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Background: Bismuth compounds are known for their activity against multiple microorganisms; yet, the antibiotic
properties of bismuth nanoparticles (BiNPs) remain poorly explored. The objective of this work is to further the
research of BiNPs for nanomedicine-related applications. Stable Polyvinylpyrrolidone (PVP)-coated BiNPs were
produced by a chemical reduction process, in less than 30 min.

Results: We produced stable, small, spheroid PVP-coated BiNPs with a crystalline organization. The PVP-BiNPs
showed potent antibacterial activity against the pathogenic bacterium Staphylococcus aureus and antifungal activity
against the opportunistic pathogenic yeast Candida albicans, both under planktonic and biofilm growing

Conclusions: Our results indicate that BiNPs represent promising antimicrobial nanomaterials, and this facile
synthetic method may allow for further investigation of their activity against a variety of pathogenic
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Background

Bismuth (symbol: Bi, Z=83, A =208.98) is a metallic
element, non-toxic for humans (Lethal Intake >5-20g/
day/Kg, for years) [1, 2]. Bismuth is insoluble in water but
soluble in some organic solutions. The water-solubility
and lipophilicity of bismuth can be enhanced when it is
complexed with lipophilic molecules [3] and its biocom-
patibility is increased when it is chelated with hydroxyl or
sulthydryl groups. Bismuth compounds have been used in
medicine for more than two centuries [4]. Bismuth subsa-
licylate has been utilized to treat diarrhea-related ailments
since the 1900s [5], and most recently, bismuth
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compounds have been used in computed tomography im-
aging and anti-cancer therapy [6, 7]. In the U.S., around
30% of the bismuth compounds are used for cosmetic and
pharmaceutical applications [4].

Several bismuth compounds display antibacterial and
antifungal activity [8, 9] and can outperform the inhibitory
activity of conventional antibiotics [10]. When bismuth is
thiolated, such as in the case of bismuth-thiols (BTs) com-
plexes, its antimicrobial activity is further enhanced [11].
Bismuth-dimercaptopropanol (bismuth-BAL) and other
BTs display anti-biofilm activity [12]. Additionally, the
thiolation of bismuth complexes increases their stability
[13]; however, BTs stability is still relatively low when
compared to other antimicrobial agents [14].
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The stability and antimicrobial activity of bismuth can
be improved using nanotechnological approaches, as the
detailed control of size, structure, and environment de-
fine the structural and physicochemical traits of nano-
structures. Phan et al suggested that nanomaterials may
display greater stability than their precursors under
some specific conditions [15]. Also, the capping agents
provide stability to nanoparticles [16]. Stability is critical
for controlling the BT's potential toxicity [17] and for ex-
tending their shelf-life. In the last two decades, metallic
elements with known —or potential- antimicrobial prop-
erties (silver, copper, and titanium, among others) have
been used for synthesizing antimicrobial nanomaterials
(nanoantibiotics) [18, 19].

Although some nanoantibiotics have been successfully
transitioned to the market [20, 21], some promising me-
tallic elements, such as bismuth, remain under-
researched, even though some early reports indicate that
bismuth nanoparticles (BiNPs) display promising anti-
microbial activity on bacteria, fungi, and protozoan [3,
22]. A recent review from Shahbazi et al. [23], describes
the diverse biomedical applications of bismuth com-
pounds, including the antimicrobial properties of
bismuth-based nanoparticles. According to Web of Sci-
ence, 300 studies on BiNPs have been published in the
last 20 years, yet only 12 are related to their antimicro-
bial activity (Fig. 1). This scarceness on research may be
due to the difficulties in synthesizing BiNPs and their
low stability under culture conditions.

