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In this study, two novel fluorine-functionalized crystalline covalent organic frameworks (COFs), namely DF-
TAPB-COF and DF-TATB-COF, were synthesized, and their ordered structure, porosity, suitable pore size,
and abundant fluorine groups were expected to serve as effective carriers in drug delivery. The excellent cell
viability of DF-TAPB-COF and DF-TATB-COF was verified using MTT assays. Both COFs exhibited very high
loading capacities in terms of drug loading performance, in particular the drug loading rate of DF-TAPB-

Received 3rd September 2022 COF for 5-fluorouracil (5-FU) was up to 69%. They also exhibited efficient drug release performance in
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a simulated body fluid environment. Cell endocytosis experiments demonstrated that DF-TAPB-COF and

DOI: 10.1039/d2ra05534a DF-TATB-COF could be effectively endocytosed by cells. Hence, this study offers new insight into the
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Introduction

To date, several drug molecules have not functioned selectively
in diseased organs or tissues, because they typically spread
throughout the entire body without selectivity, causing various
toxic side effect.’” In addition, direct implementation of drugs
in patients has some limitations, such as low stability and
dispersibility in aqueous solutions, poor penetration into the
cell membrane, low targeting efficiency, and unregulated drug
delivery.*® Hence, drug carriers, particularly porous nano-
particle materials, which have good drug-loading ability and
targeting efficiency, could overcome these limitations.®®

In recent years, covalent organic frameworks (COFs) have
become the most popular porous materials because of their
unique characteristics, such as low density, excellent crystal-
linity, porosity, various functionalities, high surface area,
adjustable pore size, thermal and chemical stability, and the
absence of metals.® A variety of COFs have been synthesized and
investigated in various applications in recent decades, such as
gas storage and separation,'®'* sensors,">** catalysis,'®"” energy
storage,'' and electrochemical sensing.”’** COFs can be
applied as drug loading and release systems* because of their
good stability, large specific surface area, highly porous
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design and development of COF-based drug carrier systems.

structures, hypotoxicity and heavy metal-free features. In 2015,
Yan et al. reported the PI-COF-4 and PI-COF-5 with 20 and 24
wt% loading rates, respectively. And 95% of the initial IBU
loading was released after approximately 6 days. This study is
the first to apply COF materials in drug delivery.® In 2016,
Lotsch et al. reported an imine-based TTI-COF as a drug delivery
vehicle for quercetin transport with 35 wt% loading rate.** In
the same year, Zhao et al. developed PI-3-COF and PI-2-COF with
16 and 30 wt% loading rates for 5-FU, respectively, and the 5-FU
drug was completely released by the two COFs after 5 days.”® In
2017, Banerjee et al. developed a TpASH-FA covalent organic
nanosheet as a drug delivery material with 12 wt% loading rate
for 5-FU.>® Other studies on COFs as drug delivery systems had
also been reported.>**

However, to date, COFs have not been sufficiently studied as
drug loading and delivery candidates, and the ability of COF
materials to load drugs still need to be improved significantly.
As shown in Table S1,f the drug loading rates of various
synthesized COFs had been typically found to be 10-40 wt%.
Hence, there is an urgent need to explore novel COF platforms
for efficient targeted drug release.

Here, two new fluorine-functionalized imine-linked COFs,
DF-TAPB-COF and DF-TATB-COF, were designed and synthe-
sized via the condensation reaction of 2,5-difluoro tereph-
thalaldehyde (DFPA) with 1,3,5-tri-(4-aminophenyl) benzene
(TAPB) or 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline (TATB)
under solvothermal conditions (Fig. 1). In order to prove the
potential capacity of the two COFs in drug delivery, 5-FU with
anti-tumor activity and captopril (CA) with antihypertensive
ability were chosen as research objects. The structures of 5-FU
and CA drug contain amide, carboxyl and sulfydryl groups,
respectively. These groups could form F-H hydrogen bonds

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of synthesis of DF-TAPB-COF and
DF-TATB-COF (H, white; C, gray; N, blue; F, cyan).

with fluorine groups of the COFs, which make the two drugs
more easily loaded into the COFs. In addition, the two COFs
with large pore canals could accommodate more drug mole-
cules via noncovalent bond forces. And these two COFs can be
used as carriers to achieve better water dispersion by intro-
ducing a more hydrophilic fluorine group. Hence, the two well-
designed COFs could be as promising candidates for drug
delivery systems.

