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Abstract: By using a methyl-functionalized N-donor ligand, a water-stable zinc-based MOF {[Zn(BDC)(dmbpy)]+
4H,0}, (1) (BDC=isophthalate, dmbpy=3,3’-dimethyl-4,4"-bipyridine) was synthesized and structurally character-
ized. TGA and PXRD results show high thermal and water stability for 1. 1 exhibits a 2D (4,4) net with channels
of 0.92 nmx0.83 nm and 0.82 nmx0.39 nm along the b axis, respectively. De-solvated 1 adsorbs around 14.2%(w/
w) S5-fluorouracil (5-FU) and the cumulative release value of 5-FU after 70 h was about 94.5% and 99% in PBS
(pH=7.4 and pH=6.0) at 37 °C, respectively. The in vivo zebrafish toxicity tests and in vitro MTT assays of 1 at
different concentrations results reveal that 1 is nontoxic (cell viability>80%) up to concentrations of 500 pg-mL™.
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0 Introduction

Metal-organic frameworks have received wide-
spread attention over the past decade owing to their
modular assembly, structural diversity and fascinating
topology, chemical tailorability and tenability, as well
as their potential in gas storage and separation !,
nonlinear optics, catalysis™, magnetism ), lumine-
scence!’, drug delivery”, sensing®™, and detection®'?,
etc. However, reports have shown that some of zinc-
based MOFs are unstable and lose their structural
integrity and high surface areas rapidly when were
exposed to air'. This drawback greatly hinders the
practical applications of the MOFs because moisture
is ubiquitous in the environment. Meanwhile, MOFs as
drug-delivery carriers are highly desirable due to their
large loadings and controlled release of drugs!".
Compared to the other drug carriers, the MOFs/drug
systems possessed a stronger interaction, which consist
of hydrogen bonds, coordination bonds, and anions-
cations electrostatic interaction between drugs and
frameworks, to achieve stable drug release profiles

B However, for biomedical

and drug concentration!
applications, the biocompatibility and the stability in
water solution of MOFs are important. Some MOFs
may present concerns owing to potential leaching of
toxic metal ions (Cr’*, Cd**, etc.) and other harmful
constituents!,

With this in mind, we prepared a new 2D Zn-
MOF constructed from isophthalate and 3,3'-dimethyl-
4,4’ -bipyridine decorated by methyl groups, which
adsorbs around 14.2%(w/w) S5-fluorouracil (5-FU). The
in vivo zebrafish toxicity tests and in vitro MTT assays

of 1 reveal that 1 is nontoxic.
1 Experimental

1.1 Materials and measurements
Reagent grade 5-FU (99%),

(H,BDC) and Zn(NO;),-6H,0 metal salt were obtained

from Aladdin and used as received. 3,3'-dimethyl-4,4’

-bipyridine (dmbpy) was synthesized according to the
[11

isophthalic acid

reported procedures!!. Dialysis bag (Molecular weight

cut-off: 500) were obtained from Aladdin and used as

received. Acetonitrile, trifluoroacetic acid, methanol
used were HPLC grade and obtained from Sigma-
Aldrich  (St. Louis, USA). The water used for HPLC
was double distilled water. Elemental analyses for C,
H, and N were carried out using a Vario EL I
Elemental Analyzer. Infrared spectra were recorded
(4 000~400 cm™) as KBr disks on a Bruker 1600
FTIR spectrometer. Thermogravimetric analyses (TGA)
were carried out on an automatic simultaneous thermal
analyzer (DTG-60, Shimadzu) under N, atmosphere at

" within a temperature

a heating rate of 10 °C *min~
range of 25~800 “C. Powder XRD investigations were
carried out on a Bruker AXS D8-Advanced diffracto-
meter at 40 kV and 40 mA with Cu Ka (A=0.154 06
(20 =5° ~40°). The N, isotherm was
measured with an automatic volumetric adsorption

apparatus (Micrometrics ASAP 2020) at 77 K.

