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Microwave ablation (MWA) holds promise as a tumor treatment modality, yet incomplete ablation with low-
frequency MWA (iIMWA) remains a significant obstacle to survival, while the high-frequency MWA poses
safety concerns. To address these challenges, we introduce a novel bimetallic iMWA nanosensitizer, CFT-NPs,
constructed via metal-coordination interactions between tannic acid (TA) and iron/calcium dual metal ions
(Fe3*/Ca®"). The Fe*/Ca®t in CFT-NPs work in harmony to convert electromagnetic energy into heat, thereby
bolstering the effectiveness of iIMWA while maintaining good biosafety. Furthermore, the pH-triggered rupture of
CFT-NPs release TA, Fe3+, and Ca®". The liberated Fe3* undergoes reduction by TA, and when combined with
Ca®*, they trigger ferroptosis and Ca®* overload respectively, significantly amplifying the therapeutic effects of
iMWA. Utilization iMWA with CFT-NPs results in lipid oxidation, mitochondrial dysfunction, and disruption of
redox balance, both in vitro and in vivo. Notably, this nanosensitizer exerts a robust antitumor effect, effectively
inhibiting tumor growth and downregulating the expression of matrix metalloproteinases, which is associated
with tumor metastasis. Collectively, this innovative study offers a promising approach to overcome the chal-
lenges of incomplete ablation and biological safety, enhancing the antitumor efficacy of iMWA..

Metal-coordination interactions

1. Introduction energy, ultimately inducing coagulation necrosis of tumor cells [5]. But

MWA also suffers from low energy conversion efficiency from MW

Microwave ablation (MWA), a minimally invasive interventional
treatment for solid tumors, is particularly favored for the local, mini-
mally invasive management of hepatocellular carcinoma (HCC), which
comprises a significant majority of primary liver cancers, estimated to
account for roughly 90 % of cases. Its advantages over surgical methods
include deep tissue penetration, a shorter treatment cycle, and minimal
side effects, making it a highly effective option for treating HCC [1-4].
The mechanism of MWA refers to the absorption of microwave elec-
tromagnetic energy by the tumor tissue and its conversion into heat

electromagnetic energy to heat energy, this occurrence causes the
thermal field of the MWA to fail to cover the tumour lesion, resulting in
incomplete ablation and non-fatal thermal injury to the tumour. This
will further change residual tumour cells into aggressive cells leading to
unsatisfactory MWA results such as recurrence and metastasis, espe-
cially for large tumors or irregular tumors and tumors in high-risk sites
such as early small cell hepatocellular carcinoma [6-8]. Although
increasing the power of MWA and prolonging the ablation time can
enhance the therapeutic effect on tumors, it also brings biological safety
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issues associated with high power, such as severe thermal damage to
surrounding healthy tissues and side effects such as ablation sequelae
and bilious pleuritis [9]. Therefore, strategies for enhancing microwave
energy conversion efficiency, increasing the efficiency of tumor abla-
tion, and ensuring biological safety are urgently needed to enhance
iMWA’s anti-tumor effect [10].

In recent years, the concept of utilizing metal ions to continuously
reorient under oscillating electromagnetic radiation in order to enhance
the conversion efficiency of microwave energy into thermal energy has
received widespread attention [11,12]. Compared to traditional ionic
solutions, encapsulating metal ions within nanometer or micrometer-
scale structures allows for the exhibition of strong non-elastic collision
characteristics due to spatial confinement effects, which significantly
improves the conversion efficiency of microwave energy [13]. Addi-
tionally, these nanometer-scale properties enable metal ions to selec-
tively accumulate at tumor sites, reducing thermal damage to normal
tissues and potential ionic toxicity [14-16]. Beyond enhancing heat
conversion efficiency, metal ions possess the ability to disrupt intracel-
lular ion homeostasis. For instance, iron or calcium ions (Fe>* or Ca®*)
can induce ferroptosis or calcium overload, leading to cell apoptosis
[17-19]. When combined with iMWA, this capability further enhances
tumor suppression [19]. Notably, certain metal ions such as Ca®" can
also enhance the thermal conduction efficiency of iMWA, thereby
improving the utilization of MWA heat [20-22]. Given the impact of
different metal ions on microwave energy conversion efficiency and
intracellular ion homeostasis, the development of multi-metal ion-based
iMWA sensitizers has emerged as a research focus for future studies [23].
Through meticulous design, different metal ions can act synergistically
to enhance microwave energy conversion efficiency while also dis-
rupting tumor intracellular ion homeostasis through multiple avenues,
ultimately inhibiting tumor growth [24].

Based on this, we have developed a bimetallic iIMWA nanosensitizer
aimed at enhancing the conversion efficiency of electromagnetic energy
into heat energy (i.e., temperature) and increasing MWA sensitivity by
inducing multiple cell death pathways within tumor cells through the
destruction of intracellular ion homeostasis by dual metal ions. Utilizing
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the reducing property of TA as the organic ligand and Fe?* and Ca%*
capable of inducing ferroptosis and calcium overload as metal ions, a
bimetallic nanocarrier was constructed through metal coordination in-
teractions [25-29]. This nanosensitizer presented the ability to accu-
mulate at the tumor site via enhanced permeability and retention (EPR)
effects [30]. Upon internalization, the dual metal ions in the nano-
sensitizer enhanced the conversion of microwave energy into heat due to
their confinement effect. Subsequently, the acidic environment within
tumor cells promoted the release of Fe>™ and Ca?". The released Fe3*
was reduced to Fe?! by TA, consuming intracellular HyO; to generate
hydroxyl radicals (eOH), which further induced lipid peroxidation
(LPO) deposition and oxidative stress imbalance such as glutathione
(GSH) depletion, promoting tumor ferroptosis [31,32]. Simultaneously,
released Ca®" accumulated in mitochondria, leading to mitochondrial
oxidative stress, mitochondrial damage, ATP synthesis reduction, and
Ca%" pump ATP2B4 interruption [27,33]. This process further promoted
reactive oxygen species (ROS) production, enhanced Calpain-1 expres-
sion, and activated the caspase apoptotic pathway triggered by mito-
chondrial damage [34,35]. In vivo and in vitro results demonstrated that
the nanosensitizer significantly inhibited tumor growth through dual-
metal ion-sensitized iIMWA combined with ferroptosis and calcium
overload, along with good biocompatibility. It also reduced the
expression of matrix metalloproteinases (MMP 2 and MMP 9) which
would promote tumor metastasis [36,37]. In all, the constructed bime-
tallic iMWA nanosensitizer has the potential to address incomplete
MWA challenges through the combination effects of enhanced energy
conversion efficiency and metal ions-induced cell death, providing a
new direction for IMWA nanosensitizer design (Scheme 1).

2. Material and methods
2.1. Materials
Anhydrous calcium chloride and tannic acid (TA) were purchased

from Aladdin Reagent Co., Ltd (Shanghai, China). Ferric chloride
hexahydrate was sourced from Leyan (Shanghai, China). The calcium

