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Abstract This paper describes in vitro cytotoxicity of bismuth nanoparticles revealed by three complementary assays
(MTT, G6PD, and calcein AM/EthD-1). The results show that
bismuth nanoparticles are more toxic than most previously
reported bismuth compounds. Concentration dependent
cytotoxicities have been observed for bismuth nanoparticles
and surface modified bismuth nanoparticles. The bismuth
nanoparticles are non-toxic at concentration of 0.5 nM.
Nanoparticles at high concentration (50 nM) kill 45, 52, 41,
34 % HeLa cells for bare nanoparticles, amine terminated
bismuth nanoparticles, silica coated bismuth nanoparticles,
and polyethylene glycol (PEG) modified bismuth nanoparticles, respectively; which indicates cytotoxicity in terms of cell
viability is in the descending order of amine terminated bismuth nanoparticles, bare bismuth nanoparticles, silica coated
bismuth nanoparticles, and PEG modified bismuth nanoparticles. HeLa cells are more susceptible to toxicity from
bismuth nanoparticles than MG-63 cells. The simultaneous
use of three toxicity assays provides information on how
nanoparticles interact with cells. Silica coated bismuth

nanoparticles can damage cellular membrane yet keep mitochondria less influenced; while amine terminated bismuth
nanoparticles can affect the metabolic functions of cells.
The findings have important implications for caution of
nanoparticle exposure and evaluating toxicity of bismuth
nanoparticles.
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Abbreviations
Bi
Bi–PEG
Bi@SiO2
Bi@SiO2–NH2
Calcein AM
CdSe/ZnS–COOH
EthD-1
Fe3O4–COOH

G6PD
MAA
MTT
PEG
XRF

Bare bismuth nanoparticles
Polyethylene glycol modified bismuth
nanoparticles
Silica encapsulated bismuth
nanoparticles
Amine modified silica encapsulated
bismuth nanoparticles
Calcein acetoxymethyl ester
Carboxylic acid modified CdSe/ZnS
nanoparticles
Ethidium homodimer-1
Carboxylic acid modified iron oxide
nanoparticles
Amine modified iron oxide
nanoparticles
Glucose-6-phosphate dehydrogenase
Mercaptoacetic acid
3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide
Polyethylene glycol
X-ray fluorescence

