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Synergistic Effect of Ferroptosis-Inducing Nanoparticles and
X-Ray Irradiation Combination Therapy

Chaewon Bae, Rodrigo Herndndez Millares, Suhyun Ryu, Hyowon Moon, Dongwoo Kim,

Gyubok Lee, Zhuomin Jiang, Min Hee Park, Kyung Hwan Kim, Woong Sub Koom,*

Sung-Joon Ye,* and Kangwon Lee*

Ferroptosis, characterized by the induction of cell death via lipid peroxidation,
has been actively studied over the last few years and has shown the potential
to improve the efficacy of cancer nanomedicine in an iron-dependent manner.
Radiation therapy, a common treatment method, has limitations as a
stand-alone treatment due to radiation resistance and safety as it affects even
normal tissues. Although ferroptosis-inducing drugs help alleviate radiation
resistance, there are no safe ferroptosis-inducing drugs that can be
considered for clinical application and are still in the research stage. Here, the
effectiveness of combined treatment with radiotherapy with Fe and hyaluronic
acid-based nanoparticles (FHA-NPs) to directly induce ferroptosis,
considering the clinical applications is reported. Through the induction of
ferroptosis by FHA-NPs and apoptosis by X-ray irradiation, the therapeutic
efficiency of cancer is greatly improved both in vitro and in vivo. In addition,
Monte Carlo simulations are performed to assess the physical interactions of
the X-rays with the iron-oxide nanoparticle. The study provides a deeper
understanding of the synergistic effect of ferroptosis and X-ray irradiation
combination therapy. Furthermore, the study can serve as a valuable reference
for elucidating the role and mechanisms of ferroptosis in radiation therapy.

1. Introduction

Cancer nanomedicine has been a potential
and promising treatment approach for can-
cer for many years.'*! Nanoparticles are
designed to target tumors, enhance drug
delivery, and improve therapeutic efficacy;
however, safety concerns, such as toxic-
ity and side effects, have hampered their
clinical application, and thus, nanoparticles
are a reality that has yet to reach its full
potential.>~”] In addition, complete cancer
cell death is difficult to achieve as these cells
exhibit resistance to existing therapies be-
cause of the heterogeneity of tumors and
the tumor microenvironment.!®% In fact, in
anticancer clinical practice, the treatment
effect is maximized through various com-
bination treatments rather than monother-
apy; therefore, continuous research on var-
ious combination therapies is needed.['%11]

In nanomedicine, cancer cell death is
generally induced through apoptotic and
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necroptotic cell death, among other cell death mechanisms; how-
ever, the discovery of ferroptosis in 2012,"?l has prompted ac-
tive studies of the possibility of the treatment of cancer us-
ing nanomedicine and ferroptosis. Unlike other forms of pro-
grammed cell death, such as apoptosis and necrosis, ferropto-
sis is a type of cell death in which reactive oxygen species (ROS)
and hydroperoxide accumulate via an iron-induced reaction, with
lipid peroxidation eventually occurring in sequence. Although
iron is essential for cell-cycle regulation, cell proliferation, and
DNA synthesis, it is also a target for cancer treatment!3-°] be-
cause, unlike normal cells, cancer cells display significant dif-
ferences in iron metabolism, such as the upregulation of iron-
absorption proteins, transferrin receptor 1 (TFR1), and the down-
regulation of iron-efflux proteins, ferroportin, in the degree of the
net iron influx.'®'7] Because of the significant alteration of
iron metabolism observed exclusively in cancer cells, ferroptosis,
which is a type of cell death based on iron metabolism, is attract-
ing attention in the field of anticancer treatment. Therefore, to
develop a treatment through ferroptosis in cancer nanomedicine,
research on the possibility and performance of anticancer treat-
ment using nanoparticles, as well as research on the mechanism
of ferroptosis are continuously and actively being reported.!18-2*]

In clinical cancer treatment, X-rays are a commonly and widely
used radiation therapy and have remained one of the standard
cancer treatments for decades because of their good effective-
ness. In fact, 50% of cancer patients receive radiation therapy, and
even though it is the cornerstone of cancer treatment, complete
response to cancer treatment is still challenging due to radiation
resistance, remarking the necessity for radiosensitizers.** In ad-
dition, X-ray irradiation kills cancer cells by inducing a cell death
mechanism based on DNA damage, mainly via an apoptosis
mechanism.[22%] Many studies have reported synergistic effects
between X-ray therapy and the use of nanoparticles in cancer
nanomedicine. Recently, the interest in combining ferroptosis
and X-ray irradiation has been increasing as a potential strategy
to improve the therapeutic effect of cancer therapies;!?-1 if the
mechanism of ferroptosis and the apoptosis triggered by X-rays
are induced at the same time, a higher anticancer effect can be
expected, such as the death of cancer cells that had exhibited treat-
ment resistance or avoidance. For this reason, ferroptosis induc-
ers (FINs) have been used as radiosensitizers. Nevertheless, most
of the FINs used in combination with radiation therapy haven’t
been approved or are underway to be tested clinically as they are
poorly tolerated in vivo or even have toxic side effects. Therefore,
nano-based platforms have been proposed as a way to tackle FIN-
associated drawbacks.**2] However, beyond the consequential
aspect, showing that the combination treatment using nanopar-
ticles and radiation therapy had a synergistic effect, unveiling
the mechanisms underlying the synergistic effect of nanoparti-
cles combined with radiation treatment is of great importance.
A few studies have proposed ferroptosis-inducing nanoparticles
in combination with ionizing radiation, nevertheless, they are
still far from actual clinical application.**-3¢] Monte Carlo sim-
ulations are a valuable tool to simulate the behavior of complex
systems, such as the interaction between ionizing radiation and
materials that are commonly used in cancer therapy.?’*% We can
accurately predict the radial dose distributions around nanoparti-
cles, which may provide valuable insights into the physical means
of the combination of nanoparticles with ionizing radiation.
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We examined the effect of combination therapy using X-ray ir-
radiation with hyaluronic acid-based nanoparticles with Fe (FHA-
NPs), which are safe particles that induce ferroptotic cell death
that were previously reported in detail elsewhere regarding their
clinical application (Figure 1).I'¥] We observed a correlation be-
tween the experimental results and those of the Monte Carlo sim-
ulations. FHA-NPs are internalized through the high affinity be-
tween HA and the ligand of the CD44, cancer overexpression re-
ceptor; followed by degradation by hyaluronidase in lysosomes,
the generation of lipid ROS, and, finally the ferroptotic cell death
via lipid peroxidation. In addition, DNA is damaged through X-
ray irradiation, ROS accumulates in mitochondria, and apoptotic
cell death is induced. Through MC simulations, we investigated
the interaction between low-energy X-rays (e.g., 300 kVp) and the
FHA-NPs, and observed a dose enhancement in their close vicin-
ity. We confirmed the improved therapeutic effect of the combina-
tion treatment in vitro and in vivo and demonstrated a correlation
between the improved tumor treatment effect and the combina-
tion treatment. This work may be used as a reference for develop-
ing a combination therapy strategy with an improved anticancer
therapeutic effect via the combination of ferroptosis-inducing
nanoparticles and X-ray irradiation, followed by the characteri-
zation of the role of ferroptosis in this process.

