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Abstract

Introduction: Lung cancer has a poor prognosis with traditional treatments. Realgar
(AS,S,), a traditional Chinese medicine, exhibits chemotherapeutic efficacy. However,
its low solubility, complex dosage form, and limited therapeutic efficacy hinder its
further application in lung cancer.

Methods: In this study, AS,S, was chemically synthesized using hydrochloric

acid to disrupt the bonding between AS and NH,, producing realgar nanoclusters
that improved solubility and reduced side effects. Simultaneously, Fe;O, nanoparti-
cles were introduced, and intelligent temperature-sensitive hydrogels were utilized

to combine these two performance nanomaterials, developing a local injection
nano-diagnosis and treatment unit (AS,S,/Fe;0,@Gel) that integrates chemotherapy
with alternating current magnetic field (ACMF) induction hyperthermia. The morpho-
logical characteristics, thermal stability, and controlled release of AS,S,/Fe;0,@Gel
were assessed. After processing the Lewis cells, the CCK-8 method, hemolysis test, EdU
method, cell apoptosis test, reactive oxygen species detection, and cellular ultrastruc-
ture analysis were used to evaluate the biological effects. Western blot was employed
to detect Bcl-2, BAX, GPX4, and HO-1 protein expression in cells. After injecting the gel
system into the transplanted tumor, in vivo imaging, near-infrared thermography,

and the antitumor effect were studied.

Results: AS,S,/Fe;0,@Gel, which exhibits fluorescence and magnetic inductive
hyperthermia, was successfully developed. The gel system, which has good hemocom-
patibility, possesses ideal temperature sensitivity. It can transform from liquid to solid
within a specific temperature range, and the drug release rate about 80% within 3 h

at 42 °C. Cell experiments showed that the combination of AS,S,/Fe;0,@Gel and ACMF
induced the highest levels of apoptosis and ferroptosis. AS,S,/Fe;0,@Gel in vivo
displayed good fluorescence characteristics and a magnetocaloric effect. The com-
bination therapy group significantly decreased the expression levels of Ki-67, CD31,
E-cadherin, Bcl-2, and GPX4 proteins, indicating that combination therapy can better
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exert antitumor effects. At the same time, AS,S,/Fe;0,@Gel had no damage to normal
organs.

Conclusion: The prepared AS,S,/Fe;0,@Gel in this study can exert synergistic antitu-
mor activity in combination with ACMF under bimodal imaging guidance and repre-
sents a potential clinical treatment for lung cancer.

Keywords: Lung cancer, Realgar, Iron oxide, Chemotherapy, Magnetic induction
thermotherapy

Introduction

Lung cancer is currently among the malignant tumors with the highest global morbidity
and mortality rates, of which non-small cell lung cancer (NSCLC) is the most common
form. While NSCLC treatment is based on surgical resection, systemic chemotherapy,
and local radiotherapy, they all have certain limitations (Barr et al. 2024; He et al. 2024).
Therefore, exploring more therapeutic strategies for lung cancer is urgent. Nanomedi-
cines have attracted attention in lung cancer treatment due to the characteristics of nan-
oparticles, including surface effects, quantum size effects, small size effects, macroscopic
quantum tunneling effects and the ability to prolong drug circulation time in vivo and to
deliver drugs to targeted locations for release. Additionally, certain nanomaterials pos-
sess special physical, chemical, and optical properties, enabling them to accurately diag-
nose or treat cancers, thus minimizing undesirable side effects and enhancing treatment
efficacy (Shukla et al. 2022).

Previously, cell death has been classified into three types based on cell morphology:
apoptosis, autophagy, and necrosis. In 2012, a novel non-apoptotic cell death pattern,
dominated by iron-dependent lipid peroxidation damage, was proposed and named
"ferroptosis” (iron death). It is caused by the failure of membrane lipid repair enzyme-
glutathione peroxidase 4 (GPX4), impaired metabolism of intracellular lipid peroxides,
and the accumulation of iron-dependent lipid reactive oxygen species (ROS) in the cell.
The cell death can be caused by the accumulation of ROS induced by a large amount of
iron. Researches have found that inhibiting ferroptosis is widespread in lung cancer cells.
In lung cancer cells, the increased expression of GPX4 inhibited iron death, implying
that the occurrence of iron death in tumor cells can be promoted by inhibiting GPX4
expression. Numerous basic studies have demonstrated that the iron death inducer eras-
tin promotes intracellular ROS accumulation and cell death, and a significant increase
in exogenous iron enhances the cell death induced by erastin (Gong et al. 2022; Tab-
nak et al. 2021; Wu et al. 2021). Magnetic iron oxide (Fe;O,) nanomaterials can not
only induce iron death, but also have good biocompatibility, superparamagnetism, and
functionalized surface modification, applicable to magnetic resonance imaging and cor-
responding multimodal imaging after surface modification by certain physicochemical
methods(Fan et al. 2023; Ferndndez-Acosta et al. 2022; Abaei et al. 2024; Turrina et al.
2023; Mohaghegh et al. 2022; Zhou et al. 2022).

As a traditional Chinese medicine, realgar (AS,S,) can inhibit the deoxyribonucleic
acid (DNA) synthesis of cancer cells, induce apoptosis of cancer cells, improve body
immunity, and play an anticancer role (Ding et al. 2018; Guan et al. 2022; Hollow and
Johnstone 2023; Wu et al. 2011; Yang et al. 2021). However, due to the low solubil-
ity and low bioavailability of realgar, it is limited in clinical application. Nano-realgar
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with smaller particle diameters has been paid attention in antitumor effects due to its
stronger penetration ability, significantly higher bioavailability, and so enhancing its tox-
icity to tumor cells while reducing its toxicity to normal cells (Tian et al. 2014; Xi et al.
2022). Simultaneously, realgar has fluorescent properties and can be used for tumor
monitoring.

