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Stimuli-responsive metal—organic frameworks
gated by pillar[5]arene supramolecular switches¥

Li-Li Tan,? Haiwei Li,® Yu-Chen Qiu,® Dai-Xiong Chen,® Xin Wang,? Rui-Yi Pan,®
Yan Wang,? Sean Xiao-An Zhang,? Bo Wang*® and Ying-Wei Yang*?

Spurred on by recent advances in materials chemistry and drug delivery, a new stimuli-responsive
theranostic hybrid platform, based on mechanized monodisperse nano metal-organic frameworks
(NMOFs) gated by carboxylatopillar[5]arene (CP5) switches with bio-friendly pH-triggered cargo release
capabilities, has been constructed for the first time. This hanoscale smart cargo delivery system showed
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Introduction

The past decade has witnessed the revolutionary impact of
nanotechnology on modern nanomedicine, since advanced
nanoscale systems can both alleviate many of the pitfalls asso-
ciated with free drug therapeutics and improve the efficacy of
conventional drugs."* In particular, stimuli-responsive func-
tional nanocarriers>® for drug delivery and controlled release
hold great promise in achieving revolutionary advances in
virtually all aspects of medicine, including in vitro diagnos-
tics,”® bioimaging,® targeted and internally/externally triggered
therapy,'*® image-guided surgery, and regenerative medicine.
Among advanced nanomaterials, metal-organic frameworks
(MOFs)” have emerged as powerful platforms for gas
storage,'®?® catalysis,” separation,” drug delivery,
imaging,”® sensors”” and detection®®** owing to their tunable
structural features and pore sizes, high surface areas, chemical/
thermal stability, and versatile functionality. In particular, the
biomedical application of MOFs* is gaining tremendous
attention, especially in the field of nanomedicine, and this
emerging class of porous materials is likely to replace tradi-
tional nanoporous materials in drug delivery and storage in the
future, due to their unique properties such as exceptionally high
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large pore sizes for drug encapsulation,

low cytotoxicity, good biodegradability and

biocompatibility, and potential application in cell imaging, which offers a new tool in targeted drug
delivery and the controlled release of therapeutic agents.

surface areas and large pore sizes for drug encapsulation, good
biodegradability and biocompatibility, versatile functionality,
and potential application in cell imaging. However, to the best
of our knowledge, no mechanized MOFs, which are composed
of MOFs as scaffolds and supramolecular switches as gating
entities to prevent premature cargo leakage and enable cargo
release in a fine-tuned, targeted and controlled fashion, have so
far demonstrated on-demand release of drugs.

In the human body, zinc plays “ubiquitous biological roles”,
such as maintaining the immune function, sterilization, and
treatment of cancer, and is essential for the structural stability
of a variety of proteins involved in transcription, protein traf-
ficking, neurosecretory products or cofactors, and enzyme
catalytic activity.** UMCM-1-NH, (UMCM = University of
Michigan Crystalline Material) is a MOF ‘co-polymer’ con-
structed by combining zinc with both a two-fold symmetric
(2-amino-1,4-benzenedicarboxylate, BDC-NH,) and a three-fold
symmetric (1,3,5-benzene-tri-p-benzoate, BTB) organic linker,
which produces a hexagonal mesopore with a 1D hexagonal
channel of 27 x 32 A surrounded by six smaller polygonal
micropores each with a dimension of 14 x 17 A.** As the BDC-
NH, linkers are located at the junctions of the microporous
cages, the introduction of small functional groups as stalks to
the linkers through post-synthetic modification (PSM) would
mainly affect the pore environment of the cages, without
affecting the porosity of the large channel.>*** Their large pore
size and previous successes with PSM reactions make them
promising candidates as nanocarriers for controlled drug
delivery.

Pillar[n]arenes (pillarenes for short) as a relatively new class
of synthetic macrocycles have seen a tremendous boost**** in
their use for host-guest chemistry in the last six years since they
integrate the advantages of other existing macrocyclic host

This journal is © The Royal Society of Chemistry 2015
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compounds and possess their own unique characteristics,
which facilitate their applications in artificial transmembrane
channels,**** controlled release systems,**™*® gas sorption,*”**
MOFs,” sensing and detection,®®* stabilization of nano-
particles, and other typical biological applications,** etc.>**

Herein, monodisperse mechanized nanoMOFs (NMOFs)
with pillarene-based supramolecular switches as gatekeepers
have been constructed by combining PSM of MOFs with stimuli-
responsive host-guest chemistry on MOF surfaces for the first
time (Fig. 1). This system has shown pH- and/or competitive
binding-triggered controlled cargo release with negligible
premature release, large pore sizes for drug encapsulation, very
low cytotoxicity, good biodegradability and biocompatibility,
and potential application in cell imaging, which will open a new
avenue in targeted drug delivery and controlled release of
therapeutic agents, especially in the treatment of degenerative
diseases.

