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1. Introduction

Synergistic microwave hyperthermia treatment
for subcutaneous deep in situ breast cancer
using conformal array antennas and a
microwave-thermal-sensitive nanomaterialy

Xinyu Zhang, 2 ° Yongxing Du,*" Ling Qin,” Baoshan Li,® Qiong Wu® and
Xianwei Meng (2) *?

When microwave hyperthermia (MWH) array antenna technology is used to treat breast cancer, how to
effectively target and heat deep tumors and reduce thermal damage to healthy tissues is still a challenge
in clinical applications. In this study, the synergistic MWH effect of conformal-array antennas (CAA) and a
microwave-thermal-sensitive nanomaterial (MTSN) investigated for the treatment of
subcutaneous deep in situ breast cancer. At the beginning of the study, the thermal damage score was

novel was
used to evaluate the therapeutic efficacy of the CAA. It was found that although array antenna technology
can achieve effective heating of deep tumors, its damage to healthy tissues is unacceptable.
Consequently, we developed a novel MTSN, ZIF-8@HA, whose unique structure significantly enhanced the
absorption of MW energy and MW thermal conversion efficiency in the local tumor region. The MW
thermal conversion efficiency of ZIF-8@HA achieved was as high as 46.46% in in vivo MW heating
experiments. In the phantom that simulates the electromagnetic environment of the human body, the
microwave-thermal sensitization (MTS) effect is also significant, and the reduction in the average thermal
damage score of healthy tissues by more than 10% was verified through measurements using the coaxial
probe method and COMSOL simulations. Cellular experiments confirmed that the combination of ZIF-
8@HA and MW irradiation could significantly reduce the survival rate of tumor cells. In addition, cross-
tissue MW heating experiments revealed the advantages of ZIF-8@HA combined with the CAA. Finally,
phantom experiments confirmed that the synergistic use of the CAA with ZIF-8@HA significantly
accelerated the local heating rate of deep tumors, reduced the time required for the tumor region to
achieve 100% thermal damage, and effectively minimized the thermal damage to healthy tissues.

effectively heat deep-seated tumors and reduce thermal
damage to surrounding healthy tissues.” The crux of these

Breast cancer is a major threat to global women’s health, with
persistently high incidence rates, ranking first among malig-
nant tumors in women." In the treatment of breast cancer with
microwave hyperthermia (MWH), array antenna technology has
demonstrated unique advantages due to its ability to precisely
target tumor tissues while minimizing the impact on surround-
ing healthy tissues.”™ Nonetheless, this technology still faces
challenges in clinical applications, particularly in how to
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issues lies in improving the transmission efficiency of micro-
wave (MW) energy in biological tissues and accurately control-
ling the thermal dose. Therefore, the development of new
technologies to optimize the effects of MWH has become an
urgent task in the field of breast cancer treatment.

Array antenna technology, as a key innovation in MWH, has
been proven to effectively enhance the heating capability of
deep-seated tumors.>®” This technology achieves precise heat-
ing of the tumor region by coherently superimposing the
electric fields of individual array elements onto the tumor
target area.*'® However, despite advancements in targeted
heating capabilities, this technology still faces the risk of
causing undesired thermal damage to healthy tissues during
deep tumor treatment. Although existing studies have consid-
ered that continuous heating at a certain power level for a
period can achieve the target temperature, effective strategies

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0009-0004-2014-5853
https://orcid.org/0000-0002-0350-4760
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb02319f&domain=pdf&date_stamp=2024-11-27
https://doi.org/10.1039/d4tb02319f
https://doi.org/10.1039/d4tb02319f
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02319f
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB013002

Open Access Article. Published on 16 novembra 2024. Downloaded on 2.11.2025 19:42:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

are still lacking for ensuring complete ablation of tumor tissue
while protecting surrounding healthy tissue.*®'"'*> Despite
previous studies attempting to reduce thermal damage to
surrounding tissues by adjusting the specific absorption rate
(SAR) distribution,">'* these methods often come at the
expense of the thermal dose to the tumor tissue, failing to
achieve an optimized therapeutic balance.

In MWH, the use of microwave-thermal-sensitive nanomater-
ials (MTSN) has become one of the important strategies to
improve the therapeutic efficacy. Generally, research has concen-
trated on developing MW absorption materials for medical fre-
quency bands, such as 424 MHz, 915 MHz, and 2450 MHz.">'
Due to their inherent MW absorption capabilities, these materials
have indeed enhanced the effectiveness of hyperthermia treat-
ment to a certain extent. However, the high dielectric constant
and high loss characteristics of human tissues, along with the
typically sparse distribution of these MW absorbing materials
in the tumor region, have limited their practical application
effectiveness.'” Additionally, most studies have focused on the
MW absorption capabilities of materials, but have lacked a
comprehensive consideration of the tumor microenvironment
and tissue polarization characteristics.'®'® This has also led to
difficulties in achieving effective microwave-thermal sensitization
(MTS) for deep-seated tumors. In response to these limitations,
this study proposes a new perspective: enhancing the dielectric
loss in the local tumor area through the structural properties of
materials, rather than solely relying on MW absorption effects.”
We believe that this approach can more effectively promote the
deposition of MW power in the tumor area, thereby enhancing the
efficacy of MWH.?! This strategy not only promises to enhance the
MW-thermal response of tumor tissue, but also aims to achieve
more precise therapeutic outcomes without increasing damage to
healthy tissues. The innovation of this study is that we are not
limited to focusing on the MW absorption performance of the
material itself, but also adjusting the characteristics of the tumor
microdielectric environment through the structural characteris-
tics of the material, thereby improving the MWH effect of the
tumor area. This problem-oriented research method can better
understand and solve the challenges of existing technologies in
deep tumor MWH and bring innovative improvements to the
MWH field.

