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ABSTRACT: Among the novel drug delivery systems (DDSs), covalent organic frameworks (COFs) show promising features in
pharmaceutical science. In this paper, an imine-linked COF with hexagonal topology was synthesized using the autoclave condition.
Then, the prepared COF (APB-COF) was used as a pH-dependent carrier for in vitro release of doxorubicin (DOX). The intrinsic
properties of APB-COF caused reaching an excellent drug encapsulation efficiency. DOX@APB-COF shows an exemplary pH-
dependent release in two different pHs. DOX release at pH = 7.4 was 32%, which increased to 54% by changing the pH to the cancer
cell pH (pH = 5.4). Moreover, the cytotoxicity of APB-COF and DOX@APB-COF was studied using the standard MTT test against
MCF10 (normal breast cell line) and MDAmb231 cells (breast cancer cell line), respectively. It was observed that the APB-COF
does not affect cell proliferation, whereas the DOX@APB-COF only limits cancer cell proliferation. Using APB-COF as the drug
carrier can pave the way for using COFs in innovative DDSs.

1. INTRODUCTION
Cancer has become one of the most important leading causes of
death in the last decade, and the situation has deteriorated in
recent years.1 Breast cancer has specific importance among all
types of cancer due to its prevalence.2 Several therapeutic
methods have been developed to overcome this significant issue,
including photodynamic therapy, radiotherapy, surgery, and
chemotherapy.3 Meanwhile, chemotherapy overtook surgery’s
importance and became the most widely used method for
treating tumors.4 In chemotherapy, the anticancer drugs
irrelevant to the adopting route (body cavity administration,
intravenous or even oral, etc.) will spread throughout the body
and affect all organs and tissues, whether sick or healthy, targeted
or non-targeted, which causes in most cases secondary and
adverse side effects.5 Doxorubicin (DOX) is one of those
chemotherapy drugs with intense activity toward breast cancer
treatment. Various side effects have been reported for DOX,
including nausea and vomiting, hair loss, gastrointestinal
disturbances, anemia, thrombocytopenia, hyperpigmentation
of the nails, and hypersensitivity (fever, chills, and urticaria).6

Thus, drug delivery systems (DDSs) with nano-sized carriers
were developed to solve this significant issue. DDSs have lower

side effects, targeted drug delivery, and high drug-loading
capacity, making them excellent alternatives for traditionally
used anticancer drugs. Another significant issue that should be
considered is the low drug encapsulation efficiency (DEE) of
DOX in drug carriers. Traditionally, triethylamine was used to
convert hydrophilic DOX-hydrochloride to the hydrophobic
one by removing HCl. However, this method can change the
drug activity.7 In this regard, various nano-sized materials have
been reported and systematically investigated for being used as
carriers in DDSs. Mesoporous silica, liposomes, layered double
hydroxides (LDHs), and metal−organic frameworks (MOFs)
are among the most widely used carriers reported in the
literature.8 However, LDHs and MOFs suffer from low chemical
stability in acidic medium. Also, they often contain heavy
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elements in their structure that can cause further toxicity.
Therefore, seeking novel porous organic materials with
responsive-release features and excellent drug-loading capacity
is still the subject of research by many groups worldwide.

Among the new generations of porous materials, using
covalent organic frameworks (COFs) in DDSs has gained
significant attention in recent years.9 In contrast to traditional
polymeric materials, COFs were prepared from reversible bond-
forming reactions rendering crystallinity and biodegradability in
such materials.10 Their porous structure can be modified for
pore size, shape, and functional groups.11 This regularity in their
scaffold can simplify the drug release behavior compared to
amorphous analogues.12 Their undeniable excellent properties
like high thermal13 and chemical stability,14 high specific surface
area,15 low density, tunable structures, and predictable pore
size16 made them be used in various branches of science,
including biomedical sciences,17 optoelectronics,18 gas separa-
tion and storage,19 catalysis,20 sensing,21 and water treatment.22

For instance, PI-2-COF and PI-3-COF were synthesized in
201623 and were used to investigate the load and release of
captopril, ibuprofen, and 5-fluorouracil. Rather than the
excellent loading and sustained release, these two COFs have
outstanding biocompatibility regarding the cell viability test. In
another study, DOX encapsulated an imine-based COF in an in
situ process.24 The prepared formulation in this study
successfully passed the in vitro and in vivo tests. However, it
suffers from a fast release that is not satisfactory for DDSs. It is
important to note that the imine-based COFs containing large
quantities of imine functionalities can interact with hydro-
chloride groups to increase drugs’ hydrophobicity and a
subsequent increase in the loading parameters.