Results and discussion

The fabrication of the carboxylatopillar[5]arene (CP5)-based
mechanized UMCM-1-NH, nanocarrier systems is depicted in
Fig. 1. The scaffold UMCM-1-NH, was synthesized according to
the literature procedure (ESIt).** Positively-charged pyridinium
(Py) stalks were successfully tethered onto the UMCM-1-NH,
surfaces via PSM, followed by the loading of luminescent
rhodamine 6G (Rh6G, 1 mM) as a model drug in their nano-
pores at room temperature. Finally, the negatively-charged CP5
macrocycles were introduced to encircle the Py stalks via host-
guest complexation to form [2]pseudorotaxanes as the movable
elements of the mechanized nanocarriers, thereby realizing the
drug encapsulation.

The peaks of Py in the 'H NMR spectra (Fig. S71) and the
peak of BDC-NH-Py in the electrospray ionization mass spec-
trometry (ESI-MS, Fig. S87) indicated that the Py stalks were
successfully anchored to UMCM-1-NH,. The conversion of the
modification of UMCM-1-NH, was calculated to be 50%. Fourier
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transform infrared (FTIR) spectra (Fig. S9t) were also used to
verify and monitor the functionalization of UMCM-1-NH,.
Compared to UMCM-1-NH,, the presence of the peaks of -CH,-
(~2859 and ~2928 cm '), -NH- (~1283 cm ') and -C=N-
(~1708 cm™ ') was indicative of the fact that UMCM-1-NH-Py
was formed. Shift and intensity changes in peaks of the Rh6G-
loaded, CP5-capped UMCM-1-NH-Py curve appeared at around
2900 cm ™~ " and peaks from 1700 cm™ " to 1000 cm ™ " were caused
by the encasing of CP5 and the loading of Rh6G. Meanwhile,
thermogravimetric analysis (TGA) of UMCM-1-NH-Py showed a
rapid weight loss (4%) first (Fig. S10t) which corresponds to the
liberation of DMF molecules entrapped inside the cavity, fol-
lowed by a plateau region until 325 °C, where the materials
began decomposing, ascribed to the loss of Py. This certified
UMCM-1-NH-Py to have enough thermal stability for con-
structing drug delivery systems. To further test the microcrys-
tallinity of our newly synthesized functional materials, high-
resolution transmission electron microscopy (HRTEM) images
and electron-diffraction patterns were taken (Fig. 2 and S147).
HRTEM images indicated that both UMCM-1-NH, (Fig. 2b) and
Rh6G-loaded, CP5-capped UMCM-1-NH-Py (Fig. 2¢) have well-
defined crystalline planes with interplanar d-spacing of 0.304
nm, corresponding to the lattice spacing of the (103) planes.
Electron-diffraction patterns are a vivid demonstration of the
single crystalline nature of these nanoparticles. Furthermore,
the pore size distribution (Fig. S11 and S12}) was obtained
using the non-localized DFT (NLDFT) method from N, sorption
isotherms at 77 K. UMCM-1-NH-Py showed two main sharp
peaks at approximately 1.7 nm and 4.6 nm consistent with
UMCM-1-NH, and the crystal structure according to the litera-
ture®* (Fig. S157) which means that the pores of the nano-
particles were not changed after grafting pyridine units onto the
openings of the pores by covalent bonds and the nanoparticles
can be used as a drug carrier and further incorporated with
supramolecular switches to construct nanovalves.

