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Metal-organic frameworks (MOFs) are composed of both organic linkers and metallic ions, which have
emerged as excellent drug delivery agents for the treatment of cancer and other diseases. Currently,
MOF studies are mainly focused on intravenous administration, while studies dedicated to oral
administration are relatively scarce. In this study, five MOFs, namely UiO-66, UiO-66-NH,, UiO-66-
COOH, UiO-67 and Zr-NDC, were synthesized, of which Zr-NDC had the largest drug loading capacity
for 5-FU. Next, a chitosan (CS) modified Zr-NDC was developed to provide a strong impetus for the oral
administration of 5-FU. In vitro release experiments of fluorescein isothiocyanate (FITC)-labeled chitosan
demonstrated that the cumulative release rates of FITC-labeled chitosan in artificial gastric juice and
artificial intestinal fluid were about 20% and 90%, respectively. The in vitro drug release profiles showed
that under the protection of CS-MOF, the release of 5-FU into an acidic environment was only 20%, but
the release in artificial intestinal fluid reached 70%. Pharmacokinetic analysis revealed that the coating of

Received 4th October 2020 chitosan on the surface of MOFs exerted a controlled drug release effect, and further improved the oral

Accepted 27th November 2020
bioavailability of 5-FU. These findings suggest that CS coating can break through the limitation of MOF

DOI: 10.1039/d0ra08435 intolerance to acid. It is expected that CS-MOF@5-FU can serve as a potential drug delivery system for
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1 Introduction

Metal-organic frameworks (MOFs) are constructed from
organic bridging ligands and metal nodes." Nowadays, MOFs
have attracted increasing attention from researchers due to
their facile functionalization, tunable pore sizes and high
surface area.” These advantageous properties made MOFs
promising candidates in many applications, such as gas sepa-
ration and storage,** fuel cells,’® solar cells,® catalysis,” sensors,®
electronic devices,” drug delivery,' and others. In 2008, Férey
and co-workers first stated that MOFs had a great potential for
drug delivery.'* As MOFs combined the properties of biode-
gradability and compatibility, tailorable composition and
structure, suitable pore sizes, high drug loading capacity and
surface functionalization, they possess great potential as
controlled drug delivery systems.>** Currently, MOF studies are
mainly focused on intravenous administration,”**® while
studies dedicated to oral administration are relatively scarce."”

For cancer patients, oral chemotherapy is an ideal long-term
alternative treatment, since it can maintain appropriate drug
concentration in the circulation to prolong the therapeutic
effect,'® reduce side effects and prevent injection discomfort.**>
Due to the advantageous features of safeness, high compliance
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and cost-effectiveness, oral route has been recognized as one of
the most common and traditional ways for oral drug delivery.**
However, the oral delivery of anticancer drugs still faces huge
challenges owing to their poor stability in gastrointestinal tract
and pre-systemic metabolism. To overcome these limitations,
oral drug delivery carriers are being developed to promote drugs
to penetrate the mucus barrier® and protect the loaded drugs
from damage when passing through gastric acid barrier.*®
MOFs are prone to collapse in the environment of gastric acid,
which limits their application in oral drug delivery. Therefore,
post-synthetic modification of MOFs can serve as a good option
to achieve this purpose.

Chitosan (CS) is obtained from the deacetylation of chitin via
alkaline hydrolysis.* CS is a biodegradable, biocompatible and
nontoxic biopolymer, with high structural stability.>* Therefore,
modifying the surface of drug carriers with CS can provide many
advantages, for example: (i) enhance mucoadhesiveness and
tissue penetration, (ii) regulate cell interactions (cellular uptake
and toxicity), and (iii) improve oral bioavailability and drug
efficacy.” At present, one of the most widely studied charac-
teristics of CS is the adhesion ability. Thus, it is speculated that
CS-modified MOFs can pass through the gastrointestinal tract.
Compared with the pure MOF, CS-coated MOFs maintain their
crystalline structure and high porous nature without causing
toxicity problems.*® Surface modification may also enhance the
chemical stability and colloidal stability of MOFs in physiolog-
ical media. CS can improve the stability of MOFs to various
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enzymes, while improving the bioadhesive properties and
reducing unwanted immune responses. All these characteristics
make CS-coated MOF a very promising candidate carrier for oral
antitumor drugs.

