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Abstract

To achieve better therapeutic outcomes in cancer treatment, the combination of radionuclide and chemotherapy
is commonly employed in clinical practice. However, the primary challenge lies in achieving precise drug

delivery to tumor tissues, often leading to suboptimal therapeutic efficacy. This study presents a novel, tumor
microenvironment-responsive drug delivery carrier that integrates real-time MRI/SPECT dual-modal imaging for
precise diagnosis and treatment monitoring. The carrier comprised is based on a hybrid structure composed of
hyaluronic acid (HA) and human serum albumin (HSA), encapsulating the metal-organic framework MIL-100(Fe). It
was loaded with the chemotherapeutic drug doxorubicin (DOX) and modified with the radionuclide '*'l, designed
to precise diagnosis and treatment of tumors. HA binds specifically to the overexpressed CD44 receptor on the
tumor surface, ensuring that the carrier targets tumors selectively. The incorporated '*'l emits B rays, which deliver
ionizing radiation to eradicate tumor cells. Concurrently, the carrier could release DOX in response to the tumor
microenvironment, inhibiting DNA synthesis and sensitizing the tumor cells to radiation. This combined approach
results in synchronous radionuclide therapy (RNT) and chemotherapy, maximizing therapeutic impact. In vitro and
in vivo experiments demonstrated that the carrier exhibited favorable biocompatibility, stable radionuclide labeling,
tumor-specific accumulation, and controlled release of DOX within the tumor microenvironment. Furthermore,
MRI/SPECT dual-modal imaging enabled real-time tumor localization and monitoring of the carrier in vivo
biodistribution. Experimental outcomes confirmed that this innovative carrier, combining RNT and chemotherapy,
significantly inhibited tumor growth. This strategy offers a promising approach for precision radio-chemotherapy
guided by dual-modal imaging, providing valuable insights for integrated targeted diagnosis and treatment of
tumors.
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Introduction
Combination therapies involving radionuclide and che-
motherapy are commonly employed to improve cancer
treatment outcomes. However, the systemic adminis-
tration of radionuclide and anticancer drugs frequently
results in rapid metabolism and nonspecific distribu-
tion, leading to significant toxic effects on patients [1, 2].
To mitigate these issues, nanomedicine strategies have
been developed to improve radionuclide delivery effi-
ciency, enhance lesion detection sensitivity, and boost
tumor treatment efficacy [3—5]. Nanocarriers, owing to
their unique physical, chemical, and biological proper-
ties, can co-deliver multiple drugs or imaging agents [6].
By designing nanocarriers that integrate both therapeu-
tic and diagnostic functions, they enable imaging-guided
control of drug release and targeted therapy [7]. This
approach increases local drug concentration and enables
precise treatment. Radionuclide-labeled nanocarriers
offer an effective approach to overcome challenges in
cancer diagnosis and treatment.

Radionuclide therapy eradicates tumor cells by emitting
a or P rays, but its efficacy is often limited by insufficient
radiation deposition, necessitating frequent high-dose
radiation. This can lead to severe side effects such as
immunosuppression and hematopoietic defects [8, 9].
Therefore, ensuring the targeted delivery of an adequate
dose of radionuclide to tumor tissues is crucial for the
success of radionuclide therapy. Numerous studies have
shown that surface functionalization of nanocarriers with
ligands specific to tumors for active targeting increases
their aggregation in tumor locations [10—12]. Hyaluronic
acid (HA), a natural polysaccharide, plays a key role in
tumorigenesis and has a strong affinity for the CD44
receptor, which is overexpressed on various cancer cells
and cancer stem cells [13]. Thus, it’s widely utilized for
active tumor-targeted delivery of drugs and genes. How-
ever, the therapeutic efficacy of radionuclide therapy can
be weakened over time, potentially leading to radiation
resistance in tumor cells. In clinical practice, combining
radiotherapy with chemotherapy is common, as chemo-
therapy drugs can enhance the sensitivity of radiation,
increasing the anti-tumor effect [14, 15]. However, sepa-
rate administrating of radiotherapy and chemotherapy
may result in inconsistent pharmacokinetics and tumor
homing curves, hindering to achieve optimal treatment
outcome [16]. Utilizing nanocarriers to co-deliver radio-
nuclides and chemotherapeutic agents offers a promising
solution, improving therapeutic efficacy while minimiz-
ing the adverse effects typically associated with radionu-
clide therapy.

Exploring new strategies for precise and effective deliv-
ery of sufficient therapeutic agents to tumor sites has
attracted considerable attention [17]. One key challenge
in nanocarrier-based systems is the leakage of drugs
during transport. Precise control of drug release is an
effective approach to overcome this issue. Researchers
have proposed various stimuli-responsive designs that
target unique features of the tumor microenvironment,
such as pH, redox state, reactive oxygen species, etc.,
to achieve controlled drug release [18—20]. The tumor
microenvironment is characterized by a weakly acidic pH
(pH =5.5-6.5) due to the extensive anaerobic glycolysis in
tumor cells, which is lower than that of normal tissues.
Additionally, the high concentration and reducing nature
of glutathione (GSH) in tumor cells create environment,
serving as a target for controlled drug release [21]. There-
fore, the weakly acidic and high GSH microenvironment
of tumor sites can be utilized to control drug release
without relying on external stimuli, significantly improv-
ing the bioavailability of therapeutic agents through dual-
stimuli responsiveness. Consequently, the development
of nanocarriers with targeting capabilities and tumor
microenvironment-responsive properties is a promising
strategy for enhancing the therapeutic efficacy of drugs.

Metal-organic frameworks (MOFs), a novel self-
assembled porous material with metal connecters and
organic bridging ligands, have been extensively studied
and applied in various potential biomedical fields [22].
Among them, iron-based MOFs, such as MIL-100(Fe),
are notable for attention due to their high porosity, large
surface area, biocompatibility, and biodegradability. They
can serve as carriers for drug delivery and as T, con-
trast agents for magnetic resonance imaging (MRI) [23,
24]. Human serum albumin (HSA), a naturally abundant
serum protein in the human body, possesses inherent
biocompatibility and has been widely recognized as an
optimal drug carrier for chemotherapeutic agents, pho-
tosensitizers, and radionuclide. The tyrosine-rich surface
of HSA also provides functional groups for specific label-
ing with radionuclide [25, 26].

