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A systematic and detailed study for size-specific antibacterial efficacy of silver nanoparticles (AgNPs)

synthesized using a co-reduction approach is presented here. Nucleation and growth kinetics during the

synthesis process was precisely controlled and AgNPs of average size 5, 7, 10, 15, 20, 30, 50, 63, 85, and

100 nm were synthesized with good yield and monodispersity. We found the bacteriostatic/bactericidal

effect of AgNPs to be size and dose-dependent as determined by the minimum inhibitory concentration

(MIC) and minimum bactericidal concentration (MBC) of silver nanoparticles against four bacterial strains.
Out of the tested strains, Escherichia coli MTCC 443 and Staphylococcus aureus NCIM 5201 were found
to be the most and least sensitive strains regardless of AgNP size. For AgNPs with less than 10 nm size,

the antibacterial efficacy was significantly enhanced as revealed through delayed bacterial growth
kinetics, corresponding MIC/MBC values and disk diffusion tests. AGNPs of the smallest size, i.e., 5 nm
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demonstrated the best results and mediated the fastest bactericidal activity against all the tested strains

compared to AgNPs having 7 nm and 10 nm sizes at similar bacterial concentrations. TEM analysis of

DOI: 10.1039/c3ra44507k

www.rsc.org/advances internalized within the cells.

1. Introduction

In recent years, metallic nanoparticles have attracted consid-
erable interest due to their intriguing physicochemical proper-
ties, small size and surface plasmon behaviour.! Among all,
silver nanoparticles (AgNPs) display the highest level of
commercialization®* and account for 55.4% of the total nano-
material-based consumer products available in the market (313,
out of 565 products).** Silver nanoparticles have been utilized in
diverse domains including optoelectronics, biosensors, catal-
ysis, surface enhanced Raman scattering (SERS) and, as anti-
microbials.”” Most importantly, silver’s antimicrobial nature
has been extensively exploited owing to its oligodynamic
action,® broad spectrum killing,” and lower possibility for
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AgNP treated bacterial cells showed the presence of AgNPs on the cell membrane, and AgNPs

development of microbial resistance against it."> As a result,
silver in the nano size range has emerged as the most exploited
nano-antimicrobial in consumer products such as cosmetics,
textiles, dietary supplements, food packaging, surgical coatings,
medical implants, and water disinfection applications.®*¢
Previous studies have demonstrated their antimicrobial nature
to be size™ and shape dependent,** where smaller nanoparticles
displayed better antimicrobial activity. As far as shape is con-
cerned, truncated-triangular nanoparticles appeared to be more
effective for microbial killing. However, spherical nanoparticles
are still considered to be the best-suited for practical applica-
tions in either colloidal form, or immobilized state.'>***¢

Despite considerable success in synthesizing AgNPs with
different dimensions and size ranges, many of the reported
methods have certain limitations in terms of their control over
shape, size and stability in the dispersion system.” With few
exceptions, borohydride-mediated reduction has been
employed for the synthesis of dispersible silver nanoparticles.*®
It is worth mentioning that earlier researchers have found it
difficult to achieve nanoparticles below 10 nm with high
monodispersity and stability."*?* For small sized nano-
particles, an excess of strong reducing agent for example,
sodium borohydride (NaBH,) is desired, which facilitates
instant nuclei generation, resulting in the formation of mon-
odispersed and uniform sized silver colloids. However, it is not
easy to obtain larger-sized nanoparticles employing borohy-
dride reduction.>*>*

This journal is © The Royal Society of Chemistry 2014
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On the other hand, the weaker reducing agent trisodium
citrate (TSC) contributes to the formation of relatively large
silver nanoparticles, having a wider size distribution. It can also
result in a variation in the shape of the nanoparticles i.e.
spherical nanoparticles are accompanied with undesired
generation of rods, cubes, and triangles.”* Thus, using either of
the reducing agents, it may be difficult to synthesize silver
nanoparticles both, above 50 nm and below 10 nm having a
well-defined shape with desired monodispersity. The co-reduc-
tion method employing two different reductants (i.e., NaBH,
and TSC) may offer better control on nucleation and growth of
nanoparticles.”? This may aid in the synthesis of different sizes
of AgNPs using slight variations in the same protocol.

The preparation, characterization and size-specific antibac-
terial efficacy of silver nanoparticles over a wide size range is
described in this article. We refer to a facile, one pot synthesis
for the generation of stabilized AgNPs over a wide size range (5-
100 nm) achieved by varying the reaction conditions. The
proposed dual thermal treatment encourages fast nucleation
followed by growth of silver nanoparticles at approximately the
same rate, resulting in relatively monodispersed nanoparticles.
Also, a variation in pH of the reaction medium facilitated fine
tuning of particle morphology from quasi-spherical to nearly
spherical shape.”” Though in recent times few studies have
evaluated the size-dependent antimicrobial activity of silver
nanoparticles,”®?" a detailed and substantial study to explore
the entire size range from 5-100 nm, is lacking. The current
study also investigates a size-selective comparison of their
antimicrobial activity against various Gram-positive and Gram-
negative bacterial strains. A comprehensive study of antimi-
crobial activity was made on the basis of bacterial growth
kinetics using different amounts of silver nanoparticles, along
with MIC/MBC values determined based on liquid cultures
using different sizes of silver nanoparticles. While we limit our
study to the antibacterial application, relatively larger nano-
particles synthesized using our method can potentially be
exploited for other interesting purposes, such as, SERS based
diagnostics, bio-sensing, and bio-imaging.