In the field of breast cancer MWH, our team’s previously
developed conformal-array antenna (CAA) applicator has provided
an effective solution for the precise heating of superficial
tumors.?® Building upon this foundation, the excitation strategy
was further optimized to achieve the heating effect of deep
tumors, and the thermal damage score was used to quantitatively
analyze the therapeutic effect. Existing studies**>* have demon-
strated that the high dielectric loss characteristics of human
tissues are key to achieving MWH. However, these characteristics
also result in the attenuation of MW energy during deep tumor
treatment and the risk of overheating surface tissues. Through the
quantitative evaluation of the thermal damage score, we found
that although phased array technology can achieve 100% thermal
damage of deep tumors, the degree of thermal damage to healthy
tissues is unacceptable. In order to surmount these challenges, we
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have introduced a novel MTSN, ZIF-8@HA, which, through its
distinctive structural features, significantly enhances the dielectric
loss in the tumor region. This enhancement subsequently boosts
the absorption and thermal conversion efficiency of MW energy.
The experimental results show that the MTS effect of ZIF-8@HA is
remarkable, and the MW thermal conversion efficiency is as high
as 46.46%, which is much higher than our previous research
results. The MTS effect of ZIF-8@HA in the phantom is also
significant, and the average thermal damage score of healthy
tissues has been reduced by more than 10% as determined by
coaxial probe measurements and validated through COMSOL
simulations. Cellular experiments further substantiated that the
combined use of ZIF-8@HA with MW irradiation significantly
reduced the survival rate of tumor cells, which was considerably
lower than that of other treatment groups. Furthermore, cross-
tissue MW heating experiments have confirmed the advantages of
using ZIF-8@HA in combination with the CAA. Ultimately, the
validation through phantom experiments of ZIF-8@HA integrated
with the CAA demonstrated that the incorporation of ZIF-8@HA
can significantly accelerate the heating rate in the tumor region,
thereby reducing thermal damage to healthy tissues. These results
substantiate the significant efficacy and importance of the syner-
gistic application of the CAA with ZIF-8@HA MTSN in MWH for
the treatment of subcutaneous deep in situ breast cancer.

2. Results and discussion

2.1. The temperature threshold method serves as an
evaluation criterion for the CAA applicator

Our MWH research laboratory reported a CAA applicator for the
treatment of subcutaneous superficial in situ breast cancer
tumors®® (Fig. 1). The applicator operates at a frequency of
915 MHz and is composed of 17 circular patch antenna
elements, each with a radius of 4 mm, printed on an FR-4
dielectric substrate and excited via SMA probe back-feeding.
Fig. 1a presents a schematic of the simulated CAA applicator
structure, with the main array structure immersed in circulat-
ing deionized water. Firstly, the slow-wave effect of deionized
water enables miniaturization of the antennas, allowing for the
placement of 17 elements around the conformal hemispherical
structure with a 48 mm radius. Secondly, the circulating
deionized water cools the body’s surface layer, promoting
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Fig.1 A 915 MHz 17-element hemispherical CAA applicator. (a) Sche-
matic of the simulation structure. (b) The physical model.
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effective deposition of heat in deeper tissues. Fig. 1b shows the
physical model of the CAA applicator, which is 3D printed using
nylon PA12 material. The casing is embedded with SMA con-
nectors for connection to a coaxial cable, while the inner
conductor of the SMA passes through the casing to connect
with the circular patch antenna elements. Water inlet and
outlet ports are located on both sides of the casing.

The CAA applicator employs time-reversal (TR)
technology®'®'"?>?% to optimize the phase of each element
in the array.

By using phase conjugation, the signal is fed to each
element of the array, achieving an electromagnetic wave
enhancement effect at the location of deep tumors. In this
study, the thermal damage temperature threshold method was
used to evaluate the therapeutic effect.>® This method is based
on the calculation model constructed by the direct effect of
temperature on the cell survival rate to quantify the degree of
thermal damage. At the cellular level, thermal damage is
categorized into two forms: necrosis and apoptosis. Necrosis is
the process of rapid and passive cell death occurring at extreme
temperatures, while apoptosis is a programmed cell death mecha-
nism activated by external high-temperature stimuli.*” It is note-
worthy that MWH differs from high-temperature thermal ablation
techniques in the mechanisms that induce cell death; the former
primarily achieves therapeutic effects by promoting apoptosis
rather than directly causing necrosis through high temperatures.
According to the literature®”*® and clinical experience, human
tissue cells undergo apoptosis after being continuously exposed to
a temperature of 43 °C for 30 minutes, while necrosis typically
occurs at temperatures exceeding 80 °C. Therefore, the thermal
damage temperature threshold method defines three key para-
meters: damage temperature (Ty), which is the temperature
threshold at which tissue begins to undergo apoptosis; damage
time (¢4), which indicates that maintaining the tissue at a tem-
perature above Ty4 for a duration of ¢4 will lead to cell apoptosis;
and necrosis temperature (7;,), which is the temperature threshold
at which tissue undergoes necrosis. This study focuses on the
temperature range between Ty and T, specifically the tempera-
ture interval between the critical points of apoptosis and necrosis.
To accurately quantify the degree of thermal damage to tissue, we
introduce the thermal damage score (6):

1, T>Ty

0=191 1)

t
IJ(T>Td)d, Ta<T<Ty
d

This study further distinguishes between the tumor domain
and the healthy tissue domain by calculating the average
thermal damage score for each domain separately. This
approach allows us to quantify the effects of thermal therapy
under different power inputs by calculating the average thermal
damage scores within both domains. The goal is to optimize
treatment parameters to maximize tumor damage while mini-
mizing damage to healthy tissue.

The operation method of CAA applicator incentive optimiza-
tion is as follows:
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(1) In the HFSS simulation, the breast is placed in the CAA
applicator and a point source is positioned at the tumor
location within the breast tissue;

(2) Phase optimization: the HFSS simulation calculates
the phase of the signal emitted by the point source as it
travels through the breast tissue and deionized water to each
array element and applies conjugate processing to the phase
information.

(3) Power optimization: COMSOL simulation software is
used to calculate the temperature field distribution and the
average thermal damage score for the tumor domain and the
healthy tissue domain under different input power levels. An
optimal power value that achieves 100% thermal damage to the
tumor within the treatment time is determined while minimizing
thermal damage to healthy tissue.

Fig. 2a illustrates the changes in the temperature field and
thermal damage field distribution under different power inputs
with a treatment time of 60 minutes. This figure demonstrates
the capability of the time-reversal (TR) technique to achieve
precise focusing on the target area. As the power increases, the
hotspot area expands and effectively deposits energy into the
deeper tumor tissue. The thermal damage region also expands
with increasing power, gradually fully covering the tumor area.
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Fig. 2 The distribution of the temperature field and the thermal damage
field under different powers. (b) The average thermal damage scores of the
tumor domain and healthy tissue domain under different powers.
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As shown in Fig. 2b, when the power is set to 15 W, after
60 minutes of treatment, the average thermal damage score for
the tumor domain reaches 100%, while the average thermal
damage for the healthy tissue domain is at its lowest. If the
power is further increased, although it may enhance the
thermal damage effect on the tumor, it will also lead to an
increase in thermal damage to healthy tissue.

