almost
86% of the E. coli died within 4 h. Thus, the NDs’ effect
becomes more in the less nutrient medium and the death rate
has been found to be much higher in water. We can say at
this point that interaction with NDs might have generated
defects at the bacterial cell wall due to a change in the protein

Table 1 Optical absorbance data of E. coliin Luria—Bertani medium
and transfer into double distilled (D. D.) water after and before
treatment with 5 nm carboxylated nanodiamond (cND) particles for
measurement time from 0 to 6 h.

ODyg ODyg
Time (h) E. coli (D. D. water) E. coli+ 5 cND (D. D. water)
0 1.31 0.06
1 2.43 1.77
2 2.72 1.85
3 2.98 2.27
4 3.27 2.35
5 3.09 2.47
6 2.87 2.14
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Table 2 The percentage decay characteristic of E. coli after the treat-
ment of 5 nm cNDs (100 xg/ml) in D. D. water for 0 to 6 h of time span.

Abs. E.coli +
Abs. 5 cND (after Abs.
Time (h) E. coli sub.5 cND) 5 cND

Abs. [E.coli-
(E.coli+5 cND)]/
E.coli decay (%)

0 0.36412 0.19623 0.16098 46
1 0.30163 0.1354 0.17024 55
2 0.23868 0.09612 0.15907 60
4 0.33292 0.04537 0.13408 86
6 0.31898 0.02801 0.15552 92

structure. It is known that E. coli cell has a lipopolysaccharide
(LPS) protective layer that prevents them from osmotic pressure
differences in the surrounding medium. Any damage will allow
the water molecules to gradually move inside the cell, which
may give rise to excessive osmotic pressure. The cells cannot
withstand such conditions; they eventually explode, whereas
without cND treatment, cells do not explode due to the presence
of a strong cell wall with a protective LPS layer.

3.2 SEM Microscopy

Figure 3 shows typical SEM images of E. coli [Fig. 3(a)], E. coli
after treatment with lysozyme [Fig. 3(b)], with 5 nm cNDs
[Figs. 3(c) and 3(d)], and 100 nm cNDs [Figs. 3(e) and 3(f)].
SEM images show significant changes for most of the bacteria
treated with 5 nm cND. From the images, it can be seen that
there is a definite destruction of bacteria with the attached
5 nm cNDs after interaction with 5 nm cND particles and drying.
The cell wall of the bacteria visually has broken partly by the
interaction with 5 nm cND particles and the bacteria have lost
their regular shape. However, 100 nm cNDs do not show a vis-
ible destruction of the bacterial cell wall. The SEM mages of
E. coli after interaction with the lysozyme solution show that
the cell wall of bacteria has been affected severely, the cell wall
has been completely washed away, and the bacteria are turned
into an amorphous biomass.

3.3 Raman Spectroscopic Study

Raman investigation of bacterial interaction with cNDs was car-
ried out to get a more detailed view about the changes in the
bacterial cell wall surface, particularly where cND is attached.
In spite of the low Raman signal of bacteria (and particularly
E. coli), Raman study of the bacteria allows estimation of the
variations of molecular structure and functional states.***” On
the other hand, confocal Raman spectroscopy with Raman map-
ping allows high sensitive image detection both in vitro and in
vivo in the cellular level. Raman mapping shows the distribution
of Raman signal intensity of a certain molecular structure
through vibration in the selected wavenumber range. Raman sig-
nal from the bacteria together with cNDs at a particular position
could be measured by mapping a selected area of the bacteria
sample. Raman signal from bacteria is very weak, whereas cND
has higher signals which are selective and can be distinguished
from lower signals originating from bacteria. Figures 4(a) and
4(b) display a typical Raman mapping image of E. coli and
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Fig. 3 Scanning electron microscopy images of (a) E. coli, E. coli incubated with (b) lysozyme
(50 ug/ml), (c) and (d) 5 nm cNDs (100 ug/ml), and (e) and (f) 100 nm cNDs (100 xg/ml) after 4 h

of interaction and after removal of LB medium.