5-FU is one of the most commonly researched and used
drugs to treat various types of cancer, including breast cancer,
colorectal cancer and aerodigestive tract cancer.>” The cytotoxic
mechanism of 5-FU is owing to the misincorporation of fluorine
nucleotides into RNA and DNA, thereby inhibiting the activity of
nucleotide synthase.?®

In this study, we synthesized five different MOFs and
employed 5-FU as a model drug. Then, we selected MOF with
the largest drug loading capacity as an optimal carrier. The
surface modification of MOFs with CS could not only improve
the stability of CS-MOF@5-FU in the gastrointestinal tract, but
also increase the permeability of 5-FU across the intestinal
mucosa and enhance the oral bioavailability of the drug.

2 Materials and methods
2.1 Materials

2-Aminobenzenedicarboxylic acid (H,BDC), terephthalic acid,
1,2,4-benzene tricarboxylic acid, zirconium tetrachloride
(zrCly), 2,6-naphthalene dicarboxylic acid (NDC), and 4,4’
biphenyldicarboxylic acid (BDPC) were obtained from Aladdin
reagents Co. Ltd. (Shanghai, China). Acetic acid was from
Dingguo Changsheng Biotechnology Co. Ltd. (Beijing, China).
All the solvents and reagents used in this study were of analyt-
ical grade without any further purification.

2.2 Animals

Male SD mice were purchased from Changsheng Biotechnology
Co., Ltd. (Liaoning, China), and used to evaluate the pharma-
cokinetics of the drug-loaded MOFs. Standard mouse food and
water were supplied ad libitum. All animal experiments were
carried out according to the ethical principles and guidelines
for the use of laboratory animals in research.

2.3 Preparation of five MOFs

2.3.1 Synthesis of UiO-66. A 250 mL round-bottom flask
was charged with terephthalic acid (0.897 g), ZrCl, (1.0036 g),
DMF (67 mL), and acetic acid (29 mL). After dissolving, 5 mL of
demineralized water was added into the solution, followed by
incubation at 120 °C for 15 min. Subsequently, MOFs were
separated from the reaction solution by centrifugation
(10 000 rpm, 5 min x 3) and washing with methanol. Finally,
the drying process was carried out under vacuum at 55 °C, and
UiO-66 was obtained.

2.3.2 Synthesis of Ui0-66-NH,. UiO-66-NH, was prepared
in the light of the synthetic procedure of UiO-66 with slight
modification. For example, terephthalic acid was replaced by
H,BDC.

2.3.3 Synthesis of Ui0-67. ZrCl, (0.12 g) and benzoic acid
(0.674 g) were dissolved in 20 mL of DMF. Meanwhile, in
a second vessel, 0.13 g of BDPC was dissolved in 20 mL of DMF.
The two solutions were transferred into a Teflon lined stainless
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steel hydrothermal autoclave, and 0.028 mL of demineralized
water was added. This mixture was sonicated for 10 min, and
the reaction was carried out at 120 °C for 24 h. After cooling to
room temperature, the product was separated from reaction
solution by centrifugation (10 000 rpm, 5 min) and washing one
time with DMF and another three times with ethanol. The
drying process was carried out under vacuum at 55 °C, and UiO-
67 was obtained.

2.3.4 Synthesis of Ui0-66-COOH. A 100 mL reaction kettle
was charged with 1,2,4-benzene tricarboxylic acid (0.424 g),
ZrCl, (0.463 g), DMF (10 mL), demineralized water (8.8 mL) and
acetic acid (12.5 mL). The reaction was carried out at 100 °C for
24 h. Subsequent steps were performed as described in 2.3.3,
and UiO-66-COOH was obtained.

2.3.5 Synthesis of Zr-NDC. NDC (0.368 g) and ZrCl, (0.4 g)
were respectively dissolved in 20 mL of DMF by sonication. After
properly mixing these two solutions, 2.85 mL of acetic acid and
0.125 mL of deionized water were added and mixed again. The
mixture was then sonicated for 30 min at 50-60 °C, and then
placed into a hydrothermal autoclave. The reaction was carried
out at 120 °C for 24 h. Subsequent steps were performed as
described in 2.3.3, and Zr-NDC was obtained.