In this study, an intelligent delivery system was
designed by combining HA and HSA to encapsulate
MIL-100(Fe), while simultaneously loading the chemo-
therapeutic drug doxorubicin (DOX) and the radionu-
clide "' This system enables real-time monitoring of
combined radionuclide therapy and chemotherapy with
magnetic resonance imaging (MRI) and single-photon
emission computed tomography (SPECT) dual-model
imaging (Fig. 1). The carrier utilized HSA and MIL-
100(Fe) to load DOX, while the abundant tyrosine on
the surface of HSA provides effective binding sites for
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Fig. 1 Schematic illustration of the synthesis route of "*'I-MHHD and MRI/SPECT imaging guided synchronous radionuclide and chemotherapy against

tumor

the labeling of '3'I [27]. This allows for the precise deliv-
ery of both radioactive isotopes and chemotherapeutic
agents specifically to tumor cells with overexpressed the
CD44 receptor using the targeting capabilities of HA
[28]. Furthermore, the carrier exhibits tumor microenvi-
ronment-responsive properties, enabling controlled drug
release upon encountering the unique conditions at the
tumor site, thereby minimizing its toxic side effects. This
system enhances the therapeutic effect by combining
radionuclide therapy and chemotherapy for a synchro-
nized, synergistic treatment of tumors. In addition to its
dual-modal imaging capabilities via MRI and SPECT, the
carrier also enables real-time monitoring of drug distri-
bution in vivo and supports tumor diagnosis. This radio-
nuclide-labeled carrier provides a new approach for the
diagnosis and against of tumors.

Materials and methods

Materials

1,3,5-benzenetricaboxylic acid (trimesic acid, BTC),
iron trichloride hexahydrate (FeCl;-6H,0), doxorubi-
cin hydrochloride, hyaluronic acid, and chloramine T
trihydrate were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Methanol, anhydrous
ethanol were purchased from Tianjin Fangdatong Zheng
Chemical Co., Ltd. Na'®'T were provided by the Depart-
ment of Nuclear Medicine. DMEM medium, fetal bovine
serum (FBS), penicillin-streptomycin solution and tryp-
sin sourced from Gibco. All the reagents used in the

experiment were of analytical grade and used without
further purification. 4T1 mouse breast cancer cells were
purchased from Procell Life Science&Technology Co.,
Ltd. Balb/C mice (female, 4-weeks-old) were acquired
from SPF (Beijing) Biotechnology Co., Ltd. MRI was
performed using 7.0T Micro MRI machine (Bruker,
Germany).

Characterizations

The morphology of MII-100(Fe) and MHHD was
observed by HT7700 transmission electron microscope
(Hitachi, Japan). The size and potential of MIL-100(Fe)
and MHHD were measured by Zetasizer Labblue (Mal-
vern, the United Kingdom). The UV Visible absorption
spectrum was performed by UH 5700 UV-Vis Spectro-
photometer (Hitachi, Japan). Elemental analysis of MII-
100(Fe) was performed using ESCALAB 250XI X-ray
photoelectron spectroscopy (Thermo, the United States).

Synthesis of MII-100(Fe)

First, 7.5 mM solution of FeCl;-6H,0O (in methanol) was
prepared and mixed with 7.5 mM solution of BTC solu-
tion in 40 mL of methanol. The mixture was vigorously
stirred for about 10 min at room temperature. Afterward,
the resulting solution was transferred into a 70 °C oil-
bath and reacted for 90 min. The reaction product was
collected by centrifugation and washed 3 times with eth-
anol and deionized water. Finally, the freeze-dried prod-
uct was stored at 4 ‘C for future use.
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Synthesis of MHH, MHD, MHHD nanoprobe

MIL-100(Fe) was mixed with HSA at a weight ratio of 5:1,
or with HA and HSA at a weight ratio of 10:1:1. The mix-
tures were stirred in an aqueous solution for 24 h to facil-
itate the co-assembly of MIL-100(Fe) with HSA(resulting
in MIL-100(Fe)@HSA, denoted as MH) or with HA/
HSA(resulting in MIL-100(Fe)@HA-HSA, denoted
as MHH). Subsequently, The MIL-100(Fe)@HSA@
DOX(MHD) or MIL-100(Fe)@HA-HSA@DOX(MHHD)
were obtained by mixing DOX with MH or MHH at
weight ratio of 1:1 in aqueous solutions, followed by
about 24 h of shaking in the dark.

Synthesis and stability of '3'I-MHH,'*'-MHD,"3'I-MHHD
Na'*![(2 mCi), MHH(2 mg/mL, 1mL) and chloramine
T solution(10 mg/mL, 400 pL) were added in a 25 mL
round-bottom flask. The mixture was stirred for 15 min
at room temperature, after which the unlabeled I was
removed by centrifugation (10000 rpm, 10 min) to yield
BII_MHH. The same method was followed to obtain 3I-
MHD and '*'I-MHHD.

To investigate whether T in 'I-MHH, 'I-MHD,
and "¥I-MHHD is stably covalently bound to the tyro-
sine residues of HSA rather than merely adsorbed on the
surface, the following experimental procedure was con-
ducted. Immediately after the reaction, the precipitates of
BIL_MHH, *'[-MHD, and "*'I-MHHD were subjected to
radioactivity measurement, denoted as CPM,,. The pre-
cipitate was then resuspended in ultrapure water, soni-
cated for 1 min to ensure homogeneity, and centrifuged
at 12,000 rpm for 10 min. The supernatant was carefully
collected, and the radioactivity of free '3'I was measured
and recorded as CPM;. The precipitate was subjected to
six cycles of washing and centrifugation. The percentage
of free ¥'I in the supernatant was calculated using the
formula: (CPM,/CPM,) x 100%.

