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Abstract: A 2D imine-linked covalent organic framework (COF) with good biocompatibility
was synthesized using o-Dianisidine and 1,3,5-Triformylbenzene. The synthesized COF was
characterized by using the Fourier transform infrared (FTIR), thermogravimetry analysis
(TGA), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
The synthesized COF was subsequently utilized for the delivery of gemcitabine (Gem), an
FDA-approved drug for the treatment of pancreatic cancer. The COF demonstrated a re-
markable drug loading of 30 pug/mg and better drug release at pH 5.0. The biocompatibility
of the COF was evaluated in the L929 (mouse fibroblast) cell line, while the cytotoxicity of
the Gem-loaded COF (COF-Gem) was evaluated against the MIA-PaCa-2 and PANC-1 (pan-
creatic cancer) cell lines using MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide) assay. The results indicated that the COF was safe at concentrations up to
200 pg/mL, while the COF-Gem led to superior cytotoxicity as compared to native Gem,
with ICsy values of 8.1 4+ 1.2 uM in MIA-PaCa-2 cells and 6.0 + 1.3 uM in PANC-1 cells
after 48 h. This study offers a new perspective of utilizing COF as a promising delivery
system for Gem delivery.

Keywords: covalent organic framework; biocompatibility; gemcitabine; pancreatic cancer;
biomedical applications

1. Introduction

Cancer is one of the leading causes of death in developed nations, and the high mortal-
ity rate is largely due to the ineffectiveness of current treatment options [1]. The anticancer
drugs available commercially have failed to target the diseased tissues or organ specifically
and spread throughout the body, resulting in several side effects [2,3]. Moreover, the direct
administration of the drugs to patient faces several challenges including poor dispersibility
in aqueous solution, low targeting efficacy, inadequate cell membrane penetration, low
stability, and unregulated drug delivery [4,5]. To address these limitations, nanocarriers,
particularly porous materials with properties such as a large surface area, enhanced perme-
ability, high drug-loading capacity, controlled pore sizes, and structural stability, offer a
promising solution and are widely used in drug delivery systems [6]. Porous materials like
covalent organic frameworks (COFs) and silica-based materials are particularly suitable
candidates for targeted drug delivery [7-9].

COFs are the newly emerged crystalline porous materials made up through the co-
valent bonding of light elements like carbon (C), nitrogen (N), hydrogen (H), oxygen (O),
boron (B), silicon (Si), and sulfur (S) [10]. These porous materials are gaining considerable
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attention nowadays due to their unique properties such as structural diversity, absence
of metal ions, tunable pore sizes, porous structures, high surface area, and extremely low
densities [11-13]. Since their discovery by Omar Yaghi in 2005, COFs have been widely
investigated for a diverse range of applications, including sensors, gas storage and separa-
tion, electrical conductivity, catalysis, electrochemical sensing, optoelectronic devices, and
energy storage [14-18]. In addition to these applications, COFs show great potential for
biomedical uses, particularly in drug delivery, owing to their stability, porous structures,
low toxicity, and metal-free nature [19-21]. In 2015, Yan et al. reported the first application
of COFs for the delivery of ibuprofen (IBU) [22]. Despite the growing number of studies on
COFs, their exploration as carrier systems for drug delivery remains limited, highlighting
the need for further research in this area [23].

Here, in this work, we initially synthesized an imine-linked COF via the Schiff base
condensation of o-Dianisidine and 1,3,5-Triformylbenzene under solvothermal conditions.
The resulting COF was characterized through FTIR, TGA, SEM, and TEM analysis. The
synthesized COF was further explored for the delivery of Gemcitabine (Gem), a pyrim-
idine nucleoside analog. Gem is widely used, either alone or in combination with other
chemotherapeutic agents or radiation therapy, to treat a range of cancers, including pancre-
atic, ovarian, bladder, breast, and non-small-cell lung cancers [24]. Further, Gem exhibits
poor loading efficiency when entrapped into polymeric and lipid-based nanoparticles.
Therefore, the primary objective of this study was to demonstrate the potential of COFs
as an effective carrier system for the delivery of Gem. The drug-loading capacity of the
COF was evaluated, and the in vitro release profile of Gem was thoroughly examined.
Furthermore, the biocompatibility of the unloaded COF was assessed using 1929 cell lines,
while the in vitro cytotoxicity of the Gem-loaded COF was tested on MIA-PaCa-2 and
PANC-1 cancer cell lines.

