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Combination drug therapy,[1] a regimen in which multiple
drugs with different therapeutic outcomes are used in parallel
or in sequence, has become one of the dominant strategies in
the clinical treatment of HIV/AIDS,[2] diabetes,[3] and
cancer.[4] In cancer therapy, for example, the U.S. Food and
Drug Administration (FDA) approved the use in 2006 of
Avastin in combination with Carboplatin and Paclitaxel for
the initial systemic treatment of patients with lung cancer.
Unlike monotherapy, combination therapy maximizes ther-

apeutic efficacy against individual targets and is more likely to
overcome drug resistance, while increasing the odds of
a positive prognosis and reducing harmful side effects.

Drug delivery systems, which administer medically active
compounds to diseased cells in a targeted and controlled
manner,[5] have gained much attention in the past couple of
decades. While polymers,[6] dendrimers,[7] micelles,[8] vesi-
cles,[9] and nanoparticles[10] have all been investigated for their
use as possible drug delivery systems, most systems provide
either delivery of a single drug or the simultaneous delivery[11]

of multiple drugs. Using these systems, however, it is difficult
to control[12] the administration order, timing, and dosage of
each individual drug in a comprehensive manner. While it is
possible to deliver a cocktail of drugs using several different
co-administered drug delivery systems, this protocol has
disadvantages. For example, it is not easy to expose several
co-administered drug delivery systems to the same target at
the right time, while also controlling the dosage rates and
ratios of each individual drug. In order to administer chemo-
therapeutic combinations and produce synergistic actions,
well-organized multidrug release systems, which can provide
combination therapies by controlling the release behavior of
each drug individually, need to be invented.

Mesoporous silica nanoparticles (MSNs) have attracted
widespread interest[13] in the past decade for use in integrated
functional systems. They have large surface exteriors and
porous interiors that can be harnessed as reservoirs for small-
molecule-drug storage. These MSNs are nontoxic to cells and
can undergo cellular uptake[14] into acidic lysosomes by
endocytosis when they are 100–200 nm in diameter, thus
making them a popular candidate[15] for drug delivery systems.
In particular, MSNs can be functionalized with molecular, as
well as supramolecular, switches in order to control the
release of drug molecules in response to external stimuli. On-
command release systems, which respond to a range of
stimuli, including pH changes,[16] light initiation,[17] compet-
itive binding,[18] redox activation,[19] biological triggers,[20] and
temperature changes,[21] have been reported by us and others.
To the best of our knowledge, however, all the on-command
release systems reported to date cannot release multiple
drugs in a step-by-step fashion.

Cyclodextrins (CDs), because of their abilities to form
inclusion complexes with guest molecules,[22] have been the
focus of much research. b-Cyclodextrin (b-CD), which
comprises seven a-1,4-linked d-glucopyranosyl units with
top and bottom cavities of 6.0 and 6.5 �, respectively, has
been employed as a gatekeeper in drug delivery systems.[23]
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The functionalization of MSN surfaces with b-CD rings
provides us with the means to design a dual-cargo release
system. The b-CD rings on the surface of the MSNs can serve
as a gate for the storage of large (> 6.0 �) molecules. Since
the nanopores are not fully occupied by these large molecules,
there is some space for small cargo molecules (< 6.0 �) to
diffuse into the nanopores through the cavities of the tethered
b-CD rings. The small molecules are trapped inside the
nanopores after plugging of the b-CD rings. The MSNs will,
first of all, release the small molecules when the plugs are
removed from the cavities of the b-CD rings, followed by
release of the large molecules after cleavage of the b-CD rings
from the surfaces of the MSNs.

Herein, we report an on-command dual-cargo release
system (MSNs 1) based on b-CD modified MSNs in which two
cargos of differently sizes are loaded into MSNs 1 in sequence
and then released in succession (Figure 1) by, first of all,
lowering the pH and then by adding a reducing agent. The b-
CD rings, persubstituted on their seven C6 positions and the
seven linkers covalently connected to the surface by disulfide
units, serve as the gatekeepers for large Hoechst 33342
molecules. The smaller p-coumaric acid (CA) is then diffused
into the pore channels of the MSNs through the cavities of b-
CD rings. The b-CD cavities can be plugged with methyl
orange (MO), which was selected as the plugs because these
molecules can be moved in and out of the cavities of the b-CD
rings in response to changes in pH. The small molecules are
released after protonation of MO, and the large ones are
released on cleavage of the disulfide bonds.