Considering the characteristics of COFs, an imine-linked
COF (APB-COF) was prepared through an acid-catalyzed
solvothermal condensation reaction, characterized, and used as a
vehicle for DOX delivery. The physicochemical features of
DOX-loaded COF (DOX@APB-COF) were investigated in the
case of drug release kinetics, morphology, drug loading, and
encapsulation efficiency. The cytocompatibility of APB-COF
against normal breast cells (MCF10 cell line) was evaluated.
Also, to consider the antitumor activity of the prepared DOX@
APB-COF, the cell viability test against the breast cancer cell line
(Mda-mb231 cells) was investigated.

2. MATERIALS AND METHODS
2.1. Materials. All the materials used in this paper, including

1,2-dichlorobenzene, acetone, dichloromethane, tetrabutylam-
monium bromide (TBAB), sodium hydroxide, hydrazine
hydrate, ethanol, 2,4,6-trichloro-1,3,5-triazine (TCT), tetrahy-
drofuran (THF), p-hydroxybenzaldehyde, N,N-dimethylforma-
mide (DMF), methanol, 4-nitroacetophenone, toluene, trifluor-
omethanesulfonic acid, mesitylene, dioxane, acetic acid, ethyl
acetate, and hydrochloric acid, were analytically pure, obtained
from Merck and Aldrich Chemical companies, and used without
further purification.
2.2. Synthesis of 2,4,6-Tris(4-formyl phenoxy)-1,3,5-

triazine (TFPT). TFPT was synthesized using a procedure
reported elsewhere.25 p-Hydroxybenzaldehyde (4.88 g) was
dissolved in 50 mL of deionized (DI) water with the help of 1.60
g of sodium hydroxide. Then, a solution of 1.84 g of TCT and
0.02 g of TBAB in 50 mL of dichloromethane was added to form
a biphasic solution. The mixture was stirred for 24 h at room
temperature. Afterward, the organic phase was separated and
washed with 3 × 25 mL of NaOH solution (10% wt/wt) and 2 ×

20 mL of DI water. Finally, the obtained powder from the
evaporation of the organic phase was recrystallized from ethyl
acetate.
2.3. Synthesis of 1,3,5-Tris(4-nitrophenyl)benzene

(TNPB). TNPB was synthesized in a condensation reaction
reported in the literature.26 4-Nitroacetophenone (5 g) and
CF3SO3H (0.2 mL) were added to 20 mL of dried toluene.
Then, the mixture was equipped with a Dean−Stark water
separator and let to reflux for 48 h. The completion of the
reaction was confirmed by the amount of water separated in the
azeotropic distillation. The mixture was cooled to room
temperature and filtered. Finally, the obtained solid was washed
with refluxing DMF to yield a pale-yellow solid that is not
soluble in common solvents.
2.4. Synthesis of 1,3,5-Tris(4-aminophenyl)benzene

(TAPB). The prepared TNPB (2 g) from the previous step and
0.4 g of Pd/C (10 wt %) were dispersed in 40 mL of ethanol.
Then, 6 mL of hydrazine hydrate (80 wt %) was added dropwise,
and the prepared mixture was refluxed under the N2 atmosphere
for 12 h. Finally, the mixture was hot-filtered, and the filtrate was
concentrated to yield the product.
2.5. Synthesis of APB-COF. An autoclave reactor was

utilized for the synthesis of APB-COF. Briefly, 0.089 g (0.2
mmol) of TFPT and 0.079 g (0.2 mmol) of TAPB were added to
7 mL of mesitylene/dioxane (1:1 v/v) solution. The obtained
homogeneous mixture, upon exposure to ultrasound irradiation,
was charged with 0.75 mL of acetic acid (6 mol L−1), and the
reactor was heated to 120 °C for 5 days. Finally, the yellow fluffy
powder was separated by centrifugation and washed with a large
amount of THF, acetone, and chloroform.
2.6. Preparation of DOX@APB-COF. The APB-COF:-

DOX ratio was optimized in a typical procedure based on the
contact time. In this regard, a specific amount of APB-COF was
immersed in 5 mL of PBS solution (pH = 7.4) containing
different amounts of DOX in a way that the carrier:drug ratio
was fixed to 1:10, 1:20, and 1:40 (wt/wt). The mixture was
sonicated for 1 h, stirred for 6, 12, and 24 h, and then
centrifuged. Considering the initial DOX concentration and the
concentration in the supernatant solution using a UV−vis
spectrophotometer, the DEE can be calculated by the following
equation:27

i
k
jjj y

{
zzz=

×

DEE (%)
the total amount of DOX added free DOX

the total amount of DOX added

100 (1)

