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Abstract

Purpose: Lately, bismuth-based nanomaterials have been widely utilized in medical
researches such as imaging, drug delivery and radio-sensitization. Despite their advantages,
bismuth-based compounds have shown toxic effects in humans. There are few studies on
cytotoxicity effects of bismuth oxide (Bi2Os) nanoparticles (NPs) in-vitro. In this study, we
aimed to investigate cytotoxicity of bare and also folate and 5-aminolevulinic acid (5-
ALA)-conjugated Bi2Os NPs on nasopharyngeal carcinoma (KB) and lung cancer (A549)
cell lines.

Methods: Bi.Os NPs were synthesized and conjugated with folate and 5-ALA. KB and
A549 cells were cultured and incubated with 10, 20, 50 and 100 pg/ml concentrations of
bare and folate-5-ALA-conjugated NPs. The survival rates were obtained after 2 and 24
hours incubation of the cells with NPs using MTT assay. Also, apoptosis and ROS
generation induced by the NPs in the treated cells were obtained using Caspases-3 activity
assay and flow cytometry analysis, respectively.

Results: Bi2Os NPs were successfully synthesized with average size of 19.2 + 6.5 nm, then
conjugated with 5-ALA and folate. Either naked or folate-conjugated NPs were easily taken
up by the cells in a concentration-dependent manner and showed cytotoxic effects. The
significant cell death was noted at the concentrations more than 50 pg/ml for both
compounds.

Conclusion: Results indicated low cytotoxicity of the prepared NPs at lower incubation
periods, which is very important for their further applications. However, 24 hours
incubation of the cells with both forms of NPs caused more cell killing and the cytotoxicity
increased with increasing concentrations of the NPs.

Introduction

Recent advances in nanotechnology have led to the
development of nanomaterials with potential of
application in medicine, electronics, biosensors and
biomaterials.'* The nanomaterials have unique
properties that are completely different from their bulk
forms.> Due to their small size, nanomaterials have
shown unique physical, optical, electronic, and chemical
properties.>” For example, high-atomic number
nanoparticles (NPs) such as bismuth (Z=83) oxide
(Bi203) NPs have been proven to be radioenhancer in
cancer radiotherapy.2*? Moreover, bismuth does not
accumulate in the body and therefore is biocompatible
in-vivo.'-12 Due to its excellent biocompatibility and low
cost compared to other high-Z nanomaterials such as
gold, bismuth has recently been used as a high-sensitive
contrast agent in CT-scan examinations, 314

NPs usually induce toxicity when they enter into
biological systems in medical applications.’® Surface

modification methods such as PEGylation or silica
coating, allow NPs to be utilized safely in biomedical
treatments;1%17 however, such procedures are complex
and time consuming.® Folate (folic acid) has been used
as conjugation agent to enhance cytotoxicity of NPs for
cancer treatment.® Folate receptors (FRs) are single-chain
glycoproteins which possess high specific affinity for
folic acid (FA) and are overexpressed on cell membrane
of various malignant tumors,®® such as human oral
squamous carcinoma (KB cells)® but not in
adenocarcinomic human alveolar basal epithelial cells
(A549 cell line).?* Most of human normal cells have a
little expression of FR, therefore the over-expression of
FRs on membrane of the tumor cells can be exploited as
a specific targeting ligand.?? This targeting strategy can
be utilized for increasing the diagnostic and therapeutic
efficacy in different types of cancers.
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5-Aminolevulinic Acid (5-ALA) is an intermediate in
heme biosynthesis pathway of cells. When exogenous 5-
ALA is introduced into the cells, the concentration of
protoporphyrin-1X  (PplX) increases during heme
biosynthesis pathway.? This PplX can act as a strong
photosensitizer in photodynamic therapy (PDT). In
recent years, 5-ALA in conjugation with NPs has been
used in PDT as an effective method for treating different
kinds of malignant and non-malignant diseases.?426

A few studies have been conducted to assess the
potential cytotoxicity of Bi,O3 NPs before their
biomedical applications.®?”? In this work, bare Bi,O3
NPs and folic acid-5-aminolevulinic acid (5-ALA-FA)
conjugated BiO; NPs were synthesized and their
cytotoxicities at different concentrations were evaluated
on KB and A549 cell lines in-vitro.

