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Abstract

A promising use of bismuth nanoparticles (BiNPs) for different biomedical applications leads to a search for the elucidation of
their toxicity mechanisms, since toxicity studies are still at early stage. In the current study, cytotoxic effects of BiNPs produced
by laser ablation in solution (LASiS) was investigated in the murine macrophage line RAW 264.7. The cells were exposed to
0.01-50 uygml~! of BiNPs for 24 and 48h and then cytotoxicity assays were performed. Decrease of MTT conversion to
formazan and of cell attachment were observed with no effects on cell proliferation. No loss of membrane integrity or significant
changes of ROS and RNS levels were observed in exposed cells. Foremost, increased phagocytic activity and DNA repair foci
occurred for cells exposed to BiNPs. These effects are important findings that must be considered in the case of biomedical
application of BiNPs, since inappropriate macrophages activation and inactivation may lead to immunotoxicity.

Graphical Abstract

Bismuth nanoparticles (BiNPs) produced by laser ablation in solution and stabilized with BSA decrease enzyme-dependent
MTT conversion to formazan and increase phagocytic activity and DNA repair foci in murine macrophage line RAW 264.7
when exposed to 50 ug ml~!. These effects are findings that should be considered in the case of biomedical application of
BiNPs, since inappropriate macrophages activation and inactivation may lead to immunotoxicity.
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1 Introduction
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NPs, bismuth nanoparticles (BiNPs) are very promising,
although there is no nanotechnological products in the
market [2]. Studies suggest BiNPs can be used for diag-
nostic imaging (computed tomography), cancer treatment
(radiotherapy and thermochemotherapy), drug delivery as
nanocarriers and oral antiseptics [5—10]. In addition, BiNPs
seem attractive to industry, since they are cheap compared
to other metal NPs [11], easily oxidized and dissolved under
physiological conditions and thus excreted from the body as
soluble molecules [8, 12].

However, decrease of cell viability by disruption of
mitochondrial and lysosomal functions in human liver
hepatocellular carcinoma (HepG2), normal rat kidney
(NRK-52E), Caucasian colon adenocarcinoma (Caco-2) and
human alveolar basal epithelial (A549) cells [13] and by
autophagy in human embryonic kidney (Hek293) cells [14]
were reported when cells were exposed to chemically syn-
thesized BiNPs. Moreover, temporary renal injury in mice,
a process linked to autophagy [15] and toxicity in adult
Danio rerio (zebrafish) fish and eggs [16] were also
reported. Therefore, only the study by Reus et al. [17]
investigated the toxicity of BiNPs synthesized by physical
method. They found that BiNPs are internalized by
embryonic mouse fibroblasts (BALB/c 3T3 cells) with
concentration-dependent cytotoxic effects and IC50 (half-
maximal inhibitory concentration) of ~30 ug ml~'. Thus, a
crucial step before applying BiNPs to the biomedical
industry is the elucidation of their toxicity mechanisms,
since toxicity studies are still in their early stages.

Several NPs may cause immunotoxicity by favoring
inflammatory responses and immunosuppression [18]. The
immune system is composed of different cell types, including
phagocytic cells, such as monocytes, neutrophils, dendritic
cells, B cells, and macrophages. These cells can be found in
blood, skin, mucous membranes, and in organs such as the
liver, spleen, lymph nodes, lung, and brain [18]. Macrophages
are mononuclear cells derived from circulating monocytes
that reside in tissues and contribute to innate immunity when
activated by infectious agents [19]. They secrete inflammatory
mediators, process, and present antigens to cells of the
adaptive immune system, and act in tissue repair after
inflammation [20]. As the first line of defense against infec-
tious agents [21], macrophages represent a very interesting
model for immunotoxicity investigation [22]. These cells also
express several receptors that facilitate uptake by specific
binding to opsonins, being specialized in endocytosis (pino-
cytosis and phagocytosis), which is considered the main
pathway for NPs uptake by cells [23-25].

Thus, the current study aimed to investigate the cytotoxic
effects of BiNPs produced by physical method in the murine
macrophage line RAW 2647 using non-specific and
macrophage-specific endpoints. This is the first study to
investigate the BiNPs toxicity in immune system mammal cells.

