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Peptide-mediated core/satellite/shell multifunctional
nanovehicles for precise imaging of cathepsin B
activity and dual-enzyme controlled drug release

Fenfen Zheng, Penghui Zhang, Yu Xi, Kaikai Huang, Qianhao Min and Jun-Jie Zhu

Intracellular imaging of pathologically relevant proteases can provide essential information for the accurate evaluation of

disease stage and progression. However, the risks of degradation by nonspecific enzymes during transportation and poor cellular

uptake limit the use of peptide-based molecular probes (PMPs) for in situ protease imaging. To overcome these obstacles,

a self-protected nanovehicle with a peptide-mediated core/satellite/shell structure was constructed for precise imaging of the

protease cathepsin B (Cat B) in situ and the subsequent Cat B-responsive drug release. The self-protected nanovehicles

demonstrated excellent resistance to nonspecific enzymolysis, thereby keeping the embedded PMPs intact until they reach the

target organelle. Furthermore, the targeting ability of the outer shell facilitated the internalization of nanovehicles into tumor

cells via receptor-guided recognition: the protective shell thereafter degraded in the intracellular microenvironment, and Cat B

activity was dynamically monitored as the core/satellite structure disassembled. Meanwhile, the peptide-mediated satellite/shell

structures served as three-dimensional gatekeepers to lock doxorubicin inside the nanovehicles, and drug release was

spatiotemporally controlled by Cat B activity. This study provides important guiding principles for the rational design of

self-protected nanovehicles for accurate diagnosis and therapy.
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INTRODUCTION

More than 600 proteases are encoded in the human genome, such as
aspartic, cysteine, metallo-, serine and threonine proteases, and they
perform essential functions in a variety of biological processes.1

The abnormal expression of certain proteases is closely related to
numerous human pathologies, including arthritis,2 neurodegenerative
disorders,3 inflammatory processes,4 cardiovascular diseases5 and
cancers.6 Therefore, the development of chemical tools for in situ
imaging of protease activity has gained considerable interest in recent
years. A series of peptide-based molecular probes (PMPs) containing
a signal donor and acceptor pair have been developed,7–10 which
translate enzymatic cleavage into detectable signals and provide
promising noninvasive means to study cellular activities at the
molecular level.
However, once exposed to the physiological environment, PMPs

have poor stability and are easily degraded by nonspecific enzymes.
Undesirable false signals resulting from nonspecific degradation
represent a major limitation for the precise detection of protease
activity. In addition, the lack of targeting ability may lead to poor
cellular uptake, which also impedes imaging of the activity of the target
protease. To overcome these obstacles, there is an urgent need to
develop a nanoprobe that is capable of specifically accumulating in

target cells, translating protease activity into physical signals and
resisting premature degradation during transportation. It remains
a significant challenge to develop structurally stable, selective and
cell-permeable PMPs for assaying the function of a distinct protease
in the complex milieu of the cell. If the resulting PMPs are protected
by a stimulus-responsive shell with targeting ability, nonspecific
cleavage of the peptide substrates by bulk proteases may be avoided,
and cellular uptake would be facilitated by target–receptor interactions
when the probes are applied in cellular or whole-animal imaging
experiments.
In recent years, the stimulus-responsive dissociation strategy has

been widely adopted in the design of nanocarriers for controlled drug
release, shielding drugs during transportation but exposing when they
reach the targeted domain.11–14 These synthetic systems utilize an
assortment of endogenous stimuli (pH,15 ATP,16 enzyme17 or redox
gradients18) or exogenous stimuli (changed temperature,19 magnetic
field,20 ultrasound,21 light22 or electric pulses23) to facilitate targeted
drug delivery in a spatial-, temporal- and dosage-controlled fashion.
Inspired by these studies, we are considering the possibility that this
strategy would be able to protect PMPs from nonspecific degradation
and improve their cell uptake by virtue of receptor-guided recognition.
In addition, protease cleavage is an important step in the release of
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anticancer drugs from the enzymatically responsive nanocarriers, with
the release rate being a function of active enzyme concentration.24