2.4 Characterization of five MOFs

2.4.1 Fourier transform infrared (FT-IR) and differential
scanning calorimetry (DSC) analysis. The five synthesized MOFs
were analyzed by FT-IR spectroscopy (Affinity-1, Shimadzu,
Tokyo, Japan). DSC thermograms were obtained using (Mettler
Toledo, Changzhou, China) DSC system. The MOFs materials
were heated from 20 to 400 °C at 10 °C min " rate.

2.4.2 Morphology and crystal forms. The morphological
features of the synthesized MOFs were examined using a scan-
ning electron microscopy (SEM; JSM6510LV, JEOL, Tokyo,
Japan). Meanwhile, the crystallinity of the synthesized MOFs
was analyzed using an X-ray diffractometer (Bruker, SJC, Bei-
jing, China).

2.5 Loading of 5-FU into the five MOFs

5-Fluorouracil (5-FU) was selected as the model drug, and the
carrier with the highest loading capacity of 5-FU was subjected
to further analysis. 5-FU (20 mg) and MOFs (10 mg) in 10 mL of
ethanol were dispersed by sonication and stirred at 25 °C for
6 h. Then, solvent removal was performed under reduced
pressure, and the obtained products were washed with ethanol
for three times. The drug-loading efficiency of MOFs was
determined by high performance liquid chromatography
(HPLC; Agilent LC-20AT).

2.6 Preparation of CS-coated Zr-NDC

Zr-NDC (30 mg) was dissolved in 8.6 mL of ethanol, while CS
(10, 20, 30, and 40 mg) was dissolved in 10 mL of aqueous
solution containing 0.2% acetic acid under stirring condition
for overnight. After that, the above two solutions were mixed
and stirred at room temperature for 30 min. In order to remove
the excess CS, the obtained product was separated by centrifu-
gation (10 000 rpm, 5 min), and then washed with 1% acetic
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Scheme 1 Synthesis of CS-MOF@5-FU.

acid solution for one time and demineralized water for three
times. CS-coated Zr-NDC (hereinafter referred to as “CS-MOF”)
was obtained by lyophilized for 24 h. The composition route was
shown in Scheme 1.

2.7 Characterization of CS-MOF

2.7.1 Ultraviolet spectroscopy (UV) and FT-IR character-
ization. UV-vis absorption spectral analysis was conducted at
room temperature on a UV-2550 spectrophotometer (Shimadzu,
Japan). CS, Zr-NDC and CS-MOF samples were analyzed by FT-
IR spectroscopy. Measurements were carried out in a spec-
trum range of 4000-400 cm ™" using the KBr pellet method.

2.7.2 Zeta potential, thermogravimetric analysis (TGA) and
X-ray diffraction (XRD) characterization. Zeta potential of the
blank Zr-NDC and CS-MOF was measured by Zeta sizer Nano ZS
(Malvern, UK) at 25 °C. TGA was carried out for CS, Zr-NDC and
CS-MOF, with aluminum crucibles as a sample holder under
a nitrogen atmosphere. The temperature was elevated from
ambient temperature to 700 °C with a heating rate of
10 °C min~'. XRD patterns of the products were recorded on
a BrukerD8 Advance X-ray diffractmeter. The patterns were
collected at a scanning rate of 5° min~" over a 26 range from 5°
to 45°.

2.7.3 SEM. The morphology of CS-MOF was examined
using SEM. A small amount of CS-MOF was dissolved in 5 mL of
absolute ethanol solution, dispersed by ultrasound, dropped on
a silicon wafer, and placed into a constant-temperature drying
oven at 70 °C overnight. After the sample was negatively stained
with 2% phosphotungstic acid, its surface structure and
morphological features were assessed by a scanning electron
microscope.

