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Abstract—A new three-dimensional porous coordination polymer with the formula of [Ba(HTATB)-
(H,0)](DMF), (I) has been solvothermally synthesized from 4,4',4"-s-triazine-2,4,6-triyltribenzoic acid
(H;TATB) and Ba(NOj), under DMF media and characterized by single crystal X-ray diffraction (CIF file
CCDC no. 1856562) and elemental analysis. The efficient encapsulation of an anticancer drug 5-fluorouracil
(5-FU) on the desolvated I (Ia) has been studied both experimentally and computationally. In addition, in
vitro anti-lung cancer activity of compounds I and 5-FU loaded 1a have also been evaluated using MTT assay.
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INTRODUCTION

Cancer is a threat to the health of human beings
that causes millions of deaths annually [1]. Chemo-
therapy is still the dominant treatment method [2].
However, traditional direct administration of thera-
peutic drugs to patients is no longer applicable due to
intrinsic limitations, including undesirable side
effects, poor pharmacokinetics and poor biodistribu-
tion [3]. Thus, various efforts have been made toward
the development of drug vehicles for controllable drug
release that achieve reduced side effects and enhanced
therapeutic efficacy.

Coordination polymers are crystalline materials
composed of metal ions, connected by functionalized
organic linkers, forming a hierarchy of structure [4—6]. A
wide variety of metal centres and functionalized organic
linkers are used to form MOFs under different synthetic
conditions, giving rise to unprecedented structural diver-
sity tailored for specific application [7—9]. Recent studies
have shown that the porous coordination polymers have
demonstrated great potential in the biomedical fields
such as drug delivery [ 10]. To achieve the requirements of
desirable drug carriers, the corresponding biocompati-
bility should be considered. Although some coordination
polymers could house a large capacity of drug molecules,
their metal centers, such as Cr**, Cd?>* and Ni*' are
highly toxic to the human beings. In this work, concern-
ing cytotoxicity of the drug carrier, we adopt the nontoxic
metal cation Ba?" and an organic carboxylic ligand

4,4 ,4"-s-triazine-2,4,6-triyltribenzoic acid (H;TATB) to
construct a new three-dimensional Ba(II)-based coordi-
nation polymer, namely [Ba(HTATB)(H,O)]|(DMF),
(I) by reaction of Ba(NO;), and H;TATB in a mixed sol-
vent of N,N'-dimethylacetamide (DMF) and H,O at
120°C under solvothermal condition. The structure of
this compound is determined by singe-crystal X-ray dif-
fraction and elemental analysis. We use the grand canon-
ical ensemble Monte Carlo (GCMC) simulation to
probe the sorption performance of the solvent-free I
toward the anticancer S-fluorouracil (5-FU), which
shows that this coordination polymer could take up con-
siderable amount of 5-FU with a moderate strong frame-
work-guest interaction. Finally, the two compounds (I
and 5-FU loaded Ia) in vitro anti-lung cancer was then
evaluated on two human lung cancer cells (A549 and
NCI-H1299).

EXPERIMENTAL

Apparatus and materials. All the starting materials
and reagents used in this work were obtained commer-
cially and used without further purification. Element
analyses (C, H, and N) were determined with an ele-
mental Vairo EL III analyzer. Powder X-ray diffrac-
tion (PXRD) data were collected using PANalytical
X’Pert Pro powder diffractometer with CuK, radiation
and 5° <26 <50°.

Synthesis of I. A mixture of 0.052 g (0.2 mmol) of
Ba(NO;), and 0.087 g (0.2 mmol) of H;TATB were
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weighed in a clean glass vial and dissolved in 10 mL of
DMEF. The mixture was sonicated and then kept in an
oven at 100°C for 120 h. Colorless crystals of I were
collected (in a yield of 76% with respect to the ligand)
and washed with DMF.

For C3yH,9N504Ba (I)
Anal. calcd., % C,48.63 H, 3.95 N, 9.45
Found, % C,48.51 H, 3.69 N, 9.26

The activated I (Ia) was prepared by soaking the
crystalline samples of I in MeOH for three days (fresh
MeOH was replaced in each 12 h) and then pumped
under high vacuum for one day at 80°C.