To assess the labeling stability of *'I-MHHD and 3'I-
MHD in PBS(Control) and DMEM + 10%FBS (simulated
tumor microenvironment), 40 pCi of *'I-MHHD solu-
tions mixing with 2 mL different pH (5.5/7.4) of PBS or
DMEM + 10%FBS, respectively, and incubated at 37 °C.
The stability was evaluated at various time points: 0, 0.5,
1, 2, 4, 6, 24, 48, 96, and 168 h. Before detection, thor-
ough mixing with a pipette and sonicating for 1 min. The
initial CPM value was recorded using a gamma counter.
After centrifugation (12,000 rpm, 5 min), removed the
supernatant to eliminate free '*'I the radioactivity of the
precipitate was recorded as CPM;, while the radioactiv-
ity of solutions was recorded as CPM,, before centrifu-
gation. The ratio CPM,/CPM,, indicates the radiation
stability of the reaction. Each experiment was conducted
in triplicate. The radionuclide stabilization efficiency was
calculated using the formula: radionuclide stabilization
efficiency = CPM,/CPM,*100%.
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The encapsulation efficiency and drug loading efficiency
of DOX

The encapsulation efficiency and drug loading efficiency
of DOX were analyzed and determined by UV vis-
ible spectrophotometer. Firstly, DOX was loaded into
MH or MHH at a weight ratio of 1:1 to form MHD or
MHHD, respectively. Subsequently, the resulting prod-
uct was washed and centrifuged (12000 rpm, 10 min)
with ultrapure water to remove unloaded free DOX until
the supernatant became clear. The supernatant was col-
lected, and the absorbance at wavelength of 480 nm was
measured using the UV-visible spectrophotometer. The
encapsulation efficiency (EE) and drug loading capacity
(DLC) were calculated based on the following formulas:

weightof encapsulated DOX
totalweight of input DOX

EE (%) = x 100;

weight of encapsulated DOX

DLC (%) = x 100;

total weight of nanocarrier containing DOX

Detecting the release rate of DOX in MHHD

To investigate the release rate of MHHD at different pH
values, 2 mL of MHHD solution (with a DOX concen-
tration of 0.4 mg/mL) was transferred into a dialysis bag
(MWCO =3500 Da). The dialysis bag was then placed in
separate 10 mL PBS solutions with different pH values:
pH7.4, pH5.5, pH5.5+2 mM GSH and pH5.5+10 mM
GSH. The absorbance of DOX at 480 nm in the PBS solu-
tion was measured at various time intervals (0, 1, 2, 4, 6,
10, 24, 48, 72 h), and the percentage of DOX release was
calculated.

Detecting the nuclear magnetic resonance (NMR) effect of
MHHD

To verify the NMR effect of iron ions in MHHD, MRI was
performed under different Fe*>* concentrations (Cp,3,=0,
0.1, 0.2, 0.4, 0.8 mM), and the relaxation rate R, (1/T,)
was calculated based on the relaxation time (T,).

Hemolysis test and cytotoxicity assay

Whole blood was collected from healthy Balb/C mice
and centrifuged (1500 r/min,10 min) to obtain erythro-
cytes, which were then diluted with PBS. Subsequently,
MHHD at varying concentrations (50, 100, 200, 400,
800 pg/mL) were diluted with 800 uL of PBS solution and
incubated with 200 pL of diluted erythrocyte solution
at 37 °C for 12 h. PBS and ultrapure water were used as
positive and negative controls, respectively. After incuba-
tion, the tubes were then centrifuged (1500 r/min, 5 min)
and the OD value of the supernatant was determined at
540 nm using a microplate reader. The hemolysis rate
(HR) was calculated using the formula: HR= (ODj,,1e—
ODnegative control)/ (ODpositive control_ODnegative control) x100%.
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The cytotoxicity of MHH was determined using 4T1
mouse breast cancer cells. The 4T1 cells were inoculated
in 96-well plates and incubated for 24 h. Following this,
the cells were incubated with different concentrations
of MHH (50, 100, 200, 400, 800 pug/mL). Then the origi-
nal culture medium was removed, and 90 pL of DMEM
culture medium along with 10 pL of CCKS8 reagent were
added to each well. After incubating for 2 h, the absor-
bance at 450 nm was measured by a microplate reader,
and the cell survival rate was calculated. The cell survival
rate= (ODsample_OD blank)/(ODcontrol_ODblank)x100%'

In vitro cellular uptake

NIH 3T3 and 4T1 cells were seeded in 6-well plate at a
density of 2x10° cells per well and incubated for 24 h
at 37 °C in 5% CO,. Once the cells that were grown to
90% confluency, they were treated with 1 mL MHHD
(4.54 pg/mL, DOX at 2 pg), while untreated cells served
as a negative control. After incubation of 1, 2, and 4 h, the
cells were washed three times with PBS and harvested
after trypsin digestion. The uptake of MHHD was quanti-
fied using a flow cytometer.

To further demonstrate the targeting, NIH 3T3 and
4T1 cells were seeded into laser confocal culture dishes
and cultured overnight in the incubator at 37 °C in 5%
CO, overnight. The next day, microscopic observation
and cell counting were performed to ensure that the
two cell types were approximately equal in number and
both reached a confluence of 60%. Then 1 mL of MHHD
(4.54 pg/mL, DOX at 2 pg) was added to the culture
dish was incubated with 3T3/4T1 cells for 1, 2 and 4 h.
The supernatant was then aspirated, and the cells were
washed three times with PBS. The cell nucleus were
stained with 100 pL of DAPI (1 pg/mL) for 10 min, fol-
lowed by three additional washes. Finally, the uptake of
DOX in cells was observed using a laser confocal micro-
scope imaging instrument.

4T1 cells were separately seeded into 24-well plate and
cultured overnight. Once the cells reached 80% conflu-
ency, they were treated with 1 mL of *'I,"*'[-MHD,3!]-
MHHD (10 pCi/mL) was added to the cells. The cells
were then incubated for 5, 15, and 30 min, as well as 1,
3, 6, 12, and 24 h. After incubation, the culture medium
was discarded, and the cells were washed three times
with PBS. The radioactivity of each well was measured
using a y counter, recording the radioactive activity as
CPM,_.Blank control groups consisting of '3'I, 1*1-MHD,
and BI-MHHD that were not co-cultured with cells
were included in the experiment, with their radioactiv-
ity recorded as CPM,,. Each experiment was performed
in triplicate, and the calculation formula is: radioactive
nuclide uptake rate = CPM,/CPM,, * 100%.
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In vitro therapeutic effect
NIH 3T3 and 4T1 cells were separately seeded into
96-well plate and cultured overnight. Then 100 pL of
DMEM culture media with PBS,"*','*'-MHH,"'I-
MHD, MHHD,"*'I-MHHD(**'I at 3 uCi; DOX at 2 pg)
were added respectively. After incubation for 4 h, the cell
survival rate was calculated.