Experimental
Characterization

Solid state Fourier **C NMR spectra were measured on a Bruker
400 MHz spectrometer. Transform infrared (FT IR) spectra were
recorded on a JASCO model FT IR-6100 infrared spectrometer.
X-ray diffraction (XRD) data were recorded on a Bruker D8 Focus
Powder X-ray Diffractometer by using powder on glass
substrate, from 20 = 2° up to 30° with 0.5° increment. TGA
measurements were performed on a Discovery TGA under N,, by
heating from 30 °C to 800 °C at a rate of 10 °C min ™. Nitrogen
sorption isotherms were measured at 77 K with a TriStar II
instrument (Micromeritics). The Brunauer-Emmett-Teller
(BET) method was utilized to calculate the specific surface
areas. By using the non-local density functional theory (NLDFT)
model, the pore volume was derived from the sorption curve.
Morphology images were characterized with a Zeiss Merlin
Compact filed emission scanning electron microscope (FE-
SEM) equipped with an energy-dispersive X-ray spectroscopy
(EDS) system at an electric voltage of 5 KV. UV-vis spectra were
recorded on a PerkinElmer Lambda 950 UV/VIS/NIR
spectrometer.

Synthesis of DF-TAPB-COF

A Pyrex tube (10 ml) is charged with 1,3,5-tri-(4-aminophenyl)
benzene (TAPB) (0.08 mmol), 2,5-difluoroterephthalaldehyde
(DFPA) (0.16 mmol), 0.5 mL 0-DCB, 0.5 mL 1-butanol and
0.1 mL of 6 M aqueous acetic acid. The tube was then flash
frozen at 77 K and degassed by three freeze-pump-thaw cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The tube was sealed off and then heated at 120 °C for 3 days.
The collected powder was washed with dimethylformamide and
tetrahydrofuran, then dried at 80 °C under vacuum for 24 hours
to get corresponding yellow powder in ~89% isolated yield.

Synthesis of DF-TATB-COF

A Pyrex tube (10 ml) is charged with 4,4',4”-(1,3,5-triazine-2,4,6-
triyl)trianiline  (TATB) (0.08 mmol), 2,5-difluorotereph-
thalaldehyde (DFPA) (0.16 mmol), 0.5 mL mesitylene, 0.5 mL
dioxane and 0.1 mL of 6 M aqueous acetic acid. The tube was
then flash frozen at 77 K and degassed by three freeze-pump-
thaw cycles. The tube was sealed off and then heated at 120 ©
C for 3 days. The collected powder was washed with dime-
thylformamide and tetrahydrofuran, then dried at 80 °C under
vacuum for 24 hours to get corresponding red powder in ~85%
isolated yield.

Result and discussion
Structure and description

FT-IR spectroscopy was first used to describe the structure of the
synthesized COFs (Fig. 2a and b). The characteristic stretching
peaks at 1490 and 1511 cm ' indicate the formation of C=N
bonds at the joints of DF-TAPB-COF and DF-TATB-COF,
respectively.

13C SS-NMR spectroscopy was used to describe the structures
of DF-TAPB-COF and DF-TATB-COF (Fig. 3). The carbon signal
for the C=N and C-F groups on the aromatic ring of DF-TAPB-
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——S5-FU@DF-TATB-COF

—— CA@DF-TATB-COF
C=N, 1511em’?
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Fig. 2 FT-IR spectrum of DF-TAPB-COF ((a) black), 5-FU@DF-TAPB-
COF ((b) red), CA@DF-TAPB-COF ((c) blue), DF-TATB-COF ((d) black),
5-FU@DF-TATPB-COF ((e) red) and CA@DF-TATB-COF ((f) blue).

ppm ppm

Fig. 3 Solid state *C CP-MAS NMR spectrum patterns of DF-TAPB-
COF (a) and DF-TATB-COF (b).
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Fig. 4 (a) Nitrogen sorption isotherms at 77 K of (red) DF-TAPB-COF
and (blue) DF-TATB-COF; (b) pore size distributions of (red) DF-TAPB-
COF and (blue) DF-TATB-COF calculated using non-local density
functional theory.

COF appeared at 159.6 and 157.4 ppm, respectively, whereas the
carbons of benzene rings appeared at 151.9-112.8 ppm. For DF-
TATB-COF, the C=N peaks of the triazine rings were detected at
170.8 ppm. The peaks of C=N at the joint of DF-TATB-COF and
C-F groups on the aromatic ring appeared at 157.4 and
152.2 ppm, respectively, whereas the carbon signals of the
benzene rings appeared at 152.4-114.5 ppm.