As shown in Fig. 3, the distribution of the temperature field
and thermal damage field at different depths (10 mm and
20 mm) was analyzed using the aforementioned excitation
optimization method. As shown in Fig. 3(a-d and i), for a
10 mm radius tumor located 10 mm subcutaneously, 7 array
elements directly above were activated, each fed with a 6 W
power, and heating was applied continuously for 60 minutes.
The thermal damage score in the tumor domain just reached
100%, while the average thermal damage score in the healthy tissue
domain was 3.08%. In contrast, as shown in Fig. 3(e-h and j), for a
tumor of the same size located 20 mm subcutaneously, under
the same array configuration, the input power for each array
element needed to be increased to 15 W, with continuous
heating for 60 minutes, for the average thermal damage score
in the tumor domain to just reach 100%. At this point, the
average thermal damage score in the healthy tissue domain was
24.89%. By comparing the simulation results for tumors at
different depths, it is evident that the CAA applicator can
effectively deliver hyperthermia treatment to superficial tumors
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Fig. 3 Simulated temperature and thermal damage fields for the CAA
applicator at 10 mm and 20 mm depths. The 10 mm radius tumor at a
10 mm subcutaneous depth: (a) and (b) temperature fields in axial and
coronal planes and (c) and (d) thermal damage fields in axial and coronal
planes. The 10 mm radius tumor at a 20 mm subcutaneous depth: (e) and
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depth and (j) 20 mm depth.
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while causing minimal thermal damage to surrounding healthy
tissues. However, the treatment of deep-seated tumors results
in an unacceptable degree of thermal damage to healthy
tissues. In light of this challenge in treating deep-seated
tumors, we propose an innovative solution in the subsequent
chapters: enhancing the dielectric loss in the tumor region by
loading ZIF-8@HA nanomaterials, thereby improving the
absorption of MW energy and the efficiency of heat conversion
in deep-seated tumors.

2.2. Synthesis and characterization of ZIF-8@HA

In this study, ZIF-8 was synthesized via a facile one-step self-
assembly approach.>® Its morphology was characterized by
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) (Fig. 4a and Fig. S1a, ESIt). Under TEM, ZIF-8
clearly exhibited a distinct regular cubic structure with sharp
edges. In SEM images, ZIF-8 presented regular polyhedral mor-
phology with a uniform particle size of approximately 103 nm.
To evaluate the uniformity of the size distribution and stability
of the synthesized nanomaterials in solution, we conducted
dynamic light scattering (DLS) measurements. The average
hydrodynamic diameter of ZIF-8 was approximately 250.46 nm,
with a polydispersity index (PDI) of only 0.098 (<0.3) (Fig. 4c).
This indicates that the synthesized ZIF-8 nanomaterials have
uniform size distribution and good stability. Furthermore, the
zeta potential of ZIF-8 was approximately 41.2 mV (Fig. 4e),
indicating strong charge repulsion between ZIF-8 particles,
which ensures good dispersibility in solution. Hyaluronic acid
(HA) was coated onto ZIF-8 through electrostatic interactions in
an anhydrous ethanol-water mixed solution.®® ZIF-8 solution
and HA solution were mixed at different ratios (w/w). As shown
in Fig. S2a (ESIY), at a ratio of 20: 1, the hydrodynamic diameter
increased significantly, and the PDI was > 0.3, indicating severe
aggregation of ZIF-8 nanoparticles due to HA coating at this
ratio. As the mass ratio of ZIF-8 to HA was adjusted from 20:1 to
5:1, the size gradually decreased and stabilized at around
371.46 nm, while the PDI decreased to 0.098 (Fig. 4d). This
suggests that at a 5:1 ratio, HA was successfully coated on the
ZIF-8 surface, and the size and dispersity of the nanoparticles
were optimized. Moreover, as the ZIF-8/HA ratio changed from
20:1 to 5:1, the zeta potential showed a continuous decrease
(Fig. S2b, ESIt). At a 5:1 ratio, the zeta potential of ZIF-8@HA
reversed to —25.7 mV (Fig. 4d). This phenomenon is directly
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Fig. 4 Characterization of ZIF-8 and SIM@ZIF-8@HA. (a) and (b) TEM
images, (c) and (d) hydrodynamic size distributions, and (e) and (f) zeta
potential distributions of ZIF-8 and ZIF-8@HA.
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attributed to the negative charge properties of HA, confirming
the successful coating of HA on the ZIF-8 surface and the
consequent significant change in the surface charge state of
the nanoparticles. Furthermore, TEM images visually confirmed
the uniform coating of HA on the ZIF-8@HA surface (Fig. 4b).
SEM images revealed that the coated ZIF-8@HA maintained its
polyhedral morphology with a smoother surface (Fig. S2b, ESIT).

2.3. MTS effects of ZIF-8 and ZIF-8@HA in vitro

To evaluate the MTS effect of ZIF-8 and its derivative ZIF-S@HA
in vitro, we conducted a series of MW heating experiments. It is
well known that heating induced by MW irradiation is primarily
due to the heat generated by the friction of water molecules or
ions in the electromagnetic field. Since physiological saline is a
solution with components similar to human tissue fluid, it is
commonly used as a test medium in the literature.'>?°
As shown in Fig. 5a and b, different concentrations of ZIF-8
(3,5, 7,and 10 mg mL ') were dispersed in physiological saline
(0.9% NaCl) and irradiated with MW at a 1.8 W power and
915 MHz frequency for 5 minutes. The results showed that as
the concentration of ZIF-8 increased, the temperature of the
solution rose to 47.2, 50.3, 58.5, 61.3, and 62.7 °C, respectively.
Meanwhile, the control group without ZIF-8 addition showed a
temperature increase of only 21.7 °C under the same condi-
tions, which was significantly lower than the experimental
groups. This difference indicates that ZIF-8 has a significant
MTS effect, which enhances as the concentration increases.
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Fig. 5 (a) In vitro heating curves of ZIF-8 at different concentrations (0, 3,
5, 7, and 10 mg mL™ in physiological saline. (b) Temperature change
AT (°C) at different concentrations based on (a). (c) Cyclic heating curves of
ZIF-8 solution. (d) In vitro heating curves of ZIF-8@HA at different con-
centrations (0, 3, 5, 7, and 10 mg mL™Y) in physiological saline.
(e) Temperature change AT (°C) at different concentrations based on (d).
(f) Cyclic heating curves of ZIF-8@HA solution. (g) Infrared thermal images
of ZIF-8 and ZIF-8@HA at different concentrations under MW irradiation.
(h) Comparison of the MW-thermal conversion efficiency of ZIF-8 and ZIF-
8@HA nanomaterials with previously reported values for the Mn-ZrMOF
and ZDNP (all at 10 mg mL™* nanomaterial dispersed in physiological
saline, a MW radiation power of 1.8 W for 5 min).