2. Experimental
2.1 Materials

Silver nitrate (>99.9% pure), sodium borohydride (NaBH,, >99%
pure), trisodium citrate (TSC, =99% pure), and sodium
hydroxide were purchased from Merck (India). Ethyl alcohol
and acetone were obtained from Merck (Germany) and were
used at the desired dilutions. All reagents supplied were of
analytical grade and were used without further purification.
Throughout the procedures, double deionized (DI) water (with a
measured resistivity of 18.2 MQ cm™') was used. The antibac-
terial experiments were carried out using various bacterial
strains. Escherichia coli MTCC 443 (ATCC 25922), Escherichia coli
MTCC 739 (ATCC 10536) and Bacillus subtilis MTCC 441 (ATCC
6633) were originally procured from the Institute of Microbial
Technology (Chandigarh, India). The Staphylococcus aureus
NCIM 5021 (ATCC 25923) strain was obtained from the National
Chemical Laboratory (Pune, India). Nutrient media (Himedia
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Lab. Ltd., Mumbai) was used for evaluating bacterial growth in
liquid broth culture, and was supplemented with a 2% bacte-
riological agar (Himedia Lab. Ltd., Mumbai) to prepare the solid
media used in plate culture studies.

2.2 Synthesis of silver nanoparticles

Silver nanoparticles were synthesized employing sodium boro-
hydride (NaBH,) as a primary reductant and, trisodium citrate
(TSC), both as secondary reductant as well as stabilizing agent.
The reduction processes were carried out at two different
temperatures, i.e. at 60 °C and 90 °C, mediated predominantly
by, sodium borohydride and trisodium citrate, respectively. A
typical procedure is as follows: the required volumes of freshly
prepared aqueous solutions containing NaBH, and TSC were
mixed and heated to 60 °C for 30 minutes in the dark with
vigorous stirring to ensure a homogenous solution. At the end
of 30 minutes, the required volume of AgNO; solution was
added drop-wise to the mixture and subsequently, the temper-
ature was further raised to 90 °C. As the temperature reached
90 °C, the pH of the solution was adjusted to 10.5 using 0.1 M
NaOH while heating was continued for 20 minutes, until a
change of colour was evident. The nanoparticle suspension was
allowed to cool at room temperature. In order to remove the
unreacted reductants, AgNP suspensions were centrifuged
(12 000 rpm, 15 minutes) and washed thrice, followed by
redispersion in DI water and were finally stored at 4 °C for
future use. For determining the yield of AgNPs, the silver
nanoparticles formed (collected by centrifugation at 14 000
rpm, 20 minutes) were dissolved in dilute HNO; and the total
mass of silver in the form of AgNPs was determined by induc-
tively coupled plasma-atomic emission spectroscopy (ARCOS
ICP-AES spectro, Germany). Subsequently, yield was determined
as a ratio of mass of silver in the form of nanoparticles to the
mass of silver (Ag') added to the flask during the synthesis
reaction. Table 1 shows the optimized reaction conditions and
details pertaining to the synthesis of different sized AgNPs.

2.3 Instrumentation

UV-Vis extinction spectra were recorded using a spectropho-
tometer (Perkin-Elmer Lambda 35, USA) in absorbance mode
(range 200-800 nm) at desired dilutions of silver colloids. The
size and morphology of silver nanoparticles were determined by
field emission gun-transmission electron microscopy (FEG-
TEM, JEOL JEM 2100F, Japan) at an operational voltage of 200
kv. The diffraction ring patterns (SAED), lattice fringes, and
d-spacing were examined in its high resolution (HRTEM) mode.
Particle size distribution was derived from a histogram
considering more than 400 particles measured using multiple
TEM micrographs. X-Ray diffraction (XRD) analysis was done
using a diffractometer (Philips X'pert PRO, The Netherlands) of
Cu-K, wavelength (A = 1.54 A). For XRD analysis, samples were
prepared as discussed in our previous study.*” In brief, colloidal
AgNPs were drop cast on an amine functionalized glass surface,
followed by drying in vacuum overnight. The samples were
scanned over a 26 range of 20-90° with a step size of 0.017°. Zeta
potential of different AgNP colloids was measured using a zeta

RSC Adv., 2014, 4, 3974-3983 | 3975
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Table 1 Designed conditions for the synthesis of different sized silver nanoparticles?

