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rogen-bonded complex as
a secondary building unit to construct
a multivariate framework for programmable drug
delivery

Xujiao Ma, Zhong Zhang, Xianghui Ruan, Jiarui Cao, Ye Yuan, * Yajie Yang, *
Nan Gao* and Guangshan Zhu *

Porous organic frameworks (POFs) consisting of organic building blocks through covalent bonds are novel

functional solids. However, the pure covalent bonding pattern leads to the inability to produce strong and

selective interactions with organic molecules, restricting applications in biomedical, detection, and sensing

fields. Herein, we report a hydrogen-bonded complex (HC) of 5-fluorouracil (5-FU) and p-aminobenzoic

acid as a building block to construct a hybrid-bonded framework (F@POF) via a Schiff base reaction,

integrating covalent and hydrogen-bonded motifs. The existence of multiple hydrogen bonds enabled 5-

FU to exhibit 19-fold enhanced binding affinity versus physical encapsulation. Capitalizing on differential

interaction modalities, cyclophosphamide (CTX) and methotrexate (MTX) were sequentially immobilized

via van der Waals forces into the F@POF channels and dual hydrogen/p–p interactions on the pore

surface, respectively, yielding a triple-drug co-doped multivariate porous framework, CMF@POF. The

programmable release (5-FU > MTX > CTX) endowed CMF@POF with remarkable antitumor activity in in

vivo mouse experiments, outperforming the classical CMF chemotherapy. This hydrogen-bond-guided

engineering paradigm redefines multifunctional POFs for intelligent multidrug delivery, offering

a transformative approach to optimize combination chemotherapy.
Introduction

Porous organic frameworks (POFs) are an emerging class of
functional solids in recent decades, attracting extensive atten-
tion worldwide. Since the rst report in the 1970s, POF mate-
rials have evolved into a large system including hyper-cross-
linked polymers (HCPs),1,2 polymers of intrinsic microporosity
(PIMs),3,4 covalent organic frameworks (COFs),5–7 covalent
triazine frameworks (CTFs),8–10 conjugated microporous poly-
mers (CMPs),11,12 porous aromatic frameworks (PAFs),13,14 and
porous organic cages (CCs).15 This class of materials is generally
composed of organic components through covalent bonds (C–
C, B–O, C]C, C]N, etc.), similar to polymeric components
and, has the full host–guest interactions of inorganic frame-
works.16 On the basis of the low densities, high porosity, and
tunable structure, POF materials have a wide range of applica-
tions in energy storage,17 catalysis,18,19 and molecular separa-
tion.20 However, the pure covalent bonding pattern of POFs
reveals certain shortcomings in molecular recognition and
icular Material Chemistry of Ministry of

, Changchun 130012, China. E-mail:

cn; yangyajie@jlu.edu.cn; Yuany101@

the Royal Society of Chemistry
binding affinity, limiting the applications in the biomedical,
detection, and sensing elds.

Recent research focuses on increasing the binding selectivity
and ability of porous architectures to guest molecules by
modifying functional groups, adjusting pore sizes, and altering
structural compositions through in situ synthesis or post-
modication. For example, researchers decorated carbox-
ylate,21,22 alkoxy/thioether chain23,24 and ethylene-
diaminetetraacetic acid groups25 in the POF channels, which
showed high selectivity and large capacity for mercury, cobalt,
and the lanthanides. Nevertheless, these methods are generally
applicable to the binding of metal ions through the coordina-
tion bonds of the organic ligands. For organic molecules,
porous frameworks only produce weak interactions such as van
der Waals forces, hydrogen bonds, or p–p interactions, and the
bonding strength is generally weak. Although one can shrink
the pore size to bring about multiple interactions with organic
molecules, the pore channels are easily occupied and blocked,
resulting in low adsorption capacity and slow diffusion kinetics
of organic guests in porous frameworks.