2.8 Invitro release of fluorescein isothiocyanate (FITC)-
labeled CS

First, 15 mL of 0.1 M acetic acid was used as a solvent to dissolve
150 mg of CS. Then, 15 mL of methanol was slowly added to the
CS solution under continuous stirring. FITC was dissolved in
methanol at a concentration of 1.0 mg mL™", and then slowly
added to the CS solution. The reaction was carried out at room
temperature for 12 h in the dark. FITC-labeled CS was precipi-
tated in 0.1 M sodium hydroxide solution. The precipitate was
rinsed thoroughly with deionized or distilled water until there
was a complete absence of free FITC fluorescence signals in the
washing medium. Finally, the labeled polymer was frozen dried
and stored until further use.

Thereafter, 6 mg of FITC-labeled CS and 6 mL of 0.1 M acetic
acid were added into a 10 mL centrifuge tube. After dissolution,
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a small volume of the diluted solution was taken and then
measured with a microplate reader. The labeling rates of CS
were calculated according to the following formula.

measuring value

0
theoretical value x 100%

CS labeling rate =

After that, 4 mg of FITC-labeled CS was added into a 6-well
culture plate, and 4 mL of artificial gastric juice was then added.
The 6-well plate was placed in a constant-temperature shaking
incubator (100 rpm, 37 °C). At predetermined time intervals
(0.5,1,3,4,6,12, 24, 48, and 72 h), 200 puL of the medium was
collected and measured prior to data calculation.

All the precursors of the release of FITC-labeled CS in the
artificial intestinal fluid were taken as described above. The only
difference is that the release medium was changed to artificial
intestinal fluid (4 mL).

2.9 Invitro drug release experiments of 5-FU-loaded MOFs

The drug-releasing properties of Zr-NDC and CS-MOF loaded
with 5-FU (hereinafter referred to as “MOF@5-FU” and “CS-
MOF@5-FU”, respectively) were evaluated by means of dialysis.
Briefly, MOF@5-FU and CS-MOF@5-FU were transferred in
dialysis bags and then dialyzed against artificial gastric juice at
37 °C in an air-bath shaker under stirring at 120 rpm. At pre-
determined time intervals (10, 20, 30 min, 1, 2, 4, 8, 12, 24, 36,
48, 60, and 72 h), 0.5 mL of the medium was collected and
replaced with an equal volume of fresh medium. HPLC was
used to measure the content of 5-FU released in the solution.
The efficiency of 5-FU loading was calculated as follows:

n—1

t—1
0% = <V0 C+Vy c,) 100% W

where C; (mg mL ") is the drug concentration in the release
medium measured at each time point, W (mg) is the total
amount of the drug, V, is the total volume of the release
medium, and V is the volume of each sample.

Then, the release of the drug in the artificial intestinal fluid
was similar as above, except that the release medium was
changed.

2.10 Pharmacokinetic experiments in rats

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Liaoning
University and approved by the Animal Ethics Committee of
Liaoning University.

The SD mice (200 + 20 g) were randomly divided into 3
groups (n = 6 per group). The rats were fasted for 12 h before
this experiment. All the three groups were respectively given 5-
FU solution, MOF@5-FU solution, and CS-MOF®@5-FU solution
via oral gavage, with the same 5-FU dose of 50 mg kg *. Blood
samples were collected at the preset time intervals (0.25, 0.5, 1,
2,4, 6,8,10, 12, 24, and 48 h), and subsequently centrifuged at
10 000 rpm for 5 min. The plasma samples were stored at 4 °C
for further analysis, and the concentration of 5-FU in plasma
was determined by HPLC.

This journal is © The Royal Society of Chemistry 2020
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2.11 Statistic analyses

All experimental data were expressed as mean =+ standard
deviation (SD) in tables and figures. Pharmacokinetic parame-
ters were analyzed using Drug and Statistics (DAS) 2.0 software.
Student's ¢ test was used to compare the differences between
groups. P-Values < 0.05 were regarded as statistically significant.

