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ABSTRACT: The synthesis and host—guest chemistry of pillararene (PA) derivatives . %,
are a hot research topic, and the applications of PAs in relevant research fields are @:‘fbo'..
essential to explore. Carboxylate-substituted pillar[6]arene (CPA[6])-valved mesoporous 3¢

silica nanoparticles (MSNs) functionalized with dimethylbenzimidazolium (DMBI) and °°y

bipyridinium (BP) stalks were constructed, respectively, for multiresponsive controlled
release. CPA[6] encircled the DMBI or BP stalks to develop supramolecular nanovalves ”
for encapsulation of cargo within the MSN pores. The release of cargo was triggered by '
acidic pH or competitive binding for the dethreading of CPA[6] and the opening of the
nanovalves; moreover, coordination chemistry is the first strategy to activate CPA
nanovalves by metal chelating with the carboxylate groups of CPA for cargo release. The
controlled release of the CPA[6]-valved MSN delivery systems can meet diverse
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requirements and has promising biological applications in targeted drug therapy.
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B INTRODUCTION

Stimuli-responsive drug delivery systems are highly desirable in
clinical medicine concerning enhanced therapeutic efficacy and
minimized adverse effects of drugs.' In comparison with
polymeric nanoparticles, micelles, and liposomes, mesoporous
silica nanoparticles (MSNs) have emerged as an ideal drug
container owing to high surface area, large pore volume,
uniform and tunable pore size, good biocompatibility, and easy
and diverse functionalization.””® Much attention has been
focused on mechanized MSNs integrated with nanovalves,
capable of regulating controlled release of trapped cargo in the
MSN pores. Nanovalves are machines constructed from a
moving part, which consists of a macrocyclic host that slides
along a thread-like molecule between one or more binding
stations.” The movable ring acts as a valve to control the access
of cargo to and from the MSN pores. The MSN vehicles
capped with supramolecular nanovalves have been extensively
studied, in which cyclodextrins,8_13 calixarenes,'**> and
cucurbiturils'*>* encircled the thread-like molecules immobi-
lized on the MSN surface. The nanovalves can be activated for
controlled release with a variety of stimuli, such as
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competitive binding”®*! in aqueous solutions.

Pillararenes (PAs), a new type of synthetic macrocyclic hosts,
are paracyclophane derivatives consisting of 1,4-disubstituted
hydroquinone units linked by methylene bridges in their 2,5
positions.”® The synthesis and host—guest chemistry of
pillararene (PA) derivatives in solutions are a hot research
topic,”* > and it is essential to explore the applications of PAs
in relevant research fields. Recently, water-soluble carboxylate-
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substituted pillar[S]arene (CPA[S]) was used to construct
mechanized MSNs as a nanovalve for controlled release.®'
Carboxylate-substituted pillar[6]arene (CPA[6]) with a cavity
of relatively big size was first synthesized in 2012** and can
include a variety of guest molecules of interest with a high
binding affinity in principle. However, only two guests have
been so far reported to have a high binding affinity for CPA[6].
One is 1,1’-dimethyl-4,4'-bipyridinium (methyl viologen, MV),
which formed a 1:1 inclusion complex with CPA[6] with the
association constant of (1.02 + 0.10) x 10° M.** and the
other is ferrocenium methanamine, which formed a 1:1
inclusion complex with CPA[6] with the association constant
of (127 + 0.42) x 10° M~1**

Herein, a new guest, 1,3-dimethyl-2-methylmercaptobenzi-
midazolium (DMBI-SM), was synthesized and could form a 1:1
inclusion complex with CPA[6] with a high binding affinity;
furthermore, the CPA[6] supramolecular nanovalves based on
MSN vehicles functionalized with dimethylbenzimidazolium
(DMBI) or bipyridinium (BP) as stalks were constructed for
multiresponsive controlled release (Scheme 1). In acidic
solutions, pH-responsive controlled release could be realized
because CPA[6] was protonated to be insoluble and
dethreaded from the functionalized stalks. CPA[6] has 6
carboxylate groups at each end and could be chelated by
divalent metal ions in neutral aqueous solutions. Metal
chelating-triggered controlled release was reported for the
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Scheme 1. Illustration of CPA[6]-Valved MSN Vehicles
Functionalized with DMBI or BP Stalks for Multiresponsive
Controlled Release Triggered by Acidic pH, Metal
Chelating, and Competitive Binding
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first time for CPA nanovalves. In addition, the supramolecular
nanovalves could be activated by competitive binding of MV for
controlled release. It is clear that the CPA[6]-valved MSN
vehicles have promising biological applications in targeted drug
therapy.