2. Results and Discussion

2.1. Effect of FHA-NPs and X-Ray Irradiation on Cell Viability

To confirm the ability of A549 and A375P cells to proliferate and
form colonies after treatment, the cell viability of the FHA-NP, X-
ray irradiation, and combined treatment (FHA-NP + X-ray) treat-
ment groups were compared through clonogenic assays, which
are generally used to determine cell proliferation and survival
after irradiation.*'-**! The clonogenic assay was performed in
triplicate for each experimental group. Individual colonies were
visualized by crystal violet staining, and significant colony for-
mation inhibition was confirmed even when FHA-NPs were ad-
ministered alone; moreover, a higher X-ray irradiation dose re-
sulted in a stronger colony formation inhibitory effect in A549
(Figure 2A; Figure S1, Supporting Information) and A375P cells
(Figure 2B; Figure S2, Supporting Information). Compared with
the control (Ctrl) group, we confirmed the observation of a signif-
icant inhibitory effect on colony formation in the group treated
with 200 uyg mL~! FHA-NPs alone, the group treated with X-ray
irradiation at 1, 3, and 6 Gy, and the group treated with the combi-
nation regimen. After irradiation with 6 Gy, the observed colony-
reduction rate in the A549 cell was 55.8% and 63.2%, respectively,
compared to the control group and the FHA-NP-treated cells.
Similarly, the reduction rate in A375P cells after 6 Gy irradia-
tion was 84.4% and 88.6% compared to the control group and the
FHA-NPs treated cells, respectively. For all experimental doses (1,
3, and 6 Gy), the surviving fraction (SF) of A549 and A375P cells
treated with FHA-NPs was significantly lower than that of the Ctrl
group. In addition, the calculated sensitizer enhancement ratio
(SER) were 1.07 and 1.12 for A549 and A375P, respectively, which
demonstrated a sensitizing effect for the FHA-NPs. Figure 2C,E
depicts the clonogenic SF of A549 and A375P cells after irradia-
tion with 300 kVp X-rays with and without FHA-NP administra-
tion. The curves were fitted with a linear quadratic model, i.e.,
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Figure 1. Schematic illustration of the combination therapy system of FHA-NPs and X-ray irradiation for tumor therapy: Combination therapy of ferrop-
totic cell death through FHA-NPs, which induce lipid peroxidation, and apoptotic cell death by X-rays, which cause DNA damage, and improvement of

X-ray sensitivity by FHA-NPs.

survival = e7*P=#P2 The « and p parameters obtained together
with the SER are reported in Figure 2D,F. The major impact of
the treatment with FHA-NPs was on the a parameter, which is
typically related to the direct effects of ionizing radiation on DNA.
The obtained SERs values of 1.07 and 1.12 suggest a slightly en-
hanced radiation effect caused by the FHA-NPs. The SER reports
the effect of the radiation on the colony formation leaving aside
the ferroptosis effect induced by the FHA-NPs. The nanoparti-
cles enhanced the radiation lethality, meaning the radiation and
FHA-NPs effect do not act separately but also in conjunction as
a radiosensitizer.

Next, we examined the activity of lactate dehydrogenase (LDH),
which is a cytosolic enzyme that is released upon damage to the
cell membrane.*] We observed that the LDH activity was sig-
nificantly higher in the combination treatment, with the activity
being higher in the order of the FHA-NP treatment group fol-
lowed by the X-ray irradiation group. In A549 cells, LDH activity
was more than twofold higher in the FHA-NP-treated group ver-
sus the group treated with X-ray irradiation alone (Figure 2G). In
A375P cells, we confirmed that it was higher in the FHA-NPs-
treated group than in the X-ray-only group and that the increase
was much more significant in the combination treatment group
(Figure 2H). The characteristic of FHA-NPs, which induce fer-
roptotic cell death through lipid peroxidation, may be considered
to be related to LDH activity. We additionally confirmed the va-
lence state of Fe in FHA-NPs through XPS because the presence
of Fe?* and Fe* affects inducing ferroptosis. High-resolution Fe
2p spectra of FHA-NPs showed spin-orbit doublet peaks of Fe
2p;, and Fe 2p, ,. As a result of analyzing FHA-NPs, the bind-
ing energies of Fe 2p; , and 2p, , were measured to be 710.54 and
722.92, respectively, indicating that Fe’* and Fe** exist in FHA-
NPs (Figure S3, Supporting Information). We also performed
live/dead analysis to evaluate cell viability in A549 (Figure 2I,
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Figure S4, Supporting Information) and A375P cells (Figure 2J;
Figure S5, Supporting Information) during ferroptosis-induced
FHA-NP, X-ray irradiation, and combination treatments. The ra-
tio of dead cells recorded at 12 h after X-ray irradiation was higher
in the FHA-NP-treated group than it was in the X-ray irradiation
group; furthermore, viable cells were almost non-existent in the
combination treatment group both A549 and A375P cells. We ver-
ified the cancer cell-killing abilities of FHA-NPs and X-ray irra-
diation, respectively, and confirmed a significant synergy effect
through the improved cancer cell-killing effect in combination
therapy.

2.2. Enhancement of the Radiation Effect After FHA-NP
Treatment In Vitro

As reported previously, FHA-NPs induce ferroptosis. Here, we
assessed the mechanism of cell death induced by X-ray irra-
diation. First, we performed a TUNEL assay after treatment
with FHA-NPs or X-ray at 6 Gy, separately or simultaneously
in A549 cells (Figure 3A). The green color indicates TUNEL
staining, whereas the red color represents the counterstaining
of the cytoskeleton with phalloidin and the blue color represents
the counterstaining of the nucleus. As shown in Figure 3B, we
quantified the TUNEL-positive fluorescence intensity, which was
hardly observed after the treatment with FHA-NPs but was signif-
icantly increased after irradiation with X-rays; furthermore, the
fluorescence intensity was further improved after the combina-
tion treatment. In the TUNEL assay, which evaluates the DNA
fragmentation damage, in contrast with the FHA-NP treatment,
a fluorescence signal was observed exclusively under X-ray irra-
diation, indicating that a different cell death mechanism was in-
duced by the FHA-NP and X-ray treatments. In the evaluation
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Figure 2. Therapeutical effect of FHA-NPs in combination with X-ray irradiation in A549 and A375P cells. Image of the clonogenic analysis of A) A549
and B) A375P cells after X-ray irradiation at 1, 3, and 6 Gy depending on whether FHA-NPs were administered or not. C) Survival fraction and curve
fitting of A549 cells treated with and without FHA-NPs. D) Linear quadratic model parameters (@ and f) and calculated SER extracted by curve fitting
of the clonogenic-assay-derived survival fractions at 0, 1, 3, and 6 Gy in A549 cells. E) Survival fraction and curve fitting of A375P cells treated with and
without FHA-NPs. F) Linear quadratic model parameters (a and ) and calculated SER extracted by curve fitting of the clonogenic-assay-derived survival
fractions at 0, 1, 3, and 6 Gy in A375P cells. Lactate dehydrogenase activity in G) A549 and H) A375P cells upon single and combined treatment with
FHA-NPs and X-ray irradiation. Data are presented as the mean =+ SD for five replicates, ““p < 0.01, ***p < 0.001. Live/dead assay after treatment with
FHA-NPs and X-ray irradiation, simultaneously or separately in ) A549 and ]) A375P cells. Green and red colors represent live and dead cells, respectively

