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een achieved in the field of bio-
ill one of the most life-threatening diseases
that kills million cople every year.'! Since the clinical
success of anticano€r drugs such as cisplatin and its analogues,
chemotherapy that depends on anticancer drugs has become the
dominant therapy method for most cancers.”! However, the
traditional direct administration of cancer drugs to patients has
caused some undesirable side effects such as high toxicity to
human normal cells, non-selective drug distribution, and low
drug stability, which may damage healthy tissues and limit the
therapeutic effect.*! Furthermore, many tumours are highly
resistant to conventional anticancer drugs, which require that the
anticancer drugs need to accumulate in tumour regions with a
high enough concentration to kill the cancer cells."" To address
the above mentioned issues, nanoporous drug delivery systems
(NDDS) that utilise various porous carriers to load drugs have
gained much attention in recent years because they not only had a
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characterise the as-prepared complex 1.
S) and the in vitro drug release performance
. At the pH values of 7.4 and 6.5, different profiles

s derfionstrate that the open O donor sites in the framework
cpared carrier is found to be bio-compatible with MG63

large loading capacity for the targeted drug molecules but could
also release many more drug molecules in tumour tissue than
they do in normal tissues, resulting in a high drug concentration
in the cancerous tissue. In the past few decades, many types of
porous materials such as carbon nanotubes, porous silica parti-
cles, and polymeric micelles, have been studied and applied as
drug carriers, but they still suffer from some drawbacks such as
low drug loading capacity and poor biocompatibility.?> !

As aburgeoning class of crystalline porous materials, metal—
organic frameworks (MOFs) made of metal ion/clusters as
nodes and polydentate organic ligands as connectors have been
of great research interest in the last two decades not only for their
beautiful structures, but also because of their open active sites,
well defined pore structure, and large inner spaces, which are
conducive to incorporate targeted guest molecules in the
pores.® 1% The endless possibility in the selection of organic
ligands and inorganic ions/clusters make MOFs an adjustable
porous material for various targeted applications including
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Fig. 1. Molecular structure of the H,SDBA ligand.

fluorescent sensing, heterogeneous catalysis, gas separation,
and biomedicine.”* '®! In particular, porous MOFs have been
widely studied as candidates for anticancer drug delivery,
exhibiting various superior properties such as high drug loading
capacity, suitable pore size, and strong framework—drug inter-
actions.!'”?® Furthermore, it has been reported that many
MOFs could be stable in neutral conditions but partly decom-
pose when the pH value lowers.”**! Considering that cancerous
tissue is more acidic than normal issue, it could be anticipated
that an MOF-based anticancer drug carrier could rapidly release
drugs in cancerous tissue and retard the drug leaking into normal
tissue.%> In this contribution, with the aim of developing new
and effective drug delivery systems for cancer treatments, great
effort has been devoted into the field of porous MOF platforms
because of their controlled drug release performance, high drug
loading, and acceptable biocompatibility. In this contribution,
we report a MOF [Gd,(H,0);(SDBA);[(DMA);] (1, DMA =N,
N-dimethylacetamide) with open O donor sites functionalised
1D pores, which has been fabricated using a bent polycarboxylic
acid organic linker 4,4’-sulfonyldibenzoic acid (H,SDBA,
Fig. 1) under solvothermal conditions. Single crystal X-ray
diffraction (SCRD), thermogravimetric analysis (TGA), ele-
mental analysis, X-ray powder diffraction (XPRD), and Bru
nauer—-Emmett—Teller (BET) analysis were used to characterise
the as-prepared complex 1. 5-Fluorouracil (5-Fu) loaded 1 was
soaked in phosphate buffer sahne (PBS) and the in

prepared carrier is also bioco
ous tissue) and oral epide
by 3-(4,5-dimethylthia yltetrazolium bro-

aded carrier shows

All the chemicals were gurchased from commercial sources and
used without further purification. The H,SDBA ligand was
obtained from the Shanghai Absin Bioscience reagent company.
A dual-beam UV-vis spectrophotometer (TU-1900, BPGI,
China) was used to acquire the UV-vis absorption spectra.
XRPD data were collected on a Rigaku RU200 diffractometer
with Cu K, radiation. C, H, and N elemental analysis was per-
formed with a Thermo Scientific Flash 2000 analyser. TGA
curves were obtained in a N, atmosphere in the temperature
range of 25-800°C on a TGA/DSC-1 thermogravimetric ana-
lyser. HPLC was performed on an Agilent 1200 chro-
matographic system. The 77 K N, isotherm was measured with
an automated micropore gas analyser (Autosorb-1) with liquid
N, as the temperature controller.
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Table 1. Crystal data and structure refinements for compound 1