1 Introduction
Being considered as one of the least toxic heavy metal, bismuth has been widely used in industry, biological and medical
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sciences. Bismuth has been used in shotgun pellets as a substitute for lead [1]. Bismuth compounds are most commonly
used for treating gastrointestinal disorders [2], eradication of
Helicobacter pylori in peptic ulcers [3–5], treatment of
syphilis and tumors [6], reduction of the renal toxicity of cisplatin [7]. Although several double-blind trials have shown
that the blood bismuth concentration of 50 lg/L (*600 nM)
is considered to be non-toxic during bismuth compound
administration, some side effects such as bismuth-induced
encephalopathy are still reported [8]. Meanwhile, 5.0 mg/L
(*10 lM) bismuth oxide can induce genotoxicity by promoting the oxidative stress in blood [9]. 200 mM bismuth
citrate exposed J774 cells accumulate the metal in their lysosomes and result in lysosomal rupture [10]. In vivo toxicity
studies also reveal that 100 lg/L colloidal bismuth subnitrate
can induce liver damage [11] and cerebellar involvement [12].
Recently, bismuth nanoparticles have drawn great attention in biological sciences such as bioimaging [13, 14],
biosensing [15], biomolecular detection [16, 17], and X-ray
radiosensitizing [18]. The increasing biological applications
promote serious concerns about the toxicity of bismuth
nanoparticles, due to their small size and intimate contact
with cellular components such as plasma membrane,
organelles, DNA and proteins. Thus the cytotoxicity of any
nanoparticle should be extensively and carefully addressed
before further biological applications. For instance, the
toxicity of gold (Au) and iron oxide (Fe3O4) nanoparticles
are well established and are generally considered non-toxic
or less toxic and can be used directly; while cadmium selenide/zinc sulfide (CdSe/ZnS) quantum dots are moderately
toxic and have to be surface-modified to reduce the toxicity
by minimizing direct contact with cellular components or
reducing the release of toxic Cd2? [19].
However, comprehensive cytotoxicity information on
bismuth nanoparticles is not available. At the same time, it is
well known that toxicity of nanoparticles is quite different
from their metal compounds because of the higher chemical
reactivity and biological activity [20, 21]. Therefore, we have
reasons to doubt whether the bismuth nanoparticles is more
toxic than its compounds. Due to the intimate contact with
cells or tissues in vivo, the cytotoxicity of nanoparticles are
largely determined by the physical property of these nanoparticles, such as atomic number, particle diameter, and surface modifications. Among them, the use of various surface
modification techniques to decrease nanotoxicity is the
mainstream of nanotoxicity researches [22–24]. Nanoparticles with positively charged surfaces can enter cell membrane
and cause cell damage due to strong electrostatic interactions.
For in vivo applications, nanoparticles are modified with
neutral polymers such as polyethylene glycol (PEG) in order
to reduce damage to cells while enhancing circulation time in
bloodstream [25]. Meanwhile, silica modified nanoparticles
show less toxicity in both in vivo and in vitro experiments
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[26–28]. But, the overall impact of surface coatings on the
cytotoxicity of bismuth nanoparticles is still unknown.
Besides, previous studies have revealed that several
mechanisms are responsible for nanoparticle-induced cellular
damage [29, 30]. Generation of reactive oxygen species
(ROS) is the dominant mechanism of cellular damage for most
nanomaterials due to their higher chemical reactivities.
Release of metal ions from nanoparticle dissolution is another
important mechanism for toxicity of some nanoparticles (e.g.
Ag, CdTe, CuO) [31–34]. Inhibiting the DNA repair by displacement of Zn2? from the zinc finger protein of DNA repair
enzymes also leads to increased DNA damage [35]. Multiple
cytotoxicity assays (such as membrane integrity, enzyme
activity, reproduction capability, and DNA damage) are
needed to elucidate these mechanisms mainly because these
toxicity assays always give inconsistent results due to their
unique detection principles. For instance, 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) tests
detect integrity of cell membrane and the activity of enzyme in
mitochondria, reflecting the degree of damage on mitochondria function; glucose-6-phosphate dehydrogenase (G6PD)
assay detect levels of G6PD leaking from damaged cell
membranes; Ethidium homodimer-1 (EthD-1) stain detects
cells membrane integrity, and calcein acetoxymethyl ester
(Calcein AM) stain detects intracellular esterase activities.
Considering the different cytotoxicity mechanisms of nanoparticles that affect cells, it is imperative that the combined use
of these toxicity assays could provide comprehensive information on nanoparticle cytotoxicity.
This paper focuses on in vitro cytotoxicities of bismuth
nanoparticles by combining three different assays (MTT,
G6PD and calcein AM/EthD-1) (Fig. 1). Various surface
modifications and different concentration of nanoparticles
are used to test the toxicity levels on two kinds of mammalian cells (HeLa cell and MG-63 cell). The results are
cross-compared to those derived from CdSe/ZnS quantum
dots and iron oxide nanoparticles. Our results show that
bismuth nanoparticles are more toxic than previously
reported bismuth compounds. HeLa cells are more vulnerable to cytotoxicity of various surface modified bismuth
nanoparticles than MG-63 cells; and cytotoxicities of surface modified bismuth nanoparticles are in descending
order of amine modified nanoparticles (Bi–NH2), bare
bismuth nanoparticles (Bi), silica modified nanoparticles
(Bi@SiO2), and PEG modified nanoparticles (Bi–PEG).

2 Materials and methods
2.1 Chemicals
Vybrant MTT cell proliferation kit, vybrant cytotoxicity assay
kit, and live/dead viability/cytotoxicity kit are purchased from
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Fig. 1 Cytotoxicity study of
bismuth nanoparticles using
multi-end point assays: where
nanoparticles combine with
membrane (1), enter nucleus
(2), enter cell and affect
mitochondrion (3), or stay
outside of cells (4) (Color figure
online)

Invitrogen (Carlsbad, CA). Polyethylene glycol-terminated
silane (PEG-silane, 472–604 g/mol) is from Gelest (Tullytown, PA). Bi (CH3COO)3, BiCl3, NaBH4, RPMI 1640 media,
penicillin, streptomycin, fetal bovine serum (FBS), and Dulbecco’s phosphate-buffered saline (D-PBS) are from Sigma–
Aldrich (St. Louis, MO). Anhydrous dimethyl sulfoxide
(DMSO), toluene, polyvinylpyrrolidone (PVP), tetraethylorthosilicate (TEOS), 3-aminopropyltriethoxysilane (APTES),
iron oleate, octadecence, diphenylether, sodium oleate, and
Mercaptoacetic acid (MAA) are from VWR (West Chester,
PA). Ultrapure water (18.2 MX cm-1) from Nanopure System (Barnstead, Kirkland, WA) is used. Synergy HT multimode microplate reader from Biotek (Winooski, VT) is used
for absorbance and fluorescence measurements. HeLa (CCL2) and MG-63 (CRL-1427) cell lines are from American type
culture collection (ATCC, Manassas, VA).
2.2 Nanoparticles synthesis and characterization
Bismuth nanoparticles are made as follows: 0.1 mmol of
Bi(NO3)3 and 0.5 mmol of PVP are dissolved in 10 ml of
N,N-dimethylformamide (DMF). The mixture is degassed
with argon for 15 min under stirring. 0.3 ml of 1 M NaBH4
in water is mixed with 10 ml of DMF and added in the
mixture of Bi(NO3)3 and PVP under vigorous stirring and
argon flow for 5 min. The nanoparticles are precipitated by
adding acetone, followed by centrifugation, washing with
acetone and drying in vacuum.
Iron oxide nanoparticles are prepared by thermally
decomposing iron oleate precursors. A solution containing
an equimolar mixture of iron oleate (0.2 mol/kg) and a stabilizer, in a high-boiling solvent, is vacuum-dried at 120 °C
and heated slowly to reflux for 30 min to allow nanoparticles
to grow. The mixtures of octadecence and diphenylether are