Most of the current protocols for synthesizing bio-
logically suitable BiNPs cannot be replicated in non-
specialized laboratories. Some methods require special-
ized equipment, such as gamma irradiators [24], laser
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ablation [25]; or controlled conditions, such as inert at-
mosphere [26], vacuum [27], or high temperatures [28,
29]. Also, some protocols require a long-time synthesis
[24], or several intermediate steps [30]. Although biosyn-
thesis -green chemistry- has been explored, it is not eas-
ily replicable in non-specialized laboratories [31, 32]. In
general, BiNPs obtained using the above-mentioned pro-
tocols display an aspect ratio close to 1; although poly-
hedral, rod-like, and triangular shapes have also been
described, and their sizes range from 1.7 nm to 1000 nm
(1 um). Most recently our group has described a method
for the fast, facile, and inexpensive synthesis of BiNPs
using a simple chemical reduction process, which results
in the generation of small nanoparticles with an aspect
ratio close to 1. This novel methodology does not re-
quire the use of sophisticated equipment, is easy to repli-
cate, and can be readily implemented in non-specialized
laboratories [33]. The main objective of this work was to
elucidate the antimicrobial activity of these easy-to-
synthesize BiNPs against Staphylococcus aureus, a patho-
genic bacterium, and Candida albicans, an opportunis-
tic, dimorphic yeast; and in the process increasing the
research on this new type of nanoantibiotics.

Methods

Reagents and nanomaterials
2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide salt (XTT), menadione, and phos-
phate Saline Buffer (PBS) from Sigma-Aldrich (MO).
Osmium Tetroxide (OsO,) and Glutaraldehyde from
Ted Pella; and PrestoBlue™ Cell Viability Reagent from
InVitrogen. 1% OsO,4 and 2.5% glutaraldehyde solutions
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Fig. 1 Research of BiNPs in recent literature. BINPs as antimicrobial agents remain barely researched. According to Web of Science, approximately 300 studies
on BiNPs have been published in the last 20 years, from which only 12 are related to their antimicrobial activity. “The search parameter in the Web of Science
(WoS) search was: “Bismuth nanoparticles” in title, abstract, and keywords. Then, the results were filtered by “antimicrobial” OR “antibacterial” OR and “antifungal™
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were prepared in Milli Q water. A 10% PrestoBlue solu-
tion was prepared in BPS.

Nanoantibiotics

PVP-coated bismuth nanoparticles were produced by an
easy-to-synthesize chemical reduction protocol recently
reported by our group [33]. Briefly, in a pre-warmed gly-
cine solution, bismuth nitrate salts were added, and the
pH was raised to 9. Then, BAL and PVP solutions were
consecutively added to the bismuth solution. Finally, a
NaBH, solution was added, dropwise, in two batches
three minutes apart from each other. The suspension
was kept on vigorous stirring for 10 min.

Characterization of the PVP-BiNPs

In a previous report, we demonstrated the presence and
essential characteristics of the BiNPs, via Transmission
Electron Microscopy and Energy Dispersive X-ray Spec-
troscopy, as well as the -potential via Dynamic Light
Scattering Spectroscopy [33]. In this study, we expanded
the characterization of the BiNPs to include different
rounds of synthesis, as follows: High-Resolution Trans-
mission Electron Microscopy (HR-TEM) for determining
the single-particle structural lattice, using Selected-Area
Electron Diffraction (SAED) analysis. The PVP-BiNPs,
deposited on Type-B carbon-coated copper grids (Ted
Pella Inc.), were examined in a JEOL 2010-F HR-TEM
(Jeol Ltd.), with 200kV accelerating voltage. Dynamic
Light Scattering analysis to determine the hydrodynamic
size, using a Zetasizer Nano ZS (Malvern Panalytical).
PVP-BiNPs were diluted in Milli Q water and then
transferred to a DTS1070 cell for the analysis. UV-Vis
spectroscopy to follow the transition from bismuth
(III) ions to the PVP-BiNPs, via the UV-Visible
absorbance profile, in 10nm steps, collected in a
Genesysl0 UV-Vis  spectrophotometer  (Thermo
Fisher), from 200 to 600 nm.

Antimicrobial susceptibility assays

Strains and culture conditions

In this study, the Gram-positive bacterium USA200
methicillin-sensitive S. aureus (MSSA) UAMS-1 strain
and the dimorphic yeast C. albicans strain SC5314 were
used. For growth, S. aureus, inoculated in tryptic soy
broth (TSB) (BD Difco, MD) and C. albicans, inoculated
in Yeast extract Peptone Dextrose (YPD) broth, were in-
cubated overnight in an orbital shaker at 35 °C. The anti-
microbial activity of BiNPs was assessed in the
planktonic and biofilm formation stages, as follows:

BiNPs antimicrobial activity on the microbial planktonic
cells

We followed the CLSI guidelines to evaluate the suscep-
tibility to the BiNPs, with slight modifications. For S.
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aureus the CLSI MO7 [34] guidelines were followed;
whereas for C. albicans the CLSI M27 [35] guidelines
were used. Briefly, overnight microbial cultures were
washed twice in PBS; adjusted for a final concentration
of 10° cells mL™' in MH broth for S. aureus; and to 10
cells mL™", in RPMI culture media, for C. albicans.
Then, 50 pL of each microbial strain were transferred to
96-multiwell plates. Subsequently, bismuth compounds
[BiNPs, bismuth-BAL and Bi(NO3);] were prepared in a
two-fold dilution series, for a final concentration range
from 0.5 to 256 ugmL™' (from 2.39 uM to 1.22 mM),
and 50 pL. were added to the multiwell plates with the
microbial cells. Later, the multiwell plates were cultured
at 180rpm; at 37°C for 24 h. The Minimal Inhibitory
Concentration (MIC) was determined as the concentra-
tion at which no turbidity was detected.

Assessment of the BiNPs antibiofilm activity on S. aureus
The ability of the BiNPs to inhibit biofilm formation by
S. aureus was evaluated following a protocol previously
published by our group with minor modifications [36].
Briefly, a “biofilm broth” was prepared as follows: 45%
Tryptic-Soy Broth (BD Difco, MD), 45% Brain-Hearth
Infusion broth (BD Difco, MD), and 10% Bovine Fetal
Serum (BD Difco, MD). Bacterial cells were washed
twice in PBS and adjusted to 10° cells mL™" in the bio-
film broth and transferred to the 96-multiwell plates.
Bismuth compounds were prepared in a two-fold dilu-
tion series, in the biofilm broth, for a final concentration
range from 0.5 to 256 ugmL™ " (from 2.39 uM to 1.22
mM) and transferred to the multiwell plates with S. aur-
eus. The plates were cultured at 37 °C for 24 h. After the
incubation time, the biofilms were washed with PBS and
the Presto Blue™ was added, and the multi-well plates
were read spectrophotometrically as previously described
by our group [37].

Assessment of the BiNPs antibiofilm activity on C. albicans
The anticandidal activity of BiNPs, for preventing the
biofilm formation, was evaluated using the methods pre-
viously reported by our group [38], with minor modifica-
tions. C. albicans cells from overnight cultures were
washed in PBS, adjusted to x 10° cells mL™' in RPMI
culture media, and transferred to the 96-multiwell plates.
Then, BiNPs two-fold dilution series were prepared in
RPMI, for a final concentration range from 0.5 to
256 ugmL™ ', and transferred to the plates with C. albi-
cans, and then cultured at 35°C for 24h. Post-
incubation, C. albicans biofilms were washed with PBS,
then XTT/menadione was added. The absorbance of
XTT was collected in a Benchmark Microplate Reader
(Bio-Rad Inc), at A = 490 nm.

To generate the dose-response curves, the normalized
results from the absorbance readings (from S. aureus
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and C. albicans) were fit to the variable slope Hill equa-
tion (for the nonlinear drug dose-response relationship)
using Prism 8 (GraphPad Software Inc). Then, the BiNPs
ICsy was calculated. The ICs, was established as the con-
centration of BiNPs that reduce the 50% of the bacterial
growth. To ensure the reproducibility of the antimicro-
bial activity from the different rounds of BiNPs synthe-
ses and the bismuth compounds, we used two biological
replicates (multi-well plates) with two technical repli-
cates within each plate.

Ultrastructural analysis

To assess the impact of the BiNPs on the biofilm structure
and cell morphology of S. aureus and C. albicans, the
samples were analyzed via Scanning Electron Microscopy
(SEM). Briefly, BiNPs-treated and control (untreated)
samples were washed with PBS, fixed with a 2% glutaral-
dehyde solution for 60 min, and then stained and post-
fixed with a 1% Osmium tetroxide solution, for 30 min at
4.°C. Next, samples were washed with PBS and dehydrated
using an ascending concentration ethanol series, up to
100%, and left to dry overnight. Finally, the samples were
coated with gold in a Sputter Coater SC7620 (Quorum
Technologies), for 25 mA for 3 min. The gold-coated sam-
ples were observed in a TM4000Plus Scanning Electron
Microscope (Hitachi Inc.), with a magnification 500 and
2500x, using a 10 KeV voltage.