Scheme 1. A scheme illustrating the mechanism of CFT-NPs bimetallic MWA nanosensitizers in enhancing MWA treatment and boosting antitumor ac-
tivity. The CFT-NPs bimetallic MWA nanosensitizer can be used as a microwave heating sensitizer to enhance the MWA of tumors. Meanwhile, the presence of
excessive Ca?™ and Fe?" can further promote tumor MWA by disrupting intracellular calcium homeostasis, inducing ferroptosis, and damaging mitochondria in the

tumor microenvironment.
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colorimetric assay kit was obtained from Beyotime Biotechnology
(Shanghai, China). All chemicals were of analytical grade and used
without further purification. Confocal culture dishes were acquired from
Nestle Biotechnology Co., Ltd (Shanghai, China). DMEM medium,
trypsin-EDTA solution, and penicillin-streptomycin liquid (penicillin:
10,000 U/mL, streptomycin: 10 mg/mL) were acquired from Solarbio
Science & Technology Co., Ltd (Beijing, China). Fetal bovine serum
(FBS) was sourced from Wisent Biotechnology Co., LTD (Nanjing,
China). Cy5.5 was purchased from Sigma Aldrich Trading Co., LTD
(Shanghai, China). The Annexin V-FITC apoptosis detection kit, calcein
AM/PI assay kit, DCFH-DA probes, mitochondrial membrane potential
assay kit with JC-1, RIPA lysis buffer, bicinchoninic acid (BCA) protein
assay kit, western blot (WB) transfer buffer, QuickBlock™ blocking
buffer for western blot, and horseradish peroxidase (HRP)-labeled goat
anti-rabbit IgG(H + L) were obtained from Beyotime Biotechnology Inc
(Shanghai, China). The PAGE gel rapid preparation kit (12.5 %) was
obtained from Epizyme Biomedical Technology Co., Ltd (Shanghai,
China). Hoechst 33,342 was sourced from Solarbio Science & Technol-
ogy Co., Ltd (Beijing, China). Thiol tracker violet dye and Image-iT™
lipid peroxidation kit were purchased from Invitrogen (Shanghai,
China). The Ferro-Orange staining fluorescent probe was procured from
Dojindo Chemical Research Institute (Japan). The fluorescent markers
Ca-FO7 and M11 mitochondrial staining fluorescent probes were ac-
quired from Bestbio Biotechnology Co., LTD (Nanjing, China). The
Caspase 3 rabbit polyclonal antibody (A16793), Caspase 9 rabbit poly-
clonal antibody (A0281), Calpain-1 rabbit monoclonal antibody
(A8710), ATP2B4 rabbit polyclonal antibody (A10105), MMP 9 rabbit
monoclonal antibody (A23919), MMP 2 rabbit monoclonal antibody
(A19080), GPX 4 rabbit polyclonal antibody (A1933), [KO Validated]
Cytochrome C rabbit monoclonal antibody (A4912), p-actin rabbit
monoclonal antibody (AC038), and Tubulin rabbit polyclonal antibody
(ACO008) were sourced from ABclonal Biotechnology Co., LTD (Wuhan,
China).

2.2. Preparation of bimetallic iMWA nanosensitizers

The synthesis of mono or bimetallic nanotherapeutics followed a
standardized procedure. Briefly, the specified quantity of TA (85 mg)
was dissolved in Tris buffer (pH = 8.5) and combined with a solution
containing FeCls-6H,0 and CaCl; (0.3 mg/mL and 0.15 mg/mL, 10 mL),
respectively. The resulting mixture underwent stirring for 3 h at room
temperature, followed by dialysis using a 3500 D molecular weight
cutoff dialysis bag for one day to yield the bimetallic MWA nano-
sensitizer, named as CFT-NPs. For the preparation of single-metal
nanotherapeutics, a predetermined amount of TA (85 mg) was dis-
solved in Tris buffer (pH = 8.5, 10 mL) and subsequently mixed with
either FeCl3-6H»0 (0.6 mg/mL, 10 mL) or CaCl, (0.3 mg/mL, 10 mL).
Each resulting mixture underwent a subsequent dialysis process for one
day to achieve the desired product characteristics, termed as FT-NPs or
CT-NPs.

2.3. Characterization of bimetallic iMWA nanosensitizers

The morphologies were characterized by transmission electron mi-
croscopy (TEM; JEM-F200 FEI Tecnai G2 F20 FEI Talos F200s). The
hydrodynamic diameter and Zeta potential were measured using a
Zetasizer Nano ZS (Malvern Instruments Ltd., UK). UV-vis-NIR spectra
were obtained with a UV-vis-NIR spectrophotometer (U3900, Hitachi
Japan). Inductively coupled plasma mass spectrometry (ICP-OES) data
were acquired using a 5100 SVDV system (Agilent, America). To detect
the potential formation mechanism of biometallic nanosensitizers, the
FT-IR spectra was obtained by using FT-IR spectroscopy (Spectrum Two,
PerkinElmer, USA). The structures and interactions of the samples
before and after adsorption were monitored using X-ray photoelectron
spectroscopy (XPS) (Thermo escalab 250XI, USA).

The ionic release behavior was measured by dialysis method. In
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general, the CFT-NPs solution ([Fe**]1 = 0.5 mM, 2 mL) was placed in a
dialysis bag (MWCO = 3500 D) and the bag containing the sample was
immersed in 10 mL of acetate buffer solution (ABS) at different pH (5.0,
7.4) in a shaking bath at 37 °C. At predetermined time intervals, 2 mL of
the ABS solution was removed, and an equal volume of fresh ABS so-
lution was added. The amount of Fe>' released from CFT was deter-
mined using the 1,10-phenanthroline method. Briefly, hydroxylamine
hydrochloride (100 mg/mL, 100 pL) was added to the collected solution
(500 pL) to reduce Fe>* to Fe2*. Then, ABS buffer (pH = 5.0, 500 L) was
added to the above solution. Subsequently, 1,10-phenanthroline mon-
ohydrate (1 mg/mL, 100 pL) was added to the mixed solution, and the
content of Fe>* released was calculated based on the UV-vis absorbance
at 510 nm. The standard curve of Fe>* was established in the same way.
The release rate of Ca?" from different nanotherapeutics was deter-
mined using a calcium colorimetric assay kit.

To assess the Fenton catalytic activity of CFT-NPs, we employed an
established experimental method for methylene blue (MB) degradation
[38]. This approach allowed us to monitor hydroxyl radical (-OH) pro-
duction under various conditions. The detailed description of the eval-
uation process was as follows. First, CFT-NPs were dispersed in PBS
buffer (pH = 5.0) to create a uniform suspension. Next, MB (100 pg/mL,
20 pL) and Hp02 (100 mM, 10 pL) were added to the suspension. The
resulting mixture was then incubated for a period of time. At the end of
the incubation period, the degradation of MB by -OH was determined
using UV-vis absorbance spectroscopy. CFT-NPs solution with PBS
buffer at different pH (5.0, 7.4) was recorded by UV-vis absorbance
spectrum at predetermined time intervals.

To assess the clearance of GSH of CFT-NPs. 100 pg of CT-NPs, FT-NPs
and CFT-NPs were dispersed in 1 mL of 7.4 PBS, respectively, and then 1
mL 1 mg/mL of GSH solution was added, and allowed to stand for 30
min. After 10 min, the mixture was centrifuged at 10000 rpm for 5 min,
and the supernatant was added to a centrifuge tube equipped with 4 mL
of 7.4 PBS solution. Finally, 0.4 mL of DTNB was added, and allowed to
stand for 5 min. The absorbance was then measured at 412 nm. The
content of GSH can be obtained according to different absorbances and
standard curves.

In order to study the sensitization of NPs, we established four groups,
each with different concentrations of PBS, CT-NPs, FT-NPs, CFT-NPs
(10, 50, 100, 150 pg/mL). Subsequently, 1 mL of the corresponding
solutions was added to a 24-well plate. Immediately after, a microwave
needle (Changcheng Medical) was inserted into the center of each well
and operated for 1, 1.5 min at power levels of 1, 3, and 5 W. Infrared
thermographic maps were captured using an infrared thermal imaging
camera (Magnity Electronics Co., LTD), and the temperatures following
MWA were recorded.

2.4. Cell culture and animals

Hepa 1-6 (murine) cell lines were procured from ATCC, while Hepa
1-6 luc (murine) cell lines were obtained from Meisen CTCC (Zhejiang
Meisen Cell Technology Co., Ltd). Both Hepa 1-6 and Hepa 1-6 luc cells
were cultured in DMEM medium (10 % FBS, 1 % penicillin-
streptomycin). All cells were maintained at 37 °C and 5 % CO; in a
humidified incubator. BALB/C nude mice were purchased and housed at
the Guangxi Experimental Animal Center. Ethical approval for all ani-
mal experiments was obtained from the ethics committee of Guangxi
Medical University Cancer Hospital (approval number: LW2024043).

