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ARTICLE INFO ABSTRACT

Keywords: Thanks to its intrinsic properties, two-dimensional (2D) bismuth (bismuthene) can serve as a multimodal
C?ncer therapy nanotherapeutic agent for lung cancer acting through multiple mechanisms, including photothermal therapy
Bismuthene (PTT), magnetic field-induced hyperthermia (MH), immunogenic cell death (ICD), and ferroptosis. To investigate

Magnetic field induced hyperthermia

Photothermal therapy this possibility, we synthesized bismuthene from the exfoliation of 3D layered bismuth, prepared through a facile

method that we developed involving surfactant-assisted chemical reduction, with a specific focus on improving
its magnetic properties. The bismuthene nanosheets showed high in vitro and in vivo anti-cancer activity after
simultaneous light and magnetic field exposure in lung adenocarcinoma cells. Only when light and magnetic field
are applied together, we can achieve the highest anti-cancer activity compared to the single treatment groups.
We have further shown that ICD-dependent mechanisms were involved during this combinatorial treatment
strategy. Beyond ICD, bismuthene-based PTT and MH also resulted in an increase in ferroptosis mechanisms both
in vitro and in vivo, in addition to apoptotic pathways. Finally, hemolysis in human whole blood and a wide
variety of assays in human peripheral blood mononuclear cells indicated that the bismuthene nanosheets were
biocompatible and did not alter immune function. These results showed that bismuthene has the potential to
serve as a biocompatible platform that can arm multiple therapeutic approaches against lung cancer.

1. Introduction field. To this aim, scientists are exploring therapeutic approaches based
on nanomaterial properties [2-4]. In recent years, extensive research

According to Global Cancer Statistics 2020, lung cancer is the leading has focused on exploring the ability of two-dimensional (2D) materials
cause of cancer death worldwide [1]. The search for effective treatments to be used in photothermal (PTT) or photodynamic therapy (PDT) for
for lung cancer remains an area of intensive research in the biomedical cancer [5-8]. Other studies have combined these materials with
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immunotherapies to induce immunogenic cell death (ICD) after
PDT/PTT induced apoptosis [9,10]. More recently, ferroptosis, a type of
cell death, has received substantial interest, particularly in cancer cells
resistant to apoptotic therapies. Therefore, ferroptosis therapy has been
explored as an effective strategy in cancer nanotherapeutics [11-13].
However, combining these therapeutic approaches in a single nano-
platform has not previously been achieved.

2D materials have been proposed to be promising candidates for such
applications, because of their extraordinary intrinsic properties
including their specific surface area, adsorption capacity, visible-to-NIR
light harvesting ability, and cytocompatibility [14-19]. The 2D mate-
rials of group 15 elements, namely 2D pnictogens (phosphorene,
arsenene, antimonene, and bismuthene), have recently emerged as new
members of the ever-growing 2D family that show outstanding elec-
tronic, topological, thermoelectric, and optical properties [20-22].
Among them, bismuthene (2D monolayer or few-layer bismuth) has
notable properties such as low cost [23], low toxicity [24], and high
stability under ambient conditions [25]. In addition, bismuthene shows
unique electronic, magnetic, and optical properties compared to 3D
layered bismuth owing to its size and number of stacking layers [26-28].
For example, 3D layered bismuth is considered a nonmagnetic
semi-metal; in contrast, bismuthene exhibits semiconducting and slight
magnetic properties due to the quantum confinement effect and its small
bandgap, which can be tuned by the number of layers (0.3-1.0 eV) when
the exfoliated layers are thinner than 30 nm (thinner than the Fermi
wavelength) [29,30]. Metin and co-workers have reported the first
example of the photocatalytic application of bismuthene in a
liquid-phase chemical transformation proceeding on a radical pathway
[311, suggesting its high promise in cancer therapy. Therefore, bismu-
thene has recently been proposed as a potential nanomaterial for pho-
tothermal cancer treatment, because of its outstanding photocatalytic
activity in liquid-phase chemical reactions [32,33]. For example, Wang
et al. have reported that bismuthene can be used as a photodynamic
and/or PTT agent under near-infrared light irradiation [34]. Later, with
its intrinsic optical absorbance and strong X-ray attenuation, a dual
photonic therapy based on bismuthene nanoplatform can be conducted
under the supervision of photoacoustic/computed tomography-guided
multimodal imaging. Based on that, Bai et al. have synthesized a com-
posite tetragonal bismuthene-based nanosystem, namely
TPP-Bi@PDA@CP to be used in multimodal imaging and PTT at even
lower doses. They have also concluded that this system has ability to
inhibit the recurrence of tumor [35]. In another study, Zhu et al. have
used modified form of bismuthene nanosheets (POBNS-PEG) for deliv-
ering the drug doxorubicin (DOX) effectively and founded that this
material have both photothermal activity against tumors and photo-
catalytic activity by reducing CO, to CO in cancer cells, which could
increase the drug sensitivity and decrease inflammatory response after
tumor killing [36]. Additionally, in another study, Guo et al. have
attempted to combine immunotherapy with PTT by coupling bismu-
thene with PD-L1 siRNA (Bi@PP/siRNA) [37]. The system releases
siRNA after NIR irradiation, thus leading to a tumor-enhanced patho-
logical permeability and retention effect, and an increase in TIL
recruitment, thereby amplifying anti-PD-L1 immunotherapy [37].
However, this study have considered the aspect of the immune system
from a therapeutic approach much rather than the immunocompatibility
of the nanosystem. Generally, the immunocompatibility of other 2D
nanomaterials like graphene based materials such as graphene oxide,
graphitic carbon nitride, black phosphorous or MXenes such as niobium
carbide (Nb4C3), vanadium carbide (V4C3) have been more extensively
evaluated in previous studies compared to bismuthene [38-40]. The
biocompatibility of bismuth-based nanosystems has been demonstrated
in vivo and in vitro, but the key aspect of the effects of the nanomaterial
on immune cells has not been elucidated [8,41].

Here, we demonstrate that bismuthene nanosheets are potential lung
cancer nanotherapeutics that simultaneously enable PTT, MH, ICD, and
ferroptosis. For this purpose, bismuthene nanosheets were prepared
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from the exfoliation of layered 3D bismuth (Bi) synthesized through a
method that we developed involving surfactant-assisted chemical
reduction, with a focus on improving its magnetic properties. The suc-
cess of bismuthene-based cancer therapy was improved when the light
and magnetic field exposure were combined synergistically, under both
in vitro and in vivo experimental conditions. Based on these results, PTT
activity of bismuthene predominates and shown to be further improved
when combined with magnetic field. The results suggested that ICD and
ferroptosis-dependent mechanisms were also involved during this
augmented therapeutic effect. Furthermore, the material was found to
be non-toxic and to show a high immune cytocompatibility profile,
thereby suggesting its potential safety in future clinical applications.

