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Herein, we report a xanthium-like multicomponent supramolecular assembly with target and effec-
tive anticancer ability, which integrates photothermal therapy (PTT), chemodynamic therapy (CDT), and
chemotherapy. The ferrocene-modified iron-based metal-organic frameworks (Fc-MIL-88B) act as the
core-carrier to effectively doped photothermal reagent gold nanoparticles (Au) and encapsulate the
model drug emodin, then further bind with the biotin-modified cyclodextrin (Bio-PE-CD) as the targeting
"thorns" for cancer cells, ultimately forming the nanoreactor Fc-MIL-88B@Au@emodin@Bio-PE-CD. No-
tably, the supramolecular reactor not only exhibits tumor microenvironment-responsive disassembly per-
formance to release anticancer drugs but also provides an abundant Fe source for intracellular Fenton
reaction to produce hydroxyl radicals, then cooperating with the photothermal effect of gold nanoparti-
cles to induce apoptosis of cancer cells. Finally, the trinity supramolecule exhibits excellent therapeutic
efficacy and biosafety at the cellular and in vivo levels, providing a novel strategy for the development of

synergistic antitumor nanoplatforms.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Although many antitumor methods have been developed, in-
cluding photodynamic [1], photothermal [2,3], chemotherapy [4,5],
immunotherapy [6], and chemodynamic therapy [7], these ther-
apeutic approaches inevitably have some shortcomings, and it is
difficult to achieve precise targeted therapy. Among them, pho-
tothermal therapy (PTT) has received extensive attention due to
its advantages of high specificity, good biocompatibility, non-
invasiveness, and good selectivity. However, heat shock proteins
will be activated during photothermal therapy, resulting in in-
creased thermal tolerance of cancer cells and reduced therapeutic
efficacy of PTT [8]. Nevertheless, the increased temperature in tu-
mor can significantly improve the efficiency of Fenton or Fenton-
like reactions in chemodynamic therapy [9] and promote the re-
lease of anticancer drugs in drug delivery systems [10]. Therefore,
if PTT, chemotherapy, and CDT are integrated into one supramolec-
ular platform, the efficient synergistic anticancer therapy should be
realized.
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yongchen@nankai.edu.cn (Y. Chen).
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To this end, the supramolecular assembly strategies provide a
new development approach for the construction of a multifunc-
tional antitumor nanoplatform. Iron-based metal-organic frame-
works (Fe-MOFs) possess three-dimensional (3D) framework struc-
tures with microporous channels and cages [11-13], endowing
unique advantages such as large specific surface area, high poros-
ity, and good biocompatibility, which are beneficial to load drugs,
nanozymes, and photothermal effect nanoparticles, then serve as
nanocarriers in the drug delivery platform. Yet, the MOF nanocar-
riers still face problems such as single stimulus response, early
leakage of loading drugs, and less controllability [14]. On the other
hand, cyclodextrins (CDs) have hydrophobic cavity and hydrophilic
hydroxyl group, which can not only bind with drugs as guests by
dynamic and reversible host-guest interaction to achieve respon-
sive drug release [15-17], but also graft specific targeting units to
give macrocyclic supramolecular targeting delivery systems. There-
fore, the combination of Fe-MOFs and CDs building blocks through
a supramolecular assembly strategy can exert individual function-
alities, mutual complementarity, and synergistic effects. Among
many guest molecules that can be selectively and strongly bonded
by cyclodextrins, ferrocene derivatives can be included by SB-CD
at a 1:1 stoichiometric ratio, giving a strong binding constant
up to 103 L/mol [18,19], and their binding behavior exhibits re-
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Scheme 1. Supramolecular xanthium-like nanoreactor for synergistic antitumor therapy.

dox responsiveness. Additionally, the ferrocene derivatives possess
excellent Fenton effect due to abundant Fe?*, generating reac-
tive oxygen species (ROS) with cancer cell toxicity [20,21]. There-
fore, ferrocene could be served as the functional supramolecular
linker to integrate CD and MOF to form tumor microenvironment-
responsive supramolecular platform.