@ Springer

2 Materials and methods
2.1 Synthesis and characterization of BiNPs

NPs can be synthesized by chemical and physical methods.
Most standard chemical methods produce noxious reductants
or require high temperature synthesis, although there are
“green” alternatives that combine different techniques to
avoid the waste of reactants and are more environmentally
sustainable [26]. The physical method by laser ablation in
solution (LASiS) produces nanostructures quickly, avoiding
waste production and use of chemical reagents, thus also
having a reduced environmental impact [27]. Here, BiNPs
were synthesized by LASIiS, using high-purity bismuth tar-
gets (Sigma-Aldrich) immersed in 5 ml of bidistilled water
irradiated with the fundamental harmonic of an Nd: YAG
Laser (Quantronix 4117, USA) operating at 1064 nm, Q-
switched at 1.5 KHz, delivering pulses of 200ns. A 5-cm
focal lens was used to focus the laser beam on the bismuth
target for 3 min.

BiNPs tend to aggregate and precipitate ~3h after
synthesis when kept in pure water. One of the strategies
used for stabilizing colloidal suspensions is to add some
organic molecules to the solution, e.g. bovine serum albu-
min (BSA), that adsorbs to the NP forming a corona
[17, 28, 29]. Therefore, the BiNPs suspension was stabi-
lized with 0.03% BSA shortly after synthesis. Colloidal
suspensions of BiNPs were then characterized by UV/Vis
spectroscopy (USB2000 + spectrometer, Ocean Optics,
USA) and dynamic light scattering (Microtrac Nanotrac
Ultra, USA). These techniques allow rapid analysis of the
quantity, size, and polydispersity of NPs.

2.2 Cell culture

Aliquots of RAW 264.7 cells (Rio de Janeiro Cell Bank—
BCRIJ, Rio de Janeiro, RJ, Brazil) were cultured in 25 cm?
culture flasks with high glucose Dulbecco’s Minimum
Essential Medium (DMEM, Cultilab), pH 7.4, with
3700 mg 1! of sodium bicarbonate (MGM). Culture med-
ium was supplemented with 10% FBS (fetal bovine serum,
Gibco Invitrogen), 10 ug ml~! streptomycin and 10 Uml ™!
penicillin (Gibco Invitrogen).

Cells were kept in incubator at 37 °C and 5% pCO, for
growth and attachment, and subcultures were performed
every 48 h, using trypsin (0.5mgml~') and EDTA (ethy-
lenediaminetetraacetic acid, 0.2 mg mlfl, Sigma-Aldrich)
for 2-5min at 37 °C for cell dissociation. For the experi-
ments, the cells were seeded into plates and kept in a CO,
incubator for 24 h followed by exposure to BiNPs in com-
plete culture medium for 24 and 48 h. For cell viability, cell
attachment, reactive nitrogen species (RNS) and reactive
oxygen species (ROS) levels assays, 96-well plates were
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used (24h: 2x10* cells/well; 48h: 10* cells/well). For
phagocytic activity and DNA damage assays, 24-well plates
with sterilized glass coverslips were used (24h: 5x 10*
cells/well; 48 h: 2.5 x 10* cells/well). For cell cycle assay,
6-well plates were used (24 h: 2.5 x 10° cells/well and 48 h:
1.5x 10° cells/well). All reagents used in the procedures
were preheated in a water bath at 37 °C.

2.3 Experimental design

Concentrations of BiNPs used for the assays were based on
other studies with NPs of Bi compounds [13, 14, 16, 17]. A
screening of BiNPs concentrations (0.01, 0.02, 0.05, 0.1,
0.5, 1, 2, 5, 10, 20, and 50 pug mlfl) were performed. Then,
four concentrations were selected for further assays (0.05,
0.5, 5, and 50 ugml™'). The control group received the
complete culture medium with bidistilled water and BSA.
Three independent experiments using different cryopre-
served cell vials were performed.

2.4 Non-specific cytotoxicity assays
2.4.1 Cell viability

Plasma membrane integrity assay: after exposure, the cells
were incubated with 50 pl of trypan blue (Sigma-Aldrich)
for 1 min, washed with phosphate-buffered saline (PBS)
and 3-4 images were captured per well under an inverted
light microscope (Leica Microsystems, Germany). A
minimum of 100 cells per image were classified as viable
or nonviable in a total of ten images per group and
experiment.