Results and discussion

Characterization of the BAL-mediated PVP-BiNPs
High-resolution transmission electron microscopy (HR-TEM)
In a previous report, HR-TEM revealed the morphology
of the BiNPs [33]. For this work, an extended
characterization via HR-TEM was performed in other
rounds of syntheses. Our analyses revealed that the
shape of the nanoparticles displayed an aspect ratio close
to 1, although few specific shapes (i.e. polyhedrons) were
observed (supplementary materials, Fig. s1). The average
diameter of the nanoparticles is 8.4 nm +6.7 nm, ranging
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from 1.7 nm to 44.4nm (n =1159) (supplementary ma-
terials, Fig. s1, inset). Approximately, 86.1% of the par-
ticle size was below 15nm. Some larger individual
nanoparticles (50-100 nm) and clusters of nanoparticles
were also observed. The cause of the formation of large
individual nanoparticles and clusters may be due to the
formation of “fast nucleation hotspots” where the NaBH,
is added into the solution.

The single-particle HR-TEM analysis revealed the
crystallinity of the PVP-BiNPs. Lattice distance measure-
ments agreed with reported low-index planes for crystal-
line Bi with cubic, hexagonal, and orthorhombic cell
The crystalline lattice depicted in Fig. 2a shows distances
of 0.289, 0.253, and 0.246 nm, which suggest an ortho-
rhombic cell (0.290 nm is the distance reported for the
(2 1-1) plane in the orthorhombic cell) or misorienta-
tion. The SAED from the BAL-mediated PVP-BiNPs
showed the appearance of a clear ring diffraction pat-
tern, which confirmed the formation of crystalline
bismuth nanostructures. Interestingly, the experimental
d-spacing corroborates that BiNPs display a mixed ar-
rangement, conformed by cubic and hexagonal phases.
The d-spacing for the cubic lattice were 2.68, 1.91, and
1.54 A (hkl 110, 200, and 211, respectively); whereas for
the hexagonal lattice were 2.35, 1.65, and 1.44 A (hkl
104, 024, and 122, respectively) (Fig. 2b), according to
the data from the standard powder diffraction cards of
the Joint Committee on Powder Diffraction Standards
(JCPDS), bismuth files numbers #26—0214 (cubic phase),
and #44-1246 (hexagonal phase).

Dynamic light scattering spectroscopy

The PVP-BiNPs hydrodynamic size is 22.5+0.06 nm.
The hydrodynamic size is greater than the metal core
size observed on TEM images (22.5nm vs 8.6 nm re-
spectively). The increase in the hydrodynamic size may
correspond to the 10K PVP coating chain-like mole-
cules, whose structures extend when hydrated under the
aqueous environment. The PVP coating improves BiNPs

Fig. 2 Characterization of the BAL-mediated PVP-BiNPs. a Our HR-TEM analysis from a single particle confirms their crystalline organization, whereas
the (b) Electron Diffraction Pattern reveals their crystalline lattice as a cubic and hexagonal organization
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stability. HR-TEM images reveal that BiNPs are individ-
ual structures; however, they may be clustering over
time due to the interactions of the organic compounds
in the suspension.

UV-Vis characterization

The bismuth compounds displayed distinct absorbance
profiles. The bismuth (III) ions profile (diluted in gly-
cine) displayed an absorbance profile with a maximum
at A\ =240 nm, whereas the bismuth-BAL complex dis-
played a decreasing profile with a flat absorbance profile,
from A = 340 to 390 nm, with a rapid decline A =400 nm.
In contrast, the BiNPs absorbance profile showed a sur-
face plasmon with a shoulder at A = 250 nm, close to the
reported by other authors [39], and a shoulder at A =
270 nm. Also, a flat profile was observed at \ = 340 with
a decrease at A = 380 nm. The difference observed in the
absorbance profiles demonstrates the chemical transition
from the bismuth (III) ions to the bismuth-BAL complex
and then to the bismuth nanoparticles (Fig. 3, bottom).
As seen in nanoparticles from other elements, the ab-
sorbance profile is determined by the surface physico-
chemical traits of the nanoparticles, such as shape and
size distribution and the capping agents, among others
[40]. In contrast to the AgNPs, a “typical” UV-Vis ab-
sorbance profile for BiNPs has still not been suggested.
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According to the literature, different bismuth nanoparti-
cles exhibit spectra profiles with maximum peaks at
bands in different locations, such as A =275 nm and A =
360 nm [41], A =281 nm [42], 253 nm [39], and A =313
nm [43]. Ma et al reported that BiNPs with a size below
10nm did not display a UV-Vis absorbance profile.
However, our small BiNPs did show a profile (average
size <10 nm), yet, the absorbance profile may be from
the BiNPs larger than 10 nm.