cNDs by 488 nm laser excitation at a 6 mW laser power at the
objective output. Figure 4(a) is an optical image of a single
E. coli treated with cNDs, and Fig. 4(b) is the Raman mapping
image in pseudocolors (characterizing the intensity of Raman
signal) mapped in the square box area (16 ym X 16 um) in
the 1000 to 4000 cm~! wavenumber range for various compo-
nents within the sample. Figure 4(c) shows the Raman spectra
obtained for cND and E. coli at the positions marked at points 1
and 2 in Fig. 4(b). Raman signal at 1290 to 1370 cm™! was
locked for 5 nm cND (Ref. 48) and for E. coli, typical -CH
Raman signals were locked for the 2820 to 3030 cm™' range.
The intensities of the clearly visible peaks at 1448 cm™' (cor-
responding to lipids, CH,) and ~1654 cm~! correspond to
amide I of protein and the intensities of 1325, 1243.5, and
1580 cm™! correspond to amide III, nucleic acids, and nucleo-
tides, respectively. 3 It is clearly observed that the bright sig-
nals, which originate from the cND (point 1), signify that cNDs
were adsorbed at the bacterial cell surface in this particular area.
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The less intense bacteria spectra have been observed from other
parts of the bacterial cell membrane near point 2, where no
cNDs have been found. The Raman mapping experiment of a
single bacterium proves that cNDs adsorption at the bacterial
cell surface has occurred.

To compare the Raman spectral variations which might be
caused by structural changes at the bacteria interaction with
adsorbed cND particles (like the signal intensity and relative
shifts in the peak positions), more rigorous Raman experiments
have been performed. Raman spectra of a single E. coli and
E. coli attached with 5 nm NDs (25 ug/ml) in a dry state on
a silicon substrate were performed with higher spectral resolu-
tion at different points on the bacterial cell wall surface. Figure 5
demonstrates the distribution of intensity of the spectra in the
1200 to 2000 cm~! range along with Raman mapping image.
The obtained Raman spectrum corresponds to the points marked
as 1, 2, and 3 in the mapping image at different places of contact
of the cNDs with E. coli. The spectrum of a single bacterium is
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Fig. 4 Interaction of E. coli with 5 nm cND (25 ug/ml) for 30 s in aqueous medium observed by Raman
microscopy. (a) Optical image of a single E. coli interacted with 5 nm cND. (b) Raman mapping image
mapped in the 1000 to 3000 cm~! wavenumber region of cND and E. coli using a 488 nm laser excitation
and at 6 mW laser power at the 100x (N.A. = 0.90) objective output. (c) Raman spectra from 5 nm cND
attached at the bacterial cell membrane originates when mapped in the range from 1290 to 1370 cm™"
corresponding to point 1 as marked in (b) and for E. coli-C-H Raman signal (2820 to 3030 cm~") cor-

responding to point 2 as marked in (b).
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Fig. 5 Raman spectra of a single E. coli (control) and E. coli treated
with 5 nm cNDs (25 xg/ml) in dry state on silicon substrate that were
measured at different points on the bacterial cell wall surface. The
inset shows the Raman mapping image of the single E. coli treated
with cNDs; the distribution of intensity of the spectra in the range from
1000 to 3000 cm~"! were mapped. Raman spectra are shown corre-
sponding to the points marked in the image and compared with the
Raman spectra of E. coli (control) sample. All spectra were measured
using 488 nm laser excitation tuning at 6.06 mW laser power at the
100x objective output.
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used for comparison. The relative intensity of the peaks in the
spectrum of the bacterium interacting with cNDs differs from
the noninteracting bacteria. It is observed that there is a small
shift of the amide I peak (of protein) from 1654 to 1667 cm™!,
which specifies that changes occur in the structure of the cell
wall components in the presence of cND particles.

3.4 Electrotransformation of E. coli

To further verify the nature of interaction of the bacterial cell
with ultrafine ¢ctND particles, electrotransformation of E. coli
with fluorescent protein has been performed to make this
E. coli highly fluorescent with a green color with a 488-nm exci-
tation. The aim was to confirm if the bacterial cell membrane has
been ruptured after treatment with cNDs in water. If the bacterial
cell membrane is ruptured, then the GFP present in the E. coli
will come out to the medium along with the DNA. When they
are exposed to UV irradiation, theses protein molecules serve as
markers with green fluorescence to signify the visual presence
of DNA in the medium.

‘We have compared the fluorescent protein containing E. coli,
and E. coli treated with 5 nm cNDs and lysozyme. The sample
specifications are (1) E. coli (control), E. coli + 5 nm cNDs with
various concentrations of (2) 100 pg/ml, (3) 500 pg/ml,
(4) 1000 pg/ml, (5) E. coli + lysozyme (50 pg/ml), and
(6) E. coli (negative control, which had ultrasonic treatment).
The samples were incubated at 37°C with continuous shaking
for 4 h and were then centrifuged. The absorption spectra of
the supernatant of the samples after interaction are shown in
Fig. 6(a) and the corresponding fluorescence intensity under
UV irradiation has been displayed in Fig. 6(b). The absorbance
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Fig. 6 (a) The absorbance spectra and (b) the fluorescence emission
images under UV irradiation of the supernatant of (b-i) E. coli, E. coli
treated with 5 nm cNDs with the concentration of (b-ii) 100 xg/ml, (b-
iif) 500 ug/ml, (b-iv) 1000 ug/ml, E. colitreated with (b-v) 50 pg/ml of
lysozyme for 4 h of interaction, and (b-vi) E. coli (negative control)
ultrasonic destruction of the bacterial membrane. The insert in
(a) shows the values of OD,gq for all the samples.

