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Abstract

Objective: To determine the combined antitumor effect of bismuth lipophilic nanoparticles (BisBAL NP) and
cetylpyridinium chloride (CPC) on human lung tumor cells.

Material and methods: The human lung tumor cells A549 were exposed to |-100uM BisBAL NP or CPC, either
separately or in a |:] combination. Cell viability was measured with the PrestoBlue assay, the LIVE/DEAD assay, and
fluorescence microscopy. The integrity and morphology of cellular microtubules were analyzed by immunofluorescence.
Results: A 24-h exposure to | uM solutions reduced A549 growth with 21.5% for BisBAL NP, 70.5% for CPC, and 92.4%
for the combination (p <0.0001), while a 50 uM BisBAL NP/CPC mixture inhibited cell growth with 99% (p <<0.0001).
BisBAL NP-curcumin conjugates were internalized within 30 min of exposure and could be traced within the nucleus
of tumor cells within 2h. BisBAL NP, but not CPC, interfered with microtubule organization, thus interrupting cell
replication, similar to the action mechanism of docetaxel.

Conclusion: The growth inhibition of A549 human tumor cells by BisBAL NP and CPC was cumulative as of | uM. The
BisBAL NP/CPC combination may constitute an innovative and cost-effective alternative for treating human lung cancer.
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Introduction

Lung cancer (LC) continues to be a major issue in modern
medicine.! In 2020, LC was the second most common type
of cancer worldwide and the leading cause of cancer-
related deaths, accounting 1.8 million deaths or 18% of all
cancer-related deaths.>? In Mexico, from 2012 to 2016, LC
was responsible for the highest mortality, with 33,781
deaths.* LC is more prevalent in Mexican men (gender
ratio: 1.6:1) and its mortality rate is higher among older
people and in urban areas.* In addition to the well-estab-
lished association with cigarette smoking,> exposure to
wood smoke® and polluted air’ is also an important risk
factor for LC in Mexico. Unfortunately, LC is often diag-
nosed at advanced stages, which is strongly associated
with higher mortality.® Surgery is the first treatment option
for LC patients, followed by radiotherapy and chemother-
apy. Drugs like doxorubicin and mitomycin are obsolete
and no longer used’!! while crizotinib, erlotinib, and gefi-
tinib are more commonly used today.'>'* Research for
new treatments continues in order to improve efficacy,
reduce adverse side-effects, and lower cost. Nanomedicine
is a new discipline that offers novel anticancer approaches,
including target-specific drug delivery for higher efficacy
and biocompatibility.!> Nanomedicine proposals seek syn-
ergistic effects of nanomaterials and conventional antican-
cer agents. One example is the combination of cisplatin
and an EGFR-targeting nanovehicle containing anti-Bel-
xL siRNA.!"* Another example are docetaxel-loaded
nanomicelles, which induced apoptosis in Lewis LC cells,
as shown in an in vitro study.'® We have reported on the
anticancer properties of bismuth lipophilic nanoparticles
(BisBAL NP) on human breast, cervicouterine, prostate,
and colorectal cancer cells.!”"” However, BisBAL NP
have not been tested on human LC.

Cetylpyridinium chloride (CPC) has antimicrobial
properties and is used in mouthwashes and oral care
products.?’ Importantly, CPC has also been shown to
inhibit glioblastoma cell growth in a dose-dependent
manner.>! The anticancer potential of CPC on various
human tumor cells has been understudied. CPC has been
found to inhibit the growth of human breast cancer cells
non-selectively.?? Previously, CPC was reported to be
highly cytotoxic to human LC cells (A549 cells) with an
IC,, value of 5.79 ug/mL.*

The current study describes the cumulative effect of
BisBAL NP and CPC on the growth inhibition and cyto-
toxicity of human LC A549 cells. A mixture of BisBAL NP
and CPC ata 1:1 ratio at 50 uM inhibited A549 cell growth
by 99% (p<<0.0001). The mechanism of action mecha-
nism seems to be that BisBAL NP alter the microtubule
network, which affects cell replication in a way similar to
docetaxel. The here reported results confirm our previous
findings on the selective susceptibility of tumor cells to
BisBAL NP, which seems to be reinforced by CPC.