Materials and Methods

Chemicals and cell lines

The main chemical materials used for the synthesis of the
NPs were bismuth(IIl) nitrate (>98%)), propylene glycol
(CH3CH(OH)CH20OH), reagent-grade ethanol, toluene
(99.8%), ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, >97%), N-hydroxysuccinimide (NHS, >98%), folic
acid (FA; CigH19N;Os), (3-aminopropyl)trimethoxysilane
(APTMS, 97%), and MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) all purchased from
Sigma-Aldrich (Missouri; USA); and dichloromethane,
dimethylsulfoxide ~ (DMSO), methanol  (CHsOH),
purchased from Merck (Darmstadt, Germany). The
materials used for the cell cultures including Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), trypan blue, and trypsin-EDTA 0.25% all
purchased from GIBCO (Invitrogen, Germany). The
human KB cell line was kindly gifted by Dr Ali
Shakerizadeh (Iran University of Medical Sciences,
Tehran, Iran) and A549 cell line were obtained from
Medical Biology Research Center at Kermanshah
University of Medical Sciences (Kermanshah, Iran).

Preparation of FA and 5-ALA-conjugated Bi>Os NPs

Bi,Os NPs were synthesized using bismuth nitrate
according to previously published work of Luan, X et
al.?® In brief, bismuth (l1) nitrate was dissolved in
propylene glycol and stirred overnight. Then, the mixture
was placed in an oven at 150 °C for 3 hours to dry. Then
synthesized NPs were functionalized as described by
Bogusz. K et al.3® The synthesized Bi,Os; NPs, and
toluene, were then poured into a schlenk flask; in which
the mixture was exposed to N2 gas in one side and
APTMS drop-wise (1 ml in 15 minutes) on the other
side. After that, the mixture was sonicated, as well as
temperature of the mixture increased to 50 °C. Eventually
the solution was stirred overnight. Next day, the sample
was centrifuged at 5,000 rpm for 5 minutes. The
sediment was washed with ethanol, and then dried at 60
°C during 5 hours. Afterwards, conjugating the NPs with
5-ALA and FA was performed;3 in which, 5-ALA was
mixed with phosphate buffered saline (PBS). Then EDC

was separately dissolved in PBS and added to the
previous solution; then it was stirred for 20 minutes.
NHS also was dissolved in PBS separately and added to
the previous solution and stirred for another 20 minutes.
The carboxyl group of 5-ALA got activated by this
method; therefore, the prepared solution was added to the
modified NPs followed by 30 minutes stirring. It should
be noted that the modified NPs had been firstly dispersed
in PBS. On the other hand, for activating the carboxyl
group of the FA, it was dissolved in PBS. EDC was
separately dissolved in PBS as well and added to the
solution and stirred for 20 minutes. NHS was also
dissolved in PBS and added to the solution, followed by
another 20 minutes stirring. Activated FA was then
added to the solution containing 5-ALA-conjugated NPs.
Dialysis tubing was used for removing the salt and other
impurities in solution in order to purify the final product.

Structural characterization of the synthesized Bi2O3
NPs

The size and shape of the Bi,O3 NPs were analyzed using
transmission electron microscopy (TEM, Philips model
CM30) operating at 150 KV. Samples were prepared on
the copper grids by drop-coating of the NPs which were
suspended in distilled water before analysis.

FTIR Spectroscopy

FTIR spectra of Bi,Os NPs and FA-conjugated NPs
deposited in KBr disks were recorded on a IR Prestige-
21 spectrometer (Shimadzu, Kyoto, Japan). Scanning
was performed at room temperature, over the range of
4000 to 400 cm.

Cell culture

KB cells (epidermal nasopharyngeal carcinoma, an
established human cell line) and A549 cells (lung cancer
cell line) were routinely grown monolayer using DMEM
supplemented with 10% FBS in 25 cm? flasks (SPL Life
Sciences Co, Korea). The cell growth was carried out in
a humidified atmosphere containing 5% CO; and 95%
air at 37 °C. When the confluency of cells reached more
than 70%, they were washed with PBS and incubated
with the trypsin-EDTA solution for 3 min at 37 °C to
detach them from the flask. The cells were then re-
suspended in the culture medium for seeding. Trypan
blue staining was performed to determine the cell density
before seeding.