4T1 cells were separately seeded into 24-well plate
and cultured overnight. The culture medium was aspi-
rated, and the cells were washed with PBS. Then, 1 mL
of DMEM culture medium was added to each well. The
experimental group was treated with *!T and *'I-MHH
(3'1: 25 pCi), while the control group received no treat-
ment. After 24 h of incubation, the cells were washed
three times with PBS, digested with trypsin, and the
digestion was terminated by adding DMEM. The cells
were collected into EP tubes and centrifuged at 1000 rpm
for 5 min. Following centrifugation, the cells were washed
with PBS, and the supernatant was discarded. The cells
were then resuspended in 195 pL of Annexin V-FITC
binding solution, followed by the addition of 5 pL of
Annexin V-FITC, gently mixed, and then 10 pL of prop-
idium iodide (PI) was added and mixed thoroughly. After
incubating at room temperature for 15 min, the samples
were analyzed using a flow cytometer.In a parallel experi-
ment, cells were treated as described for 24 h, and each
well received Calcein AM and PI staining solution. After
incubating at 37 °C in the dark for 20 min, the staining
was observed under a fluorescence microscope.

4T1 cells were separately seeded into 12-well plate
and cultured overnight. Then the cells were treated
with PBS,"*'I, DOX,"*'I-MHH,"*'I-MHD, MHHD and
BIL_MHHD (DOX at 10 pg; '*'I at 15 pCi) at different pH
values (pH=5.5 and 7.4), respectively. After incubation
for 4 h, the cells were treated with y-H2AX and DAPI and
observed by fluorescence microscopy.

Dual modal SPECT/MRI

The tumor model (female, Balb/C, 4 weeks) was estab-
lished by subcutaneous injection of 2x10° 4T1 cells
into the right hind limb of each mouse. When the tumor
volume reached 200 mm?, mice were randomly divided
into 3 groups and injected with MHHD (DOX=1 mg/
kg) through the tail vein or intratumoral injection. In vivo
MRI was performed at various time points (0, 3, 6, 9, 12,
24 h and 3 d, 7 d) after injection using a 7.0T Micro MRI
machine at room temperature, and the relaxation time
(T,) of the tumor site was recorded. T,-weighted MRI
were acquired using the following parameters: repetition
time (TR)=2200, echo time (TE)=8.0 ms, field of view
(FOV)=3.5x35 mm, slice thickness=1 mm, and 7 con-
secutive slices. The relaxation R,=1/T, was calculated
based on the relaxation time (T,) of the mouse tumor
site.
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Similarly, the 4T1 tumor bearing mice were randomly
divided into 3 groups and injected with 100 pL"'I (200
uCi),® ' I-MHD (200 pCi) or “'I-MHHD (200 upCi)
through the tail vein or intratumoral injection. Whole
body images of mice were obtained at different time
points (0, 3, 6, 9, 12 and 24 h) after injection using Imag-
inE NET 632 SPECT system.

In vivo biodistribution evaluation

To quantify the biological distribution of *'I-MHD in
different organs, mice were injected with free *'I and
BILMHHD through the tail vein. At different time points
(0, 3, 6,9, 12, 24 h), the mice were dissected, and organs
including hearts, livers, spleens, lungs, kidneys, and
tumors were collected. After weighing each organ, the
radioactivity was measured using a gamma counter.

In vivo therapeutic effect evaluation and safety evaluation

When the tumor volume reached 100 mm?, tumor bear-
ing mouse were randomly divided into five groups and
injected with a total of 100 pL of PBS, 3 (200 pCi),
DOX,"*!'I-MHD, MHHD and "*!'I-MHD (DOX at 1 mg/
kg, '*'T at 200 pCi) through the tail vein. The changes of
weight in mice were recorded every other day. Tumor size
was measured bi-daily using a vernier caliper, and tumor
volume was calculated using the formula: tumor volume

(mm3) :%Width?. After 30 days, blood sam-

ples were collected from two groups of mice (PBS and
BBII_MHHD), for hematological and biochemical analysis.
The hearts, livers, spleens, lungs, kidneys, thyroids, and
muscles were dissected and weighed, and the organ indi-
ces were calculated. Finally, the tissues were fixed with
1% paraformaldehyde and stained with hematoxylin and
eosin (H&E) to observe the histopathological changes in
each organ. All animal studies were performed in accor-
dance with the guidelines of the Animal Ethics Commit-
tee of Shanxi Medical University.