Herein, a 5-FU-based hydrogen-bonded complex serving as
the secondary building unit was impregnated into the POF
network via a Schiff base reaction (Fig. 1). Since the lattice
skeleton immobilizes the 5-FU molecule through multiple
Chem. Sci., 2025, 16, 21079–21086 | 21079
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Fig. 1 Schematic diagram illustrating the hydrogen-bonded organic
molecules in the porous framework.
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hydrogen bonds, its binding capacity for 5-FU is 19 times higher
than that of conventional physical inclusion. According to the
specic porous structure, different interactions including
hydrogen bonds, p–p interactions, and van der Waals forces
were incorporated into the porous organic framework, where
the three drugs of CTX, MTX, and 5-FU were simultaneously
loaded. The precise assembly enabled programmable drug
delivery where CTX exhibited fast release (54 mg g−1 in <0.5 h),
MTX reached an equilibrium concentration (8 mg g−1 in 1 h),
and 5-FU molecules slowly diffused outwards reaching a high
content (38 mg g−1 within 12 h). The order and dosage satisfy
the requirements for the drug delivery process of CMF therapy
(CTX, MTX, and 5-Fu combination drug therapy), which reveals
a strong anticancer effect in breast cancer chemotherapy.
Results and discussion

A hydrogen-bonded complex (HC) composed of 5-FU and p-
aminobenzoic acid molecules in a 1 : 3 ratio was synthesized as
Fig. 2 (a) HC unit integrated with the porous network to produce F@PO
a 5-FU methanol solution.

21080 | Chem. Sci., 2025, 16, 21079–21086
a secondary building unit (Fig. 2). As depicted in the 1H solution
nuclear magnetic resonance (NMR) spectrum of HC, the peaks
centered at 11.59 and 11.79 ppm are attributed to the active
hydrogen of the N–H groups of 5-FU and the hydrogen atom of
the –COOH groups of p-aminobenzoic acid, respectively. A
signicant shi from 11.43 to 11.59 ppm is observed, compared
with 5-FU, indicating the formation of a hydrogen bond
between the N–H groups and p-aminobenzoic acid (Fig. S1).
Correspondingly, the hydrogen signal of the –COOH groups in
p-aminobenzoic acid shis to the low eld (Fig. S1a). Those
signicant shis suggests that there is a strong hydrogen bond
interaction between 5-FU and p-aminobenzoic acid. 1H NMR
titration experiments and Job's plot analysis (Fig. S1b and c)
revealed that the addition of 1/3 equivalents of 5-FU to p-
aminobenzoic acid led to the maximum shi of the –COOH's
hydrogen (Hb), supporting a 3 : 1 binding stoichiometry for p-
aminobenzoic acid and 5-FU in the HC. The association
constants (1.1 × 104 M−1) for 5-FU's hydrogen (Ha) and –

COOH's oxygen were determined by NMR titrations (Fig. S2).
Moreover, the 19F NMR peaks of 5-uorouracil (5-FU) exhibited
signicant shis with increasing concentration of p-amino-
benzoic acid, demonstrating the hydrogen-bonding interac-
tions between the F atoms of 5-FU and the –COOH groups of p-
aminobenzoic acid.26 Furthermore, the inection point
observed in the Job's plot analysis of the 19F NMR titration data
further conrms a 3 : 1 binding stoichiometry (p-aminobenzoic
acid : 5-FU) (Fig. S3). Fourier transform infrared (FTIR) spec-
troscopic analysis of HC showed that the stretching vibration of
–C–F changes from 1244 to 1249 cm−1 (Fig. S4), compared with
5-FU, which was attributed to the electron cloud on the F
reducing the frequency of the tensile vibration through
hydrogen interaction.27 The characteristic peaks of –NH2

stretching vibration showed no obvious changes, which is
F. (b) Synthesis schematic of F/F@POF by impregnation of F@POF into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ascribed to the absence of –NH2 to participate in forming the
hydrogen bonds. As conrmed by the FTIR and NMR spectra,
the chemical structure of the HC unit is composed of one 5-FU
molecule and three p-aminobenzoic acid molecules through
multiple hydrogen bonds. DFT calculations further conrmed
that 5-Fu and p-aminobenzoic acid could form a stable 1 : 3 HC.
Signicantly, utilizing the independent gradient model based
on Hirshfeld partition (IGMH)28 analysis enables direct assess-
ment of hydrogen bond strength within the HC, revealing the
presence of multiple strong hydrogen bonds (X/H–O, where X
= F, N, O)29 (Fig. S5).

