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Introduction

Functionalization of MOF-5 with mono-
substituents: effects on drug delivery behaviory

Mengru Cai, ©? Liuying Qin,? Longtai You,? Yu Yao,? Huimin Wu,? Zhigin Zhang,?
Lu Zhang, {2 *€ Xingbin Yin*? and Jian Ni*?°

Metal organic frameworks (MOFs) are widely used in drug carrier research due to their tunability. The
incorporation of mono-substituents to obtain
pharmaceutical carriers with excellent properties. In this study, different functional groups of —NH,,
—CHs, —Br, —OH and —-CH,=CH are connected to MOF-5 to analyse the effect of mono-substituent
incorporation on drug delivery properties. The resulting MOFs have similar structures, except for Br—
MOF. The pore size of this series of MOFs ranges from 1.04 nm to 1.10 nm. Using oridonin (ORI) as

properties of MOFs can be adjusted through

a model drug, introduction of the functional groups appears to have a significant effect on the drug
delivery performance of the MOFs. The IRMOFs can be ranked according to drug-loading capacity:
MOF-5 > HO-MOF-5 > H;C-MOF-5 = Br—MOF-5 > H,N-MOF-5 > CH,=CH-MOF-5. The ORI release
from ORI @IRMOFs is explored at two different pH values: 7.4 and 5.5, and the ORI@IRMOFs are ranked
according to the cumulative release percentage of ORI: ORI@MOF-5 > ORI@Br-MOF-5 > ORI@HzC-
MOF-5 > ORI@H,N-MOF-5 > CH,=CH-MOF-5 > ORI@ HO-MOF-5. In particular, the release
behaviour of ORI@QMOFs is described through a new model. The different drug delivery performance of
MOFs may be due to the complex interactions between MOFs and ORI. In addition, the introduction of
single substituents does not change the biocompatibility of MOFs. MTT in vitro experiments prove that
this series of MOFs has low cytotoxicity. This study shows that the incorporation of single substituents
can effectively adjust the drug delivery behaviour of MOFs, which is conducive to realization of
personalized drug delivery modes. The introduction of active groups can also facilitate post-synthesis
modification to achieve coupling of targeting groups. MOFs incorporated with single substituents
perform favorably in terms of use as biomedical drug delivery alternative carriers in effective drug
payload and flexible drug release.

organic and inorganic units.** The adjustable composition,
structure, pore size and volume, easy functionalization and

Improvements in drug delivery systems are necessary due to the
inherent properties of drugs' such as poor solubility,”> poor
pharmacokinetics,® poor biodistribution* and adverse side
effects.” The use of nanotechnology to overcome such issues is
constantly being updated.® Many nanoparticles have been
designed for such purposes, such as liposomes,” quantum
dots,® graphene oxides,’® gold nanoparticles,' mesoporous silica
nanoparticles," carbon nanotubes'> and metal organic frame-
works (MOFs).”* MOFs have a network structure comprising
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accessible metal sites of MOFs mean they have many advan-
tages in the adsorption and release of biomolecules.’> Among
these, tunable composition is advantageous because the linker
is almost infinite, so that, theoretically, thousands of MOFs can
be synthesized.'® Different MOFs can be obtained easily by
changing the metal center or organic ligands. Adjustment of
MOF structure can change the affinity between the drugs and
MOFs, and can effectively control the release rate of drugs."”
Therefore, it is of great significance to study the influence of
MOFs modified by different groups on drug-loading and drug-
release behaviour. This is helpful to synthesize drug carriers
with different characteristics and design suitable drug delivery
systems according to requirements.

Many MOFs have been reported as drug-loading materials
over the past decade.'® An increasing number of functional-
ized MOFs have been synthesized and reported, to realize
multifunctional drug delivery.' Considerable efforts have also
been made to improve the drug delivery capacity of MOFs.*®

This journal is © The Royal Society of Chemistry 2020
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Many strategies have now been developed for efficient delivery
of drugs, including surface adsorption, pore encapsulation,
covalent binding and functional molecules as building
blocks.** Functionalizing the organic ligands of MOFs is an
effective method to adjust the performance of MOFs. There
have been systematic studies on the functionalization of
organic ligands in many fields, such as gas storage,** catal-
ysis®®* and adsorption.** In addition, researchers have used
functionalized MOFs to improve the performance of drug
delivery. For example, Lazaro et al. used fumarate (fum) as an
organic ligand to synthesize Zr-fum, which is an attractive
alternative to UiO-66 in nanoscale drug delivery.>® Pander et al.
synthesized NU-1000. The terminal hydroxyl groups in Zrs
nodes can facilitate the loading of carboxyl-containing drugs.>®
However, the effect of functional groups with different prop-
erties and sizes on the delivery behaviour of MOFs has not
been systematically studied.