In this study, treatments that mimicked incomplete tumor ablation
were employed, which were collectively referred to as the iMWA group.
Sublethal heat stress was applied to treat tumor cells in the cell inves-
tigation. Regarding the study involving animals, a tumor on a BALB/C
nude mouse underwent partial MWA therapy under ultrasonography
(MWA parameters: power = 3 W, duration = 1.5 min).
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2.5. Sublethal heat treatment in vitro

To simulate iIMWA therapy situation in vitro, an in vitro sublethal heat
stress model was established. But owing to the inherent constraints of
microwave ablation (MWA) devices, which particularly limit their usage
range, we opted for an alternative approach to assess the therapeutic
efficacy of induced microwave ablation (iMWA) on Hepal-6 cells in vitro
[39]. In brief, Hepa 1-6 cells were seeded in a 12-well plate and cultured
for 24 h. Before heat treatment, the culture medium was removed, and
the medium preheated to 43 °C was added. The plates were then
immediately placed onto a 43 °C water bath apparatus for 15 min. After
heat exposure, the culture plates were returned to the incubator for
further detection.

2.6. Cellular internalization ability detection of bimetallic iMWA
nanosensitizers

Hepa 1-6 cells were seeded in specialized confocal culture dishes at a
density of 2.0 x 10° cells per dish and cultured for 24 h. Subsequently,
the medium was replaced with 1.0 mL of serum-free medium (SFM)
containing Cy5.5@CFT-NPs at a concentration of 100 pg/mL (Cy5.5: 10
pg/mL) and cultured for 0, 15, 30, 60, and 120 min, respectively. After
washing with PBS twice, the cell nuclei were stained with Hoechst
33,342 for 15 min and washed with PBS twice before imaging obser-
vation by confocal laser scanning microscopy (CLSM) (Leica TCS SP8,
Germany) at different time points. Blue fluorescence signal representing
Hoechst 33,342 was recorded at Aoy = 346 nm, Aoy, = 460 nm, and the
red fluorescence signal representing Cy5.5@CFT-NPs was recorded at
Aex = 680 nm, Ay, = 710 nm.

To further assess the enrichment of Ca%" and Fe?* in Hepa 1-6 cells,
2.0 x 10° cells were seeded in confocal-specific culture dishes and
cultured for 24 h. The medium was then replaced with 1.0 mL of SFM
containing CFT-NPs at a concentration of 100 pg/mL and cultured for 2
h. Subsequently, the cell nuclei were stained with Hoechst 33,342 for 15
min and washed with PBS twice. The cells were then treated with the Ca-
F07 probe (diluted at 1:1000) and Ferro-Orange probe (diluted at 1:500)
and incubated for 20 min. After washing twice with PBS, the cells were
observed by CLSM. Orange fluorescence, representing Ca®", was recor-
ded at Aoy = 550 nm and e, = 581 nm, and Fe?t was recorded at Aex =
543 nm and Aep, = 580 nm.

2.7. Detection of cell apoptosis

To assess the proapoptotic effect of drugs, 1.0 x 10° Hepa 1-6 cells
were seeded per well in a 12-well low-attachment plate and cultured in
SFM for 24 h to form tumor spheres. The group settings were as follows:
Gq: Control; Go: iIMWA; G3: iMWA + CT-NPs; G4: iMWA + FT-NPs; Gs:
CFT-NPs; Gg: iMWA + CFT-NPs (dose: 100 pg/mL). Subsequently, the
cells were subjected to the different corresponding treatments in the G;-
Ge groups (G 3,46 groups heat treatment conditions: the cells in plates
were placed onto a 43 °C water bath apparatus for 15 min). After
continuous culture for 12 h, Calcein AM/PI diluted at 1:1000 was added
to the tumor spheres and incubated for 15 min before observation. The
cytoplasmic green fluorescence representing living cells was recorded at
Aex = 494 nm and Ae, = 517 nm, and the red fluorescence representing
dead cells was recorded at Aey = 535 nm and Ae, = 617 nm.

The apoptosis rate of Hepa 1-6 cells was analyzed using the Annexin
V-FITC apoptosis detection kit according to the manufacturer’s protocol.
For each well, 1.0 x 10° Hepa 1-6 cells were seeded in a 12-well plate
and cultured for 24 h. Six groups were established (Gi: Control; Ga:
iMWA; G3: iMWA + CT-NPs; G4: iMWA + FT-NPs; Gs: CFT-NPs; Gg:
iMWA + CFT-NPs) for the different corresponding treatments (Gz,3 4,6
groups heat treatment conditions: the cells in plates were placed onto a
43 °C water bath apparatus for 15 min). After washing with PBS, cells
were harvested and sequentially incubated with 5 pL FITC-labeled
Annexin-V for 15 min and 5 pL of PI for 5 min. Subsequently, the cell
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apoptosis rates were analyzed using the FACS Canto II flow cytometer
(B.D.).

For colony formation survival assays, 5.0 x 10 Hepa 1-6 cells were
seeded per well in a 6-well plate and cultured for 24 h. Each group was
treated accordingly (Ggz 3 4,6 groups heat treatment conditions: the cells
in plates were placed onto a 43 °C water bath apparatus for 15 min) and
grouped as follows: Gy: Control; Gy: iMWA; G3: iMWA + CT-NPs; G4:
iMWA + FT-NPs; Gs: CFT-NPs; Gg: iMWA + CFT-NPs. 14 days later, the
cells were washed twice with PBS and immobilized with 4 % para-
formaldehyde for 15 min, followed by staining with 1 % crystal violet.
After drying, photographic recording was made using an inverted
microscope.

To test the proapoptotic effect of materials on Hepa 1-6 cells and
HUVECs per well 5.0 x 10 cells of Hepa 1-6 cells or HUVECs were
seeded in a 96-well plate and cultured in 0.1 mL of DMEM for 24 h. The
medium was then replaced with DMEM containing different concen-
tration of CT-NPs, FT-NPs, CFT-NPs and cultured for 24 h respectively.
Then, used the CCK-8 assay kit according to the manufacturer’s protocol
for examining the cell viability. Briefly, CCK-8 solution (10 pL) was
added into each well, incubated in a 5 % CO5 incubator for 3 h at 37 °C
in the darkness, and then the absorbance at 450 nm was measured.

2.8. Detection of LPO levels

For each well, 1.0 x 10° Hepa 1-6 cells were seeded in a 12-well
plate and cultured for 24 h. The six groups were designated as fol-
lows: Gy: Control; Go: iIMWA; G3: iMWA + CT-NPs; G4: iMWA + FT-NPs;
Gs: CFT-NPs; Gg: iMWA + CFT-NPs. After various treatments in G1-Gg
groups (Gg 34,6 groups heat treatment conditions: the cells in plates were
placed onto a 43 °C water bath apparatus for 15 min), the cell nuclei
were stained with Hoechst 33,342 for 15 min and washed with PBS
twice. Subsequently, the cells were stained with DCFH-DA probes
(1:1000 dilution), Thiol Tracker Violet dye solution (20 pM), and Image-
iT™ Lipid Peroxidation dye solution (10 pM) for 10 min, then washed
with PBS. The samples were observed and recorded using an inverted
fluorescence microscope. Green fluorescence signal representing ROS
was recorded at Aexy = 488 nm and Aey, = 525 nm, and the relative
intracellular GSH content was assessed by the blue fluorescence in-
tensity at Aex = 405 nm and Aep, = 525 nm. Red fluorescence signal
represented in C1 1-BODITY"®/%! was recorded at Aexy = 581 nm and
Aem = 591 nm. Green fluorescence signal represents C11-BODITY>81/51
Oxidized y/a5 recorded at Aey = 488 nm and ey = 510 nm.

And then, we conducted flow cytometry analysis to validate the ROS
generation levels across different groups. For each well, 1.0 x 10° Hepa
1-6 cells were seeded in a 12-well plate and cultured for 24 h. Six groups
were established (Gp: Control; Go: iMWA; G3: iMWA 4 CT-NPs; Gg:
iMWA + FT-NPs; Gs: CFT-NPs; Gg: iMWA + CFT-NPs) for the different
corresponding treatments (G 3, 4,6 groups heat treatment conditions: the
cells in plates were placed onto a 43 °C water bath apparatus for 15
min). After washing with PBS, cells were harvested and sequentially
incubated with 1 pL FITC-labeled DCFH-DA probes for 15 min. Subse-
quently, the data was analyzed using the FACS Canto II flow cytometer
(B.D.).

