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Different anisotropic silver nanocrystals show
different antibacterial activities — an effect of
different prominent crystallographic
orientations in different shapes
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The antibacterial activity of silver (Ag) nanoparticles
is well established and various researchers have provi-
ded different explanations for the same. We have
tested the activity of similar-sized anisotropic Ag
nanocrystals. Silver nanocubes and nanohexagons
were prepared and their antibacterial activity was
tested against a few bacteria such as Bacillus cereus,
Escherichia coli, Salmonella typhi, Staphylococcus epi-
dermidis, Klebsiella pneumonia, Vibrio parahaemolyti-
cus and Pseudomonas aeruginosa. It was found that
the two shapes were active against all these bacteria.
However, the plot of cell density of different bacterial
pathogens against the concentration of silver nano-
crystals was found to be different for these two
shapes. Moreover, half maximal inhibitory concentra-
tion value and minimum bactericidal concentration
value were also different for the two shapes. XRD
analysis showed that both the nanocrystals were crys-
talline in nature, but their crystallographic orienta-
tion was different. So, it can be inferred from this
study that some crystallographic planes are probably
more active towards reaction with different bacterial
compositions and hence, responsible for stronger
antibacterial activity.

Keywords: Antibacterial activity, anisotropic silver
nanocrystals, crystallographic planes, half maximal inhi-
bitory concentration, minimum bacterial concentration.

NOWADAYS, nanomaterials have become important in the
fast-developing field of nanomedicine. Therefore, know-
ledge of the properties of nanoparticles and their effect on
different microbes is essential for different clinical appli-
cation purposes. Due to their unique physico-chemical
properties, silver nanoparticles (AgNPs) have recently
gained considerable attention among researchers' .
AgNPs show high surface reactivity with greater versati-
lity for technological applications, especially in the field
of nano-biotechnology. Nonspherical nanoparticles such
as hexagons, cubes, triangles, prisms and several types of
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silver nanocrystals exhibit many important properties,
which makes them useful in sensing and imaging, bio-
medical labelling, photonics and plasmonics among other
applications, including medical purposes*®.

Antibiotic resistance is a major problem nowadays
in medical science and hence, has received considerable
attention. Nanotechnology offers several nanomaterials
which can be used as nanomedicine; these nanomaterials
show better results compared to their respective bulk
counterpart. In healthcare, AgNPs are being widely used
in nanomedicine, with an annual production of more than
500 tonnes worldwide’ "°.

Many researchers have reported that silver nanocrystals
show better antimicrobial activity against multidrug resis-
tant pathogenic microorganisms. Hence, these have been
used in different medical devices” ', and also in differ-
ent consumer products such as filters, food containers and
textiles'> 7. It is also reported that these nanocrystals
show little cytotoxicity'®, but mechanisms of this toxi-
city need further studies.

Recently, AgNPs have been tested against bacteria of
Gram-positive as well as Gram-negative type by various
researchers and found to be non-toxic at low concentra-
tion levels. AgNPs also show inhibition of bacterial
growth at very low concentration compared to that of
antibiotics, with no report of side effects as of now”' >*.

Interestingly, like size effect on many unique proper-
ties of silver nanocrystals, its antimicrobial activity has
also been reported to be dependent on size **. Neverthe-
less, research on shape-dependent antibacterial activity is
on-going.

With the aim to study of shape effect on antibacterial
activity, we prepared silver nanohexagons and silver
nanocubes of almost the same size, which were tested for
their antibacterial activity against seven different types of
bacteria. The study showed that antibacterial activity of
silver nanocrystals was shape-dependent. Many research-
ers have reported that anisotropic shapes play a major
role in biocidal activity. Pal er al.*’ reported that silver
nanocrystals of truncated triangular shape showed
much better antibacterial efficiency than spherical and
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rod-shaped ones. Similarly, Dong et al.*® reported that
sharp edge and sharp vertex triangular silver nanoprisms
showed better antiseptic performance. Such high
antibacterial activity can be attributed to the plane with
high-atom-density {111} facets, that may act as a high-
reactivity site.

