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Abstract The antimicrobial properties of bismuth
subsalicylate (BSS) nanoparticles against four oppor-
tunistic pathogens; E. coli, P. aeruginosa, S. aureus,
and S. epidermidis were determined. BSS nanoparti-
cles were synthesized by pulse laser ablation of a solid
target in distilled water under different conditions. The
nanoparticles were characterized using high-resolu-
tion transmission electron microscopy and absorption
spectra and small angle X-ray scattering. The analysis
shows that the colloids maintained the BSS structure
and presented average particle size between 20 and
60 nm, while the concentration ranges from 95 to
195 mg/L. The antibacterial effect was reported as the
inhibition ratio of the bacterial growth after 24 h and
the cell viability was measured using the XTT assay.
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The results showed that the inhibition ratio of E. coli
and S. epidermidis was dependant on the NPs size and/
or concentration, meanwhile P. aeruginosa and S.
aureus were more sensitive to the BSS nanoparticles
independently of both the size and the concentration.
In general, the BSS colloids with average particle size
of 20 nm were the most effective, attaining inhibition
ratios >80 %, similar or larger than those obtained
with the antibiotic used as control. The results suggest
that the BSS colloids could be used as effective
antibacterial agents with potential applications in the
medical area.
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Introduction

Different based-bismuth compounds have been used in
medicine for the treatment of a variety of gastroin-
testinal disorders related with the presence of Heli-
cobacter pylori (Delchier et al. 2014; Ge et al. 2012;
Pacifico et al. 2012; Tillman et al. 1996). In addition,
numerous studies have reported the use of bismuth salts
as components of haemostatic wound dressings (Kim
et al. 2012; Tramontina et al. 2002), local antiseptics
(Serena et al. 2007) and biocompatible radiopaque
agents (Hernandez et al. 2007; Kim et al. 2008). Based
on the well-known sensitivity of H. pilory to bismuth
compounds like bismuth subsalicylate (BSS), bismuth
subnitrate (BSN), and colloidal bismuth subcitrate
(BSC), the antibacterial effect of these compounds
against other microorganisms such as Clostridium
difficile (Mahony et al. 2005), Pseudomonas aerugi-
nosa (Alipour et al. 2011), Escherichia coli (Brogan
et al. 2005), and Staphylococcus sp. (Shaikh et al.
2007) among others, had also been studied.

The first reports concerning the therapeutic uses of
bismuth subsalicylate included the treatment of early
syphilis (Pardo and Pardo Castello 1952), diarrhea
(DuPont 1987; DuPont et al. 1977), and even viral
gastroenteritis (Steinhoff et al. 1980). In the same
fashion, there are numerous studies regarding the
effectiveness of this compound in the inhibition of the
growth of species related to gastrointestinal disorders
like Escherichia coli, Salmonella, Shigella and Campy-
lobacter sp. (Andreasen and Andersen 1987; Cornick
et al. 1990; Manhart 1990). It is important to mention
that the antibacterial activity of BSS is attributed to the
water-soluble bismuth products produced by the inter-
action of insoluble bismuth compounds with dietary
components and organic substrates (Mahony et al.
2005). It has been proposed that the crystalline structure
of bismuth subsalicylate and the bismuth oxide cores of
this compound control its antimicrobial activity (An-
drews et al. 2006; Manhart 1990). The reports regarding
the mechanism of action of BSS suggest that this
compound can inactivate Gram negative toxins (Eric-
sson et al. 1977), additionally, bacteria exposed to BSS
may have a cessation of ATP synthesis and a loss of
membrane integrity causing their inhibition growth
(Sox and Olson 1989).

In recent years, the use of nanoparticles has been
proposed as possible new antimicrobial agents (Bote-
quim et al. 2012; Hajipour et al. 2012; Huh and Kwon
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2011). Many studies suggested that nanoparticles with
antibacterial effects could be less toxic to eukaryotic
cells and more important, could reduce microbial
resistance compared to conventional antibiotics (Good-
man et al. 2004; Schaller et al. 2004; Weir et al. 2008).