B EXPERIMENTAL SECTION

Materials. CPA[6] was synthesized according to the method
reported recently®” with a little modification (Supporting Information,
Chart S1 and Figures S1—S8); DMBI-SM (Supporting Information,
Chart S2 and Figures S9 and S10) and BP-derived propyltriethox-
ysilane (BP-PTS) (Supporting Information, Chart S3 and Figures
S11-S16) were synthesized in our laboratory, and MV was
synthesized according to the literature (Supporting Information,
Figures S17 and S$18).>® Tetraethylorthosilicate (TEOS, 99%) and
Ru(bipy);CL-6H,O were purchased from Sigma-Aldrich, and 3-
chloropropyltriethoxysilane (CPTS, >97%) was from TCL 4,4'-
Bipyridine (98%) was obtained from Energy Chemical (China), and
sodium iodide (AR) was from Aladdin (China). Iodomethane was
acquired from Xiya reagent (China), and doxorubicin hydrochloride
(DOX) was from Meilun Biology Co. (Dalian, China). The other
reagents used in these experiments were purchased from Nanjing
Chemical Reagent Co. (China). All of the chemicals used were of
analytical grade, and double-distilled water was used.

Instruments and Measurements. The small-angle powder X-ray
diffraction (XRD) patterns of the MSN materials were measured on a
Thermo ARL SCINTAG X'TRA diffractometer using a Cu Ka
radiation (A 0.1540S nm), and the corresponding nitrogen
adsorption—desorption isotherms were measured on an ASAP2020
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porosimeter at 77 K for the determination of surface areas, cumulative
pore volumes, and pore size distributions. The scanning electron
microscope (SEM) and transmission electron microscope (TEM)
images of the MSN materials were acquired on a Hitachi S-4800
microscope and on a JEM-2100 microscope, respectively. Thermog-
ravimetric analysis (TGA) measurements were carried out on a TGA/
SDT2960 thermogravimetric analyzer, using an oxidant atmosphere
(air, 80 mL/min) with a heating program consisting on a heating ramp
of 10 °C per minute from room temperature to 1000 °C. The solid-
state *C NMR spectra were performed on a Bruker AVANCE400
NMR spectrometer at 400 MHz with 4 mm sample rotors in a triple
resonance probe head. Zeta potentials were measured using a Zeta
potential analyzer (Zetasizer Nano Z, Malvern Instruments Corp.).
FTIR spectra were recorded on a VECTORTM22 spectrometer, and
the time-dependent UV—vis spectra for cargo release were recorded
using UV—vis spectroscopy on a Shimadzu UV-3600 spectropho-
tometer. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays were carried out on a BioTek-Instrument.

Synthesis of MCM-41. An aqueous solution of NaOH (2.0 M, 3.5
mL) was added to 480 mL of double-distilled water containing CTAB
surfactants (1.0 g). The temperature of the solution was adjusted to 80
°C, and then, S mL of TEOS was added dropwise under vigorous
stirring. After the reaction proceeded for 2 h, the white precipitates
were collected by filtration, washed thoroughly with methanol and
water, and dried at 70 °C overnight. To remove the CTAB templates,
1.6 g of the white precipitates was dispersed in 160 mL of methanol,
and then, 9.0 mL of concentrated HCI solution was added. The
solution mixture was heated to reflux for 24 h. The resulting product,
i.e, MCM-41, was centrifugated, washed copiously with methanol, and
dried in vacuum.

Preparation of BP-Functionalized MSNs (BP-MSNs). BP-PTS
(0.4 mmol, 252 mg) was added to 20 mL of methanol containing
MCM-41 (200 mg). The solution mixture was stirred at 40 °C under
nitrogen atmosphere for 24 h. The product was centrifugated, washed
with methanol, and dried in vacuum.