used as solvents to adjust reflux temperature in the range of
290–375 °C, and to control size of nanoparticles. Sodium
oleate and oleic acid are used as stabilizers. After cooling,
iron oxide nanoparticles are isolated by applying a standard
solvent/nonsolvent procedure with hexane/ethanol pairs.
CdSe nanoparticles are made as described in the Ref. [36].
Briefly, 1 mmol of TOPSe and 1.35 mmol of dimethylcadmium are dissolved in 5 ml of trioctylphospine (TOP), and
rapidly injected in a vigorously stirred mixture of 10 g of
trioctylphosphine oxide (TOPO) and 5 g of hexadecylamine
(HDA) heated to 300 °C. Injection results in an immediate
nucleation of nanoparticles, which have a broad adsorption maximum around 450 nm. Further growth occurs at
250–310 °C depending on the desired size. For the synthesis
of CdSe/ZnS core–shell nanoparticles, 2.5 ml of crude
solution of CdSe nanoparticles is mixed with 5 g of TOPO
and 2.5 g of HDA, and heated to 220 °C. The amount of Zn:S
stock solution necessary to obtain the desired shell thickness
is calculated from the ratio between core and shell volume
using bulk lattice parameters of CdSe and ZnS. This amount
is then added dropwisely to the vigorously stirred solution of
CdSe nanoparticles.
In order to determine the size of synthesized nanoparticles,
a suspension of nanoparticles in ethanol is dropped onto carbon coated copper grids and allowed to dry at room temperature. A JEOL 1011 transmission electron microscope (TEM)
operated at 100 kV is used to image nanoparticles. Nanoparticles have also been characterized by X-ray diffraction
(XRD) analysis, X-ray photoelectron spectrometry (XPS),
and dynamic light scattering (DLS). A fluorescence spectrometer is used to measure the fluorescence of CdSe/ZnS core
shell nanoparticles. An X-ray spectrometer (Amptek X-123)
with Si-PIN photodiode is used to analyze X-ray fluorescence
(XRF) emissions of nanoparticles in transmission mode. Both
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25 lm thick silver and 250 lm thick aluminum filters are used
to reduce background and improve signal-to-noise ratio in low
energy (0–15 keV) region of spectrum. XRF spectrum for
bare bismuth nanoparticles is obtained at 40 kV and 100 lA
after 2 min exposure.
2.3 Surface modifications
In order to conjugate with PEG, bismuth nanoparticles are
modified by adding 20 ll PEG saline and 1 mg of bismuth
nanoparticle into 180 ll of toluene. After reacting under
sonication for 3 h at the room temperature, un-reacted PEG
saline is removed by centrifugation and wash three times
with toluene. In order to make amine ended nanoparticles,
bismuth or iron oxide nanoparticles are mixed with 5 %
3-APTES in toluene for 2 h, followed by removal of extra
saline by centrifugation and washing with toluene. CdSe/
ZnS quantum dots are modified with MAA by mixing 35 ll
of MAA with 1 mg of CdSe/ZnS nanoparticles in 500 ll of
chloroform under sonication for 2 h, followed by washing
with toluene for three times. The un-reacted MAA are
removed by dialysis against double deionized water using
3.5 K molecular-weight cutoff (MWCO) membrane for
12 h. The stock solutions of bismuth nanoparticles, silica
encapsulated bismuth nanoparticles (Bi@SiO2), Bi–NH2,
PEG modified bismuth nanoparticles (Bi–PEG), carboxylic
acid modified CdSe/ZnS (CdSe/ZnS–COOH), carboxylic
acid modified iron oxide (Fe3O4–COOH) and amine modified iron oxide (Fe3O4–NH2) nanoparticles are homogeneously dispersed in sterilized phosphate buffer saline (PBS)
at pH = 7.4 prior to use.
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After 24 h, the media are removed and all wells are washed
three times with PBS prior to any toxicity assays.
2.5 Cytotoxicity assay
MTT assay is carried out as the following: The medium in
each well is removed and replaced with 100 ll of culture
medium. 10 ll of 12 mM MTT stock solution is added into
each well, as well as into a negative control (100 ll of
medium without nanoparticles). After incubation at 37 °C
for 4 h, 100 ll of SDS-HCl solution is added to each well and
mixed thoroughly using pipette. After incubation at 37 °C
for 6 h, each sample is mixed with a pipette, and optical
absorbance at 570 nm is recorded. G6PD assay is carried out
by following the standard protocol. A 50 ll of 29 resazurin/
reaction mixture is added to each well, along with fully lysed
cells control and live cell control. All samples are assayed in
six duplicates. 1 ll of 1009 cell lysis buffer is added to
lysed-cell control wells to kill cells. The microplate is
incubated at 37 °C for 30 min prior to measuring fluorescence intensity at 580 nm with 530 nm excitation. Calcein
AM/EthD-1 assay is carried out as following: 100 ll of
D-PBS is added into each well to wash cells in order to dilute
serum-containing esterase, which can lead to false positive.
A 100 ll of dual fluorescence calcein AM/EthD-1 assay
reagents is added into each well and incubated for 30 min at
room temperature before fluorescence measurement. A cellfree control is used to measure background fluorescence and
these signals were subtracted before later calculations. The
percentages of live cells and dead cells are calculated by the
equation provide by Invitrogen. A fluorescence microscope
from Olympus (BX51M) is used to take fluorescent images.