Particle Silver nitrate Sodium borohydride Trisodium citrate ~ Volume of Temp. Yield Particle conc.
size (mol dm™?) (mol dm™?) (mol dm ™) reactants (ml)  pH (T?-T%) (°C) (%) (particles per ml)
5 1.00 x 107 2.00 x 107 4.28 x 107" x48y2 10.5  60-90 78.2 1.03 x 10"
7 1.00 x 107 2.00 x 10°* 3.55 x 10 x48y2 10.5  60-90 67.4 3.31 x 10™
10 117 x 100%®  2.00 x 10* 2.00 x 10°% x48y2 10.5  60-90 82.3 1.53 x 10"
15 1.00 x 107 1.00 x 107 1.06 x 107% x48y2 10.5  60-90 77.9 3.49 x 10"
20 1.00 x 107 1.00 x 107 3.55 x 107% x48y2 10.5  60-90 ~84 1.57 x 10"
30 4.00 x 107 1.00 x 10°%® 3.55 x 10 % X455 10.5  60-90 70.5 1.71 x 10"
50 122 x 100%® 5,00 x 107 2.00 x 10°% x45y5 10.5  60-90 58.4 9.01 x 10"
63 2.00 x 107 5.00 x 107" 3.54 x 107% x40y10 10.5  60-90 ~61 7.25 x 10"
85 2.00 x 107 5.00 x 107% 1.77 x 10~ x45y5 10.5  60-90 68.3 3.43 x 10
100 2.00 x 107 5,00 x 107 1.77 x 10~ x40y10 10.5  60-90 64.6 1.99 x 10"

“ x-total volume of NaBH, and TSC; y-volume of AgNO; added drop wise to x; T*first stage temperature, T°-second stage temperature (°C).

potential analyzer (Zeta pals, Brookhaven, USA). The suspen-
sions were sonicated for 90 s to minimize aggregation of
nanoparticles and three zeta potential measurements were
performed for two independent samples.

2.4 Antibacterial tests

To examine the minimum inhibitory concentration (MIC), and
minimum bactericidal concentration (MBC) of different sized
AgNPs, the procedure specified by Ruparelia et al.** was fol-
lowed (ESI, S1t). The effect of AgNPs on bacterial growth
kinetics was measured at 600 nm, as increase in absorbance
using a spectrophotometer. The experiment included a positive
control (flask containing AgNPs and nutrient media, without
inoculum) and a negative control (flask containing inoculum
and nutrient media, without AgNPs). The absorbance values for
experimental flasks (containing nutrient media, inoculum and
AgNPs) were corrected by deducting the corresponding absor-
bance values for the positive controls. All the experiments were
carried out in triplicate. Disk diffusion tests were done to
determine the size-selective bacterial sensitivity towards AgNPs,
as marked by their zone of inhibition (Zol). As discussed by
Ruparelia et al.,** AgNPs impregnated on filter paper disks (~5
mm diameter) were placed on an agar plate having uniform
bacterial suspension (E. coli. MTCC 443, 10" to 10° CFU ml™ ).
The culture plates were then incubated at 35 °C for 24 hours and
the Zol was measured using photographic images of the agar
plates having a clear zone.

The interaction between AgNPs and bacteria and thereby, the
mechanism of their bactericidal action was illustrated by
treating E. coli (MTCC 443, ~10° CFU ml ') with 10 nm AgNPs
for 6 hours. The treated cells were centrifuged (10 000 rpm, 10
min.), and washed with DI water to ensure complete removal of
colloidal AgNPs from the surface of bacteria. This was followed
by a series of pre-treatment procedures required for the
microscopic analysis following Morones et al™ with a few
modifications and analysis under FEG-TEM. For FEG-SEM
analysis (JEOL JSM-7600F, Japan) samples were drop casted on
the carbon coated copper grids, dried at room temperature and
were examined without any conductive coating (gold/platinum
sputtering).

3976 | RSC Adv., 2014, 4, 3974-3983

3. Results and discussion

Silver nanoparticles of different size ranges were synthesized
using sodium borohydride and trisodium citrate as reducing
agents. The optimized conditions for synthesis of various sizes
of AgNP are listed in Table 1. Controlled synthesis of nano-
particles was based on the co-reduction approach using a two
stage thermal treatment (Fig. 1). The initial reduction was
performed using NaBH, at 60 °C (stage I) which induced
generation of a large number of silver nanoparticles. At this
stage, the reduction of silver cations caused the formation of
new silver nuclei. This is the dominant process while Ostwald
ripening of the formed silver nuclei is only a subsidiary
process. Silver nanoparticles formed at the initial stage
subsequently participated in the growth process, where
TSC-mediated reduction of unspent Ag ions was favoured at the
higher temperature, i.e., 90 °C, prevailing in stage II. TSC was,
however introduced with NaBH, during the initial stage. At the
lower temperature prevailing in stage I, TCS primarily passiv-
ates the nanoparticles and prevents their agglomeration. An
adequate NaBH, to TSC ratio was critical to control the
nucleation and growth processes in the two stage co-reduction
approach.