Results and discussion

Characterization of MIL-100(Fe) and MHHD

We improved the synthesis of iron-based metal organic
framework MIL-100(Fe) NPs according to the method
reported in reference [23].Transmission electron micros-
copy (TEM) images revealed that MIL-100(Fe) exhib-
ited a complete morphology, uniform size, and excellent
dispersion (Fig. 2A). The results of X-ray photoelectron
spectroscopy (XPS) full spectrum analysis revealed
absorption peaks corresponding to Fe2p, Cls, and Ols
in the MIL-100 (Fe) sample (Fig. 2B), indicating that the
sample primarily consists of three elements: iron, car-
bon, and oxygen. The high-resolution spectrum of iron
indicated the presence of Fe?*/Fe3*pairs in the sample,
with a loading ratio of approximately 2.38% (w/w%) for
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Fe3*(Fig. 2C). Then, a layer of hyaluronic acid (HA)/
human serum albumin (HSA) mixture was coated on
the surface of MIL-100(Fe) to obtain MIL-100(Fe)@HA-
HSA (MHH), followed by loading doxorubicin (DOX)
to obtain MIL-100(Fe)@HA-HSA@DOX (MHHD).
TEM images (Fig. 2D) showed no significant changes in
the morphology of MHHD NPs compared to MIL-100
(Fe). Comparing the surface potential and particle size
changes of MIL-100(Fe) before and after encapsulat-
ing the HA/HSA mixture, the average hydrated particle
size of MIL-100(Fe) increased from 146.1+12.50 nm to
169.9+15.28 nm (Fig. 2E). The Zeta potential decreased
from -8.60+0.56 mV to —30.08+0.58 mV, attributable
to the negatively charged carboxyl groups in HA. After
loading with positively charged DOX, the Zeta poten-
tial increased to —16.66 +0.57 mV (Fig. S1). These results
indicated the nanocarrier’s successful encapsulation of
HA/HSA on MIL-100 (Fe) and the loading of DOX. The
UV visible absorption spectroscopy results revealed that
MIL-100(Fe) and DOX exhibited characteristic absorp-
tion peaks at 213 nm and 480 nm, respectively. The
absorption spectrum of MHHD displayed the charac-
teristic peaks of MIL-100(Fe), while the absorption peak
of DOX shifts from 480 nm to 490 nm. This shift was
due to the DOX loading in the outer layer of the carrier
HSA, further confirming the successful loading of DOX
(Fig. 2F). The drug encapsulation efficiency of MHHD
reached 93.28+5.45%, and the drug loading capacity
reached 44.01+1.49%. There was not significant differ-
ence in the drug loading and encapsulation efficiencies
compared to MIL-100(Fe)@HSA@DOX (MHD), indicat-
ing that the addition of the HA targeting molecule did
not affect its drug loading capacity (Fig. S2).
Subsequently, the drug release ability of MHHD was
evaluated under different pH environments. Due to the
instability of MIL-100 (Fe) under acidic conditions, the
release rate of DOX in acidic solution (pH=5.5) was
significantly higher than that in neutral solution. GSH
can reduce Fe** to Fe™, disrupting the coordination
bonds within the MIL-100 framework and accelerating
its degradation, thereby facilitating the release of DOX.
Moreover, the thiol groups in GSH can compete with
metal nodes for coordination, accelerating the frame-
work’s decomposition [29, 30]. To simulate the high
GSH concentration in the tumor microenvironment, the
DOX release was measured under GSH conditions. The
results showed that, under the same pH conditions, the
release rate of DOX in the presence of GSH was signifi-
cantly increased. As the increase of GSH concentration,
the release rate of DOX further elevated. At pH=5.5
and 10 mmol GSH, the cumulative release rate of DOX
reached 69.93 +8.02% after 72 h (Fig. 2G). These findings
demonstrated that MHHD can achieve controlled drug
release by leveraging the tumor microenvironment. The
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Fig. 2 The transmission electron microscopy (TEM) (A), XPS full spectrum (B) and fine spectrum of iron element (C) of MIL-100(Fe); the TEM of MHHD
(D); the size distribution of MIL-100(Fe) (0.01 mg/mL)and MHHD (0.01 mg/mL)(E) and the UV-vis absorption spectra of DOX(0.015 mg/mL); MIL-100(Fe)
(0.02 mg/mL), MHHD(0.04 mg/mL) (F); cumulative release rates of DOX at different conditions (G); the stability of radionuclide labeling of BI-MHHD in
PBS and DMEM medium containing 10% fetal bovine serum (DMEM+10% FBS) in pH5.5/7.4 after different time storage (H); the relationship between
relaxation rate R, (1/T,) and MHHD at different Fe** concentrations (insert: T, weighted MR images of MHHD at different concentrations) (I)

acid-responsive characteristics of MHHD was further
investigated. TEM results confirmed that MHHD under-
went significant degradation after being exposed to pH
5.5 for 24 h, showing irregular particle shapes observed.
In contrast, only partial degradation was observed at pH
7.4 (Fig. S3). This suggested that MHHD may be an acid-
sensitive metal-organic framework, potentially allowing
for degradation and drug release in the acidic microenvi-
ronment of tumors.

Additionally, the biocompatibility of carrier is a crucial
factor for their in vivo applications. Its hemolytic effect
severely limited its delivery process in the body, thus,
the hemolysis tests of MHH was conducted. The results
showed that even at concentration of MHH 800 pg/
mL, the hemolysis rate remained below 5% (Fig. S4),

indicating that the delivery carrier possessed good bio-
compatibility and provided potential for in vivo tumor
treatment. The tyrosine-rich HSA was used to label 31
onto MHHD by the chloramine-T labeling method, pro-
ducing '*'I-MMHD. To confirm the stable labeling of *'I
on the carrier, the labeled carrier was washed and cen-
trifuged, and the radioactivity of free '*'I in the superna-
tant was measured. The experimental data demonstrated
that the radioactivity of the supernatant remained con-
sistently below 2% after three consecutive centrifuga-
tion cycles. Following four rounds of centrifugation,
the supernatant contained less than 0.2% (Fig. S5). This
observation confirmed that the ''I adsorbed on the
surfaces of the '*'I-MHH, '*'I-MHD, and '*'I-MHHD
precipitates was effectively eliminated through the
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washing process. After three rounds of centrifugal wash-
ing of labeling yield of '*'I-MHH, '*!I-MHD, *'I-MHHD
was respectively determined to be 67.38+2.18%;
65.48 +2.76%, 65.85+3.46% [31]. Next, we conducted
experiments to validate the radio-stability of '*'I-MHD
and "¥'I-MHHD at different time points under PBS con-
ditions at pH 5.5 and pH 7.4, as well as in DMEM with
10% FBS. The results showed that the radio-stability of
the non-encapsulated hyaluronic acid nanoparticle '*'I-
MHD was 91.11% and 85.99% under acidic conditions in
PBS and DMEM + 10% FBS, respectively, and 90.82% and
91.09% under neutral conditions (Fig. S6). Conversely,
BIL.MHHD demonstrated radio-stability of 93.05% and
90.35% under acidic conditions after 24 h, with no sig-
nificant difference compared to 3'I-MHD (P>0.05).
On day 7, both *'I-MHD and "*'I-MHHD maintained
radio-stability above 82% in both acidic and neutral con-
ditions, also showing no significant difference (P>0.05)
(Fig. 2H). Additionally, we also evaluated MRI capability
of MHHD. As the concentrations of MHHD increased,
darker MRI images were obtained. The transverse rela-
tivity (R,) of MHHD was approximately 96.88 mM™!s™!
(Fig. 2I), which is comparable to that of the commercial
T,-MR contrast agent Resovist (e.g., Fe;O, NPs with
98.3 mM™!s71)), indicating MHHD’s potential as a novel
MRI contrast agent [32]. These excellent properties of
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metal-organic frameworks form a solid foundation for
further in vivo and in vitro studies.