Temperature-sensitive hydrogels can undergo a reversible phase transition in response
to ambient temperature changes. They are known as "reverse temperature-sensitive"
materials because they are liquid at low temperatures and solidify at high temperatures.
By leveraging the phase transition characteristics of "reverse temperature-sensitive"
materials, intelligent drug delivery systems that respond to changes in ambient tempera-
ture can be synthesized (Fu et al. 2018; Liu et al. 2020; Tan et al. 2023; Wang et al. 2023a).
When injected into the body, the temperature-sensitive hydrogel solidifies in situ under
the effect of body temperature. It serves as a drug release carrier to inject the desired
concentration of drug mixed with the temperature-sensitive hydrogel into the diseased
area, and the gel is formed rapidly. This in situ-formed hydrogel can be firmly bonded
to the tumor tissues, releasing the encapsulated drug precisely at the diseased site. This
effectively controls the range of drug release from the hydrogel and reduces side effects
(Wang et al. 2023b; Liu et al. 2019; Xiao et al. 2021; Ma et al. 2024).

To explore additional therapeutic strategies for lung cancer, we utilized an intelligent
temperature-sensitive hydrogel as a carrier. We innovatively combined AS4S4 with
Fe;O, nanomaterials, while chemotherapy was matched with magnetic induction ther-
motherapy to successfully construct a nanodiagnostic and therapy unit with the func-
tions of multimodal imaging and multiple treatment methods in one. In our study, we
used a high-frequency external magnetic induction hyperthermia device (>100 kHz),
which has targeted heating characteristics and can concentrate heat in the target tis-
sue area. By adjusting the distribution and parameters of the magnetic field, the normal
tissue is less affected by heat and the temperature of the diseased tissue is controlled
at around 42-45 °C. This temperature range has a good effect on killing tumor cells or
relieving inflammation, while avoiding serious damage to the tissue caused by exces-
sive temperature. At present, there is no relevant report on the form of AS,S,-hydrogel.
We expect to achieve long-term release of drugs through the controlled release effect
of temperature-sensitive hydrogel, and together with the iron death effect and thermo-
therapy, so as to achieve high antitumor efficiency and relative low toxicity to normal
tissue. However, the combined effect and mechanism are still unclear, and this study will
conduct in-depth research on this topic.

Experimental materials and methods

Materials

Poloxamer 407 (F127), poloxamer 188 (F68), and hydroxypropyl methylcellulose were
obtained from Sigma Reagent (Shanghai, China). Lewis lung cancer cells (Lewis) were
provided by the Anhui Laierwen Technology Co. Ltd. Balb/c mice were purchased from
Cyanogen Bio Ltd. (Hefei, China). Dimethyl sulfoxide and phosphate-buffered saline
(PBS) were acquired from Solarbio (Beijing, China). Dulbecco’s modified Eagle medium
(DMEM) and fetal bovine serum (FBS) were bought from Biolnd (Israel). Tryptic digest
and penicillin—streptomycin solution were procured from Biosharp (Shanghai, China).
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The cell counting Kit-8 (CCK-8) and Annexin V-FITC Apoptosis Detection Kit were sup-
plied by BestBio (Shanghai, China). Furthermore, 5-ethynyl-2’-deoxyuridine (EdU)—488
Cell Proliferation Kit, bicinchoninic acid (BCA) Protein Quantification Detection Kit,
ROS Detection Kit, and TUNEL Apoptosis Detection Kit were obtained from Biyun-
tian Biotechnology (Shanghai, China). Mouse monoclonal antibody glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and rabbit polyclonal antibody B-cell lymphoma
2 (Bcl-2) were purchased from Proteintech (Wuhan, China). Rabbit monoclonal anti-
body GPX4 and rabbit monoclonal antibody Bax were acquired from Abcam. Mouse
monoclonal heme oxygenase 1 (HO-1) antibody was bought from Affinity Biosciences
(Jiangsu, China). Matrigel gel was provided by BD. Enhanced chemiluminescence
(ECL)-plus chemiluminescence kit and polyvinylidene difluoride (PVDF) membrane
were obtained from Millipore.

Methods

AS454/Fe304@Gel preparation

A total of 1.2 g N-isopropylacrylamide, 0.05 g of potassium persulfate, 0.05 g N,N’-meth-
ylenebisacrylamide, and 0.02 g cysteine hydrochloride were dissolved in 50-mL beaker.
After magnetic stirring for 1 h, 25 uL of crosslinking agent N,N,N;N’-tetramethyleth-
ylenediamine was added. The hydrogel was obtained by fully stirring under nitrogen
protection for 0.5 h. The hydrogel obtained after the reaction was placed in a 10-kDa
dialysis bag for dialysis for 3 days, and the thermosensitive responsive hydrogel was
obtained after freeze-drying. Using the high-temperature pyrolysis method, 0.7 g iron
acetylacetone, 25 mL dibenzyl ether, 3 mL oleic acid and 1 mL oleamide were weighed
into a three-neck flask, and the following procedures were set under nitrogen protec-
tion: After being kept at 220 “C for 60 min, the temperature was heated to 290 “C within
30 min. After being kept at 290 °C for 30 min, the heat source was turned off; the mag-
netic beads were separated and washed with ethanol three times. Fe;O,@OA with a par-
ticle size of 20 nm could be synthesized. Dissolve 25 mg Fe;O,@OA solution in 100 mL
chloroform and 100 mg dimercaptosuccinic acid (DMSA) in 100 mL acetone and mix
thoroughly. The mixture is then mechanically stirred at 65 °C for 12 h. Adjust the PH to
9 and dialysis the solution for 3 days to obtain Fe;O,@DMSA. AS,S, was synthesized by
chemical method. In addition, 200 mg of realgar powder was added to 20 mL of ethan-
olamine and reacted at 80 °C for 3 days. The solution is then centrifuged through the film
and set aside. The pH is adjusted to neutral with hydrochloric acid to break the bond
between AS and NH, under acidic conditions. Nano-realgar clusters were obtained by
washing with purified water 3 times. Fe;O,@DMSA and AS,S, were mixed with hydro-
gel to obtain pot-carrying gel.

Material characterization
The morphology of Fe;O,@DMSA and AS,S, was characterized by transmission elec-
tron microscopy (TEM, Tecnai). The morphology of empty and drug-loaded hydrogels
(AS,S,/Fe;O,@Gel) was analyzed by scanning electron microscopy (SEM), and the con-
tained elements were measured by Thermo Fisher Scientific (XPS).