Therefore, the capacity to precisely detect protease activity would aid
in regulating of drug release behavior.
Herein, multifunctional stimulus-responsive nanovehicles were

constructed via peptide-mediated core/satellite/shell assembly for
targeted protease imaging and controlled drug release (Scheme 1).
In this system, gold nanoclusters (GNCs, fluorescence acceptors)
were assembled onto fluorescent, hollow mesoporous silica nanopar-
ticles (FHMSNs, fluorescence donors) through the conjugation
of peptide 1 (Pep1, a substrate of cathepsin B (Cat B)) to form PMPs
(FHMSNs@GNC) with a core/satellite structure. The system can be
specifically disassembled by Cat B, a lysosomal cysteine protease
overexpressed in a wide variety of human cancers.6,25 The GNCs were
shown to quench the fluorescence of FHMSNs by nanometal surface
energy transfer (NSET). Then, hyaluronic acid (HA) molecules were
assembled on the surface via peptide 2 (Pep2), which specifically
binds to HA with a dissociation constant of 10− 7,26 and HA then

served as a shell that protected against nonspecific enzyme cleavage
and an efficient target ligand for recognizing the CD44 and RHAMM
receptors, which are overexpressed on the surface of cancer cells.27,28

The above peptide-mediated core/satellite/shell nanocomplexes can be
utilized as multifunctional nanovehicles for precise and dynamic
imaging of Cat B and of controlled drug release, with the HA shell
providing specific recognition and a protecting shell, the FHMSNs
being drug carriers and signal generators, the GNC complexes being
gatekeepers and signal inhibitors, and Cat B and hyaluronidase
(HAase)29 being dual openers and signal triggers. This self-protected
peptide-based nanovehicle offers new avenues for the development of
theranostic nanomedicine systems that could used for diagnosis,
for therapy and for monitoring the delivery of drug molecules.

MATERIALS AND METHODS

Materials
All chemicals are listed in Supplementary Information and were used as received.
All aqueous solutions were prepared using ultrapure water from a Milli-Q system
(Millipore, USA). The peptides were purchased from GL Biochem Ltd. (Shanghai,

Scheme 1 Schematic illustration of the self-protected nanovehicles for in situ imaging of Cat B and dual-enzyme controlled drug release. (a) The preparation
of the self-protected nanovehicles. (b) The disassembly of the self-nanovehicles based on enzyme cascade reactions with HAase and Cat B as triggers.
(c) Targeted delivery, controlled release and intracellular imaging: (i) specific uptake via receptor-mediated endocytosis; (ii) accumulation in endosomes;
(iii) endosomal escape and intracellular Cat B imaging; (iv) dual-enzyme triggered Dox release. Cat B, cathepsin B; HAase, hyaluronidase.
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China). The peptide sequences for preparing nanovehicles were as follows:

P1: CRRGGKKGGKKRK (Pra); P2: CRRDDGAHWQFNALTVR.

Preparation of self-protected nanovehicles for Cat B detection
First, 200 μl FHMSNs-Pep1 (5 mg ml− 1) was mixed with 200 μl
GNCs (5 mg ml− 1) and shaken for 6 h at 37 °C at a speed of 200 r.p.m. to

form FHMSNs@GNC. The nanoparticles were centrifuged and washed

thoroughly with PBS (10 mM, pH 7.4) to remove unreacted GNCs. The

fluorescence spectrum of the supernatant at 560 nm was measured to calculate

the loading amounts of GNCs on the FHMSNs-Pep1. The obtained results

showed that the loading amount of GCs was 314 μg mg− 1. Then, 200 μl Pep2
was added to the FHMSNs@GNC solution, and the solution was incubated for

6 h at 37 °C at a speed of 200 r.p.m. to form FHMSNs@GNC-Pep2. Finally, HA

was added, and the mixture was gently stirred for 1 h to form

FHMSNs@GNC@HA. The resulting nanoparticles were centrifuged and washed

thoroughly with PBS (10 mM, pH 7.4) to remove unreacted HA. The loading

efficiency of HA on the FHMSNs@GNC was quantified using the published

hexadecyltrimethylammonium bromide turbidimetric method.28 The concen-

trations of protease enzyme Cat B in solution were detected by monitoring

the fluorescence increase due to the cleavage of the Pep1 substrate

by FHMSNs@GNC (unprotected nanovehicles) or FHMSNs@GNC@HA

(self-protected nanovehicles).