3 Results and discussion
3.1 Characterization of the five MOFs

3.1.1 FT-IR data. FT-IR spectroscopy was employed to
deeply understand the molecular structure of MOF materials.
Fig. 1a shows the IR spectra of UiO-66 (black curve), UiO-66-NH,
(red curve), UiO-66-COOH (blue curve), UiO-67 (pink curve) and
Zr-NDC (yellow curve). The absorption band at 744 cm ™" was
attributed to the C-H bonding vibration of the benzene rings.
Additionally, a broad peak at 3700-3000 cm ™' was assigned to
the terminal hydroxyl group of MOFs. The peaks at 1640 and
1373 cm™ ' were ascribed to the asymmetric and symmetric
vibration of the OCO group, respectively, while the peak at
1652 cm™ " represented the C=O stretching vibration. For UiO-
66-NH,, the peaks at 1655-1590 cm ' were due to N-H bonds.
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Fig.1 Infrared spectra (a), DSC diagram (b) and XRD diagram (c) of five
MOFs.
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3.1.2 DSC patterns. DSC was conducted to investigate the
crystalline state of the five MOFs. The DSC curves of the five
MOFs are shown in Fig. 1b. Notably, an endothermic peak
centered around 75 °C was observed, which could be attributed
to absolute ethyl alcohol. Moreover, the five MOFs did not
fluctuate significantly within the range of —25 °C to 450 °C,
indicating that all the MOFs are heat-stable carriers.

3.1.3 Morphology and crystal forms. SEM was used to
assess the morphology and particle size of the five MOFs, as
shown in Fig. 2a-e. It was observed that the morphological
features of the five MOFs were relatively similar, i.e., regular
octahedron in shape. The average diameter of Zr-NDC was
determined to be 800 nm, which appeared larger than the
others.

XRD was a useful technique for the investigation of crystal-
line properties in the synthetic MOFs. The XRD patterns of UiO-
66, UiO-66-NH,, UiO-66-COOH, UiO-67 and Zr-NDC in the 26
range of 5°-45° are shown in Fig. 1c. Obviously, the diffraction
of UiO-66 fits well with the diffraction patterns reported in
previous literature.>** The main peaks of UiO-66-NH, and UiO-
66-COOH were comparable with UiO-66, revealing that the
introduction of NH, or COOH groups did not change the crystal
structure of matrix UiO-66. These results were consistent with
those of previous studies.**** In addition, the XRD patterns of
UiO-67 and Zr-NDC differed greatly from those of the other
three MOFs, mainly due to the large difference in organic
ligands.

3.2 Screening of the optimal carrier

As can be seen from Table 1, the encapsulation rates of the five
MOFs were ranked as follows: Zr-NDC > UiO-66-NH, > UiO-66-
COOH > UiO-67 = UiO-66. Compared with UiO-66, the encap-
sulation rate of UiO-67 did not change remarkably, while UiO-
66-NH, and UiO-66-COOH exhibited an improved encapsula-
tion rate. Given that the structure and pore size of MOFs can be
tuned by functionalizing the organic linkers with groups such
as -COOH, -NH,,** the encapsulation rate is capable of being
changed accordingly. In addition, as the organic ligand chain
was increased and retained more drugs, the encapsulation rate
and drug loading of Zr-NDC were significantly increased,
reaching as high as 66.28% and 1.3 g g~ ', respectively. There-
fore, Zr-NDC was selected as an anticancer drug carrier in
subsequent experiments.

SEM was employed to study the structural evolution of the
synthesized Zr-NDC before and after drug loading. As shown in
Fig. 2e-f, the morphology for Zr-NDC was regular octahedron

Table 1 Drug loading and encapsulation rates of five MOFs

MOFs Encapsulation rate (%) Drug loading (g g %)
Ui0-66-COOH 18.71 £ 1.38 0.40 + 0.03
UiO-66-NH, 22.49 £ 3.23 0.44 £+ 0.06
UiO-66 14.26 £ 2.15 0.28 + 0.05
Uio-67 14.76 £ 1.22 0.28 &+ 0.03
Zr-NDC 66.28 £ 0.01 1.30 £ 0.05

RSC Adv, 2020, 10, 45130-45138 | 45133
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Fig.2 SEMimages of UiO-66 (a), UiO-66-NH> (b), UiO-66-COOH (c), UiO-67 (d), Zr-NDC (e), Zr-NDC after drug loading (f) and Zr-NDC coated

with CS (g). (h) Appearance of CS and fluorescein isothiocyanate CS.

with an average diameter of 800 nm. By comparing the SEM of
5-FU loaded-MOFs with that of Zr-NDC, it was found that its
morphology remained almost the same after drug loading.