2.7. In Vitro Drug Release Study. The DOX release was
studied by placing 1 mL of suspension of DOX@APB-COF with
a concentration of 2 mg mL−1 in dialysis bags in pH = 5.4 and pH
= 7.4, which are the endosomal pH of cancer cells and the
physiological pH, respectively. The bags were soaked in 24 mL
of the corresponding buffer solutions at 37 °C. In each time
interval, 2 mL of the medium was taken, and the amount of DOX
in the solution was evaluated using the UV−vis spectrometer at
490 nm. Then, the cumulative drug release (CDR) was
calculated using the following equation:3
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CDR (%)

weight of released DOX in PBS buffer solution
weight of DOX in nanotubes

100 (2)

The release mechanism was studied by fitting the release data
into five kinetic models, i.e., Higuchi, zero-order, first-order,
Baker−Lonsdale, and Korsmeyer−Peppas. Among all these
equations, the Korsmeyer−Peppas model can predict the
Fickian or non-Fickian mechanism of release. The equations
and detailed information are discussed in the Supporting
Information.
2.8. Cell Viability Assay. MCF10 and Mda-mb231 cell

lines, as normal and breast cancer cells, respectively, were
cultured in a medium containing 1% antibiotic (penicillin/
streptomycin), 10% FBS, in 5% CO2, and 95% humidity at 37 °C
in an incubator. After 24 h of incubation, the cells were collected
and transferred into a 96-well plate. Then, the cells were treated
with various concentrations of APB-COF and DOX@APB-COF
(25, 50, 75, 100, 250, 500, 750, 1000, and 2500 mg L−1). The
incubation continued for 72 h, MTT solution was added, and
the cell viability was determined using an ELISA plate reader at
570 nm after 2 h.

3. RESULTS AND DISCUSSION
Preparing APB-COF was initiated by synthesizing two building
blocks with C3 symmetries. Through the condensation reaction
between the TFPT and TAPB, a 2D framework was prepared
with the hexagonal topology. Scheme 1 summarizes the
synthesis procedure of APB-COF in which the building blocks
reacted in an autoclave using mesitylene/dioxane/acetic acid (6
mol L−1) with a ratio of 1/1/0.75 at 120 °C for 5 days. Using an

autoclave can demonstrate a new approach toward the large-
scale synthesis of COFs.
3.1. Characterization of APB-COF. Fourier transform

infrared (FTIR) spectroscopy of APB-COF and its building
blocks are depicted in Figure 1. The triazine −C=N−

characteristic peaks were observed at 1560 cm−1. The aldehydic
C−H of the characteristic band at 2875 and 2779 cm−1 and the
carbonyl stretching band at 1699 cm−1 disappeared upon the
condensation reaction with amine groups in TAPB. Similarly,
the N−H stretching mode at 3435 and 3350 cm−1 and bending
mode at 1430 cm−1 were also omitted in APB-COF due to the
efficient condensation reaction. Also, the FTIR spectra of 4-
nitroacetophenone, TNPB, and TAPB are depicted in Figure S1.

Scheme 1. Schematic Illustration of APB-COF

Figure 1. FTIR spectra of TFPT, TAPB, and APB-COF.
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The 1H NMR spectra of TFPT and TAPB are shown in Figures
S2 and S3, respectively. Thermogravimetric analysis of the
prepared APB-COF shows excellent thermal stability up to 350
°C. The obtained char yield at 800 °C was 23%, while the T5%
and T10% were 147 and 332 °C, respectively (Figure S4). The
mass loss at temperatures lower than 100 °C corresponded to
the physisorbed solvents, and the mass loss at around 400 °C is
attributed to the imine bond decomposition.

