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The emergence of nanocarriers has greatly improved the therapeutic efficacy of chemotherapeutic drugs.
As emerging nanocarriers, covalent organic frameworks (COFs) have been increasingly used in biomedi-
cine in recent years. However, due to their inherent chemical stability, existing COF nanocarriers hardly
undergo in vivo degradation, which brings potential safety hazards to further applications. In this work, we
introduce the azo bond into COFs. When the nanocarrier enters the cell, “OH generated by the co-
ordinated Fe response to the H,O, in the cell will break the azo bond and cause the degradation of the
framework structure, accelerating the release of internally loaded DOX to effectively realize tumor treat-
ment. We verified the degradation ability of the materials by constructing model compounds, in vitro drug
release, MTT assay and antitumor experiments. Compared with the control groups, the degradable COF
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accelerates the release of DOX and shows a stronger killing effect on 4T1 cells. Serum biochemical ana-
lysis and H&E sections of organs show good biocompatibility for both COFs and degradation products.
This work provides a new idea for the design of biodegradable COFs in vivo, and greatly explores the
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Introduction

Cancer is currently a major disease threatening human health,
and traditional treatment methods still have certain limit-
ations." For example, although surgical treatment can be rela-
tively direct to remove early lesions,” it is easy to relapse after
surgery and is not suitable for metastatic and difficult-to-resect
cancers. However, radiotherapy and chemotherapy have great
therapeutic side effects,>* which can easily affect the health of
patients due to lack of specificity. Therefore, there is an urgent
need to develop more targeted and effective treatments.
Nanocarriers have received extensive attention from research-
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potential application of COF materials in the biomedical field.

ers in recent years for increasing the circulation time of drugs
in the body,”” increasing the enrichment at tumor sites, pene-
trating deeply into the tumor, and achieving effective drug
release after tumor cell internalization, thus bringing great
improvement to the therapeutic effect.

As an emerging organic porous material,®"* covalent
organic frameworks (COFs) have attracted extensive attention
from researchers not only because of their common character-
istics of conventional nanocarriers™®™> but also because of
their many unique properties such as periodicity, crystallinity,
porosity, stability and so on. When used as nanocarriers,"®™*®
these properties allow COFs with a flexible design according to
requirements to exhibit efficient encapsulation and transport
of the guest molecule.

There have been many reports on the successful application
of COFs in biomedicine,'®*° but there are still some problems
to be solved when they are applied: (1) controlled drug
release."® The existing COF nanocarriers are still unable to use
the characteristic signals of the tumor micro-environment as
the stimulus source to construct a responsive drug delivery
system, which can realize the targeted delivery of drugs at the
tumor site. (2) In vivo degradability.>">* Most of the currently
available COFs are not degradable in vivo; their good chemical
stability also brings potential safety issues to their in vivo
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Scheme 1 Schematic illustrations of the formation of COF-TpAzo NPs and in vivo framework degradation for enhanced tumor therapy.

application. Therefore, COF nanocarriers for in vivo appli-
cations still need to be further improved.

To solve the above problems, we designed the work
described in this paper, as shown in Scheme 1. Degradable
COF-TpAzo was prepared by the covalent reaction of 1,3,5-tri-
formylphloroglucinol (Tp) and 4,4-azodianiline (Azo), and
then coordinated iron ions, loaded doxorubicin (DOX), and
masked hyaluronic acid (HA) to finally obtain an intelligent
nano drug delivery system in vivo. After being enriched at the
tumor site through the EPR effect,>>** the nano drug delivery
system targeted and recognized the CD44 receptor on the
tumor cell membrane.>>*® After entering the cell, in response
to the characteristic signal in the tumor cell with a high con-
centration of H,0,,>”® Fe ions produced the Fenton
effect,”>' generating hydroxyl radicals, which broke the azo
bond on the COF structure, resulting in the degradation of the
COF carrier. At the same time, the release of doxorubicin was
accelerated to achieve the killing of tumor cells.

The nanoplatform has the following characteristics: (1) the
prepared COF NPs could accumulate at the tumor site by
means of the EPR effect, and the encapsulated HA could
respond to the CD44 receptor on the surface of tumor cells to
achieve targeted delivery to tumor cells; (2) the "OH generated
by the Fenton effect in response to H,O, at the tumor site
could break the azo bond of the COF backbone,*** resulting

This journal is © The Royal Society of Chemistry 2023

in the biodegradation of COF; (3) the degradation of the COF
backbone accelerated the controlled release of DOX, enabling
targeted drug delivery.