(scale bar, 100 pm).

of the results of TUNEL staining, which continues to be widely
used as a measure of apoptotic cell death by labeling the free 3"
hydroxyl termini and detecting DNA breakage,[**%! a clear differ-
ence was observed only in the X-ray-irradiated group. In turn, in
the group treated with FHA-NPs, which induces ferroptosis, al-
most no fluorescence was observed, whereas apoptotic cell death
was induced after irradiation with X-rays. We then performed
a Comet assay to assess the radiation-induced DNA damage in
A549 (Figure 3C) and A375P cells (Figure 3D). The DNA dam-
age was measured based on the tail moment, tail length, and per-
centage of DNA in the tail, and a graph was prepared based on the
average of 50 cells in A549 (Figure 3E; Figures S6 and S7, Sup-
porting Information) and A375P cells (Figure 3F; Figure S8, Sup-
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porting Information). In A549 cells, the tail moment value was
44.2% + 9.9% after treatment with X-rays alone, and increased
to 64.6% + 13.6% after treatment with FHA-NPs together with
X-ray, compared with the almost null value obtained in the case
of the Ctrl and FHA-NP treatment alone. Consistent with the re-
sults of the TUNEL analysis, almost no DNA damage was ob-
served after treatment with FHA-NPs, whereas the DNA damage
increased after X-ray irradiation and reached a maximum after
the combined treatment. In A375P cells, the tail moment value
was 32.6% = 11.8% after treatment with X-rays alone and in-
creased to 46.6% + 13.5% after treatment with FHA-NPs together
with X-rays. These results suggest that the DNA damage caused

by X-ray irradiation increased when this modality was combined
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Figure 3. Confirmation of an enhanced radiation effect after FHA-NP treatment in vitro. A) TUNEL staining after treatment with FHA-NPs or X-ray
irradiation, separately or simultaneously. Blue, green, and red colors represent nuclear, TUNEL and phalloidin staining (scale bar, 50 um). B) Graph
for the quantification of the TUNEL-positive fluorescence intensity. Data are presented as the mean + SD. Comet assay results after treatment with
FHA-NPs or X-ray irradiation, separately or simultaneously in C) A549 and D) A375P cells. Graph of the tail moment in the presence and absence of
FHA-NPs and X-ray irradiation in E) A549 and F) A375P cells. G) Fluorescence intensity of y-H2AX foci in A549 and A375P cells. Blue and green colors
indicate nuclear and H2A staining, respectively (scale bar, 25 um). Graph for the quantification of the fluorescence intensity of y-H2AX foci in H) A549
and 1) A375P cells. ]) Images of DAPI and CellROX Orange showing ROS generation after separate or simultaneous treatment with FHA-NPs and X-ray
irradiation in A549 and A375P cells. Blue and red represent nuclear and ROS (scale bar, 50 um). Graph for the quantification of the fluorescence intensity
of CellROX Orange in K) A549 and L) A375P cells. *p < 0.05, **p < 0.01, ***p < 0.001.
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with FHA-NP treatment, compared with X-ray irradiation alone,
and the combination treatment had an amplifying effect on A549
and A375P cell death.

Next, as shown in Figure 3G, the DNA damage induced by
FHA-NPs and X-ray irradiation, together or separately, was in-
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vestigated regarding the formation of y-H2AX foci, which were
counted and quantified in A549 (Figure 3H) and A375P cells
(Figure 3I). Compared with X-ray irradiation alone, the number
of y-H2AX foci was low in both A549 and A375P cells in the
group treated with FHA-NPs alone; however, the combination of
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FHA-NPs with X-ray irradiation yielded a higher percentage of
y-H2AX foci in A549 (Figure S9, Supporting Information) and
A375P cells (Figure S10, Supporting Information). In A549 cells,
the fluorescence intensity of y-H2A was 0.01 + 0.03 in the control
group and 0.03 = 0.02 in the FHA-NPs group and increased sig-
nificantly to 0.82 + 0.15 after irradiation with X-rays and to 1.17
+ 0.38 in the combination treatment. And, in A375P cells, the
fluorescence intensity of y-H2A was 0.01 + 0.13 in the control
group and 0.1 + 0.12 in the FHA-NPs group and increased sig-
nificantly to 0.93 + 0.52 after irradiation with X-rays and to 1.68
+ 0.57 in the combination group. Irradiation alone induced the
formation of nuclear y-H2AX foci, whereas the combined treat-
ment markedly increased the number of nuclear y-H2AX foci.
Our data indicate that the number of y-H2AX foci was signif-
icantly increased upon co-treatment with FHA-NPs and irradia-
tion. Overall, FHA-NPs potentiated the X-ray-induced DNA dam-
age in vitro, suggesting that A549 and A375P cells may become
more sensitive to radiation through the exacerbation of DNA
damage. As shown in Figure 3], the level of ROS was assessed in
A549 and A375P cells using CellROX after separate or simulta-
neous treatment with FHA-NPs and X-rays. The level of ROS in-
creased both when FHA-NPs were administered alone and when
X-rays were irradiated alone. Compared with the Ctrl group (with-
out any treatment) of A549 cells, the fluorescence intensity in-
creased to 101 + 39.2 when FHA-NPs alone were administered,
to 65.4 + 18.2 when X-ray irradiation alone was delivered, and
to 173.9 + 34.7 after the combined treatment (Figure S11, Sup-
porting Information; Figure 3K). In the A375P cell group, the
fluorescence intensity increased to 78.6 + 24.3 when FHA-NPs
were administered alone, to 49.2 + 11.8 when administered with
X-ray alone, and to 129.9 + 44.2 when combined treatment was
administered (Figure S12, Supporting Information; Figure 3L). A
higher level of ROS expression was observed after treatment with
FHA-NPs alone versus X-ray irradiation alone; moreover, the
ROS expression level increased significantly after the administra-
tion of the combined treatment. Thus, we verified that the level
of ROS was induced to a much greater extent by FHA-NPs com-
pared with X-ray irradiation and confirmed that the combined
treatment yielded synergistic effects. The expression of ROS is a
very important feature that is commonly observed in both ferrop-
tosis and X-ray irradiation-induced apoptosis. Referring to previ-
ous studies, FHA-NPs, which induce ferroptosis, appear to accu-
mulate lipid ROS mainly via iron!*°] and to accumulate ROS
in mitochondria after irradiation with X-rays.[’®5!l Although the
degree of expression was different, we demonstrated that ROS
were significantly expressed in the cases of both FHA-NPs and
X-ray irradiation. Based on these results, we consider that fur-
ther studies of the location of ROS expression and the correlation
and mechanism of ROS expression through other pathways are
needed.