Crystal structure determination. Suitable single
crystal of compound I was carefully selected under
optical microscope and glued on thin glass fibers. The
intensity data of I was collected on Oxford Xcalibur E
diffractometer. The empirical absorption corrections
were applied to the data using the SADABS system.
This structure was solved by direct method and
refined by full-matrix least-squares method on F?
using the SHELXS-97 program. All non-hydrogen
atoms of I were refined anistropically, and all the
hydrogen atoms attached to carbon atoms were fixed
at their ideal positions. Crystal data for
C;30H»yNsOg¢Ba: orthorhombic, space group Pna2,,
a=17.3344(2), b=19.3892(7), c = 26.2341(10) A, V=
3730.7(2) A3, Z = 4, T = 293(2) K, u(Mok,) =
1.096 mm~!, peueq = 1.055 g/ecm?, 12039 reflections
measured (5.938° <20 <49.996°), 5692 unique (R, =
0.0415, Rgyma = 0.0580) which were used in all calcu-
lations. The final R, was 0.0429 (I > 26(/)) and wR,
was 0.1076 (all data).

Supplementary material for structure I has been
deposited with the Cambridge Crystallographic Data
Centre (no. 1856562; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

Computational details. In order to assess the
adsorption behavior of 5-FU on I, GCMC simula-
tions were performed to calculate the adsorption iso-
therms and heats of pure components in MOFs with
the Material Studio 8.0. In this work, we used the all
atom models for 5-FU and I and their charges are cal-
culated by the Qeq method. The intermolecular inter-
actions for different sites were described by a Lennard-
Jones (LJ) plus coulombic potential. The model of 1
was constructed from the X-ray diffraction (XRD)
data while the model of 5-FU was acquired though the
MM calculation. We used the UFF force field to
model the atoms of I and 5-FU. The favorable binding
site was delivered from the fixed loading task and the
distributing sites were obtained from the fixed pressure
task in the sorption model.

Antitumor activity. Two human lung cancer cells
(A549 and NCI-H1299) and one human normal cells
were grown in a RPMI 1460 medium supplemented
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with 10% fetal calf serum, 100 ug/mL penicillin and
100 pg/mL streptomycin. They were incubated at the
temperature of 37°C in a moist incubator and 95% air
and 5% CO,. Cells at the exponential growth were

diluted to 5 x 10* cells/mL with RPM11640, and then
seeded in 96-well cell culture at a volume of 100 UL per
cell, respectively, and incubated for 24 h at 37°C in 5%
CO,. After incubation of cells for up to 96 h, medium
was removed from each cell and 150 puL of MTT
(0.5 mg/mL) solution, diluted 10-fold by RPMI 1460
was subsequently added. The ICs, values were mea-
sured by depicting the ratio viability versus concentra-
tion on a logarithmic chart and reading off the con-
centration where 50% of cells viable involved in the
control. In order to get the mean values, it is requested
that each experiment was conducted at least three
times in the same way.

RESULTS AND DISCUSSION

The title complex I could be obtained via an one
pot solvothermal reaction of H;TATB and Ba(NO;),
in a mixed solvent of DMF and water at 120°C. Asym-
metric unit of I contains one Ba?* ion, one of
HTATB?" ligand and one coordinated water molecule.
The Ba(1) ion connected to nine oxygen atoms (one
coordinated water and eight carboxylic O atoms) to
form the BaO(9) polyhedral unit with a distorted sin-
gle capped square-antiprism geometry as calculated
via the shape software (Fig. la). The Ba—O bond
lengths are in the range of 2.753(2)—2.959(4) A, which
are comparable with other Ba-based coordination
polymers reported in the literature [11—15]. The Ba?*
ions are linked through oxygen atoms edge-wise to
form a one-dimensional chain with infinite Ba—O—
Ba bonds along the a axis. Only one type of HTATB*~
anion is present in the molecular unit, and it uses its
three carboxylic groups to connect with six different
Ba?* ions; the bonding connectivity allows one of the
oxygen atoms to be free (Fig. 1b). The connectivity in
I between the Ba?' ions and HTATB?~ anions gives
rise to a neutral three-dimensional structure. One-
dimensional chains are connected to six other chains
through HTATB? anions forming a three-dimen-
sional architecture with (6)-net connectivity. This
connectivity creates one-dimensional channels along
the a axis. Due to the C(3) symmetry and mutual
stacking of the HTATB? ligands, the one-dimen-
sional channels take the shape of distorted honey-
combs. The dimensions of the channels are approxi-
mately 10 x 15 A2, and the channels are occupied by
lattice DMF and water molecules (Fig. 1¢). The coor-
dinated water molecules are directed toward the pore
interior. The guest-accessible void volume, as calcu-
lated by PLATON software, is 31%. Topological anal-
ysis using TOPOS software identified that the struc-
ture has a 6/4/04-type topological network with a uni-
nodal 6-c¢ net, which can be presented as the Schlafli
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Fig. 1. View for the coordination surroundings for the Ba atoms in I (a); view for the connection modes for the HTATB2~ ligands
of I (b); view for the one-dimensional channels of I (c); the 6/4/04-type topological network for I (d).