The field emission scanning electron microscopy (FESEM)
images (Figure 2) of APB-COF show that it was crystalized in
uniform nanofibers with a mean diameter of 113 nm, implying
excellent porosity in its structure. After the loading of DOX into
these nanofibers, the morphology of DOX@APB-COF was
changed into spheres, proving the efficient drug loading (Figure
2d,e). Moreover, the mean particle size was increased to 824 nm
after loading. Comparing the morphology of APB-COF in this

paper with the FESEM images in the literature reveals slight
differences that could be attributed to the preparation method.28

The experimental and simulated powder X-ray diffraction
(PXRD) pattern of the prepared APB-COF is depicted in Figure
3. Two distinct peaks were observed at 3.60 and 6.69° attributed
to the (100) and (110) diffractions, respectively. The obtained
data is consistent with previously reported diffraction
positions.28 The universal force field and the Ewald summation
of the Forcite module in the Materials Studio software package
were used to elucidate the constitution of the framework. The
unit cell parameters of the AA stacking form of the P−6 hexagonal
space group simulated to be a = b = 27.68(0831) Å, c =
3.44(1436) Å, α = β = 90°, and γ = 120°, while the AB stacking
unit cell parameters were found to be a = b = 27.68(1808)Å, c =
6.34(0911) Å, α = β = 90°, and γ = 120°. The obtained
experimental PXRD AA stacking form is better described in the

Figure 2. (a, b) FESEM images of APB-COF, (c) its corresponding particle size distribution diagram, (d, e) FESEM images of DOX@APB-COF, and
(f) its corresponding particle size distribution diagram.

Figure 3. (a) Experimental and simulated eclipsed and staggered PXRD patterns of the APB-COF and (b) corresponding front and side views of the
eclipsed and staggered forms of APB-COF.
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P−6 hexagonal space group. Using the Forcite module is more
common in predicting the PXRD pattern than DFTB+, which is
used in a similar study.28

The N2 sorption/desorption isotherms of APB-COF at 77 K
are shown in Figure 4a. The specific surface area is determined to
be 61 m2 g−1. Also, the pore size distribution diagram (Figure
4b) shows a mean pore diameter of 2.09 nm, consistent with the
data obtained from the simulated PXRD. According to the
IUPAC classification of the gas adsorption,29 the obtained
isotherm and hysteresis loop agree with types I and H4,
respectively.
3.2. DOX Loading and In Vitro Release from DOX@

APB-COF. The drug loading and its release behavior in DDSs
are essential characteristics that should be explored. The
preliminary studies reveal that the loading process is directly
affected by the pH of the loading medium. In an acidic medium,
the loading was unsatisfactory; thus, the drug-to-carrier ratio was
optimized (Table 1) at pH = 7.4 to gain the highest DEE (%). In
this regard, the DOX:APB-COF ratio was selected to be 1:10 to
use a lower carrier usage, while the DEE reaches 94%.

The physicochemical condition (PBS, 37 °C, pH = 7.4) and
the tumor extracellular region (PBS, 37 °C, pH = 5.4) were
simulated, and the DOX release was studied to assess the
viability of using APB-COF as an anticancer DDS. As evidenced
in Figure 5, the DOX release at pH = 7.4 was lower than that of
pH = 5.4. After 72 h, the release reached only 32%, while the
DOX release at pH = 5.4 reached 54%. This observation seems
to be attributed to the interactions between DOX and APB-
COF that are not changed significantly under physicochemical
conditions. More importantly, the higher release in the acidic
medium can be explained by the electrostatic interactions. While
the electrostatic interactions were decreased over changing the

pH value to 5.4, the electrostatic repulsion was enhanced
between the drug and APB-COF due to the possible protonation
of imine linkages, triggering the drug release. This pH-
dependent release feature presented in DOX@APB-COF can
protect normal cells from DOX side effects. Therefore,
considerable amounts of incorporated DOX remain in the
APB-COF structure by staying in plasma (pH = 7.4). DOX is
only released after reaching the carrier to the cancer cells,
internalized by endocytosis, and exposed to the acidic medium
(pH = 5.4). The faster and enhanced release might occur inside
the endosome/lysosome due to the lower pH values increasing
DOX@APB-COF efficiency.
3.3. In Vitro Release Kinetic and Mechanism Inves-

tigation. The obtained release results were fitted to different
kinetic models, including Korsmeyer−Peppas, Higuchi, first-
order, and zero-order, summarized in Figures 6 and 7 and Table
2. The respective squared correlation coefficient (R2) values
were used to determine the best-fitted model for the DOX
release from DOX@APB-COF. According to Table 2 and
Figures 6 and 7, the DOX release follows the Korsmeyer−
Peppas model as the best-fitted model. Rather than the
mechanism, this model can represent some information about

Figure 4. (a) N2 adsorption/desorption isotherm of APB-COF and (b) pore width distribution diagram.