2.9. Detecting the effects on mitochondria

To assess changes in mitochondrial membrane potential, 1.0 x 10°
Hepa 1-6 cells per well were seeded in a 12-well plate and cultured for
24 h. The cells were then treated according to the following groups: Gi:
Control; Go: iMWA; Gs3: iMWA + CT-NPs; G4: iMWA + FT-NPs; Gs: CFT-
NPs; Gg: iMWA + CFT-NPs (Gg 346 groups heat treatment conditions:
the cells in plates were placed onto a 43 °C water bath apparatus for 15
min), and further cultured for an additional 12 h. Subsequently, the JC-1
fluorescent probe (1:200) was added to the cells and incubated for 20
min. After washing with PBS twice, the cells were examined using a
fluorescence microscope. At a high mitochondrial membrane potential,
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JC-1 aggregated in the mitochondrial matrix to form a polymer (J-
aggregate), producing red fluorescence recorded at A.x = 585 nm and
Aem = 590 nm. Conversely, at a low mitochondrial membrane potential,
JC-1 could not aggregate in the mitochondrial matrix, existing as a
monomer and emitting green fluorescence recorded at Ay = 514 nm and
Aem = 529 nm.

Moreover, we investigated changes in mitochondrial distribution,
2.0 x 10° Hepa 1-6 cells were seeded in confocal special culture dishes
and cultured for 24 h. The cells were then treated according to the
following groups: Gi: Control; Ga: iMWA; Gs: iMWA + CT-NPs; Gg4:
iMWA + FT-NPs; Gs: CFT-NPs; Gg: iMWA + CFT-NPs (G346 groups
heat treatment conditions: the cells in plates were placed onto a 43 °C
water bath apparatus for 15 min), followed by an additional 12 h of
culture. The cell nuclei were stained with Hoechst 33,342 for 15 min and
washed with PBS twice. Subsequently, the M11 mitochondrial staining
fluorescent probe (1:200) was added to the cells and incubated for 15
min. After washing with PBS twice, the cells were examined using CLSM.
The red fluorescence signal representing mitochondria was recorded at
Aex = 579 nm and Ay, = 599 nm.

2.10. Assessment of anti-tumor efficacy in vivo

To construct the liver cancer-bearing mice model, Hepa 1-6 luc cells
(3.0 x 10%) were subcutaneously implanted on the right back of four-
week-old athymic nude mice. When the tumor size was about 100
mm?3, the animal experiment was carried out, all tumor-bearing mice
were randomly divided into six groups (n = 4): G1: Control; Go: iIMWA;
Gg3: iIMWA + CT-NPs; G4: iMWA + FT-NPs; Gs: CFT-NPs; Gg: iMWA +
CFT-NPs. Administered via the tail vein on 1, 3, and 5 days respectively
(dose: 40 mg/kg/mice), and iMWA therapy under ultrasound was per-
formed on 6 days (MWA parameters were set as follows: power = 3 W,
duration = 1.5 min). Infrared thermographic maps were obtained using
an infrared thermal imaging camera on mice after iMWA. From the 0
day, the xenograft tumor size was measured every 3 days with a vernier
caliper, and the corresponding tumor volume was calculated according
to the formula:

tumor volume = (length x width x width)/2

And performing luciferase imaging on mice during treatment, the
fluorescence intensity was measured using the Lumina XR in vivo im-
aging system (Xenogen). Living Image (Ver.4.5, Xenogen) software was
used to acquire an image sequence. The mice were sacrificed and the
tumor was collected after 21 days, the tumor tissues were analyzed by
H&E, THC staining, terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining, and western blot. As well,
another 30 mice were divided into the same groups (n = 5) as mentioned
above and received the corresponding treatments for survival analysis
and observed for 60 days. When the tumor volume reached up to 2000
mm? or premature death of mice occurred, this time was designed as the
endpoint.

To observe the distribution of NPs in the mice, Cy5.5@CFT-NPs were
injected via the tail vein. Fluorescence images were captured at 0, 3, 6,
9, 12 and 24 h. The tumor-bearing mice were sacrificed and some main
organs were collected to observe the biological distribution of NPs in the
tumor, heart, liver, spleen, lung, and kidney after 24 h of treatment.

2.11. In vivo iMWA sensitization model

The sensitization effect and effective therapeutic properties of CFT-
NPs combined with iMWA were verified in tumor-bearing mice. Next,
the ability of CFT-NPs to enhance iMWA was explored in isolated pork
liver. Two groups were divided, i.e., Gy: Control; Go: iMWA + CFT-NPs
(does: 8 mg/ml). After injecting CFT-NPs into pork liver, iMWA therapy
under ultrasound was performed (MWA parameters were set as follows:
power = 3 W, duration = 1.5 min). Subsequently, the treatment effects
of the two groups were recorded and analyzed.
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2.12. Western blotting test

After collecting tumor tissue, the total protein was extracted using
RIPA lysis buffer supplemented with a protease and phosphatase in-
hibitor cocktail. Protein quantification was performed using the BCA
protein assay kit. Equal amounts of protein from each group (10-20 pg)
were separated on 12.5 % PAGE gels via electrophoresis (120 V, 80 min)
and subsequently transferred to a PVDF membrane (250 mA, 90 min).
The PVDF membranes were blocked with QuickBlock™ blocking buffer
and were incubated with primary antibodies at 4 °C overnight. The
primary antibodies used were as follows: GPX 4 (1:1000), calpain-1
(1:1000), ATP2B4 (1:1000), caspase 9 (1:1000), caspase 3 (1:1000),
MMP 9 (1:1000), MMP 2 (1:1000), Cytochrome C (1:1000), Tubulin
(1:5000) and p-actin (1:5000). After washing the membranes three
times, they were incubated with HRP-labeled goat anti-rabbit IgG (H +
L) for 1 h at room temperature. Following another wash with TBST
again, BeyoECL Star detection reagent was added to the PVDF mem-
brane, and the protein was visualized with the ChemiDoc Imaging Sys-
tem (Bio-Rad).

2.13. Immunofluorescence staining

Collect mouse tumors to prepare paraffin sections (deparaffinized
and hydrated according to the aforementioned method). Ki-67 Poly-
clonal Antibody (PA5-19,462, Thermo Fisher USA) was used for Ki-67
staining at a dilution ratio of 1:1000. DCFH-DA (S0033-1, Beyotime,
China) was employed for ROS staining at a dilution ratio of 1:1000. GPX
4 rabbit polyclonal antibody (A1933, Thermo, Beyotime, China) was
used for GPX 4 staining at dilution ratio of 1:100. MMP9 Rabbit pAb
(A0289, ABclonal, China) and MMP 2 Rabbit pAb (A6247, ABclonal,
China) were used for MMP 9 and MMP 2 staining respectively, at a
dilution ratio of 1:100. DAPI was applied to stain nuclei. Finally, the
immunohistochemical staining images were captured and photographed
using a biofluorescence microscope.

The pretreatment of tumor paraffin sections was identical to the
previous method. After deparaffinization, 20 pg/mL Proteinase K was
added dropwise to the sections to prepare the Proteinase K working
solution. The sections were then incubated in a 37 °C incubator for 20
min. The sections were washed 3 times with PBS, followed by the
addition of 50 pL of the prepared TUNEL detection solution, evenly
applied dropwise. After incubation in the dark for 1 h, the PBS was taken
out and the section were washed 3 times. After DAPI staining and
mounting, the images were observed and photographed under a fluo-
rescence microscope.