Preparation of DMBI-Functionalized MSNs (DMBI-MSNs).
Synthetic iodopropyltriethoxysilane (IPTS, 1.32 mL) was added to 20
mL of dry toluene containing MCM-41 (660 mg). The solution
mixture was stirred at 110 °C under nitrogen atmosphere for 24 h.
The solid was recovered by centrifugation and washed by dry acetone
followed by dispersing in 20 mL of dry acetone. After 2-
mercaptobenzimidazole (1 g) and ethyldiisopropylamine (1 mL) was
added, the mixture was refluxed under nitrogen atmosphere for 24 h
followed by centrifugation, and the solid was washed thoroughly with
acetone followed by redispersing in 10 mL of acetone. Excess
iodomethane and ethyldiisopropylamine was added. The mixture was
stirred at room temperature for 12 h and then refluxed for another 12
h. The final product was collected by centrifugation, washed
successively with methanol, water, and methanol, and finally dried in
vacuum.

Preparation of Cargo-Loaded, CPA[6]-Capped MSNs. A total
of 250 mg of BP-MSNs or DMBI-MSNs was stirred in an aqueous
solution of Ru(bipy);Cl, (4 mM, S0 mL) for S h. An excess of CPA[6]
was added to the mixture, and then, the pH of the solution mixture
was adjusted to be neutral. The resulting mixture was stirred for 24 h
at room temperature. The cargo-loaded, CPA[6]-capped MSNs were
collected by centrifugation and washed thoroughly with fresh double-
distilled water.

Cargo Release. A desired amount of the cargo-loaded, CPA[6]-
capped MSNs was placed in the bottom of a cuvette, and double-
distilled water was added slowly in order not to interfere with the solid
samples. The upper solution was stirred carefully with a plastic stick at
intervals to facilitate the diffusion of released cargo, and the UV—vis
absorption spectrum of the upper solution was recorded as a function
of time. To trigger the release of cargo, the desired amounts of acids or
competitive binding agents were added. Release efficiencies were
calculated from the absorption maximum of Ru(bipy);** at 453 nm.
To assess the cargo release trigged by metal chelating, the neutral
aqueous solutions of different divalent metal salts (1 mM, pH 7.0)

dx.doi.org/10.1021/am506004q | ACS Appl. Mater. Interfaces 2014, 6, 20430—20436



ACS Applied Materials & Interfaces

Research Article

were prepared and then added to the cuvette instead of double-
distilled water in the initial stage.

DOX Loading and Release. DMBI-MSNs (20 mg) were stirred
in an aqueous solution of DOX (1 mM, 3 mL) at pH 7.0 overnight. An
excess of CPA[6] was added to the mixture, and then, the pH of the
solution mixture was adjusted to be neutral. The resulting mixture was
stirred for 24 h at room temperature. The DOX-loaded, CPA[6]-
capped MSNs were collected by centrifugation and washed thoroughly
with fresh double-distilled water. To investigate the pH-responsive
DOX release, the DOX-loaded, CPA[6]-capped MSNs were prepared
in S mL of aqueous solution at different pH values in a dialysis bag,
and the sealed dialysis bag was then submerged in 15 mL of water at
the corresponding pH. The aqueous solutions containing the released
DOX were collected at different time intervals for spectral analysis and
replaced with an equal volume of water at the corresponding pH. The
amounts of released DOX in the aqueous solutions were monitored
using UV—vis spectroscopy with the absorption maximum of DOX at
497 nm.

MTT Assay. A549 cells were used to test the cytotoxicity of the
CPA[6]-capped DMBI-MSNs with and without DOX loading. The
cells were seeded in a 96-well plate at a density of 8000 cells/well for
24 h, and then, the CPA[6]-capped DMBI-MSNs with and without
DOX loading were added with different concentrations of 0.25, 0.5,
1.0, 2.0, 4.0, 8.0, 16.0, 32.0, and 64.0 pg/mL. After 48 h of incubation,
the media were removed, and the cells were continuously incubated in
a medium containing 0.5 mg/mL MTT reagent for 4 h. Afterward, the
crystallized formazan violet was redissolved in 150 uL of dimethyl
sulfoxide at 37 °C. The absorbance at 490 nm was measured by a
multidetection microplate reader.