Cytotoxicity of the nanoparticles

The FR-positive KB and FR-negative A549 cell
lineswere cultured in 96-well culture plates. When the
cells reached to the confluency of more than 70%, they
were treated with concentrations of 0 (control), 10, 20,
50 and 100 ug/ml of the FA-conjugated Bi>Os NPs and
also bare Bi»Os; NPs for 2 h and 24 h. Determining the
concentration of FA-conjugated NPs was performed
based on the existing NP concentration in the suspension
of the compound. Afterwards, the medium was replaced
with fresh medium containing 5% FBS. MTT assay was
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performed 24 h after incubation, in which 100 ul MTT
solution was added to each well to reveal the viable cells.
After further incubation for 2 h at 37 °C, culture medium
of the wells was removed, and 100 ul DMSO was added
to dissolve the formazan grains. The absorbance values
of the wells were measured with an ELISA microplate
reader (ELX 800, BioTek) at 490 nm wavelength.

Determination of caspase-3 activity

Together with MTT, caspase-3 activity assay was carried
out to measure apoptotic cellular death induced by the
synthesized NPs 24 h after incubation. The cells were
seeded in 12-well plates and incubated with the FA-
conjugated Bi,O3 NPs and also bare Bi»O3 NPs (0 as
control, 10, 20, 50 and 100 pg/ml) for 2 and 24 h; then
the cells were washed twice with PBS and incubated
with DMEM containing 5% FBS. After 24 h, the cells
were trypsinized and then centrifuged at 1400 rpm for 7
minutes. Thereafter, supernatant was removed and 30 pl
lysis buffer was added to each sample and incubated on
ice for 30 minutes and then centrifuged at 14000 rpm for
12 minutes. Afterwards, 5 pl of the supernatant was
added to 30 ml of 1% reaction buffer/dithiothreitol
(DTT) and mixed with 5 pl of 1 mM caspase-3
colorimetric substrate. The mixture was then incubated at
37 °C for 2 h and para-nitro aniline (p-NA) light
emission was finally measured at 405 nm using a
microplate reader. Protein concentrations were also
equalized for each condition based on the Bradford
method using the bovine serum albumin as a standard.

Intracellular ROS measurement

The intracellular ROS level was measured using the cell
permeable 2',7'-dichlorofluorescin diacetate (DCFH-DA)
dye which is non-fluorescent itself. It is oxidized when
subjected to intracellular ROS and forms 2',7'-
dichlorofluorescin (DCF) which is a strong fluorescent
compound. Briefly, a number of 5 x 10° cells were
cultured in each well of 12-well plates for 24 h. After 2
and 24 h exposures to different concentrations (0, 10, 20,
50, and 100 pg/ml) of the BioO3 NPs and FA-conjugated
Bi>O3 NPs, the cells were washed with PBS and the cell
culture medium was replaced with DMEM containing
5% FBS. After 24 h, the cells were stained with DCFH-
DA for 45 min at 37 °C. Then, they were rinsed twice
with PBS, trypsinized, centrifuged at 1000 rpm for 10
minutes and eventually resuspended in PBS. The
fluorescence intensity of the treated cells was
immediately analyzed using a NovoCyte benchtop Flow
Cytometer (San Diego, USA).

Statistical Analysis

All experiments were performed in triplicate and
repeated at least three times. All results are presented as
the mean + standard deviation (SD). The level of cells'
viability among different control and treated cell groups
was compared using one-way analysis of variance
(ANOVA) with a confidence interval of 95%.

Results and Discussion

Characterization of the synthesized Bi>O3 NPs

Physical properties including morphology and size
distribution of the synthesized BiO; NPs were
determined using TEM. Analysis of the NPs size using
the TEM images was performed on at least 400 NPs.
TEM micrographs of the NPs showed the hexagonal or
nearly hexagonal shape with an uniform size distribution
(Figure 1). The mean + standard deviation of the NPs'
size was 19.2 £ 6.5 nm.

Figure 1. Transmission electron micrograph of the synthesized
Bi,O3 nanoparticles.