We characterized the structure and physicochemical pro-
perties of COFs in detail, evaluated the degradation properties
of the materials at the material and cellular levels, and evalu-
ated the antitumor properties of the materials in a 4T1 tumor-
bearing mouse model. The small molecule degradation pro-
ducts did not cause significant toxicity in mice, indicating that
this work is a meaningful attempt at degradable COFs, and
this work has made a meaningful exploration in expanding the
application of COFs in the field of biomedicine.

Experimental
Materials

4,4'-Azodianiline (Azo) was obtained from Shanghai Macklin
Biochemical Co., Ltd (Shanghai, China). 1,3,5-
Triformylphloroglucinol (Tp) was obtained from Zhengzhou
JACS Chem Product Co., Ltd (Henan, China). Trifluoroacetic
acid (TFA) was bought from Aladdin Biochemical Technology
Co., Ltd (Shanghai, China). Polyvinylpyrrolidone (M,, = 40 000)
was obtained from Energy Chemical (Anhui, China). 3,3',5,5"-
Tetramethylbenzidine (TMB) and FeCl;-6H,O were obtained
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from J&K Chemicals (Beijing, China). DOX hydrochloride
(DOX-HCl) was obtained from Meilun Biotechnology
Corporation (Dalian, China). Hyaluronic acid (HA) was
acquired from Freda (Shandong, China). Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
acquired from Gibco (Grand Island, USA). 4',6-Diamidino-2-
phenylindole dihydrochloride (DAPI) and methyl thiazolyl
tetrazolium (MTT) were purchased from Sigma-Aldrich
(St Louis, MO, USA). The other reagents were obtained from
Sinopharm Chemical Reagent Co. Ltd, China. N,N-
Dimethylthiourea (DMTU) was bought from TCI Chemicals
(Shanghai, China). All blood index assay kits were obtained
from Nanjing Jiancheng Bioengineering Institute.

Murine 4T1 breast cancer cells were obtained from the cell
bank of the Chinese Academy of Sciences (Shanghai, China).
All cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum. Cells were incu-
bated at 37 °C under a humidified atmosphere containing 5%
CO,.

Animals

Female Balb/c mice (6-8 weeks, 18-22 g) were obtained from
vital River Company (Beijing, China). All animal procedures
were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Northeast Normal University
and approved by the Animal Ethics Committee of Northeast
Normal University.

Synthesis and characterization of COF-TpAzo NPs

4,4"-Azodianiline (Azo) (0.045 mmol, 9.5 mg) and 1,3,5-triformyl-
phloroglucinol (Tp) (0.03 mmol, 6.3 mg) were dissolved in
100 mL of dichloromethane (DCM) in a 250 mL round bottom
flask at room temperature, separately, resulting in a transpar-
ent yellow and a colorless solution, respectively. Trifluoroacetic
acid (TFA, 10 pl) was added to the Azo solution, followed by
adding Tp solution, which turned the color of the solution
from yellow to dark purple to wine red. Two hours after that,
20 mg of polyvinylpyrrolidone (PVP, M,, = 40 000) was added,
resulting in the turbid solution being transformed into a trans-
parent solution immediately. After stirring for 70 hours, the
reaction mixture was concentrated under reduced pressure,
and n-hexane was added to separate the COF nanoparticles
from the solutions. After complete precipitation of all the COF
nanospheres, the precipitate was collected and washed
thoroughly with dimethylacetamide (DMAc) followed by dry
acetone and isolated as a red powder after drying in an oven at
120 °C.

The zeta potential and size of materials were characterized
using a zeta potential/BI-90Plus particle size analyzer
(Brookhaven, USA). Fourier transform infrared (FT-IR) spectra
were recorded on a Bruker VERTEX70 spectrometer. A PXRD
study was performed using a wide-angle X-ray diffractometer
(D8 ADVANCE, Bruker, Germany) using Cu-Ka radiation.
400 MHz solid state '*C CP-MAS NMR spectra were obtained
using a Bruker AVANCE III HD spectrometer. SEM images were
obtained using a field emission scanning electron microscope
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(Zeiss Merlin FE-SEM). N, isotherms were measured on a volu-
metric analyzer (Autosorb iQ, Quantachrome, USA).