Material and methods

Synthesis and characterization of bismuth
nanostructures

BisBAL NP were synthesized using the colloidal method.?*
All chemical reagents used in this study were of analytical
grade and purchased from Sigma-Aldrich (Sigma-Aldrich;
St. Louis, MO). Briefly, bismuth nitrate was dissolved in
propylene glycol and heated to 80°C for 2h. Next, it was
mixed with 2,3-dimercapto-1-propanol in a 2:1 molar ratio
and reduced by 75 mM sodium borohydride under continu-
ous mixing. A stock batch of 25mM BisBAL NP was
stored at room temperature and further diluted in culture
medium to generate uM concentrations. To characterize
BisBAL NP (morphology, diameter, and distribution), a
scanning electron microscope (SEM; FEI Tecnai G2 Twin,
Hillsboro, OR) was employed at 160kV accelerating volt-
age. The chemical composition of BisBAL NP was ana-
lyzed by energy dispersive-SEM.!® The UV-Vis spectrum
of'a BisBAL NP solution was recorded using a spectropho-
tometer (SpectraMax Plus 384Abosorbance Microplate
Reader, Molecular Devices, LLC, Sunnyvale, CA)."”

BisBAL NP/CPC solution

A 1mM sterile stock solution of CPC (Sigma-Aldrich; St.
Louis, MO) in bidistilled water was diluted in culture
medium to the desired final concentrations of 1, 5, 10, 50,
and 100 uM, just before the experiment and mixed 1:1 with
a BisBAL NP suspension when needed.

Cell culture and drug exposure

The human LC cell line A549 (ATCC, CCL-185; ATCC,
Rockville, MD, USA) and the non-tumor human lung
fibroblast cell line LL47 (MaDo) (ATCC CCL-135) were
grown in DMEM/Ham’s F12 (DMEM/F12) culture
medium supplemented with 10% fetal bovine serum
(Gibco-Invitrogen, Carlsbad, California, USA), 100 U/mL
penicillin, 100pg/mL  streptomycin, and 0.25pg/mL
amphotericin B (Sigma-Aldrich; St. Louis, MO) at 37°C
and 5% CO,, as described previously."® Confluent mon-
olayers were detached with trypsin (Gibco-Invitrogen,
Carlsbad, California, USA) and washed with 10 mM phos-
phate buffer saline, pH 7.3 (PBS) at 500Xg. For drug
exposure, A549 cells (1 X 103/well; 96-well plate) or LL47
control cells were incubated with CPC at final concentra-
tions of 100, 50, 10, 5, 1, or OuM; BisBAL NP at final
concentrations of 100, 50, 10, 5, 1, or 0 uM, or a combina-
tion at a 1:1 ratio. Incubations with 500 uM doxorubicin
(DOX) (Doxolem, Teva Lab, Madrid, Spain) or 500 uM
docetaxel (DTXZurich Pharma, Mexico City, Mexico)
served as positive controls of growth inhibition, while
drug-free cell cultures were employed as growth controls.



Garcia-Cuellar et al.

Cell viability, IC,, value, selectivity index, and
cytotoxicity assays

To evaluate cell viability, the PrestoBlue assay (Life
Technologies Corporation, Oregon, USA) was used accord-
ing to the manufacturer’s instructions.?*® Absorbance at
570/600nm was measured with a microplate reader
(Biotek, Winooski, Vermont, USA). Viability was expressed
as a percentage of the growth control. For IC;, determina-
tion, A549 and LL47 cells were exposed for 24 h to BisBAL
NP/CPC series (0.1, 0.375,0.75, 1.5, 3, 6.25, 12.5, 25, and
50uM). The selectivity index (SI) of BisBAL NP/CPC
was calculated as follows: ICy, for no-tumoral cell line
LL447/1C,, for A549 cells. An SI >1 is considered favora-
ble as it indicates a higher drug efficacy against tumor cells
than no-tumor cells. Studies were done in triplicate.