In this contribution, we chose MOF-5 as the basic model
compound because it has a simple cubic crystal structure and
large porosity.”” We varied the chemical substituents at the 2-
position of the phenylene unit in the MOF-5 framework using
-CH;, -NH,, -Br, -OH and -CH=CH,. These substituents
were selected because the length of the ligand and the nature
of the functional group varied, which can help to better
understand drug delivery behaviour. Oridonin (ORI), a tetra-
cyclic diterpenes isolated from Rabdosia rubescens, has been
widely used in cancer therapy.”® It has a wide range of bio-
logical properties, including anti-tumor,”**° anti-inflamma-
tory* and antibacterial effects,®® and prevention of liver
fibrosis®® and other functions, which has attracted attention in
biomedicine. However, its clinical application is limited due to
its poor solubility and low bioavailability.** At present, “don-
glingcao tablets” are mainly used for adjuvant treatment of
various tumors. ORI preparation based on nanotechnology has
thus attracted the attention of researchers, to improve the
bioavailability of ORI.

Although there have been reports of drug delivery strategies
based on functional group modification, there is still a lack of
research on the impact of the introduction of different groups
on the performance of MOFs as drug carriers. The present
work systematically studies the effects of different sizes and
polarities of functional-group-modified MOFs on drug delivery
performance. Herein, the drug delivery behaviour (drug-
loading capacity, drug-release rate and biological safety) of
five modified MOF-5s are investigated experimentally. Five
modified MOF-5s and MOF-5 are confirmed to have different
drug delivery behaviours. The size and nature of the substit-
uents have a great influence on drug delivery behaviour. Zn-O
clusters, large conjugation of ligands and the presence of
hydrogen bonds bring about multiple potential host-guest
interactions between IRMOFs and ORI. Furthermore, the guest
release process for the six MOFs is determined using four
common models: a zero-order model, a first-order model,
a Higuchi model and a Ritger-Peppas model. This study shows
that the group-modified MOFs can have a significant impact
on drug delivery. This research also provides a reference for
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the development of personalized drug delivery systems based
on MOFs.

Experimental section

Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0, 99.99%) and N,N-
dimethylformamide (DMF, 99.5%) were obtained from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. Terephthalic
acid (H,BDC) was provided by Tianjin Guangfu Fine Chemical
Research Institute. 2-Hydroxymethyl terephthalic acid (98%), 2-
bromoterephthalic acid (98%), 2-hydroxyterephthalic acid
(98%) and 2-vinyl terephthalic acid (98%) were purchased from
Chemsoon Co., Ltd. Triethylamine (TEA, AR) was got from
Tianjin Fuchen Chemical Reagent Factory. Methanol (CH;O0H,
AR) were acquired from Beijing Chemical Factory. Oridonin
(ORI, 98%) was supplied by Shanghai yuanye Bio-Technology
Co., Ltd. High-glucose Dulbecco's Modified Eagle Medium
(DMEM) was offered by Corning. Fetal bovine serum was
available from Mediatech (International) Ltd. Dimethyl sulf-
oxide (DMSO) was taken from Tianjin Guangfu Fine Chemical
Research Institute. PBS and penicillin-streptomycin mixture
were provided by Solarbio. Fetal bovine serum was supplied by
Mediatech (International) Ltd. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
dipheny-ltetrazolium bromide (MTT) was furnished from Bei-
jing Biodee Biotechnology Co., Ltd.

Synthesis of MOFs

MOF-5 was synthesized by direct addition of triethylamine
which referred to the previous article and made some modifi-
cations.**® The synthesis method of functionalized MOF-5 with
mono-substituent is similar to that of MOF-5 to ensure the
consistency of the structure. And the modified MOFs were
named NH,-MOF-5, CH,-MOF-5, Br-MOF-5, HO-MOF-5 and
CH,=CH-MOF-5. Next, the specific synthesis methods of the
six MOFs are briefly introduced.

Synthesis of MOF-5

0.653 g Zn(NO3),-6H,0 and 0.135 g BDC was added to 20 ml
DMF, and mixed by ultrasound. The mixed solution was placed
on a magnetic stirrer. 1.1 ml of triethylamine was added to
produce a white precipitate and stirred for 2 hours. The
precipitate was collected by centrifugation and washed three
times with DMF, then soaked in methanol for three days, and
replaced with methanol every 24 hours. Finally, the product was
dried in a vacuum for 12 hours (120 °C). At last, a white powder,
MOF-5, was obtained.

Synthesis of NH,-MOF-5

0.644 g Zn(NOj3),-6H,0 and 0.144 g NH,-BDC was added to
20 ml DMF, and mixed by ultrasound. The mixed solution was
placed on a magnetic stirrer. 1.1 ml of triethylamine was added
and the mixture was stirred for 2 hours. After the same post-
processing method as above, dry NH,-MOF-5 powder was
obtained.