MTT conversion assay: after exposure, the cells were
incubated with 200 ul of MTT solution (3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide), 0.5 mg ml ™",
Amresco) in culture medium for 2 h in the CO, incubator and
washed twice with PBS. Intracellular formazan crystals
were dissolved in 100 ul DMSO (dimethyl sulfoxide, Synth)
per well and absorbance was determined on microplate
spectrophotometer (BioTek Epoch, USA) using 550 nm
wavelength.

2.4.2 Cell attachment

After exposure, the cells were washed once with PBS, fixed
with 100 pl of methanol (Neon) for 15 min and stained with
100 ul of violet crystal (0.25 mg ml~!, Certistain) for 10 min
at room temperature. The cells were washed twice with
150 pl of distilled water and the stain was extracted with
100 ul of 33% acetic acid (Neon) for 30 min at room tem-
perature and shaking. Finally, the absorbance was deter-
mined in a microplate spectrophotometer (BioTek Epoch,
USA) using 570 nm wavelength.

2.4.3 DNA damage

After exposure, the cells were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) in PBS for 30 min, permeabilized with
0.2% Triton-X in PBS for 10 min, washed once with PBS and
incubated with mouse anti-phospho-H2AX conjugated with
Alexa Fluor 488 (1:100, eBioscience) for 2 h and DAPI (4',6-
diamidino-2-phenylindole, 5pgml~!, Sigma-Aldrich) for
10 min. The coverslips were mounted on Fluormount resin
and then four images per group and experiment were captured
in a confocal microscope (Nikon Eclipse Ti microscope,
Japan). Approximately 100 nuclei per group and independent
experiment were classified as labeled or unlabeled.

2.4.4 Cell cycle

After exposure, the cells were trypsinized, removed to
microtubes, fixed in 70% ethanol (Neon) for 2 h, washed
twice with PBS and resuspended with 0.5 ml of staining
buffer (fetal bovine serum 2% in PBS) with propidium
iodide and RNase enzyme (BD Pharmigen). The cells were
analyzed in flow cytometer (Accuri C6 Plus, BD Bios-
ciences, USA) with acquisition of 10,000 gated events.

2.5 Specific cytotoxicity assays

Assays related to specific phagocytic cell functions, such as
the phagocytic activity assay and the levels of ROS and
RNS, were also performed in RAW 264.7 cells.

2.5.1 Phagocytic activity

After exposure, the culture medium was replaced by 1 ml fetal
bovine serum-free fresh medium containing of Sacchar-
omyces cerevisiae yeasts (2x 10° cells/ml, ~10 yeasts/ mac-
rophage). After 2 h incubation, the cells were washed with
PBS, fixed in 95% ethanol for 5 min at room temperature,
stained with 20% Giemsa stain (Merck) for 5 min. Then, the
coverslips were rapidly dehydrated in ethanol series and
xylene (Anidrol) and mounted on glass slides with Permount
resin. For the analysis, images were captured on a slide
scanner (Metafer V3.9, Zeiss, Germany) and the total number
of macrophages (A), number of macrophages with inter-
nalized yeast (B) and the number of internalized yeast (C)
were counted. The phagocytic activity was calculated
according to Buchi et al. [30] by the formula (C/B) x (B/A),
using data of 100 macrophages per group and experiment.

2.5.2 ROS and RNS levels
ROS: after exposure, the cells were incubated with 10 uM of

2! 7'-dichlorodihydrofluorescein diacetate (DCF, Thermo
Fisher) in culture medium for 15 min at 37 °C (protected from
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Fig. 1 Characterization of BiNPs colloidal suspensions by UV/Vis spectroscopy (a) and dynamic light scattering (b). BiNPs had a wide size
distribution from 4 to 87 nm, with a high prevalence (~80%) at 25-60 nm range (a), and a peak absorption at 250 nm wavelength (b)