In this work, supramolecular cascade assembly strategy was
employed to construct antitumor nanoreactors, in which, MIL-
88B (Fe) acted as the carrier of photothermal gold nanoparti-
cles (Au NPs) and antitumor drug emodin, then grafted with
the supramolecular linker ferrocenecarboxylic acid (Fc) to give
Fc-MIL-88B@Au@emodin, further bonded with targeting agent bi-
otin functionalized pB-cyclodextrin (Bio-PE-CD) to construct Fc-
MIL-88B@Au@emodin@Bio-PE-CD by multi-noncovalent interac-
tions (Scheme 1). Particularly, besides the disassembly releasing
drugs from supramolecules responsive to the tumor microenviron-
ment, the supramolecular linker in nanoreactors can catalyze the
endogenous H,0, to produce -OH and Fe3+ by the Fenton reaction,
and then the generated Fe3t will react with GSH to form Fe?*,
achieving the oxidation/reduction cycle in cancer cells. Finally, the
antitumor efficacy of nanoreactors with photothermal, chemody-
namic, and chemotherapy functions was evaluated by in vitro and
in vivo experiments.

Firstly, PVP-stabilized Au NPs was selected as the photother-
mal agent of the nanoreactor and synthesized by the reported
method [22]. After centrifugation, the obtained wine-red solution
gives light-path from the Tyndall effect (Fig. S1 in Supporting in-
formation), manifesting the nanoparticles existing in the solution
[23]. The characteristic absorption peak of Au NPs was observed
at 521 nm in UV-vis spectra (Fig. S2 in Supporting information)
[24]. Fig. 1a shows that uniform spherical nanoparticles with a di-
ameter of 20nm were found in transmission electron microscopy
(TEM) images, which was also consistent with the particle size
(23nm) tested from dynamic light scattering (DLS) experiments
(Fig. 1g). Next, the Au nanoparticles were mixed up with FeCl3 and
2-aminoterephthalic acid, then went through hydrothermal synthe-

sis to prepare MOFs doped Au NPs (MIL-88B@Au). In TEM picture
(Fig. 1b), MIL-88B@Au exhibits a regular biprism morphology with
small nanoparticles, preliminarily suggesting Au NPs doped into
MOF; the solution particle size of MIL-88B@Au is measured to be
187 nm (Fig. 1g). In addition, Energy dispersive scanning (EDS) fur-
ther confirmed that the MOF carrier contained Au (Fig. S3 in Sup-
porting information). The supramolecular linker ferrocene deriva-
tive (Fc) was grafted on the surface of nanocarriers by the con-
densation reaction between ferrocene carboxylic acid (Fc-COOH)
and the amino group on MIL-88B@Au. The morphology of MIL-
88B@Au is almost unchanged after modification with the linker Fc
(Fig. 1c), but the particle size was increased to 257 nm (Fig. 1g). In
the UV-vis spectrum of Fc-MIL-88B@Au (Fig. S4 in Supporting in-
formation), the characteristic absorption peak of FC was observed
at 263 nm, indicating the Fc unit was introduced in the nanocarrier.
Compared with MIL-88B@Au, the characteristic diffraction peak of
Au-doped MOFs still exists in Fc-MIL-88B@Au (Fig. S5 in Support-
ing information), manifesting the modification of the carrier sur-
face does not change the original crystal structure. The element
valence and chemical bonds in Fc-MIL-88B@Au were analyzed by
X-ray photoelectron spectroscopy (XPS). Significant signals of Fe,
C, N, O, and Au elements were detected in the full spectrum of
Fc-MIL-88B@Au (Fig. 1e). Two peaks were found at 399.3eV and
400.5eV in the N 1s spectrum (Fig. S6a in Supporting information),
which were assigned to the C-N and O=C-N bonds, respectively,
and further confirmed the successful introduction of Fc [25]. The
characteristic peaks of Fe2+ and Fe3+ were found at the range of
709.5-713.0eV and 723-726.5eV (Fig. S6¢ in Supporting informa-
tion), which proved that Fc was indeed connected to the nanocar-
riers.