Regarding the potential uses of bismuth nanopar-
ticles in the medical field for antimicrobial activity,
few reports, in comparison to those concerning Ag or
Cu NPs, have been published (Hernandez-Delgadillo
et al. 2012, 2013; Nazari et al. 2014) and such papers
are related to metallic bismuth nanoparticles. The aim
of the present work was to evaluate the antimicrobial
activity of bismuth subsalicylate nanoparticles (BSS-
NPs), in order to demonstrate their possible applica-
tions as antibacterial agent in a colloidal presentation,
similar to the well-known colloidal silver solutions
(dos Santos et al. 2014; Markowska et al. 2013;
Mijnendonckx et al. 2013).

The first challenge was the production of the BSS
nanoparticles, for which pulsed laser ablation (PLA)
of a BSS target in water was chosen as the most
suitable technique. Immersed PLA is known as a
physical vapor deposition technique that allows the
formation of NPs keeping the composition and
chemical structure of the target material (Yang
2012). Due to the low solubility of the BSS on water,
it was possible to obtain BSS in a colloidal presenta-
tion. In this study, the antibacterial activity was
evaluated against four opportunistic pathogens, two
Gram negative species; E. coli and P. aeruginosa that
have been reported as the first causes of chronic wound
and orthopedic-implant infections (Cremet et al. 2015;
Rybtke et al. 2015). Additionally, two Gram positive
strains Staphylococcus aureus and Staphylococcus
epidermidis were also included in the study; these
species are responsible for the biofilm growth found
on explanted orthopedic devices and in recent years
have emerged as some of the most important causes of
nosocomial infections (Harris et al. 2002; Riool et al.
2014).

Materials and methods

Synthesis and characterization of the BSS
nanoparticles

The BSS-NPs were produced using the laser ablation
of solids immersed in water, using the experimental
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Fig. 1 Schematic of the experimental setup used for the
synthesis of the BSS nanoparticles using pulsed laser ablation
of solids in liquids

setup shown in Fig. 1. A Nd: YAG laser emitting at the
fundamental wavelength of 1064 nm, with a 28 ns
pulse duration, a repetition rate of 20 Hz and a
maximum output energy of 135 mJ was used. The
bismuth subsalicylate (C;HsBiO4) target 99.99 %
purity (FQ specialties SA de CV) was placed at the
bottom of the glass and immersed in distilled water.
The laser was directed to the target surface using a
mirror and a focusing lens. During the ablation
process, the glass container was rotated in order to
avoid drilling of the target. Synthesis parameters like
the ablation time and lens distance were manipulated
to modify two important characteristics of NPs: the
average size and the concentration. The nanoparticle
average size was varied by changing the energy
density deposited on the target surface; such energy
variation was achieved by adjusting the focusing lens
distance, while the nanoparticles concentration was

changed by adjusting the ablation time (Table 1). The
name of the sample was given depending of the
average size obtained in each sample, i.e., BSS-60
(58 nm), BSS-45 (45 nm), BSS-30 (31 nm) and 20
(22 nm).

Transmission electron microscopy (TEM) mea-
surements were performed using a JEOL JEM 2010 at
an acceleration voltage of 200 kV. Energy dispersive
spectroscopy (EDS) measurements were also carried
out in the TEM.

The particle size distributions obtained by TEM
correspond only to the counting of a reduced
number of NPs, thus to obtain a more representative
average particle size, small angle X-ray scattering
(SAXS) measurements were performed. The SAXS
measurements were performed using an Ultima IV
X-ray Rigaku diffractometer in the transmission
mode of the small angle scattering stage. The SAXS
patterns, scattering intensity versus 20, are produced
due to the differences in the electron density
between the particles and the surrounding media,
so it depends on the form of the particles. Therefore,
for the simulation of the SAXS profiles, BSS
spherical particles in water were assumed. The
simulation was performed using the Rigaku-Nano-
solver program leading to the average diameter and
variance. The advantage of the SAXS method is that
it measures the colloids placed directly into glass
capillaries without further preparation, so it is a
nondestructive and quick method.