Preparation of Fe-COF NPs

10 mg of COF-TpAzo powder, 170 mg of FeCl;-6H,0 and 5 mL
of N,N-dimethylformamide (DMF) were added in a round
bottom flask at 120 °C and refluxed overnight. The Fe-COF pre-
cipitate was collected and washed thoroughly with deionized
water in order to remove residual FeCl;-6H,O in the system
and isolated as a dark red powder after drying in an oven at
120 °C.

Preparation of DOX@Fe-COF NPs

Fe-COF NPs and DOX-HCI were dispersed in DMSO, and tri-
ethylamine was added to it to remove hydrochloride and then
stirred for 0.5 h; then, the resultant product was dropped into
water under stirring, the volume of which was two times that
of DMSO, and the mixture was stirred overnight. The
DOX@Fe-COF NPs were collected by centrifugation and
washed three times with water. The DOX@Fe-COF NPs were
soaked in DMSO and stirred overnight. After centrifugation,
the DOX content in the supernatant was considered the total
DOX content in DOX@Fe-COF NPs. After the concentration
was determined by a UV-Vis absorption spectrum at 480 nm,
DLE and DLC were calculated by comparing them with the
standard curve:

DLE (wt%) = (weight of loaded drug/weight of feeding drug)
x 100%

DLC (wt%) = (weight of loaded drug/weight of NPs) x 100%

The preparation process of DOX@COF NPs was similar.

X-ray photoelectron spectroscopy (XPS) data were collected
using a Thermo Scientific ESCALAB 250 Multitechnique
Surface Analysis system.

Preparation of DOX@Fe-COF/HA NPs

The DOX@Fe-COF NPs and HA were dissolved in deionized
water with a weight ratio of 10:1 and stirred for 30 min. The
mixed solution was centrifuged at 10 000 rpm for 10 min to
obtain DOX@Fe-COF/HA NPs and washed with deionized
water three times.

Preparation of the model compound

Tp (0.25 mmol, 52.5 mg), P-aminoazobenzene (2.5 mmol,
492.5 mg) and 50 mL of DCM were added in a round bottom
flask at 70 °C and refluxed overnight. The yellow precipitate
was washed with acetone three times and then centrifuged
and dried in an oven to obtain the model compound.

Detection of ‘OH

Fe-COF NPs (1 mg mL™") and H,0, (100 uM, consistent with
the concentrations at tumor sites reported in the literature)
were mixed in deionized water. A 0.2 mM TMB solution, which
was employed as a chromogenic agent to display the ‘OH gene-
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ration, was added to the system. The absorption peak changes
of the samples at 650 nm were observed using a UV-visible
spectrophotometer.

Drug release of DOX@Fe-COF

Considering that DOX loaded in DOX@Fe-COF NPs was in the
form of non-hydrochloride, it was not a water-soluble drug, so
we added 0.5% Tween 80 to the PB solution to facilitate drug
release. 1 mg of DOX@Fe-COF NPs or DOX@COF NPs was
added to a centrifuge tube, and 1 mL of release buffers with
different pH values were added. The final concentration of
H,0, in the control group was 100 uM, which was the same as
that in the tumor tissue. Three parallel groups were prepared,
and the centrifuge tubes were placed in a constant temperature
shaking box at 37 °C and shaken in the dark. The supernatant
was centrifuged at different time points to measure the UV
absorption intensity at 480 nm, and then 1 mL of release
buffer was added with continued shaking. The final release
efficiency was the cumulative result of all time points before
this.

Cytotoxicity assay

The cytotoxicity of DOX@Fe-COF/HA was investigated by MTT
assay. Briefly, 4T1 cells (8000 cells per well) were seeded in
96-well plates and incubated for 24 h (37 °C, 5% CO,). After
being treated with different groups, the cells were incubated
again for 24 h before adding 20 pL of MTT. After incubation
for 4 h, the medium and MTT were removed, and 150 pL of
DMSO was added. Then, the absorption at 492 nm was
measured by using a Bio-Read 680 microplate reader.

Cellular uptake

Cellular uptake capacity was explored using a CLSM and flow
cytometry. In the CLSM experiment, 4T1 cells (3 x 10° cells per
well) were seeded on cover glasses in 6-well plates and incu-
bated for 24 h (37 °C, 5% CO,). Then, 25 pg mL~" DOX@Fe-
COF/HA was added. After different incubation times, the
medium was swapped with 4% paraformaldehyde and fixed at
room temperature for 15 min after washing with PBS five
times. Then, the cells were washed with PBS five times and
stained with 1 mg mL™ DAPI (2 pL per well). After washing
with PBS again five times, the cover glasses were removed,
immobilized on slides and sealed with glycerol for imaging
using a CLSM (ZEISS LSM780, Germany). In the flow cytometry
experiment, 4T1 cells were seeded in 6-well plates (3 x 10° cells
per well) and incubated for 24 h (37 °C, 5% CO,). Then, 25 pg
mL™' DOX@Fe-COF/HA was added. After incubation, the cells
were digested at different time points with trypsin and washed
with PBS two times and then re-dispersed in PBS buffer for
detecting the fluorescence intensity of DOX using a flow cyto-
meter (Guava Technologies).