528 | J Mater. Chem. B, 2025, 13, 524-535

View Article Online

Paper

Moreover, after experiencing three cycles of MW heating, ZIF-8
exhibited almost identical heating curves (Fig. 5¢), demonstrat-
ing its excellent MW-thermal stability.

Furthermore, we evaluated the MW heating performance
and MW-thermal stability of ZIF-8@HA. Under the same experi-
mental conditions, the heating effect of ZIF-8@HA was equally
satisfactory. As shown in Fig. 5d and e, ZIF-8@HA solutions at
3, 5, 7, and 10 mg mL~" exhibited temperature increases of
27.9, 31, 35, and 36.9 °C, respectively, under MW irradiation.
The data indicate that ZIF-S@HA can also achieve effective
temperature elevation under MW irradiation, with the heating
effect enhancing as the concentration increases. Moreover, as
shown in Fig. 5f, ZIF-8@HA demonstrated good stability during
cyclic heating periods. To more intuitively display the tempera-
ture changes during the heating process, we used an infrared
thermal imaging camera to record the temperature changes in
the solution every half minute, with results shown in Fig. 5g.
Additionally, we calculated the MW thermal conversion effi-
ciency (1) of ZIF-8 and ZIF-8@HA dispersed in 0.9% NaCl to be
46.87% and 46.46%, respectively (Table S1, ESIt), values that
far exceed our previous research results (Fig. 5h).>'*? These
results collectively demonstrate that both ZIF-8 and ZIF-8@HA
possess ideal MTS effects and thermal stability, making them
suitable as the MTSN for MWH in breast cancer treatment.

2.4. MTS effects of ZIF-8@HA in a phantom

MW heating experiments were conducted on ZIF-8@HA nano-
particles in a phantom with the same dielectric constant as the
human body**?* to evaluate the MTS performance of ZIF-
8@HA under simulated human electromagnetic environment
conditions. The experiment used a 915 MHz microstrip circular
patch antenna to irradiate phantoms loaded with different
concentrations (0, 10, 20, and 30 mg mL™ ") of ZIF-8@HA. The
MW irradiation powers were 5, 10, and 15 W, respectively, with
an irradiation time of 15 minutes (Fig. 6a-c). During the
experiment, an infrared thermal imaging camera was used to
monitor the temperature changes of the phantom models in real-
time (Fig. 6e). The experimental results show that as the concen-
tration of ZIF-8@HA increases, the heating effect in the phantoms
significantly improves. Under a 5 W irradiation power, the control
phantom without ZIF-8@HA experienced a temperature increase
of 6.1 °C, while the 30 mg mL™" ZIF-8@HA group reached a
temperature increase of 10.7 °C. Similarly, under 10 W and 15 W
powers, similar trends were observed. For ZIF-8@HA concentra-
tions ranging from 10 mg mL ™" to 30 mg mL ™", the temperature
rise increased from 18.7 °C to 25.7 °C (10 W) and from 24.5 °C
to 34.2 °C (15 W), indicating a positive correlation between
the ZIF-8@HA concentration and the MTS effect. Furthermore,
the temperature rise curve data reveal the impact of irradiation
time on the MTS effect. As the irradiation time increases, the
heating effect in the phantoms becomes more pronounced,
indicating that the irradiation time is a crucial factor affecting
the MTS effect. Under different power conditions, temperature
difference analysis between ZIF-8@HA phantoms and the control
group shows that the temperature difference between the
30 mg mL ' ZIF-8@HA phantom and the control group is

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02319f

Open Access Article. Published on 16 novembra 2024. Downloaded on 2.11.2025 19:42:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

(O ©

10w-20mg/ml
10w-30mg/ml

) 5 10 is K] 5 10 s K] H 10 [
Time (min) Time (min)

(d) 342 9 12 15 9 1215 0 9 12 15(min)

. u B "'"g""‘...coo . ..QO .. OOd\)lﬁ“T
i e P @POOOO 000000 ..JO\)Q.JI

gl B P i@ @OOOO 00000 000000

""“E""‘.Ougw.),./., ..)C!)W)S)Q) ..\])SVT./OO i5ec

<w|.w;.»|~,\|m»|. S [ \w\m \‘
Omgmi_| 10mgmi | 20mgimn | Som

®

Phantom doped
with ZIF-8

Phantom doped
with ZIF-8

Muscle: 10mm

Fat: 6mm
Skin: 4mm

(L) e

Cas|— 10mm - ZIFSin phantom

=
=

Somm - Z1FS n phantom 2

ature (
tre (°C
°C)
T

Temperature (°C)
A

s O Tomm
L] i [N s Powan A8 Phaion S5
Tlme (mm) Tlme (mm) in phanto

5 (mm)

' 00000006006
nF-sm.;hi%E‘..O@@@@@@@

00000000000 |
Q0000000000 |-

Fig. 6 Temperature rise curves of phantoms with different concentra-
tions of ZIF-8@HA under MW irradiation powers of (a) 5 W, (b) 10 W, and
(c) 15 W. (d) Temperature change AT (°C) based on (a—c). (e) A schematic
diagram of infrared thermal imaging temperature changes based on (a—c).
MW-thermal sensitization effect experiments on phantoms across
(f) 10 mm and (g) 20 mm tissues. Comparison of temperature rise
curves for phantoms with different concentrations of ZIF-8@HA across
(h) 10 mm and (i) 20 mm tissues. (j) Temperature change AT (°C) based on
(h—i). (k) A schematic diagram of infrared thermal imaging temperature
changes based on (h-i).

4.6 °C; when the power is increased to 10 W, the temperature
difference increases to 7 °C; further increasing the power to 15 W
expands the temperature difference to 9.7 °C. This result indicates
that as the MW power increases, the MTS effect of ZIF-8@HA-
loaded phantoms significantly enhances compared to the control
pure phantoms. Considering the three factors of concentration,
time, and power comprehensively, the experimental results clearly
indicate that ZIF-8@HA, as an MTSN, demonstrates significantly
enhanced MTS effects in phantoms with electromagnetic envir-
onments identical to the human body as the concentration
increases, irradiation time extends, and irradiation power rises.
To investigate the deep heating efficacy of ZIF-8@HA as an
MTSN, we designed a series of cross-tissue MW heating experi-
ments using phantoms. In the experimental design, ex vivo
porcine tissues (skin, fat, and muscle) of varying thicknesses
were placed between the MW irradiation source and the
phantoms, constructing tissue models with thicknesses of
10 mm (skin + fat) and 20 mm (skin + fat + muscle), respectively
(Fig. 6f and g). The experiment compared the heating effects of
0 mg mL~" (control) and 30 mg mL~"' ZIF-8@HA under both
conditions. It was found that with a 10 mm tissue thickness,
the sensitization temperature difference of the 30 mg mL ™"

This journal is © The Royal Society of Chemistry 2025
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ZIF-8@HA phantom compared to the control group was 5.1 °C
(Fig. 6h and j), while when the tissue thickness increased to
20 mm, the sensitization temperature difference decreased
to 1.3 °C (Fig. 6i and j). Infrared thermal imaging recorded
the temperature changes (Fig. 6k). This phenomenon aligns
with the high dielectric loss characteristics of human tissues
revealed in previous studies,”®>* namely that MW energy
rapidly attenuates when penetrating deep tissues, leading to
reduced MW power density in deep tissues, which in turn
affects the MTS effect. Furthermore, the experimental results
emphasize the potential advantages of the CAA in MWH. The
CAA can achieve superposition of multi-element electromag-
netic fields, thereby realizing stronger power-targeted deposi-
tion in deep tissues. This characteristic is particularly beneficial
for the use of MTSN, as it can improve the heating efficiency of
deep tissues, thereby enhancing the MTS effect.