2.3. Confirmation of Biodistribution by Optical Diffraction
Tomography

Optical diffraction tomography (ODT) combined with fluores-
cence images was used to assess the FHA-NP uptake and its ef-
fect on cell morphology in A549 cells. Figure 4A is a 2D refrac-
tive index (RI) tomography image and Figure S13 (Supporting
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Information) is a 2D RI Nanolive image confirmed after treat-
ment of FHA-NPs and X-rays separately or simultaneously, and
Figure 4B is a fluorescence image confirmed after staining the
nucleus and mitochondria with DAPI and mitotracker, respec-
tively. As can be seen in the enlarged image at the bottom of the
square box, the difference in mitochondrial morphologies was
observed. As previously reported, both ferroptosis and X-ray irra-
diation induce morphological changes and directly affect the mi-
tochondria. Previous literature has established that as ferroptosis
progresses, mitochondrial contraction, membrane rupture, and
fragmentation occur.’2%3! Similarly, X-ray irradiation is known to
cause mitochondrial swelling, fragmentation, and membrane po-
tential change.’*>*! In fact, significant differences in mitochon-
dria were observed in all groups treated with FHA-NPs, X-rays,
and combination treatment compared to the Ctrl group. We ob-
served small and disconnected mitochondria in both the FHA-
NPs and X-ray groups. In addition, in the group treated with
combined treatment, the fluorescence sensitivity of mitochon-
dria was significantly lowered and a significant amount of round
shapes were observed beyond the disconnected sites. In the cross-
sectional slices of 3D RI tomograms, we can see the intracellular
structures along with a large number of FHA-NPs internalized
for NP-treated cells (Figure 4C).

Next, we confirmed the RI values and indicated holotomog-
raphy via color labeling. The RI values for the A549 cell line of
the cytoplasm and the nucleus were found to be in the range of
1.34-1.35 and 1.35-3.36, respectively. Values in the range 1.37-
1.38 were attributed to lipid droplets or cytoplasmic lysosomes,
and values higher than 1.38 were assumed to be FHA-NPs. The
intracellular localization of FHA-NPs, cellular nuclei, cytoplasm,
and lipid droplets is shown in Figure 4D. In the rendered 3D re-
fractive index distribution image, blue and white represent the
nucleus and cytoplasm, yellow represents lipid droplets or cy-
toplasmic lysosomes, and red represents FHA-NPs. We made a
rather noteworthy finding here. In the group treated with FHA-
NPs alone and in combination with X-ray, we observed that yel-
low color, representing lipid droplets or cytoplasmic lysosomes,
was expressed much, and some surrounded red color, represent-
ing FHA-NPs. In the Cirl group without any treatment, the yel-
low color was hardly confirmed, whereas in the group irradi-
ated with X-rays, some confirmation was observed, but we ob-
served that it was more concentrated near the nucleus. We con-
sider it worth noting the significantly higher amount of lipid
droplets/cytoplasmic lysosomes for the NP-treated cells, which
can be directly related to the cellular response to the FHA-NPs.

Afterward, we performed quantitative analysis of the to-
mographic images by deep-learning-based segmentation algo-
rithms by the Tomoanalysis software (Figures 4E-L; S8-S11,
Supporting Information). Figure 4EF represent the mean RI
and sphericity of A549 whole cells. The mean RI was higher
in the group treated with FHA-NPs, and in sphericity, which
is a measure of how spherical the cells are, the sphericity
caused by cell death was the smallest in the combination treat-
ment. Since apoptosis, a death caused by X-ray irradiation,
and the nucleus correlate, we identified the mean RI, spheric-
ity, surface area, and volume of the nucleus and nucleolus
(Figures S14-S17, Supporting Information). In terms of the
mean RI and sphericity, there were minor differences in the nu-
cleus and the nucleolus; on the contrary, in terms of surface area
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Figure 4. Confirmation of biodistribution based on the 3D refractive index. A) Images of individual or co-treatment groups for FHA-NPs and X-ray
irradiation (scale bar, 9 um). B) Fluorescence image of nuclear staining with DAPI and mitochondrial staining with MitoTracker. An enlarged image is
provided at the bottom (scale bar, 9 um). C) Sectional slices of 3D refractive index tomogram after single or simultaneous treatment of FHA-NPs and
X-ray in A549 cells. Values in the color bar represent refractive indices. (scale bar: 9 um) D) The isosurface image of the rendered 3D refractive index
distribution after treated FHA-NPs or X-ray irradiation separately or simultaneously. Blue and white represent the refractive indices of the nucleus and
cytoplasm, while yellow and red represent the refractive indices of lipid droplets and FHA-NPs, respectively. The image on the right is an enlarged image.
E) Mean Rl value and F) sphericity of A549 whole cell after treatment in each group. G) Mean Rl value, H) sphericity, 1) surface area (um?), J) volume
(um?), K) dry mass (pg), and L) concentration of lipid droplets after treatment in each group. *p < 0.05, **p < 0.01, ***p < 0.001.

and volume, the group treated only with X-rays was the most af-  droplets’ refractive index images, the sphericity is the round-
fected. In the rendered 3D refractive index images, we analyzed  ness of the 3D lipid droplet; the surface area is the total area
the mean RI value (Figure 4G), sphericity (Figure 4H), surface  of the membrane surrounding a lipid droplet; the volume is
area (Figure 4I), volume (Figure 4]), dry mass (Figure 4K), and  the amount of space occupied by a single lipid droplet; and
concentration (Figure 4L) of lipid droplets. Regarding the lipid  the concentration is the amount of substance present per unit

Small 2024, 2310873 2310873 (7 of 13) © 2024 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8A1Ie81D Bedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} AReiq 18Ul UQ 431 UO (SUORIPUOD-PUe-SWLRI W0 A3 1M ARe.q Ul juo//Sdny) SUORIPUOD pue swie | 8 88s *[202/T0/8z] uo ArigiTauluo A8|im ‘AisIeAIUN eUOIEN [N0sS Aq £/80TEZ0Z [IWS/Z00T OT/I0p/W0D A8 |IMAseiq iUl uo//:Sd1y WOy papeojumoq ‘0 ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