Cellular uptake
Efficient tumor targeting is fundamental for precise deliv-
ery carriers. By modifying the surface of the carrier with
targeted ligands, it can recognize and bind to receptors
expressed on target cells, triggering receptor-mediated
endocytosis and enhancing probe uptake. In this study,
4T1 cells, which exhibit high CD44 receptor expression,
and 3T3 cells, with low CD44 receptor expression, were
selected as positive and negative models for HA-targeted
recognition, respectively. MHHD was co-incubated
with 3T3 and 4T1 for 1, 2, and 4 h, and then analyzed
using flow cytometry (Fig. 3A). Results demonstrated
that intracellular fluorescence intensity increased over
time. After 4 h, the fluorescence intensity of doxorubi-
cin uptake in 3T3 cells was 87.2 +2.13%, while it reached
98.4+1.22% in 4T1 cells. At the same time point, the
average fluorescence intensity in 4T1 cells was signifi-
cantly higher than that in 3T3 cells (P<0.01) (Fig. 3B).
This indicated that MHHD uptake increased significantly
over time, likely due to the overexpression of CD44
receptors on 47T1 cells, which tightly bind to HA, enhanc-
ing MHHD uptake (P<0.01).

To further confirmed that CD44-positive 4T1 cells
exhibit greater uptake of MHHD compared to 3T3 cells,
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Fig. 3 Flow cytometry analysis of MHHD (4.54 pg/mL, DOX at 2 ug) NPs incubated with 3T3 and 4T1 cells at different times (A) and its quantitative
analysis (B); Confocal laser scanning microscope images (C) and DOX fluorescence semi-quantitative analysis (D) of MHHD NPs (4.54 ug/mL, DOX at 2 ug)
incubated with 3T3 or 4T1 cells at pH 7.4/5.5, DAPI:1 pg/mL, Scale bar =50 pm; the uptake of "'l, *"I-MHD and "*"-MHHD (10 pCi/mL) in 4T1 cells at

different time using a gamma counter (E)
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thereby validating the targeting capability of MHHD of
HA, we conducted MHHD uptake in 3T3 and 4T1 cells
was also observed using confocal microscopy under iden-
tical conditions (pH="7.4), with nuclei stained by DAPIL.
The results showed weak red fluorescence of DOX in
3T3 cells at pH 7.4, but significantly higher red fluores-
cence signals in 4T1 cells (P<0.01). This difference was
attributed to negative CD44 expression in 3T3 cells and
overexpression in 4T1 cells (Fig. 3C). The tumor micro-
environment typically has a lower pH due to enhanced
glycolytic metabolism in tumor cells, leading to lactate
accumulation, which coincides with increased DOX
release from MHHD under acidic conditions. Therefore,
to simulate the acidic conditions of the tumor microen-
vironment, we co-cultured 4T1 cells with nanomateri-
als in media at different pH levels for a specific duration
to assess whether acidic conditions enhance the uptake
of MHHD by 4T1 cells. The resulted revealed the red
fluorescence intensity of DOX in 4T1 cells under acidic
conditions was 1.6 times higher than that under neutral
conditions after 2 h (Fig. 3D), indicating acidity enhances
DOX release from MHHD. Then '*![-MHHD accumula-
tion in 4T1 cells was measured at various times using a
gamma counter (Fig. 3E). Experimental results demon-
strated that cellular uptake of '*'I-MHD and *'I-MHHD
was significantly higher than that of free I, with the
retention time of !'*'I-labeled carriers in cells notably
longer than that of free '*!I. This confirmed that nano-
carriers enhanced both the uptake and retention of
radionuclides in cells. The uptake of 3![-MHHD was the
highest, peaking at 3 h, due to the HA-targeting mol-
ecule on the carrier surface specifically recognizing the
CD44 receptor on tumor cells, mediating endocytosis.
These findings demonstrated that '*'I-MHHD specifi-
cally bound to tumor cells with high CD44 expression,
improved radionuclide residence time in tumors, and
achieved controlled drug release by exploiting the tumor
microenvironment.

In vitro therapeutic evaluation

To advance therapeutic studies in mice, we fur-
ther assessed the combined therapeutic efficacy of
BBI_MHHD. First, the cytotoxicity of the drug delivery
carrier (MHH) alone was examined by Cell Counting
Kit-8 (CCK-8) assay. The results showed that the MHH
maintained cell viability above 90% for both mouse
embryonic fibroblast 3T3 cells and mouse breast can-
cer 4T1 cells, even at a high concentration of 800 pg/mL
(Fig. 4A). This indicated that the low cytotoxicity and
excellent biocompatibility of the carrier material itself. To
assess the apoptosis-inducing efficacy of the *'I-MHH
targeted therapeutic agent, a flow cytometry-based
Annexin V-FITC/propidium iodide (PI) dual staining
assay was performed. The data indicated free '*'I group
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exhibited minimal early and late apoptosis in response
to cellular damage, yet demonstrated notable targeting
specificity (Fig. 4B). In contrast, the *'I-MHHD group
showed a more pronounced trend toward early apoptosis
reached 9.75% (Fig. S7), compared to *'T alone, although
significant late apoptosis was not observed after 24 h of
incubation. To furture evaluate the therapeutic impact of
the radiolabeled carrier on tumor cells, the Calcein-AM
(AM, green fluorescence) and PI (red fluorescence) were
used to label live and dead cells respectively. The results
suggested significantly higher red fluorescence intensity
in the ¥'I-MHH compared with the control and free 31
groups(p<0.01). Specifically, the fluorescence intensity
of PI in *'[-MHH was 2.75 times higher than that in the
free ¥ group, indicating that the nanocarrier enhance
the cytotoxicity of radionuclides to tumor cells (Fig. S8).
These findings align with the Annexin V-FITC/PI apop-
tosis assay results.