Mechanism of BAL-mediated PVP-BiNPs synthesis

We used the bottom-up methodology approach for pro-
ducing the BAL-mediated synthesis of the PVP-BiNPs.
In a previous work, we described the procedure for syn-
thesizing the nanoparticles [33]. Here, we propose the
potential interactions between the precursors, aiming to
describe the mechanism that leads to the formation of
the PVP-BiNPs. The water-insoluble bismuth nitrate
readily dissolves in the glycine solution, allowing the re-
lease of bismuth (III) ions (Fig. 3, segment A), but the
induction of an alkaline environment reduces the solu-
bility of bismuth (III) ions. Yet, the alkaline environment
allows dimercaptopropanol (BAL) to rapidly sequester
the bismuth (III) ions, favoring the formation of the
highly soluble bismuth-BAL complex (the solution
changes from white to yellow, and the absorbance profile
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changes) (Fig. 3 segment B). PVP K-10 -a dispersant,
mild reducing agent-, slowly initiates the formation of
the nanoparticles, while regulates their size and shape.
Moreover, PVP interacts chemically with bismuth [42],
leading to the formation of a PVP coat on the nanoparti-
cles. Although different biomolecules have been used as
stabilizers for synthesizing BiNPs, such as starch [44];
PVP-K10 was selected due to the multiple properties
that confer to the nanoparticles —negative charge, stabil-
ity, and low toxicity- [45—47]. NaBH, -a strong reducing
agent- speed up the synthesis process. The rapid forma-
tion of the BiNPs is revealed by the color change of the
reacting mixture (from yellow to black), and by a final
transition on the UV-Vis absorbance (Fig. 3 segment C).
The change of color to black is attributed to the increas-
ing presence of —nanostructured- elemental bismuth,
due to the shift of the oxidation state during the reduc-
tion of bismuth (III) ions [41]. The HR-TEM single-
particle analysis and the DLS spectroscopy confirm the
formation of bismuth nanoparticles, tentatively coated
by PVP, as the hydrodynamic diameter is larger than the
metallic BiNPs diameter.

Stability of the PVP-coated BiNPs
The stability of bismuth nanoparticles in aqueous sus-
pensions depends on several factors, such as pH [48], ex-
posure to air [49], capping agent [50], and the bismuth-
thiol bonding [11, 13]. Thiolation increases the bismuth
solubility and stability [13]; yet, the stability of bismuth-
thiol complexes is still relatively low, as they remain in
suspension for short periods [14]. Our synthesis method
[33] enhances the BiNPs stability when compared with
the bismuth (III) ions and the bismuth-BAL complex,
under the same conditions of temperature, exposure to
atmospheric air, and changes on pH. Preparations of 15
mM bismuth nitrate and 15 mM bismuth-BAL complex
precipitated within a few days; in contrast, the BAL-
mediated PVP-coated BiNPs are stable for at least 11
weeks (Fig.s2, supplementary materials). This increase in
stability is an improvement over other processes for pro-
ducing PVP-BiNPs, as it has been reported that PVP-
coated BiNPs precipitate in less than 4 days [50]; Also,
some studies show that BiNPs in aqueous suspensions
are rapidly dissolved if the pH is out of the 8—10 range
[48] or when exposed to air [51], yet our BiNPs
remained stable for hours when dissolved in MilliQ
water (pH 7) and when exposed to air. In our protocol,
both solubility and stability of bismuth are increased due
to the addition of BAL, leading to more stable BiNPs.
The BAL-mediated synthesis of PVP-BiNPs kept the sta-
bility of nanoparticles even though the synthesis was
performed under atmospheric air conditions.

Moreover, we tested variations on the synthesis
method and found that PVP-BiNPs without BAL were
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unstable, precipitating in less than a week, whereas
BiNPs without glycine or PVP were highly unstable, pre-
cipitating within minutes after the synthesis. These find-
ings suggest that BiNPs stability is related to the
bismuth (III) ions availability for the synthesis process
(increased solubility) and capping molecules, with PVP
acting as a capping/dispersant agent [47].