To determine the concentration of the BSS in the
colloids, five samples were prepared at fixed lens
distance (22 cm) and laser power (130 mJ), while the
ablation time was increased from 2 to 7 min. The UV—-
Vis absorption at 280-295 nm was correlated to the
corresponding mass-weight of the samples prepared at

Table 1 Synthesis parameters and characteristics of the BSS colloidal samples

Samples Lensdistance (cm) Ablationtime (min) Concentration (mg/L)* Size (nm)® Dispersion (%)°
BSS-60 21 4 183 58 60
BSS-45 22 4 150 45 72
BSS-30 23 4 95 31 69
BSS-20 24 8 193 22 84

* Concentration determined using the calibration curve shown in Fig. 5

° Average size measured using SAXS (Fig. 3)

¢ Dispersion of the average size obtained from the SAXS analysis (Fig. 3)
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different ablation times using the Beer-Lambert law.
The mass-weight of each sample was obtained after
evaporating the water at 80 °C for 5 h. Using these
five data, an extended calibration curve was con-
structed where the mass-weight of these five samples
was plotted versus the maximum of the absorption
band. This calibration curve allows us to estimate the
concentration of any other sample just by measuring
the maximum absorption in the 280-290 nm range. In
addition, due to the fact that the UV—Vis spectra are
quite sensitive to any change in the studied colloid, the
stability in time of the colloids was also evaluated
using the UV-Vis spectra.

Antibacterial assays

The bacterial strains used in this study were E. coli
(ATCC 33780), P. aeruginosa (ATCC 43636), S.
aureus (ATCC 25923) and S. epidermidis (ATCC
14990). All the strains were obtained as freeze-dried
cultures of American Type Culture Collection
(ATCC). For the experiments, the growth of pure
cultures of each strain was harvested from agar
surfaces and suspended in individual tubes with
enriched TSB (Trypticase soy broth) added with
0.3 pg/mL menadione (Sigma-Aldrich) and 5 pg/mL
hemin (Sigma-Aldrich). The optical density (OD) of
each tube was adjusted in a spectrophotometer at
600 nm, in order to obtain 10° bacterial cells per
milliliter of each strain. Then, 20 pL of the adjusted
suspension of the four bacterial strains were individ-
uvally transferred in 96-well microplates and the four
different samples of BSS-NPs were tested against each
strain in a total volume of 200 pL. Culture medium
was used as negative control and Ciprofloxacin
(180 pg/mL) was used as positive control. The
bacterial strains with the BSS-NPs were incubated at
37 °C using orbital shaking at 160 rpm during 24 h.
After the incubation, cell viability was analyzed using
the XTT-PMS assay (Sigma-Aldrich); 10 pL of XTT-
PMS reagent was added to each well and incubated
during 3 h at 37 °C, then the absorbance was
measured at 450 nm (reference wavelength 620 nm)
using the FilterMax F5 (Molecular Devices, USA). All
tests were run in triplicate.

The antibacterial effectiveness of the BSS-NPs was
expressed as the inhibition ratio according with the
following equation:

@ Springer

Al — A2
Inhibition Ratio (%) = (T) x 100

where, A1 Absorbance at 450 nm in for the bacteria in
the culture medium (negative control), A2 Absorbance
at 450 nm in presence of a bacterial growth inhibitor;
Antibiotic (positive control) or BSS-NPs.

Additionally, bacterial growth curves were made in
order to determine if the inhibitory effect was either
bactericidal (killing effect) or bacteriostatic (growth
inhibition). The four bacterial strains adjusted to 10°/
mL were individually placed in 96-well microplates
with or without BSS NPs in a total volume of 200 pL.
The bacterial strains were incubated at 37 °C using
orbital shaking at 160 rpm and the absorbance was
measured at 620 nm using the FilterMax F5 at 4, 8, 12,
24,48, and 72 h.

The data analysis for the antibacterial tests was
performed using ANOVA, and significant differences
between the samples were determined using Bonfer-
roni’s modification.

Results
Characterization of the BSS Nanoparticles
Size distribution

Transmission electron microscopy, TEM  Transmission
electron microscopy was done on the colloids
synthesized at different ablation conditions, obtaining
spherical nanoparticles (NPs) in a wide range of
particle size. The results suggested that the focusing
distance was the main parameter controlling the
average size of the BSS-NPs.