light), and washed twice with PBS. Fluorescence was mea-
sured in a spectrofluorometer (Infinite M200, Tecan, Swit-
zerland) using 488/530 nm (excitation/emission) wavelength.
RNS: after exposure, the culture medium were transferred
to a black microplate and 10 pl of 2,3-diaminonaphthalene
(DAN, 0.5 mgml™!, Invitrogen) in 0.62M of hydrochloride
acid (HCl) were added. The microplates were incubated at
25 °C (protected from light) for 30 min under gentle shaking,
and 5l of 2.8 M of sodium hydroxide (NaOH) was added.
The formation of 1-naphthotriazole derived from the reaction
of nitrite and 2,3-diaminonaphthalene was determined by
fluorescence measurement (Infinite M200, Tecan, Switzer-
land) using 365/450 nm (excitation/emission) wavelength.

2.6 Statistical analysis

Three independent experiments were performed for all the
assays. The average value of subsamples per group were
calculated in each independent experiment and used for
statistical comparisons (N = 3). Data was analyzed through
Kruskal-Wallis test followed by Dunn’s multiple compar-
ison posttest (nonparametric), comparing the exposed
groups versus the control. Differences were considered
significant when p values were < 0.05.

3 Results
3.1 BiNPs are heterogeneous in size

BiNPs synthesized by laser ablation had a wide size distribution
from 4 to 87 nm, with a high prevalence (~80%) at 25-60 nm
range (Fig. 1a), and a peak absorption at 250 nm wavelength
(Fig. 1b). NP suspensions in 0.03% BSA were stable for more
than 30 days, with no precipitation and agglomeration.

@ Springer

3.2 Cell viability and attachment decreased after
exposure to BiNPs

No effects were observed for cells exposed to BiNPs for
24 h (Fig. 2a—e). However, exposure to BiNPs for 48 h led
to decreases of cell viability observed through a
concentration-dependent decrease of the conversion of
MTT to formazan for 20 (45%) and 50 pg ml™' (64%) of
BiNPs (Fig. 2b), and through decreased cell attachment
(18%) for 50 pg ml~! of BiNPs (Fig. 2f). Plasma membrane
integrity assay was generally not efficient to detect the
decreases of cell viability for 24h (Fig. 2c¢) and 48 h
(Fig. 2d) of exposure. In addition, there was no alteration in
the distribution of cells in the cell cycle phases after
exposure to BiNPs for 24 h (Fig. 2g) and 48 h (Fig. 2h).

3.3 BiNPs exposure led to increased phagocytic
activity with slight alterations of ROS and RNS
levels

The phagocytic activity increased in the cells were exposed
for 24 h (~210%) and 48 h (~90%) to 50 ug ml~! of BiNPs
(Fig. 3e—g). ROS and RNS levels were not altered for the
cells exposed to BiNPs for 24 h (Fig. 3a—c). However, 48 h
exposure led to an increase (~60%) of ROS levels at 5 ug
ml~' of BiNPs (Fig. 3b) and decrease (~30%) of RNS
levels at 50 ugml~! (Fig. 3d).

3.4 DNA damage repair foci increased after
exposure to BiNPs

The number of nuclei with positive repair foci (phospho-
H2AX positive) increased in the cells exposed to 50 ug
ml~' of BiNPs for 24h (~15%) and 48h (~30%)
(Fig. 4a, b).
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Fig. 2 Effects of BiNPs on cell viability (a—d), cell attachment (e, f),
and cell cycle (g, h). Exposure to BiNPs for 48 h led to decreases of
cell viability observed through a concentration-dependent decrease of
the conversion of MTT to formazan for 20 (45%) and 50 pg ml™!

4 Discussion

In the current study, we observed that BiNPs synthesized by
laser ablation were toxic to RAW 264.7 murine macrophage
line after 24 and 48 h exposure, but effects occurred mostly
at a high concentration (50 ugml~!). In general, cell via-
bility and attachment decreased, DNA damage repair foci
and phagocytic activity increased with only slight altera-
tions of ROS and RNS levels. Such a concentration may not
be achieved by environmental exposure, but attention may
be paid in the case of potential use of BiNPs for biomedical
applications such as diagnostic imaging and cancer treat-
ment. In studies suggesting the use of BiNPs for cancer
treatment, the concentrations tested were similar to those
tested in the current study. Concentrations of 5-100 ug ml~"
have been used for in vitro assays [7, 8] and mice have been
intravenously injected with 100 ul of 4 mgml~' NPs (final
dose of 20 pug g~') [8] in in vivo approaches.