The morphology, size, monodispersity, and surface texture
of these nanoparticles were investigated by scanning electron
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Fig. 1 Schematic representation of stimuli-responsive nanocarriers based on mechanized nanoMOFs (UMCM-1-NH,) with positively-charged
pyridinium units (Py) as stalks encircled by pillarenes on the surfaces. The mechanized UMCM-1-NH, nanovalves can be operated either by pH
changes or by competitive binding to regulate the release of cargo molecules, i.e., rhodamine 6G (Rh6G) and doxorubicin hydrochloride (DOX).
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Fig.2 (a) SEMimage of UMCM-1-NH,, (b) HRTEM image of UMCM-1-
NH,, (c) the corresponding electron diffraction pattern of UMCM-1-
NH,, (d) SEM image of Rh6G-loaded, CP5-capped UMCM-1-NH-Py,
(e) HRTEM image of Rh6G-loaded, CP5-capped UMCM-1-NH-Py,
and (f) the corresponding electron diffraction pattern of Rh6G-loaded,
CP5-capped UMCM-1-NH—-Py.

microscope (SEM), dynamic light scattering (DLS), and zeta
potential measurements. Zeta potentials are displayed in Table
S1,7 showing that UMCM-1-NH-Py has positive surface charges
and Rh6G-loaded, CP5-capped UMCM-1-NH-Py has negative
surface charges, which further validated the successful modi-
fication and capping. The zeta potential of Rh6G-loaded, CP5-
capped UMCM-1-NH-Py was measured to be —16.4 mV which
clearly revealed that the newly synthesized drug delivery system
can maintain certain stability and is strong enough to transport
drugs successfully in biological media. DLS was used to calcu-
late the average diameter of the NMOFs in water. In particular,
the average particle size (Table S1f) in solution became
progressively smaller after modification and capping due to the
good solubility of Py and CP5 in water. The average particle
diameter of Rh6G-loaded, CP5-capped UMCM-1-NH-Py was
calculated to be 102.9 nm, which is within the size range®* for
easy uptake by cells. Interestingly, the nanoparticles became
monodisperse with homogeneous particle sizes (ca. 102 nm),
evidenced by SEM (Fig. 2d), which makes the mechanical
nanocarriers constructed from UMCM-1-NH-Py and CP5
promising candidates for drug storage and drug delivery.
Upon addition of methyl viologen salts, which have a higher
binding affinity toward CP5 (K, = 8 x 10* M ), into a cuvette
containing Rh6G-loaded, CP5-capped UMCM-1-NH-Py, an
immediate release of the cargo molecules was observed (Fig. 3a)
as a result of the methyl viologen-induced dethreading of the CP5
rings from the Py stalk components (K, = (2.5 £ 0.7) x 10° M~ 1).*!

1642 | Chem. Sci., 2015, 6, 1640-1644

View Article Online

Edge Article

8.7 uM Viologen

4.4 uM Viologen

) —
R a0 S
b 0.87 uM Viologen o
© @
g2 8 T
2 S
x , 0 uM Viologen & Water
0 20 40 60 80 100 120 140 SRR TR TR
Time (min) Time (min)
I (e d
100 ( ) pH=2 100 ( ) n - 1 &
pH=3 o~ &3
75 — Iy
£ { < 6 o4
@50 pH=4 @ 23 min\\ 43 min
§ ] @ 40 A\
b
% 25{ © 20{
z | gt pH=93 v v
[}
: | water (pH = 6.7) |
o 2 4 6 8 10
0 10 20 30 40 50 60 70
pH

Time (min)

Fig. 3 Release profiles of the Rh6G-loaded, CP5-capped UMCM-1-
NH-Py operated by (a) competitive binding, i.e., addition of viologen
and (c) pH changes. (b) Release profiles of the DOX-loaded, CP5-
capped UMCM-1-NH-Py operated by pH activation. (d) The amount
of Rh6G released as a function of pH at 23 and 43 min from the Rh6G-
loaded, CP5-capped UMCM-1-NH-Py by changing the pH; inset is a
pH clock.

The release rate of Rh6G depends on the amount of methyl viol-
ogen salts added, which indicated the important role of the CP5
supramolecular switches.