The relationship between the shear rate and viscosity of hydrogels was analyzed using
a rheometer to test the rheological properties of the hydrogels.
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To detect changes in the gel state of hydrogels at different temperatures, the phase
transition characteristics of hydrogels were investigated using the tube inversion
method. The AS,S,/Fe;O,@Gel was sealed in a 10-mL glass vial and slowly heated from
25 to 42 °C in a water bath to detect the physical state of hydrogels at 25 and 42 °C (Tan
etal. 2023,

The molecular structure and optical properties of AS,S,, AS,S,/@Gel, and AS,S,/
Fe;O,@Gel were examined using a fluorescence spectrometer and ultraviolet (UV)-vis-
ible spectrophotometer.

Inductively coupled plasma (ICP) emission spectroscopy was utilized to verify the
in vitro release of nanohydrogels AS,S,/Fe;O,@Gel at different temperatures.

Finally, select healthy and qualified rabbits with a weight of approximately 2.5 kg.
Before the experiment, domestic rabbits should be acclimated to the laboratory environ-
ment for at least one day, ensuring they adapt to both the feeding conditions and the
experimental procedures. Prior to the experiment, each rabbit underwent a pre-exam-
ination to confirm normal body temperature. Only rabbits with a body temperature
between 38.0 and 39.6 °C, and with temperature fluctuations not exceeding 0.4 °C, were
selected for the study. Subsequently, 200uL of AS,S,/Fe;O,@Gel was carefully admin-
istered subcutaneously into each rabbit, with a total of six injection sites. The injection
should be performed at a consistent speed to prevent discomfort or pyrogenic reactions
due to excessive speed changes. Rectal temperatures of the rabbits were measured every
30 min for 1 to 3 h post-injection. Temperature readings were recorded, and the rabbits
were observed for pyrogenic symptoms such as shivering, piloerection, and vomiting.

Cell culture

After removing the Lewis lung cancer cells frozen in liquid nitrogen, they were imme-
diately rewarmed by rapid shaking in a water bath at 37 °C for 1 min. Then, they were
added into a 15-mL centrifuge tube containing complete medium (basal medium+ 10%
FBS and 1% penicillin and streptomycin), centrifuged at 1000 rpm/3 min, and the super-
natant medium was aspirated away in an ultra-clean table and mixed with 1 mL com-
plete medium. The supernatant medium was blended with 1 mL of complete medium
and dispersed in dishes containing 5 mL of complete medium. They were then placed
in a cell culture incubator at 37 °C with 5% CO, for incubation and subsequently pas-
saged after the cell density reached 80% (Zhang and He 2023). The complete medium
was removed from the dishes, washed twice with sterilized PBS, digested with 1 mL of
trypsin, and finally terminated with medium to prepare the cell suspension for use.

In vitro cytotoxicity assay

Lewis cells in the logarithmic growth phase were spread into 96-well plates (density
of 5% 10 cells/well) and incubated at 37 °C, 5% CO, incubator for 24 h. When the cell
density reached about 80%, medium solutions containing different concentrations (gel
and various concentrations (0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, and
102.4 pg/mL) of medium solutions of AS,S,@Gel, Fe;O,@Gel, and AS,S,/ Fe;O,@Gel
were incubated with the cells for 24 h. The cells were then removed from the medium
solution. Subsequently, the medium solution was discarded, and the cells were washed
twice with PBS. They were then treated with a CCK-8 working solution (configured
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based on CCK-8: DMEM medium =1:9) and incubated in a 37 °C, 5% CO, incubator for
1~2 h. Absorbance was detected at 450 nm using an enzyme meter under light protec-
tion. The in vitro cytotoxicity was evaluated by calculating the cell survival and the LD50
(IC50) of AS,S,@Gel, Fe;O,@Gel, and AS,S,/Fe;O,@Gel for cells in different groups.

Cell survival (%) =[(OD experimental group—OD blank control group)/(OD negative
control group—OD blank control group)] x 100%.

Protein blot analysis

Lewis cells in the logarithmic growth phase were spread into 6-well plates (density of
1x10° cells/well) and incubated at 37 °C, 5% CO, incubator for 24 h. After the cells were
wall-adhered, Lewis tumor cells were treated with a complete medium solution contain-
ing the ICy, concentration of AS,S,@Gel, Fe;O,@Gel, and AS,S,/Fe;O,@Gel for 24 h.
For the magnetically induced thermotherapy (ACMF) group, cell lysates were obtained
by whole-cell lysis after thermotherapy of cells with a magnetic induction thermother-
apy apparatus for 10 min (power of 390 kHz/2.58 KAXxM™).

The protein concentration was determined using a BCA protein quantification kit. The
extracts were separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and transferred to the PVDF membrane. The membrane was blocked with 5% bovine
serum albumin (BSA) (tris-hydrochloric acid buffer + Tween) in TBST for 1 h at 25 °C
and then incubated with primary antibody (dilution ratio: GAPDH 1:5000, Bcl-2 1:1000,
Bax 1:1000, GPX4 1:1000, and HO-1 1:1000 at 4 °C overnight. The next day, after wash-
ing the membrane, it was incubated with the secondary antibody at room temperature
for 2 h. After washing the membrane, ECL-plus kit chemiluminescence was performed,
and the signal was detected by the Bio-Rad imaging instrument.

In vitro apoptosis assay

Detection was performed using imaging flow cytometry and stained with apoptosis rea-
gent dye FITC/PL. Annexin V-FITC labeled early apoptotic cells, while propidium iodide
(PI) labeled mid-late apoptotic and necrotic cells. Lewis cells in the logarithmic growth
phase were placed in 6-well plates (density 5x 10°/well) for adherence culture for 24 h.
The administration group was added with a complete medium solution containing ICy,
concentration of AS,S,@Gel, Fe;0,@Gel, and AS,S,/Fe;O,@Gel for 24 h. The Gel group
was treated with the same concentration of gel solution for co-culture for 24 h. For the
ACMF group, the cells were thermo-treated with a magnetic induction thermotherapy
apparatus for 9 min. The medium was removed, the cells were washed with PBS twice,
and they were digested and prepared into cell suspensions. Annexin V-FITC and PI dyes
were added, and the cells were incubated for 15 min under low-light conditions. They
were then detected by flow-through under low-light conditions (the excitation wave-
length Ex was set to 488 nm, the emission wavelength of FITC was 530 nm, and the
emission wavelength of PI was 620 nm). Fluorescent probe channels were selected to
collect cells, and the apoptotic degree of the cells was evaluated based on the number of
cells in the four quadrants (normal cells, early apoptotic cells, late apoptotic cells, and
necrotic cells) in the flow cytometric quadrant diagram.
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In vitro cell proliferation assay