Analyzing the reaction conditions for the different sized
silver nanoparticles, NaBH, demonstrated its predominant role
for the synthesis of AgNPs having the size range 5-20 nm (ESI,
Fig. S21). On the other hand, TSC was the predominant
reducing agent for synthesis of AgNPs of range 60-100 nm. For
nanoparticles in the size range 25-60 nm, both NaBH, and TSC
may work concurrently to reduce Ag" and form nanoparticles.
By varying the temperature, we controlled the reducing ability of
sodium borohydride and TSC and produced the most stable
“initial” and “final” sols at 60 °C and 90 °C, respectively (ESI,
Fig. S31). The co-reduction approach gave a better balance
between nucleation and growth of AgNPs and therefore,
synthesis of size controlled silver nanoparticles could be
achieved.” Moreover, the size and morphology could be
precisely tuned by controlling the reduction rate during the
second stage with an optimal pH of 10.5 (ESI, Fig. S4t). Thus,
this pH was maintained throughout for synthesis of silver
nanoparticles of various sizes.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic representation of size-controlled silver nanoparticles synthesized employing the co-reduction approach.

3.1 Characterization of silver nanoparticles

As shown in Fig. 2a, silver nanoparticles exhibit a sharp
extinction peak at 393, 394, 398, 401, 406, 411, 420, 429, 449,
and 462 nm wavelength for silver nanoparticles with the average
sizes 5, 7, 10, 15, 20, 30, 50, 63, 85, and 100 nm, respectively. As
predicted, the absorption maxima of AgNPs shifted to longer
wavelength with increase in AgNP size. The full width at half
maximum (FWHM) of the corresponding peaks determines
dispersity of the nanoparticles, where a large FWHM is attrib-
uted to peak broadening and hence, polydispersity. As the size
of AgNPs increased from 5 to 30 nm, FWHM values increased
from 55 to 85 nm. Further increase in nanoparticle size from 50
to 100 nm yielded significant peak broadening with an increase
in FWHM from 138 to 162 nm, respectively. The peak broad-
ening was however unavoidable since a higher concentration of

Extinction (a.u.)

300 400 500 600
b Wavelength (nm)

Fig. 2 (a) UV-Vis extinction spectra and (b) the distinctive colour of
different sized silver nanoparticles.

This journal is © The Royal Society of Chemistry 2014

reactants was required for synthesizing larger silver nano-
particles (=50 nm). The distinctive colour of various silver
colloids is also shown in Fig. 2b.

The size and morphology of various AgNPs observed using
FEG-TEM is shown in Fig. 3. For AgNPs of varying size, most of
the nanoparticles were found to be spherical and mono-
dispersed. Table S5 provides details on particle size range
determined using TEM analysis. The selected-area electron
diffraction (SAED) patterns demonstrated the concentric
diffraction rings as bright spots corresponding to the presence
of (111), (200), (220), (311), and (222) planes of the face-centered
cubic (fec) silver nanoparticles. The crystalline nature of a single
particle was further investigated by means of high resolution
(HRTEM) micrographs which showed the presence of lattice
fringes with the d-spacing value. For silver nanoparticles with
the average size 5 and 7 nm, most of the population consisted of
single crystalline AgNPs with a d-spacing of 2.02 A, which
corresponds to the (200) plane of silver. In contrast, the corre-
sponding diffraction pattern (SAED) indicates that Ag(5) and
Ag(7) did not exist as single crystal. Due to instrument limita-
tions, it was not possible to assign the diffraction spots to a
particular pattern associated with the face centered cubic (fcc)
crystalline silver.* In addition to this, the coexistence of a few
larger nanoparticles may contribute to the secondary diffraction
spots, owing to the presence of twinned crystals (ESI, Fig. S61).
The transformation of single crystalline AgNPs to multiple
twinned particles indicates that silver nuclei/particles formed at
the first stage undergo Ostwald ripening in the second stage and
are transformed into larger silver nanoparticles, thus
completing the growth process.** For silver nanoparticles with
higher average particle size (=10 nm), HRTEM images showed
the presence of multiple-twinned crystalline planes. In Fig. 3c,
Ag(10) showed a five-fold multiple twinned decahedron crystal,
which is favored for fcc growth of silver.**

The crystallite size of different sized silver nanoparticles was
also calculated by XRD analysis (using Scherrer's equation, with
(111) as the most intense plane), as shown in Fig. S71 of ESI

RSC Adv., 2014, 4, 3974-3983 | 3977
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Fig. 3 FEG-TEM images of silver nanoparticles of various size ranges
(@5+0.7nm; (b)7£13nm; (c) 10 £ 2.0 nm; (d) 154+ 2.3 nm; (e) 20 &
2.5nm; ()30 £5.1nm(g) 50 +7.1(h) 63 + 7.6 (i) 85 £ 8.2 (j) 100 £ 11.2.
For each image, the corresponding high resolution (HRTEM) image
and lattice fringes (d-spacing) are shown. The histograms show the
range of particle size distribution.

(see Table S57 for the exact values). For smaller nanoparticles
(=15 nm), the crystallite size matched closely with the corre-
sponding TEM derived particle size.>**¢ This further validates
our earlier discussion where the smallest nanoparticles
appeared to be primarily in their monocrystalline form.
However, the crystallite size was found to be less than the
particle size for larger nanoparticles (i.e. =30 nm) primarily due
to multiple domain diffraction caused by crystal-twinning.*¢
Based on our findings, we can conclude that the AgNPs
synthesized using our approach consist of a mixed population
having different crystal structures as well as single-crystalline
nanoparticles.