B RESULTS AND DISCUSSION

Construction of CPA[6]-Valved MSN Vehicles. MCM-
41 nanoparticles were synthesized by the base-catalyzed sol—gel
method. Both TEM and SEM images of MCM-41 (Supporting
Information, Figure S19) showed that MSNs had roughly
spherical shapes with an average diameter of about 110 nm.
From the TEM image, it is clear that hexagonal-arrayed
cylindrical nanopores were arranged parallel to each other,
which was further confirmed by small-angle powder XRD
patterns of MCM-41 with four well-resolved reflections indexed
as (100), (110), (200), and (210) (Supporting Information,
Figure S20), characteristic of two-dimensional hexagonal arrays
of cylindrical pores.*® Nitrogen adsorption—desorption iso-
therms of MCM-41 showed a typical curve of type IV with a
surface area of 1013 m*/g and an average pore size of 2.6 nm
(Supporting Information, Figure S21).

CPA[6] and BP-PTS were synthesized and characterized
with '"H NMR and "*C NMR spectra for confirmation of their
chemical structures (Supporting Information, Figures S7, S8,
S1S, and S16). FTIR spectroscopy was used to characterize the
modification of BP-PTS on the MSN surface (Supporting
Information, Figure S$22); the two peaks at 1639 and 1461
cm™" were present, primarily owing to the C=N and C=C
stretching vibrations of BP,*” respectively. At the same time, the
intensity of the band at 955 cm™ related to silanols was
reduced to some degree. After subsequent capping of CPA[6],
a peak at 1504 cm™" due to the skeletal stretching vibrations of
phenyl rings appeared; moreover, a shoulder overlapped with
the band at 1639 cm™" and a peak at 1401 cm ™" were assigned
to the antisymmetric and symmetric stretching vibrations of
carboxylate groups of CPA[6], respectively.

Solid-state "*C NMR spectroscopy was used to further
characterize the modification of the BP-PTS and subsequent
capping of CPA[6] (Figure 1). The resonances at 149.2, 146.1,
and 1272 ppm indicated the functionalization of BP. The
appearance of the peak at 175.3 ppm, due to the *C resonance
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Figure 1. Solid-state '*C NMR spectra of (a) BP-MSNs and (b)
CPA[6]-capped BP-MSNs without cargo loading. The resonance at
48.6 ppm mostly resulted from the residual solvent methanol as well as
methyl groups. The resonances labeled in the chemical structures of
synthetic BP-PTS and CPA[6] come from their solution *C NMR
spectra in D,0O (Supporting Information, Figures S8 and S16).

of the carboxylate groups, confirmed the threading of CPA[6]
through the BP stalks for the development of supramolecular
nanovalves.

The surface density of the BP functionalities was determined
using TGA to be 0.21 mmol/g MSNs on the basis of the
change of weight loss (Supporting Information, Figure S23).
Upon threading of CPA[6] through the BP stalks on the MSN
surface (without cargo loading), the capping amount of
CPA[6] was also determined using TGA to be 54.6 mg/g
BP-MSN (Supporting Information, Figure S23). The zeta
potential of MCM-41 was —47.7 mV and increased to 58.6 mV
upon immobilization of the BP stalks on the MSN surface and
then decreased to —40.8 mV upon capping of CPA[6]
(Supporting Information, Table S1). These results indicate
that the constructed CPA[6]-capped BP-MSNs were highly
negatively-charged and could be well dispersed in water.