. = B Water NPs = 4
104 ® FHANPs Q 1] =
c
>
(<]
= 17 O o
N B
e 017 5 0001
2 >
. 0.01+ = ka4
[]]
2 S
@ 0.001 o 1ES
3 o
0O 1E-49 $ s
[=]
AES . 0O 74 o

www.small-journal.com

B Water NPs
o FHANPs

. ® FHANPs
110 o

1.05+

1004 = wm

T T T
o 10 100 1000 10000

Distance from FHA NPs surface (nm)

10

T T T
10 100 1000 10000

T J T
100 1000 10000

ose enhancement ratio (arb. units)

Distance from FHA NPs surface (nm) A Distance from FHA NPs surface (nm)
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ionization as a function of the radial distance from the FHA-NP surface. Radial dose distribution as a function from the FHA-NP surface B) per delivered

Gy C) per enhancement ratio (DER).

volume of lipid droplets. The correlation of lipid droplets was very
high in the separately or simultaneously treatment group with
FHA-NPs compared to the control group.[**”! Lipid droplets play
an important role in regulating lipid metabolism, but few studies
show direct correlations and results between ferroptosis and lipid
droplets. These results can be used for future research on the re-
lationship between ferroptosis and lipid droplets and to clarify
related mechanisms. Furthermore, identifying the role of lipid
droplets in cancer treatment suggests a new promising research
direction to develop novel cancer treatments.

2.4. Monte Carlo Simulation of the Interaction Between FHA-NPs
and X-Rays

Monte Carlo simulations were carried out to assess the additional
dose deposited because of the presence of FHA-NPs when ex-
posed to 300 kVp X-rays located 2 cm away in the water phan-
tom. Figure 5A shows the dose deposited per ionization event
produced inside the FHA-NPs. It should be noted that, although
the probability of interaction was higher for the FHA-NPs, a wa-
ter NP with the same dimensions deposited a greater dose in the
immediate region of the NP surface. This is explained by a self-
absorption effect occurring inside the nanoparticle, which pre-
vents the very low-energy secondary particles from escaping their
own volume. Nevertheless, after the first 100 nm, it was the FHA-
NPs that deposited a higher amount of dose. Figure 5B shows the
radial dose deposited because of interactions with the FHA-NPs
after exposure to a 1-Gy dose of X-rays. The interaction proba-
bility of the FHA-NPs with 300 kVp X-rays was not radically dif-
ferent from that of water, which implies that, for every delivered
Gy, the NPs will deposit an additional ~0.1 Gy in its close vicin-
ity. In addition, Figure 5C shows that FHA-NPs enhanced the
dose by up to 10% in the initial nanometers from the NP surface.
However, the dose enhancement rapidly decreased after the first
100 nm of radial distance, denoting that the dose-amplification
effect is limited to a significantly short distance from the FHA-
NPs. Based on the simulation results; we presumed the radial
dose enhancement contributes to cancer cell-killing. Although Fe
radio enhancement is limited to a fairly limited distance, a dose
increment was appreciated.
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2.5. Confirmation of the Therapeutic Effect of the FHA-NP and
X-Ray Irradiation Combination In Vivo

To demonstrate the tumor suppression effect of FHA-NPs and
combination therapy efficacy with X-ray irradiation, subcuta-
neous tumors were established in nude mice using A549 cells.
We divided the animals into four groups: a control group injected
with PBS (Ctrl), a group treated only with FHA-NPs (FHA NPs),
a group only irradiated with X-rays (X-ray), and a group treated
with FHA-NPs and X-rays simultaneously (FHA NPs + X-ray)
(n = 3 mice per group). Moreover, after the implantation of A549
cells, the study was started on day 66, when the average initial
tumor volume reached 271 mm?® (Figure S18, Supporting Infor-
mation). We administered FHA-NPs (40 mg kg™!) to mice via
peritumoral subcutaneous injection around the tumor and irra-
diated it with a 320-kV X-ray irradiation apparatus. After the ad-
ministration of FHA-NPs, X-ray irradiation was performed the
following day, and FHA-NPs and X-ray irradiation were repeated
9 days later; changes in tumor size were observed after a total of
two treatments, respectively (Figure 6A). Sacrifice was performed
on day 16 after the first FHA-NPs injection, and the survival rate
of mice in all groups was 100% (Figure S19, Supporting Infor-
mation). At the same time, the A375P model was constructed to
establish preclinical safety and treatment plans using FHA-NPs
composed of safe materials that induce ferroptosis. To further
verify the number of injections, dose, and safety of FHA-NPs, an
experiment was designed differently from the A549 model, and
the dose was set to the maximum by referring to a paper based
on iron nanoparticles. A375P cells were used to establish sub-
cutaneous tumors in nude mice and divided into five groups:
a control group injected with PBS (Ctrl), a group treated only
with FHA-NP twice (2FHA NPs), a group treated with only FHA-
NP six times(6 FHA NPs), a group irradiated only with X-rays
(X-ray), and a group treated with FHA-NP six times and X-rays
simultaneously (6FHA NPs + X-ray) (n = 5 mice per group).
Moreover, the study started on day 49 after the implantation of
A375P cells, when the average initial tumor volume reached 243
mm? (Figure S20, Supporting Information). We administered
subcutaneous injection around the tumor in the same way as the
A549 model, but the concentration of FHA-NPs was 100 mg kg'!,
which is 2.5 times higher than that of the A549 model. The group
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Figure 6. Confirmation of tumor suppression by the combination therapy of FHA-NPs with X-ray irradiation in vivo. A) Schematic diagram of the in vivo
treatment strategy in the A549 model. B) Schematic diagram of the in vivo treatment strategy in the A375P model. Tumor volume profiling over time
after treatment in the C) A549 and D) A375P models. Photographs of tumor size after the sacrifice of mice in the Ctrl, FHA-NP-treated, X-ray irradiation,
and combination groups, respectively, in E) A549 and F) A375P models. Tumor weights in the Ctrl, FHA-NP-treated, X-ray irradiated, and combination
therapy groups after mice were sacrificed in G) A549 and H) A375P models. Values are the means + SD. Biodistribution of FHA-NPs in the heart, spleen,
lung, liver, kidney, and tumor of the 1) A549 and ]) A375P models analyzed by ICP-AES. Values are the means + SD, n = 3. H&E staining of a tumor
section sacrificed in K) A549 and M) A375P models (scale bar, 50 pm). Prussian blue staining images of tumor sections from the Ctrl, FHA-NP-treated,
X-ray irradiated, and combination therapy groups in L) A549 and N) A375P models (scale bar, 100 um). Data are presented as the mean =+ SD. “p < 0.05,

