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To improve the therapeutic efficacy and to reduce adverse
side effects of drugs, one strategy is to design a target-specific
drug-delivery system that can transport an effective dosage of
drug molecules to the targeted cells and tissues on time.[1] For
drug-delivery systems, no premature release and stimuli-
responsive controlled release of the pharmaceutical cargo are
two very important prerequisites that impact the therapeutic
efficacy and cytotoxicity of the drug delivery.[2] Mesoporous
silica nanoparticles (MSNs) have been used in delivery
systems as nanocontainers because of their excellent biocom-
patibility, high surface areas, large pore volumes, uniform and
tunable pore sizes, and a great diversity of surface function-
alization,[3] in comparison with traditional delivery systems,
which mainly depend on simple diffusion or degradation of
the nanocarriers.[1] A variety of MSN-based controlled-
release systems[4] have been developed using nanoparticles
(CdS,[5a] Fe3O4,

[5b] Au,[5c–f] and ZnO[5g]), macrocyclic com-
pounds (cyclodextrins[6a–e] and cucurbiturils[6f–k]), dendrim-
ers,[7] polymers,[8] and biomacromolecules (proteins[9] and
DNA[2,5c,10]) responsive to various external stimuli, such as
pH,[5e, 6a,f–i, 10b] competitive binding,[6i,j, 8a] redox,[8, 9] light,[5-

e, 6k,7, 8a] and enzymes.[2, 6c,d,j, 11] Despite the significant progress
that has been made, the direct use of biomolecules as
gatekeepers is still in its infancy. Based on the biotin–avidin
complex, the strongest noncovalent interaction found in
nature, with a binding constant of 1013–1015 L mol�1, avidin-
gated MSN nanocontainers have been constructed for
protease- and temperature (90 8C)-responsive controlled
release through proteolytic digestion and protein denatura-
tion.[12] Based on an antibody and hapten interaction, anti-
body-gated MSN nanocontainers have been used for com-
petitive-binding-driven controlled release.[13] Similarly, glu-
cose oxidase-gated MSN nanocontainers were also designed
on the basis of an enzyme-inhibition mechanism,[14] and the
release could be triggered by glucose at very low concen-
trations (3.3 � 10�4 mmolL�1). Biomacromolecule-gated MSN

delivery systems are highly desirable for practical applications
in disease-related environments.

Herein, we report the controlled release of cargo from
novel protein-gated carbohydrate-functionalized MSN nano-
containers. Carbohydrate–protein interactions play an impor-
tant role in a variety of cellular processes including cell
differentiation and adhesion, inflammation, metastasis, and
immune response.[15] However, monovalent carbohydrate–
protein interactions are inherently weak, with a binding
constant of 103–104 L mol�1,[16] and the interaction strength
and specificity can be improved with multivalent interactions
or several simultaneous binding events with a binding con-
stant of 106–107 L mol�1 or higher.[16] Concanavalin A (Con A,
pI = 4.5–5.5, a tetrameric form under physiological condi-
tions,[17] 3.9 � 4.0 � 4.2 nm for the tetramer)[17b] is capable of
specifically binding mannose and glucose epitopes in the
presence of Mn2+ and Ca2+ ions but with higher affinity for
mannose.[17] Carbohydrate-functionalized nanoparticles and
vesicles have been used for protein recognition and sensing
through the multivalent carbohydrate–protein interactions.[18]

Herein, MSNs were functionalized with mannose ligands at
optimized surface densities, tight Con A nanogates were then
constructed using multivalent carbohydrate–protein interac-
tions to encapsulate the cargo within the pores, and the cargo
was released by introducing an acidic environment, such as is
found in tumor cells and inflammatory tissue. pH-controlled
drug delivery could be important for cancer therapy, while
also reducing side effects.[19] In addition, the drug could also
be released by competitive binding of glucose when the
normal blood-glucose concentration becomes elevated, which
would have potential applications for diabetes therapy.