Mouse tumor models

Six- to eight-week-old Balb/c mice (female) were purchased
from Vital River Company (Beijing, China). To construct the
4T1 tumor model, 1 x 10° cells in 50 pL of PBS buffer were
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implanted into the right flank of each mouse by subcutaneous
injection. In vivo experiments were performed when the tumor
had reached 100 mm?. All animal experiments were conducted
following the guidelines of laboratory animals created by the
Animal Care and Use Committee of Northeast Normal
University.

Biodistribution of DOX@Fe-COF/HA NPs

200 pL of DOX@Fe-COF/HA NPs were intravenously injected
into 4T1 tumor-bearing mice at a dose of 5 mg kg~' DOX in
NPs. Then, at 12 h and 24 h post-injection, the mice were sacri-
ficed under anaesthesia, and the tumors and major organs
were collected for fluorescence imaging using a Maestro In
Vivo Imaging System (Cambridge Research & Instrumentation,
Inc., USA).

Antitumor experiment

When the tumor volume was 100 mm?®, 4T1 tumor-bearing
Balb/c mice were casually allocated into four groups (n = 5),
including PBS, Fe-COF/HA, DOX@Fe-COF/HA + DMTU, and
DOX@Fe-COF/HA. DOX@Fe-COF/HA NPs (200 pL) were intra-
venously injected at a DOX dose of 5 mg kg™ every two days.
25 pL of 50 pM DMTU was intratumorally injected at 12 h
before COF NP injection. The body weight and tumor volume
of mice of all the groups were measured every two days. The
tumor volume was calculated according to the equation a/2 x b*
(a is the longer diameter, and b is the shorter diameter). The
mice were sacrificed after 14 days of treatment to collect the
major organs and tumors, which were further stained with
hematoxylin and eosin (H&E) and TdT-mediated dUTP Nick-End
Labeling (TUNEL).

Statistical analysis

Data analysis was performed using Microsoft Excel and
GraphPad Prism 8 software. The data are presented as mean *
s.d. All of the statistical analyses were compared by Student’s
t-test. (*p < 0.05 was considered statistically significant. **p <
0.01 and ***p < 0.001 were considered extremely significant.
“ns” indicated no significant differences.)

Results and discussion
Preparation and characterization of COF-TpAzo

COF-TpAzo nanoparticles were synthesized using 4,4'-azodiani-
line (Azo) and 1,3,5-triformylphloroglucinol (Tp) in dichloro-
methane solvent according to the method previously reported
by Banerjee,** as shown in Fig. 1A. According to the literature,
the particle size or the shape of COF-TpAzo would be affected
by the amount of catalyst trifluoroacetic acid added to the
system and the time or temperature of the synthesis. After
many attempts (Table S1, Fig. S1 and S2%), we finally deter-
mined the most suitable synthesis conditionsthat could be
used to synthesize COF NPs with good crystallinity of the par-
ticle size for further use. The nanoparticles were subsequently
collected by centrifugation. Fourier transform infrared (FT-IR)

Biomater. Sci., 2023, 1, 6524-6536 | 6527
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Fig. 1 Synthetic route and characterization results. (A) Synthetic route to COF-TpAzo. (B) FT-IR spectra of COF-TpAzo, Tp monomer, and Azo
monomer. (C) Comparison of the measured and simulated PXRD patterns of COF-TpAzo. (D) SEM images of COF-TpAzo (scale bar, 200 nm). (E) DLS
result and zeta potential result of COF-TpAzo. (F) Pore size distribution of COF-TpAzo using the DFT method. The inset is the N, isotherm of
COF-TpAzo. (G) FT-IR spectra of Fe-COF and COF-TpAzo. (H) UV-visible absorption spectra of TMB incubated with different groups to verify the

‘OH generation. The inset is a digital photograph of the groups.