The main aim of this study was to examine the antibac-
terial effect of different shapes of silver nanocrystals of
almost the same size against seven types of bacteria. We
synthesized the cubic and hexagon-shaped silver nano-
crystals by chemical reduction method and further cha-
racterized them using transmission electron microscopy
(TEM) for morphological analysis, X-ray diffraction
(XRD) for structural analysis, followed by UV/Vis
absorption spectroscopy. The antibacterial properties of
these anisotropic silver nanocrystals were studied against
Bacillus cereus, Staphylococcus epidermidis, Escherichia
coli, Pseudomonas aeruginosa, Salmonella typhi, Kleb-
siella pneumoniae and Vibrio parahaemolyticus using
disk diffusion method. The antibacterial activity of these
anisotropic silver nanocrystals was determined by half
maximal inhibitory concentration (ICsp) value and mini-
mum bactericidal concentration (MBC) value for positive
and negative strains.

Experiment
Synthesis of anisotropic silver nanocrystals

Anhydrous ethylene glycol (EG; 5 ml) was stirred at
160°C for almost 1 h, and 1.5 ml of 0.285 M silver nitrate
solution (AgNO;) and 0.5 ml 0.177 M polyvinylpyrroli-
done (PVP) solution were simultaneously added to it,
according to the synthesis method®'. Prior to this, 80 pl of
3 mM solution of Na,S was injected into the EG solution.
During stirring, temperature was kept constant whereas
rate of stirring was fixed at 500 rpm. Silver nanocubes
were prepared using this technique. Further, changing the
temperature and molar concentration, we can prepare the
50 nm silver nanohexagons®>~.

Collection of microbial strains

Both types of bacteria (Gram-positive and Gram-
negative) were collected from the Department of Micro-
biology, University of Calcutta, and maintained in Luria
broth medium.

Methodology for antimicrobial studies

Freshly grown overnight seed culture of a few bacterial
strains was used for the study of inhibitory effect of silver
nanocubes and silver nanohexagons against B. cereus,
E. coli, S. typhi, S. epidermidis, V. parahaemolyticus,
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P. aeruginosa and K. pneumoniae using the agar well dif-
fusion technique. All these bacteria were inoculated on
nutrient agar broth. Here, mainly the ICsy and MBC
values have been determined and compared for all the
bacteria.

Characterization

UV/Vis spectroscopy (Shimadju-1800, Japan) was used
for absorption spectral studies, in which deuterium—
tungsten—halogen lamp was the light source. For the XRD
study (Rigaku Miniflex X-ray diffractometer, Japan),
Cu-Ko wavelength used was 1.54056 A. TEM (JEM-
2100, Japan) model operated at 200 kV was used for
morphological analysis in which accelerating voltage of
the instrument was 200 kV. Finally, a FTIR spectropho-
tometer (Perkin Elmer, USA) was used for recording
FTIR spectra in the range 8004000 cm .

Results and discussion
UV/Vis spectroscopic analysis

Absorption spectroscopy is based on the matter—radiation
interaction, which determines the nature of the sub-
stances. Silver nanocrystals strongly absorb visible light
due to surface plasmon resonance (SPR), which is
defined as coherent excitation of free electrons present in
the sample on interaction with light. Hence, silver nano-
crystals show SPR peak in the visible range, which
depends on their size and shape. Larger particles as well
as anisotropic nanocrystals show redshift of the SPR peak
compared to smaller and spherical particles. Here, ab-
sorption spectra of all the samples were studied using
UV/Vis spectrophotometer (Figure 1).
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Figure 1. Absorption spectra of (1) silver nanocubes and (2) silver
nanohexagons.
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Figure 2.

Figure 1 shows the SPR peak position at 438 and
454 nm wavelength for silver nanocube and silver nano-
hexagon solutions. Therefore, shift of the SPR peak posi-
tion with shape of the nanocrystals may result from changes
in the lattice constant®. As lattice constant in nanocry-
stals is different from that of its bulk, therefore, surface
or interface stress is produced in the nanocrystals®.

X-Ray diffraction analysis

The XRD pattern of silver nanocrystals confirmed the
crystalline nature of the sample (Figure 2 ¢ and b).