A classical POF material (TpPa-1) was selected as a scaffold,
which was prepared using triformylphloroglucinol (TP) and p-
phenylenediamine (PA) through a Schiff base crosslinking
reaction. TpPa-1 possesses a well-dened hexagonal structure
with a P6/m space group symmetry featuring a large specic
surface area30 [∼764 m2 g−1 based on Brunauer–Emmett–Teller
(BET) model] and uniform pore size distribution (1.50 nm)
based on nonlocal density functional theory (Fig. S6 and S9). HC
matches well with the size of TpPa-1 fragments, which facili-
tates the formation of extended TpPa-1-type networks (Fig. S7).
Based on this, the 5-FU-based hydrogen-bonded complex
coupled with TP and PA was cross-linked through a Schiff-base
reaction to prepare the hydrogen-bonded POF material, F@POF
(Fig. 2a), where the –NH2 molar ratios of HC and p-phenyl-
enediamine were 25, 50 and 75%, denoted as F@POF-x (x = 25,
50, and 75) (Experimental Section for details, Table S1). In the
FTIR spectra of F-POF-x, the –N–H stretching band of –NH2 in
the PA and HC units disappeared at 3300–3500 cm−1, and
Fig. 3 (a) PXRD patterns of the HC, F@POF, andMIPOF. (b) Solid-state 13C
5-FU from F/TpPa-1 and F@POF in a PBS solution (pH= 7.4, 37 °C). (d) Re
(e) Stage I: first-order kinetic model fits the release of physically doped 5
the release of hydrogen-bonded 5-FU from F/F@POF.

© 2025 The Author(s). Published by the Royal Society of Chemistry
a C]C characteristic peak (1574 cm−1) appeared, conrming
the completion of the Schiff base reaction (Fig. S8b). Addition-
ally, the characteristic peaks at 1670 and 1170 cm−1 were shown
in the FTIR spectrum of F@POF-x, assigned to the –C]O and
C–F of HC, demonstrating that the HC as building units were
successfully combined into the POF skeleton. The powder X-ray
diffraction (PXRD) patterns for F@POF-25 and F@POF-50
revealed the same peaks as the TpPa-1 (i.e., 2-theta = 4.7, 7.9,
and 27.0°) which correspond to the crystal faces of the (100),
(200), and (001) planes; and the diffraction peaks assigned to
the HC disappeared from the F@POF pattern (Fig. 3a and S8).
Therefore, F@POF inherits the parent structure of TpPa-1 with
a hexagonal P6/m space group. However, as the molar ratio of
HC increased to 75%, the periodic structure was destroyed,
probably stemming from the exibility of the hydrogen bond
networks. The BET surface areas of F@POF-25 and F@POF-50
were 573 and 432 m2 g−1 as determined by the N2 adsorption
experiment at 77 K (Fig. S9), lower than that of TpPa-1 (768 m2

g−1). Like TpPa-1, F@POF-x possesses a variety of pore sizes
ranging from 1.5 to 7.5 nm (Fig. S9). The changes in the specic
surface areas and pore volume distributions are ascribed to the
electron-decient –COOH group in the HC building block,
reducing the activity of aniline for Schiff base polymerization.

To determine the incorporation of 5-FU in the F@POF skel-
eton, F@POF-50 is regarded as the main sample for structural
characterization, namely F@POF. F@POF powder was stirred in
methanol to release 5-FU, thereby obtaining a reference sample
(Fig. 2b). Subsequent removal of 5-FU resulted in an increase in
the pore volume from 0.609 to 0.683 cm3 g−1. Nonlocal density
CP/MAS NMR spectra of MIPOF and F@POF. (c) Release kinetics of the
lease kinetics of 5-FU from F/F@POF in a PBS solution (pH= 7.4, 37 °C).
-FU from F/F@POF. (f) Stage II: Korsemeyor–Peppas kinetic model fits