Cell viability and attachment decreased after exposure to
BiNPs, particularly after 48 h exposure. Abudayyak et al.
[13] found concentration-dependent decreases of MTT
conversion for Bi,O3 NPs in HepG2, NRK-52E, Caco-2,
and A549 cell lines exposed to concentrations from 1 to
100 ug ml~" for 24 h. In general, toxicity is highly depen-
dent on cell type. For example, Liu et al. [29] found 78%

(64%) of BiNPs (b) and through decrease of the cell attachment (18%)
for 50 uyg ml~! of BiNPs (f, i). Images of attached cells stained with
crystal violet under light microscopy (i). *p <0.05

decrease of MTT conversion in A549 lung cells at 160 pug
ml~! and 80% decrease in HEK293 at 20 ug ml~! of BiNPs.
The authors pointed out that this renal cell toxicity may also
be due to bismuth ions or combined effect of the suspension
ions and BiNPs. RAW 264.7 cells were somewhere in
between these two cell types, with a 64% decrease of MTT
conversion at 50 ug ml~" of BiNPs.

One important observation is that MTT assay was more
sensitive to detect BiNPs cytotoxicity in RAW 264.7 cells
than trypan blue exclusion assay. Sabella et al. [31]
described a general mechanism by which metallic NPs
generate cytotoxicity. NPs are uptaken by endocytosis and
directed to lysosomes, where the acidic condition promotes
the release of ions that exert toxicity by interacting with
proteins, resulting in damage to organelles, increased levels
of ROS and, ultimately, DNA and plasma membrane
damage. In addition, we cannot ignore the fact that com-
plete rupture of cells can lead to underestimation of non-
viable cell counting in trypan blue assay, as well as decrease
the absorbance in crystal violet assay used for cell attach-
ment assay. Moreover, Bi ions may also contribute to the
cytotoxicity observed. In addition to a very small presence
of ions in the colloidal suspension, BiNPs may be uptaken
by the cells through endocytosis and directed to lysosomes,
as previously mentioned, where the acidic condition

@ Springer
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promotes the release of ions that also exert toxicity [31].
Therefore, as for most metallic NPs, it is not possible to
distinguish whether the effects are caused directly by NPs
themselves or indirectly by the ions released inside the cells
by NPs dissolution. We think that the effects are probably a
combination of both.

Decrease of the number of attached cells occurred for
RAW 264.7 cells exposed to BiNPs, which is not related to a
decrease of cell proliferation, since there were no changes on
the distribution profile in the cell cycle phases, although
DNA repair foci increased. Indeed, control mechanisms can
generate a transient delay of cell cycle to guarantee appro-
priate DNA repair and genomic stability, thereby decreasing
the proliferation rate [32]. Decrease of cell attachment may
interfere with the immune response and have been reported
for other metallic NPs such as gold, silver, and titanium
dioxide. Wei et al. [33] observed that gold NPs cause loss of
cell attachment in HepG2 cells and Peng et al. [34] reported
that several metallic NPs cause loss of cell attachment by
preventing vascular endothelial (VE)—cadherin/VE—cadherin
interactions in human microvascular endothelial tissue cells.