RSC Adv, 2020, 10, 36862-36872 | 36863
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Synthesis of CH;-MOF-5

0.654 g Zn(NOj3),-6H,0 and 0.148 g CH;-BDC was added to
20 ml DMF, and mixed by ultrasound. The mixed solution was
placed on a magnetic stirrer. 1.1 ml of triethylamine was added
to produce a white precipitate and stirred for 2 hours. After
solvent exchange and drying, CH;-MOF-5 powder is stored in
a drying cabinet.

Synthesis of Br—-MOF-5

0.654 g Zn(NO3),-6H,0 and 0.201 g Br-BDC was dissolved in
20 ml DMF. 1.1 ml of triethylamine was added to produce
a white precipitate and stirred for 2 hours. After solvent
exchange and drying, Br-MOF-5 powder is stored in a drying
cabinet.

Synthesis of HO-MOF-5

0.654 g Zn(NO3), 6H,0 and 0.149 g HO-BDC was dissolved in
20 ml DMF. 1.1 ml of triethylamine was added and stirred for 2
hours. After solvent exchange and drying, HO-MOF-5 powder is
stored in a drying cabinet.

Synthesis of CH,—CH-MOF-5

0.654 g Zn(NO;), 6H,0 and 0.158 g CH,=CH-BDC was dis-
solved in 20 ml DMF. 1.1 ml of triethylamine was added and
stirred for 2 hours. After solvent exchange and drying, CH,=
CH-MOF-5 powder is stored in a drying cabinet.

Characterization

The pore sizes of six MOFs were determined at 77 K by N,
adsorption on a Belsorp-max BET Sorptometer (Bel Japan Inc.,
Tokyo, Japan). The structural confirmation of the MOFs was
achieved by Fourier Transform Infrared Spectrometer (FTIR).
The sample surface was scanned in the 4000-400 cm ™" range.
The purity of the powders was tested using X-ray powder
diffraction (P-XRD). The analysis was performed using Cu-Ke. (
= 1.541 nm) radiation at 40 kV and 40 mA in the scan range of
26 from 5 to 50° whose data was recorded in D/max-2550 X-ray
diffractometer (Japan). Scanning electron microscopy (SEM)
was performed to observe the surface morphology and particle
size of the sample. Image came from a high-performance field
emission scanning electron microscope Zeiss Merlin (Ger-
many). In order to understand the thermal stability of the
particles, the Thermogravimetric Analysis (TGA) is completed
on the Synchronous Thermal Analyzer (Germany).

Encapsulation of ORI

All drug-loading experiments were carried out by solvent
adsorption method, and the supernatant concentration was
measured by HPLC. By using the Lo(3") orthogonal test table,
three factors: the ratio of MOFs to drugs, the concentration of
oridonin methanol solution, and the drug loading time are
selected for the optimization of drug loading conditions.

The drug loading was calculated using the formula below:
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weight of drug in NPs

100°
weight of NPs taken x &

Drug loading capacity =

In addition, in order to study the physical state of the drug-
loaded metal organic frameworks, SEM, TG and FTIR were
performed.

In vitro drug release simulation

To simulate the release of ORI@MOFs, we measured the release of
oridonin at pH 7.4 and 5.5 in vitro. Because the pH value of the
tumor site is lower than normal tissue. Two pH values were
selected to verify whether the drug delivery system is pH sensitive.
And 5 mg of oridonin was placed in 40 ml of PBS at 37 °C with
gentle shaking.*” 1 ml of release medium was taken out at a certain
time and 1.0 ml fresh PBS buffer is then refilled. Then the released-
ORI content was measured by HPLC. Then the cumulative drug
release of oridonin at each time point was calculated, and the drug
release curve was plotted. In order to better understand the ORI
release behavior of ORI@MOFs, four common models including
the zero order model, first order model, Higuchi model and Riter—
Peppas model was firstly chose to describe drug release process.
Finally, we analyze the experimental data by computer to find the
best release model for each nanoparticle, which can help predict
the release of ORI at various times.

Cell culture

HepG2 cells are supplied by Guangzhou Jeniobio Biotech-
nology. The cells were incubated using a DMEM added with
10% FBS and 1% penicillin-streptomycin solution (37 °C, 5%
CO,). The medium is refreshed every three days.

Cytotoxicity assay

The cytotoxicity of MOF-5, NH,~-MOF-5, CH;-MOF-5, Br-MOF-5,
HO-MOF-5 and CH,=CH-MOF-5 was assessed by the MTT
assays. The cells were cultured on 96 well plates at a density of
7000 cells per well. Cells are treated with different concentra-
tions of IRMOF-n (5, 10, 15, 20, 25, 30, 35 ug ml~ ") for 24 h.
Following, the MTT solutions (5 mg ml~", 20 pl) were added into
each well and further incubated at 37 °C for 4 h in the dark. The
culture supernatant was removed from all wells, DMSO (150 pl)
was added to each well, and the plate was shaken for 10 minutes
to solubilize the formazan crystals. The absorbance at 490 nm
was measured with a microplate reader.