2.14. Biological safety evaluation

To evaluate the biosafety of CFT-NPs, an in vivo study was performed
on 4-week healthy female nude mice (n = 4). The mice were injected
intravenously with CFT-NPs at a dose of 40 mg/kg per mice and sacri-
ficed on the 24th days. Blood samples were collected from the eyeballs
on days 8, 16, and 24 for routine biochemical tests as well as assessments
of liver and kidney function. The following indicators were evaluated:
creatinine (CREA), urea, creatinine clearance (Ccr), alanine amino-
transferase (ALT), aspartate aminotransferase (AST), uric acid (UA),
white blood cell count (WBC), red blood cell count (RBC), and platelet
count (PLT). Additionally, on the 24th day, the major organs including
the heart, liver, spleen, lungs, and kidneys were collected and histo-
logically examined using hematoxylin and eosin (H&E) staining.

2.15. Statistical analysis

Statistical analysis was conducted using GraphPad Prism software
(version 8.01), and inter-group statistical comparisons were performed
using a one-way ANOVA or Student t-test. All statistical tests were
conducted with two-tailed significance. The results obtained from these
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tests are presented as mean + SD (standard deviation) to indicate the
variability within each group. Statistical significance was denoted as
follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001,
indicating increasing levels of significance.

3. Results and discussion

3.1. Bimetallic iMWA nanosensitizer design and its physicochemical
characterization

Inspired by the robust coordination abilities exhibited by phenolic
hydroxyl groups within TA structures with metal ions [40-42], we have
adopted a methodology based on previous reports to construct a bime-
tallic nanosensitizer utilizing TA, iron (Fe3+) and calcium (Ca2+) ions, as
illustrated in Fig. 1A. TEM images verified the formation of nanoscale
particles including CFT-NPs, CT-NPs, and FT-NPs, and element mapping
images demonstrated the presence of Fe and Ca components inside CFT-
NPs (Fig. 1B, Figures S1-52). Dynamic light scattering (DLS) analysis
further affirmed the formation of nanoscale particle size with a negative
zeta potential of about —15 to —30 mV and their stability in both water,
culture medium and 10 % FBS (Fig. 1C, D and Figures S5-S7), prove

2

Chemical Engineering Journal 495 (2024) 153368

that the CFT-NPs, CT-NPs, and FT-NPs exhibit good stability in different
solutions. In addition, hemolysis analysis showed good blood compati-
bility of CFT-NPs (Figure S8), indicating their potential for targeted
delivery to tumor sites with biosafety and prolonged blood circulation.

To explore the potential interactions between these components, we
conducted a series of experiments. FT-IR spectra (Figure S3) provided
further evidence of the coordination reaction between Fe>'/Ca?" and
TA. Upon comparing the FT-IR spectra of TA with CT-NPs, FT-NPs, and
CFT-NPs, notable peak shifts can be observed. Specifically, the hydroxyl
absorption peaks of CT-NPs, FT-NPs, and CFT-NPs exhibit red shifts
compared to TA, originally positioned at 3392 cm™?, and are observed at
approximately 3410, 3398, and 3400 cm ™, respectively. This red shift
was attributed to the complexation of hydroxyl groups in TA with Ca?*
and Fe®" ions, coupled with the formation of hydrogen bonds between
hydroxyl groups. Furthermore, the characteristic peaks associated with
aromatic C = C and C-O stretching in TA were situated at 1535, 1447,
1318, and 1194 cm™ . In contrast, these peaks underwent slight dis-
placements in CFT-NPs, shifting to 1533, 1446, 1323, and 1202 crn_l,
accompanied by variations in peak intensities. This variation suggests
that the interaction between hydroxyl groups and Fe>* and Ca®' ions
had a discernible influence on the aromatic groups. Concurrently, the
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Fig. 1. Characterization of physicochemical properties of the iMWA nanosensitizer. (A) schematic illustration of the construction process of CFT-NPs; (B) TEM
image of CFT-NPs, the scar bar is 100 nm; (C) size determination of CFT-NPs by DLS; (D) size variation of CFT-NPs when incubated in water, DMEM cell culture
medium or 10 %FBS; (E) Fe®" and (F) Ca?" release profiles under acidic (pH = 5.0, pH = 6.5) or neutral (pH = 7.4) conditions of CFT-NPs; UV-vis absorption spectra
of CFT-NPs under (G) neutral and (H) acidic conditions; (I) UV-vis absorption spectra of CFT-NPs and MB after being incubated with or without H,O5; (J) Infrared
thermographic images and (K) corresponding volcanic map of CFT-NPs solutions at different concentration under MWA at different power.
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peak at 1086 cm ™! corresponds to the C-O-C stretching mode of TA.
However, in the spectra of CT-NPs, FT-NPs, and CFT-NPs, the carbonyl-
related peaks appeared at approximately 1714, 1714, and 1713 cm ™2,
exhibiting a blue shift relative to TA’s peak at 1716 cm ™. These spectral
changes served as confirmatory evidence of the successful preparation of
CT-NPs, FT-NPs, and CFT-NPs. Moreover, XPS analysis had definitively
validated the presence of Ca and Fe components in CFT-NPs (Figure 54).
Specifically, the binding peaks at 724.6 and 713.6 eV correspond to the
2p3/2 and 2p1/2 states of Fe2*, whereas the peaks at 717.6 and 710.2
eV represent the 2p3/2 and 2p1/2 states of Fe>'. This revelation sug-
gested that CFT-NPs predominantly established a coordination network
through unsaturated double-ligand complexation. Consequently, the
significant content of reduced iron and unsaturated coordination bonds
in CFT-NPs favors the intracellular pH-induced iron release and facili-
tates the execution of the Fenton reaction.

Additionally, considering that coordinate interactions in CFT-NPs
are sensitive to the intracellular acid environment, the release
behavior of Ca%* and Fe®" ions at different pH values was investigated to
validate their pH-sensitive characteristics. As expected, under normal
physiological conditions (pH 7.4), the amount of Fe3>* and Ca®" released
from the CFT-NPs nanosensitizer was approximately 30 % after 24 h of
incubation. However, at a reduced pH matching the acidity of tumor
tissues (pH 6.5), the released amounts of Fe3t and Ca®" increased to
about 40 % and50% respectively. Certainly, it is noteworthy that the
rate of release of Fe>" and Ca®" escalates in response to a decrease in pH
levels (Fig. 1E, F). A similar trend could also be observed in CT-NPs and
FT-NPs (Figure S9). This rapid release could result in the accumulation
of Fe** and Ca®" within cells, promoting apoptosis of tumor cells. UV
spectroscopy results showed an obvious absorption decrease of CFT-NPs
when incubated in an acidic solution compared to that in a neutral so-
lution, suggestive of the structure disruption under acidic conditions
(Fig. 1G, H). Given the ability of Fe?" to catalyze H,0, to generate -OH
through the Fenton reaction, we selected MB, a dye degradable by-OH,
as an indicator. Fig. 1I illustrated a significant decrease in absorbance
when MB was incubated with H,O5 and CFT-NPs, suggesting the Fenton
reaction activity of CFT-NPs. GSH, as antioxidant substance in tumor
cells, has the ability to mitigate ROS levels and cytotoxicity, thereby
diminishing the efficacy of ROS-based therapeutic strategies. To deter-
mine the GSH content, we evaluated the GSH clearance capabilities of
CT-NPs, FT-NPs, and CFT-NPs. Notably, a significant consumption of
GSH was observed in the CFT-NPs group. As illustrated in Figure S10,
the absorption curve of CFT-NPs at 412 nm exhibits the weakest in-
tensity, indicating the lowest GSH content. Conversely, the changes
observed in CT-NPs and FT-NPs at 412 nm were insignificant, thus
confirming that CFT-NPs efficiently convert GSH to GSSG, thereby
depleting GSH levels and enhancing the effectiveness of ROS-based
treatments. Subsequently, we assessed the ability of nanosensitizer to
enhance heating under low-frequency microwave stimulation. The re-
sults demonstrated the positive correlation between the heating effect
and the concentration of CFT-NPs, microwave power, and time (Fig. 1J,
K). Moreover, CFT-NPs demonstrated the best conversion efficiency of
electromagnetic energy into heat compared to that of CT-NPs and FT-
NPs, which was due to the synergistic effect of Fe>™ and Ca2*
(Figure S11 and 12). Meanwhile, the good stability of the heating ca-
pacity of CFT-NPs was further verified by studying their temperature-
increasing behaviors during five on/off cycles (Figure S13). Collec-
tively, coordination-driven CFT-NPs have been successfully constructed,
which demonstrated good stability, pH-responsive Ca®'/Fe3' release
behaviors, Fenton reaction activity, and enhanced conversion efficiency
of electromagnetic energy into heat, showcasing their great potential in
tumor-specific therapy.