3.3 Characterization of CS-MOF

3.3.1 UV spectral characteristics. As shown in Fig. 3a, UV-
visible absorption spectrum was used to assess the effects of
CS on Zr-NDC. The absorption peak of Zr-NDC was not clearly
observed. After the incorporation of CS, a small peak appeared
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3
~

Zr-NDC

1:3 CS-MOF
M 2:3 CS-MOF
N — 33CSMOF

4:3 CS-MOF

Absorbance (a.u.)

200 220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

(b) WW Zr-NDC

B TN T O O

§ \/gx__@\/,——wﬁ/ 1:3 CS-MOF

g 2:3 CS-MOF
WN 4:3 CS-MOF
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumbers (cm ')

Fig. 3 Uvimages (a) and infrared images (b) of Zr-NDC and different
proportions of CS coated with Zr-NDC.
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at 240 nm in the spectrum, which was likely derived from CS.
Notably, the absorbance spectrum increased gradually with
increasing concentrations of CS. This may be due to the exis-
tence of acetyl groups on CS, thus resulting in a conjugated
absorption. All these results proved that CS was successfully
coated on the surface of Zr-NDC.

3.3.2 FT-IR analysis. FT-IR spectra of the free CS, Zr-NDC
and CS-MOF are depicted in Fig. 3b. The peaks of CS were
observed at about 3410 ecm ' (vo.y and wyn.y), 1623 and
1513 cm™ " (On-n), 1088 em ™' (von), 651 cm " (Onp,), 651 cm !
(due to amino groups) and 895 cm ™" (epimeric f-d¢_y of cyclic
pyranosyl rings). Zr-NDC exhibited characteristic peaks at the
region of 1400-1700 cm ™', which corresponded to the typical
vibrational bands of the carboxylic acid function. The charac-
teristic peaks due to the C-H bonding vibration of the benzene
rings were found at 747 cm™ . After conjugation of CS to Zr-
NDC, the typical bands of CS (1600 cm ') and Zr-NDC
(1400 cm ™" and 800-700 cm ') were all observed in CS-MOF
spectra.

Chitosan can be incorporated onto the MOF surfaces via
adsorption process. In this study, the five MOFs were placed in
chitosan dispersion until equilibrium was reached. Mechanis-
tically, this process often takes place in three consecutive steps:
diffusion, attachment, and rearrangement/relaxation.*® Chito-
san coating has proven to be useful in modifying the superficial
characteristics of MOFs and improve their physicochemical
properties.>

3.3.3 Zeta potential. Zeta potential is an important char-
acterization method for the chemical modification of MOFs, as
the altered surface of MOFs may cause substantial differences
in their surface charges.”® The value of zeta potential repre-
sented the degree of electrostatic repulsion or attraction
between adjacent particles, implicating that particles with high
zeta potential are electrically stable and tend to avoid aggrega-
tion.” The effect of CS concentration on the {-potential of Zr-

This journal is © The Royal Society of Chemistry 2020
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Table 2 Zeta potential value of Zr-NDC and different proportions of
CS coated with Zr-NDC

MOFs Zeta potential in water
Zr-NDC 38.37 £ 0.82
1: 3CS-Zr-NDC 39.43 £ 0.34
2 : 3CS-Zr-NDC 42.00 £ 0.41
3 : 3CS-Zr-NDC 48.50 £ 0.08
4 : 3CS-Zr-NDC 43.82 £ 0.20

NDC was investigated by using Zeta sizer Nano ZS. Table 2
demonstrates the {-potential of CS-MOF with different CS
concentrations. It was obvious that CS concentration had some
influence on the {-potential of the prepared CS-MOF. Zeta
potential value of bare Zr-NDC was determined to be 38.37 £
0.82 mv, and that of CS was also positive. Further addition of CS
could increase the {-potential of CS-MOF. When the ratio of CS
to Zr-NDC was 3 : 3, the {-potential value was the highest and
CS-MOF had the most excellent stability. Then MOFs exhibited
reduced surface charges, as the quantity of introduced CS
increased. These results indicated that CS could be used to
effectively modify the surface of Zr-NDC, and the ratio of 3 : 3
was selected for subsequent experiments.