Subsequently, emodin was selected as the anticancer model
drug (Fig. S7 in Supporting information) to investigate the drug
loading capacity of Fc-MIL-88B@Au. The emodin was added
and mixed with the solution of carrier Fc-MIL-88B@Au, then
shaken and oscillated by laboratory shaker to construct Fc-MIL-
88B@Au@emodin. The UV-vis spectrum (Fig. S8 in Supporting in-
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Fig. 1. TEM images of (a) Au NPs, (b) MIL-88B@Au, (c) Fc-MIL-88B@Au, and (d)
Fc-MIL-88B@Au@emodin@Bio-PE-CD. (e) XPS spectrum of Fc-MIL-88B@Au. (f) Ni-
trogen adsorption-desorption isotherms of Fc-MIL-88B@Au@emodin and Fc-MIL-
88B@Au. (g) DLS diagram of Au NPs, MIL-88B@Au, Fc-MIL-88B@Au, Fc-MIL-
88B@Au@emodin, and Fc-MIL-88B@Au@emodin@Bio-PE-CD. (h) Zeta potential of
MIL-88B@Au, Fc-MIL-88B@Au, emodin, Fc-MIL-88B@Au@emodin, Bio-PE-CD, and Fc-
MIL-88B@Au@emodin@Bio-PE-CD.

formation) shows that the characteristic absorption peak of emodin
at 466 nm was observed in Fc-MIL-88B@Au@emodin, indicating the
model drug was encapsulated by the nanocarriers. At the same
time, after loading emodin, the specific surface area and pore
size of Fc-MIL-88B@Au decreased from 60cm3/g and 11.13nm to
50cm3/g and 8.42nm, respectively (Fig. 1f), the particle size in-
creased from 257 nm to 285 nm (Fig. 1g), manifesting emodin was
successfully loaded to the nanocarriers. After optimizing the sub-
stance ratio of 1:1 and the drug loading time of 36h (Fig. S9
in Supporting information), the encapsulation efficiency and load-
ing rate of Fc-MIL-88B@Au@emodin were tested as 40.9% and
20.45 %, respectively. The biotin-modified B-cyclodextrin derivative
Bio-PE-CD was synthesized (Scheme S1 in Supporting information)
and assembled with Fc-MIL-88B@Au@emodin to give nanoreactor
Fc-MIL-88B@Au@emodin@Bio-PE-CD by the strong host-guest in-
teraction between the supramolecular linker (Fc-COOH) and S-
cyclodextrin of Bio-PE-CD (Figs. S10 and S11 in Supporting infor-
mation). After coassembly with Bio-PE-CD, the nanocarrier still
gave "xanthium-like" assembly structure in TEM image (Fig. 1d),
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Fig. 2. (a) The temperature change curves of Fc-MIL-88B@Au@emodin@Bio-PE-CD
with different concentrations under 808 nm laser irradiation. (b) The temperature
change curve of Fc-MIL-88B@Au@emodin@Bio-PE-CD under different laser power
density irradiation. (c) The color change of TMB solution (pH5.4) in different
concentrations of nanoreactors. (d) Validation of the mechanism of "OH produc-
tion from H,0, catalyzed by nanoreactor. (e) UV-vis spectra of TMB/H,0; in the
presence of different concentrations of nanoreactors. The release rate of Fc-MIL-
88B@Au@emodin@Bio-PE-CD at different pH (f) and H,0, (g) conditions.

and the particle size increased to 305nm (Fig. 1g); thus, the
nanovalve Bio-PE-CD was successfully bonded on the surface of Fc-
MIL-88B@Au@emodin. In addition, Fc-MIL-88B@Au@ emodin@Bio-
PE-CD gives a positively zeta potential as +53.15mV (Fig. 1h),
which is conducive to entering the cancer cells [1]. To test the
stability of nanoreactors, Fc-MIL-88B@Au@emodin @Bio-PE-CD was
dispersed in ethanol for 7 days, and the measured DLS did not
change significantly (Fig. S12), indicating the assembly has good
stability and is suitable to act as a functional antitumor nanoplat-
form.