results in Fig. 1B show that after the reaction, the character-
istic peaks of amino groups (-N-H) on Azo at 3338 cm™ ", and
the characteristic peaks of aldehyde groups on Tp at
1641 cm™" and 2889 cm™' decreased in absorption. The
absorption peaks of COFs at 1619 cm™* (-C=0), 1575 cm™"
(-C=C) and 1265 cm™" (-C-N) were generated, implying that
the framework structure of nanoparticles was obtained by
forming imine bonds between Azo monomer and Tp
monomer, which proved the successful synthesis of
COF-TpAzo. The powder X-ray diffraction (PXRD) spectra in
Fig. 1C show that the experimental patterns were in good
agreement with the eclipsed-AA stacking models simulated by
the references.®® The high-intensity peak at 3 degrees, which
was attributed to their (100) plane diffractions, indicated the
high crystallinity of the COF NPs.

6528 | Biomater. Sci, 2023, 11, 6524-6536

The synthesized nanoparticles show a uniform particle size
of around 40 nm under scanning electron microscopy (SEM)
(Fig. 1D). We also provided SEM images with larger magnifi-
cation to observe the morphology of COFs (Fig. S3t). DLS and
zeta potential results are shown in Fig. 1E. The particle size of
COF NPs was 289 nm + 7.1 nm, and the zeta potential was
—29.5 mV. We also verified the permanent porosity and archi-
tectural rigidity of the COF nanoparticles from their N, adsorp-
tion analysis at 77 K. The results in Fig. 1F show excellent
porosity with a surface area of around 503 m> g~* and a pore
size of 2.1 nm for COF-TpAzo, which was further evidence of
the successful synthesis of COF NPs. The results of solid-state
NMR were also in line with the literature (Fig. S47).

Subsequently, Fe coordination was performed on COF NPs.
COF NPs and FeCl;-6H,0O were refluxed in DMF solution at

This journal is © The Royal Society of Chemistry 2023
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120 °C for 24 h, and then the Fe-COF NPs were collected by
centrifugation. As shown in Fig. 1G and S5, we used FT-IR,
X-ray photoelectron spectroscopy (XPS) and inductively
coupled plasma-mass spectrometry (ICP-MS) to characterize
the Fe-COF nanoparticles. The infrared absorption peaks of
coordinated Fe at 553 cm ' and 462 cm™', as well as the
characteristic absorption peak at 711 eV in the XPS spectrum,
indicated the successful coordination of Fe. ICP-MS results
showed that the Fe content in Fe-COF was about 8%.
Thermogravimetric analyses of COF-TpAzo under an N, atmo-
sphere (Fig. S6)T indicated that COF-TpAzo is thermally stable
up to ~450 °C. The curve of Fe-COFs was almost identical to
that of COFs. This indicated that Fe coordination had no sig-
nificant effect on the thermodynamic stability of COFs. Then,
the Fenton effect generating ability of Fe-COFs was verified by
3,3',5,5-tetramethylbenzidine (TMB).>” TMB could respond to
hydroxyl radicals ("OH) in the Fenton reaction, resulting in
blue coloration. We added TMB and H,O, to Fe-COF and
FeCl;-6H,0 solutions, respectively, and measured the treated
solutions by UV-Vis absorption spectroscopy. The results in
Fig. 1H show that after the addition of Fe-COF and FeCl;-6H,0
solutions, the originally colorless TMB and H,O, mixed solu-
tion became visibly blue to the naked eye and produced the
same absorption at 650 nm. The results showed that Fe-COFs
had the ability to generate ‘OH by the Fenton reaction with
H,0,, which provided the possibility for subsequent COF
degradation.

The degradability of Fe-COFs

Afterwards, we verified the degradability of the synthesized
Fe-COFs. Considering the high molecular weight and complex
structure of COFs, it was difficult to directly characterize the
structural changes, which brings some obstacles to the verifi-
cation of the degradability of COFs. Therefore, we designed
and synthesized a model compound (MC) (2,4,6-tris(((4-( phe-
nyldiazenyl)phenyl)amino)methylene)cyclohexane-1,3,5-trione)
with the same azo bond structure of COF-TpAzo using a Tp
monomer and an azobenzene monomer containing only one
amino group to assist in verifying the degradation properties
of Fe-COFs (Fig. S7t). The mass spectrometry (MS) results in
Fig. 2C indicate the successful synthesis of the MC. It was then
treated with Fe*" and H,0,, and the reaction system was moni-
tored by UV-Vis absorption spectroscopy. As shown in Fig. 2B,
the results showed that the double peak absorption of the azo
bond at 461 nm and 496 nm gradually weakened with the pro-
longation of treatment time, initially demonstrating the possi-
bility that the azo bond of the MC was cleaved in response to
H,0,.

