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Effective treatment of subcutaneous tumors remains a focal point in cancer therapy. Photothermal ther-
apy, a novel therapeutic approach, has emerged as a promising alternative, offering a less invasive option
for the treatment of subcutaneous tumors. This study reports the exploration of novel supramolecular
halogen-bonded organic frameworks (XOFs) based on [N---Br*---N] halogen bonds through the ligand ex-
change strategy and their application in photothermal therapy. Through ligand exchange, XOF(Br)-TPy was
successfully prepared, and its structure and properties were thoroughly characterized using NMR, XPS,
FT-IR, and XRD techniques. Due to their cationic characteristics, these XOFs serve as effective carriers for
the photothermal agent IR820. In vitro experiments demonstrated that the IR820@XOF(Br)-TPy composite
exhibits excellent photothermal conversion efficiency under NIR irradiation, effectively inducing tumor
cell ablation. Furthermore, in vivo studies confirmed the remarkable antitumor efficacy of the composite
material in a subcutaneous tumor model. This work demonstrates that the ligand exchange strategy is
a versatile and facile approach for constructing XOFs(Br) and provides a novel strategy for developing
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advanced photothermal therapeutic agents with significant application potential.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer poses a significant threat to human health [1] and ne-
cessitates the urgent development of effective therapeutic strate-
gies [2-4]. However, achieving effective cancer treatment re-
mains an ongoing challenge. Traditional cancer therapies, including
chemotherapy [5], radiotherapy [6,7], and surgery [8], might lead
to significant trauma, irreversible organ damage or local tissue fi-
brosis. As a result, minimally invasive medical technologies [9,10]
have garnered substantial research interest as a means to over-
come these limitations. Among these, photothermal therapy (PTT)
has emerged as a promising minimally invasive treatment modality
[11-13]. In recent years, near-infrared (NIR) laser-responsive PTT
[14] has attracted widespread attention due to its non-invasive na-
ture and minimal side effects. PTT utilizes its photothermal mech-
anism to elevate local temperatures, thereby inducing irreversible
damage to tumor cells. The success of photothermal therapy hinges
on the development of efficient, biocompatible, and precisely tar-
geted photothermal agents [15].
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In recent years, the development of nanomedicines has gar-
nered significant attention. Various nanocarrier systems, including
albumin nanoparticles [16], virus or bacteriophage-based nanopar-
ticles [17,18], organic nanoparticles (such as liposomes [19], mi-
celles [20], and polymeric nanoparticles [21-23]), and inorganic
porous materials [24], have demonstrated remarkable potential in
enhancing the efficacy of therapeutic agents. Among these, cationic
materials have attracted considerable interest due to their efficient
loading capacity for anionic therapeutic agents through electro-
static interactions [25]. However, the synthesis of these materi-
als is often complex, limiting their practical applications. There-
fore, the development of simple and efficient synthetic methods
to construct cationic carriers is of great scientific significance and
practical value for achieving effective loading of anionic therapeu-
tic agents and optimizing their therapeutic outcomes.

Supramolecular materials self-assemble through various non-
covalent interactions, including hydrogen bonding, van der Waals
forces, coordination bonds, m-m stacking, and hydrophobic ef-
fects, exhibiting tunable properties and multifunctionality [26-29].
Supramolecular drugs have also attracted more and more atten-
tion [30]. Among these, supramolecular materials with positive
charges demonstrate significant anion loading capacity via elec-
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Scheme 1. Preparation and biomedical applications of XOF(Br)-TPy and IR820@ XOF(Br)-TPy.