Chem. Sci., 2025, 16, 21079–21086 | 21081
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functional theory (NLDFT) pore size distribution analysis
revealed the emergence of pores centered at ∼2.6 nm (Fig. S10),
indicating the formation of complementary vacancies within
the framework upon 5-FU extraction. Notably, structural integ-
rity was maintained in the PXRD proles (Fig. 3a), demon-
strating that the framework skeleton remains stable aer 5-FU
removal. In selective adsorption experiments involving multiple
pharmaceuticals (ibuprofen, oxuridine, tegafur), the material
exhibited exceptional adsorption selectivity towards 5-FU
(Fig. S11). We propose that 5-FU acts as a template molecule
within the framework, generating size- and shape-matched
binding cavities upon its removal. Consequently, we designate
this sample as a molecularly imprinted POF (MIPOF). As
depicted in the 13C solid-state NMR spectra, the reduced peak
intensity of 5-FU in MIPOF was observed at 141.4 and
132.7 ppm, corresponding to the absence of carbon atoms in
uorouracil (Fig. 3b). In addition, there is an obvious shi (from
166.2 to 165.6 ppm) of the specic carbon signal assigned to the
–COOH group in MIPOF aer the release of 5-FU, conrming
the hydrogen-bonding interactions between 5-FU and –COOH
groups in the F@POF structure (Fig. 3b). In the FT-IR spectra,
the C]O stretching vibration band originating from p-amino-
benzoic acid shied from 1716 to 1706 cm−1 upon removal of 5-
FU (Fig. S12), which indicates that the C]O group acts as
a hydrogen-bond acceptor in F@POF, forming interactions with
5-FU.

For comparison, a physically doped sample of F/TpPa-1 was
prepared by impregnation of TpPa-1 in the 5-FU solution. The
loading amount of 5-FU in the pore through van der Waals force
was 60.1 mg g−1 as analysed by ultraviolet-visible (UV-vis)
spectroscopy. The incorporation form of 5-FU was further
determined by photoluminescence (PL) spectroscopy. In
comparison to MIPOF and F/TpPa-1, the PL spectrum of F@POF
exhibited a strong emission at 617 nm (Fig. S13). The enhanced
uorescence intensity was ascribed to the electron-donating
property of 5-FU, sharing its electron cloud with the electron-
accepting –COOH groups through the hydrogen bonds. A
contrast sample with structural defect, denoted as D-POF, was
prepared using triformylphloroglucinol (TP), p-phenyl-
enediamine (PA) and p-aminobenzoic acid through a Schiff-
base reaction (Fig. S14a). Compared with F@POF, the pres-
ence of a distinct additional peak at 3.95 ppm in both D-POF
and F@D-POF (prepared by impregnating 5-FU into the D-
POF) in the 1H NMR solid-state spectra, attributed to –NH2

(Fig. S14b), suggests that individual p-aminobenzoic acid
molecules induce structural defects. These results validate that
HC, as the secondary building unit, remains stable throughout
the synthetic process, and structural defects similar to those in
D-POF are absent in the skeletal structure of F@POF.

Moreover, thermogravimetric analysis reveals that F@POF
exhibits an initial decomposition temperature (∼350 °C)
comparable to that of TpPa-1, indicating that excellent thermal
stability is maintained aer the integration of HC into the
framework (Fig. S15). The F element content in F@POF was
determined based on energy dispersive X-ray spectrometry
(EDX) and elemental analyses to be 0.47% (Fig. S16 and Table
S2). Correspondingly, the actual capacity for xed 5-FU was
21082 | Chem. Sci., 2025, 16, 21079–21086
calculated to be about 41.0 mg g−1 in the F@POF powder. Based
on the above characterization, it can be concluded that the
hydrogen-bonded POF material was successfully prepared, and
promises to realize the slow release of 5-FU under the restriction
of hydrogen bonds.

Detailed studies on the effect of hydrogen bonds in F@POF
on the release of drug molecules were carried out. The release of
5-FU from F@POF-25 and F@POF (F@POF-50) was evaluated in
a phosphate-buffered saline (PBS) solution at physiological pH
(7.4) and 25 °C by recording the absorbance via UV-vis spec-
trophotometry, and the corresponding concentration was
determined based on the Beer–Lambert law (Fig. S17). F@POF
(F@POF-50) exhibited the higher drug loading capacity
(41.96 mg g−1), twice that of F@POF-25 (19.70 mg g−1)
(Fig. S18), stemming from the more HC introduced in the
skeleton. In the release proles of 5-FU, fast release is observed
in F/TpPa-1 as compared with F@POF, suggesting that the
hydrogen-bonding interaction between the MIPOF and 5-FU
suppresses the release of 5-FU (Fig. 3c). Therefore, F@POF
(F@POF-50) was selected as the optimummaterial to utilize the
releasing drug. Further, MIPOF (10 mg) is immersed in
a 100 ppm 5-FUmethanol solution (10 mL) for 30 min obtaining
a sample F/F@POF, which concurrently possesses hydrogen-
bonded 5-FU on the skeleton as well as adsorbed 5-FU in the
pores, realizing controlled release of 5-FU with multivariate
interactions (Fig. 2b). The 5-FU release process undergoes two
stages (Fig. S19): (Stage I) in the rst 1 h,∼27mg g−1 of 5-FU was
rapidly released from the POF channels to the solution owing to
the weak interaction between the physically doped 5-FU and the
F@POF channels, and then (Stage II) ∼28 mg g−1 of 5-FU was
slowly released for up to 5 days owing to the strong affinity
(multiple hydrogen bonds) between the 5-FU and the F@POF
skeleton (Fig. 3d).