Cat B detection in vitro
Briefly, 100 μl of the self-protected nanovehicles or unprotected nanovehicles

(10 mg ml− 1) was incubated with 1) a nonspecific enzyme mixture (a mixture

of trypsin (2 μg ml− 1), chymotrypsin (2 μg ml− 1) and MMP-2 (2 μg ml− 1))

for 1 h at 37 °C; 2) CB (8 U ml− 1) for 1 h at 37 °C; 3) HAase (0.5 mg ml− 1) for

2 h at 37 °C; 4) HAase (0.5 mg ml− 1) for 2 h at 37 °C and then Cat B

(8 U ml− 1) for another 1 h at 37 °C; 5) HAase (0.5 mg ml− 1) for 2 h at 37 °C

and then different concentrations of Cat B for another 1 h at 37 °C.

The fluorescence was detected at the excitation wavelength of 488 nm using

a fluorescence spectrophotometer.

Intracellular Cat B imaging and dual-enzyme controlled drug
release
In the logarithmic growth phase, the cells were incubated with different
nanovehicles in cultured medium for different times. The amounts of the
nanovehicles internalized into the cells were evaluated by confocal laser
scanning microscopy (CLSM) and flow cytometry. For the detection of
intracellular Cat B, the cells were treated with the nanovehicles for 6 h and
then washed with PBS and cultured with fresh medium. The fluorescence
signals were recorded by flow cytometry or CLSM. In the controlled drug
release experiment triggered by intracellular HAase and Cat B, the cells were
treated with the nanovehicles for different durations and monitored by CLSM.
Cell viability was measured by an MTT assay.

RESULTS AND DISCUSSION

Fabrication and characterization of self-protected nanovehicles
The FHMSNs were synthesized by doping fluorescein isothiocyanate
into the HMSNs according to the reported protocol with some
modifications.30 The obtained FHMSNs had a uniform size of
80 nm with a 20-nm-thick shell and displayed strong fluorescence,
remarkable photostability and good biocompatibility, thus facilitating
the in situ detection of Cat B and the tracking of intracellular drug
delivery (Supplementary Figures S1a,b and S2). A specific surface area
of 291.428 m2 g− 1 and an average mesopore diameter of 3 nm for the
as-synthesized FHMSNs were observed by Brunauer–Emmett–Teller
(BET) analysis and Barret–Joyner–Halenda (BJH) analysis, respectively
(Supplementary Figure S3). Small-angle X-ray diffraction analysis
showed that the FHMSNs possessed well-ordered porous structures
with wormlike arrangements (Supplementary Figure S4). These
FHMSNs were then functionalized with 3-azidopropyltrimetho-
xysilane (FHMSNs-N3) and tethered with propargyl-modified
peptide 1 (Pep1) via copper (I)-catalyzed azide-alkyne cycloaddition
to form FHMSNs-Pep1. The successful surface functionalization
(FHMSNs-Pep1) was confirmed by Fourier transform infrared (FTIR)
spectroscopy (Supplementary Figures S5 and S6). Doxorubicin (Dox)
was selected as a model cargo, which was loaded into the pores of the