trostatic interactions [31,32], enabling the efficient encapsulation
of anionic therapeutics such as nucleic acids, proteins, and small
molecule drugs. The electrostatic interactions between the pos-
itively charged supramolecular materials and negatively charged
therapeutic agents facilitate their efficient loading and controlled
release, thereby enhancing their bioavailability and stability [33].
Halogen bonding, a specific type of non-covalent interaction in-
volving the o-hole or p-hole of a halogen atom and the lone
pair electrons or m-electrons of a nucleophilic atom [34-36], has
emerged as a powerful tool in supramolecular chemistry. Notably,
three-center, four-electron halogen bonds, such as [N..-X*...N], fea-
ture a positively charged halogen atom (X*) interacting with
two Lewis bases, exhibiting excellent directionality and stability
[37-40]. This interaction imparts a positive charge to the over-
all molecular structure, making it an ideal platform for the load-
ing of anionic drugs. Due to its unique three-center structure
and strong electronic sharing properties, this bonding mode facili-
tates the construction of various structures, including supramolec-
ular cages [41], capsules [42], macrocyclic complexes [43], and
helicases [44]. Halogen-bonded organic frameworks (XOFs) [45-
47] based on three-center, four-electron [N---X*...N] halogen bonds
[48] have been extensively explored for applications in adsorp-
tion [49-51], catalysis [52-55], magnetism [56], bacterial resis-
tance [57] and others [58]. Owing to the intrinsic cationic nature
of the halogen-bonded organic framework (XOF), it is anticipated
that anionic photothermal agents can be efficiently loaded onto
the bromide-based cationic framework through an anion exchange
strategy, thereby enabling the treatment of subcutaneous tumors
via photothermal therapy (PTT). Herein, we report the prepara-
tion of supramolecular halogen-bonded organic frameworks based
on bromine cations, XOF(Br)-TPy. These frameworks were synthe-
sized via a ligand exchange reaction with Py,BrBF,, forming struc-
tures based on [N---Br*-.-N] interactions. Compared with traditional
cation exchange methods for XOF preparation, this ligand exchange
approach eliminates the drawback of residual AgBr being diffi-

cult to remove while providing a more effective electrostatic in-
teraction platform for loading anionic photothermal agents. This
work represents the first successful synthesis of [N-.-Br+...N]-linked
supramolecular halogen-bonded organic frameworks using a ligand
exchange strategy. Their successful construction was confirmed by
NMR, XPS, and FT-IR, while their crystallinity was validated by XRD
and TEM analyses. The biomedical potential of XOF(Br)-TPy was
further explored by loading the photothermal agent IR820 onto
the framework, as demonstrated by XPS, UV-vis, EDS, and zeta po-
tential measurements. The in vitro photothermal performance of
IR820@XOF(Br)-TPy was evaluated, revealing superior photother-
mal properties compared to IR820 or XOF(Br)-TPy alone. Subse-
quently, in vitro cytotoxicity assays under 808 nm laser irradia-
tion demonstrated that IR820@XOF(Br)-TPy effectively inhibited tu-
mor cell growth. To investigate its in vivo photothermal thera-
peutic efficacy, IR820@XOF(Br)-TPy was administered via intratu-
moral injection in a subcutaneous tumor mouse model. In vivo
experiments, including photothermal measurements, tumor vol-
ume monitoring, mouse weight tracking, and histological analy-
sis of tumor slices, revealed that IR820@XOF(Br)-TPy significantly
suppressed tumor growth with excellent biocompatibility. These
findings highlight the remarkable photothermal therapeutic po-
tential of IR820@XOF(Br)-TPy. This study represents the first suc-
cessful preparation of [N.--Brt*...N]-based XOFs using a ligand ex-
change strategy, providing new insights into the preparation of
XOFs. It further demonstrates the advantages of supramolecular
halogen-bonded organic frameworks in tumor therapy, highlight-
ing their potential to expand the biomedical applications of XOFs
(Scheme 1).

The feasibility of constructing Br*-based XOFs via ligand ex-
change strategy was explored. XOF(Br)-TPy was prepared by react-
ing Py,BrBF, with 1,3,5-tris(4-pyridyl)benzene (TPy). In Py,BrBF,,
the bromonium cation (Br™) serves as the key halogen bond donor.
The formation was firstly monitored by 'H NMR spectroscopy (Fig.
1a). The formation of the [N---Br*...N] halogen bonds, resulting
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Fig. 1. (a) Partial "H NMR spectra of TPy and XOF(Br)-TPy in DMSO-ds (600 MHz,
298 K). (b) IR spectra of TPy and XOF(Br)-TPy. (c) XPS spectrum of Br 3d for
XOF(Br)-TPy.