HPLC analyses were carried out on an Agilent

nm) radiation

1260 liquid chromatography system equipped with a
UV-Vis detector and the detection wavelength was
265 nm. Ultimate XB-C18 (4.6 mmx250 mm, 5 pm,
Welch materials) was used as analytical column for
separation. The mobile phase was comprised of
acetonitrile and 0.1% trifluoroacetic-water (pH 2.5,
97:3, V/V) at a flow rate of 1.0 mL+-min". The column
temperature was set at 30°C.
1.2 Synthesis of 1

A mixture of Zn(NO;),-6H,0 (0.089 g, 0.3 mmol),
isophthalic acid (0.050 3 g, 0.3 mmol), 3,3"-dimethyl-
4,4" -bipyridine (0.028 g, 0.15 mmol), and H,0 (10 mL)
were sealed in a 23 mL Teflon reactor and kept under
autogenous pressure at 150 C for 3 days. Colorless
(Yield: 55%, based on
BDC) upon cooling the solution to room temperature
at a rate of 5 °C+h™. Anal. Caled. for CooHxuN,0¢Zn(%):
C, 49.4; H, 4.9; N, 5.8. Found(%): C, 50.1; H, 4.6; N,
6.2. IR (KBr, cm™): 3 387 (vs), 3 012 (m), 2 958(w),
1 610(vs), 1 562(s), 1 478 (m), 1 453 (w), 1 357 (vs),
1 193(m), 1 148(w), 1 084(s), 936(w), 855(m), 831(m),
751 (vs), 719(s), 659(m), 595(m), 450(w), 421(w)
(Fig.S1).
1.3 Crystal structure analysis

single crystals were obtained

Single crystal data for compound 1 was collected
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on a Bruker Apex [I CCD diffractometer equipped at
50 kV and 30 mA with Mo K« radiation (A=0.071 073
nm). Data collection and reduction were performed
using the APEX II software™. The structure was solved
using direct methods followed by least-squares on F'*
using SHELXTL". Non-hydrogen atoms were refined
with independent anisotropic displacement parameters
and hydrogen atoms attached to carbon were placed
geomelrically and refined using the riding model. The
routine SQUEEZE (PLATON)" was applied to remove

diffuse electron density caused by badly disordered
water molecules. The formula unit was obtained based
on the elemental analyses, IR spectra and thermo-
gravimelric characterization. Crystal data, as well as
details of data collection and refinement for 1 is
summarized in Table 1. Selected bond lengths and
angles, and H-bonding parameters for the compound

are given in Table 2 and 3, respectively.

CCDC: 1823293.

Table 1 Crystal data and structure refinement information for compound 1

Empirical formula CaoH N,04Zn De / (Mg-m) 1.248

Formula weight 413.72 Limiting indices 2 <h<s24,-14<k<7,-20<[<20
Temperature /K 296(2) Reflection collected, unique 11193, 1 420

Size / mm 0.29x0.24x0.17 R, 0.138 5

Crystal system Orthorhombic F(000) 1 696

Space group Cmca 0 range / (°) 2.01~25.11

a/ nm 2.027 3(8) Goodness-of-fit on F 1.040

b/ nm 1.260 0(6) R [I>20(])] R=0.053 0, wR,=0.127 4
¢/ nm 1.723 5(11) R (all data) R,=0.076 0, wR,=0.137 6
V / nm? 4.403(4) Largest diff. peak and hole / (e*nm™) 690, -1 020

A 8

*R= X (IFJ-EN SIF); wR=] Sw(F2-F2P S aw(F)™.

Table 2 Selected bond lengths (nm) and angles (°) of 1

Zn(1)-0(2) 0.198 2(3) Zn(1)-N(1)
0(2)-Zn(1)-0(2) 100.55(17) 0(2)-Zn(1)-N(1)
N(1y-Zn(1)-N(1) 102.26(18)

0.204 9(3)

111.04(11) 0(2)-Zn(1)-N(1) 116.31(11)

Symmetry codes: ' 0.5-x, y, 0.5—z.

Table 3 Hydrogen bond geometries for 1

D-H---A d(D-H) / nm dH---A) / nm d(D---A) / nm £DHA /(%)
C13-H13---01 0.093 0.256 0.303 9(3) 112
C13-H13---02" 0.093 0.274 0.338 0(6) 125

Symmetry codes: " 0.5-x, 0.5+y, z.