*p <0.01, " p < 0.001.

administered FHA-NPs twice the group and irradiated only with
X-rays were treated at two-week intervals, and the group admin-
istered FHA-NPs six times was treated three times at two-day in-
tervals and repeated. In the combination treatment group, FHA-
NPs were injected three times, and X-rays were taken the next
day, and this was repeated a week later (Figure 6B). Sacrifice was
performed 38 days after the first FHA-NPs injection, and the sur-
vival rate of mice in all groups was 100% even though the tu-
mor suppression effect of the A375P model was much higher
than that in the A549 model by injecting a higher dose of FHA-
NPs (Figure S21, Supporting Information). The tumor volume of
the A549 model, which started at an average of 271 + 21 mm?,
increased to 579 + 69 mm? in the Ctrl group on day 16, 383 +
35 mm? in the FHA-NP-treated group, 418 + 53 mm? in the X-
ray-irradiated group, and 240 + 34 mm?® in the combined treat-
ment group, respectively (Figure 6C; Figure S22, Supporting In-
formation). The tumor volume of the A375 model, which started
at an average of 243 + 20 mm?, increased to 952 +141mm? in
the Ctrl group on day 38, 326 + 67 mm? in the 2FHA NPs treat-
ment group, 191 + 44 mm? in the 6FHA NPs treatment group,
and 220 + 92 mm? in the X-ray-treatment group, and 85 + 22
mm? in the combined treatment group, respectively (Figure 6D;
Figure S23, Supporting Information). The tumor volume reduc-
tion rate of the 6FHA NPs group, repeated three times twice,
was better than the 2FHA NPs group. After treatment with FHA-
NPs, A375P model mice were continuously observed without ad-
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ditional treatment, and tumor size tended to increase after 10
days of the last FHA-NPs treatment in both the 2FHA NPs group
and the 6FHA NPs group. We observed that the therapeutic ef-
fect of FHA-NPs is up to 10 days, and the results suggest that the
tumor suppressive effect may be greater as the number of treat-
ments with FHA-NPs increases compared to a single treatment.
A treatment plan of continuous additional injection of FHA-NPs
at weekly intervals may be effective. We observed a very signifi-
cant tumor volume suppression effect in the combination treat-
ment group. We treated nanoparticles and high-dose X-rays of
10 Gy only twice to confirm the tumor suppression degree with-
out additional treatment. This suggests that, when applied to ac-
tual treatment, a more effective tumor suppression effect can be
obtained when combined treatment is performed by increasing
the number of injections of FHA-NPs with X-ray treatment until
the complete disappearance of the tumor.

In the photos obtained for each tumor in the A549 model in
Figure GE and the A375P model in Figure 6F, the size of the
tumor decreased after FHA-NP treatment and X-ray irradiation
compared to the Ctrl group, and the size of the tumor decreased
significantly after the combination treatment. Moreover, the av-
erage tumor weight recorded after A549 model sacrifice was 0.74
+ 0.19 g for the Ctrl, 0.21 + 0.1 g for the FHA-NP-treated, 0.26
+ 0.08 g for the X-ray-irradiated, and 0.1 + 0.07 g for the com-
bined treatment groups (Figure 6G). Moreover, the average tu-
mor weight recorded after the sacrifice of the A375P model was
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1.15 + 0.33 g for Cirl, 0.74 + 0.05 g for the 2FHA NPs group,
0.32 + 0.17 g for the 6FHA NPs group, and 0.54 + 0.13 g for
X-ray irradiation, and 0.21 + 0.05 g for the combined treatment
groups (Figure 6H). Next, to determine the extent of intratumoral
accumulation and biodistribution of iron, a component of FHA-
NPs, in each animal model of A549 (Figure 6I) and A375P mod-
els (Figure 6]) through ICP-AES analysis, Fe concentration per
gram was measured in various tissues (heart, spleen, lung, liver,
kidney, and tumor). In both the A549 and A375P models, the con-
centrations of Fe per gram in the heart, lung, liver, and kidney
of each group were almost similar compared to the Ctrl group,
with no significant differences. In addition, the iron content in
the spleen was observed to be slightly higher in the X-ray irradia-
tion group and the combination treatment group in both models.
The intratumoral iron concentration of the A549 model was 6.79
+1.35 ug g7' in the Ctrl group, 9.87 + 2.53 pg g~! in the FHA NPs
group, 7.8 + 1.59 pg g~! in the X-ray irradiation group, and 20.8
+ 3.38 ug g~! in the combination treatment group. In the A375P
model, the iron concentration in the tumor was 9.11 + 2.52 ug g~!
in the Ctrl group, 15.92 + 2.24 pg g™' in the 2FHA NPs group,
18.67 + 7.55 ug g~! in the 6GFHA NPs group, 12.31 + 4.6 pgg'in
the X-ray irradiation group, and 34.08 + 4.32 ug g~! in the combi-
nation treatment group. We confirmed higher intratumoral iron
accumulation in the FHA-NPs-treated group compared to the
Ctrl group. Moreover, in the FHA-NPs and X-ray combination
treatment group, the intratumoral iron concentration was con-
firmed to be significantly higher than that in the group treated
with FHA-NPs alone.

Next, we confirmed the histological observations by H&E
staining of tumor tissue sections from each group in the A549
(Figure 6K) and A375P models (Figure 6M). Significant differ-
ences were observed in the nuclear staining with hematoxylin in
each group. Compared with the Ctrl group, the number of nuclei
was significantly reduced in the FHA-NP-treated group, and a
nucleus spread was remarkably observed in the X-ray-irradiated
group, whereas almost no nuclei were observed in the combi-
nation treatment group. The irradiated tumor sections and tu-
mor sections treated with FHA-NPs exhibited extensive nuclear
damage, whereas most of the nuclei were absent in the combi-
nation treatment, confirming that there was a clear synergistic
effect in the group that received the combination treatment. As
shown in Figure 6L,N, we performed a histological evaluation
of tumor tissue sections from the Ctrl, FHA-NP-treated, X-ray-
irradiated, and combination therapy groups using Prussian blue
staining, which is a reliable method of evaluation of the accu-
mulation and distribution of iron-based FHA-NPs. The group
treated with FHA-NPs showed a positive reaction in blue (region
enriched in FHA-NPs) after Prussian blue staining, indicating
that the FHA-NPs were well infiltrated into the tumor. In the
A549 and A375P models, the synergistic effect of tumor treat-
ment was confirmed through the combined treatment of FHA-
NPs and X-ray irradiation. Furthermore, to design the treatment
method, the injection frequency and dose of FHA-NPs were in-
creased in the A375P model. Despite injecting a very high dose
of FHA-NPs, the survival rate of mice was 100%, and the tumor
suppression effect was maximized with little effect on other or-
gans. However, excluding the Ctrl group, the gap between groups
was very narrow due to the initial high tumor suppression ef-
fect, making clear comparison difficult, and this is considered a
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limitation of the study of the A375P model. Based on the result
that the tumor suppressive effect decreases after 10 days of treat-
ment with FHA-NPs and X-rays, we expect the effectiveness of
combined treatment with radiation could be maximized through
verification of the dose, additional injection frequency, and inter-
val of FHA-NPs in follow-up studies. Combination therapy with
ferroptosis-inducing nanoparticles and X-ray irradiation can fur-
ther improve therapeutic efficacy by radiosensitizing the target
cells, causing additional damage to cancer cells and improving
overall therapeutic response in biomedical applications. The fea-
sibility of incorporating various biomaterials in cancer therapy is
being actively reported,l®®5% and our results provide an addi-
tional promising approach to improve therapeutic efficacy while
minimizing side effects. This study will be a basis for demon-
strating the need for combined treatment with ferroptosis and
X-rays.