2. Results

2.1. As-prepared bismuthene nanosheets show photothermal properties in
cancer cells

First, to synthesize bismuthene nanosheets, 3D layered bismuth was
synthesized by using a previously described surfactant-assisted chemical
reduction method [31]. Next, bismuthene nanosheets were prepared
through liquid phase exfoliation of the 3D layered Bi in DI water [31]. To
reveal the crystalline structure and the surface chemical composition of
the as-prepared bismuthene, we performed characterization with pow-
der X-ray diffraction (p-XRD) and X-ray photoelectron spectroscopy
(XPS) analysis. In the XRD pattern of as-synthesized bismuthene
(Fig. 2A), three main peaks were observed at 20 = 27.2°, 39.6°, and
37.9°, which were assigned to the (012), (110), and (104) diffraction
planes of the rhombohedral crystal structure of Bi (p-Bi, PDF no:
04-006-7762) [37]. The deconvoluted XPS spectrum of the Bi 4f region
(Fig. 2B) showed two sets of peaks at binding energies of 156.8/162.1 eV
and 158.7/164.2 eV, which were attributed to the 4f5,, and 4f;/5 core
levels of metallic Bi and bismuth oxides, respectively. The peaks
assigned to bismuth oxides were attributed to the partial oxidation of the
bismuthene surface [31]. In order to get further insights into the
resulting partial oxidation, a well-known method, XPS depth profile
analysis was conducted by the Ar ion bombardment. The comparison of
the XPS spectra before and after the Ar ion bombardment clearly
revealed that the oxidation occurred mostly on the surface, not due to
the formation of bismuth oxide compounds (Fig. S1F). To gain insights
into the optical properties of the as-prepared bismuthene nanosheets, we
recorded UV-vis-NIR diffuse reflectance absorption spectra between
300 and 1700 nm. On the basis of the DRS absorption spectrum depicted
in Fig. S1A, we concluded that bismuthene has strong absorption bands
in the NIR region with a layer-dependent bandgap property [42]. The
Raman spectra of the as-prepared bismuthene and bulk Bi (Fig. S1B)
showed two main peaks at 70.2 and 96.8 cm ™!, which were ascribed to
the Eg and A;g vibration modes of metallic Bi, respectively [43,44].
Notably, no peak was associated with bismuth oxides in the Raman
spectra [44]. In comparison to the Raman spectra of bismuthene and 3D
bismuth, the E; and A;g peaks of the bismuthene shifted to a higher
wavenumber with lower intensity than those of bulk Bi, thus indicating
that ultrasound-assisted liquid-phase exfoliation yielded few-layer bis-
muthene from the 3D layered Bi [45].

The topological, morphological, and compositional properties of the
as-prepared bismuthene were analyzed by using scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), transmission electron
microscopy (TEM), high resolution (HR) TEM, and high-angle annular
darkfield scanning transmission electron microscopy (HAADF-STEM)
associated EDS elemental mapping. The SEM image of bismuthene
(Fig. 2C) verified its flake-like structure with a smooth surface and 600
nm lateral size. The AFM image and corresponding height profile of
bismuthene in Fig. 2D confirmed that the bismuthene had a topographic
height of 5.86 nm with a few layers 2D structure. A similar conclusion
was reached on the basis of the TEM image of bismuthene (Fig. 2C),
which revealed the formation of few-layer bismuthene from the
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Fig. 1. Experiment workflow.

exfoliation of the bulk bismuth in DI water (Fig. 2E, Fig. S1E). According
to the HR-TEM image in Fig. 2F, the lattice spacing of bismuthene was
calculated to be 0.21 nm, which matched well with the (110) plane of
rhombohedral bismuth [46,47]. The HAADF-STEM image and the
associated EDS elemental mapping images of bismuthene (Figs. S1C and
S1D) indicated its composition of uniformly distributed Bi atoms along
with a trace amount of surface oxides. Beyond these detailed morpho-
logical and topological characterizations, the particle size distribution of
bismuthene in DI water was analyzed with a zeta-sizer. As shown in
Fig. 2G, the average particle size of exfoliated bismuthene nanosheets
(hydrodynamic diameter) is 200 nm. Furthermore, a serum stability
analysis was performed by analyzing the change in hydrodynamic
diameter and zeta potential of bismuthene in 50% FBS in PBS. As it can
be clearly seen from Fig. 2H, there was almost no change in the hy-
drodynamic diameter of bismuthene in the first 5 days, while a slight
increase was observed after the 5th day. However, the hydrodynamic
diameter remained stable thereafter (Fig. 2H). The increase in the

hydrodynamic diameter of bismuthene after the 5th day is probably due
to protein adsorption on the bismuthene surface. These results indicate
that the blood stability of bismuthene is suitable for in vivo applications.

2.2. Bismuthene nanosheets show magnetic properties that enhance anti-
cancer activity

Alternating current (AC) susceptibility, and temperature-dependent
and field-dependent magnetization measurements were conducted to
investigate the magnetic properties of the as-prepared bismuthene
nanosheets. Fig. 3A (i and ii) show M-T curves for ZFC (black) and FC
(red) conditions between 5 and 350 K at 100 Oe and 250 Oe, and M-H
curves 5, 37, 50, 300, 320, and 350 K. The ZFC/FC magnetization curves
exhibited behavior characteristic of a weak ferromagnetic signal and
irreversibility of the transition temperature close to room temperature
for both applied fields of 100 and 250 Oe. The appearance of two
maxima, which are scales with the field, in Fig. 4A (i) in the ZFC curves
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Fig. 2. Characterization of 2D bismuthene nanosheets. (a) XRD pattern, (b) High resolution XPS spectrum of core level of Bi 4f, (¢) SEM image, the scale bar is
200 nm, (d) AFM image, and the corresponding height profile of bismuthene nanosheet, the scale bar is 100 nm, (e) TEM image, the scale bar is 200 nm, (f) HR-TEM
image, IFFT of the selected region and Gatan digital micrograph-based lattice fringe calculation of bismuthene, the scale bar is 5 nm, (g) in aqueous suspension was
analyzed by a zeta-sizer, (h) Hydrodynamic diameter evolution and Zeta potential measurements vs. time of bismuthene in PBS:FBS (1:1).
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Fig. 3. Evaluation of 2D bismuthene mediated MH. (a) (i) ZFC and FC curves of M-T between 5 and 350 K with an applied field of 100 Oe and 250 Oe showing

magnetic phase transition temperatures of TB and TC. (ii) M — H curves at 5, 37, 50, 300, 320, and 350 K up to the applied field of &5 T. (b) (i and iii) ¥, ), and "

curves for 5 (black), 10 (red), and 15 Oe (blue) at a constant frequency of 50 Hz. (ii and iv) y, , and " curves for 40 (black), 50 (red), and 60 Hz (blue) at a constant
magnetic field of 10 Oe.

at approximately 70 K corresponded to the blocking temperature (Tg).
Therefore, the blocking of the magnetic moment of bismuthene with
random orientation and 301 K was assigned to the critical temperature
(T¢). Temperature-dependent hysteresis loops of bismuthene are pre-
sented in Fig. 3A (ii) at 5, 37, 50, 300, 320, and 350 K up to an applied

field of +5 T after subtraction of the diamagnetic background. The co-
ercive field (H,) saturation magnetization (M), remanent magnetization
(M,), and remanence to saturation magnetization ratio (M,/M;) were
determined from the M-H curves (Table 1). The maximum H, was 498.5
Oe at 10 K and it disappeared at 350 K (77 °C). Bismuthene exhibited
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Fig. 4. In vitro evaluation of 2D bismuthene mediated by the combinatorial use of MH and PTT (a) A549 cells were treated with bismuthene at different
concentrations (0, 10, 50, 100, 200 pg/mL) in complete media for 4 h at 37°C CO2 incubator followed by 1 h light (850 nm) irradiation and 50 Hz and 600 mA
magnetic field exposure. Percentage of viability was assessed by modified LDH assay at 24 h (*p < 0.05 indicates statistically significant differences between the cell
viability levels of magnetic field exposed and bismuthene + light + magnetic field exposed groups, obtained by the analysis of variance and Tukey’s pairwise
comparison). (b) Naive (N), bismuthene treated (B), light irradiated (L), bismuthene treated and light irradiated (B + L) and bismuthene treated, light irradiated and
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complete media for 4 h at 37°C CO2 incubator followed by 1 h light (850 nm) irradiation and 50 Hz and 600 mA magnetic field exposure. At the end of exposure,
temperature changed were recorded by thermal sensors inserted into the culture media. (*p < 0.05 indicates statistically significant differences between the tem-
perature changes of naive and bismuthene + light + magnetic field exposed groups, obtained by the analysis of variance and Tukey’s pairwise comparison). (d) Naive
(N), bismuthene treated (B), light irradiated (L), bismuthene treated and light irradiated (B + L) and bismuthene treated, light irradiated and magnetic field exposed
(B + L + MF) cells were collected and stained with anti-calreticulin antibody. Cells were counted with a flow cytometer and percentage of positive cells were plotted.
Cell culture supernatant was analyzed for the levels of (¢) HMGB1 and (f) ATP. (g) MDA assay was performed to determine LPO levels. (h) GSH/GSSH ratios were
determined by spectrophotometric analysis. (i) RNA was extracted from different treatment groups and the expression levels of key genes involved in ferroptosis were
analyzed by qRT-PCR. Statistical differences: *p < 0.05, ***p < 0.001 compared to untreated control group or indicated group by one-way ANOVA followed by a
Tukey’s post hoc multiple comparisons.