Results
Synthesis and structural characterization of MOFs

Six MOFs were successfully synthesized. The structures of all
functional MOFs were characterized by powder X-ray diffraction
(Fig. S1af). The main peak positions of the five modified MOFs
(diffraction peaks at 6.9° and 9.7°) were consistent with those of
MOF-5, indicating they have the same topological structure.
However, the peak intensity of each material was inconsistent,
indicating there are still differences among the structures. For
Br-MOF-5, the peaks were broad, indicating an amorphous

This journal is © The Royal Society of Chemistry 2020
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Table 1 Pore size measurement results of six MOFs

MOFs Median pore width (nm)
MOF-5 1.0491
NH,-MOF-5 1.0940
CH;3;-MOF-5 1.0999
Br-MOF-5 1.0558
HO-MOF-5 1.0962
CH,=CH-MOF-5 1.0892

structure, not a crystalline structure. The diffraction mode of
Br-MOF-5 was poor, and the diffraction peaks were not obvious
at 6.9° and 9.7°. This indicates that Br-MOF-5 may not have
a topology similar to that of MOF-5. The powder X-ray diffrac-
tion results proved that MOFs with a certain topology can be
obtained under the same conditions, although the quality and
crystallinity of each material were different.

Fig. S1bt represents the Fourier-transform infrared (FTIR)
spectra of MOF-5, NH,-MOF-5, CH;-MOF-5, Br-MOF-5, HO-
MOF-5 and CH,=CH-MOF-5. The FTIR spectra of the six MOFs
were generally similar, and the positions of the main peaks were
consistent. This is because the six materials were similar in
structure and composition, and only some of the groups were
different. In the FTIR spectroscopy of the six MOFs, there was
a clear broad absorption peak in the range 3500-3300 cm*,
showing the O-H stretching vibration peak. Peaks at 1580 cm ™"
and 1690 cm™ " were caused by asymmetric stretching vibration
of the C-O bond in terephthalic acid, while the peak at
1380 cm™ ' was due to symmetric stretching vibration. The peak
at 1300-400 cm ™' was the vibration peak of the frame structure
of MOFs. The peak at 523 cm ™' was the absorption peak of the
Zn-O bond, which indirectly characterizes the tetrahedral
structure of the crystal. Compared with MOF-5, the FTIR spec-
trum of NH,-MOF-5 had two broad peaks in the range 3500-
3300 cm ', which are characteristic absorption peaks of

100nm

et
100nm €
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primary amines. In the FTIR spectrum of Br-MOF-5, a double
peak appeared at 600-500 cm ™', which is attributed to the
bromine. In the FTIR spectrum of CH,=CH-MOF-5, the
absorption peak at 3100-3000 cm~ ' was the C-H stretching
vibration peak, contributed by -C=CH,. The infrared spectra of
CH3-MOF-5 and HO-MOF-5 were similar to that of MOF-5.
According to the analysis, the characteristic peaks of methyl
and hydroxyl groups existed in the framework of IRMOFs, so no
new characteristic peaks appeared in the infrared spectra of
these two materials. But for CH;-MOF-5, the peak intensity at
3000-2800 cm™ ' increased, which proved the introduction of
the methyl group. For HO-MOF-5, the peak intensity at 3500-
3300 cm ™! proved the addition of hydroxyl groups. The FTIR
spectra of the six MOFs thus confirmed the successful synthesis
of the materials.

The pore size of the six MOFs was determined at 77 K by
nitrogen adsorption. The pore size measurement results of the
six MOFs are shown in Table 1. The difference in pore size
between the materials is small, reducing the effect of the
difference in pore size on the drug loading capacity.

The SEM image was measured with a scanning electron
microscope, and the results are shown in Fig. 1. The six IRMOFs
are all irregularly round, with a relatively uniform size and
a particle size below 100 nm.

Thermal stability analysis of MOFs

It can be seen from the thermogravimetric curve in Fig. 2 that
the six MOFs showed similar thermal stability (under N, flow).
The six MOFs are relatively stable within 450 °C. It can be seen
that four MOFs are degraded at about 450 °C, including MOF-5,
MOF-5-NH,, MOF-5-OH and MOF-5-CH=CH,. MOF-5-CH;
and MOF-5-Br begin to degrade around 500 °C. The thermal
stability of MOF-5-CH; and MOF-5-Br is slightly better than
that of MOF-5, MOF-5-NH,, MOF-5-OH and MOF-5-CH=CH,.
In general, six MOFs as drug carriers are thermally stable

Fig.1 SEM image of ORI@MOF-5 (a), ORI@NH,-MOF-5 (b), ORIQCH3-MOF-5 (c), ORI@Br-MOF-5 (d), ORI@HO-MOF-5 (e) and ORI@QCH,=

CH-MOEF-5 (f).