from ligand exchange, was evidenced by significant perturbations
in the magnetic environment of TPy and pyridine. In XOF(Br)-TPy,
the TH NMR signals of Ha-Hc experienced distinct downfield shifts
compared to free TPy. Specifically, the Ha and Hb pyridyl pro-
ton peaks shifted from 8.71 ppm and 8.00 ppm to 9.00 ppm and
8.51 ppm, respectively. These pronounced downfield shifts of the
pyridyl protons are attributed to the interaction between Br™ and
TPy during the formation of XOF(Br)-TPy. This interaction induces a
substantial deshielding effect on the pyridyl groups, reducing their
electron density. These observations strongly support the success-
ful construction of XOF(Br)-TPy via halogen bond formation be-
tween Brt and TPy.

X-ray photoelectron spectroscopy (XPS) provided detailed sur-
face chemical state analysis of XOF(Br)-TPy (Fig. 1b). In XOF(Br)-
TPy, Br 3d peaks were observed at 71.3eV (Br 3d3p,) and 70.4eV
(Br 3dsp,), confirming the presence of Br*. Fourier-transform in-
frared (FT-IR) spectroscopy (Fig. 1c) revealed significant blue shifts
in the C=N stretching vibrations of the pyridyl groups: 52cm~! for
XOF(Br)-TPy. Correspondingly, the =C-H stretching vibrations ex-
hibited pronounced blue shifts of 181cm~!. These blue shifts are
consistent with the formation of [N.--Br*...N] complexes, which re-
duce electron density around the pyridyl rings, further supporting
the coordination between the pyridyl groups and Br*. Nitrogen gas
adsorption isotherms at 77 K were measured to assess the poros-
ity of XOF(Br)-TPy. The Brunauer-Emmett-Teller (BET) surface areas
were determined to be 14m?/g for XOF(Br)-TPy (Fig. S7 in Sup-
porting information). The relatively low porosity is likely due to
the presence of bulky counterions (BF;~), which may be blocking
the pores. Thermogravimetric analysis (TGA) under nitrogen atmo-
sphere (Fig. S8 in Supporting information) demonstrated thermal
stability up to approximately 240 °C for XOF(Br)-TPy.

The crystal structure of XOF(Br)-TPy was investigated using
powder X-ray diffraction (PXRD) analysis (Figs. 2a and d). Structure
elucidation was performed using the Forcite molecular dynam-
ics module within Materials Studio, coupled with Pawley refine-
ment. Overlapping (AA), staggered (AB), and ABC stacking models
of XOF(Br)-TPy were constructed and optimized. For XOF(Br)-TPy,
the experimental PXRD pattern showed excellent agreement with
the simulated pattern of the ABC stacking model (Fig. 2b). Pawley
refinement yielded unit cell dimensions of a=26.12 A, b=26.59
A c=1092 A, a=8=90°, y=120° (Rwp=4.29%, Rp=3.17%).
A strong diffraction peak corresponding to the (110) plane was
observed at 260 =5.17° (Fig. 2a). The morphology of XOF(Br)-TPy
was investigated using transmission electron microscopy (TEM).
High-resolution TEM (HR-TEM) revealed well-defined lattice fringes
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in XOF(Br)-TPy (Fig. 2c), with measured interplanar spacings of
0.62 nm. Diffraction pattern was obtained via Fourier transform of
the TEM images. Energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping confirmed the uniform distribution of C, N, and Br
elements within XOF(Br)-TPy (Fig. 2d). To further demonstrate the
feasibility of constructing bromine-based halogen-bonded organic
frameworks (XOFs) via the ligand exchange strategy, we also pre-
pared the pyridyl functionalized tetraphenyl ethylene (TPPE) and
its corresponding XOF(Br)-TPPE framework. The detailed character-
ization data for these materials are provided in Supporting infor-
mation.

This two-dimensional, positively charged halogen-bonded or-
ganic framework, XOF(Br)-TPy, was investigated for its potential to
load a negatively charged photothermal agent, IR820, and its sub-
sequent application in subcutaneous tumor treatment.