Notably, 5-ethynyl-2’-deoxyuridine (EdU) can be incorporated into newly synthesized
DNA as a substitute for thymidine during DNA synthesis, and its acetylene group can
be modified by fluorescently labeled small molecule azide probes. The newly synthesized
DNA would be labeled by the corresponding fluorescent probe, and thus, proliferat-
ing cells could be detected by measuring the fluorescence intensity of the probe using a
fluorescence detection device. Lewis cells in the logarithmic growth phase were inocu-
lated in 6-well plates at a density of 1 x 10° cells/well. The drug administration group was
treated with a complete medium solution containing IC., concentration of AS,S,@Gel,
Fe;0,@Gel, and AS,S,/Fe;O,@Gel for 24 h. For the ACMF group, the cells were treated
for 10 min with a magnetically induced hyperthermia device. A total of 500 uL of EAU-
488 (10 uM) medium was added to each well and incubated for 2 h at room temperature.
Next, the cells were fixed in a PBS solution containing 4% paraformaldehyde for 15 min,
washed with PBS containing 3% BSA for 15 min, and then rinsed three times with PBS
buffer. After being permeabilized by a PBS solution containing 0.3% Triton X-100, the
cells were rinsed three times with PBS and incubated with 1 X click additive solution for
30 min in the dark. After the PBS was rinsed three times, 1 X 4;6-diamidino-2-phenylin-
dole reaction solution was added for 30 min at room temperature in the dark. Finally, the
cells were observed using an inverted fluorescence microscope (Zeiss, Germany).

Measurement of ROS

DCFH-DA can freely pass through the cell membrane, and when it enters the cell, it can
be hydrolyzed under the action of non-specific endogenous esterases to generate DCFH
and remain in the cell. When ROS are present, non-fluorescent DCFH can be oxidized
by ROS to produce fluorescent DCE. The fluorescence intensity of DCF can be measured
using flow cytometry to evaluate intracellular ROS levels. Lewis cells in the logarithmic
growth phase were inoculated in 6-well plates (1x 10° cells/well). After apposition, the
drug groups IC;, concentration of AS4S4@Gel, Fe304@Gel, and AS4S4/Fe304@Gel
were given medium solution to co-incubate with the cells for 24 h. For the ACMF group,
the cells were calorimetered with the magnetically induced calorimetry instrument for
10 min, and the medium was removed. The cells were washed three times with PBS and
probed with 10 pM/L concentration of DCFH-DA in a serum-free medium (DMEM).
The cells were collected after incubation for 30 min at 37 °C, 5% CO2, and fluorescence
detection was performed using the FITC channel of a flow cytometer (excitation wave-
length Ex was set to 488 nm, and emission wavelength Em was set to 525 nm).

Transmission electron microscopy (TEM) observation of cellular iron death

One of the major features distinguishing iron death from other types of cell death is
mitochondrial morphological changes. When cells underwent iron death, mitochondria
mainly exhibited smaller than normal mitochondrial volume, increased density, higher
potential, reduced or disappeared cristae, and ruptured outer membrane. Lewis cells in
the logarithmic growth phase were inoculated in 6-well plates (1x 10° cells/well). After
wall affixation, the drug group IC50 concentration of AS4S4@Gel, Fe304@Gel, and
AS454/Fe304@Gel was administered in a medium solution co-incubated with the cells
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for 24 h. For the ACMF group, the cells were thermally treated for 10 min with a mag-
netically induced hyperthermia apparatus, and the medium was removed. The cells were
fixed with 2.5% room temperature glutaraldehyde fixative for 5 min. In addition, the cells
were gently hung down in one direction with a cell scraper, transferred to a 15-mL cen-
trifuge tube with a pasteurized pipette, and centrifuged at 3000 rpm/2 min. Then, the
fixative was discarded and added with a new electron microscopy fixative for 30 min at
room temperature and protected from light. The mitochondrial morphology of cells was
observed and photographed by TEM.

Hemolytic reactions

A total of 2 mL of blood was collected from the eyes of 6- to 8-week-old female Balb/c
mice and placed in an anticoagulant tube. The blood was centrifuged (3000 rpm,
15 min), and red blood cells were collected. Then, 0.1 mL of erythrocyte suspension
was mixed with different concentrations (25, 50, 75, and 100 pg/mL) of gel and Fe304@
Gel, and different concentrations (0.05, 0.1, 0.2, 0.4 ug/mL) of AS4S4@Gel and AS4S4/
Fe304@Gel, and incubated at 37 °C for 4 h. The samples were then centrifuged at
3000 rpm for 15 min. The results were recorded by taking photographs. Erythrocytes
were mixed with ddH2O for a 100% hemolysis control. After centrifugation of the
samples, the absorbance of the supernatant was tested at 542 nm using an automated
enzyme marker (Thermo Fisher Scientific). Percent hemolysis was calculated using the
following equation:

Hemolysis(%) = (1/10) x 100%,

where I denotes the absorbance value of the experimental group, and I0 denotes the
absorbance value of erythrocytes after complete hemolysis in ddH2O.

In vivo magnetic-thermal properties

To explore the in vivo photothermal properties of AS4S4/Fe304@Gel, a subcutaneous
transplantation tumor model was established by subcutaneous inoculation of 0.1 mL
of Lewis cell suspension (1x10® cells/mL) into the axilla of the left front leg of female
Balb/c mice. When the tumor volume reached 100 mm?, based on the equation: tumor
volume (mm?)=1/2xlength x (width)?, the tumor was injected with a single injection
of 100 ul AS4S4/Fe304@Gel (5 mg/kg), and the tumor of the mice was treated with a
magnetic induction thermotherapy instrument for 30 min (power of 390 kHz/2.58
Kam). Temperature changes during irradiation were recorded using infrared thermogra-
phy (HIKORO K20 camera, Hangzhou, China). This camera captures infrared radiation
emitted by objects and converts it into visual images, enabling the detection of tempera-
ture distributions and other conditions of the objects.