Zero-order, rst-order, and Korsemeyor–Peppas model
ttings were adopted to investigate the bonding patterns
(Fig. S20–S23). The initial release curve (Stage I) ts well with the
rst-order release model [R2 = 0.995]. The latter release curve
(Stage II) matches the Korsemeyor–Peppas model (R2 = 0.991)
(Fig. 3e and f). Based on the Arrhenius equation,31 the binding
strength between the porous skeleton and the drug molecule is
quantied by reaction rate (k) and affinity (Ea) between 5-FU and
the porous skeleton, where the logarithm of the rate constant k
has a negative correlation with Ea. The calculated k value of
0.14 min−1 in Stage I is higher than that for Stage II (0.0073
min−0.097). The affinity for Stage II (Ea2) is 19-fold higher than
that for physical loading (Stage I; Ea1), which reduces the release
kinetics of 5-FU from F@POF.32 The slow release is controlled by
the multiple hydrogen bonds, which has not been encountered
in previous carriers such as biocompatible polymers (PVP and
polylactic acid), mesoporous silica, and metal–organic
frameworks.33–35

The incidence of malignant tumor-triggered breast cancer
has been increasing and it is a leading cause of death among
women.36 The common treatment with a single drug possesses
several limitations such as high metastasis, low response rate,
and easy recurrence.37,38 Intravenous cyclophosphamide (CTX,
600 mg m−2), methotrexate (MTX, 40 mg m−2), and 5-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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uorouracil (5-FU, 400 mg m−2), commonly named CMF
chemotherapy, is used as a rst-line therapy for advanced/
metastatic breast cancer.39 The clinical practice is to rst use
the cell-cycle non-specic CTX, followed by MTX and 5-FU.
Whether it is simultaneous intravenous injection of MTX and 5-
FU, or the use of 5-FU followed by MTX, antagonistic drug
reactions will occur, thereby affecting the treatment effect. Even
if the injection procedure is strictly followed, the similar diffu-
sion properties result in comparable release kinetics in the
delivery process, leading to a complicated implementation
process and severe dose-related side effects.40 Constructing an
easy-to-use therapeutic system that can be easily and correctly
administered in terms of sequence and dosage is a challenge in
achieving programmable drug delivery for combination
therapy.

Proting from the porosity of F@POF as mentioned, CTX
molecules with a three-dimensional size of 0.70 × 1.17 ×

0.63 nm based on a CPKmodel were easily incorporated into the
1.5-nm porous channels through van der Waals forces, denoted
as CF@POF (Fig. 4a and S24). With a large conjugated structure
and several hydrogen-bonding components (–N–H and –

COOH), methotrexate (MTX, CPK three-dimensional size of 0.82
× 2.35 × 0.78 nm)41 was immobilized on the inner surface of
CF@POF through p–p/hydrogen-bonding interactions to afford
CMF@POF (Fig. 4a and S24). By controlling the time and drug
content of the impregnation progress, an ideal ratio of 5-FU,
CTX, and MTX (400 : 600 : 40) in the POFs was realized. The
Fig. 4 The programmed release of multiple drug molecules through mu
and MTX) are incorporated in the F@POF architecture. (b) Uniform distrib
CTX. (c) Release processes of three drug molecules in PBS solution (pH=

© 2025 The Author(s). Published by the Royal Society of Chemistry
loading content of CTX was 57.7 mg g−1, which was determined
by the amount of the phosphorus (P) element of CMF@POF
measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES) (Table S2). The amount of MTX loaded
to CMF@POF was 8.6 mg g−1, as obtained from the absorbance
analysed via ultraviolet-visible (UV-vis) spectroscopy.