2.4 Cell culture and nanoparticle treatment
2.6 Statistical evaluation
HeLa cell and MG-63 cell purchased from ATCC are used to
investigate nanoparticles induced cytotoxicity. All the cells
are grown in RPMI 1640 culture media containing penicillin
(100 U/ml), streptomycin (100 lg/ml), and 10 % FBS, followed by a culture in a 5 % CO2 incubator at 37 °C
according to the protocol from ATCC. The culture medium is
removed, and cell layer is rinsed with D-PBS solution to
remove all traces of serum. Then 2.0 ml Trypsin–EDTA
solution is added to flask to detach cells, and 6.0 ml of
medium is added to aspirate cells by gently pipetting. The
whole cell concentration is counted with a hemocytometer,
and 200 ll of suspension is seeded in each well of 96-well
microplate at final concentration of 1 9 105 cell/ml, followed by culturing in a 5 % CO2 incubator at 37 °C for
2 days. After the cell monolayer becomes 80 % confluence,
HeLa cells and MG-63 cells are incubated with Bi, Bi–NH2,
Bi–PEG, Bi@SiO2, amine modified Bi@SiO2 (Bi@SiO2–
NH2), CdSe/ZnS–COOH, Fe3O4–COOH and Fe3O4–NH2
with final concentrations of 0.5, 5.0, and 50 nM, respectively.
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The data are presented as mean ± standard error (SEM) of
six independent experiments, and the error bars in each
figure represent the standard error of these six independent
experiments. Data are subjected to statistical analysis by
one-way analysis of variance (ANOVA) followed by
Dunnett’s method for multiple comparisons. A value of
P \ 0.05 is considered significant. SPSS 16.0 software is
used for the statistical analysis and Origin 8.5 software is
used for the graph plotting.

3 Results
3.1 Characterization and surface modification
of synthesized nanoparticles
TEM is used to characterize the morphology of synthesized
nanoparticles. Figure 2a shows TEM image of bismuth
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Fig. 2 TEM image of bismuth nanoparticles (a), and silica encapsulated bismuth nanoparticles (b); X-ray fluorescence spectrum of
bismuth nanoparticles (c), TEM image of iron oxide nanoparticles

(d), and CdSe/ZnS quantum dots (e); Fluorescence intensity of CdSe/
ZnS quantum dots before (black) and after (red) conjugation with
MAA (f) (Color figure online)

nanoparticles, where spherical nanoparticles with diameter
of 20 nm, and having rough and porous surfaces, can be
seen. Silica coated bismuth nanoparticles have an average
thickness of 10 nm and the bismuth core is 20 nm
(Fig. 2b). XRF spectrum shows the characteristic La1 and
Lb1 peaks of bismuth at 10.82 and 13.02 keV, respectively
(Fig. 2c). TEM images show that Fe3O4 nanoparticles
(Fig. 2d) and CdSe/ZnS quantum dots (Fig. 2e) have
average diameter of 20, and 10 nm, respectively. MAA
conjugation chemistry has been adopted in this experiment
to transfer CdSe/ZnS quantum dots from organic phase into
water phase. The fluorescence intensity decreased about
36 % after the conjugation of MAA on the surface of
CdSe/ZnS while the maximum emission wavelength peak
remains unchanged (Fig. 2f). The intensity reduction has
been addressed by other researches, which could be due to
particle loss during washing, or quenching of emission in
PBS (pH = 7.4).