For verifying the conjugation process, Fourier-transform
infrared spectroscopy (FTIR) spectra of the synthesized
Bi203 NPs and FA-conjugated NPs were done and the
results are shown in Figure 2 a, b. The broad band at
516.92 cm™ in the FTIR of the NPs originates from the
metal-oxygen (Bi-O) vibration and proves the NPs
fabrication. Moreover, the peaks at 1635.64 cm™ and
1083 cm! are characteristic of bending vibration mode of
aromatic C=C of FA in FA-conjugated Bi20O3 NPs.*
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Figure 2. Fourier Transform Infrared Spectrum of (a) Bi»Os
nanoparticles and (b) Folate-conjugated Bi,O3 nanoparticles.
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Cytotoxicity of the FA-conjugated and bare Bi>Os NPs

Few studies are performed to investigate toxicity of
Bi,O3 NPs in mammalian cells.®?"28 In the present work,
the cytotoxicity of FA-conjugated Bi,Os; NPs and bare
Bi,O3 NPs were evaluated using MTT, caspase-3 activity
and flow cytometry assays on the KB and A549 cell
lines; for which the examinations were performed after 2
and 24 h of exposure to 10, 20, 50 and 100 pg/ml
concentrations of the NPs. Since the cytotoxicity of NPs
depends on their concentrations, choosing appropriate
concentrations in the toxicological studies is of great
importance. Accordingly, the concentrations were chosen
based on the former study in this issue.?” Based on the
MTT results, the dose effect curves were generated; and
the concentration required to inhibit cell growth by 50%
relative to the control (ICsp) was obtained for both cell
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lines and with both type of the NPs. For 2 h incubation,
viability of the cells did not change significantly after
treatment with the NPs in the studied concentration range
compared to control cells (Figure 3 a, b). However, 24 h
incubation of the cells with both type of the NPs caused
more cytotoxicity compared to 2 h incubation period
(Figure 3 ¢, d) in a concentration-dependent manner.
This finding is in agreement with previous work?” in
which it has been shown that bare Bi,O3 NPs could dose-
dependently increase the cell death by disturbing
mitochondrial function in A549 cells.?’ The low
cytotoxicity of the BiO3 NPs at short incubation periods
is very important specification which can be exploited
for further applications. As shown in the graphs,
cytotoxicity of the NPs is less than that to reach ICsp
even in 24 h incubation periods.
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Figure 3. Cell viability of (a) KB and (b) A549 cells after 2 h and (c) KB and (d) A549 cells after 24 h incubation periods.

KB cell line is well known as FR positive cells;** due to
overexpression of the folic acid receptors on the surface
of these cells, FA-conjugated NPs are most probably
internalized through receptor-mediated endocytosis.??
Therefore, this mechanism could increase internalization
of the NPs into the cells through which may enhance the
toxicity of FA-conjugated NPs on these cells.3* However,
our findings indicate opposite results; as shown in Figure
3, cytotoxicities of the bare NPs in all groups are more
than that of the FA-conjugated NPs while this effect
cannot be seen in FR-negative A549 cells. As shown in
Figure 3 b, d, cytotoxicity profile of the bare NPs and

FA-conjugated NPs are quite similar and close together
and there is no significant difference between these two
treatment groups even in 24 h incubation period
(P>0.05). Lower cytotoxicity induced by the FA-
conjugated NPs compared to the bare NPs could be due
to presence of 5-ALA in the FA-conjugated NPs
compound. As described by Mohammadi et al.,* 5-ALA
increases the proliferation of the cells. As a matter of
fact, this work is a part of our future study on
photodynamic therapy of the KB and A549 cells, in
which we will use the FA-5-ALA-conjugated Bi,O3 NPs
as photosensitizing agents.
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Determination of caspase-3 activity

In an study conducted by Abudayyak et al. the Bi,O3
NPs were found potent to increase the cellular death and
induce apoptosis.?’ The activation of caspase family
proteins plays a key role in causing cell apoptosis. For
this purpose, we investigated the activity of caspase-3
protein to determine potential of the FA-conjugated and
also bare Bi»O3z NPs in apoptosis induction.

Colorimetric detection of para-nitro aniline (pNA)
chromophore when it is cleaved from the substrate 7-
Amino-4-(trifluoromethyl)coumarin-conjugated pNA in
equal amount of cells lysis buffer is the basis of caspase-
3 activity assay. In order to investigate the caspase-3
enzyme activity, cells were incubated with the FA-
conjugated Bi,O3 NPs and also bare BiOs NPs at
concentrations of 0 (control), 10, 20, 50 and 100 pg/ml
for 2 and 24 h; then pNA light emission was measured at
405 nm using a microplate reader.