Table 1. Formulations and Influential Factors on the Drug-
Loading Process

DEE (%)

entry formulation (DOX:APB-COF) 6 h 12 h 24 h

1 1:10 72 81 94
2 1:20 84 92 98
3 1:40 >99 >99 >99

Figure 5. DOX release from APB-COF in simulated physicochemical
conditions (PBS, 37 °C, pH = 7.4) and the cancer cell acidic medium
(PBS, 37 °C, pH = 5.4).
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the release mechanism. Accordingly, in eq 3, n is the release
exponent, t is the time, k is the release rate constant, andMt/M∞
is the DOX released fraction:30

=M
M

kt nt

(3)

The value of n can provide a mechanistic sight to the release
mechanism. According to the literature, for n ≤ 0.45, the drug
release follows the case I diffusion (Fickian), for 0.45 < n < 0.89
follows the anomalous diffusion (non-Fickian), for n = 0.89
follows the zero-order (case II transport) release, and for n >
0.89 follows the super case II transport. The release mechanism
could be one of these or a combination of them. The APB-COF
carrier shows a release exponent of 0.39 and 0.34 for pH = 5.4
and pH = 7.4, respectively.31 In this case, the DOX penetration
process is derived from the concentration gradient.
3.4. Cell Viability Test. The standard 3-(4,5-dimethylth-

iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell assays
were used to explore the cytotoxicity and biocompatibility of
APB-COF, DOX, and DOX@APB-COF. The cytotoxicity of
APB-COF in concentrations varied from 25 to 2500 μg mL−1 by
incubation with MCF10 (normal breast cell line) for 72 h
(Figure 8a). As evidenced in Figure 8a, APB-COF does not
affect the MCF10 cell proliferation at concentrations lower than
250 μg mL−1. Also, the cytotoxicity of APB-COF and DOX@
APB-COF against the MDAmb231 cells (breast cancer cell line)
was studied (Figure 8b) by incubation of the prepared
concentrations (25 to 2500 μg mL−1). Interestingly, APB-
COF does not affect the proliferation of MDAmb231 cells at
concentrations lower than 250 μg mL−1, while DOX@APB-

COF inhibits cell proliferation even at 25 μg mL−1. This
phenomenon shows the excellent viability of DOX@APB-COF
in treating breast cancer. Since APB-COF and DOX@APB-
COF cannot be solved in common solvents in higher
concentrations, the decrease in cell viability is attributed to
cellular suffocation.

4. CONCLUSIONS
To increase DEE, different methods have been introduced, and
several DDSs were developed. Among them, COFs gained much
attention due to their excellent features and ability to remove
HCl from drugs with hydrochloride moieties. In this study,
TFPT and TAPB were condensed in autoclave conditions to
form an imine-linked COF with hexagonal topology. This
method is a facile approach for producing COFs on larger scales
and maintaining their unique properties. The prepared COF
shows a high DOX encapsulation efficiency, a pH-dependent
release behavior, and biocompatibility. Changing the pH from
physicochemical conditions (PBS, pH = 7.4) to cancer
extracellular acidic conditions (PBS, pH = 5.4) has triggered
the DOX release. The MTT assay of APB-COF and DOX@
APB-COF against MCF10 (normal breast cell line) and
MDAmb231 cells (breast cancer cell line) reveals that APB-
COF and DOX@APB-COF do not have any toxicity against
normal cells, while the cancer cell proliferation was interrupted
by DOX@APB-COF even in a concentration of 25 μg mL−1.
This type of work can provide a sight of using innovative
materials in DDSs.

Figure 6. Fitted kinetic models to the release results at pH = 7.4 for APB-COF: (a) zero-order, (b) first-order, (c) Higuchi, and (d) Korsmeyer−
Peppas.
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Figure 7. Fitted kinetic models to the release results at pH = 5.4 for APB-COF: (a) zero-order, (b) first-order, (c) Higuchi, and (d) Korsmeyer−
Peppas.

Table 2. Fitted Kinetic Models and Their Corresponding R2

kinetic models zero-order first-order Higuchi Korsmeyer−Peppas
squared correlation coefficient (R2) pH = 7.4 0.874 0.743 0.863 0.942

pH = 5.4 0.874 0.911 0.964 0.984

Figure 8. (a) Cytotoxicity of APB-COF against MCF10 cells after 72 h of incubation and (b) cytotoxicity of APB-COF and DOX@APB-COF against
MDAmb231 cells after 72 h of incubation.
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