2.5. Mechanism analysis of MTS

Further analysis of the MTS mechanism of ZIF-8@HA
was performed. The N, isothermal adsorption-desorption
results show that the specific surface area of ZIF-8@HA is
1459.89 m” g~ ' (Fig. 7a), with an average micropore diameter
of approximately 7.3 A (Fig. 7b). The high specific surface area
of ZIF-8@HA and its extensive contact with the medium can
enhance interfacial polarization, thereby significantly increas-
ing the dielectric loss (¢”). This effect is particularly pronounced
in areas where ZIF-8@HA is densely distributed, leading to an
increase in dielectric loss in the local tumor region. Moreover,
the rich porous structure of ZIF-8@HA provides abundant
adsorption sites, capable of adsorbing nearby ions to
form a confinement effect.>#?***> During MW irradiation, ions
undergo Brownian motion, and ZIF-8@HA constrains these
ions within a limited space, causing their collisions to become
more intense and frequent. This accelerates the efficient con-
version of MW energy into thermal energy, further enhancing
the dielectric loss. Using phantoms with electrical parameters
matching those of human tissues as an ideal platform to
simulate the in vivo environment, ZIF-8§@HA at different con-
centrations was dispersed in the phantoms (Fig. 7c). Based on
this, the coaxial probe method was used to evaluate the effect of
ZIF-8@HA loading on the dielectric loss of the phantoms
(Fig. 7d). This experimental design not only simulates the real
electromagnetic environment conditions in biological media,
but also allows the direct measurement of the effect of material
loading on dielectric loss, thus providing a more comprehen-
sive and precise investigation of the MTS mechanism. As shown
in Fig. 7e and f, measurements using the coaxial probe method
clearly demonstrate that as the concentration of ZIF-8§@HA
increases, the dielectric loss (¢”) of the phantoms shows a
significant upward trend. This result directly reveals a positive
correlation between the ZIF-8@HA concentration and the
dielectric loss.

Inputting the measured results into the COMSOL CAA
simulation model, the results visually demonstrate that as the
ZIF-8 concentration increases (i.e., as the imaginary part of
the dielectric constant ¢’ increases), the time required for the
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Fig. 7 The (a) specific surface area and (b) average micropore diameter of
ZIF-8@HA from N, isothermal adsorption—desorption. (c) Phantoms with
varying ZIF-8@HA concentrations. (d) The dielectric property measure-
ment of ZIF-8@HA-loaded phantoms using the coaxial transmission line
method. (e) Dielectric constant ¢’ and (f) dielectric loss ¢’ of phantoms with
different ZIF-8@HA concentrations. (g) COMSOL simulations: the thermal
damage distribution for various ZIF-8@HA concentrations. COMSOL simu-
lations: time-dependent average thermal damage scores in healthy and
tumor domains for (h) 0 mg mL™2, (i) 10 mg mL™%, (j) 20 mg mL~%, and (k)
30 mg mL~! ZIF-8@HA.

tumor domain to reach 100% thermal damage significantly
shortens. Meanwhile, the average thermal damage score in the
healthy tissue domain also decreases. This series of results
quantitatively illustrates the potential of ZIF-8 as an MTSN in
improving MWH efficiency and reducing damage to healthy
tissues. Fig. 7g demonstrates a representative case study: for a
tumor with a radius of 10 mm located 20 mm beneath the skin
surface, we activated 7 array elements directly above the tumor
region. Each element was supplied with 15 W power under
continuous heating conditions.

Without ZIF-8@HA (¢’ = 18.46), 60 minutes of heating is
required for the tumor domain to reach 100% thermal damage,
at which point the average thermal damage score in the healthy
tissue domain is 24. 89% (Fig. 7h). When the ZIF-8@HA concen-
tration is 10 mg mL ™" (¢” = 33.31), the tumor domain reaches
100% thermal damage within 45 minutes, and the average
thermal damage score in the healthy tissue domain decreases
to 21.18% (Fig. 7i). At a ZIF-8@HA concentration of 20 mg mL "
(¢” = 42.39), the tumor domain requires only 35 minutes to
reach 100% thermal damage, and the average thermal damage
score in the healthy tissue domain further decreases to 15.32%
(Fig. 7j). At the highest concentration of 30 mg mL™" (¢ =
49.97), the tumor domain reaches 100% thermal damage
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within 31 minutes, and the average thermal damage score in
the healthy tissue domain is only 13.5%, which is a reduction of
11.39% compared to when ZIF-8@HA is not loaded (Fig. 7k).