3.3.4 TGA. The success of surface modification was also
confirmed by TGA. As shown in Fig. 4a, the decomposition of CS
was observed at 250-450 °C. CS-MOFs also disappeared in the
area with a weight reduction of 4.84%. Moreover, the TGA
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Fig. 4 TGA diagram (a) and XRD patterns (b) of Zr-NDC, CS and CS
coated with Zr-NDC.
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curves of CS-MOF were similar with their parent MOFs, except
for larger weight loss area for the loss of modified CS. The
increase in weight loss verified the success of surface
modification.

3.3.5 XRD. XRD analysis was carried out to investigate the
crystalline structures of Zr-NDC, CS and CS-MOF. As shown in
Fig. 4b, the characteristic peak of CS was observed at the 26 of
20°; while the peak positions of CS-MOF and pure Zr-NDC
sample were in good agreement with each other, except for
a slight decrease in intensity caused by surface modification.
These findings revealed that CS was successfully wrapped on
the surface of Zr-NDC, without changing the surface structure.

3.3.6 SEM. The morphological features of the synthesized
Zr-NDC and CS-MOF were examined by SEM, as shown in
Fig. 2g. Without CS modification, the structure of Zr-NDC
remained stable. In the presence of CS, the prepared CS-MOF
eventually condensed together due to the cohesiveness of CS.
This indicates that CS has little effect on the shape of Zr-NDC
and confirms the successful functionalization of Zr-NDC
surface with CS capping.

3.4 Invitro release experiments of FITC-labeled CS

As shown in Fig. 2h, the appearance of CS was white floccus,
while that of FITC-labeled CS was golden floccus. The cumula-
tive release rates of FITC-labeled CS in the artificial gastric juice
and artificial intestinal fluid were about 20% and 90%,
respectively (Fig. 5). The pKa of the primary amine groups of CS
was approximately 6.5. The pH-dependent profile of CS could be
explained by its stronger charges at lower pH levels, thus
increasing the rigidity of CS chains. At intestinal pH levels, CS
contained less charged, and the chains had more mobility.**
Hence, FITC-labeled CS remained intact in the pH environment
below 7.0, but became unstable and disintegrated at pH above
7.0.%” Altogether, FITC-labeled CS showed different cumulative
release rates in both artificial gastric juice and artificial intes-
tinal fluid.

3.5 Invitro drug release experiments of 5-FU-loaded MOFs

Fig. 6a shows the in vitro release profiles of 5-FU-loaded Zr-NDC
and CS-MOF in artificial gastric medium. It could be seen that

artificial intestinal fluid

60 +

40 7 Artificial gastric fluid

20

Cumulative release rate (%)

] 10 20 30 40 50 60 70 80
Time (h)

Fig. 5 The release curve of fluorescein isothiocyanate CS.
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95% of 5-Fu was released from MOF@5-FU within the first 2 h,
while the released amount of CS-MOF@5-FU decreased greatly
under the same conditions. The pure Zr-NDC was unstable and
its structure was destroyed under acidic conditions, leading to
the release of most drugs. When CS-MOF was used as a carrier,
the drug was slowly released, which could be attributed to the
protection of CS coating. These results suggest that the incor-
poration of CS not only helps to lock the drugs in the frame-
works, but also stabilizes the framework structure to prevent the
degradation of crystal structure and possible drug leakage.

Fig. 6b shows the in vitro release profiles of 5-FU-loaded Zr-
NDC and CS-MOF in artificial intestinal fluid. Obviously, 95%
of 5-Fu was released from MOF@5-FU within the first 1 h. Under
the conditions of alkaline environment and pancreatin, the
pure Zr-NDC skeleton collapsed, which in turn increases the
amount of drug release. Meanwhile, the amount of 5-Fu
released from CS-MOF®@5-FU was only 30% under the same
conditions and within the same time period. At the end of this
experiment, the cumulative amount of 5-Fu released from CS-
MOF@5-FU was about 60%. Under the conditions of trypsin
and pancreatic lipase, the structure of CS-MOF was gradually
destroyed, and the drug was slowly released. Our results indi-
cate that the modification of MOF surfaces turns out to be an
effective method to reduce premature drug release.