at 260 nm for E. coli and E. coli treated with cNDs having three
different concentrations does not show any appreciable change.
However, E. coli treated with lysozyme and the negative control
(ultrasonic destruction of the bacterial membrane) sample show
a very sharp increase in the absorbance at 260 nm as shown in
the inset of Fig. 6(a). The green emission was visible only for
samples 5 and 6, shown in Figs. 6(b-v) and 6(b-vi). This indi-
cates that either interaction with lysozyme or the mechanical
destruction of the cell wall by ultrasonic centrifugation allows
the DNA and GFP to come out into the solution. The interaction
of ctNDs with E. coli in a water medium does not cause complete
destruction of the bacterial cell wall.

3.5 Mechanism

From the above results, it is clear that 5 nm cNDs interact with
bacteria and affect the bacterial cell wall; however, 100 nm cND
particles remain inactive [see SEM images in Figs. 3(e) and
3(f)]. In the work in Ref. 41, the surface chemistry of NDs is
considered as the driving force of the ND antibacterial effect.
Additionally, we can suppose that the smaller-sized NDs exhibit
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an antibacterial effect due to their surface structural properties
and high surface-to-volume ratio, which makes them chemically
more active than large NDs. It should also be mentioned that the
small-size cNDs (5 nm), including approximately 6000 carbon
atoms, reside at the surface, forming a graphitic shoot surround-
ing the nanoparticle surface. From Raman spectrum, the 5 nm
cND has an obvious graphite signal, characterizing the presence
of graphitic carbon, which in the smaller-size ¢cND may be
responsible for their antibacterial activity in this interaction
as implied by the observation of the decreasing antibacterial
activity of extrapurified NDs.*' Previously, the smaller-size
ZnO nanoparticles have also been found to show better antibac-
terial activity>® compared to the larger ones. It was reported that
the formation of active oxygen species, such as superoxides, at
the nanoparticle bacteria interface may kill bacteria.’! The small
size detonation NDs'® used in our studies have a chemically
active surface with many organic functional groups, which
can act as promising catalysts®? in the degradation of bacterial
cell membrane proteins. Five nm cNDs may form defects at the
bacterial cell wall, which are suitable for making a good surface
contact. The leaking level of DNA/RNA and GFP, SEM mor-
phology changes, and Raman spectroscopic results suggest
that the protein structure on the bacterial cell wall have been
changed after interaction with these ultrafine cND particles.
The electroluminescent E. coli experiment indicates the forma-
tion of some defective cell wall structures without complete
destruction in the interaction in a water medium. At the current
status, we can only propose that the interaction is due to the
highly active surface of ultrafine cNDs, which, due to their
size and surface, partially damage the bacterial outer cell mem-
brane leading to the death of E. coli. The antibacterial effect of
ultrafine cNDs is completely different from that of the enzy-
matic reaction by lysozyme where the cell walls are separated
from the cytoplasmic membrane and damages in the inner pep-
tidoglycan layer* can result in cell death.

4 Conclusion

In this work, the antibacterial effect of ultrafine cND particles
have been investigated using UV-visible, SEM, and Raman
spectroscopy. It is observed that carboxylated detonation NDs
show an obvious antibacterial effect toward gram-negative bac-
teria E. coli. The maxima absorbance of E. coli in the presence
of 5 nm cNDs have been shifted (from 260 to 285 nm) and a new
peak is generated (at 300 nm), which indicates the change of the
cell wall structure of the bacteria. 86% of E. coli have suffered
lysis within 4 h in an aqueous medium. SEM data show that
small-size cND particles cause destruction of E. coli cells
after interaction. Raman spectrum confirms the change in the
amino groups of the cell protein. In addition, the interaction
of ultrafine cND particles with highly fluorescent E. coli indi-
cated that the rupture mechanism of the E. coli cell wall is totally
different from that of the enzymatic destruction by lysozyme.
We conclude that the mechanism of the cNDs’ interaction
with bacteria might be physical in nature, or due to a highly
reactive surface, which might hit the bacterial outer membrane
and cause defects in the cell membrane resulting in cell death.
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