Parameter 1

Chemical formula C4()H43Gd2N301582

Formula weight 1184.41
Temperature [K] 293(2)
Crystal system monoclinic
Space group P2y/c
a[A] 18.3268(3)
b[A] 21.1896(4)
c[A] 16.0653(3)
o [deg.] 90

B [deg.] 110.927(2)
y[deg]

Volume [A%]

Z

Pcalc [g Cmis]

p [mm™"]

26 range for data collection [de,
Reflections collected
Independent reflections 2
Data/restraints/param

Goodness-of-fit o

¢ 0.0264, Rgigma 0.0401]
8742/71/777
1.045
R, 0.0319, wR, 0.0687
R, 0.0418, wR, 0.0744
1.72/—1.00
1865596

Reeparation of [Gdy(H,0)3(SDBA)3](DMA)s]

L breaker was placed Gd(NO;);-6H,O (45 mg,
f .1 myol), H,SDBA (31 mg, 0.1 mmol), DMA (6 mL), and H,O
1.5 mL). After the addition of 0.2 mL of HCI1 (2 M, aq), the
Olution was vigorously stirred for 30 min at room temperature
to obtain a clear solution. The clear solution was transferred into
a 20 mL vial and heated at 90°C for 72 h. Yellow sheet-like
crystalline products of 1 were obtained by removing the solvent,
the products were washed with H,O and left in the air for one day
to dry. Yield 52 % on the basis of the H,SDBA ligand. Anal.
Calc. for C40H43Gd2N30]5$2 (1 1844) C 4056, H 366, N 355,
Found: C 40.28, H 3.98, N 3.45 %.

X-Ray Crystallography

The room-temperature singe crystal XRD measurement was
performed on a Bruker Apex IT CCD diffractometer with Mo Ko
radiation. The structure was solved with the Superflip structure
solution program and then refined by least-squares minimisation
with the ShellXL refinement package. All non-hydrogen atoms
were refined using anisotropic thermal parameters and all
hydrogen atoms were placed in their ideal positions using the
AFIX commands. Crystallographic data are summarised in
Table 1.

5-Fu Loading and Release

Into 5 mL of MeOH was added 20 mg of 5-Fu, and then the
solution was made clear via ultrasonic treatment, followed by
addition of 10 mg of synthesised 1a (the crystalline products of 1
were immersed in MeOH for 72 h to completely remove the
lattice DMA molecules, and then heated at 60°C for 12 h under
dynamic vacuum to afford the compound 1a). The prepared
suspension was then sealed and stirred (650 rpm) for 24 h at
room temperature. The 5-Fu loaded 1a (5-Fu@]la) particles
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were filtered under vacuum with a 0.2 pum cellulose acetate
(Whatman CA) membrane filter. The loaded particles were
dried overnight. The unloaded drug concentration in clear
supernatant was then quantified by UV-vis spectrophotometry
at Amax =265 nm in triplicate. The 5-Fu release from the 5-Fu
loaded MOF was measured in PBS at 37°C with two different pH
values (7.4 and 6.5). The 5-Fu loaded crystals were soaked in
PBS (50 mL). At certain intervals, the resulting solution
(0.5 mL) was removed and fresh PBS was added to replace it.
The 5-Fu content was then probed using the HPLC analysis.

MTT Assay

The cytotoxicity of 5-Fu, 1, and 5-Fu@la was investigated
against MG63 cells (cancer cells) and oral epidermal cells
(normal cells) via the strand MTT assay. For these experiments,
the cells were incubated in Dulbecco’s Modified Eagle’s
Medium (DMEM, Neuronbc) with 1 % penicillin/streptomycin
(P/S, Boster) and 10 % fetal bovine serum (FBS, pH 7.4) for
24 h. After 24 h cell incubation in the humidified incubator (5 %
CO,), the culture medium was replaced by fresh DMEM con-
taining crystals of 1 or 5-Fu@1a with different concentrations
(10, 20, 40, and 80 ug mL ") and incubated with the cells for
another 4 h in the incubator. After 48 h of incubation, 10 puL of
MTT solution (5 mg mL™") was added. After 4 h, the culture
medium was removed and 150 pL of DMSO was added into
each well to dissolve the purple insoluble formazan crystals.
Absorbance values of samples were determined with a micro-
plate reader at A =490 nm. Each experiment was carried out
three times and averaged.