2. Materials and Method

o-Dianisidine (MW: 244.294 g/mol, Cas No: 119-90-4, Purity: > 95.0%), 1,3,5-
Triformylbenzene (MW: 162.14 g/mol, Cas No: 3163-76-6, Purity: > 98.0%), Gemc-
itabine (MW: 299.659 g/mol, Cas No: 122111-03-9, Purity: > 98.0%), 1,4-dioxane (MW:
88.106 g/mol, Cas No: 123-91-1, Purity: > 99.0%), and acetic acid (Cas No: 64-19-7, Purity:
>99.5%) were purchased from TCI. Tetrahydrofuran (MW: 72.11 g/mol, Cas No: 109-99-9,
Purity: >99.9%) was procured from Sigma-Aldrich, St. Louis, MO, USA. Other than these,
analytical-grade chemicals and reagents were utilized for the studies, and distilled water
obtained from Millipore MilliQ®, Molsheim, France ultrapure water system was used.
L929, MIA-PaCa-2, and PANC-1 (human pancreatic cancer cell lines) were procured from
National Centre for Cell Science (NCCS), Pune, India, and were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% (v/v) FBS (Gibco, Waltham,
MA, USA). Cells were kept in an incubator under standard conditions of 37 °C temperature
and 5% CO; and passaged for further experiments.

2.1. Synthesis of COF

An imine-linked COF was synthesized via Schiff base condensation of o-Dianisidine
(3,3'-dimethoxybenzidine) and 1,3,5-Triformylbenzene under solvothermal condition [25].
In brief, to the mixture of 1,3,5-triformylbenzene (50 mg, 1 eq.), 3,3'-dimethoxybenzidine
(112 mg, 1.5 eq.), 1,4-dioxane (3 mL) and 3M acetic acid (0.6 mL) were added in a tube
under vacuum. The tube was flash-frozen in liquid N, and when the temperature of
tube was raised to room temperature, it was placed at 120 °C for three days to form
yellow precipitates. The precipitates were collected by centrifugation and washed with
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tetrahydrofuran (THF) and acetone. The solid yellow precipitates formed were dried in an
oven (Scientech instruments, New Delhi, India) 80 °C for 12 h [25].

2.2. Preparation of Gem-Loaded COF

The Gem-loaded COF was prepared by adding Gem (30 mg) and COF (60 mg) in 4 mL
water. The mixture was vortexed for 10-15 min and stirred at 350 rpm for 72 h. After 72 h,
the resulting mixture was centrifuged to collect the precipitates. The precipitates formed
were washed with distilled water and dried at 50 °C for 12 h [25].

2.3. Determination of Loading Capacity of COF

To determine the drug-loading capacity of COF, 10 mg of COF-Gem was added to
1 mL of MQ water. The resultant mixture was vortexed and sonicated at 25 °C for 20 min
and centrifuged (15,000 rpm at 25 °C) [25]. The supernatant was collected and evaluated for
the Gem loading by using the HPLC system (Agilent 1260 Infinity II, Waldbronn, Germany)
equipped with a quaternary pump (G7111A, 1260 Quat Pump VL), an automatic vial sam-
pler injector (G7129A, 1260 Vial sampler), a multicolumn thermostat (G7116A, 1260 MCT)
with C18 reverse phase column (LiChrospher® 100 RP-18 Hibar® RT, 250 mm x 4.6 mm,
5 um, Darmstadt, Germany) for chromatographic separation, and a DAD detector (G7115A,
1260 DADWR). The HPLC analysis was performed under isocratic conditions, with a
mobile phase consisting of 70% ACN and 30% TFA /water, at a flow rate of 1 mL/min.

2.4. Characterization

The Fourier transform infrared (FT-IR) spectra were recorded using Agilent Tech-
nologies (Santa Clara, CA, USA), covering a range from 4000 to 500 cm~!. The thermal
degradation behavior of COF, Gem, and COF-Gem was analyzed using a thermogravi-
metric analyzer (TGA, TA Instruments Waters, New Castle, DE, USA), model: Discovery
TGA5500). TGA measurements were conducted from 30 °C to 700 °C at a heating rate of
20 °C/min. The experiments were carried out in sealed aluminum pans, with an empty
pan serving as a reference. The morphology of COF and COF-Gem was examined using
a scanning electron microscope (SEM, Hitachi S-3400N, Tokyo, Japan). In brief, the COF
was evenly spread on a double-sided adhesive carbon tape attached to a 25 mm metal stub.
The sample was sputter-coated with gold using an ion sputter coater (Hitachi-1030, Tokyo,
Japan) to enhance conductivity. SEM micrographs were captured with a working distance
of 10 mm and an accelerating voltage of 15 kV. Transmission electron microscopy (TEM;
Tecnai, Twin 200KV, FEI, Eindhoven, The Netherlands) was utilized to analyze the internal
structure and size of the developed COF-Gem.