This journal is © The Royal Society of Chemistry 2020
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Fig.2 TG and DTG diagrams of MOF-5 (a), NH,—~MOF-5 (b), CH3~MOF-5 (c), Br—MOF-5 (d), HO-MOF-5 (e) and CH,=CH-MOF-5 (f).

enough. However, different MOFs showed different weight loss
processes during the heating process. Two weightlessness
processes were observed in the thermogram of CH;-MOF-5, Br—-
MOF-5, HO-MOF-5 and CH,=CH-MOF-5. The weight of the
first stage is reduced (0-400 °C) by 15 wt%, which is due to the
removal of solvent. The second weight loss process started at
about 450 °C and could be attributed to the thermal decom-
position of MOFs. For MOF-5 and NH,-MOF-5, there are three
weightlessness events. The weight of the first stage is reduced
(0-400 °C) by 15 wt%, which is due to the removal of water. The
latter two stages are caused by the elimination of the solvent
and the degradation of the metal frameworks, respectively. It
shows that there is still a little residual solvent in MOF-5 and
MOF-5-NH,. The six MOFs should be dried to remove residual
water and solvent (DMF) before drug loading.

Drug loading and characterization of ORI@IRMOFs

The optimal drug-loading conditions were optimized through
orthogonal experiments. For MOF-5, the drug-loading rate
reached 50.61 wt% under optimized conditions of: MOF-5 : ORI
(1 : 3), magnetic stirring for 3 days and a concentration of ORI
methanol solution of 15 mg ml~'. For NH,-MOF-5, the drug-
loading rate reached 34.46 wt% under optimized conditions

36866 | RSC Adv, 2020, 10, 36862-36872

of: NH,-MOF-5: ORI (1 : 3), magnetic stirring for 5 days and
a concentration of ORI methanol solution of 15 mg ml~". For
CH3-MOF-5, the drug-loading rate reached 38.99 wt% under
optimized conditions of: CH3;-MOF-5: ORI (1 :3), magnetic
stirring for 5 days and a concentration of ORI methanol solution
of 15 mg ml~". For Br-MOF-5, the drug-loading rate reached
39.97 wt% under optimized conditions of: Br-MOF-5 : ORI
(1 : 4), magnetic stirring for 5 days and a concentration of ORI
methanol solution of 15 mg ml~'. For HO-MOF-5, the drug-
loading rate reached 48.13 wt% under optimized conditions
of: HO-MOF-5: ORI (1 :4), magnetic stirring for 5 days and
a concentration of ORI methanol solution of 10 mg m1™". And
for CH,=—CH-MOF-5, the drug-loading rate reached 27.37 wt%
under optimized conditions of: HO-MOF-5: ORI (1:4),
magnetic stirring for 5 days and a concentration of ORI meth-
anol solution of 5 mg ml™".

Although the six types of IRMOFs had similar pore sizes and
structures, their properties changed and mediated host-guest
interactions due to the functionalization of the organic ligands.
Therefore, each IRMOF exhibited different drug-carrying
capacity, as shown in Fig. 3. The drug-loading capacity of each
MOF-5 with mono-substituent decreased compared to that of
MOF-5. In addition, there were significant differences between
each group, except for -CH;- and -Br-modified MOF-5. The

This journal is © The Royal Society of Chemistry 2020
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Fig.3 The drug loading capacity of MOF-5, NH,-MOF-5, CH3-MOF-
5, Br—MOF-5, HO-MOF-5 and CH,=CH-MOF-5.

IRMOFs can be ranked according to their drug-loading capacity:
MOF-5 > HO-MOF-5 > H;C-MOF-5 = Br-MOF-5 > H,N-MOF-5 >
CH,=CH-MOF-5. The introduction of various groups has
hindered the entry of ORI into the cavity of IRMOFs, and the
effect of this spatial hindrance on the drug-loading capacity of
IRMOFs is dominant. Thus, for CH,=CH-MOF-5, the larger
mono-substituted group CH,=CH has stronger steric
hindrance, resulting in the smallest drug-loading capacity. In
addition, coordination binding, interactions among groups,
hydrogen bond formation, - packing between the ORI and
IRMOFs and electrostatic interactions all affect drug-loading
capacity. HO-MOF-5 interacts with ORI (coordination binding,
hydrogen bonding, -7 packing and electrostatic interaction)
due to the presence of hydroxyl groups. This interaction can
offset the steric hindrance of the group to a certain extent, so it
has little effect on its drug-loading capacity. The methyl and
halogen bromine atoms are non-polar groups, and they have
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only weak interaction with ORI, so the drug-loading capacity of
these two modified groups will be lower than that of HO-MOF-
5. The above results demonstrate the effect of substituent
incorporation on the properties of MOFs, resulting in changes
in drug-carrying capacity, thus benefiting the regulation of MOF
drug-loading capacity.