Next, photothermal, catalytic, and responsive drug-releasing
properties of the nanoreactor were studied to evaluate its feasi-
bility as the antitumor nanoreactor. Laser irradiation experiments
were performed to investigate the photothermal properties of Fc-
MIL-88B@Au@emodin@Bio-PE-CD. Figs. 2a and b show that the so-
lution temperature increased with the assembly concentration and
laser power density. Compared with deionized water, the solution
temperature of the assembly increased by 9.7 °C after 3005 irradi-
ation with 0.5W/cm? power density, showing good photothermal
performance and can be applied to photothermal antitumor. Since
the assembly is rich in Fe sources, including ions and ferrocene,
which can act as the catalyst for the Fenton reaction of H,0, to
produce -OH, the possibility of the assembly as a nanoreactor is
further verified by the 3,3’,5,5'-tetramethylbenzidine (TMB) color
reaction. In Fig. 2c, the color of the TMB/H,0, solution was signif-
icantly turned from colorless to deep blue in the presence of Fc-
MIL-88B@Au@emodin@Bio-PE-CD, indicating the generation of -OH
in the system was concentration-dependent on the nanoreactor.
Furthermore, the absorbance peak was observed at 652 nm in the
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presence of nanoreactor (Fig. 2e), corresponding to the character-
istic signal of TMB oxide derivatives. Based on these experiments’
results, the catalytic mechanism of nanoreactors was speculated in
Fig. 2d. Therefore, the constructed nanoreactors responsive to the
high hydrogen peroxide microenvironment of cancer cells may ex-
ert chemodynamic therapy effects.

Additionally, the drug-releasing performance of the nanoreac-
tor under simulated tumor conditions of low pH and high H,0,
was further investigated by UV-vis spectroscopy. The release ex-
periments were performed simultaneously at different pH condi-
tions to evaluate the pH sensitivity of the assembly. As the pH
value decreased from 7.4 to 5.4 (Fig. 2f), the cumulative release
rate of emodin in Fc-MIL-88B@Au@emodin@Bio-PE-CD increased
from 54.64 % to 65.59%, attributing to the pH-responsive degrada-
tion ability of MOF (Fig. S13 in Supporting information). Due to
an abundant iron source, the assembly will also have a stimulus-
responsive behavior to H,0,. With the increase of the concen-
tration of Hy0, from 0.1% to 1%, the cumulative release rate of
emodin was enhanced from 33.25% to 70.75% (Fig. 2g). Compared
with Fc-MIL-88B@Au@emodin (Fig. S14 in Supporting information),
the nanoreactor equipped with Bio-PE-CD can greatly delay the re-
lease of emodin (Fig. 2g), thus, the introduction of Bio-PE-CD ef-
fectively prevents the early leakage of drugs under the same con-
ditions. Therefore, the constructed supramolecular nanoreactor not
only has good photothermal properties but also exhibits multi-
stimuli responsiveness to the tumor microenvironment, showing
extensive anticancer application potential.

The confocal laser scanning microscopy (CLSM) exper-
iment was performed to investigate the uptake of Fc-MIL-
88B@Au@emodin@Bio-PE-CD by cancer cells (HepG2). The model
drug emodin was replaced by DOX with better fluorescence
performance to facilitate the investigation of the intracellular
localization of the nanoreactors. Compared to free DOX (Fig. S15
in Supporting information), the Fc-MIL-88B@Au@DOX@Bio-PE-CD
gave more bright fluorescence signal in cells, which was ascribed
to the introduced target unit Bio-PE-CD endowing nanoreactor
with excellent tumor cell targeting ability [26], and also was
conducive to the enrichment of drugs and Au NPs at the tumor
site, thereby benefiting to enhance the synergistic anticancer
activity. In addition, 2’,7’-dichlorofluorescein diacetate (DCFH-DA)
was used as the detection reagent [27] to determine the genera-
tion of ROS in tumor cells in the presence of the nanoreactor. In
Fig. 3a, Fc-MIL-88B@Au@emodin@Bio-PE-CD gave brighter green
fluorescence than the control and ROS-UP groups, indicating the
nanoreactor could spontaneously catalyze the Fenton reaction to
generate -OH under the conditions of tumor cells with normal
temperature and no light, which is conducive to enhancing the
therapeutic effect of CDT.