2.6. Cytotoxicity and in vitro therapeutic effect of ZIF-8@HA

Quantitative analysis of the cytotoxicity of ZIF-8 and its HA-
modified derivative, ZIF-§@HA nanomaterials, was conducted
using the MTT assay. Mouse embryonic fibroblasts (L929) and
mouse breast cancer cells (4T1) were selected as model cell
lines for the experiment. These cells were co-incubated with a
series of ZIF-8 and ZIF-8@HA nanomaterials at various con-
centrations for 12 hours. Subsequently, cell viability was deter-
mined using the MTT reagent to assess the cytotoxicity of the
materials. The experimental data revealed that after 12 hours
of incubation with L929 cells at various concentrations of
ZIF-8@HA, the cell viability remained at 76% even at the
highest concentration (100 ug mL "), indicating low cytotoxi-
city (Fig. 8a). For 4T1 cells under the same concentration
conditions, the cell viability was maintained at 85%, further
confirming the low toxicity profile of ZIF-8@HA nanomaterials
(Fig. 8b). However, compared to ZIF-8@HA, the unmodified
ZIF-8 nanomaterials exhibited higher cytotoxicity. Under
identical incubation conditions with L929 fibroblasts and 4T1
breast cancer cells, ZIF-8 significantly reduced cell viability
even at lower concentrations (Fig. 8a and b). These results
suggest that the HA-modified ZIF-8 nanomaterials (i.e., ZIF-
8@HA) demonstrated a notable reduction in cytotoxicity.
Given the excellent MTS performance of ZIF-8@HA in phy-
siological saline and phantoms, as well as its low cytotoxicity
profile, we further investigated its efficacy in in vitro cellular
MWH. This study employed mouse 4T1 breast cancer cells for
in vitro MWH experiments to evaluate the anti-tumor capability
of ZIF-8@HA nanomaterials combined with MW irradiation
under in vitro conditions. In the study, 4T1 tumor cells were first
co-incubated with ZIF-8@HA nanomaterials for 12 hours, ensur-
ing effective intracellular internalization and accumulation of ZIF-
8@HA through cellular endocytosis mechanisms. Subsequently,
unabsorbed materials in the culture medium were removed. The
cells were then exposed to 915 MHz MW radiation at a power of
1.8 W for 3 minutes. The temperature change curves during
heating (Fig. 8d) showed that ZIF-8S@HA combined with the
MW radiation group (MW + ZIF-8@HA group) exhibited a more
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Fig. 8 The MTT cytotoxicity assay for (a) 4T1 cells and (b) L929 cells. (c)
In vitro treatment experiments with 4T1 cells. (d) Temperature rise curves
during treatment. (e) Thermal infrared imaging.
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significant MTS effect compared to the MW radiation alone group
(MW group), which was visually demonstrated in the infrared
thermal imaging (Fig. 8e). Quantitative analysis of cell viability
(Fig. 8c) further confirmed the positive role of ZIF-S@HA nano-
materials in MWH: the cell viability was 81% with MW irradiation
alone (MW group) and 64% with ZIF-8@HA treatment alone
(ZIF-8@HA group), while under combined treatment of ZIF-
8@HA and MW irradiation (MW + ZIF-8@HA group), the cell
viability significantly decreased to 52%. This result indicates that
under MWH conditions, ZIF-8@HA nanomaterials can signifi-
cantly enhance the thermal sensitivity of tumor cells, demonstrat-
ing good anti-tumor efficacy.

2.7. [Experimental verification of CAA synergistic ZIF-8@HA

To validate the actual MWH effect of ZIF-S@HA nanomaterials
combined with the CAA applicator, experiments were con-
ducted using phantoms. Fig. 9a illustrates the experimental
design for CAA synergistic ZIF-§@HA phantom heating. A
3-channel fiber-optic temperature sensor (FTM-3CH-C220, Beij-
ing Oriental Ruizer Technology Co., Ltd, China) was inserted
into the phantom to record real-time temperature changes
during heating. As shown in Fig. 9b, to accurately simulate
the tumor region loaded with materials, phantoms containing
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Fig. 9 (a) A schematic diagram of the experiment. (b) The fiber-optic
temperature measurement method and measurement points. (c) The

experimental setup.
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different concentrations (0 mg mL™' and 30 mg mL ') of
ZIF-8@HA were injected into thin plastic spherical shells. A
PVC thin rigid pipe was used to connect and secure the shells,
facilitating fixture with an iron stand and precise positioning of
temperature measurement fibers. The fixation of temperature
measurement fibers and positioning of measurement points
are depicted in Fig. 9c. The PVC thin rigid pipe guided the
fibers, and an iron stand secured them, enabling the precise
localization of temperature measurement points. The three
finalized temperature measurement points were: point A:
located at the center of the tumor interior, with a tumor radius
of 25 mm and a depth set at 20 mm; points B and C: positioned
5 mm from either side of the tumor. The experimental setup is
shown in Fig. 9d. The main body of the CAA Applicator was
placed in a 37 °C thermostatic chamber (DHG-9310A, Beijing
Luxi Technology Co., Ltd, China) to simulate human body
temperature conditions. Deionized water was filled into the
CAA applicator using a circulating water bath (HH-501, Baita
Xinbao Instrument Factory, China). The output of a 915 MHz
high-power MW source was connected to a 6-way power divider
to achieve uniform distribution of MW energy across six
channels. Phase delays were implemented through coaxial
cables of varying lengths for the six outputs.

The heating duration was determined by the thermal damage
score () reaching 100% at the target area measurement point.
Real-time temperature monitoring via fiber-optics considered
43 °C as the thermal damage temperature (7) for the target area.
Heating continued for an additional 30 minutes (¢4) to achieve a
100% thermal damage score, at which point heating was termi-
nated. Fig. 10a shows the temperature-time curves for points A,
B, and C without ZIF-8@HA nanomaterial loading. Point A
(tumor center) reached 43 °C after 29 minutes of heating,
attaining the thermal damage temperature threshold (7y), fol-
lowed by 30 minutes (¢4) of additional heating. In contrast, for
the group loaded with 30 mg mL ™' ZIF-8@HA nanomaterials
(Fig. 10c), point A rapidly reached 43 °C within 11 minutes. After
30 minutes of continued heating, the thermal damage score
reached 100% at 41 minutes, reducing the total heating time by
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Fig. 10 (a) Temperature and (b) thermal damage score curves without

ZIF-8@HA loading. (c) Temperature and (d) thermal damage score curves
with 30 mg mL™* ZIF-8@HA loading.
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20 minutes. To visualize the thermal damage scores, Fig. 10b
and d present the time-dependent thermal damage score curves
based on the temperature data from Fig. 10a and c. For the
group without ZIF-8§@HA nanomaterials, when heating stopped
at 59 minutes, the thermal damage scores for points B and C
were 83% and 60%, respectively (Fig. 10b). In the ZIF-8@HA
nanomaterial-loaded group, due to significantly enhanced heat-
ing rates in the tumor area, the thermal damage scores for points
B and C were 40% and 27%, respectively, when heating ceased at
41 minutes, representing reductions of 43% and 33% compared
to the former group.

The experimental results demonstrate that the combination of
ZIF-8@HA nanomaterials with the CAA applicator significantly
enhances the efficiency and precision of MWH. By accelerating
the heating rate in the tumor region, this approach not only
substantially reduces the duration of thermal therapy but also
effectively minimizes thermal damage to surrounding healthy
tissues. These findings affirm the significant advantages and
clinical application potential of this synergistic treatment in MWH.

3. Experimental

3.1. Simulation of the CAA applicator

In this study, we used Ansys HFSS 2018 to perform electro-
magnetic simulation modeling of the CAA applicator, aiming to
calculate the phase information of each array element in TR
technology. To simulate an open free space environment, the
CAA applicator was placed at the center of an air box, with its
outer surface set at a distance of one-quarter wavelength from
the applicator. The boundary of the air box was set as a
radiation boundary condition. For the electromagnetic charac-
teristic analysis, we employed the finite element method (FEM)
and used the driven modal solution type.