Controlled release from Con A-gated MSN nanocontain-
ers is shown in Scheme 1. MCM-41-type MSNs with cylin-
drical channels were used as the nanocontainers. Mercapto-
terminated mannose derivatives were synthesized (Support-
ing Information, Scheme S1), reacted with alkenyl-termi-
nated silanes using a thiol–ene click reaction (Scheme S2),
and finally the external surfaces of MCM-41 were function-
alized with mannose epitopes. Subsequent capping with
Con A encapsulated the cargo within the pores through the
multivalent carbohydrate–protein interactions. Rhodam-
ine 6G (Rh6G) was selected as a model drug for convenient
detection of the release, because its fluorescence emission
remains unchanged not only in the presence of Ca2+, Mn2+,
and Con A but also with a change of pH from 7.4 to 1.5
(Figure S1). Con A is a metalloprotein and requires Ca2+ and
a transition metal ion such as Mn2+ to bind to carbohy-
drates.[16] The carbohydrate-binding activity is abolished upon
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removal of these metal ions by dialysis under acidic con-
ditions, on the other hand, Con A exists as a dimer and/or
monomer below pH 5.5. We would expect the protein nano-
gates to release their cargo either upon exposure to acidic
environments or by competitive binding of glucose.

MCM-41 materials were synthesized using the base-
catalyzed sol-gel method, and then the cetyltrimethylammo-
nium bromide (CTAB) templates were removed. From the
scanning electron microscope (SEM) and transmission elec-
tron microscope (TEM) images of MCM-41 (Figure S2),
MSNs were 110� 10 nm in diameter and contained hexago-
nally arranged pores. Upon modification of mannose-termi-
nated silane with an oligo(ethylene glycol) (OEG) spacer S1,
the mannose-functionalized MSNs were referred to as MS1.
MS1-1, MS1-2, and MS1-3 represented MSNs functionalized
with S1 at different surface densities, which were determined
by thermogravimetric analysis to be 0.137, 0.284, and
0.410 mmolg�1 SiO2 (Figure S3), respectively. However, the
SEM and TEM images of MS1 and the Con A-capped MS1
series (Figure S4) did not show significant differences from
those of MCM-41, probably owing to the relatively small
dimensions of S1 and Con A and the conditions under which
the microscopic images were taken.

Solid-state NMR spectra of MS1-1, MS1-2, and MS1-3
clearly confirm the functionalization of the surface with
mannose ligands. In the solid-state 13C NMR spectra (Fig-
ure S5), two weak signals at d = 31.24 ppm and 35.52 ppm
were ascribed to the resonances of the two carbon atoms
directly connected to the sulfur atom, which confirms the
success of the thiol–ene click reaction. In the solid-state
29Si NMR spectra (Figure S6), the two resonances at d =

�50.56 ppm and �56.51 ppm corresponded to the organo-
silica T1 and T2 species, assigned to [RSiOSi(OH)2] and
[RSi(OSi)2OH],[20, 21] respectively. These two peaks resulted
from silicon atoms covalently bound to the organic substitu-

ents. The organosilica species underwent a gradual change
from T2 to T1 with the increase of the surface density of
mannose. Combination of the 13C and 29Si NMR spectra
confirmed that the mannose-terminated silanes were cova-
lently immobilized on the MCM-41 surfaces.