As shown in Figure 4 a, there is no significant difference
in caspase activity of the KB cells between the control
group and groups receiving either FA-conjugated or bare
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I NPs
B F A-conjugated NPs

100
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Caspase-3 Activity (%)

0-
0 10 20 50 100
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NPs after 2 h incubation period (P>0.05). Even at 100
pg/ml concentration of the FA-conjugated and bare NPs,
the activity of caspase-3 enzyme increased up to about 19
+ 5.4% and 16 + 7.5%, respectively. However, increasing
the incubation period from 2 h to 24 h resulted nearly in
91 + 8.3% and 77 £ 4.8%, enhancement in the caspase-3
activity at 100 pg/ml concentration of the FA-conjugated
and bare NPs, respectively (Figure 4 b). In the case of
A549 cells, 2 h incubating the cells with the FA-
conjugated and bare NPs did not significantly change the
activity of the caspase-3 enzyme (P>0.05) (Figure 5 a).
However, 24 h incubating of these cells with the FA-
conjugated and bare NPs at concentration of 100 pg/ml
increased caspase-3 activity to 43.9 + 5.3% and 50 *
8.3%, compared to their control groups, respectively
(P<0.05) (Figure 5 b).

The results indicate that both forms of the synthesized
NPs can significantly increase caspase-3 activity
compared to control group at large incubation periods in
KB and A549 cells and thus can be utilized for cancer
treatment approaches through induction of apoptosis.
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Figure 4. Caspase-3 activity in KB cell line after 2 h (a) and 24 h (b) incubation with 0, 10, 20, 50, 100 ug/ml concentrations of the bare
and folic acid (FA)-conjugated NPs. The activity of caspase-3 enzyme was measured by colorimetric detection of para-nitro aniline and
expressed as percentage compared to control (Mean + Standard deviation).
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Figure 5. Caspase-3 activity in A549 cell line after 2 h (a) and 24 h (b) incubation with 0, 10, 20, 50, 100 pg/ml concentrations of the bare
and folic acid (FA)-conjugated NPs. The activity of caspase-3 enzyme was measured by colorimetric detection of para-nitro aniline and
expressed as percentage compared to control (Mean + Standard deviation).
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Effects of Bi-Os NPs and FA-conjugated Bi-O3z NPs on
ROS production

Bismuth oxide has a potential to either increase
proliferation of cells through scavenging ROSs or
increase cellular death rate through generating ROSs.*®
Thus, to further support the cytotoxicity effects of the
Bi,Oz NPs and FA-conjugated Bi,Oz NPs, their effects
on the cells' viability were examined using flow
cytometry method through detection of DCF
fluorescence.

Potential of the tested NPs in ROS generation are
illustrated in Figures 6, 7. According to the results, a
significant increase in DCF signal was found when the
incubation time prolonged from 2 h to 24 h (*P<0.05) in
both cell lines. This proves that Bi.O3 NPs can generate
ROS which is able to damage the DNA and induce the
cellular death.

Both forms of the NPs showed different levels of ROS
production in KB and A549 cells. In agreement with the

MTT results, higher DCF signal is detected in the cells
treated with Bi,Os; NPs (Figure 8). This strongly
validates oxidative stress contributed to the cytotoxicity
of these NPs. Regarding Figure 8, the flow cytometry
assay of the FA-conjugated Bi,O3 NPs at the
concentration of 50 pg/ml, revealed a decrease in ROS
signal compared with uncoated Bi,O3 NPs which is
more significant in KB cells than A549 cell line.
Together with the cell proliferation induction effect of 5-
ALA,® this result may be explained by shielding effect
of APTMS in FA-conjugated NPs in which the NPs are
coated by APTMS for the purpose of conjugating 5-ALA
and FA. According to previous studies, the cytotoxicity
of the NPs could be lessened when they are coated by
APTMS.®® However, this difference in ROS generation
potential of bare NPs and FA-conjugated NPs was not
significant in A549 cells at the concentration of 50 pg/ml
(Figure 8 d).
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Figure 6. The enhancement of reactive oxygen species (ROS) generation in KB cells obtained with flow cytometry assay.
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conjugated NPs at different concentrations (0, 20, and 50 pg/ml) and different incubation periods (2 and 24 h). The data are expressed
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Conclusion