Moreover, the cell viability of 3T3 and 4T1 cells after
treatment with different concentrations of *'I-MHHD
was evaluated using CCK8 assay. It was found that at
the same concentration, the survival rate of 4T1 cells
was significantly lower than that of 3T3 cells. When the
DOX concentration reached 5 pg/mL, the survival rate of
3T3 cells was 66.58 +1.74%, while that of 4T1 cells was
52.98+0.96% (Fig. 4C), reflecting the specific targeting
ability of *'I-MHHD to 4T1 cells, which enhances cyto-
toxicity. Then the Chou-Talalay method was employed
to assess the synergistic interaction between the com-
bined therapeutic modalities. The combination index
(CI) was calculated by the Chou-Talalay method using
CompuSyn version 1.0. Resualts indicated when fraction
affected(Fa)=0.5, CI=0.66<1, indicating a significant
synergistic effect of the combined treatment of of the
DOX and "' (Fig. S9). The tumor-killing efficacy of the
carrier under different treatment methods was further
investigated. The CCK8 assay results indicated that the
free I exhibited minimal toxicity to 4T1 cells, while the
toxicity of radionuclide-labeled carriers (**'I-MHH, 3!I-
MHD, !3'I-MHHD) increased as concentration increases.
This was attributed to the carrier’s ability to improve the
uptake and retention time of the radionuclide in tumor
cells, thereby increasing its lethality. When the radio-
nuclide reached 7.5 pCi/mL, the cell survival rate of the
BILMHHD group was significantly lower than that of
the ¥'I-MHD group, likely due to the CD44-targeting
molecule HA in the *'I-MHHD group, resulting in a
more potent therapeutic effect (Fig. 4D). The cell survival
rate of the '*'I-MHHD combined treatment group was
significantly lower than that of the *'I-MHH and MHHD
alone treatment groups, indicating that the simultaneous
combination of radionuclide therapy and chemotherapy
could markedly improve the therapeutic effect. Addition-
ally, considering the pH-responsive nature of the carrier,
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we also evaluated its impact on tumor cell therapy under
different pH conditions, simulating an acidic tumor
microenvironment. The results showed that the sur-
vival rate of 4T1 cells incubated with *'I-MHD, MHHD,
and ¥'I-MHHD under acidic conditions (pH=5.5) was
significantly lower than that under neutral conditions
(pH=7.4) (P<0.05). At a DOX concentration of 5 pg/mL
and a 'l concentration of 7.5 uCi/mL, the survival rate
of 4T1 cells treated with '*'I-MHHD was 51.27 +1.92%.
However, under acidic conditions, the survival rate
of BII-MHHD NPs was only 25.97+5.50% (P<0.01)
(Fig. 4E). This difference may be attributed to the insta-
bility of the carrier under acidic conditions, leading to
enhance the release of DOX and thereby improving the
therapeutic effect.

To further assess DNA damage in tumor cells, the
semi-quantifying y-H2AX immunofluorescence was
performed. The results showed that under neutral

conditions, the free '*'I group only exhibited weak green
fluorescence, indicating only a small amount of DNA
breaks. Additionally, the free DOX demonstrated a
stronger tumor-killing effect compared to the MHHD
group loaded with an equivalent concentration of DOX,
which was attributed to the limited release of DOX
from MHHD under neutral conditions. What’s more,
the green fluorescence intensity of the *'I-MHH group
was stronger than that of the free 3!l group, while the
BBIL_MHHD group exhibited even more intense fluores-
cence compared to the '*'I-MHD group. This observa-
tion indicated that HA encapsulated within the carrier
significantly improved targeting to 4T1 cells, thereby
enhancing the therapeutic effect of the probe (Fig. 4F).
The green fluorescence intensity of the '*!'I-MHHD
combined treatment group was notably higher than that
of observed in both the radionuclide treatment group
(®'I-MHH) and the chemotherapy treatment group
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(MHHD). This finding suggested that the concurrent use
of radionuclide therapy and chemotherapy achieved a
superior therapeutic outcome compared to either treat-
ment alone, consistent with the results obtained from
the CCK8 method. Under acidic conditions, the fluo-
rescence intensity of "*'I-MHHD was 1.87 times higher
than under neutral conditions (Fig. 4G). This was attrib-
uted to the pH-responsive behavior of carrier’s facilitated
the synchronous release of DOX, which, in combination
with radionuclides, promoted DNA damage and inhib-
ited tumor cell proliferation. These findings confirmed
the carrier’s ability to respond effectively to the tumor’s
acidic microenvironment, thereby enhancing the com-
bined therapeutic effects of radionuclide and chemother-
apy for increased tumor cell lethality.

In vivo dual-modal imaging and in vivo distribution
MIL-100(Fe) possesses nuclear magnetic imaging capa-
bilities, while radionuclide **'I emits both B and y rays,
enabling it suitable for radiation therapy and as a tracer
agent for SPECT imaging. MRI offers high spatial reso-
lution for soft tissues, delivering accurate anatomical
details and tumor mapping [33]. In contrast, SPECT
imaging offers high sensitivity, quantification, and deep
penetration, useful for early tumor diagnosis and in vivo
drug metabolism studies [34, 35]. Integrating multiple
imaging technologies offers complementary advantages
and represents a promising direction in molecular imag-
ing development. Next, MRI and SPECT imaging in 4T1
tumor-bearing mice using "*'I-MHHD were studied. In
the experiment, *'I-MHHD was administered via both
tail vein and intratumoral injection, with MRI imag-
ing performed at various time points (Fig. 5A). Follow-
ing tail vein injection, a significant darkening effect was
observed at the tumor site, peaking at 9 h post-injection
and gradually diminishing by 24 h, with T, mapping val-
ues returning to pre-injection levels (Fig. 5B), indicating
carrier metabolism. Additionally, intratumoral injection
led to immediate probe accumulation, with a pronounced
darkening effect still could be observed at the tumor site
after 24 h. T, mapping quantitative data analysis revealed
that the probe remained at the tumor site for up to 7 days
(Fig. 5C).

Then, we compared the retention effects of free
BIL_MHD, and *'I-MHHD in tumor tissue by SPECT
imaging. The tumor-bearing mice were randomly divided
into three groups, receiving an intravenous injection of (i)
B3I (200pCi, 100uL), (i) **'1-MHD (200 pCi, 100pL), (iii)
BBIL_MHHD (200 uCi, 100uL). Whole-body SPECT imag-
ing was performed on the mice at 0, 3, 6, 9, 12, and 24 h
post-injection (Fig. 5D). The results showed that '*'T was
extensively taken up by the thyroid gland within 3 h after
injection, with minimal accumulation in the organs. By
9 h post-injection, nearly all the '3'T was absorbed by the

1311
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thyroid gland. Conversely, the "*'I-MHHD group exhib-
ited peak signal intensity at the tumor site at 9 h post-
injection, with gradually decreased and minimal thyroid
uptake, aligning with MRI observations. However, the
non-targeted '*!I-MHD showed limited accumulation at
the tumor site, with the majority being taken up by the
thyroid. This significant difference is attributed to HA’s
high specificity, enhancing tumor enrichment and reten-
tion time. Following intratumoral injection of different
probes, the radiolabeled carrier largely prolonged reten-
tion at the tumor site, with minimal uptake by the thyroid
after 24 h, unlike free '3'I (Fig. S10). This may be due to
gradual degradation of the carrier in the tumor microen-
vironment, releasing small amounts of '3!I absorbed by
the thyroid.