FTIR spectroscopy was further used to characterize the
functionaliztion of the MSN surface and protein capping
(Figure S7). The removal of surfactants was confirmed by the
disappearance of three strong bands at 2923, 2853, and
1478 cm�1, owing to the CH2 stretching and bending vibra-
tions of CTAB. With MS1-1, MS1-2, and MS1-3, the weak
bands at 2955 and 2855 cm�1 were observed from the C�H
stretching vibrations, while corresponding C�O stretching
bands could not be distinguished from the strong Si�O�Si
stretching bands at 1230–1000 cm�1. Upon capping with
Con A (without Rh6G loading for clarity), strong amide I
and amide II bands at 1648 and 1540 cm�1 were observed, but
the amount of Con A was highest at the middle surface
density of mannose ligands (MS1-2). Further thermogravi-
metric analysis indicated that the maximum weight-loss
percentage between the MS1 and Con A-capped MS1 series
was observed for MS1-2 (Figure S8), which further demon-
strates that the amount of Con A on MS1-2 was the highest,
which is favorable for tight closure of the MSN pores. It is
known that specific mannose–Con A interactions are
achieved by the access of the carbohydrate ligands to protein
binding pockets in the presence of Ca2+ and Mn2+ ions. Low
surface-ligand density limits multivalent protein binding,
whereas high surface density could result in steric crowding
of the neighboring ligands, which would be unfavorable to
multivalent protein binding. It has been shown that the
amount of specifically bound proteins is closely related to the
surface density and spatial arrangement of the carbohydrate
ligands and is determined by the balance between these two
factors.[16c,d] The zeta potential values of MCM-41, MS1-2, and
Con A-capped MS1-2 were �51.9, �33.4, and �13.1 mV,
respectively (Figure S9a), and the hydrodynamic diameters of
the corresponding nanoparticles were 112� 7, 128� 10, and
219� 15 nm, respectively (Figure S9 b). These indicate that
the Con A-gated MS1-2 with the highest protein loading was
well-dispersed in aqueous solution without significant aggre-
gation, taking into account the easily hydrated OEG-linked
mannose ligands and the dimensions and isoelectric point of
Con A (Type V, pI = 4.7).

The small-angle powder X-ray diffraction (XRD) patterns
of MCM-41 after CTAB removal exhibited three well-
resolved reflections, indexed as (100), (110), and (200)[22]

(Figure S10), which is typical of a hexagonal mesoporous
structure. MS1-1, MS1-2, and MS1-3 also showed similar
XRD patterns to MCM-41, which indicates that the function-
alized mannose epitopes (with different surface densities) did
not influence the mesoporous structure of the silica matrix.
However, none of the three peaks was detectable after
loading with Rh6G (loading of 0.183 mmol g�1 SiO2, as
determined by fluorescence spectroscopy) and capping with
Con A, owing to an effect from the filled pores.

The nitrogen adsorption–desorption isotherms of MCM-
41 showed typical type IV curves with a surface area of
1093 m2 g�1 and an average pore size of 2.9 nm (Figure S11

Scheme 1. Illustration of the controlled release of cargo from Con A-
gated mannose-functionalized MSN nanocontainers in response to
changes in pH value and glucose concentration.
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and Table S1). MS1-1, MS1-2, and MS1-3 decreased in surface
area and pore size with an increase in surface density of
mannose ligands, because the surface area was considerably
reduced and the pore was filled upon loading of Rh6G and
subsequent capping with Con A (Figure S12).

Fluorescence spectroscopy was used to check for any
premature release of Rh6G from Con A-gated MS1 systems
in the buffer solution (pH 7.4) before the pH trigger was
added (Figure 1a). The fluorescence emission of the Con A-
gated MS1 systems remained low and almost unchanged after
two hours, which indicated that the cargo remained entrapped
in the pores. The Con A-gated MS1 systems showed a good

blocking effect with minimal premature release of the dye,
especially for the Con A-gated MS1-2. Similarly, MSNs were
functionalized with mannose-terminated silanes without an
OEG spacer (S2) at different surface densities (0.164, 0.286,
and 0.443 mmolg�1 SiO2; Figure S13) and were accordingly
referred to as MS2-1, MS2-2, and MS2-3 (Figure 1b). The
FTIR spectra (Figure S14), small-angle XRD patterns (Fig-
ure S15), and nitrogen adsorption–desorption isotherms
under different conditions for MS2 were recorded (Fig-
ures S16,S17 and Table S2). The Rh6G-loaded, Con A-gated
MS2 systems showed slight leakage over time before the pH
trigger was added, in comparison with the Con A-gated MS1
systems. The carbohydrate ligands protruding from the
biocompatible silica surfaces with a suitable spatial arrange-

ment enhanced protein binding. The long and flexible OEG
spacers played an important role in adjusting the local spatial
arrangement of the ligands and allowed for better binding of
the ligands for multivalent carbohydrate–protein interactions,
in contrast to the short linkers used in other MSN-based
delivery systems.[6f]