Results and Discussion
Molecular Structure and Physical Characteris,

composed of two crystallographicall
three fully deprotonated SDBA*~

[Gdy(H,0)3(SDBA);](D
coordination surrounding

y. 2a, different
the two Gd'!

shows a 1§

gonal prism gc&@y, which is defined by six carboxylic oxy-
gen atoms from different SDBA”~ ligands and two
coordinated water wlolecules. The DGd“l—O bond distances are in
the range of 2.252(3) to 2.526(2) A, which are comparable with
those observed in other Gd™-based coordination poly-
mers.?*?3%1 Gdl, Gd2, and their symmetry related atoms are
held together via the syn-bridging carboxylic groups along the a
axis to afford the 1D secondary building unit (SBU) chains with
a Gd1-Gd2 separation of 5.07 A. As depicted in Fig. 2b, the
three SDBA? ™ ligands show three different types of coordina-
tion modes: the type-I SDBA”~ ligand is involved in the j1,-n":
n' and pr-n*: 1" modes of coordination bridging four Gd"" ions;
the type-IT SDBA”~ ligand is involved in the j1,-n": n' mode of
coordination bridging four Gd" ions; the type-III SDBA?~
ligand shows [1,-n'": ' and p;-n': ' modes of coordination
connecting with three Gd'"" ions. The SDBA”~ ligands are bent

with C—S—C bond angles ranging from 101.7° to 103.6°, which
connect with the 1D SUB channels to give rise to the three-
dimensional network with rhombus pores (Fig. 2¢). The chan-
nels are filled with uncoordinated O donor sites and water
occupied Gd™ sites, which are activated sites for binding with
the guests. The total accessible volume of 1 after removal of the
guest and coordinated water molecules is estimated to be 38.7 %
using the PLATON/VOID routine. In the framework of 1, the
three SDBA? ™ ligands in the molecular unit could be judged as
3, 4, and 5-connected nodes and the two Gd"" centres can be
considered as 5 and 6-connected nodes, so the whole framework
of 1 can be abstracted as a 3,4,4,5,6-connected topological
network with the Schlifli symbol of {4.6.8}{4"2.6"3.8"5}
{4"3.6"2.8}{4"3.6"3}{4"9.6"6}, ot been included
in the TOPOS database (Fig. 2

The thermal stability of 1 #a

[GA from room
eight losses of

The PXRD profiles reveal a good match
curve from the crystal data and the

cture (Fig)3b). In view of the following drug delivery
iments, e framework integrity of 1 in PBS solution has

one day at 37°C in an oven, and then collecting the
esponding PXRD patterns. The PXRD results indicate that
ework integrity of complex 1 was maintained in PBS, and
this also lays the foundation of complex 1 as a drug carrier in
simulated human body conditions. In addition, compound 1
shows pH-dependent framework stability as revealed from the
PXRD measurements, which also indicates that the drug release
performance of the drug loaded 1 might be pH sensitive. The
solvent-free samples of 1 (denoted as la hereafter) were
prepared by soaking crystalline samples of 1 in MeOH for
72 h to completely remove the lattice DMA molecules, and
were then activated at 60°C for 12 h under high vacuum. The
TGA curve of la reveals no obvious weight loss in the
temperature range of 25 to 329°C, which confirms that all
the lattice guest solvents and the coordinated water molecules
have been removed. To establish the permanent porosity of 1a,
BET analysis was carried out by measuring the adsorption
isotherms of N, at 77 K. As shown in Fig. 3c, the N, adsorption
isotherm at 77 K reveals a reversible type-I adsorption behav-
iour with a saturated uptake of 268 cm® g~' without any
hysteresis, which is characteristic of porous materials with
microporous channels. Based on the 77 K sorption isotherm,
the calculated Langmuir surface area is 777 m”> g~ and the BET
surface area is 576 m? g~'. A density functional theory based
model fitted to the adsorption branch of the 77 K N, isotherm
shows the majority of the pores are around 7.2 A in size,
consistent with the values estimated from the single-crystal
structure determination (Fig. 3d).

Drug Delivery Experiments

Considering its polar atom functionalised channels and the large
solvent accessible voids, activated 1 (1a) might be suitable for
loading small guest molecules. 5-Fu, which is a widely used
anticancer drug for the treatment of various cancer tumours, was
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(b) 2

(d)

Fig. 2. (a) The coordination surroundings of the Gd™" ions and the 1
SDBA?" ligands. (c) The 3D network of 1 showing the rhombus pores

(b) The coordination modes for the

BU chain in
) 6-connected net of 1.
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Fig.3. (a) The TGA profiles for 1 and 1a. (b) The PXRD profiles for 1. (¢c) The N, sorption isotherms for 1 and 1a. (d) The pore size distribution of 1a (the inset
shows the particles size of 5-Fu@1la from the SEM image).
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Fig. 4. (a) UV-Vis spectroscopy showing the intepd
values (7.4 and 6.5). (c) The calculated favourab,

chosen as the guest molecule in
molecular size (5.3 x 5.0 A?)

donors. In a typical drug i
(10 mg) was soaked in 5
thenghe drig loading (DL) and
pnvestigated by UV-vis

lated to be 20.6 w urthermore, the BET analysis via the N,
sorption experimemt at 77 K reveals that the 5-Fu@la shows
negligible N, uptake capacity (less than 15 cm® g~ '), reflecting
that the pore spaces or the pore windows of 1a are filled with the
5-Fu molecules. The particle sizes of the resulting products are
both around 480 nm as characterised by scanning electron
microscopy (SEM), which indicates that the 5-Fu@la could
reach specific cancer cells due to its small size (Fig. 3d, inset).