In comparison to MCM-41, the TEM image of BP-MSNs
remained almost unchanged, but the CPA[6]-capped BP-MSNs
with the loading of Ru(bipy);** did not show clear nanopore
channels (Supporting Information, Figure S24). Energy
dispersive spectroscopy (EDS) analysis from the corresponding
SEM mode shows that the Ru elements were clearly detected
after loading of Ru(bipy),** (Supporting Information, Figure
S$25). BP-MSNs basically maintained the similar XRD patterns
to MCM-41 although the weak reflection (210) nearly vanished
(Supporting Information, Figure $26), which indicates that the
mesoporous structure of silica matrix remained almost
unchanged upon functionalization of BP, but only one
reflection (100) with reduced intensity could be observed for
the cargo-loaded, CPA[6]-capped BP-MSNs. The surface area
of BP-MSNs decreased to 836 m”/g, and the average pore size
was 2.3 nm (Supporting Information, Figure S27 and Table
S2). The surface area of the cargo-loaded, CPA[6]-capped BP-
MSNs abruptly reduced to 39 m®/g because the MSN pores
were filled and capped (Supporting Information, Figure S27
and Table S2). Considering the dimensions of CPA[6] (ca.
1.51 nm in external diameter) and Ru(bipy);** (sphere-like
shape, ca. 146 nm in diameter) (Supporting Information,
Figure $28), Ru(bipy);*" could be entrapped in the BP-MSN
pores (2.3 nm) followed by tight capping with two adjacent
CPA[6] nanovalves. These results indicate that the cargo-
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loaded, CPA[6]-capped BP-MSN vehicles were constructed.
The loading capacity of Ru(bipy);>* after CPA[6] capping was
determined using UV—vis spectroscopy to be 0.358 mmol/g
BP-MSNs, much higher than the adsorbed amount of 0.028
mmol/g without CPA[6] capping after washing, which
indicates that the CPA[6] nanovalves played an important
role in cargo loading and subsequent controlled release.
DMBI-SM was synthesized and characterized with "H NMR
and *C NMR spectra for structural confirmation (Supporting
Information, Figures S9 and $10). All of the proton resonances
of DMBI-SM shifted upfield dramatically upon addition of 1
equiv of CPA[6] due to the shielding effect of the electron-rich
cavity of CPA[6] (Figure 2), which indicates that DMBI-SM

NaOQ,

2:0 HOD| e
)

"H NMR shift / ppm

Figure 2. 'H NMR spectra of (a) 3 mM CPA[6], (b) 3 mM CPA[6]
and 3 mM DMBI-SM, and (c¢) 3 mM DMBI-SM in D,O0.

was completely encapsulated inside the CPA[6] cavity. Further
"H NMR titration studies indicate that DMBI-SM and CPA[6]
could form a stable 1:1 binding stoichiometry with a high
association constant of (2.82 + 1.83) X 10° M~ (Supporting
Information, Figures S29 and S30). After MSNs were finally
functionalized with DMBI moieties (DMBI-MSNs), a peak at
1482 cm™' was observed due to the in-phase scissoring
vibration of methyl groups of DMBI®® as well as the skeletal
stretching vibrations (1448 ¢cm™)** and out-of-plane C—H
wagging modes (750 cm™)** of DMBI aryl rings (Supporting
Information, Figure S31A). After subsequent capping of
CPA[6], a peak at 1500 cm™! was clearly observed, due to
the skeletal stretching vibrations of CPA[6] phenyl rings
(Supporting Information, Figure S31B). The corresponding
solid-state *C NMR spectrum shows a group of resonances in
the range of 152—112 ppm relevant to the benzimidazole
functionalities and a resonance at 32.6 ppm relevant to the
methylation of the benzimidazole functionalities (Supporting
Information, Figure $32), which confirm that the MSN surface
was functionalized with the DMBI moieties. The zeta potential
was increased from —47.7 to 14.0 mV upon functionalization of
DMBI stalks on the MSN surface and then decreased to —35.9
mV upon encircling of CPA[6] (Supporting Information, Table
S3). It is obvious that the CPA[6]-capped DMBI-MSNs were
highly negative-charged and could be well dispersed in water.
DMBI-MSNs showed the similar XRD patterns to BP-MSN,
but a very weak reflection peak could only be observed after
loading of Ru(bipy);** and capping of CPA[6] (Supporting
Information, Figure S33). The surface area of DMBI-MSNs
decreased to 822 m?/ g, and the average pore size was 2.1 nm
(Supporting Information, Figure S34 and Table S4). The