Subsequently, analysis of probe biodistribution in vari-
ous organs by y-counter detection, revealed that free 31
primarily accumulated in the liver, spleen, and lungs, with
negligible tumor localization, and was rapidly metabo-
lized within 6 h (Fig. 5E). In the *'I-MHHD group, the
probe initially distributed in the liver, spleen, lungs, and
kidneys after injection, gradually being cleared over time
(Fig. 5F). However, signals intensity increased at tumor
site, peaking at 9 h with significant differences compared
to other time points (p<0.01) (Fig. S11). Results con-
firmed that the delivery carrier effectively retained '3' at
the tumor site for extended periods, reducing radiotoxic-
ity and enabling accurate tumor diagnosis and localiza-
tion via MRI /SPECT imaging.

In vivo evaluation of synchronous therapy

To assess the therapeutic effects in vivo, different probes
were tested on 4T1 tumor-bearing mice, which were ran-
domly divided into six groups (n=3 per group): (i) PBS
(Control), (ii) Free-'3', (iii) Free-DOX, (iv)*'I-MHD,
(v) MHHD and (vi) !I-MHHD. After intratumorally
injected of PBS or different probes, the mice were moni-
tored for body weight and tumor volume every two days
for 30 days post-treatment. Tumors were collected on day
30 for histopathological examination and immunofluo-
rescence staining. (Fig. 6A). Results showed that weight
changes across all groups were comparable to the control,
indicating no significant toxicity of the carrier (Fig. 6B).
During treatment period, tumor size progressively
increased in the PBS, Free-'*'I, Free-DOX, and *'I-MHD
groups (Fig. 6C). Notably, the tumor inhibition rate of the
BIL_MHD group was significantly lower than that of the
BIL_MHHD group (P<0.001), which can be attributed to
reduced accumulation at the tumor site due to the lack
of targeted protein HA and the premature drug release
during its transit through the bloodstream prior to reach-
ing the tumor, thereby diminishing therapeutic effects. In
contrast, tumor growth in the MHHD group was signifi-
cantly less than that in the *'I-MHD, DOX, and control
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groups, likely because MHHD’s HA surface facilitated
targeted drug delivery and released DOX by the tumor’s
acidic and high-GSH microenvironment, inhibiting
growth. However, tumor growth in the *'[-MHHD com-
bination group was significantly lower than that in the
MHHD group, demonstrating the enhanced inhibitory
effect from the simultaneous combination of radionu-
clides therapy and chemotherapy (Fig. 6D).

To further investigate the antitumor effects of differ-
ent probes, tumor sections from various treatments were
collected for histopathological and immunofluorescence
analysis. As illustrated in Fig. 6E, the control, **'I, and
DOX groups showed minimal tumor damage, while the
BBIL_MHD group exhibited slight apoptosis. Tumor sec-
tions from the MHHD and '*'I-MMHD groups displayed

increased TUNEL green fluorescence and H&E staining
revealed typical apoptotic features, such as condensed
and deeply stained nuclei, with the most pronounced in
the '¥I-MMHD group. These findings confirmed that
IBII_MMHD effectively targeted tumor sites, utilizing the
tumor microenvironment for enhanced the co-treatment
of radionuclide and chemotherapy, significantly improv-
ing tumor inhibition.

In vivo safety evaluation

Safety assessment of nanomaterials is a crucial param-
eter to advance clinical applications. Therefore, the in
vivo biosafety of *'I-MHHD was studied by analyzing
blood biochemical and routine parameters in treated
mice. Compared to the PBS control group, there were
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no significant differences in red blood cell count (RBC),
platelet

count (PLT), hemoglobin (HGB), hematocrit (HCT),
mean corpuscular hemoglobin (MCH), and mean cor-
puscular hemoglobin concentration (MCHC) in the
treated mice (P>0.05) (Fig. 7A), indicating good blood
safety. Serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) serve as key markers for
liver injury, while blood urea nitrogen (BUN) and cre-
atinine (CREA) are critical for assessing renal function
[36]. There was no significant difference in ALT, AST,
BUN and CERA levels in serum collected after treat-
ment compared to the PBS group (P>0.05), suggesting
that tail vein injection did not cause liver or kidney dam-
age. Major organs, including heart, liver, spleen, lung,
and kidney, were harvested for organ index analysis and

H&E staining. Both the experimental and control groups
showed normal organ indexes with no significant dif-
ferences (Fig. 7B), and H&E staining revealed no patho-
logical changes (Fig. 7C). This indicated that "*'I-MHHD
treatment did not cause side effects, demonstrating
good biological safety. Additionally, considering the high
iodine uptake of the thyroid gland, the probe was further
tested for its effect on the thyroid gland, and there were
also no significant pathological abnormalities (Fig. S12),
suggesting *'I-MHHD remained relatively stable and
held promise for clinical application.

Conclusions

In summary, we have successfully constructed a new
biocompatible iron-based metal-organic framework
as a drug delivery carrier that responds to the tumor
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Fig. 7 Changes in Alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea, creatinine (CREA), red blood cell count (RBC), platelet
count (PLT), hemoglobin (HGB), hematocrit (HCT), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) (A), and
indexes of the various organs were observed 30 d after PBS and BIMHHD injection in tumor-bearing mice (B), (n=3); hematoxylin-eosin (H&E) stained

sections of various (C)

microenvironment. This innovative carrier can load
and precisely deliver both radionuclide and anticancer
drugs, enabling the synchronized combination therapy
of radionuclide and chemotherapy. The in vitro and in
vivo experiments demonstrated that the encapsulation
of hyaluronic acid allowed for targeted delivery to tumor
cells overexpressing CD44 receptor. Utilizing the tumor
microenvironment, the carrier enhanced the release of
doxorubicin at the tumor site, thereby improving the
efficacy of both radionuclide therapy and chemotherapy.
This approach provides a precise and synchronized strat-
egy, leading to enhanced therapeutic outcomes. Addi-
tionally, the carrier allowed for real-time monitoring of

its distribution within the body and enables tumor diag-
nosis under MRI/SPECT dual-modal imaging. Therefore,
this delivery carrier held significant diagnostic and thera-
peutic potential for image-guided radio-chemotherapy of
solid tumors, presenting a promising strategy for clinical
combined radio-chemotherapy in cancer treatment.
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