2.5. In Vitro Release Study of Gem-Loaded COF

The % cumulative release of Gem from Gem-loaded COF were examined at pH 5.0 and
pH 7.4 to mimic the extracellular physiological characteristics of cancer cells and normal
cells, respectively. COF-Gem with a concentration of 10 mg/mL in respective media were
incubated at 37 °C for 72 h with continuous shaking (IKA® orbital matrix shaker, Delta
F2.0, Staufenim Breisgau, Germany). The concentration of Gem released at predetermined
time intervals was monitored by HPLC, and after each sampling, the same volume of fresh
media was added to the solution.

2.6. In Vitro Biocompatibility and Cytotoxicity Evaluation of COF and COF-Gem Using MTT Cell
Viability Assay

To determine the biocompatibility of COF, MTT assay was performed at 48 h. Safety
evaluation COF was performed in 1929 fibroblasts, and the toxicity of COF-Gem was
assessed in MIA-PaCa-2 and PANC-1 cells. Briefly, 5000 cells/well were seeded in 96-well
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plates and allowed to attain confluency and desired shape. The cells were then treated
with COF (10, 20, 50, 100, 200 pg) and COEF-Gem (0.5, 1, 5, 10, 25 uM). The medium was
withdrawn after 48 h, and MTT was added. The mixture was incubated at 37 °C, 5% CO,,
and absorbance was measured at 570 nm [26-31]. The % cell viability relative to the control
was calculated using the following formula:

% Cell viability — -2 100

Dcontrol

2.7. Statistical Analysis

Each experiment was carried out in triplicate, and the mean =+ standard deviation
(SD) was used to express the results obtained in the study. GraphPad Prism 10 (GraphPad
Software Inc., Solana Beach, CA, USA) was used for analyzing all data using one-way
analysis of variance (ANOVA) and Tukey’s post hoc test at a statistical significance level of
p < 0.05.

3. Result and Discussion
3.1. Synthesis and Characterization of COF

Imine-linked COFs have demonstrated exceptional hydrolytic stability compared to
boronate ester COFs and remain stable in various organic solvents, even under acidic or
basic conditions. Additionally, due to presence of a lone pair of electrons on the nitrogen
atom of imine, they act as a Schiff base and may coordinate with a Gem through interactions
such as hydrogen bonding and coordination bonds [32]. The imine-linked COF was syn-
thesized from 1,3,5-Triformylbenzene and o-Dianisidine through the solvothermal method
in 1,4-dioxane solvent and 3M acetic acid at 120 °C for three days (Scheme 1) [25]. The
synthesized COF was not soluble in organic solvents like hexane, N, N-dimethylformamide,
dimethyl sulfoxide, acetone, tetrahydrofuran, etc.

The FTIR analysis was conducted to confirm the synthesis of imine-linked COF from
the starting materials (i.e., 1,3,5-Triformylbenzene and o-dianisidine) (Figure 1). Upon
examination of spectra, it was found that the synthesized compound exhibited distinct
structural characteristics compared to the starting materials. The NH stretching broad
peak was observed at 3400-3500 cm ™! for o-dianisidine, and the C=0 stretching peak of
1,3,5-Triformylbenzene was observed at 1691 cm™ L. In the FTIR spectra of COF, both the
peaks of the starting materials, i.e., (1,3,5-Triformylbenzene (1691 cm_l) and o-dianisidine
(3400-3500 cm ') were mostly attenuated, and a new peak at 1616 cm~! was observed cor-
responding to CN stretching vibration [33]. The peak at 2915-2846 cm ! in the spectrum of
COF corresponded to C-H stretching vibration, and out-of-plane stretching C-H vibrational
bands were observed at 900-675 cm~!. These results indicate that the imine-linked COF
was successfully synthesized from the starting materials [34].