The synergistic anticancer activity of the constructed
supramolecular nanoreactor was evaluated by cell experiments.
The cytotoxicity of Fc-MIL-88B@Au@emodin@Bio-PE-CD, Fc-MIL-
88B@Au@emodin@Bio-PE-CD+Laser, Fc-MIL-88B@Au@Bio-PE-CD,
Fc-MIL-88B@Au@Bio-PE-CD+Laser and free emodin for tumor
cells (HepG-2, MCF-7) and normal cells (LO2) was studied by
CCK8 method. Fig. 3b show that when the concentration of the
assembly in the Fc-MIL-88B@Au@emodin@Bio-PE-CD + Laser group
was 100pg/mL (emodin in the assembly was 24.23nug/mL), the
survival rates of HepG-2 cells tested was 13.16%. Especially, with
the increase of concentration, the survival rate of the HepG-2
cells in the Fc-MIL-88B@Au@Bio-PE-CD group was also decreased
from 94.18% to 77.06%, attributing to the Fenton reaction was
activated by nanoreactors to give highly toxic -OH, leading to the
apoptosis of tumor cells. After combing laser irradiation (Fc-MIL-
88B@Au@Bio-PE-CD-+Laser group), the survival rate of HepG-2
cells further decreased to 46.82%, which should be ascribed to
the photothermal effect of Au NPs and its promoting effect on the
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Fig. 3. (a) The DCFH-DA probe was used to detect the fluorescence inten-
sity of HepG-2 cells after incubation with culture medium, nanoreactor, and
ROS-UP (ROS induced drugs), respectively. The cell viability of (b) HepG-2 and
(c) LO2 incubated with different concentrations of emodin, Fc-MIL-88B@Au@Bio-
PE-CD, Fc-MIL-88B@Au@emodin@Bio-PE-CD, Fc-MIL-88B@Au@Bio-PE-CD+Laser, Fc-
MIL-88B@Au@emodin@Bio-PE-CD+Laser after 48 h.

Fenton reaction [28], then achieving synergistic efficient anticancer
activity. Furthermore, the nanoreactor also exhibited the best
apoptosis ability for MCF-7 under laser irradiation (Fig. S16 in
Supporting information). For normal cells, the survival rate of L02
cells was tested to be 28.39% with the addition of free emodin
(Fig. 3c). However, the supramolecular nanoreactor gives satisfac-
tory survival rate of up to 79.45%, which effectively reduces the
toxicity of antitumor drugs and shows good biosafety.

The biosafety of Fc-MIL-88B@Au@emodin@Bio-PE-CD was fur-
ther evaluated by the hemolysis test. In Fig. S17 (Supporting infor-
mation), the hemolysis rate of the assembly (1 mg/mL) was tested
as 2.76 %, which was in the range of biosafety applications (<5%)
[29], showing good biosafety and intravenous administration fea-
sibility. We also conducted more experiments to further verify the
biosafety of the assembly on tumor-bearing mice. The animal us-
age and experimental procedures were approved by the Animal Ex-
periment Center Committee of Yunnan University (YNU20241005),
and all experimental protocols and operation procedures were per-
formed in accordance with relevant guidelines. The tumor tissues
and main organs (heart, liver, spleen, lung, and kidney) of mice in
each group were taken out, and then histological analysis was per-
formed by H&E staining. As shown in Fig. S18 (Supporting informa-
tion), the images of H&E-stained tumor sections showed that the
Fc-MIL-88B@Au@ emodin@Bio-PE-CD+laser group gave significant
tissue damage and typical pathological features under laser irra-
diation, confirming its significant tumor ablation effect. Compared
with nanoreactor+Laser samples, the other treatment groups only
caused partial tumor tissue destruction and necrosis, showing rel-
atively limited therapeutic effect. Especially, there were no obvious
pathological changes in the heart, liver, spleen, lung, and kidney of
mice in the nanoreactor and nanoreactor+Laser groups, indicating
the fabricated supramolecular platform had a significant antitumor
effect and had no obvious toxic and side effects on normal tissues.