while most of the HeLa cells treated by either Bi@SiO2
(Fig. 3c) or Bi–PEG (Fig. 3d) are stained green (live).
Figure 3e–f shows a nanoparticle concentration-dependent cell viability of both HeLa and MG-63 cells. When the
cells are treated by low concentration nanoparticles
(0.5 nM), no significant decrease in viability is observed
when compared with untreated control (P \ 0.01). But
after exposure to high concentration (50 nM) of nanoparticles, the viabilities of both cells decreased sharply. To
eliminate the errors induced by the natural death of cells, a
ratio between the nanoparticle-treated cell and untreated
control is taken as the viabilities, assuming the viability of
untreated control is 100 %, despite the fact that normal cell
metabolism processes still produce a small number of dead
cells. Figure 3e shows that for HeLa cells, Bi kills 3.2, 15,
and 45 % of the cells at nanoparticle concentrations of 0.5,
5.0, 50 nM, respectively; Bi@SiO2 kills 2.3, 17, and 41 %
of the cells at these concentrations; Bi–PEG kills 2.5, 13,
and 34 % of the cells; and Bi–NH2 kills 2.2, 31, and 52 %
of the cells at these nanoparticle concentrations respectively. These data clearly show that all the surface modified
bismuth nanoparticles are of low cytotoxicity when the
concentration is low (0.5 nM), and the cytotoxicities
increase when the nanoparticle concentration increases.
Meanwhile, a significant difference in the cytotoxicity is
observed when the HeLa cells are exposed to 50 nM bismuth nanoparticles with different modifications. At high
nanoparticle concentration (50 nM), Bi–NH2 kills over
50 % of the HeLa cells, while Bi–PEG kills only 34 %
HeLa cells, indicating the significant effects of surface

3.2 Calcein AM/EthD-1 assay
Calcein AM/EthD-1 Dual-fluorescent dying assay can stain
the live cells green and the dead cell red simultaneously,
providing more comprehensive information of cytotoxicity
determination than traditional single-fluorescent assay. Figure 3a–d shows representative fluorescent micrographs of
HeLa cells after incubating with 100 ml of 50 mM surfacemodified bismuth nanoparticles for 24 h in calcein AM/EthD1 assay. These figures show that most of the HeLa cells treated
by Bi (Fig. 3a) or Bi–NH2 (Fig. 3b) are stained as red (dead),
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Fig. 3 Calcein AM/EthD-1
dual-fluorescence stain of HeLa
cells that are treated by bismuth
nanoparticles (a), amine
modified bismuth nanoparticles
(b), silica coated bismuth
nanoparticles (c), and PEG
modified bismuth nanoparticles
(d); HeLa cell viability after
exposing to bismuth
nanoparticles (e); MG-63 cell
viability after exposed to
bismuth nanoparticles (f) (Color
figure online)

Fig. 4 G6PD assay of bismuth
nanoparticles treated HeLa cells
(a) and MG-63 cells (b), where
nanoparticle concentration is
0.5, 5.0, and 50 nM, and
incubation time is 24 h (Color
figure online)

modifications on the cytotoxicity of bismuth nanoparticles.
According to the results above, the toxicities of these
nanoparticles on HeLa cells are in the order of Bi–NH2 [
Bi [ Bi@SiO2 [ Bi–PEG.
Figure 3f shows that for MG-63 cells, low concentrations of bismuth nanoparticles kill *1 % MG-63 cells,
showing extremely low cytotoxicities. High concentration
(50 nM) of bismuth nanoparticles kill 29, 33, 24, 22 % of
MG-63 cells for Bi, Bi–NH2, Bi@SiO2, and Bi–PEG,
respectively. Although cytotoxicities of these nanoparticles
on MG-63 cells are of the same order as those on HeLa
cells (Bi–NH2 [ Bi [ Bi@SiO2 [ Bi–PEG), these bismuth nanoparticles kill less MG-63 cells than HeLa cells
when both cells are exposed to the bismuth nanoparticles
having the same concentration and the same surface
properties. An observation of the higher viability of MG-63
cells than HeLa cells could be 16, 19, 15, 18 % more when
they are exposed to 100 ml of 50 nM Bi, Bi–NH2,
Bi@SiO2, and Bi–PEG, respectively, indicating that the
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HeLa cells are more sensitive to the nanotoxicity than
MG-63 cells for all the surface modified bismuth nanoparticles.
3.3 G6PD assay
G6PD leaking assay is performed to test the membrane
integrity by measuring the leaked G6PD levels. Figure 4a,
b shows that the viabilities of both HeLa cell and MG-63
cell are concentration-dependent. For HeLa cell (Fig. 4a),
low concentration (0.5 nM) of all the surface modified
bismuth nanoparticles show low toxicity by killing 5.4, 7.2,
3.5, 6.1 % of the cells for the Bi, Bi–NH2, Bi@SiO2, and
Bi–PEG, respectively. And high concentration (50 nM) of
bismuth nanoparticles kill 53, 59, 42, 39 % of the cells for
Bi, Bi–NH2, Bi@SiO2, and Bi–PEG, respectively. For
MG-63 cells (Fig. 4b), these nanoparticles kill 31, 35, 18,
24 % of the cells at 50 nM nanoparticle concentration,
which is lower than the number of HeLa cells killed by the
same concentration of bismuth nanoparticles.
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Fig. 5 MTT assay on bismuth
nanoparticles treated HeLa cells
(a) and MG-63 cells (b), where
nanoparticle concentration is
0.5, 5.0, and 50 nM, and
incubation time is 24 h (Color
figure online)