Three sharp peaks appeared at 37.95°, 44.02° and
63.95° which could be assigned to the (111), (200) and
(220) planes for silver nanocubes. Similarly, for silver
nanohexagons six peaks appeared at 15.37°, 17.94°,
31.41°, 37.23°, 44.47° and 53.78°, which could be assigned
to the (111), (200), (222), (400), (422) and (440) planes.
All the peaks were found to correspond to the face cen-
tred cubic (fcc) symmetry of silver nanocrystals. Average
size of the respective sample was calculated using the
Debye—Scherrer formula: D =kA/fcosf, where A=
0.1541 nm is wavelength of X-rays used (Cu-Ko radia-
tion), S the full width at half maxima and @ is the diffrac-
tion angle. From this formula, considering the (111)
plane, the respective average size was found to be 51.4
and 52.3 nm, which matched well with that obtained from
the TEM study.

Transmission electron microscopic analysis

TEM analysis provides a good way to view the size and
shape of the nanocrystals. For this, a single drop of silver
nanocrystal was taken on a carbon-coated copper grid.
Figure 3a and b shows TEM images of PVP-capped
silver nanocubes and silver nanohexagons with average
size of nearly 50 nm.
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X-ray diffraction pattern of (@) silver nanocubes and (b) silver nanohexagons.

Fourier transform infrared spectral analysis

FTIR analysis was carried out to confirm the capping of
silver nanocrystals by PVP molecules. Figure 4a—c
shows the FTIR spectra of silver nanocubes, PVP and
silver nanohexagons.

Figure 4 b shows three vibrational bands of pure PVP
at 1647, 1443 and at 1087 cm ' corresponding to C=0
stretching of PVP polymer, CNC stretching vibrations
and C-N bond respectively.

In Figure 4 a, PVP-capped silver nanocubes show ab-
sorption peaks at 2954 and 1642 cm ™' due to the C—H and
C=0 stretching vibrations respectively. In addition, peaks
at 1464, 1096 and 882 cm™' correspond to —CH, absorp-
tion, C—N stretching and C—C vibration in ring of PVP
respectively. These peaks were also observed in the FTIR
spectra of PVP-capped silver nanohexagons. On compar-
ing the spectra, it was found that the peak at 1647 cm'
for C=0 stretching vibration in PVP, shifted to 1642 cm™'
for PVP-capped silver nanocrystals. Such decrease in
wavenumber occurs because of weakening of bonds as
well as bond formation with the surface Ag atoms of the
nanocrystals. The C-N bond in the PVP peak at 1087 cm '
also shifted to higher wavenumber at 1096 cm' due to
the chemical coordination of the bond with Ag atoms.
From these results, it has been confirmed that PVP caps
the nanocrystals by forming a bond with the surface, and
thereby stabilizes the nanoparticles.

Antibacterial activity of anisotropic silver
nanoparticles

As there is continuous increase of resistance to multiple
antibiotics by different bacteria, many researchers are
trying to develop effective and resistance-free antimi-
crobial reagents. Silver nanocrystals have been found to
be an effective resistant-free antimicrobial agent. Here,
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Figure 4. FTIR spectra of (a) polyvinylpyrrolidone, (b) Ag nano-

cubes and (¢) Ag nanohexagons.

prepared anisotropic Ag nanoparticles of almost the same
size have been tested against different Gram-positive and
negative bacteria for the study of the effect of stape of the
nanoparticles on the antibacterial activity.

Bacterial culture: The individual pathogenic bacteria
were grown in a shaking incubator overnight at 37°C in
Luria broth (LB) medium which contains 1% of both
NaCl and tryptone, 0.5% yeast extract of pH 7.0, at shak-
ing condition of 180 rpm as seed culture. From the seed
culture, 1% of each inoculum was transferred to fresh
medium and distributed in 100 pl volume in each well of
a 96-well plate. Among the 96-well plate with freshly
grown seed culture of different bacterial strains, solution
of silver nanohexagons with the concentration of
0.234 pug/ml (~4.26 X 109 nos/ml), 0.936 ug/ml (~1.70 x
1010 nos/ml), 3.75 ug/ml (~6.84 x 1010 nos/ml), 14.4 ug/
ml (~26.26 X 1010 nos/ml) and 60 ug/ml (~109.44 x
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Transmission electron microscopy photomicrograph of () silver nanocubes and (b) silver nanohexagons with