The cytotoxicity of A549 cells exposed to CPC or
BisBAL NP was evaluated with a Live/Dead kit (Molecular
Probes Inc, OR, USA). Briefly, A549 cells were exposed
to SuM CPC, 5uM BisBAL NP, or the 1:1 combination,
for 24 h. After drug removal and washing with PBS, cells
were stained with calcein AM/ethidium homodimer-1 in
100 uL following the instructions of the manufacturer.
Fluorescent cells were observed with an EVOS cell imag-
ing system (Thermo Fisher Scientific, CA, USA).

Cellular uptake of BisBAL NP

To quantify cellular BisBAL NP uptake, BisBAL NP was
labeled with curcumin (Cur), which has intrinsic fluores-
cence properties. Hereto, 4 pL. of a | mM curcumin (Sigma-
Aldrich) solution in dimethyl sulfoxide was mixed with
996 uL 100-250puM BisBAL NP.?” The suspension of
BisBAL NP-Cur was freshly prepared when needed. A549
cells (1 X 10*in 100 uL supplemented culture medium) on
sterile 8-well chamber slides (Lab-tekk II, Thermo Fisher
Scientific, NY, USA) were exposed to 250 uM BisBAL
NP-Cur for 30-120min (37°C, in the dark) and washed
three times with PBS. Nuclei were counterstained with
DAPI (1 mg/mL). Fluorescent cells were observed with an
EVOS cell imaging system using FITC and DAPI filters
(Thermo Fisher Scientific, CA, USA).

Microtubule network immunofluorescence

The microtubule network was studied as a possible
intracellular target of BisBAL NP. A549 cells were
exposed for 24 h to BisBAL NP, 10 uM CPC, or the 1:1
combination, as well as to the DTX control as described
above. After washing, cells were fixed with 100% meth-
anol for 5min, permeabilized with 0.5% Triton X-100
in PBS for 30 min, and blocked with 3% bovine serum
albumin in PBS for 30 min at room temperature. After a
triple wash with cold PBS, A549 cells were exposed to

Alexa Fluor® 488-conjutated anti-tubulin antibody
(AB-197737; Abcam, Cambridge, UK) at 1:200 in PBS
for 18h at 4°C in the dark. After another triple wash
with cold PBS, nuclei were counterstained with DAPI.
Coverslips were mounted with glycerin. Fluorescent
cells were observed with a confocal microscope (Zeiss
LSM 7 Duo; Carl Zeiss; Germany).

Statistical analysis

Tests were performed in triplicate. One-way ANOVA was
employed to analyze data among groups. A significance
level of a=0.05 was considered.

Results

Characterization of BisBAL NPs by SEM

BisBAL NP synthesis with the colloidal method yielded
spherical nanoparticles with an average size of
29.15 £ 7.05nm, which formed electron-dense conglomer-
ates (Figure 1(a) and (b)). The EDX spectrum proved that the
nanoparticles contained bismuth (Figure 1(c)). The
UV-visible absorbance spectrum confirmed that the bismuth
nanoparticles have affinity for 1-octanol,>* characteristic
associated to dithiols groups on NP surface (Figure 1(d)).

Antitumor effect of CPC, BisBAL NP, or mixture
BisBAL NP/CPC

A549 growth inhibition was evident as of 1 uM BisBAL
NP (21.5%) and 1 uM CPC (70.5%), while the combina-
tion had a cumulative impact: 92.4% growth inhibition
(»<0.0001) (Figure 2). In contrast, the positive control
of growth inhibition (DOX; 500 uM) inhibited only 76%
after a 24-h exposure (p <0.0001) (Figure 2). Growth
inhibition was stable for CPC, but dose dependent for
BisBAL NP. As a result, the 1:1 combination of BisBAL
NP and CPC at 50 and 100 uM vyielded growth inhibi-
tions of 99% and 100%, respectively (p<<0.0001)
(Figure 2). Altogether, these results suggest a cumulative
effect of BisBAL NP/CPC-induced growth inhibition of
tumor cells.