One example (focusing lens distance of 24 cm) of
the high-resolution TEM images is shown in Fig. 2a,
b. The images were used to measure the interplanar
space of the observed crystalline nanoparticles. The
interplanar distances were 3.67, 9.85, and 4.91 A
corresponding to the (302), (011), and (22-1) planes
for the BSS structure, respectively, as reported in the
PDF cards (7001563 and 7001555). Moreover, a EDS
analysis was performed and the spectra (not shown)
confirmed the presence of bismuth and oxygenina 1:4
compositional ratio, as in the BSS (C;HsBi0O,) without
other elements.
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Fig. 2 a, b High-resolution TEM images of the BSS nanoparticles. The inset shows the electron diffraction pattern image of SSB
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Fig. 3 Small angle X-ray scattering profiles for the colloids
synthesized at different lens distances, but keeping the ablation
time and laser power fixed. The normalized distribution was
obtained assuming spherical nanoparticles

Small angle X-ray scattering, SAXS Since sample
preparation and analyses using HRTEM were time
consuming and not necessarily representative of the
average size of the NPs produced under each one of the
synthesis conditions, then a set of samples produced at
different focusing lens distances were produced for
SAXS analysis. Figure 3 shows the variation of the
average size as a function of the lens distance, the
overall behavior observed was that the larger the lens
distance, the lower the nanoparticle size. Such a result
was expected since as the focusing lens is separated
from the target, the area (or spot size) where the laser

—=— 33 mg/L
—— 22 mg/L
—— 133 mg/L
—— 166 mg/L
—— 150 mg/L
—=— bulk (100 mg/L)

Absorbance (a. u.)

. . N L . 1 .
200 220 240 260 280 300 320 340
Wavelength (nm)

Fig. 4 UV-Vis absorption spectra of BSS nanoparticles in
aqueous solution

deposits its energy increases, and then the density of
energy deposited on the target decreases (Yang 2012).
The information presented in Table 1 included the
average diameter and the size dispersion of the BSS
NPs from the analysis of the SAXS profiles.

Concentration and stability

Figure 4 shows the absorption spectra of the colloids
reported in Table 1 and the spectrum of 100 mg/L of
BSS-salt in water is also shown. Although, we could
not find molecular reference spectra that allow the
proper identification of BSS, the fact that similar
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absorption bands are observed for the dispersed salt
in water and the colloidal solution obtained after the
ablation process is a good indication of a similar
molecular structure. The BSS is considered as a
bismuth oxide core structure with salicylate ions
attached to the surface or as a bismuth salt of
salicylic acid; therefore, the functional groups asso-
ciated to the salicylic acid are expected to dominate
the UV-Vis spectra. The UV-Vis spectrum of
dissolved salicylic acid shows two main electronic
absorption bands about 234-237 and 296-303 nm
depending on the medium (Purvis 1926, 1927), being
the latter the most intense and characteristic. Both
peaks are in good agreement with the two signals
observed in Fig. 4, suggesting that indeed the UV-
Vis spectra are dominated by the electronic transi-
tions from the salicylic molecule (the lower band
around 190 nm is not very precise since the cut-off
wavelength for water is about 205 nm). Moreover, it
can be observed that the intensity of all the
absorption bands is enhanced for the colloids in
comparison to the salt, effect which might be related
to the low solubility of the BSS salt.

The calibration curve (mass-concentration in mg/L
vs. maximum values of the absorption peak at
280-295 nm) described in “Synthesis and character-
ization of the BSS nanoparticles™ section is shown in
Fig. 5; the five samples used for the calibration are

200

150 i )'/?2==484ég$x -304.27 O BSS-60

160 -

140-—
120-—
100-—
80-—
60-—
40.—

Concentration (mg/L)

20 -

0 L 1 " 1 " 1 " 1 " "
0.6 0.7 0.8 0.9 1.0 1.1
Absorbance (a. u.)

Fig. 5 Calibration curve obtained from the maximum values of
the absorption peak at 280-295 nm versus the mass-concentra-
tion in mg/L for the samples deposited at different ablation
times. The blue circles correspond to the samples used for the
antimicrobial tests
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shown as red squares. It can be observed that a good
linear correlation (R2 = 0.987) was obtained, allow-
ing the estimation of an equation to correlate absorp-
tion intensity with the BSS concentration. Figure 5
also shows that the absorption intensity of the BSS-20,
BSS-30, BSS-45, and BSS-60 samples, shown as blue
open circles, lies correctly in the correlation line.
Therefore, the concentrations (mg/L) of these four
samples were obtained using the equation shown in
Fig. 5 and are included in Table 1.