surface area of the cargo-loaded, CPA[6]-capped DMBI-MSNs
steeply reduced to 167 m*/g because the MSN pores were filled
and capped (Supporting Information, Figure S34 and Table
S4). These results indicate that the cargo-loaded, CPA[6]-
capped DMBI-MSN vehicles were constructed. The loading
capacities of Ru(bipy);>*, after DMBI-MSNs were capped with
and without CPA[6], were determined to be 0.301 and 0.053
mmol/g DMBI-MSN, respectively, using UV—vis spectroscopy,
which indicates the role of the CPA[6] nanovalves in cargo
loading and subsequent controlled release.

pH-Triggered Controlled Release. UV—vis spectroscopy
was used to monitor release of Ru(bipy);** from the CPA[6]-
capped MSNs functionalized with the BP or DMBI stalks
(Supporting Information, Figures S35 and S36). Prior to pH
trigger, both of the systems showed minimal premature release
of cargo of less than 9% after S h (Figure 3). Upon lowering of
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Figure 3. pH-responsive release profiles of Ru(bipy);** from (a)
CPA[6]-valved BP-MSNs and (b) CPA[6]-valved DMBI-MSNs. The
arrow indicates the change of pH.

the pH, the carboxylate groups of CPA[6] were protonated to
become carboxylic acids, resulting in the decrease of negative
charges and solubility of CPA[6]. 2 These changes caused the
weakening of the electrostatic interactions between CPA[6]
and the BP/DMBI stalks®® and the dethreading of CPA[6]
from the stalks, leading to the opening of the nanovalves and
the release of entrapped cargo. The release efliciencies
increased with a decrease in pH but were different, to some
degree, for the two systems. After the cargo was released from
the CPA[6]-capped BP-MSNs at pH 3.0, the MSN pore
channels could be clearly observed from the TEM image similar
to those of BP-MSNs (Supporting Information, Figure S24).
The integrity and mesoporous structures of MSNs remained
almost unchanged after cargo release under acidic conditions.
The intensities of the XRD peaks were restored to a great
degree but were still weaker than those of BP-MSNs
(Supporting Information, Figure S26), and the surface area
rebounded to 693 m?/ g from 30 m?/ g along with a recovery of
the nanopores to the average size of 2.0 nm (Supporting
Information, Figure S27 and Table S2). The incomplete
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recovery of these parameters might be ascribed to the release
efficiency of 83%. Similarly, after the cargo was released from
the CPA[6]-capped DMBI-MSNs at pH 3.0, the XRD peaks,
surface area, and pore size were restored to a great degree
(Supporting Information, Figures $S33 and S34 and Table S4).
Metal Chelating-Triggered Controlled Release. It is
known that carboxylate groups can bind with divalent metal
ions and their binding affinity follows the order Cu** > Zn**
Ni** > Ca®* &~ Mg** for 1:1 complexes, which is 1—3 orders of
magnitude smaller than the pK, (3.12 at 25 °C) of
phenoxyacetic acid.*® CPA[6] is cylindrical-shaped with 6
carboxylate groups at each end. In the presence of divalent
metal ions, the carboxylate groups of CPA[6] were chelated by
the metal ions, which resulted in the decrease of the negative
charges of CPA[6] and the weakening of the binding affinity of
CPA[6] for the BP or DMBI stalks, so that the CPA[6]
nanovalves were opened and the cargo was released from the
MSN pores with different efficiencies for the two systems
(Figure 4 and Supporting Information, Figures S37 and S38).

oV 0,. °*

xS (metal ions)
_—

Release / %

Time /h

Time /h

Figure 4. Release profiles of Ru(bipy),** from (a) CPA[6]-valved BP-
MSNs and (b) CPA[6]-valved DMBI-MSNs by metal chelating of
different divalent metal ions (1 mM) at pH 7.0.

The metal chelating-triggered release was carried out at neutral
pH to avoid the interference from acidic pH. Except for Cu*,
the release efficiencies triggered by other metal ions followed
the order of the binding affinity of the metal ion—carboxylate
complexes (1:1). The abnormal release behavior in the case of
Cu®* could be ascribed to the relatively high side reaction
coefficient of Cu®* at neutral pH (i.e., Cu(OH), species of low
solubility were readily formed) and the coordination equili-
brium between the Cu states.