Upon decreasing the pH of the buffer, the fluorescence
emission of the Con A-gated MS1-2 system significantly
increased (Figure 2), which indicates that the protein nano-
gates opened and the cargo was released from the MSN pores.
The efficiency of release significantly increased from pH 7.4
to 5.5, and additionally to pH 3.5 and 1.5. Under acidic

conditions, Ca2+ and Mn2+ ions were dialyzed out of the
protein binding pockets, resulting in removal of the Con A
proteins from the MS1-2 surface, in addition, the Con A
tetramers disassociated into dimers and monomers below
pH 5.5. Both of these factors caused the protein nanogates to
open and release their cargo to different extents dependent
on the pH value. The amount of cargo released could be
controlled in small steps with the continued stepwise decrease
in pH value of the buffer (Figure S18). After the release of
cargo at pH 1.5, the delivery system showed the same FTIR
spectrum as MS1-2 confirming the disappearance of the
amide I and amide II bands of the proteins (Figure S7); the
SEM and TEM images were nearly identical to those of MS1-
2 without visible morphological changes or pore collapse
(Figure S19); the XRD reflection peaks reappeared but with
reduced intensities (Figure S10); the surface area returned to
642 m2 g�1 from 51 m2 g�1, and the pore diameter was restored
to the original size of 2.5 nm of MS1-2 (Figure S12 and
Table S1). All of these changes indicate that the protein
nanogates of the delivery system opened and the cargo was
released under acidic conditions, although there was a small
amount of dye retained in the pores.

Glucose is capable of specifically binding Con A in the
presence of Mn2+ and Ca2+ ions but with lower binding
affinity than mannose. In the presence of glucose, the
fluorescence emission of the Con A-gated MS1-2 system
gradually increased with increasing glucose concentration

Figure 1. Release profiles of Rh6G from Con A-gated mannose-func-
tionalized MSNs with different surface ligand densities in tris-HCl
buffer solutions (pH 7.4): a) MS1 series; b) MS2 series together with
MS1-2 for comparison. Drawings show retention of cargo (a) and slow
release of some cargo (b) from the MSN pores.

Figure 2. Release profiles of Rh6G from Con A-gated MS1-2 at different
pH values.
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because of competitive binding of glucose to the proteins
which drove the removal of proteins and the controlled
release of cargo (Figure 3). The normal concentration ranges
of glucose are 4–7 mmol L�1 before a meal and less than
10 mmol L�1 about 1.5 hours after a meal. Thus, glucose in the
normal range could not trigger a significant release of cargo
because glucose is a weak competitor in comparison with
mannose, and it is difficult for glucose at low concentrations
to disrupt the multivalent mannose–Con A interactions. On
the other hand, high concentrations of glucose could give rise
to a slow release of cargo from the MSN pores, and the
amount of cargo released would increase with time for
application in a sustained release system. The mechanism of
controlled release by competitive binding is different from
that of the pH-responsive release. It is clear that the Con A-
gated MS1 systems have promise for applications in site-
specific drug release, relevant to tumors and diabetes.

In summary, Con A-gated mannose-functionalized MSN
delivery systems were constructed for the controlled release
of drugs. The Con A tetramers specifically bound the
functionalized mannose epitopes through multivalent carbo-
hydrate–protein interactions to encapsulate cargo within the
MSN pores. The long and flexible spacers linked with the
mannose ligands played an important role in adjusting the
local spatial arrangement of the ligands to favor multivalent
protein binding, as did the surface density of the ligands. The
optimized protein-gated delivery systems showed minimal
premature release of cargo. The protein nanogates could be
opened either by decreasing the pH value of the buffer or by
competitive binding of glucose at high concentrations,
releasing the cargo from the MSN pores on demand. These
Con A-gated MSN delivery systems are promising for in vivo
applications of site-specific drug release for the treatment of
tumors and diabetes.
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