LIVE/DEAD assays

A Live/Dead test was used to analyze cell cytotoxicity
after a 24-h exposure to 10uM CPC, 10 uM BisBAL NP,
or the 1:1 BisBAL NP/CPC mixture. Live/Dead assays
confirmed the pattern of PrestoBlue assays: the BisBAL
NP/CPC mixture induced a larger number of dead cells
(red stain) than each substance separately and was almost
identical to the positive control of cytotoxicity, 500 uM
DOX (Figure 3).
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Figure 1. Characterization of BisBAL NP: (a and b) scanning electron microscopy (SEM) images of BisBAL NP, (c) the chemical
elemental map was obtained by energy-dispersive X-ray spectroscopy (EDX), and (d) the UV-visible absorbance spectrum of

BisBAL NP.

IC,, assays and selectivity index

A 24-h exposure to a BisBAL NP/CPC concentration
series revealed that the IC,; value for A549 cells was
0.9uM (Figure 4). In contrast, the IC,;, of BisBAL NP/
CPC on LL47 (MaDo) cells was 2.7 uM (Figure 4). Thus,
cancer cells were more susceptible to BisBAL NP/CPC
than normal healthy cells and the IC,, values confirm the
antitumor efficacy of BisBAL NP/CPC on A549 cells
(Figure 2). The SI for BisBAL NP/CPC was 3 (Figure 2),
which indicates a favorable SI.

Cellular uptake of BisBAL NP

To verify BisBAL NP entry into tumor cells, BisBAL
NP-Cur destiny was observed by fluorescence micros-
copy after a 2-h exposure to 250 uM Bisabol NP-Cur.
In contrast to cells exposed to curcumin alone, A549
cells exposed to BisSBAL NP-Cur became fluorescent,

indicative of BisBAL NP-Cur entry (Figure 5(a)). BisBAL
NP-Cur fluorescence was quantified and compared
against curcumin alone (Figure 5(b)). Curcumin proved to
be a useful label to track BisBAL NP within tumor cells.
Interestingly, BisBAL NP-Cur fluorescence was strongest
within nuclei (Figure 5(c)). A more detailed evaluation of
BisBAL NP-Cur localization and its effect on A549 cell
viability was conducted at 30-, 60-, and 120-min of expo-
sure to 100 uM BisBAL NP. The results revealed a time-
dependent increase in green fluorescence, indicating
BisBAL NP-Cur internalization and growth inhibition
(Figure 6). After a 30-min exposure to BisBAL NP-Cur,
A549 cells displayed faint green fluorescence and 66%
growth inhibition. After a 120-min exposure, A549 cells
were strongly fluorescent, and the growth inhibition was
87% (Figure 6(a) and (b)). Altogether, these results sug-
gest a quick internalization of BisBAL NP into tumor
cells accompanied by growth inhibition within a relatively
short time of 2 h.
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Figure 2. Cumulative antitumor effect of BisBAL NP/CPC on human lung cancer cells. The percentage of cell viability of A549 cells
after a 24-h exposure to CPC, BisBAL NP, or a I:| combination at various concentrations (1-100pM) was obtained by PrestoBlue
assays; 500 pM doxorubicin (DOX) served as a positive control of growth inhibition, while drug-free cell cultures served as growth
controls. After a one-way ANOVA with Tukey’s HSD Test, all samples were significantly different (b <0.0001), except for 50 uM
BisBAL NP versus 50 uM CPC and 100 uM BisBAL NP versus 100 uM CPC. Asterisks indicate a significant statistical difference

among groups. Bars indicate mean = SD.