3.2. Cellular uptake and cytotoxicity of bimetallic iMWA nanosensitizer

Given the prominent thermal properties of CFT-NPs under iMWA,
the cellular uptake behavior of CFT-NPs was initially detected in Hepal-
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6 cells using a confocal microscope, as effective intracellular uptake is a
precondition for achieving a satisfactory antitumor effect. As shown in
Fig. 2A and Figure S14, a gradual increase in intracellular fluorescence
intensity was observed over time, with CFT-NPs eventually achieving
full distribution throughout the entire cell body after 120 min of treat-
ment, indicating their great potential to exert a killing effect on tumor
cells. As demonstrated by other study, intracellular Fe>* released from
CFT-NPs can be reduced to Fe?" by TA. When these ions encounter
reducing agents present within tumor cells, such as glutathione (GSH) or
tannic acid liberated from the nanosensitizer, they undergo reduction to
form divalent iron ions (Fe®*). Subsequently, the Fe?' ions efficiently
catalyze intracellular hydrogen peroxide, resulting in the generation of
reactive oxygen species (ROS) and thus enabling the implementation of
chemodynamic therapy. Therefore, we evaluated the accumulation of
Fe?' and Ca®" ions in cells, respectively. Notably, the Ferro-Orange
probe was employed for Fe?" detection and higher fluorescence den-
sity in cells treated with iMWA + CFT-NPs compared to the control
group (Fig. 2B, C). Obviously, the increase Fe?* density originated from
the reduction of Fe3* in CFT-NPs, further confirming that Fe** can be
reduced to Fe?*. Moreover, both Fe?t and Ca®" ions levels increased
approximately threefold compared to the control group, as depicted in
Fig. 2B-D. This increase was attributed to the dissociation of Fe3* and
Ca?* ions from CFT-NPs, indicating that the rupture of CFT-NPs was pH-
driven and was in accordance with the ions’ release behavior.

Encouraged by the satisfactory cellular uptake ability, we examined
the tumor cell-killing effects of CFT-NPs. Firstly, Crystal violet staining
was performed, and the results showed that compared with the control
group, iMWA alone could hardly inhibit cell cloning activity, while CFT-
NPs led to a 40 % reduction in cell colony formation (Fig. 2E, G),
proving the cytotoxicity caused by CFT-NPs after cellular uptake.
Meanwhile, the lowest number of cell colonies number was observed in
the IMWA + CFT-NPs group, indicating that the Fe?* reduced from Fe>*
combined with Ca®" in enhancing the iMWA effect. Moreover, the
cytotoxic effects of Hepal-6 cells exposed to nanosensitizers were
assessed in vitro using the CCK-8 assay. As illustrated in Figure S15, both
FT-NPs and CT-NPs exhibited toxicity towards Hepal-6 cells, whereas
CFT-NPs displayed a significantly heightened cytotoxic potential, which
was dependent on the concentration of nanosensitizers. This enhanced
ability of CFT-NPs to inhibit Hepal-6 cells proliferation is primarily
attributed to the synergistic effect of dual metal ions. As anticipated,
there was negligible cytotoxicity on normal cells for CT-NPs, FT-NPs,
and CFT-NPs, even at a concentration of 200 pg/mL (Figure S15).
Subsequently, Annexin V'/PI staining was conducted to further eval-
uate the in vitro antitumor efficiency of CFT-NPs. As shown in Fig. 2F
and H, iMWA did not induce obvious cell apoptosis, but CFT-NPs alone
could result in 10 % cell apoptosis compared to the control group,
suggestive of the ferroptosis and Ca?" overload-induced apoptosis.
Moreover, there were 25 % and 36 % Annexin V' positive cells in iMWA
+ CT-NPs and iMWA + FT-NPs groups, respectively, while approxi-
mately 58 % of Annexin V* positive cells could be detected in the IMWA
+ CFT-NPs group, indicative of the synergistical enhancement of the
antitumor effect of iMWA through the promotion of cell apoptosis by the
bimetallic ions within CFT-NPs.

To further investigate the tumor penetration and killing effect, we
created tumoroids to mimic in vivo tumor conditions. Notably, iMWA
alone failed to induce any cell death within the tumor spheroids due to
the limited heat production of low-frequency microwaves (Fig. 2I,
Figure S16). In addition, CFT-NPs alone primarily killed cells at the
periphery of the tumoroids, while the inner cells remained viable. This is
likely due to the limited antitumor effect achieved through the bime-
tallic ions, which is consistent with the aforementioned results on cell
apoptosis. Surprisingly, when iMWA was combined with NPs, a higher
number of inner cells died. In particular, iMWA + CFT-NPs caused the
highest number of cell deaths compared to iMWA + CT-NPs and iMWA
+ FT-NPs. This observation suggests that nanosensitizer enhance the
iMWA effect, with CFT-NPs exhibiting the most performance, induce a
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Fig. 2. Invitro evaluation of cell behavior with iMWA nanosensitizer treatments. (A) CLSM images of Hepa 1-6 cells after incubation with Cy5.5@CFT-NPs for
different durations to observe the cellular uptake of Cy5.5@CFT-NPs; (B) CLSM images of Hepa 1-6 cells stained with Fe?" indicator (i.e., Ferro-Orange) and Ca**
indicator (i.e., Ca-FO7) to observe the cellular uptake; Corresponding quantitative (C) Ferro-Orange and (D) Ca-F07 fluorescence signal intensity in Hepa 1-6 cells; (E)
Cloning of Hepa 1-6 cells and (G) corresponding calculation of colonies counts after different treatments; (F) FCM patterns of Hepa 1-6 cells after Annexin V-FITC/PI
co-staining and (H) corresponding quantification after different treatments; (I) CLSM calcein AM/PI co-staining images of Hepa 1-6 cells spheroids after different
treatments to directly evaluate live and dead cells. Data are expressed as mean + SD (n = 3). The significance analysis for inter-group statistical comparisons was
conducted using ANOVA, and *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

large number of tumor cells apoptosis. Overall, the combination of
iMWA and CFT-NPs holds great promise for effectively inducing tumor
cell death.

3.3. Mechanism of bimetallic iMWA nanosensitizer-induced mitochondria
damage

As previously documented, iron ions are crucial transition metals in
biological systems, essential for processes such as oxygen metabolism
and electron transport. Additionally, calcium ions (Ca2") play a funda-
mental role in the physiological and biochemical functions of cells,
participating in signal transduction pathways [43,44]. Therefore, we
aimed to investigate the mechanisms underlying the CFT-NPs-induced