Afterwards, we treated Fe-COFs and the MC with H,0,,
while the MC was additionally treated with Fe®*, and then
characterized the two reaction systems by MS. The results in
Fig. 2C show that after the treatment of the MC, in addition to
the peak of the MC, three new peaks appeared in the system.
Two of these peaks, 494.6 and 522.6, were completely coinci-
dent with the MS results of the Fe-COF system treated with
H,0,, verifying that the degradation mechanism of Fe-COFs

This journal is © The Royal Society of Chemistry 2023
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was similar to that of the MC, in which azo bonds played an
important role in response to H,O,, which were speculated as
the main degradation products of Fe-COFs or MC. According
to the literature,**® when the azo bond reacts with H,0,, the
two ends would undergo oxidation and reduction reactions to
generate the nitroso (-NO)-containing oxidation products and
amino (-NH,)-containing reduction products, respectively.
Therefore, we proposed that the structural formulas of the two
degraded products were as shown in Fig. 24, in which case the
molecular weights agree with the MS results. So far, we had
completed the verification of the degradability of Fe-COFs;
there was a chance to degrade into small molecules, and the
degradation products 1 and 2 were possible degradation
products,®>** and we deduced that the degradation was caused
by the Fenton effect, so it could be inferred that Fe-COFs are
biodegradable in the presence of H,O, at the tumor site.

Preparation of DOX@Fe-COF NPs and their drug release ability

Next, we explored the drug loading capacity of Fe-COFs, as
shown in Fig. 2D. After mixing DOX and Fe-COFs with
different mass ratios, we detected the loading content in Fe-
COFs by UV-Vis spectroscopy. The results showed that the
highest loading efficiency was accomplished when the masses
of DOX and Fe-COFs were equal, so we selected equal masses
of DOX and Fe-COFs for loading to obtain DOX@Fe-COF nano-
particles. At this point, the loading capacity of DOX@Fe-COF
was 20%. We also used the same synthesis method to syn-
thesize DOX@COF at a mass ratio of 1/1 for comparison.
Considering that the Fe atoms also occupy part of the pore
volume of COFs after coordination, there was also a slight
reduction in the drug loading capacity (Fig. S9F).

After the loading of DOX, we evaluated the drug release
ability of DOX@COF and DOX@Fe-COF and compared the
difference with or without H,O,. It could be seen from Fig. 2E
and S1071 that the release amount of DOX@COF had almost no
change before and after the addition of H,0,. However, the
release capacity of DOX@Fe-COF was significantly increased
under the H,0, conditions. Combined with the previous
experimental results, we inferred that the Fenton effect was the
key factor in the degradation of COF bonds. This property was
beneficial for us to trigger controlled release in vivo.

Cytotoxicity of DOX@Fe-COF NPs

Then, the verification of cytotoxicity at the cellular level was
performed. As shown in Fig. 2F, trace amounts of Fe in Fe-
COFs did not affect cell viability. Even a high concentration of
100 pg mL™* did not cause significant cell killing, indicating
that Fe-COFs had good biocompatibility. The cytotoxicity of
DOX@PFe-COFs loaded with DOX was then evaluated. As shown
in Fig. 2G, the cytotoxicity also increased with increasing
material concentration. 25 pg mL™' DOX@Fe-COFs could
directly reduce the cell viability to 40%. After the addition of
H,0,, the cell viability of each concentration of material could
be further reduced, resulting from more release of DOX.
Calculation of IC50 of DOX@Fe-COFs with and without H,O,
is shown in Fig. S11.f Considering the small effect of H,0,
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Fig. 2 Verification of degradability of an Fe-COF. (A) A possible degradation mechanism of Fe-COF and model compounds that we inferred. (B)
Change of model compound UV-vis absorption spectra with time, when H,O, and Fe** were added. (C) Mass spectra of the model compound, Fe-
COF + H,0,, and model compound + Fe3* + H,0,. (D) The loading efficiency and loading content of DOX@Fe-COFs varied with the mass ratios of
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cell cytotoxicity of Fe-COF NPs, indicating the biosafety of Fe-COF NPs. (G) The cell cytotoxicity of DOX@Fe-COF NPs with and without H,O,. The
concentration of H,O, added was 100 pM. Data are presented as the mean + SD (n = 3). Significant differences were assessed using a t test (*p <

0.05, **p < 0.01, ***p < 0.001).

itself on the cell viability, we could conclude that the enhanced
killing effect on tumor cells stemmed from the degradation of
Fe-COFs after adding H,0,, thus accelerating the internally
loaded DOX release. Fe-COFs had almost no therapeutic effect
on the tumor, and we speculated that the Fenton effect pro-
duced was not enough to inhibit tumor growth.