The stability in time of the colloids is shown in
Fig. 6. The absorption spectrum of a sample is shown
as a function of the storage time. Most probably after
6 days the nanoparticles start to agglomerate since
non-surfactant agents were used, so the absorption
spectra were modified. Then all the characterization
and the antibacterial experiments were done within
this time window.

It is important to mention that the X-ray diffraction
(XRD) patterns of the desiccated samples were also
measured to obtain corroboration of the BSS structure.
Figure 7 shows the pattern of one of the desiccated
samples in comparison to the XRD pattern from
original salt. The intensities have been normalized to
the main peak for comparison, since the amount of
material from the colloidal samples was much less; the
intensity of their peaks was considerable smaller.
Nevertheless, most of the BSS peaks were found in

1 hour
—— 1 day
K —— 3 days
N —— 4 days
—— 6 days
—<— 7 days
—— 11 days
., | —=— 12 days
% |—— 15 days

Absorbance (a. u.)

L L 1 L Il L : T
260 280 300 320 340
Wavelength (nm)

Fig. 6 Amplification of the absorption spectra in the
260-340 nm in order to show the stability of the nanoparticles
as a function of the storage time
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Fig. 7 XRD of the powder obtained for the calibration curve
was also characterized by X-ray diffraction and compared to the
BSS original salt showing that similar patterns were obtained

both samples and they were in good coincidence with
some of the reported data for bismuth subsalicylates
(PDF cards 7001563 and 7001555), although not a
perfect match was found due to the chemical hetero-
geneity of the BSS structure.
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Antibacterial activity

For the antibacterial test, the four different BSS
nanoparticles samples described in Table 1 were used.
The antibacterial effect of the bismuth subsalicylate
colloids against the different bacterial strains was
expressed as the inhibition ratio and is shown in
Fig. 8a—d.

Figure 8a shows the inhibition ratio against E. coli
and it can be seen that high inhibition ratios can be
obtained for the BSS-60, BSS-30, and BSS-20 sam-
ples reaching nearly 90 %. Significant differences
were observed using the BSS-20 sample, which
corresponds to the minimum particle size (22 nm)
and larger concentration (193 mg/L) sample.

When P. aeruginosa was exposed to the different
BSS-NPs, the results showed that this strain was
sensitive to all the BSS-NPs samples (Fig. 8b). An
increasing inhibition ratio was observed as the particle
size was decreased. Once again, sample BSS-20 was
the most effective showing an inhibition ratio of 83 %.
Significant differences were only observed between
samples BSS-20 vs. BSS-45 and BSS-30 (P < 0.05).

b P. aeruginosa

100

Inhibition Ratio (%)
S [=2] @
o o o

N
o
T

BSS 20
* p<0.05

AN

0
Control + BSS60 BSS45 BSS30

d S. epidermis

100 -

80

60

40t

Inhibition Ratio (%)

20 +

BSS 20
* p<0.01, ** p<0.001

0
Control + BSS60 BSS45 BSS30

Fig. 8 a, d Antibacterial effect (inhibition ratio) of the bismuth subsalicylate nanoparticles against a E. coli, b P. aeruginosa, ¢ S.
aureus and d S. epidermidis. The significances were estimated using the ANOVA test and Bonferronis modification
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Similar findings were observed when S. aureus was
tested, since all the samples showed a higher inhibition
ratio than the antibiotic (Fig. 8c). Significant differ-
ences were found between BSS-20 versus positive
control and BSS-30 versus positive control (P < 0.05
and P < 0.01, respectively).

Finally, when S. epidermidis was tested (Fig. 8d),
samples BSS-45, BSS-30, and BSS-20 presented a
good antibacterial effect (76.2, 62.3, and 85.3 %,
respectively), while sample BSS-60 shows an inhibi-
tion ratio of only 11.9 %, significantly lower than the
other samples (P < 0.01).

In general, it was observed that the inhibition ratio
obtained for E. coli and S. epidermidis was affected by
the NPs sizes and/or concentrations, meanwhile P.
aeruginosa and S. aureus presented high bacterial-
growth inhibition ratios independently of both the NP
size and the concentration.

An additional experiment was carried out to
elucidate the bactericidal (killing effect) or the bac-
teriostatic effect (inhibition of the growth) of the BSS
nanoparticles. The bacterial growth of the four strains
with and without BSS-20 NPs was measured during 4,
8,12, 24,36,48, and 72 h. Bacterial growth curves are
presented in Fig. 9. The results suggested that the BSS
nanoparticles had a bactericidal effect on the four
strains tested, since the logarithmic growth phase
observed when bacteria were incubated only with the
culture media was not attained when the BSS
nanoparticles were added.