Figure 1 (a) TEM images of dSiO2@FMSNs (i), FHMSNs (ii), and FHMSNs-N3 (iii) (The scale bar is 100 nm), HRTEM images of FHMSNs@GNC@HA
(iv) (The scale bar is 20 nm, the inset is a locally magnified version of figure d, and the scale bar is 2 nm). (b) Fluorescence emission spectra of (i) FHMSNs-
Pep1, (ii) GNCs and (iii) FHMSNs@GNC. (c) The variations in zeta potential values and hydrodynamic size distributions during the assembly of the
nanovehicles (1: FHMSNs, 2: FHMSNs-Pep1, 3: FHMSNs@GNC, 4: FHMSNs@GNC-Pep2, 5: FHMSNs@GNC@HA). (d) The fluorescent spectra of the
nanovehicles with different HA densities treated with a nonspecific enzyme mixture. FHMSNs, fluorescent, hollow mesoporous silica nanoparticles; GNCs,
gold nanoclusters; HA, hyaluronic acid; HRTEM, high-resolution transmission electron microscopy; Pep1, peptide 1.
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FHMSNs by mixing FHMSNs-Pep1 and Dox overnight
(Dox-FHMSNs-Pep1). The amount of Dox loaded into the FHMSNs
was determined to be 282 mg g− 1 (Supplementary Figure S7). Then,
the smart FHMSNs@GNC@HA nanovehicles were prepared by
capping the pores with multifunctional gatekeepers consisting
of orange-emitting GCNs31 as a fluorescence quencher and HA as
a protective shell via layer-by-layer assembly with two specific
peptides: Pep1 for Cat B and Pep2 for HA. High-resolution
transmission electron microscopy images provided direct evidence of
the formation of the nanovehicles. Figure 1a, iv shows dark spots
on the outside edges of the mesopores, representing the conjugation
of the GNCs on the exterior surface of the FHMSNs. In addition,
rough surfaces were present due to the different electron penetrability
of the FHMSN cores and polymer (HA) shells, demonstrating
the successful conjugation of HA.32 The average diameter of the
GNCs was 3.3 nm, which was optimal for capping the 3-nm-wide
pores and preventing leakage of the entrapped Dox. The loading
amount of the GNCs on the FHMSNs-P1 was optimized to
314 μg mg− 1 by monitoring the fluorescence spectra of the GNCs in
the supernatant and in the stock solutions. The HA content coated
onto the surface of the nanoparticles was increased from 33 to
155 mg g− 1 with the Pep2 conjugation, suggesting the successful
assembly of Pep2 and its importance for the HA coating
(Supplementary Figure S8). In addition, the gradual increase in the
hydrodynamic diameter observed by dynamic light scattering and the
reversed zeta potential further confirmed the successful assembly of
the nanovehicles (Figure 1c).

In the core/satellite PMPs (FHMSNs@GNC), the fluorescence of
the FHMSNs-Pep1 could be quenched by GNCs with a quenching
efficiency of 92% (Figure 1b), suggesting an efficient energy
transfer from the FHMSNs to the GNCs. Theoretical and experimental
studies have shown that the distance-dependent quenching of gold
nanoparticles with diameters of 1–20 nm follow a 1/r4 relationship,
and this is termed NSET.33 Unlike the Förster resonance energy
transfer, whose efficiency is markedly dependent upon the spectral
overlap level and separation distance (o10 nm) between the donor
fluorophore and the acceptor fluorophore, NSET maintains the
quenching character even with a separation distance of 22 nm,
ensuring that the majority of the dye doped in the mesoporous silica
hollow shell (thickness ~ 20 nm) can be quenched. Thus, the hollow
structure of the FHMSNs and the high sensitivity of NSET determines
the high quenching efficiency,34 creating a sensitive signal for probing
proteases in living systems. By monitoring the variations in the
fluorescence spectra of the nanovehicles with different HA densities
treated with the nonspecific enzyme mixture (a mixture of trypsin
(2 μg ml− 1), chymotrypsin (2 μg ml− 1) and MMP-2 (2 μg ml− 1)), the
amount of HA linked to the nanovehicles was optimized to be
0.08 mg mg− 1 (Figure 1d), at which point the HA shell was thick
enough to prevent the nonspecific enzymes from cleaving the substrate
peptide and recovering the fluorescence.