1.4 Encapsulation of 5-FU and determination of

encapsulation efficiency

The freeze-drying method was used to prepare 5-
FU-loaded desolvated 1 (1a) materials. Briefly, 5-FU
solution was prepared by dissolving 5 mg of 5-FU into
10 mL of methanol, then 10 mg of 1a (msyim=1:2)
was added into solution and vortexed at 3 000 r+min™'
to obtain the solution.

for 20 min suspension

Subsequently, the mixtures was vacuum freeze-dried
for 12 h to achieve the 5-FU-loaded la materials. The
experiment was carried out three times. The amount of
5-FU adsorbed into the porous solids of la was
estimated by HPLC. 1a before and after the 5-FU
entrapping were characterized by FT-IR and powder
X-ray diffraction.

The HPLC method was used to evaluate the
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(EE) of 5-FU in 1a. Briefly, 2

mL of methanol was added to the inclusion compound

entrapment efficiency

and vortexed at 2 000 r +min™ for 5 min. Then the
mixture was centrifuged at 12 000 r-min™ for 15 min.
Subsequently, the supernatant was collected and the
5-FU concentration in the samples was determined by
the HPLC method as mentioned above. The calibration
curve of absorption (Abs) versus 5-FU concentration (C)
was plotted as Abs=32.293C-184.9 (R?=0.999 1),
The encapsulation efficiency (EE) and loading
(LC) of 5-FU were calculated from the

following formula:

capacity

EE= U 000
M s.pu
[C= s s 1009
My,

Where msyy is the total mass of 5-Fu; mysyy is the
mass of free 5-FU; my, is the mass of 1a.
1.5 5-FU release

The in wvitro release of 5-FU from la was
investigated by the dialysis method. The 5-FU -loaded
1a samples (2 mL) were placed in a dialysis bag and
then incubated in 60 mL of release medium (PBS,
pH=7.4 or pH=6.0) with shaking at 60 r-min™" and 37
°C for at least three days. Then 1 mL of the release
medium was collected at designated intervals at 0, 1,
2,4, 6,8, 10, 12, 24, 36, 48 and 72 h to test the
concentration of 5-FU by HPLC at a wavelength of
265 nm. Meanwhile equal volume of fresh medium
was added into the system. The released amount of 5-
FU was calculated as the following formula:

M=CV+Y,C.V,

n=1

Where M, represents the accumulated release amount
of 5-FU at each time points; C; and C, represent the
concentration of 5-FU at each time point; V, represents
the volume of collected release medium at each time
point. All experiments were performed in triplicate.
1.6 In vitro cytotoxicity studies

The toxicity of 1 towards NIH-3T3, HEK-293,
A549 and HEPG2 cells was determined using MTT

assays in 96-well flat-bottom microtiter plates with

seven different concentrations (0, 0.005, 0.05, 0.5, 5,
50 and 500 pg-mL™). After incubation for 24 and 48
h, the chemosensitivity was determined to be 5 pg-
ml
1.7 Zebrafish culture and embryo selection

Adult zebrafish with fluorescent tags for research
were obtained from Southern Medical University
(Guangzhou, China). Fish were fed with commercially
fish food twice daily and kept at a 14 h light/10 h
dark photoperiod. On the evening before spawning,
two male and one female adult fish were placed in
each of the 5 hatching boxes, and spawning was
prompted when the light was turned on in the next
morning. The fertilized eggs were washed twice with
fish culture medium and examined under a stereo
microscope (Olympus-SZ61, Japan). The embryos that
had developed normally and reached the blastula
stage were sorted and pooled for the subsequent
experiments'™,
1.8 Exposure experiment by zebrafish

The toxicity tests of compound 1 at different
concentrations were conducted as follows: included
two groups, the control group (culture medium) and 1
exposure group (0, 31.25, 62.5, 125 and 250 pg-mL™).
Then embryos were transferred into 24-well plates
(Costar® 24-Well Cell Culture Cluster, Corning Incor-
porated, USA), one embryo per well and each plate
included 20 embryos for exposure test and 4 embryos
as internal fish water control. Then the plates were
placed in an illumination incubator at (28+1) °C with
a 14 h light/10 h dark photoperiod. 1 suspensions
were renewed at 24 h intervals during the experimental
period. The observation was performed in the well
under a stereo microscope (Olympus, Japan) equipped
(t=24,
48 h). The endpoints used to assess developmental
included

malformed?'.