3.2. Estimation of Drug Loading and Characterization of Synthesized COF-Gem

The loading of Gem in COF was determined to be 30 pg/mg using high-performance
liquid chromatography (HPLC), which is significantly higher than other carrier sys-
tems (Supporting Information Figure S1). For instance, in a study, Gem-loaded PLGA-
PEG nanoparticles exhibited a loading capacity of 7 ug/mg for Gem, whereas in an-
other study, Gem-loaded PEGylated PLGA nanoparticles co-encapsulated with anti-sense
miRNA21 demonstrated a loading capacity of 2.1%. The solid lipid nanoparticles of Gem
demonstrated loading efficiency ranges between 0.7% and 1.2%. Moreover, native PLGA
nanospheres display much lower efficiencies, ranging from 0.007% to 0.03% [35-38].
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Scheme 1. Synthetic scheme for the synthesis of COF from 1,3,5-Triformylbenzene and o-Dianisidine
and loading of gemcitabine in synthesized COF carrier system.
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Figure 1. FTIR spectra of COF (blue), o-Dianisidine (red), and 1,3,5 Triformylbenzene (black).
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The spectra of COF, Gem, and COF-Gem were examined to elucidate the interactions
between COF and Gem. As depicted in Figure 2a, the spectra of Gem display a broad
peak in the 3103-3404 cm ™! range, corresponding to OH and NH stretching vibrations,
along with a peak at 1691-1609 cm ™!, attributed to amine bending and C=O stretching
vibrations [39]. In the FTIR spectrum of COF-Gem, the distinctive peaks of COF remained
unchanged, but a new peak at 3363 cm™!, corresponding to the NH and OH stretching
vibrations of Gem, appeared with reduced intensity. Additionally, an increase in the
intensity of C=0O and C=N stretching vibrations was noted in the COF-Gem spectrum,
likely due to overlapping with Gem's peaks.

Furthermore, TGA was employed to determine the thermal stability of COF (Figure 2b).
The TGA curve clearly indicated the initial thermal degradation up to 350 °C with a main
reduction in weight resulting from disintegration after 400 °C, demonstrating higher
thermal stability of COF. It can be inferred that the aromatic structure started to carbonize
as the temperature increased, and 50% of the starting mass was stable at 600 °C [40].

The TGA thermogram of COF-Gem showed two significant weight loss phases: the
first between 300 and 500 °C and the second between 500 and 700 °C, which correspond
to the decomposition of COF (Figure 2b) [35]. The morphology of COF was investigated
through scanning electron microscopy and transmission electron microscopy. The SEM
image of COF displays the spherical particles (Supporting Information Figure S2). In
comparison, the SEM image of Gem-loaded COF (Figure 2c) shows a higher degree of
integration of these spherical particles compared to the blank COF. Similarly, the TEM
image of COF-Gem corroborates the SEM findings, confirming a spherical morphology
(Figure 2d) [41]. These observations collectively confirm the successful encapsulation of
Gem within the COF.

(a) (b)
— Gemcitabine
C=0 100 = —COF
@ It ¥ — - COF-Gem
t[—— W‘ M E°
7] —— AN A ]
s WYY 2 W
X 1691-1609 ._ﬂ"ﬂ\'l' ﬂ.. 20 =
lﬁw 0 LI . L) . L bd
4000 3500 3000 2500 2000 1500 1000 100 200 300 400 500 600 700
Wavenumber (cm™' ) Temperature ( °C)

(c)

Figure 2. Characterization of COF and COF-Gem. (a) FT-IR and (b) TGA spectra of Gem (black) COF
(red), and COF-Gem (blue). The morphology of COF-Gem using (c) SEM and (d) TEM.
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3.3. In Vitro Release Study of Gem from COF-Gem

The cumulative release of encapsulated therapeutic agents from carrier systems de-
pends on various conditions. In this study, the in vitro cumulative release of Gem from
COEF-Gem was evaluated at pH 7.4 and pH 5.0 to assess the impact of pH. The release rate at
pH 5.0 was higher than at pH 7.4, which may be due to the weakening interaction between
Gem and COF in acidic medium. A burst release effect was observed for COF-Gem within
the first hour, followed by a sustained and controlled release over 72 h (Figure 3). This
initial burst may be attributed to Gem molecules remaining on the surface of the COF
without strong interactions [25].