Fluorescence imaging

To evaluate the fluorescence imaging effect of AS4S4/Fe304@Gel in solid tumors
in vivo, we chose subcutaneous transplantation of lung carcinoma in Balb/c mice at
6—8 weeks after body hair removal as a model. We injected 200 puL of AS4S4/Fe304@
Gel (5 mg/kg) via a single intratumoral injection, followed by immediate placement of
the injected tumor into the magnetic induction hyperthermia machine for 30 min (with
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a power of 390 kHz/2.58 Kam). In addition, the AS4S4/Fe304@Gel control adminis-
tration group was set simultaneously at the same dose. The fluorescence signals in the
tumor region were monitored in situ in real time after injection using a small animal
in vivo fluorescence imaging system at different time intervals of 12, 24, 36, 48, 60, and
72 h (excitation wavelength Ex was set to 570 nm, and emission wavelength Em was set
to 680 nm) (He et al. 2020).

Blood and biochemical indicators

To study the effect of AS4S4/Fe304@Gel on the indicators of blood and liver and kid-
ney functions in Balb/c loaded mice, we took whole blood and serum of the mice after
15 days of drug administration and examined them. Blood indices and liver and kidney
function indices were tested.

In vivo antitumor effects

To assess the combined antitumor efficacy of AS,S,/Fe;O,@Gel and ACMF in vivo, we
utilized a model of subcutaneously transplanted lung cancer in 6- to 8-week-old female
Balb/c mice. Specifically, 100 pL of a cell suspension containing 1x 10° Lewis lung car-
cinoma cells was injected into the posterior region of their right legs. A total of 60 mice
were involved in this study. After confirming cancer cell survival in the nude mice, we
regularly measured the tumor’s length and width using a vernier caliper. Tumor volume
was then estimated using the formula: volume = [length * (width)?]/2. When the tumor
volume reached 100 mm?, mice were randomly divided into 7 groups: (1) blank con-
trol group, (2) Gel group, (3) ACMF group, (4) AS,S,@Gel+ACMF group, (5) AS,S,/
Fe;O,@Gel group, (6) Fe;0,@Gel+ACMF group, and (7) AS,S,/Fe;O,@Gel+ACMF
group (each group contained at least 8 mice). For the (2) group of tumor-bearing mice,
a single intratumoral injection of 100 ul Gel was administered; for the (4) group of
tumor-bearing mice, a single intratumoral injection of 100 ul AS,S,@Gel was adminis-
tered, resulting in a drug concentration of 4.5 mg/kg AS per mouse; for the (6) group of
tumor-bearing mice, a single intratumoral injection of 100 pl Fe;O,@Gel was adminis-
tered, resulting in a drug concentration of 25 mg/kg Fe per mouse; for the (5, 7) groups
of tumor-bearing mice, a single intratumoral injection of 100 ul AS,S,/Fe;O,@Gel was
administered, resulting in a drug concentration of 4.5 mg/kg AS and 25 mg/kg Fe per
mouse; meanwhile, mice in the combined ACMF group (4, 6, 7) were anesthetized with
isoflurane using a small animal gas anesthesia machine, and underwent magnetic induc-
tion hyperthermia treatment for 30 min at a power of 390 kHz/2.58KA x M}, with treat-
ment administered every other day. Starting from the day of intratumoral drug injection,
the tumor volume and mouse body weight were measured every 2 days for a total of
14- days. On the second day after the end of treatment, mice were anesthetized using a
gas anesthesia machine and then killed by cervical dislocation. The tumor tissues, heart,
liver, lungs, kidneys, and other organs were quickly removed. These organs were fixed
in 4% paraformaldehyde and stored at room temperature, then were stained with H&E,
immunohistochemistry (IHC), and TUNEL. Experimental animals were kept in SPF
environment.
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Statistical analysis

The data were generated using GraphPad Prism 9.0 Project software. One-way anal-
ysis of variance or unpaired tests were used to assess the differences between the
groups. The results are presented as mean +standard error. P<0.05 was considered a
statistically significant difference.

Results

Characterization of AS454/Fe304@Gel

The morphology of Fe304@DMSA and AS4S4 was characterized using TEM, as
revealed in Fig. 1Ai. Notably, Fe304 is spherical with a uniform particle size, and the
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Fig. 1 ATransmission electron micrographs of Fe304@DMSA and AS454; B graphs of glass transition
temperature determined by inversion method; C scanning electron microscope graphs of blank and loaded
hydrogels; D graphs of elemental analyses of S, Fe, and AS; E, F graphs of rheological properties of loaded
hydrogels
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individual particle size is around 20 nm. As presented in Fig. 1Aii, AS4S4 is in the
form of clusters of varying sizes, with individual clusters of about 150 nm.

The SEM results revealed that the hydrogel has a three-dimensional mesh structure
with many holes, as illustrated in Fig. 1Ci and ii, which is helpful for the encapsula-
tion and release of the drug at a later stage. XPS were often used to analyze the chem-
ical valence and relative content of elements on the surface of materials. For AS,S,/
Fe;0,@Gel, the chemical states of As, S, Fe and other elements can be determined
by XPS, and the relative content of each element on the surface can be inferred from
the relative proportion of the peak area. This is important for studying the surface
properties and composition distribution of the material, and also helps to verify that
the stoichiometric relationships inside and on the surface of the material are consist-
ent. Elemental analyses of the Fe, As, and S elements demonstrated in Fig. 1Di-iii
confirmed that the drug-carrying hydrogel was successfully coated with Fe304 and
AS4S84.

The relationship between hydrogel shear rate and viscosity showed that the hydro-
gel viscosity decreased with the increase of shear rate, as illustrated in Fig. 1E. To
further verify the hydrogel phase transition temperature, hydrogel modulus storage
and loss changes were detected at different temperatures, as indicated in Fig. 1F. The
data showed that between 25 and 35 °C, the modulus storage G’ and modulus loss G”
of the samples did not change significantly, indicating that the samples presented a
solution with good fluidity. When the temperature reaches 42 °C, the sample becomes
a solid colloid, which is the gel point.

To detect changes in the gel state of the hydrogel at different temperatures, the
physical state of hydrogel was examined at room and gel point temperatures, and the
results showed that the temperature-sensitive hydrogel demonstrated good flowa-
bility at room temperature. When the temperature was increased to the gel point
(42 °C), the hydrogel was an immobile semi-solid gel state, as displayed in Fig. 1Bii,
aligning with the above phenomenon of the change of storage modulus and modulus
of loss with temperature.