symbol {479.6"6} (Fig. 1d). It should be mentioned
that although the structure of I is isostructural to the
Ba(II)-coordination polymers composed of 1,3,5-
benzenetribenzoic acid ligand in the literature, most
of the reported ones show anionic network structures
with the Me,NH, cations occupying the free spaces
[11—13]. The potential solvent accessible free voids
and the uncoordinated N atom sites in the channels
make compound I a promising vessel for guests’
accommodation.

The PXRD pattern of the as-synthesized I was col-
lected at room temperature, and the good agreement
with its simulated pattern confirms its high phase
purity (Fig. 2a). The TGA curve of I shows a continu-
ous weight loss of 22.4% from room temperature to
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446°C (calcd. 22.1%), which could be attributed to the
loss of one coordinated water and two lattice DMF
molecules (Fig. 2b). After a short plateau till 517°C,
the framework of I begins to collapse. The morphol-
ogy of the as-prepared samples of I was also probed via
the scanning electron microscopy (SEM), which
reveals their block-shape crystalline products with the
average size of 80 um (Fig. 2c). The single crystal
structure showed that compound I is microporous in
nature, which prompted us to measure the porosity of
the activated compound 1. Before the gas sorption
study, about 80 mg of crystalline compound I was
soaked in MeOH for three days and then pumped
under high vacuum for one day at 80°C to afford the
activated I (denoted as Ia hereafter). The PXRD pat-
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Fig. 2. The PXRD patterns of I and Ia (a); the TGA curve of I (b); the SEM image for I (d); the CO, sorption data for the activated
I at 195 K: adsorption points (black), desorption points (blue) (c).

tern of Ia matches well with that of I, indicating the
framework integrity is kept in the activation process
(Fig. 2a). CO, adsorption at 195 K showed a type-I
isotherm and confirmed the robust porosity via the
reversible isotherm. The Brunner—Emmet—Teller
(BET) surface area was calculated to be 320 m?/g
(Fig. 2d). It could be noticed that there is an increas-
ing trend for the CO, desorption isotherm upon low-
ing the pressure, which might be due to the multidi-
mensional micropores in Ia making the gas escape
from the pores difficult at high press. When the pres-
sure is lower, the gas suddenly escapes in a large
amount from the pores, thus, leads to the increase of
amount of CO, desorption isotherm. Similar increas-
ing trend of desorption isotherm has been observed in
the reported literature [16, 17].
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As discussed above, the title complex I has consid-
erable solvent accessible free volume and water occu-
pied metal sites, which indicates that it could serve as
a good drug carrier for the anticancer drug 5-FU.
More importantly, compared with other toxic MOFs,
such as Cd-MOFs and Cr-MOFs, the Ba-MOF
reported here is more environment-friendly and bio-
compatible. The drug-loading capacity of the acti-
vated I was evaluated by impregnating the samples in
5 mL solution containing 5-FU (30 mg) with stirring,
and investigated the encapsulation of 5-FU into them
by UV-Vis spectroscopy. The entry of 5-FU into the
framework of I leads to the decrease of adsorption
intensity obviously. The loading amount was deter-
mined by UV-Vis spectroscopy at 254 nm and the
result showed 34.32 wt % 5-FU uptakes. Drug release
experiments were taken by dialyzing the drug-loaded I
in the PBS buffer solution (PBS = phosphate buffered
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Fig. 3. The UV-Vis spectroscopy for the 5-FU—MeOH solution before and after 5-Fu loading (a); the release process of 5-FU

from the drug-loaded I (%5-FU vs. time) (b).