Cellular uptake and in vivo distribution of DOX@Fe-COF NPs

The cellular uptake of 4T1 cells incubated with DOX@Fe-COF
NPs at different treatment times was observed using a confocal
laser scanning microscope (CLSM), as shown in Fig. 3A. The
results showed that the fluorescence co-localization of the

6530 | Biomater. Sci, 2023, 11, 6524-6536

nucleus and DOX was observed for about 6 h, indicating that
DOX@Fe-COF NPs took about 6 h to complete the endocytosis.

To increase the stability of nanoparticles, we masked HA
onto DOX@Fe-COF nanoparticles (Fig. S12 and S137). At the
same time, the specific binding ability between HA molecules
and the highly expressed CD44 receptor on the surface of
tumor cells also contributes to improving the targeting of
nanoparticles to tumor cells (Fig. S147).

The in vivo distribution of the materials was studied with
in vivo imaging equipment, and DOX@Fe-COF/HA was
administered by tail vein injection. Free DOX was also studied
as a control group. In addition, intratumoral injection of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Endocytosis and biodistribution. (A) The CLSM images of 4T1 tumor cells incubated with DOX@Fe-COF NPs for 2 h, 4 h, and 6 h. Scale bar:
20 pm. (B) The fluorescence images of mouse organs and tumors after tail vein injection of DOX@Fe-COF/HA NPs for 12 h and 24 h.

N,N'-dimethylthiourea (DMTU) was used to deplete H,0O, at
the tumor site for comparison with DOX@Fe-COF/HA without
additional treatment to verify the effect of intratumoral H,0,
on COF degradation.?® After a certain period of tail vein injec-
tion, the organs and tumors of the 4T1 tumor-bearing mice in
each group were dissected for fluorescence intensity
observation. The quantification results of the normalized
fluorescence signal are shown in Fig. S15.F

The results in Fig. 3B show that 12 hours after the tail vein
injection of free DOX, there was only a little fluorescence in
the tumor, but almost no fluorescence was observed in other
organs. This showed that free DOX stayed in the body only for
a short time and was quickly eliminated.

However, both DOX@Fe-COF/HA and DOX@Fe-COF/HA +
DMTU groups had significant intratumoral accumulation 12 h
after tail vein injection, but the intratumoral DMTU group had
less accumulation in tumors. That may be because the lack of
H,0, slowed down the degradation of the COF and hindered
the release of DOX. It could be concluded that in the process
of delivering DOX into cells by DOX@Fe-COF/HA nanoparticles,

This journal is © The Royal Society of Chemistry 2023

H,0, helped to release, which increased the degradation of
COFs and provided a basis for a better antitumor effect.

Antitumor effect in vivo

We then designed the treatment protocol shown in Fig. 4A to
verify the in vivo treatment and degradation effects of the nano-
particles. Twenty mice were seeded with 4T1 tumors, and each
was injected with approximately 1 million 4T1 cells. After 7 days,
the mice were randomly divided into 4 groups with 5 mice in
each group, namely G1: the PBS group, G2: the Fe-COF/HA
group, G3: the DOX@Fe-COF/HA + DMTU group, and G4: the
DOX@Fe-COF/HA group. Likewise, DMTU was injected intratu-
morally one day before nanoparticle administration to deplete
H,O0, at the tumor sites to validate the nature of COF-responsive
degradation. When the tumor volume reached approximately
100 mm?, tail vein injection of the nanoparticles was performed.

The results in Fig. 4B showed that the tumor growth trend
of the Fe-COF/HA group and PBS group were almost identical,
which meant that Fe-COF/HA had almost no inhibitory effect
on tumor growth. We conjectured that the coordinated Fe was

Biomater. Sci, 2023, 11, 6524-6536 | 6531
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Fig. 4 Antitumor effect in vivo. (A) The therapeutic schedule of 4T1 tumor-bearing mice. DMTU was only used in the DOX@Fe-COF/HA + DMTU-
treated group, and it was injected 12 h before injecting DOX@Fe-COF/HA NPs. (B) Tumor growth curves of the mice of different groups. (C and D)
Tumor photograph and tumor weight of different groups. (E) The body weight change curves of different groups. (F) TUNEL staining images of
excised tumor tissues. G1: the PBS group, G2: the Fe-COF/HA group, G3: the DOX@Fe-COF/HA + DMTU group, and G4: the DOX@Fe-COF/HA
group. Scale bar: 100 um. Data are presented as the mean + SD (n = 5). Significant differences were assessed using a t test (*p < 0.05, **p < 0.01,
***p < 0.001).
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too little and the generated "OH was too little to produce any
killing effect, in agreement with the cytotoxic results.