The preparation of IR820@XOF(Br)-TPy is detailed in Support-
ing information. X-ray photoelctron spectroscopy (XPS) was used
to confirm IR820 loading by observing elemental changes be-
tween pristine XOF(Br)-TPy and the IR820@XOF(Br)-TPy compos-
ite (Fig. 3a). The appearance of high-intensity peaks correspond-
ing to S 2s, S 2p, and Cl 2p indicated successful loading of IR820.
UV-vis absorption spectroscopy further corroborated IR820 load-
ing (Fig. 3b). A broad absorption peak at 690nm was observed
for IR820@XOF(Br)-TPy, suggesting a blue shift from the 750 nm
peak of free IR820. Zeta-potential measurements (Fig. 3d) showed
a decrease from 28.1+0.3mV for XOF(Br)-TPy to 8.5+0.3mV
for IR820@XOF(Br)-TPy, consistent with electrostatic interactions
between the cationic XOF(Br)-TPy and anionic IR820. Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping (Fig. 3c)
confirmed the uniform distribution of S and Cl (characteristic el-
ements of IR820), further demonstrating successful IR820 loading.
The photothermal performance of IR820@XOF(Br)-TPy was evalu-
ated by monitoring temperature changes under 808 nm laser irra-
diation (Figs. 3e and f). Pure water, XOF(Br)-TPy, and free IR820 (at
the same concentration as in the composite) served as controls.
The IR820@XOF(Br)-TPy solution exhibited rapid heating, reaching
47°C from an initial 22 °C within 360 s. In contrast, the tempera-
ture of the water control remained unchanged, and the free IR820
solution only reached 38°C. Thermographic images visually con-
firmed the superior photothermal performance of IR820@XOF(Br)-
TPy compared to free IR820. This enhanced performance is likely
attributable to the improved dispersion and near-infrared light ab-
sorption efficiency of IR820 when loaded onto XOF(Br)-TPy, leading
to more efficient photothermal conversion.

Motivated by the excellent photothermal properties of
IR820@XOF(Br)-TPy, its anticancer effect was investigated in
vitro using Glioma cell lines (U87 cancer cells). Compared to the
commonly used iodonium cations (I*) in previous studies, Br™ ex-
hibits stronger oxidative properties, which may enhance its ability
to kill tumor cells and thus improve therapeutic efficacy. A CCK-8
assay was used to assess cell viability of IR820@XOF(Br)-TPy under
808 nm laser irradiation (Fig. 4a). Compared to cells without light
exposure, both IR820 and IR820@XOF(Br)-TPy treatment groups
showed a significant reduction in cell viability under irradiation.
Importantly, IR820@XOF(Br)-TPy exhibited a greater reduction in
cell viability at the same IR820 concentration compared to free
IR820, indicating that photothermal therapy (PTT) induced by
IR820@XOF(Br)-TPy was more effective at eliminating cancer cells.
To further visualize the PTT effect, live/dead cell staining was
performed using calcein-AM/propidium iodide (PI) after 808 nm
irradiation (Fig. 4c). Inverted fluorescence microscope images of
the co-stained cells (Fig. 4c) confirmed significant cell death in
the IR820@XOF(Br)-TPy treatment group under irradiation. These
cells showed weak green fluorescence (live cells) and strong red
fluorescence (dead cells), allowing for a clear visual comparison of
cell death rates (Fig. 4b). Cells treated with free IR820 also showed
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Fig. 2. (a) Experimental and refined PXRD, the difference plots between the experimental and refined PXRD patterns, and Bragg positions for XOF(Br)-TPy. (b) The ABC
stacking models of XOF(Br)-TPy. (c) HRTEM and SAED images of XOF(Br)-Tpy. (d) EDS-mapping images of XOF(Br)-TPy.
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(0.66 W/cm~2) irradiation with IR820, XOF(Br)-TPy and H20 used as control samples. (f) Infrared thermal images of IR820 and IR820@XOF(Br)-TPy under 808 nm LED light

irradiation.

some apoptosis, but a larger proportion of live cells remained,
consistent with the CCK-8 results.