1010 nos/ml) hexagon nanocrystals has been added to
study its effect. Again, the effect of cubic nanocrystals
was assessed at various concentrations, i.e. 0.31 ug/ml
(~3.92 x 109 nos/ml), 1.25 pg/ml (~1.65 x 1010 nos/ml),
5ug/ml  (~6.73 x 1010 nos/ml), 20 ug/ml (~26.13 x
1010 nos/ml) and 80 ug/ml (~109.41 x 1010 nos/ml). The
control set, which contains only saline and free LB, was
also assessed. Each measurement was repeated thrice.
The plate was then incubated in 37°C at 180 rpm shaking
condition overnight. After overnight incubation, the den-
sity of each bacterial cell was recorded at 600 nm wave-
length by the 96-well plate reader (EON Microplate
Spectrophotometer, BioTek Instruments, Inc.). The ob-
tained data were used to calculate mean and standard dev-
iation, and they were plotted against the respective
similar concentration of hexagon and cubic nanocrystals.
The inhibitory effect of the nanocrystals was observed
from the growth curve obtained, along with the calcula-
tion of ICsy and MBC values. MBC represents the mini-
mum bacteriocidal concentration of any antimicrobial
compound (here, hexagonal and cubic silver nanocry-
stals) which kills all the bacteria, whereas 1Cs, represents
the concentration that can kill 50% of the bacteria.
Absorbance of bacterial cultures treated with different
concentrations of the nanoparticles was measured and
plotted against concentration (ug/ml) of the nanocrystals.
In these plots for each bacterial strain that concentration
of nanoparticles is considered as ICs, value for which the
cell density decreases to 50% of its value at control as it
signify the fact of killing of 50% of the bacterial popula-
tion at that concentration.

Antibacterial activity of anisotropic silver nanocrystals
on a few bacterial pathogens: The antibacterial activity
of the prepared silver nanocubes and silver nanohexagons
was studied against various bacteria. The antibacterial
activity takes place because silver nanocrystals attack the
cell membrane and penetrate into the bacteria, thereby
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Figure 5. Cell density of different bacterial pathogens against the concentration of silver nanocubes (a, d, g, j, m, p and s) and silver nano-

hexagons (b, e, h, k, n, g and ¢) along with cell density versus concentration graph (c, f; i, I/, 0, r and u) for the respective bacteria.

interacting with different proteins and DNA in the cell
membrane; whereas inside the bacteria, nanoparticles
specifically attack the respiratory system and hinder cell
division, which ultimately leads to cell death***”. Accord-
ing to the literature®®’, these prepared silver nanocrystals
show different inhibitory effects in different bacteria,
because of their different composition of capsular and
cell wall, as well as S-layer thickness or their combina-
tion. Figure 5 shows that for almost the same concentration
of nanoparticles for silver nanocubes and nanohexagons,
different shapes show different inhibitory effects in the
same bacteria, which also has been confirmed from the
plot of cell density of different bacterial pathogens
against the concentration of silver nanocrystals.