Detection of Cat B and dual-enzyme controlled drug release in vitro
To test the self-protection function of the nanovehicles, the fluorescent
properties of the nanovehicles were investigated under different
conditions. As shown in Figure 2a, the unprotected core/satellite

Figure 2 (a) Fluorescence emission spectra of unprotected nanovehicles ((i) FHMSNs@GNC) and self-protected nanovehicles ((ii) FHMSNs@GNC@HA)
treated with different enzymatic species (Cat B (CB), a NSEM or HAase). (b) Fluorescence emission spectra of 0.1 mg ml−1 FHMSNs@GNC@HA upon
addition of Cat B at increasing concentrations (0, 1.6, 3.2, 4.8, 6.4, 8 U ml−1, respectively) after incubation with HAase. (c) Changes in the fluorescence
spectra of the nanovehicles upon treatment with 5 U ml−1 of Cat B, Cat L, and Cat S, respectively; (d) The controlled drug release profiles of the
nanovehicles with the addition of different enzymatic species in PBS (10 mM, pH=5.0). Cat B, cathepsin B; Cat L, cathepsin L; Cat S, cathepsin S;
FHMSNs, fluorescent, hollow mesoporous silica nanoparticles; GNCs, gold nanoclusters; HA, hyaluronic acid; HAase, hyaluronidase; NSEM, nonspecific
enzymatic mixture; PBS, phosphate-buffered saline.
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nanovehicles yielded high signals in the presence of the nonspecific
enzymatic mixture (a mixture of trypsin (2 μg ml− 1), chymotrypsin
(2 μg ml− 1) and MMP-2 (2 μg ml− 1)), which is comparable to
the signal intensity triggered by Cat B. For the self-protected
core/satellite/shell nanovehicles, the addition of the enzymatic mixture
left the fluorescent signal almost unaffected. Only when the HAase and
Cat B existed simultaneously was the fluorescence of the nanovehicles
recovered. Insight into the mechanism of protection from enzymolysis
is provided by measurements in the presence or absence of HAase.
The protective shell (HA shell) may impede access of the enzyme
molecule to the core/satellite system. Once the protective shell was
digested by HAase, the enzyme molecule was able to access Pep1 and
the fluorescence recovery was triggered by the cleavage of the peptide.
Then, Cat B was detected by the nanovehicles in the presence of

HAase. Figure 2b demonstrats that the fluorescence of the nanove-
hicles gradually recovered with the increase in Cat B concentrations.
The inset in Figure 2b depicts the fluorescent signal as a function of
Cat B concentration. Notably, the plot of the fluorescent signal against
the concentrations of Cat B ranging from 0 to 8 Uml− 1 displays a
good linear relationship. This indicates that Cat B could specifically
hydrolyze Pep1, thus dissociating GNCs from the surface of FHMSNs
and invalidating the NSET process.

In addition, the selectivity of the nanovehicles for Cat B was
investigated by detecting interference by other enzymes in the
endosome. The changes in the fluorescence spectra of the nanovehicles
originating from the FHMSNs treated with Cat B, cathepsin L (Cat L)
and cathepsin S (Cat S) are described in Figure 2c. Compared to the
analogues, only Cat B stimulated the effective fluorescence recovery of
the nanovehicles, exhibiting high selectivity for Cat B among members
of the cathepsin family, which could be attributable to the specific
recognition and hydrolysis of Pep1.35

Furthermore, to investigate the dual-enzyme controlled drug release
efficiency of the nanovehicles, drug release experiments were carried
out in the presence and absence of HAase and Cat B, respectively.
Real-time drug release profiles were recorded (Figure 2d). Only
a negligible release of Dox was observed over a period of 48 h with
the addition of HAase, indicating that the embedded core/satellite
PMP remained intact. On the other hand, separate treatment with
a high concentration of Cat B also revealed no significant release of
Dox from the nanovehicles, which implied that the HA shell held the
inner PMP via the specific interaction with Pep 2 and hindered
enzymatic digestion. While in the presence of both HAase and Cat B,
burst and continuous Dox release was observed as time progressed.
In addition, the dosage of the released Dox was dependent on Cat B