Fig. 6 Exposure timedependent cytotoxicity of
bismuth nanoparticles on HeLa
cells (a) and MG-63 cells (b),
where calcein AM/EthD-1 assay
is performed after exposure to
nanoparticles for 12, 24, 48, 72,
and 96 h (Color figure online)

3.4 MTT assay
MTT assay detect the cytotoxicity of nanoparticles by
determining the plasma membrane integrity and mitochondrial function, which reflect the metabolism activity.
Figure 5a shows that the viabilities of HeLa cells decrease
when the bismuth nanoparticle concentrations increase and
a dose (or nanoparticle concentration) dependence can be
seen as well. For exposure to 50 nM nanoparticles, Bi–NH2
shows the highest nanotoxicity by killing 52 % of the HeLa
cells, while Bi@SiO2 and Bi–PEG kill 37 and 28 % of the
cells accordingly. This result shows that Bi–NH2 has
higher cytotoxicity than bismuth nanoparticles with other
surface modifications, and corresponds to the results
obtained from calcein AM/EthD-1 analysis. Figure 5b
shows that the viability of MG-63 cells treated with
Bi–NH2 is much lower than those treated with bismuth
nanoparticles with other surface properties. PEG-modified
bismuth nanoparticles have shown lowest toxicity for both
HeLa cells and MG-63 cells, because PEG has extremely
low sticking energy to cells.

are very consistent, calcein AM/EthD-1 assay is taken to
derive viability of cells after different nanoparticle exposure time. Figure 6a shows the HeLa viability after treated
with 100 ml of 50 nM surface modified bismuth nanoparticles for different times. There are *7 % HeLa cells
killed after exposure for 12 h; there is no difference
between these four surface modified bismuth nanoparticles.
After 24 h, the HeLa cell viabilities are 24, 31, 17, 15 %
for Bi, Bi–NH2, Bi@SiO2, and Bi–PEG, respectively. After
4 days (94 h), the viability decreases to 23, 5.7, 32, 46 %,
respectively. Cells viability decreases when exposure time
continuously increases. Figure 6b shows the similar timedependent relations. But the 4-day exposure only kills 54,
65, 43, 46 % of the MG-63 cells for Bi, Bi–NH2, Bi@SiO2,
and Bi–PEG treatment, which is much lower than those
from HeLa cells. These results show that the HeLa cells are
more sensitive to bismuth nanoparticles than MG-63 cells,
which is identical to the cytotoxicity of bismuth nanoparticles derived from MTT and G6PD assays.
3.6 Comparison of toxicity between bismuth, CdSe/
ZnS, and Fe3O4 nanoparticles

3.5 Cell viability after different treating time
The increased nanoparticle exposure time can decrease the
viability of nanoparticle-treated mammalian cells. Since
results from calcein AM/EthD-1, MTT, and G6PD assays

The nanotoxicity of bismuth nanoparticles on HeLa cell
and MG-63 cell are compared to those of CdSe/ZnS and
Fe3O4. Bi@SiO2 is reacted with APTES to make
Bi@SiO2–NH2. For 100 ml of 50 nM nanoparticles
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Fig. 7 Cytotoxicity of
Bi@SiO2 (a), Bi@SiO2–NH2
(b), CdSe/ZnS–COOH
nanoparticles (c), Fe3O4–COOH
(d), and Fe3O4–NH2 (e) on
HeLa cell and MG-63 cell at
nanoparticle concentration of
0.5, 5.0 and 50 nM, where
calcein AM/EthD-1 assay is
used to test cytotoxicity. (black
square) is from HeLa cell, and
(black circle) is from MG-63
cell (Color figure online)