with a digital camera at specified time points

toxicity whether  embryo/larvae  were

Live subject statement: The experimental protocol
involving handling and treatment of zebrafish embryos
and larvae was in accordance with the National
Institute of Health’s Guide for the Care and Use of

Laboratory Animals, China.
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2 Results and discussion

2.1 Structure description

Single-crystal X-ray diffraction measurement
shows that compound 1 crystallizes in the orthorho-
mbic Cmca space group, and the asymmetric unit of 1
contains half a Zn(ll) ions, half a BDC anion, half a
dmbpy ligand and two free water molecules. Znl is
four-coordinated by two carboxylate oxygen atoms
from two different BDC anions, two nitrogen atoms
from two different dmbpy ligands, adopting a distorted
tetrahedral coordination geometry (Fig.la) with Zn-0O,
7Zn-N bond distances and 0-Zn-O, O-Zn-N, N-Zn-N
bond angles ranging from 0.198 2(3) to 0.204 9(3) nm
and from 100.55(17)° to 116.31(11)°, respectively.
The values are in agreement with those found in other
four-coordinated Zn (II) complexes with oxygen and

nitrogen donating ligands™. In the crystal structure of

(@)

Znl

1, the BDC ligand links two metal ions with bridging-
monodentate-, mode, whereas dmbpy ligand acts as a
trans-bidentate bridging ligand to link two Zn(Il) ions.
In this manner, a 2D (4,4) network with 1D channel of
0.92 nmx0.83 nm and 0.82 nmx0.39 nm along the b
axis (measured between opposite atoms), respectively,
has been constructed from the 1D Zn (I)-carboxylate
(Fig.1b and 1¢). Finally,
adjacent layers are further interconnected via C4-H4
---Cgl (Cgl=centroid of N1/C9-C13 ring) stacking
interactions, C13-H13---01 and CI3-HI13---02

hydrogen bonds involving carboxylate O atoms to form

chains and dmbpy pillars

a three-dimensional supramolecular network (Table 3).
Topologically, the zinc center acts as 4-connected
node, the BDC and dmbpy ligands act as linker,
respectively. Compound 1 represents a 4*-sql net. The
potential voids is 0.984 8 nm?®, which is about 22.4%

of the unit cell volume!.

AAAPARAAAI AL A

- (c) ‘M !

—{

g

.’X

Wt

S = = SN

RN

Qe SIS e

All H atoms are omitted for clarity; Symmetry code: * 0.5-x, y, 0.5-z

Fig.1 (a) Coordination environment for Zn(ll) ion in 1; (b) View of an infinite Zn(I-carboxylate chain of 1;

(¢) View of 2D framework of 1

2.2 Powder X-ray diffraction analysis

Bulk samples were also measured by X-ray
diffraction at room temperature to check the purity of
1. As shown in Fig.2, all major peaks of the experi-
mental PXRD patterns of compound 1 matched well
that of simulated PXRD patterns, which clearly
indicates the high purity of the compound.

Furthermore, the stabilities of 1 in aqueous

investigated by PXRD (Fig.2).

solutions  were

In phosphate buffer solution (pH 6.0) for 2 days

osphate buffer solution (pH 7.4) for 2 days

5-FU@1a

In dejonized water for 2 days

As-synthesized

Simulated

T T T B T . 1
10 20 30 40
20/ (%)

Fig.2 PXRD patterns for 1
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According to these results, compound 1 is stable in
aqueous solutions and PBS  (pH=7.4) but unstable in
acidic environment (pH=6.0). The results is remar-
kable when compared with other MOFs constructed
from aromatic carboxylate and transition metal ions®.
2.3 IR and thermogravimetric analysis

FT-IR spectra were recorded as KBr pellets (Fig.
S1). The IR spectrum of 1 showed adsorption band at
3 387 ¢m™ (for O-H stretching vibrations of the water
molecules), 3 012 em™  (for C-H stretching vibrations
of benzene rings from BDC and dmbpy ligands), 2 958
cm™  (for C-H stretching vibrations of -CHj; from dmbpy
ligands). The strong and sharp bands at 1 610 and
1 357 em™ are associated with the asymmetric (C-O-
C) and symmetric (C-O-C) stretching vibrations. The
IR spectra of 5-FU and 5-FU@1la showed prominent
characteristic absorption bands of 5-FU at 3 015 ¢m™
(for N-H), 2 800~3 000 cm™ (for C-H), 1 745 cm™ (for
C=0), 1 697 cm™ (for C-F). Compared with 5-FU parent,
the broadening, weakening and shift of some features
absorption peak intensity indicate that 5-FU have
been successfully loaded into the new carrier 1a.