Microtubule network immunofluorescence

To evaluate whether CPC, BisBAL NP, or the BisBAL NP/
CPC mixture could damage the cytoskeleton after cell
entry, the integrity and morphology of the microtubule net-
work were analyzed by immunocytofluorescence. After a
24-h exposure to 10 uM BisBAL NP, the typical filamen-
tous distribution of microtubules changed into a granular
appearance, accompanied by the rounding-up of previ-
ously extended cells and the formation of conglomerates
(Figure 7). The same was observed after a 24-h exposure to
the 1:1 BisBAL NP/CPC mixture, but exposure to 10 uM
CPC did not alter the typical microtubule morphology. The
positive control of growth inhibition, DTX, which is known
for interfering with microtubule organization, affected
microtubule organization and cellular morphology and
aggregation in a way that was very similar to exposure to
BisBAL NP (Figure 7). In summary, BisBAL NP and DTX
interfere with the microtubule network of tumor cells.

Discussion

There is a growing interest to combine chemosensitizers
and cytostatics to overcome resistance to cancer treat-
ment.”® So far, few studies have evaluated the anti-tumor

effect of combinations of anti-tumor nanostructures and
other anti-tumor molecules. Therefore, we investigated the
anti-tumor potential of the combination of BisBAL NP and
CPC against human LC cells. In this work it was found
that BisBAL NPs and CPC inhibited A549 cell growth
separately as of 1 uM. Recently, it has been reported that
zinc-doped copper iron oxide nanoparticles inhibited A549
cell growth with an IC, of 95.8 ug/mL.% Skora et al.*
reported that silver nanoparticles within liposomes, which
were labeled with epidermal growth factor, reduced the
metabolic activity of A549 cells and had antitumor activ-
ity. In our study, A549 cell growth inhibition due to
BisBAL NP and CPC was cumulative and probably medi-
ated by different mechanisms as only BisBAL NP affected
microtubule organization, but CPC not. Currently, combi-
nation treatment to obtain higher efficacy is a popular
strategy to treat LC patients.’! The combination of amlodi-
pine with the novel anticancer drug gefitinib reduced A549
proliferation by altering the cell cycle.’? Also, doxoru-
bicin-loaded iron oxide nanoparticles generated excellent
results against glioblastoma.** In our study, the 1:1 mixture
of 10uM NP/CPC mixture promoted cell death as evi-
denced with the LIVE/DEAD assays. The IC,, value of
BisBAL/CPC was 0.9uM on A549 cells and 2.7uM on
LL47 (MaDo) cells, suggesting that tumor cells are more
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Figure 3. Drug cytotoxicity on lung tumor cells. The effect of 10 uM CPC, 10 uM BisBAL NP, a [0pM 1:1 CPC-BisBAL NP
mixture, and 500 uM doxorubicin (DOX; positive control of cytotoxicity) on A549 cells was analyzed by bright-field and LIVE/
DEAD assays after a 24-h exposure. Bar, 125 um.
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Figure 4. IC,, value of BisBAL NP/CPC on A549 and LL47(MaDo) cells. A549 and LL47(MaDo) cells were exposed for 24h to a
concentration series of BisBAL NP/CPC (0.1, 0.375, 0.75, 1.5, 3, 6.25, 12.5, 25, and 50 pM), mixed I:1; followed by a viability assay
to determine the IC, . Three independent experiments were done in triplicate.
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Figure 5. BisBAL NP-Cur uptake by A549 cells: (a) 250 uM BisBAL NP was mixed with 4 uL of a curcumin solution. A549 cells
were exposed for 30min—2h to conjugate BisBAL NP-Cur at 37°C in the dark, (b) after a triple wash in phosphate-buffered saline
solution, cells were observed with an EVOS Cell Imaging System (Thermo Fisher Scientific, CA, USA) using a FITC filter. Bar, 60 pm,
and (c) similar to (a), but an additional DAPI stain and a higher zoom during observation. Bar, 125 pm. Square and arrows indicate
BisBAL NP-Cur localization inside cells and nuclei.
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Figure 6. BisBAL NP entry into A549 cells at different exposure times. BisBAL NP (100 uM) was labeled with curcumin and A549
cells were exposed to the BisBAL NP-Cur conjugate for 30, 60, or 120 min at 37°C in the dark: (a) after a triple PBS wash, cells
were observed with an EVOS Cell Imaging System (Thermo Fisher Scientific, CA, USA) using a FITC filter. Bar, 60 um and (b) cell
viability according to the Prestoblue assay at the indicated exposure times.
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Figure 7. Tubulin immunoreactivity within A549 cells after a 24-h exposure to BisBAL NP, CPC, or the BisBAL NP/CPC mixture.
A549 cells were exposed for 24h to 10uM BisBAL NP, 10uM CPC, 10puM I:1 BisBAL NP/CPC mixture, or 500pM DTX as a
positive control of inhibition. Drug-free cultures served as growth controls (CTR). Green, tubulin immunoreactivity (AB-197737;
Abcam, Cambridge, UK); blue, nuclei (DAPI; 100 pL/well). A confocal microscope, using FITC and DAPI filters (Zeiss LSM 7 Duo;
Carl Zeiss; Germany), was used for observation.