properties of a soft magnetic material with a moderate coercivity of
128.5 Oe at 320 K (47 °C), allowing the heat generated during treatment
to be controlled [48]. Similarly, M and M, decreased with an increase in
temperature to 350 K. The hysteresis loops began to show saturation
beyond 0.4 T, which is less than the standard magnetic field strength
used in magnetic resonance imaging. The recorded M,/M; ratio was less
than 0.24, thus indicating that the soft magnetic behavior was due to the
internal stress that resulted in the uniaxial magnetic anisotropy in the
bismuthene structure. We also calculated the effective magnetic

moment (yef) of bismuthene according to the equation, peg=(M M;)/(Na
). Here, f is the conversion factor (9.27 x 10721 Erg/Oe), M is the
molecular weight (212 g/mol), M; is the saturation magnetization ob-
tained from the M-H curve, and N, is Avogadro’s number. The maximum
Hegr value was 3.3 x 103y for 10 K, and it decreased with increasing
temperature (Table 1). Moreover, we also calculated specific loss power
(SLP) using the M — H curves at 300 K and 320 K (close to body tem-
perature) and used parameters and calculated SPL values were reported
in Table S1. The SLP value decreased from 3193.2 W/g to 1576.5 W/g
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Table 1

Analysis of M-H curves for coercive field (H,), saturation magnetization (M),
remanent magnetization (M,), remanence to saturation magnetization ratio M,/
M;, and effective magnetic moment p5 at 5, 37, 50, 300, 320, and 350 K.

Temperature H, M; (emu/g) M, (emu/g) M,/ Hefr (uB) X
®) (0e) x 1073 x 1073 M, 1073

10 498.5 87 21 0.24 3.3

37 459.0 84 18 0.21 3.2

50 328.5 75 16 0.21 2.8

300 196.5 44 3 0.07 1.7

320 128.5 19 2 0.11 0.7

350 - 17 1 0.06 0.6

with increasing temperature from 300 K to 320 K. These results indicate
that tumor treatment is possible with bismuthene treatment.

The coil magnetization value with an applied current of 0.6 A and
frequency of 50 Hz on the tumor cell region was estimated to be 10 Oe.
Accordingly, the AC susceptibility y, i, and y" values were determined
for 5 (black), 10 (red), and 15 Oe (blue) at a constant frequency of 50 Hz
and y, y, and y" curves for 40 (black), 50 (red), and 60 Hz (blue) at a
constant magnetic field of 10 Oe (Fig. 3B (i-iv)). We observed negligible
susceptibility at 300 K, similar to y’, and y"; decreasing the temperature
below 100 K resulted in an increase around 50 K because of noninter-
acting or weakly interacting 2D bismuthene structures. Furthermore, y’
and y" exhibited clear negative values, which were attributed to the
diamagnetic property of Bi. The further increase was due to the ferro-
magnetic signal in the bismuthene structure. Frequency-dependent
measurements also revealed similar phase transitions, but decreasing
the frequency to 40 Hz increased the y value and resulted in a shift to a
lower temperature. Therefore, very weak AC susceptibility around 300 K
was observed under applied fields of 5, 10, and 15 Oe for 50 Hz constant
frequency. The magnetic results revealed that all samples had a weak
ferromagnetic characteristic that appeared only after diamagnetic
background subtraction. It is found that the phase transition on M-T and
AC susceptibility curves was due to blocking magnetic spins and the
diamagnetic contribution from Bi atoms in the structure. Small H, and
M were found to be 489.5 Oe and 87 x 102 emu/g, respectively.

2.3. Bismuthene nanosheets can synergistically combine MH with PTT in
vitro and activate immunogenic cell death and ferroptosis

The photothermal activity of bismuthene nanosheets was evaluated
in the A549 lung adenocarcinoma cell line. First, A549 cells were treated
with the bismuthene nanosheets (100 pg/mL) and exposed to light at
850 nm for 1 h. Compared with the no-light group, the bismuthene
treated and light-exposed groups showed concentration-dependent cell
death (Fig. S2A). In cells treated with bismuthene at 100 pg/ml dose and
exposed to 520 nm light, there is no effective cancer cell killing activity,
the number of cells increased compared to untreated naive groups.
However, there is no statistical significance observed for this group
compared to the naive and therefore can be counted negligible. As ex-
pected, the exposure time was also found to be a critical parameter
influencing cell death. As shown in Fig. S2B, increasing the light expo-
sure time augmented the bismuthene-dependent toxicity in A549 cells.
When light sources at different wavelengths were used, bismuthene
showed the highest toxicity at 850 nm light irradiation. The light at
other wavelengths (590 nm and 625 nm) also resulted in up to 30% and
40% cell death, respectively (Fig. S2C). These data suggested that bis-
muthene showed both PDT and PTT activity depending on the wave-
length of light. To further demonstrate this conclusion, we performed
DCFDA staining on bismuthene treated and light-exposed cells (Fig. S4).
Confirming the viability result, the ROS generation was more prominent
at 520, 625 and 940 nm light. According to our earlier study, bismu-
thene has a relatively narrow bandgap (0.69 eV) which can only produce
eOH radicals [31,49] through in situ formed hydrogen peroxide
decomposition based on its conduction band and its related
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thermodynamical oxidation potential ability [31]. Therefore, we mainly
focused its photothermal and magnetic field properties in order to
achieve an effective anti-cancer activity.

Bismuthene-treated A549 cells were simultaneously exposed to 850
nm light and a magnetic field (50 Hz, 600 mA). As shown in Fig. 4A,
simultaneous light and magnetic field exposure resulted in 100% cell
death in A549 cells. These findings were further supported by apoptosis
assays in which cells were stained with Annexin-FITC/PI after various
treatments. Both necrosis and apoptosis were found to play roles in cell
death after simultaneous light and magnetic field exposure to
bismuthene-treated cells (Fig. 4B). To demonstrate that magnetic field
exposure resulted in hyperthermia, we analyzed temperature changes in
culture media. As shown in Fig. 4C, the highest temperature change was
obtained when the cells were exposed to both light irradiation and a
magnetic field, and the effect was concentration-dependent. PDT- and
PTT-dependent tumor cell death is well known to result in ICD, acti-
vating immune cells. The surface expression of calreticulin is an
important indicator of ICD [9]. Therefore, to show that simultaneous
light and magnetic field exposure of bismuthene induced ICD, we
stained treated cells with anti-calreticulin antibody and analyzed them
through flow cytometry. As shown in Fig. 4D, the expression of calre-
ticulin was significantly higher in the dual exposed and bismuthene
treated A549 cells, thus indicating that bismuthene-based PTT and MH
induced ICD. In addition to calreticulin expression, levels of ATP or
HMGBI in cell culture media are other markers of ICD. As can be seen in
Fig. 4E and F, both HMGB1 release and extracellular ATP levels were
significantly higher in bismuthene treated cells following both 850 nm
light irradiation and magnetic field application.