3. Conclusion

We treated tumors with a combination of X-ray irradiation and
FHA-NPs (which induce ferroptosis, an iron-dependent type of
cell death), and performed Monte Carlo simulations to assess the
physical interactions of the X-rays with the iron nanoparticles. In
both in vitro and in vivo experiments, we confirmed that the abil-
ity to kill cancer cells was significantly increased when the combi-
nation treatment was performed. We induced ferroptotic cancer
cell death through FHA-NPs, confirmed that apoptosis was in-
duced by DNA damage through X-ray treatment, and studied an
increase in the dose deposited in the region located very close
to the FHA-NPs. Of note, a significant amount of lipid droplets
was confirmed in FHA-NPs-treated cells, confirming that lipid
metabolism is important during ferroptosis. These results pro-
vide insight into the identification of the role of ferroptosis in
X-ray irradiation therapy and the clarification of the correlation
and role of radiation and ferroptosis for effective cancer ther-
apy. In addition, the stability and enhanced killing effect of the
FHA-NPs, when combined with radiation treatment, may serve
as a basis for reducing the side effects that are commonly asso-
ciated with radiation therapy, as well as for paving the way for a
safer X-ray therapy system. The current study confirmed the com-
bined effect of radiation therapy with safe ferroptosis-inducing
nanoparticles that are non-toxic and do not use any cross-linking
agent, an FDA-approved material, for a clinical trial in mind,
and confirmed physical interactions through Monte Carlo sim-
ulation. Finally, our research can be applied to the development
of promising new anticancer treatment strategies, including can-
cer nanotechnology, to improve cancer treatment.

4. Experimental Section

Materials:  RPMI 1640 (Welgene, Korea); Quanti-LDH PLUS Cyto-
toxicity Assay Kit (Biomax, Seoul, Korea); crystal violet (Sigma—Aldrich,
USA); Live/Dead Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA, USA);
Click-iT Plus TUNEL Assay Kit (Invitrogen, USA); Comet Assay Kit (Ab-
cam, ab238544); recombinant anti-gamma H2A.X (phospho S139) an-
tibody (Abcam, ab81299); goat anti-rabbit 1IgG H&L (Alexa Fluor 488)
(Abcam, ab150077); Optimum Cutting Temperature compound (OCT)
(TCl, Tokyo, Japan); MitoTracker Deep Red FM (Invitrogen); Prussian blue
(CgFe,KNgexH,O) (Sigma—Aldrich, USA).
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Cell Culture:  Human lung carcinoma (A549) cells and human malig-
nant melanoma (A375P) were purchased from the Cell Line Bank (Seoul,
Korea) and cultured in RPMI 1640 containing 1% penicillin/streptomycin
and 10% fetal bovine serum (FBS).

Clonogenic Assay:  Cells were seeded at a density of 2 x 10%. Before ir-
radiation, 200 ug mL~" FHA-NPs were treated as a suspension, followed
by X-ray irradiation (X-RAD 320, Precision X-ray, 300 kVp, North Branford,
CT, USA). The irradiation was made following the procedure established by
the TG-61 protocol for radiotherapy and radiobiology. The irradiation was
done using a 20 x 20 field size, a 50 cm source-to-surface distance (SSD),
and a 2 mm aluminum filter. Four groups (i.e., control (Ctrl), treated
with FHA-NPs, X-ray irradiated, treated with FHA-NPs + X-ray irradiation)
were formed and irradiated with X-rays at a dose of 1, 3, and 6 Gray (Gy)
(n = 3 per group). Two weeks later, the colonies were fixed with a fixation
solution and then stained with 0.05% crystal violet. The survival fraction
was calculated using the plating efficiency of the control group, as follows.

_ The number of counted colonies

Plating efficiency (PE) = x100% (1
ne tency (PE) The number of seeded cells L)
Survival fraction (SF) =
The number of counted colonies % 100% )
The number of seeded cells x PE of control group
5
Mean inactivation dose (MID) = [ S (D)dD (3)
0
MID,
Sensitizer Enhancement Ratio (SER) = ——ntrol 4)
MIDyps

LDH Release:  A549 cells (2 x 10%) were seeded and divided into four
groups: control, FHA-NPs treated (200 ug mL™" concentration), X-ray ir-
radiated (6 Gy), and FHA-NPs treated + X-ray irradiated. The percent of
lactate dehydrogenase (LDH) was measured using the Quanti-LDH PLUS
Cytotoxicity Assay Kit (Biomax, Seoul, Korea) protocol. The absorbance
was read at 490 nm using a microplate reader (Bio Tek Synergy H1, USA).

Live/Dead Assay: After seeding the A549 cells (5 x 10%) in a 24-well
plate, the experiment was conducted by dividing the groups for treatment
with FHA-NPs (200 ug mL™") and X-ray irradiation (6 Gy), respectively, or
simultaneously. At 12 h after X-ray irradiation, calcein AM and ethidium
homodimer-1 (EthD-1) were administered and observed. Each group was
carried out independently in four replicates.

TUNEL Assay: FHA-NPs (200 ug mL™") and X-ray irradiation (6 Gy)
were respectively or simultaneously administered, and the experiment was
performed 12 h later. The TUNEL assay was performed using a Click-iT
Plus TUNEL Alexa Fluor 488 Assay Kit according to the manufacturer’s
instructions, followed by counterstaining with DAPI (for visualization of
nuclei) and Alexa Fluor 594 Phalloidin (for cytoskeleton visualization); the
results were assessed under a laser scanning microscope. Each group was
carried out independently in four replicates.

COMET Assay: The Comet assay was performed using a Comet Assay
Kit at 12 h after the onset of the treatment with FHA-NPs (200 ug mL™")
and X-ray irradiation (6 Qy), respectively, or simultaneously. The degree of
DNA damage was confirmed via staining with the Vista Green DNA dye,
followed by observation under a laser scanning microscope. The percent-
age of DNA in Comet Tail, tail length, and tail moment were calculated
using the CometScore analytical software (CometScore 2.0).