exposure, calcein AM results shows that Bi@SiO2
(Fig. 7a) and Bi@SiO2–NH2 (Fig. 7b) kill 14 and 52 %
HeLa cells, respectively, while CdSe/ZnS-NH2 demonstrate a much higher toxicity by killing 48 % HeLa cells
(Fig. 7c). Fe3O4–COOH (Fig. 7d) or Fe3O4–NH2 (Fig. 7e)
shows a relatively low cytotoxicity by killing 13 and 22 %
cells, respectively. For nanoparticles of different core, the
cytotoxicity are in the order of CdSe/ZnS [ Bi@SiO2 [ Fe3O4 and the toxicity of Bi@SiO2 varied significantly according to the surface modifications. The high
cytotoxicities of CdSe/ZnS-NH2 have been reported by
others, which are mainly attributed to the release of toxic
Cd2?. For different surface modification of the same
nanoparticles, Fe3O4–NH2 is more toxic than Fe3O4–
COOH to HeLa cells by killing 9 % more HeLa cells.
Similarly, Bi@SiO2–NH2 is more toxic than Bi@SiO2.
Thus, amine group modification can increase cytotoxicity
of nanoparticles more than other surface modifications.
A dose-dependent cytotoxicity is also observed for
MG-63 cell. As expected, the CdSe/ZnS nanoparticles give
strongest cytotoxicity when compared with iron oxide and
bismuth nanoparticles. 50 nM Fe3O4–COOH kills 5 % more
MG-63 cells than 50 nM Fe3O4–NH2 does, indicating
Fe3O4–NH2 is less toxic than Fe3O4–COOH. This result is
opposite to the toxicity derived from the HeLa cells, which
could be explained by cell-type-dependent cytotoxicity of
nanoparticles [37]. The adhesion of nanoparticles on cell
surface is prerequisites for nanoparticles entering cells via
endocytosis. Different proteins or cytokines are excreted on
surface of HeLa cells or MG-63 cell. Proteins on HeLa cells
tend to adhere to carboxyl group, while those on MG-63 cells
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tend to adhere to amine group. This adherence of nanoparticles on cell surface mediates the penetration of nanoparticles, thus accelerating cell death by releasing ROS.