The electrostatic stabilization of various AgNPs was esti-
mated by measuring their zeta potential values (ESI, Table S57).
The zeta potential value was found to be in the range from
—26.8 to —53.1 mV for particles with an average size between 5
and 100 nm. This can be attributed to extremely high surface
energies of nanoparticle suspensions. The stability of all AgNPs
was tested after repeated intervals (1, 3 and 6 months) using UV-
Vis and zeta potential measurements and no significant shift

3978 | RSC Adv., 2014, 4, 3974-3983
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either in absorption peak or zeta potential values was observed.
This implies that AgNPs prepared using this protocol can be
stored for relatively large periods without compromising their
stability.

3.2 Effect of AgNPs on bacterial growth

Dose-dependent growth kinetics of bacterial strains can be used
to assess the relative rate and extent of bactericidal activity of
silver nanoparticles. Fig. 4(a-c) demonstrates the growth
profiles of the three representative bacterial strains treated with
various concentrations of 10 nm AgNPs. The results showed
that for all the bacterial strains, introduction of silver nano-
particles affected the growth kinetics as compared to the
negative control (culture grown in absence of AgNPs). Bacterial
growth was reduced with an increase in AgNP concentration.™
At their respective MBC values, no visible bacterial growth was
observed up to 24 hours, and thus it represents the bactericidal
concentration for the specific bacterial strain. In the case of the
E. coli MTCC 443 strain, introducing 10 and 20 pg ml~" Ag(10)
caused ~18% and ~53% reduction in bacterial density as
compared to the control sample. Further, increasing concen-
tration of AgNP to 30 and 40 ug ml~* caused absence of bacterial
growth as these concentrations represent the MIC and MBC
values respectively, for the E. coli MTCC 443 strain. Interest-
ingly, for B. subtilis MTCC 441, an introduction of similar
concentrations of Ag(10) ie., 10 and 20 pg ml™" caused a
reduction of ~38% and ~84% in bacterial density as compared
to the control sample. Another gram positive bacteria S. aureus
NCIM 5201 caused ~14%, ~67%, and 97% reduction in cell
density for Ag(10) concentration of 20, 40 and 80 pug ml™,
respectively. Notably, the relative order of bacterial sensitivity
against 10 nm sized silver nanoparticles was found to be similar
as reported earlier.*

3.3 Size-specific antibacterial efficacy

To demonstrate the effect of the size of nanoparticles on the
antibacterial effect, four bacterial strains (Gram-negative and
Gram-positive, two each) were considered. The bacteriostatic
and bactericidal effects of AgNPs were determined in terms of
their MIC and MBC values (initial bacterial concentration, 10°
to 10° CFU ml "), respectively. To the best of our knowledge,
this is the first study illustrating such a detailed and systematic
study regarding, relative MIC/MBC values for a wide range of
size-controlled silver nanoparticles against various bacterial
strains as summarized in Table 2a and b. The MIC values for
different sized AgNPs were found to be in the range of 20 to 110,
60 to 160, 30 to 120, and 70 to 200 ug ml~* for E. coli MTCC 443,
E. coli MTCC 739, B. subtilis MTCC 441, and S. aureus NCIM
5021 bacterial strains. Similarly, the MBC values for the
respective strains were found to be in the range of 30 to 140, 90
to 180, 40 to 140, and 80 to >200 pg ml~'. Based on this
experiment we conclude that, silver nanoparticles exhibit
broad-spectrum biocidal activity towards many different
microbial strains and this antibacterial effect was found to be
size as well as dose dependent.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Growth profile of different bacterial strains in the presence of
varying concentrations of 10 nm silver nanoparticles i.e., Ag(10) (a) E.
coli MTCC 443, (b) B. subtilis MTCC 441 and (c) S. aureus NCIM 5021.

It is noteworthy that silver nanoparticles synthesized by our
method demonstrated better antibacterial efficacy than other
studies using nearly the same initial bacterial concentration,
bacterial species and size of the nanoparticles.**?”*® Although
Sondi and Salopek-Sondi*” depicted effective antibacterial
activity of silver nanoparticles of average size, 12.4 £+ 4.2 nm
against E. coli, even a nanoparticle concentration of 100 ug ml™*
could not contribute to complete growth inhibition for an initial
cell concentration of 10’ CFU ml™". In this study with initial cell

This journal is © The Royal Society of Chemistry 2014
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concentration in the range of 10° to 10° CFU ml ', silver
nanoparticles of average size 10 nm and 15 nm depicted MIC
values of 30 pg ml~" and 90 pg ml~" for E. coli strain MTCC 443
and strain MTCC 739, respectively. Interestingly, for the same
bacterial strains, i.e. E. coli MTCC 443, E. coli MTCC 739 and S.
aureus NCIM 5021, Ruparelia et al.** reported relatively higher
MIC values of silver nanoparticles of comparable size (40, 180
and 120 pg ml ', respectively versus 20, 60 and 70 pg ml™*
observed in this study) although the initial cell concentration
was lower (10°-10* CFU ml ™). Even for the larger nanopatrticles
(100 nm), the MIC values observed in this study were much
lower than those reported by Lara et al.?® for silver nanoparticles
of comparable size. Lara et al.’® reported a MIC value of ~9000
pg ml~" for the commercially manufactured AgNPs where the
antibacterial tests were performed at ~10° CFU ml™" initial
bacterial concentration.