Finally, to explore the involvement of ferroptosis during this
combinatorial treatment, we performed MDA and GSH/GGSG assays.
MDA assays determine the level of lipid peroxidation (LPO) within
cells—a major feature of ferroptosis [13]. GSH depletion also promotes
LPO through deactivating glutathione peroxidase 4 (GPX4), a key player
in ferroptosis [13]. As shown in Fig. 4E, bismuthene treated and dual
exposed A549 cells showed significantly higher MDA levels than cells in
the other treatment groups, and additionally showed the greatest GSH
depletion among experimental groups (Fig. 4F). To further delineate the
underlying mechanism, we performed qRT-PCR of key genes (GPX4 and
SLC7A11, TF, LPCAT3, and NOX1) involved in ferroptosis. Chen et al.
have emphasized that inhibition of SLC7A11 causes GSH depletion and
the subsequent inactivation of GPX4, thereby causing ferroptosis. In
contrast, increased expression of TF, LPCAT3, and NOX1 genes is also
crucial for LPO and the induction of ferroptosis [50]. GPX4 and SLC7A11
were significantly more downregulated in the bismuthene treated and
dual exposed cells than the other treatment groups (Fig. 4G). The
expression of TF, LPCAT3, and NOX1, in contrast, was upregulated in the
bismuthene and dual exposed groups (Fig. 4G). Together, these data
suggested that ferroptotic mechanisms are involved in
bismuthene-based PTT and MH.

In addition, we performed TEM analysis on thin sections of
bismuthene-treated cells. The TEM images (Fig. S3) revealed that ma-
terial was effectively taken up via phagocytosis/endocytosis by A549
cells, as evidenced by the presence of bismuthene nanosheets within
vesicles in the cytoplasm. This result is also in line with other studies in
literature reporting that bismuthene nanosheets can be internalized via
endocytic pathway [34,36,37]. As shown in Fig. S4, even bismuthene
exposure at 10 pg/mL resulted in a bright green signal in the cytoplasm,
thus indicating that reactive oxygen species formed during the PDT
protocol. After bismuthene-treated cells were exposed to 850 nm light,
significant temperature changes were observed in the cell culture media
(Fig. S2D).

2.4. Bismuthene nanosheets can synergistically combine MH with PTT in
vivo and activate immunogenic cell death and ferroptosis

To further confirm the effectiveness of the photoactive and MH
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properties of bismuthene, we performed an in vivo study. First, we
injected tumor-bearing nude mice with 1000 pg of bismuthene nano-
sheets via the tail vein. At the 24 h time point, we performed ICP-MS
analysis of all organs to evaluate the biodistribution of the material.
Bismuthene showed uptake in the spleen and liver, with a lower per-
centage in the lung and bladder (Fig. 5B). Bladder accumulation might
also suggest urine excretion, as has been observed for other 2D materials
[8]. An in vivo setup was prepared for a dual PTT and MH protocol
(Fig. 5C). A549 tumor xenografts were generated in Nude BalbC mice,
and the treatment protocol was started when tumors reached approxi-
mately 200 mm?. After intravenous injection of the material, mice were
anesthetized and exposed to 850 nm light irradiation and magnetic field
simultaneously for 1 h. This treatment regime was repeated four times
until day 19 (Fig. 5A). As shown in Fig. 5D, no significant change in body
weight was observed during the entire duration of the study in any
experimental group. Fig. S6 showed that at the end of 850 nm light
irradiation and magnetic field exposure, the local tumor temperature
was increased up to 47C in bismuthene-injected animals. This significant
temperature increase indicated that we can successfully induce PTT and
magnetic field-induced hyperthermia at the tumors. Tumor measure-
ments showed that dual exposure to light irradiation and a magnetic
field resulted in significant tumor growth inhibition in mice injected
with bismuthene compared with mice in other treatment groups
(Fig. 5E). Confirming these data, histological analysis of the tumors
further suggested that tumors in bismuthine-injected mice exposed to
both light irradiation and a magnetic field showed distinct anti-tumor
activity. Apoptosis and progressive secondary necrosis, as evidenced
by the presence of shrunken cells showing nuclear changes, were
observed in these sections (Fig. 5F). Later, organs were
paraffin-embedded and sectioned for Mallory’s trichrome staining to
evaluate the possible toxicity at the tissue level. Light microscopy
showed no significant toxicity in any organ (Fig. S5).

We also immunostained tumor sections with anti-CD11c and anti-
CD56 antibodies, to correlate with the calreticulin analysis in vitro.
The expression of ICD markers, such as calreticulin, resulted in the
recruitment of both dendritic cells (DCs) and cytotoxic cells, such as T
cells or natural killer cells. Because the in vivo experiments were per-
formed in Balb/C nude mice, we reasoned that natural killer cells might
have been the cytotoxic cells that contributed to the anti-tumor activity.
Therefore, we stained the tumor sections with anti-CD11c and anti-
CD56 antibodies to track DCs and NK cells, respectively. As shown in
Fig. 5G and H, tumor sections obtained from the B and B4+850 nm + MF
groups showed dense staining with anti-CD11c and anti-CD56 anti-
bodies, respectively. The positive signals in these groups were distrib-
uted throughout the tumor sections, whereas the naive and 850 nm +
MF groups showed localized positive staining for these markers. These
results suggested that efficient bismuthene accumulation, distribution,
and diffusion were achieved throughout the tumors, thus augmenting
the immune response through ICD, in addition to the PTT- and magnetic
field-induced hyperthermia.

Finally, in parallel with the in vitro ferroptosis analysis, we further
stained tumor sections to assess the involvement of ROS. A nonferrous
ferroptosis therapy has been found to achieve maximal cell death
through the integration of a synergetic ROS burst and GSH depletion
into one nanoplatform [13]. Similarly, when we stained the tumor
sections with a DCFDA kit, we observed positively stained regions in
only the B+850 nm + MF group (Fig. 5I), thus suggesting that LPO and
ferroptotic mechanisms were active in this combinatorial treatment
strategy.

2.5. Bismuthene nanosheets are highly biocompatible

The cytocompatibility of bismuthene was initially assessed in whole
blood, through observation of the hemolysis levels induced by
increasing concentrations of bismuthene (10, 50, 100, 200 pg/mL)
suspended in water, on red blood cells (RBCs). Changes in human whole
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blood were observed after 1 and 24 h treatment. No significant release of
hemoglobin, which is correlated with RBC damage, was observed after
bismuthene incubation (Fig. 6A). On the basis of our previous experi-
ence with graphene and other 2D-nanomaterials [47], we chose a
sub-cytotoxic concentration of 100 pg/mL and a time-point of 24 h to
ensure noticeable changes in immune cell activity (Fig. 6A). Complete
blood counts were determined. We assessed changes in the numbers of
RBCs, platelets, and total white blood cells subdivided into neutrophils,
lymphocytes, and monocytes. Changes in the hematocrit, amount of
hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin
(MCH) and its concentration (MCHC), red blood cell distribution width,
and hemoglobin distribution width were also analyzed. Comparison of
values of bismuthene-treated samples were compared with those of the
corresponding untreated controls suggesting the high hemocompati-
bility of bismuthene (Fig. 6B). We also performed a cytocompatibility
assessment in L929 healthy fibroblasts in which a dose dependent
cytotoxicity was obtained until the 100 pg/mL concentration (Fig. S8).

Through the flow cytometry, we assessed viability and cell func-
tionality in human peripheral blood mononuclear cells (PBMCs). The
effects of bismuthene on cell viability were studied through live/dead
staining with Fixable viability staining 780 (BD). PBMCs were incubated
for 24 h with bismuthene (100 pg/mL) suspended in water, and the
positive control was incubated with 70% ethanol. The higher percentage
of living cells in the bismuthene-treated sample than the positive control
(Fig. 7A) indicated that bismuthene treatment had no effect on immune
cell viability. The expression of two important activation markers, CD25
(a-chain of the IL-2 receptor) and CD69 (C-Type lectin protein), was
used to assess the functionality of T cells and monocytes, two repre-
sentative populations of PBMCs. Monocytes and PBMCs showed non-
significant changes in marker expression; however, T cells showed a
significant decrease in the percentage of CD25" and HLA-DR + pop-
ulations (Fig. 7B). We also used flow cytometry assays to examine the
potential activation of PBMCs after material treatment by testing the
release of a wide range of cytokines, including IL-4, IL-5, IL-6, IL-10,
IL12p70, TNFa, and I[FNy. Bismuthene (100 pg/mL) did not significantly
affect the expression of the cytokines, thus further establishing its
immunocompatibility (Fig. 7C).