The chemical structures of the IRMOFs after ORI loading
were examined using FTIR spectroscopy shown in Fig. S3.1 The
spectra of ORI@IRMOFs were generally similar to those of
IRMOFs. In the spectra of ORI@IRMOFs, the characteristic
peak of ORI completely disappeared after drug loading, indi-
cating that ORI was completely adsorbed in the pores of
IRMOFs. Subtle changes in the position and intensity of the
absorption peak indicate there was a certain host-guest reac-
tion between IRMOFs and ORI. In addition, SEM was used to
characterize the morphology of ORI@IRMOFs (Fig. 4). After
loading ORI, the morphology of IRMOFs did not change
significantly. The ORI@IRMOFs were all spherical, and their
average particle size was about 50 nm. Furthermore, Fig. 5
shows the thermal stability of six IRMOFs before and after drug
loading. ORI@IRMOFs had higher thermal stability than ORI,
but the thermal stability of ORI@IRMOFs is consistent with that
of IRMOFs. This indicates that ORI completely enters the pores
of IRMOFs, and IRMOFs have a certain protective effect on ORI.
The ORI@IRMOFs could maintain a good structure up to
400 °C, and the skeleton began to collapse at 450 °C. There was
a slight weight loss at 200 °C, which may be due to evaporation
of water molecules and residual solvents.

In vitro drug delivery

The ORI release from ORI@IRMOFs was explored at two
different pH values: 7.4 and 5.5. As shown in Fig. 6a and c, the
release patterns of the six drug-loaded materials are relatively
similar, and the release process of ORI can be divided into three
stages. In the first 5 hours, ORI was released rapidly, and the
release rate of ORI slowed slightly in the next 7 hours. In the

Fig. 4 SEM image of ORI@MOF-5 (a), ORI@NH,-MOF-5 (b), ORI@CH3-MOF-5 (c), ORI@Br-MOF-5 (d), ORIRHO-MOF-5 (e) and ORIQCH,=

CH-MOEF-5 (f).

This journal is © The Royal Society of Chemistry 2020
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final stage, ORI is released at a very slow rate until the 48th
hour. This is due to the complex structure of IRMOFs and ORI
which leads to their various interactions. In order to better
understand the behaviour of ORI release from ORI@MOFs, four
commonly used models were selected to describe the drug
release process including the zero order model, first order
model, Higuchi model and Riter-Peppas model. The fitting
results using different models were compared as shown in
Table S1.f Comparing the fitting curves of the four simulation
models with the experimental data, the fitting degree of the
Riter-Peppas model is higher than other models. But none of
them can provide a reasonable regression coefficient of the ORI
drug molecule release profile. Since the guest-guest interaction
and structural effects change with time, the shape of the release
curve will be changed in the experiment, and the release
equation should no longer satisfy the single term. Therefore,
a new release kinetic model was established to observe the

36868 | RSC Adv, 2020, 10, 36862-36872

release behaviour of nanoparticles (Fig. S47). It can be seen that
the curve fitted by the new model is in good agreement with the
experiment (R> > 0.99). The fitting performance of the new
model during drug release is better than other models, indi-
cating that the model is more suitable for describing the release
process of ORI molecules in IRMOFs system, and can be used to
predict the drug release process of ORI-IRMOFs.

Obviously, there are close and numerous interactions between
the ORI molecule and the host structure, which may be due to the
existence of three types of drug molecules in the release profile.
As shown in Fig. 7, free ORI at the edge of the frameworks is first
released, and there is a weak interaction between ORI and the
skeleton. This led to the burst release of the first phase. The free
ORI in the centre of the pores is then released. Due to the
molecular interaction between the drugs and the steric
hindrance, they are released slowly in the second stage. The ORI
attached to the frame is difficult to be released due to its

This journal is © The Royal Society of Chemistry 2020
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(@) The release curve of ORI@MOF-5, ORI@NH,-MOF-5, ORI@CHz—-MOF-5, ORI@Br-MOF-5, ORI@HO-MOF-5 and ORI@CH,=CH-

MOF-5 under pH 5.5. (b) The total release of ORI under pH 5.5. (c) The release curve of ORI@QMOF-5, ORI@QNH,—MOF-5, ORI@QCH3-MOF-5,
ORI@Br-MOF-5, ORI@HO-MOF-5 and ORI@CH,=CH-MOF-5 under pH 7.4. (d) The total release of ORI under pH 7.4.

hydrogen bond, m-m conjugation and binding with the frame-
works. This forms the slowest ORI release rate in the third stage.
Therefore, three processes of ORI release were formed.