3.0+
E 25}
[=)
S L
® 20 —— S qureus
= —&— S epidermidis
2 15 —A— P aeruginosa
g | —¥— E coli
8 —(— S aureus/BSS-NPs
0 10 —O— S epidermidis/BSS-NPs
8 L —/— P aeruginosa/BSS-NPs
£ 05 —/— E coli/BSS-NPs
o I
I7A I 7%
0.0 I - ; ; : i ; Y
0 10 20 30 40 50 60 70 80
Hours

Fig. 9 Bacterial growth curves of the four strains, with and
without bismuth subsalicylate nanoparticles. The tests were
performed using the BSS-20 sample
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Discussion

The laser ablation of solids immersed in liquids
technique was employed in the present work in order
to obtain nanoparticles of BSS in distilled water. This
technique allows obtaining the colloids with different
average sizes and concentrations by changing two
parameters, the energy density (fluence) deposited on
the target and the ablation time. In the present
experiment, the output energy of the laser was kept
constant, so that the fluence was varied by changing
the size of the irradiated area on the target (spot size),
which was done by changing the distance between the
focusing lens and the target. A larger spot size
produces a lower fluence and the results showed a
trend indicating that the lower the fluence, the lower
the nanoparticles size. This could be due to a lower
mobility of the produced particles leading to a lower
interaction between them, avoiding in this way the
agglomeration that can induce an increase of the
nanoparticle size. The concentration of the nanopar-
ticles in a certain range of values can be varied by
varying the ablation time, up to the moment when the
liquid became highly saturated and the laser could not
reach the target surface. This technique permits
obtaining high purity BSS nanoparticles as no other
chemical substances are needed for their production
and the obtained colloids could be directly used in the
antibmicrobial tests, against four important oppor-
tunistic pathogens such as E. coli, P. aeruginosa, S.
aureus and S. epidermidis. The structural and molec-
ular characterization of the colloids demonstrated that
bismuth subsalicylate nanoparticles were produced.
The results showed similar or better antimicrobial
effect than the antibiotic used as control (ciproflox-
acin) on three of the four strains tested.

It is well known that the bactericidal effect of
bismuth subsalicylate salts is limited due to their low
solubility (Slikkerveer and de Wolff 1989), and it has
been reported that at least 1-50 mM of BSS are
required to inhibit the growth of species like E. coli,
Salmonella, Shigella and Campylobacter sp. (Manhart
1990). In our study, the highest concentration
tested was 193 mg/L (BSS-20 sample) equivalent to
0.533 mM, demonstrating the therapeutic potential
use of antibacterial nanomaterials. Despite the fact
that there are no published data regarding the synthesis
and antimicrobial properties of BSS nanoparticles,
some studies have reported the antibacterial and
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antifungal effectiveness of zero-valent and bismuth
oxide nanoparticles (Hernandez-Delgadillo et al.
2012, 2013) as well as the use of X-ray excited Bi
nanoparticles to kill multidrug-resistant P. aeruginosa
(Luo et al. 2013) and more recently, a paper reported
the inhibition of H. pylori using carboxyl-capped
bismuth nanoparticles (Nazari et al. 2014).

Since no other studies regarding the bactericidal
effect of Bismuth subsalicylate nanoparticles were
found, the following discussion presents a comparison
between our results and the effect of other nanopar-
ticles tested as antimicrobial agents for each one of the
four strains tested, a summary of these studies is
presented in Table 2.