To test the thermal stability of 1, we performed
the thermogravimetric analysis (Fig.3). The TG analysis
curve for compound 1 showed a weight loss of about
15.1% in the temperature range of 50~120 °C, which
corresponds to the loss of four free water molecules
(Caled. 14.8%). The compound begins to decompose
when the temperature is raised to 320 °C. Finally,
compound 1 was completely degraded into ZnO.

100+

804

— Activated 1a

As-synthesized 1 «—
60

Weight / %

40

20

0
0 100 200 300 400 500 600 700 800
Temperature / 'C

Fig.3 Thermogravimetric curves of 1 and 1a

24 N; sorption isotherms

N, sorption measurements were used to examine

the porosity of the MOF samples after being soaked in
water for 2 days. 1 was activated (1a) at 130 C for 12
h under vacuum. The N, sorption isotherms was
performed at 77 K and showed a [ -type isotherm
characteristic of a microporous material (Fig.4) with
the BET surface area of 240 m”-g~'. No significant
loss in the BET surface area was observed (from 240
to 220 m*-g™) for 1 after being soaked in water for 2
days, indicating the maintenance of the porous

structures of 1 in water.

80

~
T’.‘"

g

2

—

Q

5

2 —@— Ads 1a in water for 2 days

> —O— Des 1a in water for 2 days

B —— Ads 5-FU@1a

£ 20+ —O—Des 5-FU@l1a

2 Qd
et

<

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

PIP,
Fig.4 Nitrogen sorption isotherm at 77 K

2.5 Drug delivery studies

N, adsorption (HK  models)
indicated that the pore size of 1 was 0.81 nm (Fig.S2).
Compound 1, with wide-open channels (0.92 nm x
0.83nm and 0.82 nmx0.39 nm) is suitable for loading
of 5-FU with the molecular size of 0.53 nmx0.5 nm™.

Incorporation of the 5-FU molecule during the

measurements

adsorption process was confirmed by FT-IR and N,
sorption (Fig.S1 and 4). The BET surface area of the
5-FU loaded MOF is 23 m*-g™', which show ca. 90.4%
reduction, as compared with the as-synthesized sample
(240 m*-¢™). The result indicates that there is almost
no residual porosity after the drug adsorption, thus the
5-FU molecules approximately filled up the pores and
channels. UV-Vis was used to determine the effective
storage capacity of la. To achieve a maximal drug
loading of 5-FU to the pore solid, mass ratio of 5-FU
to porous solid and contact time were tested (Table 4).
It was observed that the best result was achieved by
dissolving 5 mg of 5-FU into 10 mL of methanol, then
10 mg of 1a  (mspim,=1:2) was added into the solution
and vortexed at 3 000 r +min~" for 20 min. HPLC
analysis indicates that the desolvated 1 shows a 5-FU

absorption capacity with the encapsulation efficiency
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Table 4 Encapsulation efficiency of 5-FU affected by mass ratio of 5-FU to 1a and contact time

Mspu'Mia Contact time / min Encapsulation efficiency / %(w/w)
1:1 5, 10, 20, 30 6.3,8.1,75,52
1:2 5, 10, 20, 30 7.2,11.1, 142, 10.5
1:3 5, 10, 20, 30 9.4, 12.1, 10.9, 8.7
2:1 5, 10, 20, 30 7.2,87,62,5.6
2:3 5, 10, 20, 30 4.8,5.6,7.38,8.2
3:1 5, 10, 20, 30 7.4,88,95,114
32 5, 10, 20, 30 52,68, 5.6, 6.1

of 14.2% (w/w), which is lower than the 5-FU loading
in the reported literatures with the similar pore size,
but the result is very remarkable when compared with
those 3D MOFs with the BET surface of some times