The characteristic peaks of CF@POF and CMF@POF in the
PXRD patterns at 2q = 4.7°, 7.9°, and 27.0° indicated that the
crystalline structure of the POF platform was maintained
(Fig. S25). A new peak at 638 cm−1 appeared in the FT-IR spectra
of CF@POF and CMF@POF, assigned to the C–Cl bonds of CTX
(Fig. S26). The BET surface areas of drug-doped molecules
decrease from432m2 g−1 (F@POF) to 101 (CF@POF) and 67m2 g−1

(CMF@POF). As the POF cavities are occupied by guest
molecules, the pore volume decreases from 0.609 (F@POF) to
0.0136 cm3 g−1 (CMF@POF) (Fig. S27 and S28). Scanning elec-
tron microscopy images showed that all POF samples comprise
aggregated nanoparticles (Fig. S29). Each separate segment
exhibited a sheet-like morphology with lengths in the range of
150–250 nm, contributing to drug delivery in vivo. Transmission
electronmicroscopy and energy-dispersive X-ray (EDX)mapping
demonstrated the even distribution of C, N, O, F, P, and Cl in
the as-prepared CMF@POF, revealing the uniform distribution
of CTX molecules in the F@POF structure (Fig. S30 and 4b), and
conrming that 5-FU molecules are still stabilized on the
porous skeleton aer the encapsulation of CTX and MTX.
CMF@POF feasibly simulated CMF treatment for
ltivariate interactions in porous networks. (a) Two drug molecules (CTX
ution of F, P, and Cl in EDX spectra, indicating evenly doped 5-FU and
7.4, 37 °C). (d) MTT assay for the toxicity of all POFs to MCF-7 cell lines.
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programmable drug delivery of the three drugs owing to the
advantage of the strong affinity of 5-FU in the F@POF platform
(Fig. 4c). CTX preferentially desorbed from F@POF in simulated
body uids owing to weak van der Waals force and reaches
54 mg g−1 in <30 min. The CTX release curve was tted to the
rst-order kinetic prole with an R2 value of 0.995 (Fig. S31–
S33). MTX was released slowly owing to the combined effect of
p–p and hydrogen bonding interactions and achieved an
equilibrium concentration of 8 mg g−1 in 1 h. Its release
isotherm satises the rst-order kinetic curve (R2 = 0.844)
(Fig. S34–S36). The release rates of CTX and MTX are 93.75%
and 88.88%, respectively. 5-FU revealed delayed release initially,
which reached a relatively high amount (38 mg g−1) in 5 days
Fig. 5 (a) Schedule of animal experiment procedures. (b) Relative body w
Statistical significance was assessed using ANOVA followed by a Bonferro
Statistical significance was assessed using ANOVA followed by a Bonferro
of different treatments. (i) Saline (control group), (ii) TpPa-1, (iii) CMF@PO
H&E) of tumor tissues harvested from mice after different treatments on

21084 | Chem. Sci., 2025, 16, 21079–21086
with a release rate of 92.6% (Fig. S37–S39). The trends and
dosage for the three medicines are highly consistent with the
release proles of CMF therapeutics described above.
Compared to most reported porous materials serving as
combined drug delivery systems in recent years, which
primarily rely on a single type of intermolecular interaction for
drug loading/sustained release (Table S4), CMF@POF leverages
multiple synergistic interactions to achieve programmed CMF
therapy, demonstrating signicant potential for practical anti-
tumor treatment.