To obtain the 5-Fu drug release profiles of the drug-loaded
1a, the drug release experiments were performed by dialysing
the drug loaded MOF and the concentration of 5-Fu released was
determined by HPLC. Fig. 4b shows the drug release profiles at
37°C under two different pH conditions. At pH 7.4, the delivery
of 5-Fu occurred within 20 h with no ‘burst effect’ and no more
5-Fu could be released from the drug loaded MOF with

(b)

Release [%]

increasing time. This also indicates that the strong drug—frame-
work interaction prevents the drug molecules from escaping
from the framework. As mentioned above, the framework of
complex 1 shows pH-dependent stability, so the pH value of the
PBS solution was adjusted to a more acidic condition (pH 6.5)
and the drug release profile was recorded. As expected, the
slightly acid condition resulted in a faster 5-Fu release rate with
more 5-Fu molecules released into the solution (68 %), demon-
strating that the lower pH value can trigger the system of 5-Fu
molecule release. The diffraction peaks of 5-Fu@1la became
broad and did not match with those of 1a, indicating that the
framework of 1a might partly collapse after drug release at pH
6.5 (Fig. 3b). This feature is beneficial because the drug carrier
needs to be degraded after drug release to be eliminated from the
human body. To gain a deeper structure—property relationship,
we carried out a GCMC simulation to determine the roles of the
polar O donor sites in the framework of 1. The simulated results
are shown in Fig. 4c, d. At zero loading and room temperature,
one 5-Fu molecule prefers to locate in the channel centre and
weak H-bond interactions could be observed (S1-O5---H dis-
tance: 2.991 A and S3-O17---H distance: 2.915 A). Further-
more, besides the H-bond interactions, there also exist m—r
interactions between the 5-Fu molecule and the benzene ring of
the ligand with a distance of 3.370 A. Both the H-bonding and
m—m interactions contribute to the strong framework—drug
molecule interactions, which prevent the leakage of drug
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Fig. 5. (a) The viability of human body tumour cells MG63 and oral epi exposure to 1a. (b) Viability of MG63 cells after incubation

with various concentrations of drug-loaded MOF at 12 and 24 h. (c) Viability

of 20 ug mL ", untreated MG63 cells were considered as

To investigate
anticancer actj
1a towards MG
(normal cells) were

the’in vitro cell proliferation of
ells) and oral epidermal cells
ated via MTT assays. The MG63 cells
and the oral epiderma were treated with 1a and the com-
pound concentration wa& set to four different concentrations (10
to 80 pg mL~! in DMEM). The relationship between the sur-
viving fraction and the drug concentration was plotted to obtain
the survival curves. The results show that complex 1 exhibited a
negligible cytotoxicity towards the two cell lines tested with
more than 80 % of cells alive at the maximum concentration of
80 pg mL ™" after 12 and 24 h. These data indicate that our novel
drug carrier possesses excellent biocompatibility (Fig. 5a). On
the other hand, the drug loaded MOF could lead to significant
cell death towards the human bone tumour cells MG63 with an
increase of concentration. About 52 % of MG63 cells were
killed at 80 pug mL ™" of 5-Fu@1a in 12 h (Fig. 5b). It should be
noted that a further increase of the time to 24 h could result in
more cancer cell death, indicating the sustained and prolonged

s in the presence of 5-Fu and 5-Fu@]1a at the 5-Fu concentration

5-Fu release from 1a. Furthermore, the efficacy of the 5-Fu and
5-Fu@]1a were investigated for their ability to eliminate MG63
cells by cell culture experiment. Based on the results in Fig. Sc,
the number of living cancer cells in the presence of 5-Fu@1a is
less than for the free drug 5-Fu, indicating the improved thera-
peutic effect of loading the 5-Fu into the pores of 1a.

Conclusion

In summary, by making use of an O-rich organic ligand
H,SDBA, a new 3D porous lanthanide—organic framework with
1D nanosized channels has been synthesised and characterised,
which could be used as a pH-sensitive carrier and delivery agent
for the anticancer drug 5-Fu. The drug loaded MOF could
release more drug molecules at a faster rate in tumour sur-
roundings than in normal physiological conditions. We also
characterised the cytotoxicity of 5-Fu@]1a using an MTT assay
towards human body tumour cells MG63, which revealed
obvious anticancer activity. The efficient drug loading capacity
and progressive release make la a promising carrier for the
administration of 5-Fu.
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