3. Discussion

Post-carbon 2D materials, such as pnictogens, transition metal
dichalcogenides, and boron nitride, have attracted substantial attention
because of their intrinsic characteristics and photoactive properties
[33]. These materials may provide a promising alternative for the next
generation of biomedical tools by offering novel opportunities that
cannot be achieved via carbon-based nanomaterials [51]. Especially in
complex diseases such as lung cancer, for which traditional therapies fail
to address efficacy and safety issues, 2D materials with novel physi-
ochemical properties may provide an invaluable tool.

In the current study, we successfully demonstrated that dual expo-
sure to 850 nm irradiation and a 50 Hz magnetic field resulted in high
levels of cell death in bismuthene-treated A549 cells. By synthesizing 3D
layered bismuth via a SACR method, we successfully generated bismu-
thene nanosheets in a controlled manner. These bismuthene nanosheets
showed successful complementation of photo-activity with magnetic
properties, thus enabling PTT and MR simultaneously. No other 2D
material has been described in the literature to have both these prop-
erties simultaneously and most 2D materials have even no magnetic
properties [52]. On the other hand, existing magnetic properties of
bismuthene can be also enhanced slightly by doping it with non-metal
atoms like carbon, silicium and germanium [53]. When it comes to
iron-based nanomaterials, such as iron oxide nanoparticles (IONPs),
they have unique magnetic properties and thus can be used in cancer
therapy or diagnosis [54,55]. They exhibit MH induction or enhance-
ment of immunotherapy when exposed to a high-frequency alternating
magnetic field (AMF) [56-58]. These superparamagnetic IONPs
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Fig. 5. In vivo evaluation of bismuthene mediated anti-tumor activity. (a) Following tumor cell inoculation, treatment protocol started at day 22 when the tumors
reached around 200 mm®. One hour after bismuthene administration, mice were anesthetized and exposed to 850 nm light and 50 Hz magnetic field. This procedure
was repeated for 4 times and at the end of 27 days, mice were euthanized. (b) Nude mice bearing A549 xenografts were injected with 1000 pg bismuthene nanosheets
intravenously. After 24 h, organs and tumors were collected and analyzed by ICP-MS in order to plot percentage of injected dose per each organ (*p < 0.05 indicates
statistically significance between naive and bismuthene injected mice, obtained by the analysis of variance and Tukey’s pairwaise comparison). (¢) Mice were
subjected to light irradiation and magnetic field under anesthesia. Magnetic field was generated with an in-house constructed coil which was also combined with the
LED light source. Representative images were obtained during the procedure. (d) Mice were monitored for body weight changes throughout the experimental
duration. (e) Tumor volume growth was plotted against time for different experimental groups. (*p < 0.05 indicates statistically significant differences between the
naive and treatment groups, obtained by the analysis of variance and Tukey’s pairwise comparison). (f) Tumors were dissected and stained with Mallory’s trichrome
stain. Representative images were obtained with a light microscope. Scale bars represent 100 pm. In order to determine the presence of DCs and NKs at the tumors,
sections were immunostained with (g) anti-CD11c and (h) anti-CD56 antibodies, respectively. Images were obtained with a light microscope to show the whole
section for each group. Scale bars represent 500 pm. (i) DCFDA staining, scale bars represent 50 pm *p < 0.05, ***p < 0.001 compared to untreated control group or
i‘ndicated group by one-way ANOVA followed by a Tukey’s post hoc multiple comparisons.

generally suffer from low sensitivity to tumor diagnosis. Iron carbide
nanoparticles (ICNPs) have higher stability, improved MRI contrast
ability than iron oxide nanoparticles, which is good in clinical prospect
but still it is early due to the problems of preparing pure iron carbide
nanoparticles, non-uniformity during carbonization process leading to
high toxicity, and lack of knowledge about their surface modification
[54]. Soft ferromagnetic properties and moderate coercivity, preventing
the hysteresis loss are much more desirable in MH-related tumor therapy
[54,59]. For instance, FesC, and Fey,C nanoparticles, have been
demonstrated to be soft magnetic NPs with a reduced coercivity, about
200 and 420 Oe respectively, which are safe considering the limit of
applied magnetic fields [54,59]. FesCy nanoparticles have also known to
possess magneto-photo-thermal therapeutic features, which could be
useful for hyperthermia-based cancer therapy [60]. Other than iron
containing nanoparticles, other 2D materials have been suggested to
achieve simultaneous PTT and MH for cancer therapy. For example,
Cheng et al. have shown that Bi,Ses with magnetic FeSe; nanoparticles
can be used for combinatorial photothermal and radiation therapies, as
confirmed by the high NIR absorption and strong X-ray attenuation of
this hybrid nanostructure [61]. Other studies have combined iron oxide
with various nanoparticles, including gold, silver, or silica, to boost
hyperthermia with PTT [62-64]. However, achieving both activities in a
single material would be desirable to achieve faster and more repro-
ducible material batches. This aspect is highly important for the devel-
opment of cancer nanotherapeutics [65,66]. Delivering
anti-inflammatory drugs is an important strategy in the field of nano-
medicine [67]. As the link between cancer and inflammation is further
explored, nanoscientists may engineer novel nanomaterials to simulta-
neously combat tumor-associated inflammation and cancer carcino-
genesis, dissemination, and metastasis.

An AC magnetic field results in heat dissipation via an applied fre-
quency and a low-magnitude magnetic field [68]. In determining the
heat dissipation, the AC susceptibility, y, is a key value affecting the
intrinsic properties of materials [69]. y comprises the real part, y/, which
indicates the slope of the M-H curve, and the imaginary part, 5, which
indicates the presence of dissipative processes in the sample [70,71].
Moreover, an AC magnetic field itself can cause tissue damage due to
excessive heat, which can be controlled by the applied frequency, and
also induces current. Specifically, tissue heating is negligible at very low
(~0-300 Hz) and low (~300-100 kHz) frequencies [72], and the typical
applied magnetic field used in hyperthermia is approximately 100-300
Oe [73]. Therefore, the applied magnetic field during this study did not
cause any damage to healthy tissue, as confirmed by our in vivo results.
Temperature-dependent magnetization, M-T, provides intrinsic mag-
netic properties of materials such as blocking (Tp), critical (T,), Curie
(T¢), and Neel (Ty) temperatures [74,75]. M-T curves revealed two
magnetic phase transitions around 300 K (27 °C) and below 70 K, which
were attributed to irreversible magnetic behavior and blocking of
magnetic spins, respectively. Small hysteresis was observed after the
subtraction of the diamagnetic background, and the maximum H, and
M; were 489.5 Oe and 87 x 1073 emu/g, respectively. Bismuthene ex-
hibits soft magnetic material properties with a moderate coercivity of
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128.5 Oe at 320 K (47 °C), thereby allowing the heat generated during
the treatment to be controlled. Together with the in vivo results, the
observed coercivity values and very weak AC susceptibility of bismu-
thene indicated that moderate heat generation occurred as a function of
treatment time at the tumor location.