In contrast, the DOX@Fe-COF/HA group provided the best
therapeutic effect, significantly inhibiting tumor growth, where
the inhibition rate exceeds 50%, significantly outperforming the
DOX@Fe-COF/HA + DMTU group. We speculated that the pres-
ence of H,O, at the tumor site, which was essential for the
degradation of Fe-COFs, enhanced the therapeutic effect by
accelerating the release of internally loaded DOX. When H,0,
was consumed with DMTU, the degradation of Fe-COFs slowed
down, which in turn slowed down the release of DOX, thus

>
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AKP GOT

Liver
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making the treatment less effective. The results of Fig. 4C and D
were also consistent with the above results. In addition, the
TUNEL staining results in Fig. 4F also showed that the DOX@Fe-
COF/HA group exhibited the highest fluorescence intensity, that
is, the most apoptosis occurred compared to the other groups,
which was in line with the trend in our other treatment results.
Considering the above treatment results, we further vali-
dated the degradability of Fe-COFs in vivo, with H,0, being an
important external factor. As high H,0, concentration was an
important marker of the tumor site, the treatment results also
illustrated the responsiveness of Fe-COFs to the tumor site.
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Fig. 5 Biosafety assessment. (A and B) The detection of liver and kidney functional markers in the serum of mice of different groups. (C) H&E stain-
ing images of excised tumor tissues. G1: the PBS group, G2: the Fe-COF/HA group, G3: the DOX@Fe-COF/HA + DMTU group, and G4: the DOX@Fe-
COF/HA group. Scale bar: 100 pm. Data are presented as the mean + SD (n = 5). Significant differences were assessed using a t test (*p < 0.05, **p <

0.01, ***p < 0.001).
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Biosafety of DOX@Fe-COF/HA NPs

Finally, we monitored the in vivo safety of the materials. The
biosafety of the material itself, as well as the biosafety of degra-
dation products, were our main concerns.

As shown in Fig. 4E, the changes in the body weight of the
mice after all four treatments were negligible. For the
DOX@Fe-COF/HA group, it was seen that the material had
good biocompatibility during the treatment process as in the
other groups. In addition, blood biochemical indexes were
measured. AKP, GOT and GPT were used to measure the liver
function of the mice, and UA, CRE and BUN were used to
measure the kidney function. The results in Fig. 5A and B
show that the differences in the measured values of each
group were very small, and the indicators were consistent with
no significant difference, indicating that the liver and kidney
functions of the mice were not affected, and the material had
no obvious biological toxicity. In addition, we studied the
organ sections of each group, and the H&E results showed that
there was no obvious change in the organs of each group
(Fig. 5C). In the sections of the tumor sites in each group, the
tumor cells in the G4 group were significantly reduced,
showing the highest number of apoptotic cells, which once
again proved that the therapeutic effect of the DOX@Fe-COF/
HA group was best. It could be concluded that the DOX@Fe-
COF/HA group had the best therapeutic effect and higher bio-
logical safety.

Conclusions

In summary, our method prepared a 40 nm large COF nano-
particle under a scanning electron microscope for DOX
loading, which could achieve 20% drug loading, and Fe-COF
NPs could respond to high concentrations of H,O, at the
tumor site, producing "OH, which broke the azo bond, thereby
achieving the degradation of the framework. After externally
shielding with HA, the accumulation in the tumor could be
achieved, thereby realizing the controllable release of DOX in
the tumor microenvironment, helping us to achieve a high
tumor inhibition efficiency in the 4T1 tumor model, which
could reach more than 50%. Serum biochemistry and H&E sec-
tions showed that COF NPs and degradation products did not
show obvious toxic and side effects on the physiological func-
tions of mice, indicating that COF NPs possess good in vivo
safety. This work will expand the application of COFs in the
field of antitumor research. In the future, we will continue to
enrich the types of degradable chemical bonds and explore
COF nanoparticles that are more suitable for -clinical
applications.
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