Interestingly, the release rate and total amount of ORI varied
under the same conditions. The release rate and total amount of
each ORI-loaded MOF-5 with mono-substituent has decreased
compared to MOF-5. And the cumulative release percentage of
each group is significantly different from that of MOF-5.
ORI@IRMOFs is ranked according to the cumulative release
percentage of ORI: ORI@MOF-5 > ORI@Br-MOF-5 > ORI@H;C-
MOF-5 > ORI@H,N-MOF-5 > CH,=CH-MOF-5 > ORI@ HO-
MOF-5. The release rate of IRMOFs is exactly the same as its
drug loading capacity, except for HO-MOF-5. This is due to the
functionalization of organic ligands, so that there is an inter-
action between IRMOFs and ORI, including steric hindrance,
coordination binding, hydrogen bonding, m-m packing and
electrostatic interaction. On the one hand, halogen bromine
atoms, methyl groups and vinyl groups increase the hydro-
phobicity of IRMOFs, which prevents water from penetrating
into the frame and slows the release of ORI.

On the other hand, the presence of these hydrophobic
groups increases steric hindrance and prevents ORI from being
expelled from the pores, and this hindrance is more powerful as
the molecular weight of the functionalized group increases. The
drug loading of HO-MOF-5 is higher than that of other func-
tionalized IRMOFs, but the cumulative release rate is the lowest.
This may be due to the complex interaction between HO-MOF-5

This journal is © The Royal Society of Chemistry 2020

and ORI. Because of the existence of complex interactions
(including coordination binding, hydrogen bonding, w7
packing and electrostatic interaction), HO-MOF-5 is easier to
combine with ORI. And there is also the phenomenon of dead
adsorption, which leads to ORI easy to enter the pores of HO-
MOF-5, but it is difficult to discharge from the pores. The drug
loading and release rate of NH,-MOF-5 are in the middle of all
functionalized IRMOFs, that is, the blocking effect and affinity
are in the middle of the six IRMOFs.

Safety evaluation of MOFs

Based on the above results, the drug-carrying capacity of IRMOFs
can be adjusted by changing organic ligands. In addition, cyto-
toxicity and biocompatibility have validated the significance of
IRMOFs as for the more stringent standard. The toxicities of
MOF-5 with mono-substituent were evaluated by MTT assay. As
depicted in Fig. 8, the cell viability of HepG2 was both above 90%
at various concentrations, even if the concentration of IRMOFs
was as high as 35 pg ml~" indicating the negligible cytotoxicity of
IRMOFs. These results suggest the biological compatibility of
IRMOFs being used as new drug carriers.

Discussion

MOFs are a type of inorganic-organic hybrid porous crystalline
material that is self-assembled by metal clusters or metal ions
and multidentate bridging ligands under mild conditions.*® The

RSC Adv, 2020, 10, 36862-36872 | 36869
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diversity of metal ions and organic ligands enables the
synthesis of an infinite number of MOFs. In order to investigate
whether the presence of functional groups has an effect on the
drug delivery capability of MOFs, the triethylamine direct
addition method was used to introduce -CH;, -NH,, —-Br, -OH
and -CH=CH, to MOF-5. In addition to Br-MOF-5, -CHj3,
-NH,, -OH and -CH=CH, modified MOF-5s exhibit a typical
MOF-5 topology, but the degree of crystal perfection is different.
This may be due to the electron-withdrawing property of -Br
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leading to the weakening of the interaction between the Zn**
metal center and the carboxyl group. The five IRMOFs have
good thermal stability, suitable particle size and similar aper-
ture, which are comparable to those of MOF-5. We used ORI as
a model drug to study the effect of functionalization on the drug
delivery ability of MOFs. It was found that the influence of each
group on the drug delivery ability of MOFs is different. This may
be due to the complex interactions among drugs and the MOFs.
Increasing the length of the group will form steric hindrance,
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Fig. 8 MTT assay data were presented as mean SD of viability% of three independent experiments: MOF-5 (a), NH,—MOF-5 (b), CH3—MOF-5 (c),

Br-MOF-5 (d), HO-MOF-5 (e) and CH;=CH-MOF-5 (f).
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preventing the drug from entering and leaving the pores of the
MOF material. This leads to a reduction in the drug-loading
capacity and a slower release rate. Vinyl has the longest
molecular chain, which means that the steric hindrance is the
strongest, so the drug loading is the lowest, and drug release
will be slower. The interactions between the drug and the group
(coordination binding, hydrogen bonding, m-m packing and
electrostatic interaction) will affect the loading and release of
the drug. Hydroxyl and amino groups will increase the affinity
among drugs and MOFs. As a result, the drug-loading capacity
will be increased to a certain extent, and the drug release will be
reduced accordingly.