BiNPs display antibacterial and antifungal activity on the
planktonic and biofilms stages

PVP-BiNPs display strong antimicrobial activity against
the planktonic cells S. aureus and C. albicans (Fig. 4a).
The BiNPs MIC against the planktonic cells of S. aureus
was 1 ugmL™'. The antibacterial activity of these BiNPs
is similar or better than the BiNPs activity reported be-
fore in the literature. Previously reported BiNPs MIC
values ranged from 1.05pugmL™' for S. mutans and §.
gordonii to 1500 uygmL™" for the MRSA strain [3, 52].
Also, the antimicrobial activity of the resulting BiNPs is
similar or better than several antimicrobial drugs, such
as Vancomycin or Oxacillin (MIC =1.5pgmL" ") and
Ceftaroline (MIC =0.5 pg mL"~ 1 [53]. Likewise, the
BiNPs antimicrobial activity outperforms the antibacter-
ial activity of silver nanoparticles (AgNPs) (MIC =4 pug
mL™") [54] and other metallic nanoparticles, such as
copper (MIC>28.6 ugmL™") or zinc (MIC=>85.8ug
mL™") [55].

For C. albicans, the BiNPs MIC was 16 ugmL™'. As
far as the authors know, the antifungal activity of BiNPs
has only been addressed in one other study, also against
C. albicans, with a MIC equivalent to 2.09 pugmL™" [3].
When compared with antifungals, the BiNPs antimicro-
bial activity for C. albicans is parallel to azole antifungal
agents but less potent than amphotericin B or echino-
candins [56, 57]. In contrast to their antibacterial activ-
ity, the BiNPs antifungal activity seems to be lower when
compared with AgNPs (MIC =2 pg mL~ 1y [54]; however,
they are more potent than other nanoantibiotics, such as
copper nanoparticles (MIC>150 pg mL~ b [58].

The synthesized PVP-BiNPs were also capable of inhi-
biting biofilm formation by both S. aureus and C. albi-
cans (Fig. 4b). In the case of S. aureus biofilms, the ICsq
was 1.06 ug mL™ ', which is among the most potent ac-
tivity of BiNPs reported against the biofilm formation
phase on bacteria. Baddidery et al reported that 2.61 pug
mL™" prevents the cell attachment on a polycarbonate
membrane [59]. In contrast, Dalvand showed that even
concentrations of BiNPs as high as 1500 pg mL™ ", inhib-
ited the MRSA biofilms only by 16% [52]; Moreover,
Hernandez-Delgadillo reported that a BiNPs concentra-
tion of 10,000 ug mL™ ' was required to prevent the bio-
film formation on Enterococcus faecalis [60]. BiNPs
display better antibiofilm activity than silver nanoparti-
cles (ICyy =15pugmL” Y [61]. When compared with
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antibacterial drugs, the BiNPs exhibit comparable anti-
biofilm activity to that of vancomycin (ICyp0 =2 pg
mL™ 1) and linezolid (IC;qo = 4 pg mL~ b [62].

Regarding C. albicans, the calculated ICs value for
BiNPs against biofilms formed by this fungus was 7.9 ug
mL™", which interestingly is very close to its value under
planktonic conditions As far as the authors know, the
antibiofilm activity of BiNPs only has been addressed in
one other study, where a concentration of 418 ugmL™'
was required to inhibit the C. albicans biofilm [63].. When
compared with BiNPs, AgNPs display better antibiofilm
activity (IC5o =0.089 pg mL~ 1y [64]. The anticandidal ac-
tivity of BiNPs, compared to antifungal agents, is better
than Fluconazole (IC5q > 1024 pug mL~ 1, but lower than
Amphotericin B (IC5 > 1 ugmL™") and the echinocandins
[65, 66]. In Table S1 (supplementary materials) the anti-
microbial activity of our BiNPs is compared with other
BiNPs reported in the literature, against the planktonic
and biofilm stages in bacteria and fungi.