3.6 Pharmacokinetic studies

The mean plasma concentration-time profiles of 5-FU,
MOF@5FU and CS-MOF®@5-FU are shown in Fig. 7, and the
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Table 3 Pharmacokinetic parameters (n = 6, mean + SD)
Paramater 5-FU MOF@5FU CS-MOF®@5FU
ti/h 1.473 £ 0.449 2.204 £ 0.629 8.643 + 5.408
Trmax 0.667 + 0.289 1.167 + 0.764 4.667 + 1.155
Cmax/Ng mL™*  21.041 + 1.981 15.328 + 1.677 9.581 £+ 1.626
AUC_; 50.391 + 10.82 51.764 + 1.68 135.648 + 25.488
AUC)_« 54.564 + 15.013 55.178 + 1.297 145.420 + 26.989

corresponding pharmacokinetic parameters are summarized in
Table 3. As can be seen from Fig. 7, the value of Cy,,,x reached 20
pg mL ™" after 0.5 h of oral 5-FU administration. Moreover, the
Cmax Of 5-FU reached 12.5 ug mL™ " after 1 h of oral MOF@5-FU
administration, and that of 5-FU reached 9 pg mL " after 4 h of
oral CS-MOF®@5-FU administration. Besides, the Ty,.x of CS-
MOF®@5-FU was longer than that of 5-FU and MOF@J5-FU, but
the Cphax of CS-MOF@5-FU was lower than that of 5-FU and
MOF@5-FU, indicating that the drug release is delayed. There-
fore, it can be inferred that CS, as a coating material of MOFs,
prolongs the release time of drugs and has a controlled drug
release effect. As summarized in Table 3, the half-life (¢,)
values of CS-MOF@5-FU and MOF@J5-FU appeared to be 8.643
+ 5.408 and 2.204 + 0.629 h, which were 5.87 and 1.50 times
longer than that of 5-FU, respectively. The extension of the half-
life further indicated the sustained release of the drug carriers.
The AUC (area under curve) of CS-MOF@5-FU was determined
to be 135.648 + 25.488, which was 2.69- and 2.62-fold higher
than that of 5-FU and MOF@5-FU, respectively. These findings
reveal that CS-MOF®@5-FU can remarkably improve the oral
bioavailability of 5-FU.

4 Conclusions

The nanoscale MOFs UiO-66, UiO-66-NH,, UiO-66-COOH, UiO-
67 and Zr-NDC were successfully synthesized and character-
ized. Drug loading of MOFs was assessed by utilizing 5-FU as
model drug, among which Zr-NDC had the largest drug loading
and was selected for further analysis. Next, Zr-NDC was modi-
fied with CS, and subsequently characterized by UV, FT-IR, zeta
potential, TGA, PXRD and SEM. When the ratio of CS to Zr-NDC

This journal is © The Royal Society of Chemistry 2020
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was 3 : 3, the drug carrier was the most superior. Based on the in
vitro release experiments of FITC-labeled CS, it could be
concluded that CS had a certain resistance to artificial gastric
juice, but the structure was greatly destroyed by the simulta-
neous action of trypsin and pancreatic lipase in artificial
intestinal fluid. The 5-FU release studies indicated that the pure
Zr-NDC was unstable in both artificial gastric juice and artificial
intestinal fluid. However, CS coating could increase the stability
of MOFs in the acidic solvents and prolong the residence time of
MOFs in the intestinal tract, which in turn contributes to the
release and absorption of drugs. Pharmacokinetic studies also
confirmed that CS modified MOFs could prolong the release
time of 5-FU, and thus exerting a controlled drug-release effect.
The oral bioavailability of 5-FU could also be enhanced. The
obtained results suggest that CS-MOF@5-FU can serve as
a potential drug delivery system for the oral administration of 5-
FU.
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