susceptible than normal healthy cells. It has been reported combined with solid lipid nanoparticles and curcumin.**
that the lipophilic and cationic character of BisSBAL NP  As far as we know, the current study is the first to report on
increase the affinity for human breast cancer cells.!” The combination therapies of anti-tumor drugs with CPC on
anti-tumor activity of paclitaxel also increased when it was human LC cells.
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Through curcumin-labeling and uptake assays we cor-
roborated that BisSBAL NP were effectively internalized
into tumor cells, as previous studies suggested.®3¢ Yin
et al.’” described the internalization of curcumin-loaded
IRMOF-10 nanoparticles after a 30-min exposure. BisBAL
NP internalization into A549 cells also occurred within
30min and augmented with time, which correlated with
timelines of more severe growth inhibition. Interestingly,
intracellular BisBAL NP-Cur localized preferably within
the nuclei, which is consistent with BisSBAL NP-induced
genotoxicity on human breast cancer cells.!” Besides, both
BisBAL NP and CPC have been reported to alter mem-
brane permeability and promote lysis of cancer cells.!”??
Results from the current study suggest that cytoplasmic
BisBAL NP may also interfere with the microtubule net-
work of A549 cells as does the antitumor drug DTX. It is
well known that the cytotoxicity of DTX is achieved
through inhibition of microtubule dynamics.*®3? Based on
the similar tubulin immunoreactivity profiles of A549
cells after exposure to DTX and BisBAL NP, we hypothe-
size that BisBAL NP may interfere with the microtubule
network and interrupt the cell cycle, like DTX does.
Cytoskeletal alterations have also been reported in tumor
cells and macrophages that had been exposed for 2-to-
3-days to iron oxide nanoparticles.*’ It may be interesting
to know whether other cytoskeleton elements, like actin
and intermediate filaments, are also affected by BisBAL
NP exposure.

In summary, this study presents evidence of the anti-
tumor effect against the A549 human LC cell line after
exposure to BisBAL NP and CPC individually or in com-
bination, as of 1 uM. The BisBAL NP/CPC combination
has a cumulative effect compared to individual exposure,
which can be explained by their different and complemen-
tary modes of action. BisSBAL NP affects microtubule
organization in a manner similar to DTX, while CPC does
not have this effect. BisSBAL NP was taken up by A549
cells within 30 min and was correlated with a decrease in
cell growth.

Conclusions

The combination of BisBAL NP and CPC inhibited A549
cell growth as of 1 uM. The mixture of BisBAL NP and
CPC constitutes an innovative low-cost alternative to treat
human LC.
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