Moreover, the antibacterial effect of Bi(NO3); and the
bismuth-BAL complex was assessed against the plank-
tonic stage and during the biofilm formation phase of S.
aureus and C. albicans. For S. aureus, the antibacterial
activity of the bismuth-BAL complex equals that of the
BiNPs. In contrast, bismuth (III) ions have the lowest
performance. For C. albicans, BiNPs displayed the high-
est antifungal activity, followed by the bismuth (III) ions,
whereas the bismuth-BAL complex exhibited the lowest
activity. The activity of all bismuth compounds under
planktonic and biofilm growing conditions is summa-
rized in Table 1, whereas the corresponding dose-
response curves are in the supplementary materials sec-
tion (Fig. s3). As suggested by Domenico et al [67], the
bismuth-BAL complex displays better antimicrobial ac-
tivity than the Bi(NOj); salts. The antibacterial activity
of different bismuth compounds against the bacterial
planktonic stage and biofilm has been reported by differ-
ent groups [8, 12].

Furthermore, since the antimicrobial activity of BiNPs
has been scarcely addressed, the mechanism of action
has not been elucidated. Both BiNPs precursors —bis-
muth (III) ions and bismuth-BAL complex- display anti-
microbial activity against both strains, therefore it is
likely that the fundamental mechanisms of action of
BiNPs are related to their precursors. The mechanisms
of action of bismuth (III) ions are partially known. Ionic
bismuth binds to glutathione, which improves its trans-
location inside of cells, from where it targets proteins
and inhibit enzymes, such as urease and fumarase [68,
69]. Regarding the bismuth-BAL complex, the mecha-
nisms related to their antimicrobial activity are not fully
understood. However, it is known that bismuth-thiols
increase the permeability of the bacterial cell membrane
[70]. Also, in the case of S. epidermalis, bismuth-thiol
complexes reduce the glycocalyx production on the cap-
sules [67]. It is highly likely that BiNPs release bismuth
(III) ions with antimicrobial activity; though, due to the
evident difference in the antimicrobial activity between
BiNPs and bismuth (III) ions, the nanostructured ar-
rangement of the BiNPs must be playing an unknown
key role for enhancing the activity. So far, the mode of
action of the BiNPs remains to be uncovered.

Table 1 Antimicrobial activity of bismuth compounds (ug
mL™") on the planktonic cells and biofilm stages of S. aureus

Phase/ Treatments Inhibitory concentration
strain BiNPs  Bismuth-BAL complex  Bismuth (lll) ions
Planktonic cells®
S. aureus 09 1.1 161.2
C albicans 7 574 8
Biofilm formation®
S. aureus 1 2.1 31
C albicans 25 > 256 85

2 Minimal Inhibitory concentration (MIC)
b Calculated ICs,
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The BAL-mediated PVP-BiNPs alter the biofilm
ultrastructure

Scanning Electron Microscopy confirmed that BiNPs
hinder the S. aureus ability to form biofilms. Low magni-
fication SEM Images revealed that untreated S. aureus
samples form biofilms with dense groups of cells
(Fig. 5a). High-magnification SEM images confirmed the
presence of highly-packed multi-layered clusters of cells
(Fig. 5d). The morphology of the S. aureus cells revealed
that they do not display any evident variations on their
shape and size. In contrast, in the treated samples with
sub-lethal concentrations of BiNPs (2ugmL™'), the
treated biofilms appeared to be less dense, but with a
larger covered area (Fig. 5b). The high-magnification
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images showed that the biofilm display lower thickness,
with less clustered bacterial cells. Interestingly, the bac-
terial cell morphology was altered by the BiNPs, as evi-
denced by the diversity of cellular sizes and shapes
observed (Fig. 5e). This may be caused by the effects of
bismuth on the cells, such as the denaturing of proteins
[68, 69] and changes in the cell membrane permeability
[70]. Other potential mechanisms remain to be further
studied and elucidated. In samples treated with higher
concentrations of BiNPs (8 ugmL™"), the biofilms for-
mation was almost completely abolished. Some sparse,
small clusters of bacterial cells were present (Fig. 5c),
with most of the observed cells displaying similar shape
and size, with the exception of a few larger cells (Fig. 5f).