Hoechst 33342 and CA were chosen as the fluorescent
molecules to trace the independent release process because,
firstly, the size of Hoechst 33342 (ca. 20 �) and CA

(ca. 4.5 �) are optimal for them to act as the large and
small molecules, respectively, and secondly, their fluorescent
spectra are different. The synthesis (Figure 2) of MSNs
1 starts with the bare MCM-41 nanoparticles[24] which were,
first of all, functionalized with 3-isocyanatopropyltriethoxy-
silane, before being reacted with propargyl ether 8 to produce
the alkynyl-functionalized MSNs 2. The FTIR spectrum (see
the Supporting Information) of MSNs 2 shows a peak at
2150 cm�1, which indicates the presence of C�C bonds. The
morphology of the MSNs 2 was confirmed (see the Support-
ing Information) by transmission electron microscopy (TEM)
to consist of nanopores with average diameters of 2.5 nm.
Following addition of per-6-azido-b-CD to the mixture of
MSNs 2 and Hoechst 33342, the Hoechst 33342 loaded MSNs
3 were formed by a series of “click” reactions. CA was then
allowed to diffuse through the cavities of the b-CD caps into
the nanopores. After these procedures were complete, the b-
CD openings were blocked with MO plugs.

Hoechst 33342 loaded MSNs 3, in which the b-CD rings
are linked covalently onto the MSN surfaces by using
disulfide units, were synthesized. The mechanism of operation
of the Hoechst 33342 loaded MSNs 3 is shown in Figure 3a.
After cleavage of the disulfide bonds by a reducing agent, the
Hoechst 33342 cargo will be released. This mechanism is
invoked so that the release can be potentially triggered by
glutathione from the cell cytosol,[25] such that the system
would operate autonomously within living cells. It is worth

Figure 1. Schematic representation of the dual-cargo release process.
The dual cargos can be released one step at a time by, first of all,
lowering the pH and then adding mercaptoethanol. The b-CD rings are
randomly distributed on the surfaces of MSNs 1.

Figure 2. Synthetic procedures for preparing MSNs 1 and MSNs 5.
Utilizing supramolecular chemistry and mechanostereochemistry, dual
cargos (Hoechst 33342 and CA) were loaded into MSNs 1 step-by-
step. Although the b-CD rings are randomly distributed on the MSNs
surfaces, the ideal mode is to have one nanopore functionalized with
one b-CD ring according to the size match of the nanopores and the
b-CD rings, as portrayed in the graphical representations.
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emphasizing that it is very important to wash the MSNs with
acidic (pH 3) aqueous solution because the Hoechst 33342
dye can become adsorbed onto the outer surfaces of the
MSNs only to dissociate from the MSN surface on lowering
the pH. Hence, without an acidic wash, some Hoechst 33342
dye could be released on lowering the pH, while operating the
dual-loaded system MSNs 1, thus interfering with the
independent release processes.

A sample of MSNs 3 was placed in the corner of a cuvette
and water (pH 7) was slowly added into the cuvette without
disturbing the MSNs. The release of Hoechst 33342 from the
MSNs 3 was monitored by a 351 nm probe beam to track the
fluorescence intensity of the released dye as a function of
time. A flat baseline (Figure 4a) shows that the
Hoechst 33342 molecules are held within the MSNs under
neutral aqueous conditions, without any premature release.
The pH of the solution was then lowered to 3.5 to confirm that
a negligible amount of Hoechst 33342 is released simply by
lowering the pH. Thereafter, 2-mercaptoethanol (ME) was
used as the reductant to cleave the disulfide bonds. Upon
addition of ME, the release of the Hoechst 33342 molecules
was observed (Figure 4a) as a rapid increase of the fluores-
cence intensity around 500 nm as a function of time. These
fluorescence intensity measurements were used to calculate
that 0.20 mmol of Hoechst 33342 was released from 5 mg of
MSNs 3 after approximately 2 h, corresponding to a release
capacity of 2.5 wt%.

In order to test whether the CA cargo can diffuse into the
MSNs through the cavities of the b-CD rings, we designed
a pH-operated system (Figure 3b), namely MSNs 5. On
lowering the pH, the protonated MO molecules are expelled
from the cavities of the b-CD ring and the CA molecules are
released. There are three reasons for choosing MO as the plug
to form a complex with b-CD. Firstly, the formation constant
(Kf) for the complex[26] between b-CD and MO[27] is 4550m�1

at pH 7, that is, it is much stronger than that (408m�1, see the
Supporting Information) of b-CD with CA. Secondly, the Kf

of b-CD with MO decreases[27] to 292m�1 at pH 2, resulting in
the release of cargo. These pH-responsive MSNs may
potentially be interfaced with biological systems, because
the lysosomal pH levels in cancer cells are somewhat lower[14c]

than the pH levels in healthy cells. Finally, the existence of the
protonated MO does not interfere with the tracing of either
Hoechst 33342 or CA.