With respect to S. aureus, we did not observed a
strong dependence of the bacterial-growth inhibition
ratio with either the concentration or the particle size,
since all the BSS colloids were effective in killing the
80 % or more of the bacterial population. Tsuang et al.
reported a 100 % inhibition of S. aureus using 20 nm
TiO, UV activated nanoparticles; however to obtain
this result a concentration of 1 x 10° mg/L of TiO,
nanoparticles was needed (Tsuang et al. 2008). In
contrast, using the BSS-20 nanoparticles of similar
average size (22 nm), we obtained a 90 % of growth
inhibition with a concentration of 193 mg/L. Another
study reported an inhibitory effect against S. aureus
using 40 nm silver nanoparticles and a concentration
of 80 mg/L (Fayaz et al. 2010) which are similar to the
BSS-30, where we obtained an 81 % of growth
inhibition using 95 mg/L. Lower concentration has
only been reported to be effective when much smaller
NPs are used, such as in the case of palladium
nanoparticles reported by Adams et al. (Adams et al.
2014). In that paper, a concentration of 1.06 mg/L of
Pd NPs was effective to attain 85 % of inhibition using
2.5 nm particles, 60 % using 2 nm, and 45 % using
3.1 nm particle size.

Regarding the inhibition of P. aeruginosa, the BSS
nanoparticles with a particle size of 22 and a
concentration of 193 mg/L showed the best antibac-
terial effect with an inhibition ratio of 83 %. Compa-
rable results were reported using Bi nanoparticles of
30 nm and a concentration of 200 mg/L (92 %
inhibition ratio) (Luo et al. 2013), as well as 100 %
inhibition ratio (minimum inhibitory concentration,
MIC) using ZnO nanoparticles with an average size of
13 nm and 220 mg/L (Feris et al. 2010). Other studies
using silver nanoparticles have reported an 80 % and a

95 % of inhibition of P. aeruginosa (Khan et al. 2011;
Morones et al. 2005), using particles of 43 nm and
10 nm at lower concentrations of 15 and 75 mg/L,
respectively. Using TiO2 UV-activated nanoparticles,
a 100 % of inhibition (MIC: 1x10° mg/L) of P.
aeruginosa has been reported, although to achieve this
result a high concentration and UV illumination were
required (Tsuang et al. 2008).

The results obtained when E. coli and S. epider-
midis were exposed to the BSS nanoparticles sug-
gested that these strains were more sensitive to the
nanoparticle size. For example, a 90 % inhibition of
the growth of E. coli was obtained when the BSS-20
were used, while only a 23 % inhibition was obtained
when the BSS-45 were tested. Different studies have
reported a good antibacterial effect against E. coli
using Ag nanoparticles; one study reported an 80 % of
inhibition using a concentration of 75 mg/L and a
particle size of 10 nm (Morones et al. 2005) and more
interestingly, MIC concentrations of 30 mg/L were
reported when using 40 nm silver nanoparticles
(Fayaz et al. 2010). The antimicrobial effect of oxide
nanoparticles has also been reported; Jiang et al.
compared the effect of Al203 (235 nm) and SiO2
(46 nm) nanoparticles, reporting a 47 and 60 % of
growth inhibition using a concentration of 20 mg/L
(Jiang et al. 2009). Nanoparticles of NiO (25 nm),
Zn0 (40 nm) and CuO (79 nm) have showed bacterial
inhibition ratios of 88, 71, and 77 %, respectively,
against E. coli using a 20 mg/L concentration (Wang
et al. 2010). Using Pd nanoparticles, a complete
inhibition of the growth of E. coli was achieved using a
concentration of 1.06 mg/L and a particle size of
2 nm; however, for larger Pd nanoparticles (2.5 and
3.1 nm) the inhibition of the growth decreases to the
70 % (Adams et al. 2014). These results indicated a
size-dependent inhibition; lower sizes were more
effective to inhibit the growth of E. coli. The effect
of the concentration or the chemical composition is not
so clear, meaning that studies about the antibacterial
mechanism of action of the nanoparticles are required.

In the case of S. epidermidis, we observed that the
nanoparticles with the higher particle size (BSS-60)
and a concentration of 183 mg/L were the less
effective, with only a 12 % of inhibition ratio, while
the BSS-20 (193 mg/L) inhibited up to 85 % of the
growth. Recently, the antibacterial effect of silver
nanoparticles against S. epidermidis was reported;
Tomita el al. reported a 90 % of inhibition using Ag-