Studies by various researchers have established citrate
stabilized AgNPs as an effective bactericidal nanomaterial.
El-Kheshen and El-Rab®® reported a MIC of 125 ug ml~" for the
citrate capped AgNPs against E. coli ATCC 8739 strain for an
initial bacterial concentration of 10° to 10° CFU ml ', The
AgNPs were found to be polydispersed in nature with a size
range of 20 to 65 nm. In addition to spherical nanoparticles,
rods, triangles, and irregular shapes were also reported. Thus,
their antibacterial activity can not solely be explained on the
basis of size, since the shape of the silver nanoparticles may
have a significant effect.'* A AgNP colloidal suspension (size, not
reported) has also been used by Taner et al.* for antibacterial
purposes with a reported MIC of >150 ug ml ™" against E. coli
DH50, strain at ~10® CFU ml ™" initial bacterial concentration.
Citrate stabilized AgNPs of varying size, ie., ~120 nm and
~160 nm exhibited variations in MIC and MBC values against
multi-drug resistant bacterial strains isolated from hospital
wastes for studies performed at 10° to 10* CFU ml ™" initial
bacterial concentration.** For Staphylococcus aureus and Bacillus
megaterium, the MIC/MBC values for these AgNPs were found to
be 60/160 pug ml~" and 80/160 pg ml~", respectively.

However, it was not feasible to compare all MIC/MBC values
reported in different studies because of the large variation in
various factors involved in the antibacterial studies, such as,
variation in initial bacterial concentration, microbial strains,
and composition of culture media.** Moreover, the size, shape,
crystallinity, surface chemistry and capping agent of silver
nanoparticles is likely to play a crucial role and may cause
variation in the antibacterial effect.**'**> Results showed that
the antibacterial potential of AgNPs was greatly enhanced as
their size was reduced from 100 nm to 20 nm. This effect was
even more pronounced for AgNPs with a size of 10 nm and
below, which favours direct contact with the bacterial cell.*****3
For a particular sized AgNP, the MIC/MBC values were found to
vary for different microbial strains and hence, indicate the
strain-specificity in antibacterial activity.>* Amongst the tested
strains, E. coli MTCC 443 and S. aureus NCIM 5021 were found
to be the most and least sensitive, respectively and this trend
was also reported by other researchers.** B. subtilis MTCC 441
was found to have moderate sensitivity against the synthesized
silver nanoparticles. However, the relative sensitivity cannot be
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Table 2 (a) Minimum inhibitory concentration (MIC, pg ml™) and (b) minimum bactericidal concentration (MBC, ng ml™?) values for silver

nanoparticles of varying size?

Q)

Bacterial strain Ag(5) Ag(7) Ag(10) Ag(15) Ag(20) Ag(30) Ag(50) Ag(63) Ag(85) Ag(100)
E. coli MTCC 443 20 20 30 30 40 50 80 90 90 110

E. coli MTCC 739 60 90 90 90 100 100 120 140 160 160

B. subtilis MTCC 441 30 40 40 50 50 60 80 90 110 120

S. aureus NCIM 5021 70 70 80 100 90 100 130 160 180 200
(b)

E. coli MTCC 443 30 30 40 50 50 80 100 110 130 140

E. coli MTCC 739 90 100 100 110 120 120 140 170 170 180

B. subtilis MTCC 441 40 50 50 60 70 80 100 120 130 140

S. aureus NCIM 5021 80 90 100 110 100 120 160 200 >200 >200

“ Studies were done at 10° to 10° CFU ml™" initial bacterial concentrations.

explained solely on the basis of a difference in cell membrane
composition, i.e., Gram negative versus Gram positive.

Results obtained by using disk diffusion tests (Fig. 5) were
also in good agreement with the MIC/MBC tests, where AgNPs
up to 10 nm size showed a clear zone of inhibition (ZoI) on agar
plates spread with E. coli MTCC 443 strain. The diameter of the
Zol was measured as 12.4 mm, 11.2 mm, 11.1 mm, and 6 mm
for Ag(5), Ag(7), Ag(10), and Ag(15) impregnated disks respec-
tively. Comparing with an earlier study, citrate capped silver
nanoparticles of similar sizes (~12 nm) demonstrated a smaller
width of Zol (2.3 mm) against E. coli.** This implies that the
small AgNPs synthesized using our approach have promising
antibacterial potential against microorganisms. The formation
of a Zol is an indication of the bactericidal potential of sub-15
nm AgNPs, where bacteria are incapable of surviving in this
zone, possibly due to release of silver (either in the form of
nanoparticles or ions) from the AgNP laden disks. Beyond this
zone the silver concentration was low enough to allow culture
growth. In contrast, for larger nanoparticles (i.e., >15 nm), a Zol
was not obtained which indicates a much inferior antibacterial
activity on agar plates as compared to that in liquid medium.
Besides, the release of silver from larger nanoparticles is
reported to be lower,” the mobility of the larger sized AgNPs
(>15 nm) through the semi-solid agar is also adversely affected,
such that an inhibition zone was not observed.