Figure 3 (a) CLSM images of HeLa cells incubated with the nanovehicles for 2 and 4 h. The green fluorescence from the FHMSNs shows the location of the
nanovehicles. The red fluorescence from LysoTracker shows the location of acidic organelles such as lysosomes and endosomes, and the blue color shows
cell nuclei stained with DAPI (The scale bar is 50 μm). (b) Cat B imaging in HeLa cells treated with HAase inhibitor (HAase inh) or Cat B inhibitor (CB inh)
by the self-protected nanovehicles (i) and unprotected nanovehicles (ii) obtained using CLSM (The scale bar is 50 μm). (c) Fluorescence recovery of FHMSNs
obtained by flow cytometry (Lines from left to right: control; incubation with HAase inhibitor; incubation with Cat B inhibitor; incubation without inhibitor).
CLSM, confocal laser scanning microscopy; DAPI, 4,6-diamidino-2-phenylindole; FHMSNs, fluorescent, hollow mesoporous silica nanoparticles;
HAase, hyaluronidase.
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concentrations, wherein a concentration of 8 U ml− 1 lead to fast and
efficient release (Supplementary Figure S9). This suggested that the
disassembly of the nanovehicles accompanied by the efficient release of
Dox was synergistically triggered by a combination of HAase and Cat
B inside the cells.

Specific targeting uptake and subcellular distribution
Targeted delivery to cancer cells is necessary for accurate intracellular
imaging of proteases. Herein, HA, which specifically recognizes
CD44 and RHAMM receptors overexpressed on the surface of
some cancer cells,27,28 was tethered to the nanovehicles, acting
not only as a protecting shell but also as a target ligand. To verify
the HA-mediated active targeting of the nanovehicles, HeLa cells
(positive control) and NIH-3T3 cells (negative control) were
incubated with different formulations containing Dox. The target
efficiency and specificity of the nanovehicles were assessed by CLSM
and flow cytometry analysis by determining the fluorescence of the
recovered FHMSNs and the loaded Dox (Supplementary Figure S10).
Both the emitted fluorescence of the recovered FHMSNs and the
loaded Dox from HeLa cells were higher than those from NIH-3T3
cells, which reflected enhanced uptake due to the specific interaction
between HA and the receptors. Compared with Dox-FHMSNs-Pep1
without the HA shell, the flow cytometric results shown in Supple-
mentary Figure S10 further confirmed that Dox-FHMSNs@GNC@HA
showed significantly enhanced uptake in HeLa cells but decreased
uptake in NIH-3T3 cells, indicating that receptor-mediated
endocytosis plays an important role in facilitating the intracellular
accumulation of the nanovehicles.

Furthermore, CLSM was used to investigate the traceability of the
nanovehicles during intracellular delivery. HeLa cells were incubated
in cultured medium containing 20 μg ml− 1 of the nanovehicles at
37 °C for a period of time. The intracellular trafficking of the
nanovehicles was investigated by monitoring the recovered fluores-
cence of FHMSNs. After 2 h of incubation, the signal of the
nanovehicles (green) was mainly colocalized with the signal of
LysoTracker (red), a late endosome and lysosome marker, indicating
that the nanovehicles were effectively taken up by the cells and
entrapped into the endosomes (Figure 3a). After an additional 2 h of
incubation, a large dissociation in the signals between nanovehicles
and LysoTracker was observed, confirming the efficient endosomal
escape of the nanovehicles. By co-staining with DAPI molecules, it was
found that the nanovehicles were mostly distributed in the cytoplasm.
It is worth noting that the fluorescence signal of FHMSNs was
enhanced when the incubation time was extended, which could be due
to the progress of the disassembly of the nanovehicles in response to
intracellular Cat B, indicating that the nanovehicles have the potential
for use in intracellular imaging of Cat B.

Intracellular imaging of Cat B
We further investigated whether the nanovehicles could be used for
intracellular imaging of Cat B by detecting the fluorescence recovery of
FHMSNs. First, the validity of the self-protection of nanovehicles was
verified by estimating the role of HAase and Cat B in the disassembly
of nanovehicles in cells by monitoring the fluorescence recovery via
CLSM and flow cytometry. After incubation with the self-protected
nanovehicles at 37 °C for 6 h, significant fluorescence recovery was
observed, which suggested the disassembly of the nanovehicles inside