The fluorescence emission peaks of the materials were detected by fluorescence spec-
troscopy. The results revealed that the group containing the AS4S4 ingredient exhibited
a distinct fluorescence emission peak at 570 nm, as disclosed in Fig. 2A, C, E and ana-
lyzed using the UV spectrophotometer, which showed that the group with the AS4S4
ingredient displayed a distinct UV absorption peak at around 450 nm, as indicated in
Fig. 2B, D, F. This could pave the way for integrating in vivo diagnosis and treatment.

The ICP we choose is sequential scanning ICP, whose quantitative analysis accuracy of
elements can reach a very high level when detecting trace impurity elements in electronic
grade chemicals, it can be accurate to ppm (one part per million) or even ppb (one part
per billion) level, and it can detect a variety of elements including metal and non-metal
elements. From common metal elements such as iron, copper, zinc, to non-metallic ele-
ments such as sulfur, silicon, phosphorus, etc., can be effectively detected, covering most
of the elements in the periodic table. Using ICP to detect the drug release rate of the
hydrogel at different temperatures, as displayed in Fig. 3A, it can be seen that the drug
release rate of the hydrogel at 42 °C was significantly higher than that at 37 °C, confirm-
ing that the drug release rate of our synthesized hydrogel was temperature-dependent.
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Fig.2 A, C and E Fluorescence emission spectra of AS454, AS4S4@Gel, and AS454/Fe304@Gel; and B, D, and
F ultraviolet absorption spectra of AS454, AS4S4@Gel, and AS4S4/Fe304@Gel

According to the pyrogen test results, the temperature rise of all rabbits did not
exceed 0.6 °C, and no pyrogen reaction symptoms were found, it was concluded that
the AS,S,/Fe;O0,@Gel formula passed the pyrogen test.

In vitro and in vivo biocompatibility measurements

Although past studies have concluded that hydrogels are biocompatible, assessing
whether synthetic materials are biosafe is also necessary. Using the CCK-8 assay to
assess their cytotoxicity, Lewis cells and A549 cells were co-cultured with various
concentrations (5, 10, 20, 40, 80, and 100 pg/mL) of gel for 24 h. As presented in
Fig. 3B, after treating the cells with 100 pg/mL of gel, cell viability was higher than
85%, and cytotoxicity was very low.
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Fig. 3 A Drug release rate of drug-loaded hydrogel; B cell viability of Lewis and A549 cells in different

concentrations of unloaded hydrogel; C hemolysis assay with varying concentrations of Gel, AS4S4@Gel,
Fe304 @Gel, and AS454/Fe304@Gel

Hemolysis is caused by the rupture of red blood cells, releasing hemoglobin into
the surrounding fluid. Therefore, hemolytic reactions are commonly used to assess
the blood compatibility of materials. As displayed in Fig. 3Ci-iiii, minimal hemo-
globin release was observed from mouse erythrocytes treated with gel, AS4S4@Gel,
Fe304@Gel, and AS4S4/Fe304@Gel. Very few erythrocytes were destroyed com-
pared to erythrocytes treated with ddH2O. The hemolysis rate at different drug con-
centrations was less than 3%, indicating that the nanomaterials showed satisfactory
biocompatibility with mouse erythrocytes.
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Fluorescence imaging and magneto-thermal effects

To further evaluate AS4S4/Fe304@Gel tumor diagnostic and therapeutic effects
at the in vivo level, we established subcutaneous Lewis lung cancer cell transplan-
tation tumors in mice as an animal model to study the fluorescence and magneto-
thermal effects produced under AS4S4/Fe304@Gel chemotherapy combined with
ACME. First, we investigated the enrichment, body degradation, and metabolism of
locally administered AS4S4/Fe304@Gel in the tumor by a small animal in vivo fluo-
rescence imaging system. The results are presented in Fig. 4A. With the prolonga-
tion of the time of AS4S4/Fe304@Gel in the tumor, the fluorescence signal intensity
in the tumor region of mice was strengthened. The value of the fluorescence signal
reached its highest at 12 h, then the fluorescence signal gradually decayed in the sub-
sequent 12-72 h process, and the fluorescence signal gradually weakened. In addi-
tion, the fluorescence signal in the tumor region after the administration of the same
dose of AS4S4/Fe304@Gel was significantly weaker than the fluorescence intensity of
AS454/Fe304@Gel + ACMF at the same time point, confirming that our synthesized
hydrogel exhibited a slow-release effect in mice and prolonged the time of the drug in
the tumor.

Moreover, Balb/c loaded mice were used to study the magneto-thermal effect of
AS4S4/Fe304@Gel. Notably, AS4S4/Fe304@Gel was injected into the tumor of mice.
The mice were placed in a magnetic induction thermotherapy apparatus for 30 min
to compare the photothermal images of the tumor tissues at different time points.
As presented in Fig. 4B, exposure to the alternating current (AC) magnetic field can
rapidly increase the temperature of the tumor tissues and reach the gel point of about
42 °C in about 9 min. This can cause AS4S4/Fe304@Gel to change from the liquid
state to the gel state, allowing for better control of the range of the drug release in the

hydrogel.

0h 12h 24h 36h 48 h 60 h 72h

1 1
1 i

(A)

AsSiFe:04@GeltACMF ~ ASiSu/Fes0s@Gel

0 min 3 min 6 min 9 min

Fig.4 A Fluorescence imaging in mice injected intratumorally with AS454/Fe304@Gel 12-7 h mice; B
magneto-thermal effect in mice injected intratumorally with AS4S4/Fe304@Gel 0-9 min
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Cancer cell proliferation, apoptosis, and iron death in vitro

The excellent biocompatibility and superior magneto-thermal effect prompted us to
further explore its potential application in anticancer drugs. Lewis cells were co-cul-
tured with different concentrations of AS4S4@Gel, Fe304@Gel, and AS4S4/Fe304@
Gel medium solutions for 24 h. The results were detected using the CCK-8 kit, which
showed that the IC50 value of AS4S4@Gel was 0.11 pg/mL, Fe304@Gel demonstrated
an IC50 value of 36 pg/mL, and AS4S4/Fe304@Gel indicated an IC50 value of 0.09 pg/
mL.