Due to the broad-spectrum anti-cancer nature of traditional
CMF chemotherapy methods, we investigated the anti-cancer
effects of CMF@POF against a range of cancer cells. Firstly,
eight changes during various treatments using wild-type BALB/c mice.
ni post-test (**p < 0.01). (c) Variation curves of relative tumor volume.
ni post-test (**p < 0.01, ***p < 0.001). (d) Excised tumors after 12 days
F, and (iv) 5-FU + CTX + MTX. (e) Histochemical analyses (TUNEL and
Day 8. The scale bar is 100 mm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the toxicity of all POFs to the MCF-7 cell line (human breast
cancer cells) was examined during the growth phase before the
evaluation of anticancer efficacy to assess the superiority of
multiple-drug release and cellular uptake.42 The cells were
grown in Dulbecco's modied Eagle's medium in 96-well plates
with a density of 105 cells per well. The samples (TpPa-1,
F@POF, CF@POF, and CMF@POF) were added separately
with original concentrations in the range of 10–50 mg mL−1. The
medium was incubated for 24 h, and the culture solution was
removed to eliminate the dead cells. MTT assay demonstrated
the biocompatibility (cell viability of >80%) of the POF matrix
against the cell lines (Fig. 4d). The synergistic anticancer effect
of multiple drugs in the same load is better than that of a single
drug. The cells were evaluated at a dose of 50 mg mL−1, and the
cell viability was reduced to 37% aer loading TpPa-1 with 5-FU.
The anticancer activity of the three-drug system is higher with
only 13% cellular survival (Fig. 4d). The MTT assay of the four
POF samples was further validated via cellular migration
studies performed onMCF-7 cells. As shown in Fig. S40, cellular
migration gradually decreased with an increase in drug species
and the controlled cells of CMF@POF exhibited distinct cellular
migration aer 24 h. Thus, CMF@POF is an effective drug
delivery system that can inhibit cancer cell growth in combi-
nation with low-dose chemotherapy.

Then, 4T1 (mouse breast cancer cells), HeLa (human cervical
cancer cells) and MG63 (human osteosarcoma cells) were also
cultured to determine the broad-spectrum anti-cancer ability of
CMF@POF. Through cell uorescence imaging, it could be clearly
seen that as the concentration of CMF@POF increased, the death
trends of the three types of cancer cells were similar, especially
when the concentration of CMF@POF reached 50 mg mL−1,
all three cancer cell lines were almost completely killed
(Fig. S41). The above results clearly demonstrate that
CMF@POF has good anti-cancer ability. Finally, another cancer
cell line, H22 (mouse hepatocarcinoma cell), was used to
establish a xenogra tumor model using BALB/c mice to deeply
explore the in vivo antitumor efficiency of CMF@POF. Fig. 5a
shows that the tumor-bearing mice are randomly divided into
four groups (n = 5 in each group). The mentioned drugs were
intravenously injected into their tails: (i) saline (control group),
(ii) TpPa-1, (iii) CMF@POF, and (iv) 5-FU + CTX + MTX on Day
0 and Day 6. Wild-type BALB/c mice were used to test the
biocompatibility. No change in the body weight of the mice in
the CMF@POF group indicated the excellent biocompatibility
of CMF@POF. However, the mice in the 5-FU + CTX + MTX
group lost weight, indicating that direct injection of anticancer
drugs is biologically toxic, but CMF@POF can prevent this
toxicity (Fig. 5b, S42 and S43). The tumor volume of the mice
was enhanced in the control and TpPa-1 groups (Fig. 5c and d),
while mice in the 5-FU + CTX + MTX group showed a certain
degree of inhibition. Conspicuous tumor growth inhibition was
observed in the CMF@POF group, which should be ascribed to
the programmable drug release.

Furthermore, terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL) and hematoxylin and
eosin (H&E) staining of tumor tissues were performed to verify
the anticancer effect of CMF@POF. Fig. 5e shows that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
strongest red uorescence came from CMF@POF treated cells,
demonstrating the most extensive cancer cell apoptosis among
all groups. The pathological H&E staining indicated that tumor
structures was severely damaged in the CMF@POF group aer
treatment, suggesting that CMF@POF can function as an
effective antitumor agent through programmable drug release.

Conclusions

In conclusion, a hydrogen-bonded complex as a building unit
was integrated into a porous skeleton to enrich the structural
variety of POF structures. Accordingly, 5-FU, MTX, and CTX
drugs were locked in the POF architecture through different
binding patterns, which enabled a synergistic anticancer effect
and exhibited outstanding antitumor activity. A clear correla-
tion between the porous architecture and the guest molecules
has been established, and a potential method has been
provided for designing a carrier material for the programmable
release of multiple molecules. This work opens up novel pros-
pects for preparing other multiple-drug regimens to minimize
the side effects and enhance anticancer efficacy.
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characterizations of materials, including SEM images, mapping
images, PXRD patterns, TGA analysis, BET analysis, 1H NMR
spectra, 19F NMR spectra, the cell uorescence images and
additional calculation results (PDF). See DOI: https://doi.org/
10.1039/d5sc04021c.
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