The results indicated that at pH 7.4, the release of Gem from COF was 25 £ 1.1%,
whereas at pH 5, it increased to 48 £ 2.5% over 72 h. These data demonstrate a significantly
slower, continuous, and sustained release from COF-Gem. The in vitro release studies
confirmed that the synthesized COF carrier is effective for drug delivery systems, capable
of providing prolonged therapeutic effects when used as a carrier for anticancer drugs.
These findings suggest that the newly synthesized COF acts as a pH-responsive drug
delivery vehicle, minimizing drug release at the physiological pH of normal cells and
accelerating drug release at the more acidic target site (pH 5.0). As a result, COF-Gem
could facilitate controlled drug release, potentially reducing the side effects associated with
cancer treatments.

® pH 5.0 = pH74

H O O N
o O O O
1 1 L I

w
o

% Cumulative release
N
o

-
o

o

0 8 16 24 32 40 48 56 64 7
Time (Hrs)

Figure 3. In vitro release profiles of Gem from COF-GEM at pH 7.4 and 5.0 expressed as percent
cumulative release recorded till 72 h.

3.4. Examination of Cell Viability via MTT Assay

The biocompatibility of the COF was first determined on L.929 (mouse fibroblast cell
line) through MTT cell viability assay. The COF showed negligible cell death across the
0-200 pg/mL concentration range up to 48 h (Supporting Information Figure S3). Even
at the highest concentration of 200 ug/mL, 90% cell were viable, indicating the safety
of the COF. Further, to identify the effect of COF-Gem on pancreatic cancer cell lines
(MIA-PaCa-2 and PANC-1), the cells were treated with COF-Gem for 48 h (Figure 4). The
results demonstrated significant reductions in cellular proliferation at all treatments levels
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compared to the control. The half-maximal inhibitory concentration (ICsp) values of Gem
and COF-Gem are given in Table 1.

(a) (b)
100+ 100+
580- ns ns Qso. s
B P = dokehk - -
2 60+ ‘g 604 s Ak
2 ne > Eebtedad
8 404 _ ns g 404 SR
. 20
0~ T T T T 0~ T T T
0.5 1 5 10 25 0.5 1 5 10 25
Concentration (pM) Concentration (uM)
Il Gem [ COF-Gem

Figure 4. Effect of Gem and COF-Gem in MIA-PaCa-2 and PANC-1 cell lines measured via MTT essay.
(a) Cell viability graph of MIA-PaCa-2 cells after 48 h treatment at different concentrations (0.5, 1, 5,
10, and 25 uM). (b) Cell viability graph of PANC-1 cells after 48 h treatment at different concentrations
(05,1, 5,10, and 25 uM). *** p < 0.0001, *** p < 0.001, and ** p < 0.01 indicate significant differences in
the mean value compared to GEM. ns: non-significant.

Table 1. ICg values (M) of Gem and COF-Gem in two different cell lines (MIA-PaCa-2, PANC-1)
for 48 h.

Compound MIA-PaCa-2 PANC-1
Gem 10.7+£0.8 11.8 £ 0.7
COF-Gem 81+12* 6.0 £ 1.3

***p <0.001 and * p < 0.05 indicate significant differences in the mean value compared to GEM.

4. Conclusions

A 2D imine-linked COF was successfully synthesized and employed as a carrier
system for Gem delivery with a higher drug loading of 30 pg/mg. The COF-Gem demon-
strated a pH-dependent release of GEM with a sustained release profile in acidic pH.
In vitro biocompatibility studies indicated minimal toxicity of the unloaded COF, even at
higher concentrations (200 ug/mL), highlighting its suitability for biomedical applications.
In contrast, the Gem-loaded COF showed better cytotoxic effects, with ICsy values of
8.1 &£ 1.2 uM against MIA-PaCa-2 cells and 6.0 £ 1.3 pM against PANC-1 cells after 48 h of
treatment. In summary, our findings demonstrate that COFs hold significant promise as de-
livery systems for hydrophilic drugs, offering higher drug-loading capacity and enhanced
therapeutic efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/colloids9010008 /s1, Figure S1: (a) Stacked chromatogram of
Gemcitabine at various concentrations. (b) Standard calibration curve of Gemcitabine used for
deducing the loading of Gem in COF; Figure S2: SEM image of COF; Figure S3: Cell viability graph
of (a) L929, (b) PANC-1, (c) MIA-PaCa-2 cells after 48 h treatment at different concentrations (10, 20,
50, 100, 200 pg/mL).
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