Nitrogen adsorption-desorption isotherms at 77 K were used
to determine the porous characteristics of DF-TAPB-COF and
DF-TATB-COF. The type-IV adsorption isotherms in Fig. 4a show
that the two COFs possess mesopores. The BET surface areas of
DF-TAPB-COF and DF-TATB-COF were 1720 and 963 m? gfl,
respectively. The pore size and distribution were investigated
using a nonlocal density functional theory (NLDFT) cylindrical
pore model. Two remarkable peaks of DF-TAPB-COF and DF-
TATB-COF were found at 3.34 and 3.53 nm, respectively, in
the pore size distribution profile of the two COFs (Fig. 4b). The
numerical value is similar to the theoretical values calculated
for AA layer stacking. For each COF, the corresponding total
pore volume was 1.05 and 0.55 cm® g™, respectively.

The morphologies of both COFs were observed using FE-
SEM. DF-TAPB-COF exhibited a sphere-like microstructure,
whereas that of DF-TATB-COF was granular (Fig. S1}). Energy-
dispersive X-ray (EDX) spectroscopy mapping of the COFs
exhibited a uniform elemental dispersion in their structural
networks (Fig. S27).

The crystalline structures of these COFs were resolved using
powder XRD (PXRD). PXRD analysis (Fig. 5) was used to describe
the crystallinity of the DF-TAPB-COF and DF-TATB-COF. The
PXRD pattern of DF-TAPB-COF exhibited characteristic diffrac-
tion peaks at 2.84°, 4.86°, 5.62°, 7.44°, 9.76°, and 25.36°, which
were assigned to the 100, 110, 200, 210, 220, and 001 facets,
respectively (Fig. 5a, red curve). The PXRD pattern of DF-TATB-
COF exhibited characteristic diffraction peaks at 2.85°, 4.90°,
5.69°, 7.46°, 9.79°, and 25.50°, which were assigned to the 100,
110, 200, 210, 220, and 001 facets, respectively (Fig. 5b, red
curve). The self-consistent charge density functional tight
binding (SCC-DFTB) method was used for the theoretical anal-
ysis of the structure of the two COFs. The Pawley refined XRD
patterns (Fig. 5, purple curve) correlated with the
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Fig. 5 PXRD patterns of (a) DF-TAPB-COF and (b) DF-TATB-COF:
experimental (red), Pawley refined PXRD patterns (purple), corre-
sponding difference (black), the simulated patterns for eclipsed AA
stacking mode (blue) and the staggered (AB) layer stacking mode
(orange).

experimentally observed pattern, which demonstrated their
negligible difference (black curve). The blue curves in Fig. 4
show that the experimental PXRD peak positions and their
relative intensities were closer to the patterns of the eclipsed AA
stacked structure. By contrast, there were clear deviations
between the experimental and simulated patterns of the stag-
gered AB stacked structure (orange curve). Therefore, both COFs
adopted AA stacking rather than AB stacking.

Stability

The thermal stabilities of both COFs were examined using TGA.
The DF-TAPB-COF was stable up to 400 °C under N,, and the DF-
TATB-COF had negligible loss below 300 °C (Fig. S31).

The chemical stabilities of the two COFs were examined by
dispersing them in a strong acid and base for 48 h, after which
their PXRD profiles were assessed after vacuum drying at 80 °C
for 48 h. As shown in Fig. S4,T no significant changes in the
PXRD peak position and intensity of the COFs were observed
after treatment with 1 M HCIl and 1 M NaOH for 48 h, indicating
that the COFs had excellent chemical stability.

Drug loading capacity of DF-TAPB-COF and DF-TATB-COF

The successful drug loading for the two COFs was explained
using PXRD, FT-IR, and TGA analyses. PXRD analysis was used
to evaluate the drug-loading properties of the COFs. The char-
acteristic diffraction peaks of DF-TAPB-COF and DF-TATB-COF
loaded with 5-FU and CA are shown in Fig. S5.1 Not only the
diffraction peaks of the two COFs were present, but also the
diffraction peaks of 5-FU and CA were observed, indicating that
5-FU and CA were successfully loaded by these two COFs.
Furthermore, the successful loading of 5-FU and CA drugs
within the COFs was examined by FT-IR analysis with the
explanation of the characteristic peaks from the 5-FU@DF-
TAPB-COF, CA®@DF-TAPB-COF, 5-FU@DF-TATB-COF, and
CA@DF-TATB-COF in comparison with the two COFs without
loaded drugs (Fig. 2a-f). The FT-IR spectra of DF-TAPB-COF, 5-
FU@DF-TAPB-COF, and CA®@DF-TAPB-COF are shown in
Fig. 2a-c, and their C=N stretching vibration peaks were
observed at 1490 cm ™, indicating that the structure of the COF