saline pH 7.4) at 37°C. The delivery of 5-FU occurred
within a week and 92% of the loaded drug was released
(Fig. 3). 5-FU loaded I exhibits a slow release in PBS
and approximately 50% of the drug was released at the
early stage (30 h), then, a more stable release of
smaller dosage occurred for one day. After 72 h, a
much-burst release curve generates up to 10 h. The
hydrogen bonded interactions between 5-FU and the
organic ligand may lead to this slow release.

To gain a more deep understand of the 5-FU load-
ing process in the complex I, we performed configura-
tional bias Monte Carlo (CBMC) and molecular
dynamics (MD) simulations to compute the adsorp-
tion and diffusion of 5-FU molecules in the frame-
work of I. We initially performed CBMC simulations
using the fixed pressure task in the sorption module of
Materials Studio 8.0 to determine the adsorbed num-
ber of 5-FU molecules in I at 1 bar and room tempera-
ture. As shown in Fig. 4a, the simulation result indi-
cates that the activated I could uptake 17 5-FU mole-
cules per four-unit cells, corresponding to 32.4 wt %
(~0.26 g/g), which is comparable with those porous
MOFs targeted for the 5-FU delivery. Furthermore,
the 5-FU molecules could from H-bond interactions
with the N atoms and O atoms on the HTATB?-
ligand, which are very important for slowing down
the drug releasing rate, leading to the drug sustained
release. The density distribution also shows that the
5-FU molecules mainly locate near the N atoms and
the undeprotonated carboxylic O atom on the
HTATB?- ligands, indicating the importance of
H-bond interaction for the accommodating 5-FU
molecules in the framework of I (Fig. 4b). In order to
understand the drug adsorption mechanism in I, we
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calculated the favorable binding site of 5-FU in the
framework of I. As shown in Fig. 4c, the snapshot for
the 5-FU at zero loading shows that the 5-FU mole-
cule prefers to locate near the HTATB?™ ligand with
two H-bond interaction observed (N—H and O—H
H-bond interactions), and the calculated binding
energy is 67 kJ/mol, which is moderate compared to
some MOFs for 5-FU loading.

The successful accommodation of 5- FU molecules
in the framework of I promotes us to study the anti-
cancer activities of the 5-FU loaded Ia. In order to
explore the low cytotoxicity of the carrier I, in vitro cell
viabilities of pure compound I with various concentra-
tions on the human oral epidermal cells (normal cells)
were studied via the MTT assay. As shown in Fig. 5a,
the cell viabilities all remained above 80% even at a
concentration of 150 ug/mL of I, so complex I showed
low cytotoxicity in the oral epidermal cells. To study
the anticancer activity of the 5-FU loaded Ia and
the compare that with the drug 5-FU, the efficacy of
5-FU loaded Ia and 5-FU against were investigated
for their ability to eliminate two human lung cancer
cells (A549 and NCI-H1299) in 24 and 72 h by cell
culture experiment. Based on the results in Fig. 5b,
although the number of living cancer cells by Ia con-
taining drug is comparable with the free drug in 24 h,
it could be observed that the highest cell death (lowest
viability) was achieved by the 5-FU loaded Ia in 72 h.
The above experimental result could be the long-last-
ing drug release from the 5-FU loaded Ia, which could
result in improved therapy effect compared with that
of using the drug. Similar reported results have also
been observed in the literatures [16—20].
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Fig. 4. The conformation of 5-FU in the framework of I at 298 K and 1 bar (a); the density of 5-FU in the framework of I at
saturated loading (b); the favorable binding site of 5-FU in the framework of I at zero loading (c).
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