Figure 4 (a) Cat B activity in HeLa cells after different treatments detected using a Cat B activity assay kit (1: control, 2: cell lysate, 3: cell lysate+100 μmol
Cat B inhibitor, 4: cell lysate+200 μmol Cat B inhibitor, 5: cell lysate+400 μmol Cat B inhibitor). (b) Cat B imaging of HeLa cells by the nanovehicles
obtained using CLSM (The scale bar is 25 μm). The cells treated with different concentrations of Cat B inhibitor ((i) no inhibitor, (ii) 1 μmol, (iii) 2 μmol,
(iv) 4 μmol) were incubated with the nanovehicles at 37 °C for 4 h. (c) Fluorescence recovery of FHMSNs obtained by flow cytometry ((i) no inhibitor,
(ii) 10 μmol, (iii) 20 μmol, (iv) 40 μmol). Cat B, cathepsin B; CLSM, confocal laser scanning microscopy; FHMSNs, fluorescent, hollow mesoporous silica
nanoparticles.
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the cells (Figure 3b). In sharp contrast, HeLa cells pretreated with
HAase inhibitor (TG, 4 μM) exhibited much a dimmer fluorescence
than did the untreated cells, which indicated that the nanovehicles
maintained structural integrity inside the cells because of the blocking
of HAase-mediated HA degradation. As expected, the Cat B inhibitor
(antipain hydrochloride, 4 μM)-treated cells presented no remarkable
recovery in fluorescence, suggesting that the inner PMPs remained
intact even though the HA shell had been degraded by HAase, owing
to the failure of the Cat B-mediated Pep1 degradation. While
incubated with the unprotected nanovehicles, the Cat B-inhibited

cells still showed bright fluorescence, indicating that the unprotected
PMPs were unstable and easily generated a false signal. Furthermore,
the flow cytometry experiments also revealed that the recovered
fluorescence intensity was significantly reduced in the presence of
either the HAase inhibitor or the Cat B inhibitor (Figure 3c). These
experiments clearly suggest that the dissociation of the nanovehicles
was specifically induced by the two enzymes HAase and Cat B in
a synergistic manner.
Next, the expression levels of Cat B were evaluated with the

nanovehicles by using CLSM and flow cytometry. Intracellular Cat B
content was regulated by treating cells with different concentrations of
Cat B inhibitor prior to incubation with the nanovehicles at 37 °C for
6 h. The downregulation of Cat B content resulting from Cat B
inhibitor-induced cells was verified using a commercial Cat B activity
assay kit (Figure 4a). With the downregulation of intracellular Cat B
content, the fluorescence intensity was observed to decrease in both
the CLSM (Figure 4b) and flow cytometric (Figure 4c) results, which
was in agreement with the results obtained from the Cat B activity
assay kit. These results suggested that the nanovehicles can be
specifically activated in Cat B-expressing cells, thereby providing
a nanosensor for the in situ visualization and evaluation of endogenous
Cat B activity in living cells.

Controlled drug release within the cells and selective toxicity
To demonstrate the intracellular dual-enzyme controlled Dox release
from the nanovehicles, we inhibited HAase or Cat B production in the
cells by adding inhibitors prior to the addition of the nanovehicles.
The fluctuation in intracellular HAase or Cat B concentration can
result in a change in the extent of GNCs dissociated from the
nanovehicles, which was consistent with the amount of released Dox.
As shown in Figure 5, treatment with either the HAase inhibitor or the
Cat B inhibitor had a remarkable impact on the release of Dox.
Clearly, the nanovehicles impeded drug leakage under circumstances
of inadequate HAase or Cat B but collapsed to efficiently release the
encapsulated drug in response to combined HAase and Cat B stimuli,
both of which were highly expressed inside the tumor cells. To further
evaluate the intracellular dual-enzyme controlled release of the drugs

Figure 5 CLSM images of HeLa cells treated with HAase inhibitor (HAase inh)
or Cat B inhibitor (CB inh) after incubation with the nanovehicles for 24 h
(The scale bar is 50 μm). Cat B, cathepsin B; CLSM, confocal laser scanning
microscopy; HAase, hyaluronidase.