We also demonstrated that both ICD and ferroptosis mechanisms are
involved in the bismuthene-based combinatorial therapeutic approach,
thus directly explaining the augmented anti-cancer activity in lung
adenocarcinoma cells. In vitro results suggested that exposure of bis-
muthene nanosheets to dual light plus a magnetic field augmented ICD
activity, as evidenced by the increased expression of calreticulin and
levels of extracellular ATP and HMGB1. Furthermore, tumor tissues in
this experimental group showed high levels of DC and NK cell accu-
mulation throughout the tumors, thus further suggesting that ICD-
dependent immunotherapy works synergistically with PTT and MH in
vivo. Beyond ICD analysis, we performed several assays to evaluate
ferroptosis levels after bismuthene based PTT and MH both in vitro and in
vivo. Recent studies have suggested that nanoparticles can be used to
combine PTT and ferroptosis therapy and consequently achieve
enhanced therapeutic activity [11,12]. Such an improved anti-cancer
activity may rely on the fact that intracellular ROS and membrane
LPO during the ferroptosis inhibit the expression of heat shock proteins
which are the self-protection mechanism of cancer cells in response to
heat during PTT [76,77]. Another mechanism could be through the PTT
induced depletion of glutathione (GSH), thereby inducing
PTT-enhanced ferroptosis via the reinforced inactivation of GPX4 [11].
Finally, it has been reported that when the environmental temperature
increases from 20 to 50 °C, a significant increase can be observed in the
rate of Fenton reaction which is important for the intracellular LPO
accumulation [78]. Therefore, our study provides an important contri-
bution to the field by demonstrating that bismuthene, owing to its
intrinsic properties, can successfully kill cancer cells through multiple
anti-cancer mechanisms.

To the best of our knowledge, this is the first report suggesting that
biocompatible bismuthene-based PTT and MR can show effective anti-
cancer activity simultaneously with ICD and ferroptosis dependent
mechanisms. Further exploration of this novel multimodal material in
therapeutic or even theranostic applications for other types of cancer
will be crucial. Recently, other groups have started to investigate the
possibility of developing double targeted bismuthene nanoplatforms
[35], however selecting the best targeting group on cancer cells and
adding functional antibodies or corresponding ligands on the surface of
the nanomaterial are still limitation of the targeted nanoparticles
[79-81]. Therefore, future studies can also consider the possibility of
including a novel targeting moiety on our materials in order to improve
its tumor accumulation.
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Fig. 6. Ex-vivo bismuthene immunocompatibility in whole blood (a) Hemolysis. Bismuthene (10, 50, 100 or 200ug/mL) was incubated with red blood cells
(RBCs) for 1 and 24h. Pictures of human RBCs treated with the nanomaterial. The red color of the solution is due to the release of hemoglobin from the lysed RBCs.
Positive control (RED) was treated with MilliQ water to induce cell lysis. Sample Absorbance was measured with Sunrise TECAN Infinite M200PRO microplate reader
at the wavelength of 570 nm-620nm. Experiments were performed in triplicate. (b) Changes in human whole blood after the treatment with bismuthene 100ug/mL
for 24h. Whole blood was harvested from healthy donor and incubated with 100 pg/mL bismuthene or left untreated (Unt). After 24h complete blood counts were
performed. Changes in the number of red blood cells (RBC), platelets (PLT), total white blood cells (WBC), then divided into neutrophils (NEUTR), lymphocytes
(LYMPH) and monocytes (MONO), were analyzed. Changes in hematocrit (HCT), amount of hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH) and its concentration (MCHC), red blood cell distribution width (RDW) and hemoglobin distribution width (HDW) were also monitored. Data are
presented as mean + - SD. Values of bismuthene-treated samples were compared to the corresponding untreated control using Welch’s t-test and 2-way ANOVA.
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Fig. 7. Ex-vivo bismuthene immunocompatibility in PBMCs (a) Impact of bismuthene on PBMC viability. PBMCs were treated with different concentrations (10,
50, 100 and 200 pg/mL) of bismuthene for 24 h. Cell viability was analyzed by flow cytometry using Fixable Viability Dye 780 staining (BD). Ethanol at 70% was
used as a positive control, while samples incubated with medium alone were used as negative controls. Histograms showing live and dead cells as % of positive cells.
All the experiments were performed in triplicate and shown as means + SD (Two-Way ANOVA and student T Test). (b) PBMCs were treated with bismuthene (100
pg/mL) for 24 h or left untreated (Unt), LPS (2 pg/mL) and ConA (10 pg/mL, Sigma) were used as positive controls. Cell activation was evaluated by flow cytometry,
PBMCs were gated by specific membrane markers for the two major subpopulations: T cells (CD3-FITC, Clone: UCHT1, BD) and monocytes (CD16 BV711, Clone 3G8,
BD). Cells were stained with CD25-PE and CD69-FITC. Cell activation of PBMCs was expressed as % of positive cells. Histogram plots showing positivity for CD25-PE
(Clone M-A251, BD) and CD69-BV421 (Clone FN50, BD) staining in PBMCs treated with bismuthene (100 pg/mL) Data are presented as mean + SD of three in-
dependent samples. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (two-way ANOVA). (c) Cytokine production. IL-4, IL-5, IL-6, IL-10, IL-12, TNFa and IFNy concentration
measured in the supernatant of PBMCs treated with bismuthene (100 pg/mL) for 24 h, using BD Cytometric Bead Array(CBA) Kit.
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4. Experimental section

4.1. Synthesis of 3D layered Bi amd the preparation of bismuthene
nanosheets

3D layered bismuth was synthesized by using our established pro-
cedure [31]. All the sythesis was performed in a specially designed
four-necked glass reactor system allowing it to work in an inert gas at-
mosphere (Argon) with an ability to temperature control. In a typical
procedure, bismuth(IlI)chloride (BiCls, 98+%, Sigma-Aldrich) was used
as a bismuth precursor, oleylamine (OAm, 70%, Sigma-Aldrich) was
used as both surfactant and solvent, and also borane-tert-butylamine
(BTB, 97%, Sigma-Aldrich) was used as a reducing agent. To get 3D
layered bismuth, BiCl3 in OAm solution was degassed in an inert argon
atmosphere at 120 °C for 30 min, and then BTB-OAm complex was
injected into the reactor system at the same temperature for additional
30 min (The color of the solution changed colorless to gray was
observed). After that, the temperature was turned off and the system was
allowed to cool itself to room temperature. The obtained solution was
washed with ethanol three times to remove undesirable impurities via
centrifuge at 8500 rpm for 10 min. The resultant black powder was dried
at 40 °C in a vacuum oven and stored for later use.

For the preparation of bismuthene, as-prepared 3D layered bismuth
was exfoliated in 2-propanol (pure, Iso Lab), under ambient conditions
by ultrasonic homogenizer using a Bandelin Sonopuls 2200.2, 200 W,
40% amplitude, 1 h at 8-10 °C. A prepared bismuthene was separated
from 2-propanol by centrifugation and dried overnight in a vacuum
oven at 40 °C for solvent exchange. Bismuthene was exfoliated in DI
water under ambient conditions via an ultrasonic bath, Bandelin
SONOREX SUPER, 640 W, 6 h to prepare a bismuthene-DI water solution
at 15-20 °C.

4.2. Characterization of bismuthene

The powder X-ray patterns (XRD) were recorded on a D2 Phaser
Bruker with an X-ray source of CuKa radiation (A = 1.5418 10\), 30kv, 10
mA by step scanning with a step size of 0.02°, an interval of 1 s per step
in the range of 20 = 10-90°, to identify crystalline phases present.
Thermo K-Alpha X-ray photoelectron spectrometer (XPS) equipped with
Al—Ka (1468.3 eV) source was employed to analyze the surface chem-
istry of the prepared materials. Scanning electron microscopy (SEM)
images were investigated with Zeiss Ultra Plus Field Emission Scanning
Electron Microscope. Atomic force microscopy (AFM) measurements
were taken using Bruker Dimension Icon AFM on the drop-cast flakes on
a high-quality silicon wafer. Transmission electron microscopy (TEM),
high angle annular dark field (HAADF) scanning transmission micro-
scope (STEM) images, and the associated EDS elemental mappings were
conducted on a Hitachi HT7800 (TEM) with EXALENS (120 kV) working
at high-resolution (HR) mode. HRTEM images were taken on a Hitachi
HF5000 with high-brightness, cold FEG-high stability, automated ab-
erration corrector, and accelerating voltage at 200 kV. GATAN Digital-
Micrograph® software was used to review HR-TEM image. UV-vis
spectra were performed with Shimadzu 3600 Plus UV-Vis-NIR instru-
ment. Raman spectra were carried out by using a Renishaw in Via
Raman microscope (excitation source 633 nm) on Indium Tin Oxide
(ITO) coated glass. A zeta-sizer and zeta potential (Malvern Instruments)
were obtained for hydrodynamic diameter measurements. The results
were performed in triplicates.