4 Discussions
Despites their potentials in bioimaging and radiosensitizing,
there is no cytotoxicity study on bismuth nanoparticles.
Experiments on bismuth nanoparticles still rely on available
cytotoxicity data on bismuth compound, which is the least
toxic among the heavy metals. But, the toxicity of bismuth
nanoparticles maybe different from that of bismuth compound due to their large surface area and surface property.
Indeed, toxicity of nanoparticles is quite different from those
of metal compounds or salts. Silver and copper nanoparticles
have been reported to be more toxic than silver ions [33, 38],
and copper salts [39], respectively. Unlike metal compounds, metal nanoparticles are easy to be modified, and
surface modified nanoparticles may have different cytotoxicity. The most frequently used surface modification is
PEGylation of metal nanoparticles to decrease cell adhesion,
thus reduce cytotoxicity and enhance circulation [25, 40].
This study is focused on two issues related to bismuth
nanoparticles: (1) what is the cytotoxicity of bismuth nanoparticles, and (2) what is the effect of surface modifications
on cytotoxicity of bismuth nanoparticles?
Three types of nanoparticles (Bi@SiO2, CdSe/ZnS,
Fe3O4) have been made, where CdSe/ZnS and Fe3O4
nanoparticles are used as the controls. Our results show that
CdSe/ZnS is the most toxic one among three types of
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nanoparticles by killing *15 % more HeLa cells than
Bi@SiO2 and 20 % more than Fe3O4 nanoparticles. This is
in accordance with previous reports that CdSe/ZnS nanoparticle is more toxic than Fe3O4 nanoparticle at the same
surface modification [19, 32, 41–43]. The higher toxicity of
CdSe/ZnS is mainly due to releasing of cadmium ion
(Cd2?) and formation of ROS after being digested into the
cytoplasm [37]. The lower toxicity of Fe3O4 is perhaps
because the released iron ions (Fe3?) are transferred and
utilized by red blood cells. The toxicity of bismuth is relatively low, mainly because released bismuth ions (Bi3?)
are the least toxic among all heavy metals.
Bismuth nanoparticles have been modified to have surrounding NH2, COOH, silica, and PEG. Silica encapsulated
bismuth nanoparticles cannot be treated as silica nanoparticles, because culture medium diffuses into porous silica
shell, and takes out bismuth ions. Bi@SiO2 and Bi–PEG
can reduce 20 and 24 % of toxicity of the Bi. Bi–PEG has
the lowest toxicity due to low zeta potential and reduced
interaction with receptors. Because most receptors, that
mediate specific interactions between cells and their
extracellular milieu, are located on plasma membrane [44],
the non-adhesive Bi–PEG cannot be internalized through
mediation of receptors, and has low cytotoxicity [45]. The
cytotoxicity of insulin-immobilized CdS nanoparticles was
greatly suppressed by using PEG as spacer [25]. PEG
grafting can also reduce toxicity of gold nanoparticles,
where chain length does not affect cell internalization [46].
On the other hand, Bi@SiO2 is less toxic than bismuth
nanoparticles, because silica shell is a barrier between cell
and nanoparticle and retards mobilization of bismuth ion
into cell, thereby reducing oxidative stress. This explanation is also supported by an experiment on cytotoxicity of
silica modified magnetic nanoparticles [47]. Though
Bi@SiO2 is less toxic than bismuth nanoparticle, the
thickness of silica shell does not have significant effect on
cell viability, probably because 20 nm silica shell is thick
enough to retard mobilization of bismuth ions.
We further compared the toxicity of bismuth nanoparticles with the bismuth compounds reported by other
studies. Several double-blind trails show those have bismuth blood level values below 50 lg/l (*600 nM) are
highly unlikely to be associated with meaningful toxicity in
man [48]. Von Recklinghausen et al. [35] report that 4 lM
methylbismuth compound is toxic, while bismuth citrate
and bismuth glutathione are not genotoxic on human
lymphocytes and hepatocytes even at high concentration of
500 lM. Tomohiro et al. compared the toxicity of triphenylbismuth and bismuth chloride [49]. They found that the
10–30 lM bismuth chloride did not significantly affect cell
viability and the threshold of triphenylbismuth affecting
thymocytes viability was 3 lM. Similarly, Ribeiro et al.
[50] found 100 lg/ml bismuth oxide (equals to 215 nM) is
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not genotoxic by the single-cell gel assay. On the contrary,
bismuth nanoparticles at concentration of 50 nM may have
considerable cytotoxicity by killing *45 % HeLa cells.
The concentrations (0.5, 5.0, 50 nM) in our experiments are
much lower than the previous reports (at least 215 nM),
thus we think the bismuth nanoparticles are more toxic than
the bismuth compounds at the same molar concentration.
The increased toxicity of bismuth nanoparticles over bismuth compounds may be caused by size effect and release
of bismuth ion. Similar results have been found in other
nanoparticles. Silver nanoparticles have been reported to be
more toxic than Ag? [38], and the increased toxicity of
silver nanoparticles is mainly explained as nanoparticles
induced killing, and toxicity of released Ag?. Similarly,
copper nanoparticles show higher toxicity on zebrafish than
soluble copper salts, which is also due to the higher toxicity
of released copper ions (Cu2?) [39].
Three assays (MTT, G6PD, and calcein AM/EthD-1) are
used in combination to provide complementary information
on cytotoxicity of bismuth nanoparticles. MTT tests detect
integrity of cell membrane and activity of enzyme in mitochondria, which reflects function of mitochondria. G6PD
assay detects G6PD leaking when cell membrane is damaged. EthD-1 detects integrity of membrane; while calcein
AM detects activity of intracellular esterase. The difference
between G6PD leaking and MTT can be explained by the fact
that cell metabolic activity is less affected even though
plasma membrane is damaged. If this phenomenon exists in
differently modified nanoparticles, it means that surface
modified nanoparticles can damage the cells, yet cannot
damage mitochondria of cells. Therefore, the mechanism of
nanoparticle-cell interaction can be revealed at least partially
by combining multiple in vitro assays that have different
end-points. Bi–PEG treated cells have shown different viability in MTT assay (28 %) and G6PD assay (39 %), suggesting that Bi–PEG affects less on cell mitochondria.
Because Bi–PEG does not have strong affinity to proteins
secreted on cell surface, most of Bi–PEG nanoparticles are
expelled outside cell membrane. Bi@SiO2 can enter cell
membrane, and have effect on activity of intracellular
esterase, while it has less effect on mitochondria, indicating
the toxicity of Bi@SiO2 is less related to metabolic function.
Bi–NH2 shows similar viability in MTT and G6PD assay,
suggesting that damage to mitochondria function is consistent with damage to plasma membrane, and cytotoxicity of
Bi–NH2 is mainly due to compromised metabolic function.
The mechanisms of nanoparticle induced damage to the
cells are complicated, involving the release of metal ions,
production of ROS, and combination with zinc finger
proteins. Hence, it is very difficult to elucidate the damage
of human cells with one of these hypotheses. Thus, further
research is needed to explore the actual mechanisms of
bismuth nanoparticle induced damage to human cells.
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5 Conclusion
The cytotoxicity of bismuth nanoparticles is studied on
HeLa cells and MG-63 cells by combining three assays
(MTT, G6PD, and calcein AM/EthD-1). The toxicity of
bismuth nanoparticles is higher than those reported for
bismuth chloride at the same molar concentration. HeLa
cell is more susceptible to cytotoxicity of bismuth nanoparticles than MG-63 cell. Bismuth nanoparticles are less
toxic than CdSe/ZnS at the same nanoparticle concentration and has similar toxicity as iron oxide nanoparticles.
Surface modifications have significant impact on cytotoxicity of bismuth nanoparticles. The cell viability (MTT,
G6PD, and calcein AM/EthD-1) are in sequence of
Bi–NH2, Bi, Bi@SiO2, and Bi–PEG (from lowest to highest).
The combined use of complementary toxicity assays can
provide more information on cytotoxicity of nanoparticles.
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