The synergistic CDT/PTT/chemotherapy antitumor effect of
nanoreactor was further explored by the in vivo experiments. Com-
pared with the control group (PBS, Fig. S19 in Supporting in-
formation), no significant weight loss was observed in HCC1806
tumor-bearing mice treated with Fc-MIL-88B@Au@emodin@Bio-
PE-CD and Fc-MIL-88B@Au@emodin@Bio-PE-CD+Laser for 14 days,
indicating that the assemblies had good biocompatibility in mice.
After 14-days of antitumor treatment (Fig. 4a), rapid tumor growth
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Fig. 4. The tumor volumes (a) and weight (b) of HCC1806 tumor-bearing mice
with different antitumor therapy treatment at different times (data are presented
as mean =+ standard deviation (SD) (n=5)). (c) Tumor images and (d) representa-
tive tumor and main organ tissue images dissected from tumor-bearing mice.

was observed in the PBS group, and the tumor volume increased
from 113mm? to 383mm?3. Tumor volume in emodin and Fc-
MIL-88B@Au@emodin@Bio-PE-CD groups was increased 2.7 and
2.3 times, respectively, showing the inhibition of tumor growth
ability. However, Fc-MIL-88B@Au@emodin@Bio-PE-CD-+Laser group
leads to the tumor volume decreased to 41 mm?3, giving satis-
factory therapeutic effect. After the antitumor treatment, the tu-
mors and organs removed from the mice were photographed and
weighed (Fig. 4b). Both the tumor volume and weight of the mice
in nanoreactor+Laser group were the smallest (Figs. 4a-c), and
nondamaged organs of the mice were observed (Fig. 4d), further
demonstrating the biological safety of the prepared assembly and
the powerful effect of the combined multi-functional treatment
method. Furthermore, the antitumor effect of the nanoreactor was
verified by TUNEL staining analysis of tumor apoptosis after 14
days of treatment. As shown in Fig. S20 (Supporting information),
the apoptotic cells were stained green, the normal nucleus was
stained blue, and there was no obvious apoptotic marker in the
PBS group. The number of TUNEL-positive cells in the Fc-MIL-
88B@Au@emodin@Bio-PE-CD-+Laser group was the maximum, fur-
ther clarifying that the nanoreactor possesses better synergistic an-
ticancer activity.

In conclusion, a xanthium-like nanoreactor integrating pho-
tothermal, chemodynamic, and chemotherapy was successfully fab-
ricated by the supramolecular cascade assembly strategy. The
supramolecular linker grafted iron-based metal-organic frame-
works (Fc-MIL-88B) with porous 3D nanostructures could act as
the carrier of a nanoreactor to load the photothermal agent gold
nanoparticles and the anticancer drug emodin, and then bind
with the targeted nanovalve Bio-PE-CD to the MOF surface by
host-guest interaction to form the supramolecular assembly of
Fc-MIL-88B@Au@emodin@Bio-PE-CD. The nanoreactor shows ex-
cellent photothermal conversion performance, high-efficiency cat-
alytic ability for Fenton reaction, and pH/H,0, stimulation re-
sponse for tumor microenvironment, endowing it with photother-
mal, chemodynamic, and chemotherapy trinity for targeted syner-
gistic tumor apoptosis. Finally, biological experiments have shown
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that supramolecular nanoreactors exhibit good biocompatibility
and excellent antitumor effects in cancer cells and mice, which
also provides a new path for the development of synergistic an-
ticancer nanoplatforms.
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