4.3. Magnetic analysis

AC susceptibility (y) measurements were also performed at 40, 50,
and 60 Hz frequencies under applied magnetic fields of 5, 10, and 15 Oe
by using Physical Properties Measurement System (PPMS) with
Vibrating Sample Module (VSM). The temperature dependence of
magnetization (M-T) measurements were carried out under zero-field
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cooled (ZFC), and field cooled (FC) conditions from 5 to 350 K, and
the magnetic field dependence magnetization (M-H) measurements
were recorded at 5, 37, 50, 300, 320, and 350 K temperatures.

4.4. Invitro PTT and MH

A549 cell line, purchased from ATCC grown in DMEM high-glucose
complete medium was trypsinized and inoculated into well plates or
flasks according to the type of experiment. After overnight incubation,
cells were incubated with bismuthene at different concentrations (0, 10,
50, 100, 200 pg/mL) for 4 h at 37 °C and 5% COs. After 4 h of bismu-
thene incubation, the medium was removed, and the cells were washed
with DPBS, and fresh complete media were added. Depending on the
type of experiment, cells were exposed to 50 W LED light of different
wavelengths (520, 590, 625, 850, 940 nm) for different times (30 min, 1
h, 2 h) at room temperature. The power density was measured with a
luminometer, and it was found to be 32.6 Im/cm? for all light sources as
calculated before [8]. At the end of these periods, the cells were incu-
bated at 37 °C and 5% CO», depending on the type of experiment. The
groups with magnetic field application were exposed to 50 Hz 600 mA
magnetic field for 1 h immediately after light exposure and then
incubated.

4.5. Modified LDH assay

The A549 cell line was trypsinized and seeded into 96 well plates at
5x10° cells per well and then incubated at 37 °C and 5% CO for 24 h.
After incubation, cells were exposed to the in vitro PTT and application
of magnetic field process. A cellular cytotoxicity assay was performed
according to the LDH Cytotoxicity assay kit (Thermo) according to the
modified protocol as discussed in Ali-Boucetta et al. [82]. 5 replicates
were performed for each experimental group. LDH measurement
absorbance was taken at 490 nm and 680 nm in the Clariostar Micro-
plate Reader.

4.6. Flow cytometry analysis

A549 cell line was trypsinized and seeded into T25 flasks with 6x10°
cells. It was removed by trypsinization for apoptosis analysis 12 h after
exposure to in vitro PTT and application of magnetic field process.
Apoptosis assay was performed according to the Alexa Flour 488
Annexin V assay kit (Thermo). To analyze the expression of calreticulin
on cell surface cells were trypsinized following each treatment and
washed with 1% BSA in PBS. Cells were first stained with an anti-cal-
reticulin antibody (Thermo) and later with an anti-rabbit secondary
antibody (Abcam). Three replicates were made for each experimental
group. Flow Cytometry analysis was performed on the BD Accuri Plus
instrument. 10,000 events were read for each sample. The obtained data
were analyzed in BD Accuri Plus software.

4.7. ATP and HMGBI assays

Following in vitro PTT and magnetic hyperthermia protocol, cell
culture supernatants obtained from 1 x10° cells) were collected. Sam-
ples were run on ATP assay (Promega) or HMGB1 assay (eLabio-
sciences). Assays were performed according to the manufacturers’
protocols.

4.8. MDA and GSH/GSSG assays

MDA assay was performed via the Lipid Peroxidation MDA Assay Kit
(E-BC-K025-M, elabscience). The samples (obtained from 1x10° cells)
and standards were prepared and the OD value was measured at 532 nm.
The levels of GSH (reduced glutathione)/GSSG (oxidized glutathione
disulfide) were measured using a GSH/GSSG ratio detection assay kit (E-
BC-K097-M, elabscience).



A. Yilmazer et al.
4.9. qRT-PCR

Cells (1x10°) were harvested for RNA extraction by using Machery
Nagel RNA extraction kit following manufacturer’s protocol. RNA
samples were measured using Nanodrop ND-1000 Spectrophotometer
(Thermo Fisher Scientific, Illinois, USA). Reverse transcription process
was performed by using NG dART Kit (EURx, Poland) following manu-
facturer’s protocol. PCR was performed by LightCycler®384 instrument
(Roche, OR, USA) in the presence of Eva Green (EURx, Poland). Five
ferroptosis-related primers were used in the study and genes were
standardized to GAPDH housekeeping genes. 222t method was used for
analysis.

4.10. TEM

A549 cell line was seeded in T25 flasks at 60-70% confluent. Two
groups were obtained after overnight incubation, a control group, and a
bismuthene-treated group. Adherent cells (A549) were washed twice
with PBS and then resuspended in PBS. Cells were removed from the
bottom of the flasks by cell scraping, transferred to 1.5 mL poly-
propylene tubes, and centrifuged (200xg for 10 min, 4 °C). The super-
natant was discarded. Cells were gently fixed in 1 mL 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2 at room
temperature for 2 h followed by a further fixation at 4 °C overnight.
Next, cells were washed in 0.1 M sodium cacodylate buffer and postfixed
in 2% osmium tetroxide (OsO4). Post-fixation was followed by several
washes and staining 1 h in 2% uranyl acetate. Afterward, cells were
twice dehydrated on a rotor at room temperature for over 15 min using a
graded ethanol series: 50%, 70%, 90%, and 100%. This was followed by
specimen embedding in Araldite M mixtures and was performed ac-
cording to standard procedures. Blocks were then trimmed, semithin
sectioned. Subsequently, thin sections were cut and transferred onto
copper mesh grids. First, the grids were stained in 2% uranyl acetate and
then with lead citrate. The grids were studied with a CARL ZEISS EVO LS
10.

4.11. Fluorescent microscopy

To detect ROS, cells were seeded in a 24 well plate with 25,000 cells
per well. After 24 h of incubation, cells were treated with bismuthene for
4 h. According to the Oxygen Species Detection Kit (abcam) protocol,
medium was replaced with fresh medium, and stained. Then, according
to the in vitro PTT application, they were treated with light for 1 h. Fixed
cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI).
Images were analyzed under the EVOS fluorescence microscope. The
same kit was also used to detect ROS in tumor sections. For this analysis,
sections were deparaffinized and stained with the DCFDA solution for
45 min. Following washing, sections were counterstained with DAPI and
imaged.

4.12. Invivo PTT and application of magnetic field

Female BALB/c nude mice 8 weeks old (22-25g each), 5 groups (5
mice in each group) were obtained from Research Unit for Experimental
Animals in Bilkent University, Turkey. All the experiments have been
performed under the ethical approval of the local ethical committee of
Bilkent University and the study design was planned according to the
ARRIVE 2.0 guidelines. The A549 cell line (2 x 10° cells) PBS:Matrigel
(Corning Ref:356,234) (1:1) was prepared for the xenograft model. All
mice received a subcutaneous injection of 100 pL from the right of the
lumbar region median line. A standard 26 G insulin injection was used.
Tumor sizes and body weights of mice were monitored. Mice were
anesthetized with isoflurane when their tumor size reached approxi-
mately 200 mm®. When the tumor size reached the desired size, the mice
were randomly divided into groups. According to the experimental
group, bismuthene (1000 pg in 100 pL. dH20) was injected through the
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tail vein. To complete the PTT and magnetic field applications according
to the determined experimental groups, they were exposed to 850 nm
light (1 h with same power density calculated for in vitro experimenta-
tion) under isofluorescent anesthesia 1 h after the injection. These PTT
and magnetic field applications were repeated 4 times. Naive group
corresponds the animals injected only with saline and there is no light
irradiation or magnetic field exposure.