Fig.5 Disk diffusion tests for different sized silver nanoparticles against
the E. coli MTCC 443 strain. The zone of inhibition (Zol) is highlighted
with a dashed circle indicating a noticable antibacterial effect.

3980 | RSC Aadv., 2014, 4, 3974-3983

3.4 Comparative antibacterial potential at sub-10 nm scale

As mentioned earlier, the bactericidal efficacy of silver nano-
particles over a range of 5-100 nm is significantly enhanced as
the size of nanoparticles is reduced below 10 nm. Therefore, a
size-dependent antibacterial efficacy was tested against three
bacterial strains where the nanoparticles taken were of size 5, 7
and 10 nm, designated as Ag(5), Ag(7), and Ag(10), respectively.
For comparison, the concentration of individual nanoparticles
was considered at their MBC concentration for a particular
microbial strain, which inhibited bacterial growth. The initial
bacterial concentration was adjusted to 10° to 10® CFU ml™" in
50 ml nutrient broth while the time period for the antibacterial
activity was evaluated up to 3 hours, as the minimum time
necessary to achieve =99% (bacteriostatic effect) and =99.9%
bacterial killing (bactericidal effect)* is expected to fall within
this duration.

Fig. 6 represents the size dependent killing kinetics of Ag(5),
Ag(7), and Ag(10) against the E .coli, B. subtilis and S. aureus
bacterial strains used in earlier studies. In the case of E. coli,
Ag(5) showed bacteriostatic (99.45% killing) and bactericidal
effects (99.92% killing) in 60 and 90 minutes respectively, while
Ag(7) and Ag(10) displayed almost similar bactericidal efficacy
and both took almost double the time, ie. 180 minutes to
achieve =99.9% bacterial reduction. This clearly indicates that
the 5 nm AgNPs mediate the fastest bactericidal action by first
quickly inhibiting bacterial proliferation within 60 minutes and
thereafter achieving bacterial reduction over the next half an
hour. However, the extent of the bactericidal effect was found to
be nearly the same for all AgNPs at sub-10 nm scale. Similarly,
Ag(5) demonstrated the best antibacterial activity against B.
subtilis by achieving bacteriostatic (99.53% killing) and bacte-
ricidal effects (99.95% killing) within 90 and 120 minutes,
respectively. Silver nanoparticles of sizes 7 and 10 nm, displayed
similar bactericidal efficacy and =99.9% bacterial reduction
was observed in 180 minutes. Out of the three microbial strains
tested, S. aureus was found to be the least sensitive against silver
nanoparticles. This can be explained on the basis of the time
taken to achieve the bacteriostatic effect, which was prolonged
from 60 minutes for Ag(5), to 90 and 120 minutes for Ag(7), and
Ag(10), respectively. It took an unexpectedly longer time (150

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Killing kinetics of various bacterial strains exposed to silver nanoparticles with average particle sizes of 5, 7 and 10 nm at their MBC values.
Below each graph, the comparative efficacy of these nanoparticles when contributing to =99% of bacterial killing is presented.

minutes) to achieve complete reduction with Ag(5), while the
bactericidal effect (i.e., =99.9% killing) could not be achieved
for Ag(7) and Ag(10) within 3 hours. However, complete killing
can be expected if the duration of antibacterial studies is
extended further. As defined by Kaur et al.,*” the time-kill assay
of Ag(5) displayed its antibacterial efficacy to be ‘rapidly bacte-
ricidal’ for Gram-negative, E. coli and ‘fairly bactericidal’ for the
Gram-positive, B. subtilis and S. aureus strains.

The antibacterial effects of silver nanoparticles against all the
bacterial strains were enhanced significantly as the particle
diameter was reduced from 10 nm to 7 nm to 5 nm. This may be
attributed to the enhancement in surface area to volume (SA/V)
ratio with decrease in particle size. As size decreases the SA/V
ratio for individual particles increases and the relative particle
concentration also increases*>* thereby enhancing the overall
SA/V ratio of AgNPs in the system. From Table 1, the calculated
particle concentration (no. of particles per ml) of 5 nm AgNPs was
found to be ~3.1 and ~6.7 times higher than that present in
7 nm, and 10 nm AgNPs, respectively. The theoretical total
number of silver atoms present on the nanoparticles, after
accounting for variable yields in these systems, were almost of
the same order of magnitude (9.4x 10'%, 8.1 x 10'%, and 11.5 x
10", per ml). However, in terms of antibacterial efficacy, the total
number of silver atoms is less relevant than the overall SA/V ratio.