To further analyze the distribution of temperature and
thermal damage fields, we conducted coupled electromagnetic
and thermal simulations using COMSOL Multiphysics 5.5. In
the RF module, all domains of the CAA applicator and homo-
geneous breast model were selected, with conditions set con-
sistent with those in HFSS. In the bioheat transfer module, the
biological tissue domain of the homogeneous breast model was
selected. The initial temperature was set to normal human
body temperature (37 °C). To simulate a circulating environ-
ment of 37 °C deionized water, a 37 °C temperature boundary
condition was applied to the outer surface of the breast skin,
while other external surfaces were set as thermally insulated
boundaries. The coupling of electromagnetic effects and heat
transfer processes was achieved through the electromagnetic-
heat multiphysics interface. The RF module used a frequency-
domain stationary solver to resolve electromagnetic problems,
while the bioheat transfer module employed a transient time
solver to handle heat transfer issues.

3.2. Materials

Sodium chloride (NaCl), anhydrous methanol, and anhydrous
ethanol were purchased from Beijing Chemical Reagent
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Company (China). Zinc nitrate (Zn(NOj3),-6H,0) was supplied
by Tianjin Chemical Reagent 3 Plant. 2-Methylimidazole (2MI)
was purchased from Beijing Bailingwei Technology Co., Ltd.
Hyaluronic acid (HA) was purchased from Beijing Lanyi
Reagent Company (China). Sucrose was obtained from Tianjin
Fuchen Chemical Reagent Co., Ltd. Hydroxyethyl cellulose was
purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. NaCl was obtained from Sinopharm Chemical Reagent
Co., Ltd. The reagents used in this work were of analytical grade
(A.R.) and required no further purification.

3.3. Preparation and characterization of materials

In this experiment, ZIF-8 was synthesized using a one-step self-
assembly method. First, Zn(NO;),-6H,O (0.446 g) and 2MI
(0.513 g) were separately dispersed in methanol (25 mL). Then,
the 2 MI methanol solution was added to the Zn(NOj3),-6H,0
methanol solution. The mixture was allowed to react at room
temperature for 24 hours, during which the colorless clear
solution gradually turned milky white. The clear supernatant
was removed using a pipette, followed by centrifugation to
obtain the solid precipitate ZIF-8. The precipitate was washed
three times with anhydrous ethanol by centrifugation. HA was
coated onto ZIF-8 through electrostatic interactions in an anhy-
drous ethanol-water mixed solution. First, HA (10 mg) was
dissolved in water (2 mL), and 10 pL of 1 M NaOH solution
was added to adjust the pH. Then, ZIF-8 (50 mg) was dissolved in
anhydrous ethanol (2 mL). The HA aqueous solution was added
dropwise to the ZIF-8 ethanol solution. The mixture was stirred
for 15 hours. After washing three times with anhydrous ethanol,
the nanomaterial ZIF-8@HA was successfully obtained.

The morphology of the obtained ZIF-8 and ZIF-8@HA was
characterized using transmission electron microscopy (TEM,
HT7700, Hitachi, Japan) and scanning electron microscopy
(SEM, Model 4300, Hitachi, Japan). The hydrodynamic particle
size distribution and zeta potential were measured using a Zeta-
sizer (Malvern Instruments Zeta-sizer Nano ZS90, UK). The
specific surface area and pore size of ZIF-8@HA were deter-
mined using a specific surface area and pore size analyzer (V-
Sorb 2800P, Beijing Jin’aipu Technology Co., Ltd, China).

3.4. MTS effect tests

MTS effect tests were divided into two parts, the in vitro MTS
effect and the phantom MTS effect, to evaluate the performance
of ZIF-8 and ZIF-8@HA as the MTSN.

3.4.1. In vitro MTS effect. First, ZIF-8 and ZIF-8@HA were
dispersed in 0.9% NacCl at different concentrations of 0, 3, 5, 7,
and 10 mg mL™". To ensure uniform dispersion, each sample
was treated in an ultrasonic bath for 5 minutes. The treated
dispersions were transferred to wells of a 12-well cell culture
plate, and 1 mL of the sample was added to each well. The MW
irradiation antenna was positioned beneath the cell culture
plate, while an infrared thermal imaging camera was installed
directly above to monitor the temperature changes of the
samples in real-time. The samples were exposed to MW irradia-
tion at a frequency of 915 MHz and a power of 1.8 W for
a duration of 5 minutes, with temperature data recorded every

This journal is © The Royal Society of Chemistry 2025
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30 seconds. Additionally, to verify the thermal stability of the
materials, the samples underwent three cycles of MW heating,
with temperature changes recorded after each heating cycle.

3.4.2. Phantom MTS effect. This experiment used a phan-
tom formulation reported in the literature,®?>* consisting of
54% water, 1.4% NaCl, 45% sucrose, 1% hydroxyethyl cellulose
(HEC), and 0.1% bactericide. ZIF-8@HA at different concentra-
tions (0, 10, 20, and 30 mg mL ') was dispersed in the
phantom. Each sample was treated in an ultrasonic bath for
5 minutes, then transferred to a well of a 12-well cell culture
plate, and 2 mL of the sample was added to each well. Subse-
quently, the phantom was subjected to MW irradiation using a
915 MHz microstrip circular patch antenna, with irradiation
powers set at 5, 10, and 15 W for a duration of 15 minutes, and
temperature data were recorded every 3 minutes. An infrared
thermal imager was used to monitor and record the temperature
changes of the phantom in real-time. Furthermore, to investigate
the MTS effect in deep cross-tissue scenarios, we placed ex vivo
porcine tissues of different thicknesses (including skin, fat, and
muscle) between the MW irradiation source and the phantom,
constructing cross-tissue models of 10 mm and 20 mm
thicknesses.

Each experiment was repeated three times to ensure the
accuracy and reliability of the data. The data were analyzed
using statistical software to evaluate the efficacy of ZIF-8 and
ZIF-8@HA as the MTSN.

3.5. Electromagnetic test

3.5.1 Coaxial probe method (Sainty-Tech Communications
Limited R60, China). First, ZIF-8@HA was dispersed in the
phantom at different concentrations and uniformly dispersed
using an ultrasonic bath. Subsequently, the phantom sample
was placed at the open end of the coaxial probe, ensuring good
contact between the probe and the sample while avoiding the
formation of bubbles. The electromagnetic properties of the
ZIF-8@HA phantom were measured using the coaxial probe
method.