The synthetic protocol for the production of MSNs 5 is
summarized in Figure 2. After reaction between MSNs 2 with
its propargyl ether and per-6-azido-b-CD in a series of click
reactions, the b-CD-capped MSNs 4 were isolated and
characterized by TEM and 13C and 29Si cross-polarization
magic-angle-spinning (CP-MAS) solid-state NMR spectros-
copy. The TEM (see the Supporting Information) results
show that the shapes of the MSNs 4 experience no obvious
changes compared to those of bare MCM-41. The 13C and 29Si
CP-MAS solid-state NMR spectra (see the Supporting
Information) demonstrate the successful functionalization of
MSNs with b-CD rings. The MSNs 5 were finally obtained
after the MSNs 4 were loaded with CA molecules and capped
by MO plugs.

Figure 3. Schematic representation of the release process for a) MSNs
3, which was prepared from per-6-azido-b-CD and alkynyl-functional-
ized MSNs 2 in the presence of Hoechst 33342 by means of a series
of click reactions. b) MSNs 5, which was prepared from b-CD-capped
MSNs 4 and a MO plug in the presence of CA.

Figure 4. Release profiles of a) MSNs 3 while monitoring emission of
Hoechst 33342 at 500 nm following the addition of ME. b) MSNs 5
and CA-loaded nanoparticles without the MO plugs, while monitoring
emission CA after lowering the pH at 425 nm.
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The operation of the MSNs 5 was followed (Figure 4b) by
fluorescence spectroscopy. A flat baseline at pH 7 indicates
that no CA is released under neutral conditions. When the pH
of the solution was adjusted[28] to 3.5 by the addition of HCl
solution (0.1m), a rapid increase in the emission intensity
around 425 nm occurred showing that the CA is released from
the nanopores of the MSNs upon lowering the pH. UV/Vis
spectrophotometery indicated that around 0.52 mmol of the
CA was released from 5 mg of MSNs 5, corresponding to
a release capacity of approximately 1.7 wt%. In a control
experiment, CA-loaded nanoparticles without the MO plugs
also registered a release (see Figure 4 b and the Supporting
Information) of CA on lowering the pH to 3.5. Since CA
shows affinity for b-CD, it can also be used as a plug. The
release capacity, however, corresponds to a maximum of
approximately 0.14%, which is much lower than that of the
CA-loaded MSNs 5. The reason for this difference lies in the
fact that the CA has a much lower Kf compared to that of MO
with b-CD, therefore CA can escape more readily through the
b-CD rings during the washing process than observed for
MSNs 5. We also prepared CA-loaded MSNs capped by a 1-
adamantylamine plug. In this case, no changes in fluorescence
(see the Supporting Information) were observed, even after
lowering the pH to 3. This observation can be explained by
the strong Kf

[22b] (ca. 104) between protonated 1-adamantyl-
amine and b-CD, and reflects a situation in which even
protonated 1-adamantylamine will remain in the b-CD, thus
preventing the small molecules from being released.

Thus, it is clear that changing the pH can induce the
release of CA, whereas the release of Hoechst 33342 can only
be triggered by the addition of ME. We synthesized the MSNs
1 (Figure 2) by loading Hoechst 33342 and CA step-by-step.
The dual release of the molecules from the dye-loaded MSNs
1 was monitored by fluorescence spectroscopy. The CA
molecules were released first on lowering the pH of the
solution, an observation that was confirmed (Figure 5a) by
the release profile. The fluorescence spectra (Figure 5b) for
the solution before and after CA release were dramatically
different. According to the UV/Vis absorption measurements
(see the Supporting Information), approximately 0.13 mmol of
the CA is released, corresponding to a 0.42 wt % release
capacity. After this first release process, since the existence of
the released CA in solution may interfere with the monitoring
of the subsequent release process upon ME addition, we
removed the solution above the MSNs and carefully added
fresh water into the cuvette. Again, a flat baseline shows that
negligible Hoechst 33342 is released from the MSNs into pH 7
aqueous media. The release profile (Figure 5a) indicates that
the Hoechst 33342 molecules can only be released upon ME
addition, with the calculated released amount being approx-
imately 0.22 mmol. The fluorescence spectra are shown (Fig-
ure 5c) for the solution before and after the Hoechst 33342
release. These results demonstrate very clearly that MSNs
1 can hold two cargos successfully and, more importantly,
release CA first, after reducing the pH, and then release
Hoechst 33342, after addition of ME.