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was still maintained after loading 5-FU and CA. The C=0O
stretching vibration peaks of 5-FU and CA were observed at 1660
em ! and 1752 em ™! in the 5-FU@DF-TAPB-COF and CA of
CA@DF-TAPB-COF, respectively, indicating that these two
drugs were successfully loaded by DF-TAPB-COF. In addition,
the FT-IR spectra of DF-TATB-COF, 5-FU@DF-TATB-COF, and
CA@DF-TATB-COF are shown in Fig. 2d-f, and their C=N
stretching vibration peaks were observed at 1511 ecm™ ', indi-
cating that the structure of DF-TATB-COF was still stable after
encapsulating 5-FU and CA. The C=O stretching vibration
peaks of 5-FU and CA were also observed at 1660 and 1752 cm ™
in the 5-FU@DF-TATB-COF and CA®@DF-TATB-COF, respec-
tively, indicating that these two drugs were successfully loaded
by the DF-TATB-COF.

The loading capacities of DF-TAPB-COF and DF-TATB-COF
for 5-FU and CA were investigated using TGA. It is evident
from the TGA thermogram that 5-FU and CA began to decom-
pose at 253 and 195 °C, respectively (Fig. S61). Hence, as shown
in Fig. S7,7 the loading capacities of DF-TAPB-COF and DF-
TATB-COF for 5-FU were 69 and 67 wt%, respectively, which
are the highest among the reported COF materials. The loading
capacity of DF-TAPB-COF for CA was also high (up to 60 wt%).
However, the 41 wt% loading capacity of the DF-TATB-COF for
CA was lower than that of DF-TAPB-COF, it is because that DF-
TATB-COF has a lower BET surface area and pore volume than
DF-TAPB-COF. The DF-TATB-COF with more lower BET surface
area has less active load sites, and more smaller pore volume of
the COF means more weaker ability of accommodating drug
molecules into the hole. To prove the importance of fluorine
groups for the loading drug capacity of the COFs, we prepared
the N-TAPB-OMeTA COF material according to the literature,*
and its chemical structure and PXRD are shown in Fig. S8.7 It
can be observed from the TGA thermogram of N-TAPB-OMeTA
that it is stable below 350 °C (Fig. S91). As shown in Fig. S10a
and b, the loading capacity of N-TAPB-OMeTA for 5-FU and CA
were 31 and 20 wt%, respectively, which is significantly less
than that of our designed DF-TAPB-COF and DF-TATB-COF.
This experimental result proved that methoxy groups of the
COFs have no intermolecular interation with 5-FU and CA,
however, our designed COFs have good loading capacity for 5-
FU and CA because of the existence of fluorine groups, which
can form F-H hydrogen bonding forces with the two drug
molecules. Hence, the introduction of fluorine groups is
necessary to improve the loading capacity of the COFs.

In vitro releasing of drugs

The cumulative drug release rate from the drug carrier system
was investigated. A linear relationship between the fluorescence
intensity and the 5-FU and CA drug concentrations was
observed (Fig. S111), and the 5-FU and CA concentrations
ranged from 14 to 70 mg L™ " and 20 to 40 mg L™ ", respectively.
The calibration curves for 5-FU and CA are shown in Fig. S11.f

As shown in Fig. 6, the release behaviors of 5-FU@DF-TAPB-
COF, 5-FU@DF-TATB-COF, CA@DF-TAPB-COF, and CA@DF-
TATB-COF were investigated in PBS water solution with a pH
of 7.4 at 37 °C, respectively. The real-time drug release behavior

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Release profiles of 5-FU@DF-TAPB-COF ((a) red), 5-FU@DF-
TATB-COF ((a) blue), CA@DF-TAPB-COF ((b) purple) and CA@DF-
TATB-COF ((b) orange). Data were presented as the mean + SD (n = 3).

was detected by UV-visible spectroscopy based on the calibra-
tion curve of 5-FU. The drug release rates of the two 5-FU loaded
COFs were similar, and most of the loaded 5-FU was released by
5-FU@DF-TAPB-COF and 5-FU@DF-TATB-COF after 3 d. The
cumulative release rate of 5-FU@DF-TAPB-COF was up to 80%
of the original loaded 5-FU after 3 d, which was higher than that
of 5-FU@DF-TATB-COF. It could be explained by the fact that
DF-TAPB-COF with a larger pore volume can release 5-FU more
easily than DF-TATB-COF. Furthermore, the two COFs loaded
with CA exhibited excellently in vitro drug release, which were
similar to that of 5-FU loaded COFs. Thus, the synthesized
porous COF nanoparticles could serve as suitable materials for
drug carriers and release systems.