Figure 6 (a) CLSM images of HeLa cells incubated with Dox-FHMSNs@GNC@HA for different times (The scale bar is 75 μm). Cell viability of HeLa cells
(b: 24 h, c: 48 h) and NIH-3T3 cells (d: 24 h, e: 48 h) incubated with different concentrations of FHMSNs@GNC@HA (i), Dox-FHMSNs-Pep1
(ii) Dox-FHMSNs@GNC (iii) and Dox-FHMSNs@GNC@HA (iv) for 24 and 48 h, respectively. CLSM, confocal laser scanning microscopy; FHMSNs,
fluorescent, hollow mesoporous silica nanoparticles; GNCs, gold nanoclusters; HA, hyaluronic acid; Pep1, peptide 1.
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accompanied by the disassembly of Dox-containing nanovehicles, the
fluorescence change was monitored using CLSM after the cells had
been incubated with the nanovehicles containing Dox over time
(Figure 6a). After 6 h of incubation, the signal of recovered FHMSNs
(green) that was used to label the nanovehicles was mostly overlaid
with the signal of Dox (red), implying that Dox was embedded in the
nanovehicles. Note that the increased FHMSNs and Dox signals
showed obvious separation after incubation for an additional 6 h,
suggesting efficient intracellular release and cytoplasmic distribution of
Dox due to the detachment of HA and GNCs in response to
intracellular HAase and Cat B. After additional 12 h, most of the cells
had undergone apoptosis, along with the appearance of massive
apoptotic bodies, suggesting a high therapeutic efficacy of the
nanovehicles. The decreased fluorescence intensity of FMSNs after
24 h incubation may be due to the apoptosis-induced increase in cell
membrane permeability and the accelerated nanoparticle diffusion.36

Furthermore, MTT tests were conducted to elucidate the therapeu-
tic potential of the nanovehicles. A cancer cell growth inhibitor effect
was observed in HeLa cells and NIH-3T3 cells after treatment with
FHMSNs@GNC@HA, Dox-FHMSNs-Pep1, Dox-FHMSNs@GNC
or Dox-FHMSNs@GNC@HA. As shown in Figures 6b–e, blank
nanovehicles without Dox did not show cytotoxicity within the
tested concentration range. The toxicity of Dox-FHMSNs-Pep1 was
approximately equal for NIH-3T3 cells and HeLa cells. After capping
by GNCs, the nanovehicles exhibited much higher toxicity to
HeLa cells than to NIH-3T3 cells due to the overexpression of
Cat B within HeLa cells. Moreover, the nanovehicles exhibited
much higher toxicity after further encapsulation by HA owing to
the specific recognition of HA. Then, HeLa cells were incubated with
different concentrations of Dox in different formulations at 37 °C for
24 or 48 h. As shown in Supplementary Figure S11, the lethality of
free Dox at the microgram level was very small due to the effect of
ATP-binding cassette transporters acting as drug efflux pumps
from the cytoplasm.37 On the other hand, given the specific targeting
by HA and the dual-enzyme controlled drug release, the
cellular uptake of Dox-FHMSNs@GNC@HA was higher than that of
Dox-FHMSNs@GNC, which led to better anticancer activity.

CONCLUSIONS

In conclusion, we fabricated self-protected nanovehicles for the precise
imaging of intracellular Cat B and dual enzyme-controlled drug release
based on a peptide-mediated core/satellite/shell assembly. Using this
core/satellite PMP system, Cat B activity was detected with high
sensitivity from the FHMSN fluorescence recovery caused by the
specific cleavage of the bridge peptide between the signal donor and
acceptor. The HA shell was the protective layer and target ligand and
guaranteed that the internal PMP structure had not been degraded and
that the probe was efficiently taken up, leading to higher sensitivity
and selectivity for protease detection than with conventional unpro-
tected nanoprobes. Making use of Cat B-induced detachment of
GNCs, a gated drug release system in response to the Cat B activity
was constructed, which exhibited high efficacy for tumor cell inhibi-
tion and good applicability for drug release monitoring. Integrating
the functions of in situ probing of intracellular proteases, targeted drug
delivery and pinpoint release, and real-time evaluation of drug release
processes into one entity, this nanovehicle provides a promising
platform for the exploration of precise cancer diagnostic and
therapeutic strategies.
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