Bi,03; NPs have been successfully synthesized and then
conjugated to 5-ALA and FA in the present study. The
cytotoxicities effects of both of the synthesized NPs
were studied on KB and A549 cells using three assays
including MTT, caspase-3 activity, and flow cytometry.
The results showed a significant cytotoxicity in treated
cells so that the FA-conjugated NPs had lower
cytotoxicity than bare Bi,O3 NPs for either 2 or 24
hincubation periods in KB cell line. The results showed
that conjugating the BiOs NPs with FA and 5-ALA
reduces their cytotoxicity in KB tumor cells; while
similar cytotoxicity profiles were seen in FR-negative
A549 cells using both forms of NPs. Based on the
results, such NPs can be exploited for targeting the FR
positive cancer cells such as human nasopharyngeal
epidermal carcinoma. The utilized FA targeting ligand in
our study is relatively effective targeting agent, but it
may not be the best candidate to target other cancerous
cells; therefore, further studies could be performed on
such cancer cells with more specificity in targeting such
as antigens and aptamers for diagnosis and treatment
purposes.

Acknowledgments

The authors gratefully acknowledge the research council
of Kermanshah University of Medical Sciences (Grant
Number 95678) for the financial support. This work was
performed in partial fulfillment of the requirements for
the Master of Science degree of Fatemeh Akbarzadeh, in
the School of medicine, Kermanshah University of
medical sciences, Kermanshah, Iran.

Ethical Issues
Not applicable.

Conflict of Interest
The authors declare that there are no conflicts of interest.

References

1. Su XY, Liu PD, Wu H, Gu N. Enhancement of
radiosensitization by metal-based nanoparticles in
cancer radiation therapy. Cancer Biol Med
2014;11(2):86-91. doi: 10.7497/j.issn.2095-
3941.2014.02.003

2. Al-Musywel HA, Laref A. Effect of gold nanoparticles
on radiation doses in tumor treatment: A monte carlo
study. Lasers Med Sci 2017;32(9):2073-80. doi:
10.1007/s10103-017-2329-0

3. Kokkinos C, Prodromidis M, Economou A, Petrou P,
Kakabakos S. Disposable integrated bismuth citrate-
modified  screen-printed immunosensor  for
ultrasensitive quantum dot-based electrochemical
assay of C-reactive protein in human serum. Anal
Chim Acta 2015;886:29-36. doi:
10.1016/j.aca.2015.05.035

4. Hsu CL, Lien CW, Wang CW, Harroun SG, Huang
CC, Chang HT. Immobilization of aptamer-modified
gold nanoparticles on BiOCI nanosheets: Tunable

peroxidase-like activity by protein recognition.
Biosens Bioelectron 2016;75:181-7. doi:
10.1016/j.bi0s.2015.08.049

5. Abrahamse H, Kruger CA, Kadanyo S, Mishra A.
Nanoparticles for advanced photodynamic therapy of
cancer. Photomed Laser Surg 2017;35(11):581-8.
doi: 10.1089/ph0.2017.4308

6. Liu Y, Zhuang J, Zhang X, Yue C, Zhu N, Yang L, et
al. Autophagy associated cytotoxicity and cellular
uptake mechanisms of bismuth nanoparticles in
human kidney cells. Toxicol Lett 2017;275:39-48.
doi: 10.1016/j.toxlet.2017.04.014

7. Alkilany AM, Murphy CJ. Toxicity and cellular
uptake of gold nanoparticles: What we have learned
so far? J Nanopart Res 2010;12(7):2313-33. doi:
10.1007/s11051-010-9911-8

8. Khoshgard K, Hashemi B, Arbabi A, Rasaee MJ,
Soleimani M. Radiosensitization effect of folate-
conjugated gold nanoparticles on Hela cancer cells
under  orthovoltage  superficial ~ radiotherapy
techniques. Phys Med Biol 2014;59(9):2249-63. doi:
10.1088/0031-9155/59/9/2249