To study the effect of AS4S4/Fe304 @Gel cell proliferation. We used an EdU-488 kit
to detect cells treated with IC50 drug concentration and magnetic induction thermo-
therapy. The fluorescent dye EAU-488 reacted specifically with proliferating cells to pro-
duce red fluorescence. As illustrated in Figs. 5 and 7C, the AS4S4/Fe304@Gel+ ACMF
group (Fig. 5F) showed a significant reduction (P <0.05) in red fluorescence compared to
AS4S4/Fe304@Gel (Fig. 5D). The results indicated that ACMF resulted in more AS4S4/
Fe304@Gel dedicated cell proliferation inhibition (P<0.01).

Apoptosis was found to be an important mechanism for the antitumor activity of anti-
tumor drugs. We evaluated the killing effect of AS4S4/Fe304@Gel (dose 0.1 pg/mL)
on Lewis cells by early and late apoptotic cell rates using flow cytometry with FITC-
Annexin V/PI dual fluorescent labeling. As shown in Fig. 6A, the apoptosis rate induced
by AS4S4/Fe304@Gel group and AS4S4/Fe304@Gel+ ACMF group was significantly
higher than that of the other groups. The overall apoptosis rate of the Lewis cells after
AS4S4/Fe304@Gel was increased from 2.52% to 22.12%, and the apoptotic rate of the
cells increased by 55.5% in combination with ACME, suggesting that the apoptotic rate
of ACMF increased from 2.52 to 22.12%, indicating that ACMF can effectively improve
the apoptosis of lung cancer cells. Meanwhile, the Gel and ACMF groups showed the
same trend as the control group, with apoptosis rates of 1.83% and 2.33%, respectively,
indicating that Gel and ACMF alone could not promote the apoptosis of tumor cells.

To further understand the mechanism of action of AS4S4/Fe304@Gel in tumor cells,
we performed proteomics analysis, which is based on mass spectrometry technology to
analyze proteins in living organisms and is crucial in studying biological processes and
drug action mechanisms. As displayed in Fig. 6B, the expression of apoptosis-related
protein bcl-2 was significantly reduced in the AS4S4/Fe304@Gel group and AS4S4@

AsiSs@Gel AsaSs/Fe;04@Gel

Control ACMF AsiS/Fe:0:@Gel  16:04@Gel

@ACMF @ACMF @ACMF
(Ei) (Fi)

Dapi

Merge

Fig. 5 EdU-488 cell proliferation assay of cells after different treatment groups
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protein blot of different treatment groups

Gel group, while the expression of the corresponding proteins in the cells in the com-
bined ACMF group showed the lowest expression trend. Meanwhile, Bax protein
expression showed the opposite trend. This indicates that Bcl-2 and Bax are crucial in
AS4S4/Fe304@Gel-induced apoptosis, which aligns with the results of Zong et al. (Li
et al. 2022). In the Fe304@Gel and AS4S4/Fe304@Gel groups, the expression of iron
death-related proteins GPX4 and HO-1 was significantly reduced (P<0.05), while the
expression of the corresponding proteins in the cells was the lowest in the combined
ACMEF group (P<0.01). This not only indicates that AS4S4/Fe304@Gel can induce
iron death, but also suggests that combined ACMF can promote iron death. Based on
previous reports (Zhang et al. 2024, 2022; Liu et al. 2022), realgar induces cellular iron
death. Comparing the AS4S4@Gel combined ACMF group with the ACMF group, the
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expression of GPX4 and HO-1 was decreased. This suggests that AS4S4 promotes iron
death of lung cancer cells by decreasing the expression of GPX4 and HO-1 proteins
(Fig. 7A).

It was found that iron death can lead to an increase in intracellular ROS (Yang et al.
2022; Kang et al. 2023). To validate our conjecture further, we performed a probe assay
with DCFH-DA, and the staining results, as illustrated in Fig. 7B, showed that AS4S4/
Fe304@Gel group slightly increased ROS, whereas AS4S4/Fe304@Gel+ ACMF
induced a large increase in ROS. Meanwhile, as depicted in Fig. 8, TEM results revealed
that compared with the negative control group, the mitochondrial membrane density of
lung cancer cells was increased in the AS4S4/Fe304@Gel treated group. However, the
mitochondrial membrane density of lung cancer cells was further increased, and the vol-
ume became smaller in the AS4S4/Fe304@Gel combined with the ACMF group. It was
confirmed that the AS4S4/Fe304@Gel combined with ACMF did promote iron death.

In vivo inhibition of lung cancer by AS454/Fe304@Gel

As displayed in Fig. 9A, B, AS4S4/Fe304@Gel combined with ACMF significantly
inhibited tumor growth compared with other control groups. Mice treated with ACMF
alone showed a rapid increase in tumor tissue. In the absence of an AC magnetic field,
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Fig. 9 A Photographs of tumors in different groups of treated mice; B tumor growth curves; C changes in
body weight of mice carrying Lewis tumor Balb/c recorded every other day after different treatments

AS4S4/Fe304@Gel partially inhibited tumor growth. In addition, an enhanced thera-
peutic effect was observed by treating AS454/Fe304@Gel with ACMF compared to no
ACME. This may be because ACMF increased the magnetic induction thermotherapy of
the tumor tissue in the presence of Fe304 @Gel while triggering the release of AS454@
Gel inside the temperature-sensitive hydrogel material.

To further investigate the antitumor mechanisms induced by AS4S4/Fe304@Gel
combined with ACMF treatment, we utilized commonly used histopathological meth-
ods such as immunohistochemistry and TUNEL to assess proliferation, migration, neo-
vascularization, apoptosis, and iron death of the tumor cells. Notably, Ki-67, a nuclear
protein marking cell proliferation, and CD31, also known as platelet-endothelial cell