To evaluate the in vivo antitumor effect, a subcutaneous tumor
model was established in nude mice using U87 cells. When tu-
mors reached a diameter of 3 mm, mice were randomly divided
into four groups: untreated control (NC), XOF(Br)-TPy, IR820, and
IR820@XOF(Br)-TPy. Treatments were administered according to
the experimental protocol. Based on cytotoxicity assays and pre-
vious in vitro photothermal studies, it was confirmed that none
of the treatments exhibited significant therapeutic effects without
808 nm laser irradiation. Therefore, all in vivo tumor experiments
were conducted with 808 nm laser irradiation. In vivo photother-

mal experiments were conducted on U87 tumor-bearing mice
treated with PBS and IR820@XOF(Br)-TPy (Figs. 5b and c). Under
IR820@XOF(Br)-TPy group, 300 s of 808 nm laser irradiation led
to a rapid temperature increase at the tumor site from 31°C to
51°C, a temperature sufficient to cause irreversible damage to tu-
mor cells. No significant temperature increase was observed in the
PBS treatment group.

Tumor volume changes were used to evaluate therapeutic ef-
ficacy (Figs. 5d and e). Tumor volume in the untreated group
increased rapidly, reaching approximately 22 times the initial
volume (Fig. S9 in Supporting information). Both IR820 and
IR820@XOF(Br)-TPy effectively reduced the rate of tumor growth.
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Fig. 4. (a) Relative viability of U87 cancer cells after incubation with
IR820@XOF(Br)-TPy with or without different light irradiation. Data are presented
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treatments under 808 nm laser irradiation.
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Notably, the tumor volume in the IR820@XOF(Br)-TPy group was
only 4 times the initial volume, significantly smaller than that of
the IR820 group (10 times the initial volume). This difference likely
stems from the higher temperature achievable by IR820@XOF(Br)-
TPy under light irradiation and the oxidation properties associ-
ated with Br™, resulting in stronger tumor cell killing capability
compared to IR820, consistent with in vitro photothermal results.
This confirms that PTT using IR820 loaded onto XOF exhibits sig-
nificant antitumor efficacy. After 15 days of treatment, no signifi-
cant body weight fluctuations were observed in the tumor-bearing
mice (Fig. 5f), demonstrating good in vivo biological safety for
IR820@XOF(Br)-TPy. Tumor treatment efficacy was further assessed
by hematoxylin and eosin (H&E) staining of tumor sections (Fig.
5¢g).

H&E staining images revealed varying degrees of damage to tu-
mor cells in the IR820 and IR820@XOF(Br)-TPy groups. Notably,
compared to the IR820 group, the IR820@XOF(Br)-TPy group under
808 nm irradiation (right side of the dashed line) exhibited more
extensive tumor cell death, demonstrating enhanced therapeutic
efficacy and further confirming the superior photothermal perfor-
mance of IR820@XOF(Br)-TPy. In contrast, tumor cells in the PBS
and XOF(Br)-TPy groups maintained intact morphology, indicating
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treatments, respectively.
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that 808 nm light alone caused negligible damage to the tumor
cells. This suggests that IR820@XOF(Br)-TPy exerts its therapeutic
effect exclusively under 808 nm light, highlighting the indispens-
able synergy between the two components. Organs from all treat-
ment groups exhibited normal cellular morphology after treatment
(Fig. S10 in Supporting information).

In conclusion, we have successfully prepared a novel halogen-
bonded organic framework, XOF(Br)-TPy, via a facile ligand ex-
change method. Comprehensive spectroscopic characterization, in-
cluding TH NMR, XPS, FI-IR, and PXRD, confirmed the formation
of [N..-Br*.-N] halogen bonds and elucidated its crystal structures.
The resulting material exhibited good thermal stability. Further-
more, we demonstrated the successful loading of the photother-
mal agent IR820 onto XOF(Br)-TPy, creating IR820@XOF(Br)-TPy. In
vitro and in vivo studies revealed that IR820@XOF(Br)-TPy, upon
808 nm laser irradiation, exhibited superior photothermal perfor-
mance compared to free IR820, leading to more effective tumor
cell ablation. This work not only indicated that the ligand exchange
strategy represents a universal and facile approach for construct-
ing XOFs(Br), but also demonstrated the potential of XOF(Br) as a
promising carrier for therapeutic agents in cancer therapy.
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