Immunofluorescence Assay: A549 cells (3 x 10*) were seeded and
treated with FHA-NPs (200 ug mL™') and X-ray irradiation (6 Gy), sep-
arately or simultaneously for 24 h. For permeabilization, 0.1% Triton X-
100 in PBS with 1% BSA was administered and the cells were incubated
overnight with an anti-gamma H2A.X (Phospho S139; 1:100) antibody at
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4°C. Subsequently, goat anti-rabbit IgG H&L (Alexa Fluor 488) was admin-
istered at a dilution of 1:500 for 1 h at room temperature. Each group was
carried out independently in four replicates. The results were visualized
with a laser scanning microscope and the number of foci per nucleus was
calculated using the Image] software.

Analysis of Reactive Oxygen Species (ROS): A549 cells (5 x 10*) were
seeded and cultured overnight, then divided into groups that were treated
separately or simultaneously with FHA-NPs (200 pug mL™") and X-rays
(6 Gy) for 12 h. The CellROX orange was added and the results were vi-
sualized under a laser scanning microscope. Each group was carried out
independently in four replicates.

3D Cell Explorer Imaging:  A549 cells (3 x 10°) were seeded and treated
with FHA-NPs (200 ug mL™") and X-rays (6 Gy) separately or simultane-
ously. Twelve hours later, the cells were washed three times, fixed with 4%
paraformaldehyde for 30 min, and observed under a 3D super-resolution
microscope (3D Cell Explorer, Nanolive, Switzerland).

Optical Diffraction Tomography (ODT): ODT images were acquired
12 h after treatment with FHA-NPs (200 ug mL™") and X-rays (6 Gy) sep-
arately or simultaneously. After staining with DAPI and MitoTracker Deep
Red FM, the 3D intracellular localization was observed using a commer-
cially available ODT instrument (HT-1H; Tomocube Inc., Korea), with con-
firmation achieved by high refractive index (RI) values.

Monte Carlo Simulation: The Monte Carlo simulations were carried
out as reported previously by Sung et al. for gold nanoparticles.[®!] The
simulations were performed using TOPAS 3.8.1, built on GEANT4 10.07.
p03.182] The simulation was divided into three steps. The initial simula-
tion involved a 50-mm water phantom beam irradiated by a 300 kVp pho-
ton beam.[83] A 10-mm-radius phase space file, which recorded all passing
photons, was located at a depth of 2 cm from the water phantom. Subse-
quently, the recorded phase space was re-scaled to a diameter of 100 nm,
to match the FHA-NPs. A second phase space file scored the secondary
electrons produced inside the nanoparticles that were able to escape from
them. In the third simulation, the phase space file that scored the elec-
trons that had escaped the FHA-NPs was used as a source beam in a
2.5 x 2.5 x 2.5 um? water phantom. The radial dose was scored by spheri-
cal shells with a thickness ranging from 1to 100 nm, from 10 nm to 1 um,
and from 100 nm to 10 um beginning from the FHA-NPs surface at the 50-
nm radius from the center of the water phantom. To calculate the dose en-
hancement factor (DEF), the iron oxide nanoparticle was replaced with the
same volume of water (WNP). Replacing the FHA-NPs volume with water
is not realistic; however, it will produce sufficient interactions to compare
the dose of the secondary particles located in the close vicinity with the
nanoparticle volume. The DEF was defined as follows:

Dose (r)np X Interaction probability \p + D
DEF (1) = NP Np T Pag

®)

Dose (r)ynp X Interaction probability yyp + Dg,

where Dose (r) is the radial dose per ionization event in the nanoparticle
volume containing iron oxide or water, interaction probability is the prob-
ability of a single particle from the beam source of hitting and creating an
ionization event, and Dy, is the background dose from the primary beam,
which was defined as the dose deposited by a single particle in the water
phantom. The simulations were performed using Penelope physics for the
iron oxide material, whereas Geant4-DNA physics was used for the liquid
water.[54-%6] The electrons were tracked down to 100 eV and the produc-
tion threshold was set to 1 nm. Fluorescence, Auger electron emission,
and Auger cascades were active throughout all simulations.

Animal Models and Tumor Inoculation: Five-week-old female athymic
Balb/c Nude mice (weight, 18 + 2 g) were supplied by Central Lab. Animal,
Inc. A549 cells (1.25 x 10° cells per 100 uL) and A375P (1 x 10° cells per
100 pL) were subcutaneously injected. FHA-NPs (40 mg kg™ per 50 pL)
were administered to the mice via peritumoral subcutaneous injection for
the A549 model and FHA-NPs (100 mg kg™" per 50 uL) were administered
to the mice via peritumoral subcutaneous injection for A375P model (De-
partment of Laboratory Animal Resources, Yonsei Biomedical Research
Institute, Yonsei University College of Medicine, Seoul, Korea), (IACUC
Permit Number: AEC-20080529-0001). Tumor growth was confirmed by
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measuring the vertical diameter width and length, respectively, and tu-
mor volume was calculated using the following equation: Tumor volume =
Va(Width?xLength).

Radiation System Step: Prior to X-ray irradiation, the mice were anes-
thetized with isoflurane and immobilized on the platform using surgical
tape. For all irradiation treatments, a 320-kVp X-ray irradiation apparatus
(X-Rad320, Precision, USA) was used according to the experimental set-
ting (dose, 10 Gy; dose rate; 1.65 cGy min~")

Fe Quantification in Organs via ICP-AES: Organ and tumor samples
were weighed and digested with a mixture of concentrated nitric acid and
hydrogen peroxide at a volume ratio of 4:1. Samples were processed on
a hot plate at 120 °C for 30 min and then at 83 °C for an additional 6 h.
Transfer to a new tube and bring the total volume to 10 mL with ultrapure
water. Each sample was repeated three times and measured by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) (Optima 8300;
Perkin-Elmer, USA).

Histological Analysis: Tumors were fixed with 4% formaldehyde and
saturated with increasing concentrations of sucrose in PBS. Subsequently,
cryosections were prepared at a thickness of 10 pm and used for tissue
staining.

Prussian Blue and H&E Staining: Tissues were stained with Prussian
blue and counterstained with nuclear fast red for Prussian blue staining.
After washing, the tissue was dehydrated with alcohol, and examined un-
der a laser scanning microscope. H&E staining was performed using a
Hematoxylin and Eosin (H&E) staining kit, according to the manufac-
turer’s instructions.

Statistical Analysis:  The analyses were performed using the GraphPad
Prism software (Graph-Pad Software, Inc., USA) and the figures were cre-
ated using BioRender (agreement number TA25A)2DF7). Statistical sig-
nificance was evaluated using one-way ANOVA with Tukey’s test, and the
significance of differences was set at “p < 0.05.
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