In summary, the incorporation of substituents can modulate
the drug delivery behavior of MOFs to design immediate-release
or sustained-release drug delivery systems. This method is
simple and easy to use, without any post-modification. This is
consistent with the results of Jiang et al.** When the substituent
has a good affinity with the drug, it will increase the drug-
loading capacity and also make it difficult to release the drug
from the system. Therefore, a reversible interaction force
between the drug and the substituent is necessary to increase
the drug-carrying capacity without causing the drug to be
difficult to release. As the length of the group increases, the
drug-release rate slows down, which suggests that the ligand
can be changed to control the drug-release rate.

Drug delivery systems usually need to be designed according
to clinical needs. To reduce the dosing frequency, increase
patient compliance or reduce the side effects of drugs, it is often
necessary to design drugs as sustained-release preparations. Boi
et al. designed and developed alginate microbeads for loading
doxorubicin to control its release rate and reduce its toxicity.*
Meng et al. designed and developed a quaternized pectin-
montmorillonite hybrid film to delay the release of 5-FU, which
can improve the problem of dosing frequency due to short half-
life.** From our research, we found that the introduction of
groups has a certain effect on the drug-release rate of MOF-based
drug delivery systems. And as the length of the group increases,
the sustained-release effect becomes more obvious. It is neces-
sary to design drug delivery systems with different release rates
according to the characteristics and needs of different drugs and
diseases. Therefore, the development of MOF-based personalized
drug delivery systems has useful research prospects.

Targeted drug delivery systems have received widespread
attention in order to selectively deliver drugs to specific sites to
improve the efficacy and reduce the toxicity and side effects of
drugs.*” At present, the most-common active targeting strategy
is to connect the targeting ligand to the drug delivery system,
which requires the drug system to have an active group to graft
the targeting ligand.** Laha and colleagues linked folic acid (FA)
to the amino group of IRMOF-3 to deliver curcumin to triple
negative breast cancer cells.** However, it was difficult to modify
the FA to the surface of the MOFs without active groups.
Therefore, it was necessary to modify the MOFs after synthesis,
or to coat the MOFs with intermediates such as chitosan to
facilitate the succession of targeting ligands. Gao et al. used the
amino group of chitosan to connect with FA, and then wrapped
ZIF-8 to achieve targeted drug delivery.** This strategy of

This journal is © The Royal Society of Chemistry 2020
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connecting target ligands and MOFs with intermediates can
also achieve targeted drug delivery, but the process is cumber-
some. Therefore, it is a good choice to modify the active
substituents to MOFs for targeting ligand attachment.

ORI is a diterpene natural substance with a broad-spectrum
anticancer effect. In this article, we studied the loading and
release of ORI by a series of isostructural MOFs in vitro. There
are many potential mechanisms for IRMOFs to load ORI,
including pore encapsulation, surface adsorption and the
interaction between ORI and IRMOFs. There are close and
abundant interactions between ORI and IRMOFs, with possible
interactions comprising coordination binding, m-m packing
between the ORI and electron-rich frameworks of IRMOFs,
hydrogen bonding, electrostatic interaction and space steric
hindrance. The in vitro safety of six MOFs was investigated, and
they were found to have good biocompatibility at the experi-
mental dose. In the future, in vivo pharmacokinetics and
pharmacodynamics of the drug delivery system will be studied
in depth. In addition, drug delivery in vivo will be explored to
investigate clinical application. There are certain limitations to
studying the delivery rule of MOFs, using only ORI as a model
drug. More model drugs are needed to investigate and analyze
MOF delivery. It is hoped that our research will provide new
ideas for the use of MOFs as drug carriers.

Conclusions

We have reported the synthesis of a series of isostructural Zn-
based MOFs bearing mono-substituent functional groups of
different lengths and properties. As drug carriers, the effects of
the substituents on drug delivery behaviour were studied. The
drug-loading and drug-release capabilities of the six drug
delivery systems were compared, and it was found that the
introduction of substituents had a significant effect on the drug
delivery behaviour of MOFs. At the same time, MTT in vitro
experiments further proved that MOF-5s with mono-
substituents had negligible cytotoxicity and good biocompati-
bility. This study has introduced substituents into MOFs, and
has also adjusted drug delivery behaviour and designed
personalized drug delivery systems. It was also hoped to adjust
the physical and chemical properties of MOFs. The incorpora-
tion of active groups can facilitate post-synthetic modification
to meet the needs of targeted drug delivery. In general, such
biocompatible drug delivery systems may become potential
candidates for anti-tumor therapy.
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