3.6. Invitro cytotoxicity assay

The in vitro cytotoxicity experiment was conducted using the
MTT (methyl thiazolyl tetrazolium) colorimetric assay. Mouse
embryonic fibroblasts (L929) and mouse breast cancer cells
(4T1) were selected as model cell lines for the experiment. Cells
were seeded in 96-well culture plates at a density of 1 x 10* cells
per well and cultured for 24 hours at 37 °C with 5% CO, to form
a monolayer. Subsequently, the cells were co-cultured with a
series of gradient concentrations of ZIF-8 and ZIF-8@HA nano-
materials (0, 6.25, 12.5, 25, 50, and 100 pg mL ™). After 12 hours
of co-culture, MTT solution (0.5 mg mL™") was added to each
well and incubated for an additional 4 hours. MTT solution can
be reduced by mitochondrial dehydrogenases in living cells to
form purple formazan crystals, the production of which is
proportional to cell viability. After incubation, the MTT solution
was carefully removed from the culture wells and replaced with
150 pL of dimethyl sulfoxide (DMSO) to dissolve the formed
formazan crystals. Finally, the absorbance (OD) of each well
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was measured at 490 nm using a microplate reader. Wells
containing cells without nanomaterials served as negative con-
trols to determine 100% cell viability. Ten replicate wells were
set up for each concentration group to ensure data accuracy
and reproducibility.

3.7. Invitro tumor cell inhibition experiment

The in vitro tumor inhibition effect of ZIF-§@HA nanomaterials
was studied using the 4T1 cell model. The experiment was divided
into four groups: (1) control group, receiving no treatment; (2)
MW group, receiving only MW radiation; (3) ZIF-8@HA group,
only adding ZIF-8@HA nanomaterials (50 pg mL~"); (4) ZIF-8@HA +
MW group, first adding ZIF-8@HA nanomaterials (50 pg mL™"),
followed by MW radiation. 4T1 cells were seeded in 6-well plates at
a density of 1 x 10° cells per well and cultured in RPMI 1640
medium containing 10% fetal bovine serum at 37 °C with 5% CO,
for 24 hours to ensure cell adherence and growth. Subsequently,
50 pg mL ™' ZIF-8@HA was added to groups (2) and (4) and
incubated for an additional 12 hours. Thereafter, cells in the MW
and ZIF-8@HA + MW groups were subjected to MW radiation
(power 1.8 W, duration 3 minutes). After MW treatment, cells were
transferred to 96-well plates and incubated for 12 hours. Finally, the
cell viability in each group was assessed using the MTT assay.

3.8. CAA synergistic ZIF-8@HA experiment

The CAA Applicator and the phantom were placed in a thermo-
static chamber (DHG-9310A, Beijing Luxi Technology Co., Ltd,
China) to simulate constant human body temperature condi-
tions and reduce the influence of external temperature fluctua-
tions on experimental results. The design of the thermostatic
chamber allowed for circulating water tubes, temperature
measurement optical fibers, and coaxial cables to pass through
its holes. The holes were sealed with insulating gaskets to
ensure temperature uniformity within the chamber.

3.8.1. Before experiment commencement. The thermo-
static chamber door was closed and set to 37 °C. The heating
experiment was initiated after the 3-channel fiber-optic tem-
perature sensor (FTM-3CH-C220, Beijing Oriental Ruizer Tech-
nology Co., Ltd, China) monitoring confirmed that the
phantom temperature had stabilized at 37 °C £ 0.5 °C.

3.8.2. During the heating experiment. Deionized water was
circulated through the applicator at a flow rate of 50 mL s~
using a circulating water bath (HH-501, Baita Xinbao Instru-
ment Factory, China). A 915 MHz high-power MW source (KY-
300, Nanjing Kangyou Microwave Energy Application Research
Institute, China) distributed MW energy evenly to six input
ports of the applicator through a six-way power divider (CP06,
Sanjwt Communications Co., Ltd, China, operating frequency
range: 800-37000 MHz). Phase delays at each port were
achieved using coaxial cables of different lengths. The actual
input power and the phase to the applicator were determined
based on the excitation optimization calculations in Section
2.1. The heating duration was targeted to achieve a thermal
damage fraction (0) of 100% at the target area measurement
point. Fiber optic temperature sensors continuously monitored
the temperature in real-time. When the target area reached
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43 °C, it was considered to have reached the damage tempera-
ture (T4). Heating continued for an additional 30 minutes (¢4),
at which point 100% thermal damage was deemed to have
occurred at this point, and heating was subsequently stopped.

3.9. Statistical analysis

The data are presented as mean =+ standard error, and the
statistical significance was determined at a p < 0.05. Asterisks
(*) denote the level of significance between entries based on the
ttest (p < 0.05, ** p < 0.01, *** p < 0.001).

4. Conclusions

This study explores the synergistic MWH effects of combining
the CAA applicator with MTSN ZIF-8@HA for the treatment of
subcutaneous deep in situ breast cancer. Through a series of
experimental studies and theoretical analyses, the synthesis
and characterization of ZIF-8@HA, its MW thermal conversion
efficiency, the MTS mechanism, and the synergistic treatment
effect with the CAA applicator were thoroughly investigated.
The research results indicate that this synergistic strategy
demonstrates significant advantages in improving tumor treat-
ment efficiency and reducing damage to healthy tissues. The
main conclusions are as follows:

1. As an MTSN, ZIF-8@HA’s unique structural characteris-
tics significantly increased the dielectric loss in the tumor area,
enhancing MW energy absorption and thermal conversion
efficiency. In vitro experiments demonstrated that ZIF-8@HA
exhibited a high MW thermal conversion efficiency of up to
46.46%, proving its potential as an MTSN.

2. The phantom MTS effect of ZIF-8@HA was also significant,
and through measurements using the coaxial probe method and
COMSOL simulations, the average thermal damage score of
healthy tissues was reduced by more than 10%.

3. Cell experiments showed that when ZIF-8@HA was used in
combination with MW irradiation, the survival rate of tumor cells
decreased significantly, far lower than other treatment groups.

4. Cross-tissue MW heating verification experiments also
revealed the advantages of combining ZIF-8@HA with the CAA
applicator.

5. The combined application of the CAA applicator and ZIF-
8@HA significantly improved the precision and efficiency of
MWH. Phantom experiment results indicated that this syner-
gistic strategy could significantly shorten the time for the
tumor area to reach 100% thermal damage while effectively
reducing thermal damage to healthy tissues.

In summary, the combination of the CAA applicator and ZIF-
8@HA has demonstrated significant therapeutic effects and
clinical application potential in MWH for subcutaneous deep
in situ breast cancer.
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