The 1Csy and MBC values were found to be different
for different shapes of the silver nanocrystals (Table 1).
As the size is almost the same, this study clearly shows
the shape effect of silver nanocrystals on antibacterial
activity. This shape effect can be explained on the basis
of different crystallographic orientations in different
shapes. Many researchers have reported another antibac-
terial activity of nanocrystals, which is related with cry-
stallographic orientation***?. Chemical reactivity of
anisotropic nanocrystals is different because of their dif-
ferent surface atom arrangement and surface energy.
From the XRD study of silver nanocubes and silver na-
nohexagons, crystallographic orientation can be inferred.
For silver nanocubes, XRD pattern showed three intense
peaks corresponding to (111), (200) and (220) diffraction
planes (Figure 2 a), whereas for silver nanohexagons, it
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showed eight intense peaks corresponding to (111), (200),
(222), (400), (331), (422), (333) and (440) diffraction
planes (Figure 2 b). So, presence of extra planes in the
nanohexagons may be the reason for their different anti-
bacterial activity compared to silver nanocubes, as con-
firmed from their IC5y and MBC values (Table 1). This
shows that the atomic arrangement of different crystallo-
graphic facets plays an important role. Silver has a fcc
crystal structure. For the cubes (Figure 2 a), XRD pattern
gives a major peak from the (200) plane, thereby indicat-
ing that silver nanocubes are primarily composed of
{100} planes (Figure 2 b), whereas for hexagons, intense
peak is obtained from the (111) diffraction, showing that
they are primarily composed of {111} planes (Figure
2 b). Based on the analysis of chemical activities of dif-
ferent surfaces, it can be predicted that the silver nano-
hexagons with {111} facet are more active than the silver
nanocubes with {100} plane as the {111} plane is more
energetic than the {100} plane. Further, it is clear from
the graphs (¢ and /) in Figure 5 that the difference in the
activity of silver nanocubes and silver nanohexagons is
large against B. cereus and S. epidermidis, which are
Gram-positive type. But that difference is small for
Gram-negative bacteria like P. aeruginosa, E. coli, S. ty-
phi, K. pneumoniae and V. parahaemolyticus. This differ-
ence in the activity is clearly an effect of shape of the
nanoparticles, and this shape effect again depends on the
type of bacteria. As silver nanocubes and silver nano-
hexagons have different crystallographic orientations, this
may play an important role in antibacterial activity. It

CURRENT SCIENCE, VOL. 118, NO. 12, 25 JUNE 2020



RESEARCH ARTICLES

Table 1. Results of half maximal inhibitory concentration (ICsp) and minimum bactericidal
concentration (MBC) for both silver nanocrystals
Silver nano-hexagons (ug/ml) Silver nano-cubes (ug/ml)
Pathogens 1Cs MBC | (&P MBC
Bacillus cereus 16.58 60.0 30.96 80.0
Escherichia coli 10.21 3.70 13.69 5.00
Salmonella typhi 09.09 3.70 16.32 1.25
Klebsiella pneumonia 10.81 15.0 40.30 1.25
Pseudomonas aeruginosa 10.40 0.94 17.23 1.25
Vibrio parahaemolyticus 13.25 3.70 15.16 1.25
Staphylococcus epidermidis 16.17 60.0 14.41 1.25
is reported that antibacterial activity of a particular 2. Schultz, S., Smith, D., Mock, J. and Schultz, D., Single-target

type of nanocrystal is different for Gram-positive and
Gram-negative bacteria, because the cell structure and
outer membrane are different for these bacteria****. The
outer layer of Gram-positive bacteria is made up of lipo-
polysaccharides®’, whereas for Gram-negative bacteria
there is a thick peptidoglycan outer layer*’. The large dif-
ference in the activity of silver nanocubes and silver nano-
hexagons against Gram-positive bacteria in this study,
attributed to different crystallographic planes present in
the silver nanocubes and silver nanohexagons, which
show different activities against lipopolycsaccharides and
hence, depend on the shape of the nanocrystals. Again,
these crystallographic orientations are not effective
against the thick peptidoglycan layer of Gram-negative
bacteria. So, the result confirms that different crystallo-
graphic orientation in nanocrystals of different shapes is
responsible for the antibacterial activity, especially
against Gram-positive bacteria.

Conclusion

In this study, silver nanohexagons and silver nanocubes
have been prepared chemically, with PVP as a capping
agent. TEM analysis confirmed that the prepared nano-
crystals were cubic and hexagonal in shape having simi-
lar size (50 nm), whereas UV/Vis spectroscopy showed
the respective SPR peaks at 438 and 454 nm. Antibacterial
activity of these anisotropic silver nanocrystals was stu-
died on a number of bacteria, which confirmed a shape
effect, i.e. silver nanocrystals of different shapes have
different antibacterial activities, because of different
crystallographic orientations, as confirmed from XRD
analysis. The difference in antibacterial activity of silver
nanocrystals may be attributed to different crystallo-
graphic planes.
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