In vitro cell cytotoxicity

To evaluate the biocompatibility of 5-FU, CA, DF-TAPB-COF, DF-
TATB-COF, 5-FU@DF-TAPB-COF, and 5-FU@DF-TATB-COF, an
MTT assay was performed using MCF-7 cells. Fig. 7a shows the
cell viability after incubation with pure and drug-loaded COFs
for 48 h. No significant cytotoxicity was observed at low
concentrations (50 pg mL™') for pure DF-TAPB-COF or DF-
TATB-COF. Even when the concentrations of DF-TAPB-COF
and DF-TATB-COF were up to 200 ug mL ™", the cytotoxicity of
DF-TAPB-COF was still low, resulting in a 96% cell viability.
However, a cell viability of 84% was observed for DF-TATB-COF,
and there was a certain degree of reduction compared with the
low concentration of 50 ug mL ™. Hence, the two COFs exhibi-
ted good biocompatibility. The cytotoxic effect of 5-FU and CA at

—_
8
=

W T cor (b)
. oo il

Cell Viability (100%)

Concentration (ug mL™)

Fig. 7 (a) In vitro cell cytotoxicity of DF-TAPB-COF and DF-TATB-
COF at 37 °C for 48 h and their concentration scope was at 50-200 pg
mL~L; (b) in vitro cell cytotoxicity of 5-FU and captopril drug loaded the
two COFs at 25-100 ug mL™* for 48 h. Data were presented as the
mean £ SD (n = 3).
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25-100 pg mL ™' on MCF-7 cells after incubation for 48 h are
shown in Fig. S12.1 In addition, the cytotoxic effect of 5-FU and
CA loaded COFs at concentrations of 25-100 ug mL~"' on MCF-7
cells after incubation for 48 h are shown in Fig. 7b. Interest-
ingly, 5-FU@DF-TAPB-COF and 5-FU@DF-TATB-COF exhibited
a higher inhibition rate for cells than pure 5-FU. CA@DF-TAPB-
COF and CA@DF-TATB-COF exhibited a slightly higher inhibi-
tion rate for cells than pure CA.

Cell uptake of COFs in vitro

An inverted fluorescence microscope was used to monitor
whether DF-TAPB-COF and DF-TATB-COF could be endocytosed
by B16F10 cells (Fig. S131). Using rhodamine B as the fluores-
cent labeling reagent, which was loaded into DF-TAPB-COF and
DF-TATB-COF, the endocytosis process was performed in
B16F10 cells for 6 h at 37 °C. Compared with untreated cells, the
fluorescence microscope images of rhodamine B@DF-TAPB-
COF and rhodamine B@DF-TATB-COF clearly showed that
after 6 h of incubation, they could enter the cytoplasm of
B16F10 cells. These results clearly indicated that DF-TAPB-COF
and DF-TATB-COF were endocytosed by cells, and thus they
could serve as drug carrier systems.>®

Conclusions

In summary, two novel chemically and thermally stable
fluorine-based COFs, namely DF-TAPB-COF and DF-TATB-COF
with imine linkages were successfully synthesized and used as
drug carrier systems for 5-FU and CA. The two COFs with large
mesoporous pores could accommodate abundant drug mole-
cules via noncovalent bond forces. In addition, by introducing
a more hydrophilic fluorine group, these two COFs can be used
as carriers to achieve better water dispersion, and the fluorine
groups can improve the drug-loading capacity by forming F-H
hydrogen bonding forces with the drug molecules. Hence, these
two COFs exhibited high loading capacities and efficient drug
release behaviors. MTT assays proved that they possess low
cytotoxicity, thus can serve as candidates for biomedical appli-
cations. Cell endocytosis experiments demonstrated that DF-
TAPB-COF and DF-TATB-COF can be effectively endocytosed
by cells, providing a direct proof that they can act as drug
carriers. These results indicated that DF-TAPB-COF and DF-
TATB-COF could be used as potential drug delivery platforms
for cancer or cardiovascular disease chemotherapy. The results
of this study can contribute to the development of excellent
drug delivery systems.
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