4.13. ICP-MS analysis

To observe biodistribution, xenograft models were divided into 2
groups (control and bismuthene-treatment), and the bismuthene-
treatment group was injected with tail vein bismuthene (1000 pg in
100 pL dH20). After 24 h, animals in both groups were sacrificed, and
their organs were dissected. Dissected organs were washed with PBS and
frozen at —80 °C. Tissues frozen for ICP-MS analysis were thawed and
allowed to dry in an oven at 50-55 °C for 3 days. After making sure that
the water in the tissues was completely evaporated, the tissues were
powdered in a lab mortar with the help of liquid nitrogen. ICP-MS
analysis was performed at Ko¢ University. Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS) analysis were performed on an
Agilent 7700x. For the ICP-MS analysis, the powder samples were
digested in 10 mL aqua regia (8 mL HNO3 + 2 mL HCI) via Start D
Milestone Microwave Digestion system and obtained samples diluted at
1:3 ratio with deionized water (18.2 Mohm) blank solution.

4.14. Histological analysis

Once tumor specimen was resected, they were immediately fixed in
10% neutral buffered formalin (NBF). All specimens were processed
uniformly and according to routine histological tissue processing steps
[8]. The sections were stained with Masson’s trichrome stain and
mounted with Entellan. IHC staining of the tumor samples were per-
formed concurrently on serial sections with the standard
streptavidin-biotin complex method. After deparaffinization and rehy-
dration steps, endogenous peroxidase activity was blocked by quenching
with 3% hydrogen peroxide solution for 15 min. Next, a heat-induced
epitope retrieval method was performed with sodium citrate (10 mM,
pH 6) to remove the methylene bridges between proteins. Sequentially,
sections were incubated with 10% normal rabbit serum for 30 min for
protein blocking, followed by incubation with CD11c primary antibody
(PA5-90208, Thermofisher, IL, US) and CD56 (NCAM) (PA5-78402,
Thermofisher, IL, US) at dilution of 1:400 for 2 h. After a TBS wash,
sections were incubated with biotinylated anti-rabbit antibody (IgG
BA1000, Vector Laboratories Inc., CA, USA) for 30 min. Following
another washing step, peroxidase-conjugated streptavidin reagent
(Standard Vectastain Elite ABC Kit, PK-6100, Vector Laboratories Inc,
CA, USA) was added for 30 min. Then sections were incubated in a
peroxidase substrate solution DAB (3,3-diaminobenzidine substrate,
SK-4100, Vector Laboratories Inc, CA, USA). The sections were then
counterstained with Gill’s (III) hematoxylin and coverslipped. Slides
were viewed under a digital camera (DFC450, Leica, Wetzlar, Germany)
and integrated light microscope (DM2500, Leica, Wetzlar, Germany).

4.15. Peripheral blood mononuclear cells (PBMCs)

Peripheral Blood Mononuclear Cells (PBMCs) were collected from
ethylenediamine tetraacetic acid (EDTA)-venous blood of healthy vol-
unteers (25-50 years old) following the Ficoll-Paque (GE Healthcare,
CA, USA) standard separation protocol. The signature of informed
consent was obtained from all participants. The Ethics Committee of the
University of Padua reviewed and approved all the protocols performed.
Cell isolation and treatment were performed directly after blood draw.
PBMCs were cultured in 24-well plates in RPMI 1640 medium (Life
Technologies), supplemented with 1% penicillin/streptomycin (Life
Technologies), and 10% heat-inactivated fetal bovine serum (Life
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Technologies). Experiments were conducted using at least three healthy
donors each in technical triplicate.

4.16. Hemolysis

100 pL of fresh human whole blood (1x10° cells) was harvested from
informed, healthy donors (25-50 years old) using a Ficoll-Paque (GE
Healthcare, CA, USA) standard separation protocol. Informed signed
consent was obtained from all the donors. The Ethics Committee of the
University of Padua reviewed and approved all the protocols performed.
Blood was stabilized with ethylenediamine tetraacetic acid (EDTA).
Serum was removed from blood samples by centrifugation at 200 g for 5
min. RBCs were washed three times and then diluted with sterile
isotonic PBS. To determine the hemolytic activity, bismuthene (100 pg/
mL) suspended in water, was added to RBCs suspension in a final volume
of 1 mL PBS. After vortexing, the mixtures were left at 37 °C in a Thermo
mixer at 500/600g for 1 and 24 h. At the end of the incubation times,
RBCs were removed by centrifugation. A microplate reader (Sunrise
TECAN Infinite M200PRO) measured the absorbance of the hemoglobin
in the supernatant at 570 nm, with the absorbance at 620 nm as a
reference.

4.17. Blood counts

250 pL of whole human blood was harvested from a healthy donor
and incubated with 100 pg/mL bismuthene suspended in water or left
untreated (Unt). After 24 h, complete blood counts were performed.
Changes in the number of red blood cells (RBC), platelets (PLT), total
white blood cells (WBC), then divided into neutrophils (NEUTR), lym-
phocytes (LYMPH), and monocytes (MONO), were analyzed. Changes in
hematocrit (HCT), amount of hemoglobin (HGB), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH) and its concen-
tration (MCHC), red blood cell distribution width (RDW), and hemo-
globin distribution width (HDW) were also monitored.

4.18. Cytotoxicity

1x10° PBMCs were treated with increasing concentrations (10, 50,
100, and 200 pg/mL) of bismuthene suspended in water for 24 h, and
Fixable Viability Stain 780 (FVS780, BD Horizon™) was used to assess
cell viability. Staining was performed in the dark for 30 min. Ethanol at
70% was used as a positive control, while samples incubated only with
medium were used as negative controls. Cells were processed by flow
cytometry (LSR Fortessa X-20, BD Bioscience, CA, USA), while data were
analyzed by FlowJo™

4.19. Analysis of PBMCs activation by flow cytometry

1x10°% PBMCs were treated with 100 pg/mL of bismuthene sus-
pended in water for 24 h. Cell activation was evaluated by flow
cytometry, PBMCs were gated by specific membrane markers for the two
major subpopulations: T cells (CD3-FITC, Clone: UCHT1, BD) and
monocytes (CD16 BV711, Clone 3G8, BD). Cells were stained with CD25
(PE-conjugated anti-CD25, M-A251 clone; BD Bioscience, CA, USA) and
CD69 (BV421-conjugated anti-CD69, FN50 clone; BD Bioscience, CA,
USA). Staining was performed in the dark for 30 min. LPS (2 pg/mL,
Sigma) and ConA (2 pg/mL, Sigma) were used as positive controls. Cells
were processed by flow cytometry (LRS Fortessa, BD Bioscience, CA,
USA), and data were analyzed by FlowJo™ Software.

4.20. Multiplex cytokine analysis

Cell culture supernatants from PBMCs after treatment with bismu-
thene (100 pg/mL) suspended in water, were used to quantify the
secretion of cytokines using a Cytometric Bead Array (CBA) immuno-
assay kit (BD Biosciences, USA). Concanavalin A (ConA, 10 pg/mL) and

15

Materials Today Bio 23 (2023) 100825

lipopolysaccharides (LPS 2 pg/mL) were used as positive controls. The
following human cytokines were measured: IL-4, IL-5, IL-6, IL-10, TNF-
o, IFN-y and IL-12p70. Samples were treated according to the manu-
facturer’s protocol. Data were acquired in a BD LRS Fortessa flow
cytometry system (BD Biosciences, San Jose, CA, USA), and analyses
were performed using BD FCAP Array v3.0 software (BD Biosciences,
San Jose, CA, USA). The standard curve was determined using a five-
parameter logistic (5-PL) equation. The results were based on a stan-
dard concentration curve and expressed as picogram per milliliter (pg/
mL).

4.21. Statistical analysis

The values obtained with GraphPad statistical programme are
expressed as mean + ST.D. Comparison between groups was performed
by one-way ANOVA followed by Tukey’s post hoc multiple comparisons.
Analyses were performed according to 3 independent technical repli-
cates. For in vitro experiments, 8 biological replicates were used. For in
vivo experiments, 5 mice were used under each group.
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