It has been reported that the nanoparticles of ~5 nm size
are characterized by an excess energy at the surface as their
band gap energy abruptly increases.*® These properties are
attributed to lattice contractions* which favor confinement of
electrons and are responsible for the “electronic effects” of
silver nanoparticles which thereby, enhance their direct
interaction with bacterial cells.>**** Results are consistent
with that of earlier studies where, the smallest AgNPs
demonstrated the best antibacterial activity against both
pathogenic and non-pathogenic bacterial strains, and activity
was attributed to the maximum contact area associated with

This journal is © The Royal Society of Chemistry 2014

them.?®** Although, the probable reason for antibacterial
activity of AgNPs cannot be fully explained by either release of
Ag" ions or by direct contact, significant enhancement in their
antibacterial effect, particularly below the 10 nm size range is
predominantly attributed to the contact mode Kkilling
mechanism,%10:12:13,42,52

3.5 Mechanism of bactericidal action

In support of the above discussions, the plausible role of AgNP-
bacteria interactions and its antibacterial effect was further
analyzed using FEG-TEM and SEM analysis (Fig. 7). Here, only
E. coli MTCC 443 cells treated with AgNPs (~10 nm) were
observed using FEG-TEM and SEM analysis. While untreated
cells (Fig. 7a) appeared normal with their characteristic shape,
cells treated with AgNPs (Fig. 7b) exhibited appreciable
shrinkage and irregular shape. The TEM micrograph showed
that AgNPs were present on the cell membrane and they
appeared to be attached to the lipopolysaccharide layer present
in the cell wall of Gram-negative, E. coli bacteria, as also
reported in previous studies.’>** A significant number of AgNPs
were also found inside the bacterial cell and this internalization
of AgNPs was further confirmed in STEM (scanning tunnelling
electron microscope) mode (ESI, Fig. S8t). The presence of
silver inside the bacterial cell was also analyzed using EDX
(Fig. 7c) and the characteristic Ag peak (~2.9 kV) was observed
even after post-fixation procedures. Using FEG-SEM images, it
was also found that the silver nanoparticles were invariably
present all over the bacterial surface (Fig. 7d). Thus, AgNPs were
present deep inside as well as on the bacterial surface.

Here, the AgNP-bacterial interaction can broadly be
explained through three approaches, which may occur singly
or concurrently. The first approach during their interactions
can be the electrostatic attraction between negatively charged
AgNPs (citrate stabilized) and positively charged residues of
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Fig. 7 FEG-TEM images of E. coli cells (a) untreated and (b) after
treatment with silver nanoparticles. Inset shows the magnified image
with the presence of silver nanoparticles, as shown by arrows. EDX
analysis (c) of the bacteria shows the presence of silver. The FEG-SEM
image (d) further confirms the presence of silver all over the bacterial
surface.

the integral membrane proteins on the bacterial surface.*
Another approach could be alteration in structural integrity or
physicochemical changes in the bacterial cell wall. This can be
explained on the basis of alteration in osmoregulation of the
bacterial cell which may cause extrusion of intracellular
material and may ultimately causes cell death. TEM results
showed that the AgNPs caused a series of similar changes on E.
coli. The wrinkled cell wall may indicate leakage of cyto-
plasmic contents outside the bacterial cell. As a third
approach, AgNPs tend to penetrate through bacterial
membranes,’* and this may facilitate their internalization
inside the cell. The formation of pits/holes and disruption of
the bacterial cell wall can explain the evidence of AgNP inter-
nalization. After internalization, AgNPs may cause inactivation
through multiple pathways, i.e. they may inhibit DNA repli-
cation,® block cellular respiration®*>** and may cause ROS
generations.* These mechanisms may occur in parallel and
contribute towards quick antibacterial effect.

However, it will require further efforts to elucidate whether
the antibacterial effect of AgNPs, particularly those below
10 nm, is entirely driven by direct cell-AgNP contact or by the
release of Ag' ions which could also play an important role.
Perhaps an initial AgNP-bacterial contact may trigger the
principal antibacterial mechanism by facilitating the entry of
AgNPs inside the bacterial cells followed by a burst release of
silver ions inside the bacterial cells just sufficient to cause the
bactericidal effect. Therefore, the hypothesis of a synergistic
mechanism between contact killing and silver release should
not be overlooked. Further studies are needed to explore the
above possibilities.
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4. Conclusions

Synthesis of AgNPs by a common synthetic protocol which is
facile and offers AgNPs with tunable sizes and low dispersivity is
a significant contribution. All AgNPs were found to be highly
toxic to the bacterial strains and their antibacterial efficacy
increased with lowering particle size. This effect was signifi-
cantly enhanced as the size of nanoparticles approached the
sub-10 nm range and, 5 nm AgNPs demonstrated the fastest
bactericidal activity as compared to 7 nm and 10 nm AgNPs at
their respective, MBC dosage. Interestingly, the extent of
bactericidal activity was found to be the same for 5, 7 and 10 nm
AgNPs irrespective of the bacterial strains used in this study.
The variation in their antibacterial effect therefore, could be
related to the particle concentration of the AgNP suspension.
Microscopic analysis of E. coli cells treated with the AgNPs
illustrated their interaction with the cell wall, which facilitated
their subsequent entry inside the cells. Silver nanoparticles of
8.6 nm average size synthesized using the current protocol have
been successfully immobilized on a surface functionalized
silica support for water disinfection application.” While this
study has illustrated the antibacterial efficacy of free silver
nanoparticles, subsequent studies may illustrate the effect of
size controlled AgNPs immobilized on a support. We believe
that along with the water disinfection application, these AgNPs
may be utilized effectively as a nano-coating for surgical devices,
instruments and wound healing bandages.
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