@ Springer



J Nanopart Res (2015) 17:431

431 Page 10 of 13

sypuLiaplyond
(#102) 'Te 10 IewnyIUB[Rd “Jy PUR SU2IGID *) ‘SIpruLiapida *§ ‘Sauadodav i ‘syuqns g ‘viuownaud Y  ()0g 0} G WO 8¢ 01 G ouz
(¥100) T8 19 1wy sipuLiaprds - pue 102 g ‘avpuounaud -y LTOT PU® €07 8¢l a1 g¢ ouz
(L00T) 'Te 12 Sueyz 102 "4 QST 01 001 woi 6v¢C ouz
(0100) T8 19 stRg psousnian g Gre 01 6L WOl el ouz
(1102) e 12 Axsaodry snaany °§ pue sipruiopida °g 1°0 pue €0°0 0S OUZ pue “OLL
(8007) 'Te 12 Suensg, SINSDAf g puv ‘apaiy " ‘Snanp g ‘vSoursnian “d 1103 g 000°01 0C OLL
§9C
(¥102) T8 19 swepy §nanp g pue 1027 - 01 90100°0 WOl reocg Pd
€€ ‘6L fOLL ‘0D
(0107) 'Te 10 Suepm o> °'d 001 pue O¢ ‘69 Sy ‘0v ST YOf0D 0% ‘OuZ ‘OIN
(010T) "Te 12 rrodsry o> °q SCle Y4 n
(¥107) ‘T8 10 LezeN uold'y Oyl 01 O Wolq 001 1gq padde)-1Axoqre)
(€100) e 10 Loy sypordoy - puesipiuLapids g ‘pSOUISHIIV °d 8k PUB $TT ‘T11 91 oD
(€100) & 19 [43%9)
o[[IpeS[eQ-ZapueuIoy sundIqp ") 01 G911 wol LL toug
(€107) Te 19 on] psousnIaY " 002 Pu® 0T ‘T 0¢ qd
(z100) T° 19
o[[Ipe3[2g-ZzopuruIoyq suvpnut g 81 PuB $01 ¢ 19
#102) ‘Te 32 BHWO], SYDIaD[ 3 pUR SUIDSIIUDWL “§ ‘SIPIULIIPIdD S DSOUISNLID " ‘10D “7 0€ 01 G wox] 5991 3y
#102) 'Te 10 e10g 231U Y pup Supo1qp ) ‘1702 H ‘DSOUIINAap g ‘Sipruiapida g G 0} [ wox or 9 GS'1 3y
(0107) 'Te 10 zekeg snapn] W pue snanp “§ 1403 g ‘mds g 08 (1% Sy
(S007) 'Te 32 SQUOIOA snydqy *§ pue 102 5 ‘DLJOYD "A ‘DSOUISNAID " (0] 0} GT WOL] 01 3y
(1102) TB 12 ueyy] aptuowmaud Y pue ‘Syuqns ‘g ‘Dsourdniav g 0€ 03 | woxy I 3v
(1/3w)
0UIRJY urens [eLLoRyg UuoneNUAIUOD (wu) 9718 uonisodwo))

109JJ9 [BLIIOBqIIUE M SAIpmIs dponedoueN ¢ d[qe],

pringer

As



J Nanopart Res (2015) 17:431

Page 11 of 13 431

triptophane nanoparticles of 17 nm an a concentration
of 20 mg/L (Tomita et al. 2014) and Bera et al.
reported a MIC of 1.95 mg/L with fluorescent Ag
nanoparticles of 1.5 nm (Bera et al. 2014). Finally,
another study has reported the use of CaO nanopar-
ticles to inhibit S. epidermidis, using a particle size of
16 nm and a MIC of 112 mg/L, and a minimum
bactericidal concentration of 224 mg/L. (Roy et al.
2013).

Collectively, our results suggest that a better
bactericidal effect was always obtained with the
smaller BSS-NPs. However, the effect of the concen-
tration needs to be properly investigated, and further
work is required in order to understand the antibac-
terial mechanism of action of the bismuth subsalicy-
late nanoparticles.

Conclusions

The laser ablation of solids immersed in liquid media
is an easy method that allowed synthesizing BSS
nanoparticles with average sizes between 20 and
60 nm dispersed in distilled water. The size dispersion
was relatively high, so it might not be suitable for
production of monodispersed NPs, unless a size-
selecting process is applied after deposition. Never-
theless, the tested colloids were efficient to inhibit
bacterial growth of four pathogen strains in superior
ratios than the antibiotic control, being the most
efficient the BSS colloid with the minimum particle
size (BSS-20).

These results suggest that BSS-NPs could be very
interesting antibacterial agents with many applications
in the medical area.
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