9. Khoshgard K, Kiani P, Haghparast A, Hosseinzadeh
L, Eivazi MT. Radiation dose rate affects the
radiosensitization of MCF-7 and Hela cell lines to X-
rays induced by dextran-coated iron oxide
nanoparticles. Int J Radiat Biol 2017;93(8):757-63.
doi: 10.1080/09553002.2017.1321806

10. Mafakhei H, Khoshgard K, Haghparast A, Mostafaie
A, Eivazi MT, Rezaei M. Investigating the
radiosensitivity effect of dextran-coated iron oxide
nanoparticles on cervical cancerous cells irradiated
with 6 MV photon beams. J Mazandaran Univ Med
Sci 2016;25(133):162-70.

11. Stewart C, Konstantinov K, McKinnon S, Guatelli S,
Lerch M, Rosenfeld A, et al. First proof of bismuth
oxide nanoparticles as efficient radiosensitisers on
highly radioresistant cancer cells. Phys Med
2016;32(11):1444-52. doi:
10.1016/j.ejmp.2016.10.015

12. Algathami M, Blencowe A, Geso M, Ibbott G.
Quantitative 3D determination of radiosensitization
by bismuth-based nanoparticles. J  Biomed
Nanotechnol 2016;12(3):464-71. doi:
10.1166/jbn.2016.2183

13. Wei B, Zhang X, Zhang C, Jiang Y, Fu YY, Yu C, et
al. Facile synthesis of uniform-sized bismuth
nanoparticles for CT visualization of gastrointestinal
tract in vivo. ACS Appl Mater Interfaces
2016;8(20):12720-6. doi: 10.1021/acsami.6b03640

14. Li Z, Hu Y, Howard KA, Jiang T, Fan X, Miao Z, et
al. Multifunctional bismuth selenide nanocomposites
for antitumor thermo-chemotherapy and imaging.
ACS Nano 2016;10(1):984-97. doi:
10.1021/acsnano.5b06259

15. Sharma A, Gorey B, Casey A. In vitro comparative
cytotoxicity study of aminated polystyrene, zinc
oxide and silver nanoparticles on a cervical cancer

634 | Advanced Pharmaceutical Bulletin, 2018, 8(4), 627-635



In-vitro cytotoxicity of bismuth oxide nanoparticles

cell line. Drug Chem Toxicol 2018:1-15. doi:
10.1080/01480545.2018.1424181

16. Chia SL, Leong DT. Reducing ZnO nanoparticles
toxicity  through  silica  coating. Heliyon
2016;2(10):e00177. doi:
10.1016/j.heliyon.2016.e00177

17. Moret F, Selvestrel F, Lubian E, Mognato M, Celotti
L, Mancin F, et al. PEGylation of ORMOSIL
nanoparticles differently modulates the in vitro
toxicity toward human lung cells. Arch Toxicol
2015;89(4):607-20. doi: 10.1007/s00204-014-1273-z

18. Melagraki G, Afantitis A. A risk assessment tool for
the virtual screening of metal oxide nanoparticles
through enalos insiliconano platform. Curr Top Med
Chem 2015;15(18):1827-36. doi:
10.2174/1568026615666150506144536

19. Zhang H, Li J, Hu Y, Shen M, Shi X, Zhang G. Folic
acid-targeted iron oxide nanoparticles as contrast
agents for magnetic resonance imaging of human
ovarian cancer. J Ovarian Res 2016;9:19. doi:
10.1186/s13048-016-0230-2

20. Skinner CC, McMichael EL, Jaime-Ramirez AC,
Abrams ZB, Lee RJ, Carson Il WE. Folate-
conjugated immunoglobulin targets melanoma tumor
cells for nk cell effector functions. Melanoma Res
2016;26(4):329-37. doi:
10.1097/CMR.0000000000000258

21. Heidari Majd M, Barar J, Asgari D, Valizadeh H,
Rashidi MR, Kafil V, et al. Targeted fluoromagnetic
nanoparticles for imaging of breast cancer MCF-7
cells. Adv Pharm Bull 2013;3(1):189-95. doi:
10.5681/apbh.2013.031

22. Carron PM, Crowley A, O'Shea D, McCann M,
Howe O, Hunt M, et al. Targeting the folate receptor:
Improving efficacy in inorganic medicinal chemistry.
Curr Med Chem 2018;25(23):2675-708. doi:
10.2174/0929867325666180209143715