22 Moreover, the amount of 5-FU in

larger than 1at
the sample was determined by TGA and elemental
analysis. The TGA curve was depicted in Fig.S3. A
weight-loss of 2.1% was observed from 100 to 180 C,
which is assigned to the loss of residual water
molecules. Upon further heating, a weight-loss of 13.5%
was observed from 180 to 250 °C, due to the release
of 5-FU molecules. The sharp weight-loss step that
occurred above 330 °C corresponds to the decomposi-
tion of the framework. Elemental analysis technique
(C, H) of
the dried 5-FU-loaded 1a. The result indicated a 5-
FU content of 14.7%(w/w) on the basis of the data (C
55.0%; H 5.8 %, N 8.6%).

The 5-FU drug release profiles from drug-loaded

was employed to obtain the organic species

la were studied in wvitro by the dialysis method.
Meanwhile, the 5-FU release from the free drug
suspension was investigated as control group. As
shown in Fig.5, in the control group, during the first 6

h, over 96% of the 5-FU drug was released from the
drug suspension. Then in the following 4 h, the

100

80 1
=
2 60
E -8~ 5-FU@1a (pH=7.4)
Q
17} 40 -
8 —— 5-FU
# 20

—o- 5-FU@Ia (pH=6.0)

0 10 20 30 40 S0 60 70 80
Time / h

Fig.5 Release of 5-FU from the drug-loaded 1a and

control experiment

accumulative release value of 5-FU reached 100% .
For 5-FU@]1a, the delivery of 5-FU occurred within
20 h with no “burst effect”. The drug release rates
were 94.5% (pH=7.4) and 99% (pH=6.0) of drug
release after 72 and 28 h, respectively. Two distinct
stages of the drug release can be observed: 62% (0~
28 h, pH=7.4), 76% (0~13 h, pH=6.0) in first stage
and 32.5% (28~70 h, pH=7.4), 24% (15~30 h, pH=
6.0) in last stage. The release time of 5-FU (pH=7.4)
in 1a is longer than that of reported MOF's with similar
pore size®?. The relatively slow release might attri-
buted to the hydrogen-bonding interactions (N-H---0O,
C-H---0, C-H---F) and 7 --- 7 stacking interactions
involving the 5-FU molecules and the pore chemical

environment!*>?’1,

The slightly fast-release in low pH
condition (pH=6.0) may result from the degradation of
the structure.
2.6 MTT tests and zebrafish tests

MTT toxicity assays were taken from two different
(HEK-293 and NIH-3T3) and two
(A549 and HEPG2) with
increasing concentrations of 1a. The results revealed
(Cell viability >
80%) when the concentrations were below 500 pg -
mL™ for 24 and 48 h (Fig.S4 and S5).

The toxicity tests of 1 at different concentrations

normal cells lines

different cancer lines

that the compound 1 was nontoxic

were also investigated. As shown in Fig.6, the zebrafish
in the control group showed a normal appearance after
24 and 48 h, respectively, including clear blood
vessels with fluorescent tags, straight spine and no
pericardium edema, etc. While exposure to 1 (Concen-
tration: below 125 pg-mL™ for 24 h and below 62.5
pg -mL™ for 48 h) caused no remarkable morpholo-
gical abnormalities compared with the control group.
These results suggest that 1 is not toxicity to zebrafish

under certain concentration and residence time.
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Fig.6  Zebrafish toxicity tests for 1 with different concentrations

3 Conclusions

In summary, a water-stable 2D MOF with the
channels of 0.92 nmx0.83 nm and 0.82 nmx0.39 nm
was constructed from isophthalate and 3,3 -dimethyl-
4,4' -bipyridine ligands under hydrothermal condition.
De-solvated 1 shows a 14.2% (w/w) 5-FU payload and
performs a progressive release of the drug without any
“burst effect” with a full release of 5-FU achieved in
PBS after about 70 h (pH=7.4) and 28 h (pH=6.0),
respectively. The MTT arrays and zebrafish toxicity
tests show that 1 is nontoxic under certain concentra-

tion and residence time.
Supporting information is available at http://www.wjhxxb.cn
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