cytotoxicity in Hepal-6 cells. We chose DCFH-DA as a fluorescent
probe sensitive to ROS to assess intracellular ROS levels using CLSM. As
shown in Fig. 3A and G, iMWA alone did not significantly increase ROS
expression. However, the addition of CT-NPs or FT-NPs during iMWA
treatment led to an increase in ROS levels, suggesting that the ions
within CFT-NPs could disrupt redox balance in cells. Notably, CFT-NPs
alone were sufficient to induce an increase in ROS levels, likely due to
the elevated levels of Fe>™ and Ca®" ions. Furthermore, the combination
of iMWA and CFT-NPs resulted in the highest ROS level compared to
that in the other groups, indicating that iMWA significantly potentiated
the effect of CFT-NPs on tumor redox state. Furthermore, the quantita-
tive analysis of ROS production via flow cytometry corroborated the
findings obtained from CLSM, as depicted in Figure S17. Subsequently,
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Fig. 3. In vitro mitochondria damage evaluations with MWA nanosensitizer. (A) CLSM images and (G) corresponding quantitative ROS fluorescence signal
intensity of Hepa 1-6 cells after ROS indicator (i.e., DCFH-DA) staining post-different treatment; (B) CLSM images and (H) corresponding quantitative GSH depletion
values of Hepa 1-6 cells after GSH indicator (i.e., ThiolTracker) staining post-different treatments; (C) CLSM images of Hepa 1-6 cells after LPO indicator (i.e., C11-
BODIPY>#1/51) staining post-different treatments, and (I) corresponding quantification of C11-BODIPY>8/5°! oxidized form reflecting LPO level; (D) CLSM images of
Hepa 1-6 cells after JC-1 probe staining post-different treatments, and (J) corresponding quantification of JC-1 monomers, which positively correlate with the degree
of mitochondria damages; (E) CLSM images of Hepa 1-6 cells after mitotracker staining post-different treatments for directly evaluating mitochondria damages; (F)
Bio-TEM images of Hepa 1-6 cells treated with iMWA + CFT-NPs and control, and scale bars: 5 pm, 1 pm, and 500 nm, wherein mitochondrias are circled by
rectangle with red dotted lineablation and enlargered marked. Data are expressed as mean + SD (n = 3). The significance analysis for inter-group statistical
comparisons was conducted using ANOVA, and *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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to further explore the impact of redox state disruption on cells, we
evaluated the expression of the reductive biomarker GSH and the level
of LPO in cells. Notably, iMWA treatment alone had minimal effects on
GSH expression (Fig. 3B and H), while the addition of NPs significantly
downregulated GSH production. In particular, the combination of IMWA
and CFT-NPs treatment led to the lowest GSH levels. Meanwhile, LPO
detection was performed using a lipid-soluble ratiometric fluorescent
indicator C11-BODIPY>®1/%°!_ This probe undergoes a shift in excitation
maximum from 581 to 500 nm and emission maximum from 591 to 510
nm upon oxidation. As shown in Fig. 3C, I, and Figure S18, increased
green signals and reduced red signals were observed in iMWA + CFT-
NPs treated cells, indicating increased lipid oxidation. It is well estab-
lished that LPO disrupts membrane organization, leading to functional
loss and modifications of proteins and DNA bases, and has been impli-
cated in various disease pathologies. These data suggest that the CFT-
NPs amplify ROS production in cells under iMWA treatment, disrupt-
ing biological processes and electron transport, ultimately leading to
lipid oxidation and GSH downregulation.
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Previous reports have suggested that the production of ROS disrupts
the mitochondrial energy metabolism in cancer cells [45]. In light of
this, we aimed to investigate mitochondrial activity and structural
changes following various treatments. To assess mitochondrial mem-
brane potential (A¥m), we utilized JC-1 staining. As indicated in
Fig. 3D, J, and Figure S19, the presence of distinct JC-1 aggregate red
signals was observed in both the control and iMWA groups, indicating
that iMWA alone treatment preserved functional mitochondria with a
high A¥m. However, when treated with CFT-NPs and iMWA, there was
a reduction in JC-1 aggregate formation and an increase in the presence
of JC-1 monomers within the cells. This observation could be attributed
to the Fe?™ and Ca®" overload-induced overproduction of intracellular
ROS, as previously mentioned. Furthermore, mitochondrial mass and
activities were evaluated using Mito-tracker staining, which revealed a
decrease in mitochondrial mass and altered structure following NPs’
treatment (Fig. 3E and Figure S20). The results obtained using both JC-
1 and Mito-tracker probes were highly consistent, highlighting the
changes in AYm and mitochondrial damage experienced by Hepal-6
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Fig. 4. (A) Time-dependent fluorescence images of Hepa 1-6 tumor-bearing mice injected with Cy5.5@CFT-NPs to observe the biological distribution of CFT-NPs in
tumor and major organs (n = 3); (B) infrared thermographic images of each group of Hepa 1-6 tumor-bearing mice after different treatments and (C) the temperature
line graph at different time points; (D) Schematic of the ex vivo iMWA ablation on pork liver; (E) digital photos of ablated pork liver tissues after different treatments,
that are iMWA alone and iMWA + CFT-NPs, wherein ablated zones are circled by ellipses with black dotted line ablation; (F) ultrasound images of pork liver after
iMWA ablation (MWA parameters were set as follows: power = 3 W, duration = 1.5 min), wherein ablated zones are circled by ellipses with red dotted line ablation
and enlarge. Data are expressed as mean =+ SD (n = 3). The significance analysis for inter-group statistical comparisons were conducted using ANOVA, and *P < 0.05,

**p < (0,01, ***P < 0.001, and ****P < 0.0001.
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cells following iMWA + NPs treatment. To gain further insights into
mitochondrial structure, we employed BIOSEM analysis. The results
confirmed notable structural alterations in mitochondria, including
swelling and the loss of mitochondrial cristae (Fig. 3F). These changes
are crucial for Cytochrome C (Cyt c) release during the intrinsic pathway
of apoptosis. Collectively, these findings demonstrated that the released
Fe*™ and Ca®" from CFT-NPs promote ROS production, cause mito-
chondrial damage, and ultimately enhance the therapeutic effect of CFT-
NPs in combination with iMWA treatment.

A
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3.4. Biodistribution and microwave sensitization efficiency of iMWA
sensitizers

Prior to studying the microwave sensitization effects of NPs in vivo,
we first examined their biodistribution after intravenous injection using
Hepal-6 tumor-bearing mice as an animal model. As shown in Fig. 4A,
we observed efficient accumulation of NPs at the tumor site over time,
likely due to the EPR effect. Notably, there was almost no retention of
NPs retention in the spleen, heart, lung, and kidney, while obvious
signals were detected in the liver, suggesting that it is the main
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metabolism organ for NPs. Motivated by the positive outcomes, we
further investigated the potency of NPs to potentiate the microwave
heating efficacy in vivo. As recorded using a thermal infrared camera
(Fig. 4B, C and Figure S21), compared to the control group, tumors
treated solely with intratumoral iMWA exhibited a temperature increase
to around 39.5 °C. Despite the direct application of the free ion group,
the heating effect observed was inadequate, showing no significant de-
viation from iMWA-alone group. After free ions incorporated into NPs,
CFT-NPs alone did not induce a temperature increase when compared to
the control group (~31.4 °C). Upon exposure to iMWA, the temperature
in tumors treated with CT-NPs and CFT-NPs showed a much faster
escalation and stabilized around 50 °C. In contrast, FT-NPs showed only
a subtle increase in temperature (~41.7 °C), possibly due to the superior
sensitization ability of Ca®". This disparity is primarily attributed to the
fact that our nanosensitizer encapsulating Fe>* and Ca®" ions are able to
effectively deliver these ions to tumor tissue via the EPR effect, ulti-
mately achieving a bimetallic sensitization effect. Notably, the combi-
nation of iMWA and CFT-NPs led to a rapid temperature increase
confined to the tumor site, without affecting the surrounding tissue.
Furthermore, we observed that a significant amount of NPs could be
injected and retained within the porcine liver, serving as a mimic for
large tumors. This enabled more rapid microwave heating and a larger
thermal ablation volume (Fig. 4D-F). Collectively, these results
demonstrate that CFT-NPs are promising and effective microwave-
sensitive biomaterials that can concentrate the microwave heating
zone to the tumor site.