Competitive Binding-Triggered Controlled Release.
The controlled release of the two systems was further
investigated by competitive binding of MV, leading to the
continuous dethreading of CPA[6] from the BP or DMBI
stalks, the opening of the nanovalves, and the release of cargo
from the MSN pores (Figure S and Supporting Information,
Figures S39 and S40). The release efficiencies increased with

60

50-

40

30

Release / %

20

10

Figure 5. Release profiles of Ru(bipy),** from (a) CPA[6]-valved BP-
MSNs and (b) CPA[6]-valved DMBI-MSNs by competitive binding of
MYV at pH 7.0. The arrow indicates the addition of MV.

the increase of MV concentration and were almost identical for
the two systems. It is clear that the release efficiency was related
to the nature and surface density of functionalized stalks and
the loading capacity of cargo as well as the binding affinity of
CPA[6] for the stalks.

Drug Release, Cytotoxicity, and Antitumor Efficiency.
The antitumor drug DOX (ca. 1.64 X 122 nm) (Supporting
Information, Figure S28) was used to investigate drug release
from the CPA[6]-valved DMBI-MSN vehicles for potential
biological applications. The pH-responsive controlled release of
DOX from the CPA[6]-valved DMBI-MSNs was investigated
(Figure 6a). The loading capacity of DOX was determined to
be 0.134 mmol/g DMBI-MSN using UV—vis spectroscopy. A
significant release of DOX was observed at pH 5.0 in
comparison to the case at pH 7.0. Furthermore, the in vitro
cytotoxicity and antitumor efficiency of the CPA[6]-valved
DMBI-MSNs with and without loading of DOX were evaluated
by the MTT assay after 48 h of incubation with AS49 cells
(Figure 6b). The CPA[6]-valved MSNs without drug loading
showed a low cytotoxicity; however, the CPA[6]-valved MSNs
with DOX loading showed antiproliferative activity with a cell
viability of about 20%. It is well documented that the pH in
tumor and inflammatory tissues is more acidic than in blood
and normal tissues, with early endosomes and late endosomes/
lysosomes in the intracellular environments of tumor cells
around pH 6.0 and 5.0, respectively.*® Zinc is one kind of
important trace element in the human body, and its content in
blood is relatively low (about 0.014—0.015 mM in serum and
plasma and 0.15—0.2 mM in red blood cells). It is likely that the
premature release of drugs from the CPA[6]-valved MSNs
under physiological conditions can almost be avoided. When
the drug-loaded, CPA[6]-valved DMBI-MSNSs are delivered to
target tumor cells and internalized by the tumor cells, pH-
triggered drug release from the CPA[6]-valved MSNs may be a
major pathway in the intracellular environments around pH $.0,
while Zn**-triggered drug release would be inhibited to some
degree at pH 5.0. These results indicate that the constructed
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Figure 6. (a) pH-triggered release profiles of DOX from CPA[6]-
valved DMBI-MSNs at different pH values. (b) Cell viability of
CPA[6]-valved DMBI-MSNs with and without loading of DOX after
48 h of incubation with AS49 cells.

CPA[6]-valved MSN delivery systems have promising bio-
logical applications in targeted drug therapy.

B CONCLUSIONS

In summary, the new guest DMBI-SM was synthesized to form
a 1:1 inclusion complex with CPA[6] with a high binding
affinity, and the two systems of CPA[6]-valved MSNs
functionalized with the BP or DMBI stalks were constructed
for multiresponsive controlled release. The release of cargo
could be triggered by three pathways, including acidic pH,
metal chelating, and competitive binding, to activate the
nanovalves for the dethreading of CPA[6] from the BP or
DMBI stalks. Coordination chemistry is the first strategy for the
activation of CPA nanovalves in MSN-based delivery systems.
The controlled release of the CPA[6]-valved MSN systems can
meet diverse requirements and has promising applications in
targeted drug therapy.
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