In summary, we have designed and synthesized a dual-
cargo release system in which two differently sized molecular
cargos can be loaded into MSNs and then subsequently

released in sequence when triggered by two different stimuli.
The b-CD rings on the MSN surface not only act as
gatekeepers for the larger molecules but they also allow
small molecules to diffuse into the inside of the nanopore
channels only to find themselves capped by plugs. Fluorescent
molecules were chosen as the molecular cargos in order to
establish a proof-of-principle operation for this integrated
functional nanosystem. The results demonstrate that the
smaller molecules are released first of all by lowering the pH,
and then the larger ones follow upon cleavage of the disulfide
bonds.

This dual-drug delivery system has the potential to treat
human diseases where combination therapies are desirable. In
view of the lower lysosome pH levels and the presence of
higher concentrations of glutathione in cancer cells, further
investigations will employ this integrated functional nano-
system to deliver two anticancer drugs (i.e., cisplatin and
doxorubicin) of different sizes before performing in vivo
dual-drug release experiments.

Experimental Section
MSNs 3. MSNs 2 (50 mg; see the Supporting Information) were
soaked in an aqueous solution of Hoechst 333422 (1 mL, 3.0 mm)
overnight at RT. A solution of per-6-azido-b-cyclodextrin (0.03 g,
0.3 mmol) in DMF (2 mL) was added, followed by sodium ascorbate
(2 mg, 0.01 mmol) and CuSO4·5H2O (0.75 mg, 3 mmol). The reaction
mixture was left to stir for 3 days at RT after which the nanoparticles
were filtered and washed with copious amounts of MeOH, acidic H2O
(pH 3), and H2O, before being dried under vacuum to afford MSNs 3,
which were used immediately for laser investigations involving
fluorescence spectroscopy and release profiles.

MSNs 5. b-CD-Capped MSNs 4 (50 mg; see the Supporting
Information) were added to an aqueous solution of CA (1 mL,
1.0 mm). The resulting suspension was shaken at RT for 24 h to allow

Figure 5. a) Step-by-step release profile of dual-cargo-loaded MSNs
1 by lowering the pH (monitored at 425 nm) and then adding ME
(monitored at 500 nm). Fluorescence spectra of dual-cargo-loaded
MSNs 1 b) before (black) and after (red) lowering the pH to 3.5,
c) followed by changing the solution to fresh water (black) and
addition of ME (red).
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the CA to diffuse into the nanopores of the nanoparticles which were
centrifuged to remove the loading solution. MO (50 mg) was added to
the pellet that was resuspended in H2O (0.5 mL). After the
suspension had been left on a shaker for an additional 24 h, the
MSNs 5 were obtained by centrifugation, washed with H2O (10
times), and dried under vacuum. Release studies using them were
carried out immediately.

MSNs 1. MSNs 3 (50 mg) were soaked in an aqueous solution of
CA (1 mL, 1.0 mm) at RT for 24 h. The loaded nanoparticles were
then centrifuged to remove the loading solution. MO (50 mg,
0.15 mmol) was added to the pellet that was resuspended in H2O
(0.5 mL). After the mixture had been left on a shaker for a further
24 h, the resulting MSNs 1 were collected by centrifugation, washed
with H2O (10 times), and dried under vacuum. Release studies using
them were carried out immediately.

Release Studies. Cargo-loaded nanoparticles were examined by
using the spectroscopic setup illustrated in the Supporting Informa-
tion. A sample of nanoparticles (5 mg) was placed in the corner of an
8 mL quartz cuvette, and a 1 mm stirring bar was placed at the bottom
of the cuvette. Water (pH 7, 2 mL) was added in a dropwise fashion in
order to prevent the nanoparticles from dispersing into the solution.
The solution in the cuvette was stirred slowly after the addition of
water. An excitation beam of 351 nm was directed at the solution
above the nanoparticles, and the fluorescence intensity of the released
molecules was collected at 1 s intervals during the course of the
experiment. Activation of cargo release form the nanoparticles was
accomplished by 1) adjusting the pH of the solution by addition of
either HCl solution (1.0m) or mercaptoethanol (1 mL), or by
2) adjusting the pH, followed by addition of mercaptoethanol.
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