Low-magnification (500x)

Untreated biofilm

BiNPs-treated biofilm

Fig. 5 BiNPs inhibit biofilm formation by S. aureus. Untreated controls (a, d), as well as BiNPs-treated samples exposed to a low concentration of
nanoparticles (b), form biofilms, but the cells from on the BiNPs-treated samples, display changes in morphology (e), from changes in size (yellow
and blue-colored cells), and in shape (red-colored cells). Samples treated with a higher concentration of BiNPs do not form biofilms, but the cell
morphology changes were less common (f). Scale bars: white =20 um, yellow =2 um
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Regarding the effect on C. albicans biofilms, SEM ana-
lysis confirmed that BiNPs negatively impact the di-
morphic transition, from yeast to hyphae, and its ability
to establish biofilms. On the untreated samples, low-
magnification images revealed thick biofilms with fully-
formed hyphae that completely cover the surface
(Fig. 6a). High-magnification images showed that only
the hyphal shape is visible in the samples (Fig. 6d). Sam-
ples treated with sub-lethal concentrations of BiNPs
(4 ug mL™ 1Y), also showed thick biofilms that totally cov-
ered the surface (Fig. 6b); however, alterations on the
cell structure were evident. High-magnification images
showed that yeast-like and pseudohyphae-like structures
were abundant, confirming that BiNPs hinder the
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dimorphic transition ability of C. albicans (Fig. 6e). The
impact of bismuth nanoparticles on the ability of C. albi-
cans to form biofilms became more evident in samples
treated with higher concentrations of BiNPs (64 ug
mL™Y). At this concentration, biofilm formation was
greatly inhibited by the BiNPs, as seen in Fig. 6¢c, where
only a few, aberrant-shaped hyphae were observable.
The vyeast-like and pseudohyphae-like structures also
presented alterations on their morphology (Fig. 6f).

Conclusion

Our small, spheroid PVP-coated bismuth nanoparticles
are more stable than the bismuth-BAL complex in aque-
ous solutions. Also, these BiNPs display antimicrobial

Low-magnification (500x)

Untreated biofilm

BiNPs-treated biofilm

High-magnification (2,500x)

Fig. 6 BiNPs affect the dimorphic transition and inhibit biofilm formation in C. albicans. Untreated controls (a, d) show the typical filamentous C.
albicans biofilms; however, in samples treated with a low concentration of BiNPs, the dimorphic transition is affected. b, e In samples treated with
a high concentration of BiNPs, biofilm formation is mostly inhibited, and the cells show aberrant morphologies (c, f). Yeast-like (in red) and
pseudohyphae-like (in blue) cells were observed. Scale bars: white = 40 um, yellow =4 pm
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activity against the bacterium S. aureus and the yeast C.
albicans under both planktonic and biofilm formation
stages. The antimicrobial activity of these BiNPs is com-
parable to or better than other BiNPs synthesized by
more sophisticated methods. Moreover, the antimicro-
bial activity of the BiNPs is parallel to the commercially
available antibiotics and is also similar in potency to that
of silver nanoparticles. Microscopy analysis reveals that
BiNPs reduce biofilm formation and negatively alter the
cell morphology in both S. aureus and C. albicans. How-
ever, literature shows that bismuth nanoparticles may
display cytotoxicity, therefore, more research regarding
BiNPs biocompatibility and safety is needed for future
applications. This work shows that cost-effective, fast,
easy-to-synthesize nanomaterials may display broad anti-
microbial activity against bacteria and fungi. These
nanomaterials could be applied as broad-range sanitizers
to decrease the dispersion of potential pathogenic cells
and for reducing their ability to form biofilms in
healthcare-related facilities and other public spaces.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/542490-020-00044-2.

Additional file 1: Fig. S1. TEM images confirms the presence of BiNPs.
PVP-BINPs display an aspect ratio close to 1 and the average size is below
10 nm. Occasional other shapes and sizes are also observed. Fig. S2. Bis-
muth nanoparticles in aqueous solutions remain stable over time. Visual
examination reveals that BiNPs remained stable over time. Visually, an 11-
week-old synthesis (B) kept light-protected at 4 oC, appears identical to a
freshly prepared synthesis (A). UV-Vis spectrophotometry reveals that their
optical properties (absorbance profiles) remain similar -with minor
changes- (C) between the old synthesis (red) and the new preparation
(blue). Fig. S3. Inhibition of S. aureus and C. albicans by different bis-
muth compounds under both planktonic and biofilm growing conditions.
The dose-response curves against S. aureus (top panels), and C. albicans
(bottom panels) show that bismuth compounds display different degrees
of antimicrobial activity under planktonic (A, C) and biofilm (B, D) grow-
ing conditions. Lines: green (BiNPs), red (bismuth-BAL) and blue
(Bi(NO3)3).
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