Page 18 of 24
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adhesion molecule protein, were used to assess tumor angiogenesis. It demonstrated a
close relationship with tumor neovascularization in the process of tumor development,
progression, and prognosis; E-cadherin, called calcium adhesion protein E, is crucial in
tumor cell invasion. As presented in Fig. 10, from the tissue sections, compared with the
saline, gel, and ACMF groups, the expression of ki-67 in the AS4S4/Fe304@Gel admin-
istration group and the combined ACMF treatment group was significantly reduced,
indicating that the two treatments can effectively inhibit the proliferation of tumor cells.
In addition, CD31 expression in these two groups was significantly down-regulated,
indicating that the AS4S4/Fe304@Gel and the combined treatment can inhibit the gen-
eration of tumor neovascularization. Meanwhile, Bcl-2 and GPX4 protein expression
could indicate that these two groups of treatments induced apoptosis and iron death
of tumor cells, corresponding to the cell in vitro experiments. In comparison, the anti-
tumor effect of the combination treatment group was stronger than that of the single
AS454/Fe304@Gel administered group. In TUNEL staining, we can study the apopto-
sis of tumor cells after the administration of each group. From the figure, the nuclei of
the tumor cells in the AS4S4/Fe304@Gel administration group and the combined treat-
ment group were brownish and showed nuclear rupture, chromatin crumpling, and frag-
mentation of the cells, which displayed obvious apoptotic morphology. Meanwhile, there
were only a small number of brown apoptotic cells in the saline, Gel, and ACMF groups,
indicating that the AS4S4/Fe304@Gel administration group combined with the ACMF
group demonstrated significant antitumor ability.

In addition, to validate the in vivo biosafety AS4S4/Fe304@Gel, we analyzed the body
weight changes and important tissue H&E staining data in mice. As presented in Fig. 9C,
no significant change was observed in the body weight of the hormonal mice before and
after treatment. As displayed in Fig. 11, the H&E-stained sections of tissues of the heart,
liver, spleen, lung, kidney, and other organs in different groups were normal and showed
no damage. Tumor tissue sections showed fragmented nuclei, incomplete cell structure,

AsiSs@Gel  AsaSa/FesOs  FesOs@Gel  AsaSa/FesOu@
@ACMF @Gel @ACMF  Gel@ACMF

b

Saline Gel ACMF

Ki-67
CD31
Ecadherin
Bcl-2
GPX4

Tunel
Fig. 10 Immunohistological analysis and TUNEL apoptosis staining in different groups of treated mice
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Fig. 11 The H&E staining of heart, liver, spleen, lungs, kidneys, and tumors in different groups of treated mice
15 days after treatment

and nucleoplasmic separation, indicating that AS4S4/Fe304@Gel exerted antitumor
effects without causing damage to other organs of mice and toxic side effects. Mean-
while, as displayed in Fig. 12A, blood routine testing indicators (WBC, RBC, HGB, HCT,
MCV, MCH, MCHC, and PLT) and, as presented in Fig. 12B, liver and kidney function
indicators (AST, ALP, ALT, BUN, and CREA) were maintained at normal levels. This
confirms that AS4S4/Fe304@Gel has better biosafety and is expected to be a good med-

icine for lung cancer treatment.

Discussion

Injectable temperature-sensitive hydrogels are an attractive drug delivery system that
undergoes a sol—gel phase transition with temperature changes after injection. Recently,
temperature-sensitive hydrogels have become an essential component of oncology ther-
apy due to their high local drug concentration, slow release, and low systemic toxicity.
It can also deliver various therapeutic agents for different tumor treatment modalities,
including chemotherapy, photothermal therapy, photodynamic therapy, gene therapy,
combined chemo—photothermal therapy, and combined chemo—immunotherapy (Xiao
et al. 2021).

Research on AS4S4 and iron oxide applications is extensive. However, combining
nanorealgar and nanoiron oxide with temperature-sensitive hydrogel technology for
encapsulated chemotherapy and magnetically induced thermotherapy, along with simul-
taneous fluorescence and magnetically induced imaging, is relatively new. Therefore, we
developed a drug release system for local injection of temperature-sensitive hydrogels
for tumor monitoring, which can simultaneously deliver antitumor drugs to the tumor
site for tumor monitoring.

Based on material characterization results, this temperature-sensitive drug release sys-
tem demonstrated good temperature sensitivity and achieved good controlled release at
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the site of action. The biocompatibility of AS4S4/Fe304@Gel has been proven by cyto-
toxicity and hemolytic reaction. The results of in vitro experiments showed that AS4S4/
Fe304@Gel combined with the ACMF group inhibited tumor cell proliferation better
than AS4S4/Fe304@Gel alone group and induced more apoptosis and iron death of
tumor cells. In Lewis transplantation tumors, AS4S4/Fe304@Gel also showed an excel-
lent magneto-thermal effect, while AS4S4/Fe304@Gel combined with ACMF exhibited
a better antitumor effect than chemotherapy alone.

Although the potential of temperature-sensitive hydrogels has been successfully dem-
onstrated in vitro, further studies are needed to confirm whether they fulfill the long-
term efficacy and safety requirements for clinical applications. In addition, the synthesis
of nanorealgar and iron oxides is still in the laboratory stage, and further exploration
is needed to optimize the formulation and design of nanorealgar and hydrogels to
maximize their therapeutic potential for large-scale applications in biomedicine. For
lung cancer, the primary tumor has a certain degree of mobility. If the injection time
is too long, gel may harden. The pulmonary capillaries are abundant and have alveolar
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structures, which may easily lead to the loss of thermal generated by nanomaterials,
affecting the therapeutic effect. Therefore, predicting patients with cervical lymph node
metastasis is more suitable for our study. In addition, our study did not clarify the con-
tribution of different components and treatment modes of the nanomaterial to the anti-
tumor effect. In this article, we also did not investigate the degradation of nanomaterials
or their impact on drug release and antitumor efficacy. Finally, the magnetic resonance
imaging capabilities of hydrogel-encapsulated iron oxide still need to be explored in sub-
sequent experiments. Therefore, these shortcomings require further research and dis-

covery in the future.

Conclusion

This study synthesized a series of morphologically realgar nanocrystals and encapsulated
AS4S4 and Fe304 with a temperature-sensitive hydrogel with good biocompatibility.
The AS4S4/Fe304@Gel is a locally injectable therapeutic platform with satisfactory tem-
perature sensitivity, a high drug-controlled release rate, certain fluorescence properties,
and good hemocompatibility. In particular, AS4S4/Fe304@Gel combined with ACMF
showed ideal antitumor efficacy in lung cancer models and inhibited tumor progression
by inducing apoptosis and iron death. Overall, this study demonstrated that nanohydro-
gels are simple to prepare, and their chemotherapeutic and magnetic induction thermo-
therapy properties have great potential in the clinical treatment of lung cancer.
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