DNA damage repair foci also increased in RAW 264.7
cells after 24 and 48 h exposure to BiNPs at 50 ug ml ™.
Many mechanisms can lead to DNA damage, but for che-
mical stress the redox unbalance is one of the most common.
Free radicals, such as hydroxyl radical and singlet oxygen
can oxidize cell biomolecules, causing oxidative modifica-
tions in DNA, such as double-strand breaks and oxidation of
nitrogenous bases [35]. As only a slight increase of intra-
cellular ROS levels was observed for cells exposed to
5ugml~!, either DNA damage is being caused by ROS
production in specific cell compartments or other mechan-
isms are involved. In addition, we measured only intracel-
lular ROS levels using DCF fluorescence, and phagocytes
such as macrophages express high levels of the enzyme
NADPH oxidase (nicotinamide adenine dinucleotide phos-
phate oxidase), which produces ROS extracellularly. Other
studies also have shown that metallic NPs can cause DNA
damage. Hashimoto et al. [36] observed that aluminum
oxide NPs cause DNA damage in RAW 264.7 cells and
reported that these effects were mainly due to the interaction
of these NPs with cell organelles, but also could be due to
direct interaction of the NPs with DNA. Nguyen et al. [37]
observed increase of 8-hydroxy-2’-deoxyguanosine (8-
OHdG) levels, the most common marker of oxidative DNA
damage, in J774A.1 (mouse BALB/c) monocytes exposed to
silver NPs. Considering these findings and the importance of
determining the mutagenic potential of BiNPs, further
research of the issue is necessary.

Another important effect of BiNPs in RAW 264.7 cells
observed in this study was the increase of phagocytic
activity, which may interfere with the immune system
response in vivo. Similar results have been reported for

other metallic NPs. Wang et al. [38] observed through
in vivo (intranasal exposure in mice) and in vitro (BV-2
cells) approaches that microglia exposed to iron oxide NPs
had increased phagocytic activity. Chen et al. [39] observed
that RAW 264.7 cells and primary cultured macrophages
derived from mice bone marrow had increased E. coli
phagocytosis and protein-positive regulation of the com-
plement system proteins (proteomic analysis) when exposed
to titanium dioxide NPs. Thus, there is strong evidence that
some metallic NPs increase the phagocytic activity of
macrophages, although the exact mechanisms have not been
described. Macrophages initiate phagocytosis by identifying
molecular patterns associated with the pathogen surface
through pattern recognition receptors, which include lectins,
mannose receptor, Toll-like receptors (TLRs), and Fcy
receptor. TLR4, a member of the TLR family, plays a cri-
tical role in pathogen detection and triggering immune
responses by initiating signal transduction [40]. Nuclear
factor-kB (NF-kB) protein complex and mitogen-activated
protein kinase are key elements related to proinflammatory
signaling, and NF-kB is an evolutionarily conserved tran-
scription factor that modulates the expression of various
genes involved in immune responses [40]. As both signal-
ing pathways are considered to be involved in phagocytosis,
BiNPs could also be interfering with these pathways in
RAW 264.7 cells. Additionally, the increase of macrophage
activity is an important finding as an immune activation
process may favor the development of tissue damage and
chronic disease [41].

Several studies report an inverse relation between toxi-
city and size of other NPs [42, 43]. Depending on the size of
the NP, it can penetrate membranes of different cell com-
partments, which is also related to cytotoxicity [43]. For
example, gold NPs no larger than 6 nm enter the cell
nucleus, whereas large NPs (10 or 16 nm) penetrate through
the cell membrane and are found only in the cytoplasm [44].
Moreover, larger gold and silver NPs have been found to be
less toxic than smaller ones for several cells lines [45, 46].
The BiNPs used to the current study had a wide size dis-
tribution range, typical for laser ablation-produced NPs, as
monodisperse suspensions are possible but difficult to
achieve [47]. Thus, the responses observed in macrophages
exposed to BiNPs may have been due to different toxicity
mechanisms, which vary depending on the size of the NPs
[48]. In addition, the BiNPs synthesized by the Fotonanobio
laboratory had spherical format and zeta potential of
+39mV in water and —23 mV in the presence of BSA
[17, 47, 49]. Apparently, the formation of an organic corona
of albumin is necessary for the stability of BiNPs [17] and
the reduction of the zeta potential may influence their
toxicity for RAW 264.7 cells, since phagocytic cells pre-
ferentially interact with negatively charged particles unlike
non-phagocytic cells [50].
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5 Conclusion

This study showed the toxic potential of BiNPs to RAW 264.7
macrophages. In particular, the decreases of enzyme-
dependent MTT conversion to formazan, cell attachment,
and foremost the increases of DNA damage repair foci and
phagocytic capacity are important findings that must be con-
sidered in the case of biomedical application of BiNPs and
should be better investigated, since inappropriate activation
and inactivation of macrophages may lead to immunotoxicity.
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