3.5. In vivo therapeutic efficiency evaluation

Based on the preceding studies, we evaluated the therapeutic efficacy
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of NPs-assisted iMWA in mice harboring subcutaneous Hepal-6 tumors.
The specific therapeutic regimes were outlined in Fig. 5A. Once the
tumor volumes reached approximately 100 mm?, six groups of mice
received the following treatments: G, a control group with saline in-
jection; Gy, iMWA alone; Gs, CT-NPs injection followed by iMWA
(IMWA + CT-NPs); G4, FT-NPs injection followed by iMWA (iMWA +
FT-NPs); Gs, CFT-NPs injection alone; and Gg, CTF-NPs followed by
iMWA (iMWA + CFT-NPs). As depicted in Figure S22, ultrasound im-
ages displayed the tumor’s condition under MWA, successfully enlarging
the area of MWA within tumors. Furthermore, iMWA alone had minimal
impact on tumor growth, confirming its limited ability to restrict tumor
growth using low-frequency microwaves (Fig. 5B-D). Interestingly, even
without microwave exposure, CFT-NPs treatment obviously inhibited
tumor growth compared to the control group, presumably due to the
metal ions’ effect on tumor cells. Remarkably, the combination of
iMWA + CFT-NPs achieved complete tumor ablation without noticeable
tumor recurrence for up to 21 days (Fig. 5G and Figure S23), attributed
to the microwave sensitization, ferroptosis, and intracellular Ca®* ho-
meostasis disruption. The tumor volume results aligned with excised
tumor photography and weight measurements (Fig. 5C, D, and F).
Notably, there was no significant changes in body weight among mice
after different treatments, indicative of no systematic toxicity from the
combination of NPs and microwave therapy (Figure $24).
Additionally, mice treated with iMWA + CFT-NPs demonstrated a
median survival time exceeding 60 days (Fig. 5E), significantly sur-
passing the 36 days and 38 days observed in the iMWA + CT-NPs and
iMWA + FT-NPs groups respectively. This further corroborated our in
vitro cellular experimental findings, highlighting the synergistic effect of
Fe?' and Ca®" in enhancing the therapeutic potency of hyperthermia.
The superior therapeutic outcomes achieved with iMWA + CFT-NPs
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Fig. 6. (A) Western blot bands representing various proteins extracted from Hepa 1-6 tumors in different groups at the end of the experimental period; (B) staining
images of H&E, ROS, Tunel, Ki67, MMP 2, MMP 9, and GPX 4 from tumor slices isolated from Hepa 1-6 tumor-bearing mice in different groups at the end of the

experimental period.
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were further supported by histological assessments, including H&E
staining, Ki67 staining, and TUNEL staining of tumor slices (Fig. 6B).
Specifically, H&E and TUNEL staining revealed extensive cellular nu-
cleus damage in the iMWA + CFT-NPs group, indicating a higher rate of
tumor cell apoptosis compared to other groups. Concurrently, Ki67
expression, a biomarker of cell proliferation, reached its lowest level in
the iMWA + CFT-NPs group. These comprehensive results underscore
the effectiveness of the Fe?" and Ca?" combination in augmenting the
therapeutic benefits of iMWA.

3.6. Ferroptosis and calcium overload synergistically contribute to tumor
ablation

To gain deeper molecular insights into the mechanism of tumor
ablation, fresh tumor tissues were harvested for subsequent western blot
analysis (Fig. 6A, Figure S25). Calpain-1 (p-Calpain), a calcium-acti-
vated neutral cysteine protease, is activated by increased intracellular
calcium concentrations that typically occur during apoptosis. ATP2B4
(ATPase Plasma Membrane Ca2t Transporting 4) functions to remove
bivalent calcium ions from eukaryotic cells against steep concentration
gradients, crucial for maintaining intracellular calcium homeostasis.
Notably, a significant upregulation of Calpain-1 was observed in the
iMWA + CT-NPs, CFT-NPs, and iMWA -+ CFT-NPs groups, while ATP2B4
expression displayed an inverse trend. This suggested that the Ca®"
enrichment in the NPs indeed disrupts intracellular Ca%* homeostasis,
leading to cell apoptosis.

Next, we delved into the crucial aspect of intracellular oxidative
stress, focusing on ROS, a key marker. Consistent with our in vitro
studies, ROS levels were upregulated within tumor tissue, attributed to
ferroptosis triggered by the presence of Fe?™ and the heating effect
(Fig. 6B). Ferroptosis involved glutathione peroxidase 4 (GPX 4), which

Chemical Engineering Journal 495 (2024) 153368

alcohols. Therefore, we evaluated the expression level of GPX 4. The
results revealed a decrease in GPX 4 expression in the CFT-NPs group
compared to the control, with the lowest level observed in the iMWA +
CTF-NPs groups, indicative of the onset of ferroptosis (Fig. 6A, B).
Furthermore, we examined the cell apoptosis signaling pathway.
Notably, Cyt c expression significantly upregulated in the iMWA + CFT-
NPs group. Cyt c plays a pivotal role in caspase activation, as various
apoptotic stimuli trigger its release from mitochondria. This, in turn,
initiates a cascade of biochemical reactions leading to caspase activation
and subsequent cell death. This was corroborated by the marked upre-
gulation of Caspase 3 and 9 production. Intriguingly, the expression of
MMP 2 and MMP 9 protein were downregulated following iMWA + CFT-
NPs treatment, demonstrating a reduced potential for tumor cell
metastasis. Taken together, the as-prepared CFT-NPs showed immense
promise in suppressing tumor growth and further metastasis. This is
attributed to the high concentrations of Ca?* and Fe?", which, in syn-
ergy with hyperthermia, disrupt Ca?" homeostasis and induce cellular
ferroptosis in tumor cells, ultimately leading to immunogenic cell death.

3.7. In vivo long-term biocompatibility

To assess the biocompatibility of iMWA + CFT-NPs, we monitored
their in vivo toxicity. Following 21 days of treatment, the primary organs
(spleen, lung, liver, kidney, and heart) were excised and further assays
were performed via H&E staining. Notably, the results revealed no
histopathological aberrations, such as necrosis, or alteration in the
cellular architecture when compared to the control group (Fig. 7A).
Moreover, we tracked blood biochemical and hematological parameters
over time to evaluate the function of different organs (Fig. 7B). No
significant differences were observed in the blood level of red blood cells
(RBCs), platelets (PLT), or white blood cells (WBCs) compared to the

utilized reduced GSH to convert phospholipid hydroperoxides to lipid control. Furthermore, biochemical markers such as alanine
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Fig. 7. (A) H&E microscopic images of major organs in different groups; (B) quantitative data of blood and biochemical indexes in both healthy mice and treated
mice. Data are expressed as mean + SD (n = 4). The significance analysis for inter-group statistical comparisons was conducted using ANOVA.
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transaminase (ALT), aspartate transferase (AST), blood urea nitrogen
(BUN), CREA, and uric acid (UA) remained unchanged, indicating the
excellent biocompatibility of CFT-NPs in combination with iMWA.
Overall, the iMWA + CFT-NPs treatment did not exhibit any notable
adverse effects on the functionality of the tested organs in mice or induce
metabolic abnormalities. These findings further strengthen the
biocompatibility and safety profile of the iMWA + CFT-NPs treatment,
supporting its potential for clinical development.

4, Conclusion

In summary, we have successfully crafted a novel bimetallic nano-
sensitizer that leverages the synergistic power of TA and iron/calcium
dual metal ions. This innovative approach not only significantly boosts
the efficacy of MWA but also disrupts cell homeostasis, thereby
enhancing the antitumor efficacy of microwave technology in HCC
treatment. The nanosensitizer, with its uniform nanosize, efficiently
targets and delivers therapeutic agents to the tumor site, facilitating
their internalization by HCC cells. Once inside the cells, the acidic
microenvironment triggered the release of the bimetallic ions, leading to
a cooperative enhancement in the conversion of low-frequency micro-
wave electromagnetic energy into heat, resulting in improved tumor
ablation. Simultaneously, the released TA reduced iron ions and reacted
with hydrogen peroxide to generate ROS, ultimately inducing lipid
oxidation and ferroptosis. Calcium ions, on the other hand, disrupt
mitochondrial dysfunction, further promoting cell apoptosis. Both in
vivo and in vitro studies demonstrated that dual-metal ions MWA nano-
sensitizer provided a significant inhibition of tumor growth and reduced
the expression of matrix metalloproteinases (MMP 2 and MMP 9). This
innovative approach offers a new paradigm for the design of MWA
nanosensitizer, overcoming the limitations of iMWA and paving the way
for potential clinical applications in HCC treatment.
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