23. Wachowska M, Muchowicz A, Firczuk M, Gabrysiak
M, Winiarska M, Wanczyk M, et al. Aminolevulinic
acid (ALA) as a prodrug in photodynamic therapy of
cancer.  Molecules  2011;16(5):4140-64.  doi:
10.3390/molecules16054140

24. Zhang L, Wu Y, Zhang Y, Liu X, Wang B, Wang P,
et al. Topical 5-aminolevulinic photodynamic therapy
with red light vs intense pulsed light for the treatment
of acne wvulgaris: A spilit face, randomized,
prospective study. Dermatoendocrinol
2017;9(1):e1375634. doi:
10.1080/19381980.2017.1375634

25. Kimura S, Kuroiwa T, lkeda N, Nonoguchi N,
Kawabata S, Kajimoto Y, et al. Assessment of safety
of 5-aminolevulinic acid-mediated photodynamic

therapy in rat brain. Photodiagnosis Photodyn Ther
2018;21:367-74. doi: 10.1016/j.pdpdt.2018.02.002

26. Piccolo D, Kostaki D. Photodynamic therapy
activated by intense pulsed light in the treatment of
nonmelanoma skin cancer. Biomedicines
2018;6(1):18. doi: 10.3390/biomedicines6010018

27. Abudayyak M, Oztas E, Arici M, Ozhan G.
Investigation of the toxicity of bismuth oxide
nanoparticles in various cell lines. Chemosphere
2017;169:117-23. doi:
10.1016/j.chemosphere.2016.11.018

28. Hernandez-Delgadillo R, Velasco-Arias D, Martinez-
Sanmiguel JJ, Diaz D, Zumeta-Dube I, Arevalo-Nifio
K, et al. Bismuth oxide aqueous colloidal
nanoparticles inhibit candida albicans growth and
biofilm formation. Int J Nanomedicine 2013;8:1645-
52. doi: 10.2147/1JN.S38708

29. Luan X, Jiang J, Yang Q, Chen M, Zhang M, Li L.
Facile synthesis of bismuth oxide nanoparticles by a
hydrolysis solvothermal route and their visible light
photocatalytic activity. Environ Eng Manag J
2015;14(3):703-7. doi: 10.30638/eem;j.2015.078

30. Bogusz K, Tehei M, Stewart C, McDonald M,
Cardillo D, Lerch M, et al. Synthesis of potential
theranostic  system consisting of methotrexate-
immobilized (3-aminopropyl)trimethoxysilane coated
a-Bi203 nanoparticles for cancer treatment. RSC Adv
2014;4(46):24412-9. doi: 10.1039/c4ra02160f

31. Shendage DM, Frohlich R, Haufe G. Highly efficient
stereoconservative amidation and deamidation of a-
amino acids. Org Lett 2004;6(21):3675-8. doi:
10.1021/0l0487711

32. Mallahi M, Shokuhfar A, Vaezi MR, Esmaeilirad A,
Mazinani V. Synthesis and characterization of
Bismuth oxide nanoparticles via sol-gel method.
AJER 2014;3(4):162-5.

33. Zeinizade E, Tabei M, Shakeri-Zadeh A, Ghaznavi
H, Attaran N, Komeili A, et al. Selective apoptosis
induction in cancer cells using folate-conjugated gold
nanoparticles and controlling the laser irradiation
conditions. Artif Cells Nanomed Biotechnol 2018:1-
13. doi: 10.1080/21691401.2018.1443116

34. Heidarian S, Derakhshandeh K, Adibi H,
Hosseinzadeh L. Active targeted nanoparticles:
Preparation, physicochemical characterization and in
vitro  cytotoxicity effect. Res Pharm  Sci
2015;10(3):241-51.

35. Mohammadi Z, Sazgarnia A, Rajabi O, Soudmand S,
Esmaily H, Sadeghi HR. An in vitro study on the
photosensitivity of 5-aminolevulinic acid conjugated
gold nanoparticles. Photodiagnosis Photodyn Ther
2013;10(4):382-8. doi: 10.1016/j.pdpdt.2013.03.010

Advanced Pharmaceutical Bulletin, 2018, 8(4), 627-635 | 635