Neutralization of the CP5 sodium salts upon lowering the pH
of the solution results in the weakening of the noncovalent
bonding interactions between the ring and stalk components of
the CP5[2]pseudorotaxanes, leading to the unblocking of the
nanopores.®* So, Rh6G-loaded, CP5-capped UMCM-1-NH-Py
nanoparticles were able to contain Rh6G molecules at neutral
pH and basic pH (Fig. 3¢), but release them under acidic pH and
the release rate of Rh6G depends on the pH level like a pH
clock® (Fig. 3d). A flat baseline shows (Fig. 3c) that the mole-
cules of Rh6G are held firmly within the nanopores at neutral
pH and basic pH: there is no premature release, which is a
breakthrough for MOF-based drug delivery systems. When the
pH of the solution is lowered to 5, the supramolecular nano-
valves are opened and the cargo of Rh6G molecules is released.
The lower the pH (e.g., 2), the faster the release of the cargo.
Meanwhile, the anticancer drug, doxorubicin hydrochloride
(DOX), was loaded into the nanopores: a smooth release profile
was observed (Fig. 3b) upon lowering the pH. As pH in areas of
tumor tissues is known to be more acidic than in blood and
normal tissues (pH 7.4) and in view of the fact that their lyso-
somal pH levels are somewhat lower than in healthy human
cells, a pH responsive drug delivery system can reduce unde-
sired drug release during drug transportation in blood circula-
tion and improve the effective release of the antitumor drug in
the tumor tissue or within tumor cells.®®* What's more, since the
drug is expected to be released much faster at the tumor site
than the surrounding normal tissues maintaining a physiolog-
ical pH of 7.4, it is expected that the delivery of chemothera-
peutic drugs via these systems may also reduce their adverse
effects which in some cases can be severely debilitating. So, with

This journal is © The Royal Society of Chemistry 2015
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no doubt, pH-sensitive carriers are particularly promising
candidates for anticancer drug delivery.

A series of control experiments have also been done to prove
the functionalization of CP5 supramolecular switches in the
UMCM-1-NH-Py drug delivery system by comparing the differ-
ence of the release performance of Rh6G-loaded, CP5-capped
UMCM-1-NH-Py and Rh6G-loaded UMCM-1-NH,, without CP5
capping by pH activation (Fig. S51). Premature leakage without
the CP5 rings attached was more obvious than that with the CP5
rings and the encapsulation efficiency of the MOFs without the
CP5 rings attached (5 pmol g~ ') was significantly lower than
that with the CP5 rings (61 umol g~ '). These reveal the impor-
tant role of CP5 supramolecular switches in our system for
tuning the drug loading capacity.

As shown in Fig. S16,f with the increase in concentration of
the two nanomaterials, the cell viabilities showed a declining
trend. However, they only had slight cytotoxicity to normal
human cells, which was deduced from the fact that the cell
viabilities were higher than 60%, even though their concentra-
tion was as high as 50 ug mL~". Overall, the nanomaterials,
before and after capping with CP5, possess negligible cell
cytotoxicity at low concentrations, allowing them to be used as
nanocontainers for controlled drug delivery in disease therapy.

Conclusions

In conclusion, monodisperse mechanized nanocarriers based
on NMOFs and pillarene-based supramolecular switches as
gatekeepers have been constructed for the first time by
combining PSM with stimuli-responsive host-guest chemistry.
UMCM-1-NH, with mesopores (27 x 32 A) and micropores
(14 x 17 A) was selected as a nanocontainer and positively-
charged Py stalks were successfully attached to the UMCM-1-
NH, via PSM without affecting the porosity of the large channel,
which was confirmed by '"H NMR, ESI-MS, FTIR spectra and
pore size distribution. Then, Rh6G and DOX were loaded,
negatively charged CP5 macrocycles were introduced to encircle
the Py stalks via host-guest complexation to form [2]pseudor-
otaxanes as the movable elements of the nanocarriers, thereby
realizing the drug encapsulation. HRTEM, SEM, zeta potential,
and DLS showed that this mechanical nanocontainer is mainly
in monodisperse microcrystalline form, certainly stable and
within the size range that can be easily taken up by cells (102
nm). MTT cytotoxicity assay of 293 cells treated with UMCM-1-
NH-Py and CP5-capped UMCM-1-NH-Py at various concentra-
tions conveyed that the new functional materials, before and
after CP5 capping, possess negligible cytotoxicity. This unique
MOF-based nanovalve system showed pH- and/or competitive
binding agent-triggered controlled cargo release with negligible
premature release, large pore sizes for drug encapsulation, non-
cytotoxicity, good biodegradability and biocompatibility, and
potential application in cell imaging, which will open new
avenues in targeted drug delivery and controlled release of
therapeutic agents, especially in the treatment of cancer
diseases. Future investigations will employ this integrated
nanosystem to carry anticancer drugs, perform pH-responsive
drug release in vivo, take advantage of the properties of the

This journal is © The Royal Society of Chemistry 2015
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metal and organic ligands it contains, and could one day find
application in excellent treatment of human cancers.
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