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A core–shell nanoparticle–peptide@metal–organic
framework as pH and enzyme dual-recognition
switch for stepwise-responsive imaging in living
cells†

Hong Shen, Jintong Liu, Jianping Lei * and Huangxian Ju

A core–shell nanostructure is fabricated with a pH-sensitive metal–

organic framework shell and a peptide functionalized gold nano-

particle core via a mild synthetic route. The nanostructure can be

applied as a dual-recognition switch in response to an acidic environ-

ment and enzyme activity, sequentially, leading to a stepwise-responsive

strategy for imaging lysosomal cathepsin B.

Metal–organic frameworks (MOFs), a new class of crystalline
molecular materials, are constructed by linking metal ions or
clusters with organic bridging ligands in a well-defined coordi-
nation geometry.1 In particular, nanoparticle functionalized
MOF (NP@MOF) composites have attracted increasing attention
due to their flexible properties and versatile functionalities.2

Combining the benefits of both the nanoparticles and MOFs
effectively, NP@MOFs have exhibited various application poten-
tials in catalysis,3 sensing,4 drug delivery,5 and biomedical
applications.6 For example, an electrochemical sensor based
on electrocatalysis was constructed by one-pot encapsulation of
platinum nanoparticles into a prototypal MOF for the detection
of telomerase activity.7 However, to date, little has been reported
on developing a NP@MOF nanostructure as a recognition switch
for biosensing and intracellular imaging. In this work, by taking
advantages of NPs as a template and a recognition element, a
core–shell NP@MOF system is designed as a dual-recognition
switch for pH and enzymes via a stepwise-responsive strategy to
monitor intracellular enzyme activity.

Cathepsin B (CaB) is one of the cysteine endopeptidases and
is abundantly found in the lysosome, which plays key roles in
the regulation of cellular metabolism.8 The detection of enzyme
activity and in situ imaging have made tremendous progresses
using enzyme-responsive probes.9 For example, a CaB-sensitive
nanoprobe was developed by conjugating a self-quenched
fluorogenic peptide onto the surface of tumor-targeting glycol

chitosan nanoparticles for non-invasive optical imaging.10

Furthermore, a lysosome-targeting fluorogenic small molecule
probe was reported by incorporating morpholine into an
aminoluciferin scaffold for fluorescence imaging of lysosomal
CaB in living cells.11 To further improve the probe’s perfor-
mance, it is necessary to deliver the recognition element to the
specific site without exposure on the way. Considering the low
pH conditions of CaB in the lysosome, it is beneficial to seek a
facile and dual-triggered nanoplatform with acidic response for
localized imaging of lysosomal CaB.

Zeolitic imidazolate framework-8 (ZIF-8) is becoming a promis-
ing delivery platform in biomedical application for its pH-sensitive
and biocompatible properties.12 By taking advantages of nano-
particles and MOFs, a core–shell NP@MOF nanoprobe named
Au-Cy3P@ZIF-8 was fabricated by using pH-sensitive ZIF-8 as a shell
and a cyanine 3 (Cy3)-labelled substrate peptide (Cy3-GRRGKC)
(Fig. S1, ESI†) functionalized gold nanoparticle (Au-Cy3P) as a
core in response to the acidic microenvironment and CaB activity,
respectively (Scheme 1). The ZIF-8 shell of the nanoprobes could
be disassembled under the acidic environment, and then the
exposed substrate peptide with a cleavage site between arginine
and glycine was recognized by CaB.10 The fluorescence of the Cy3-
labeled peptides on the gold nanoparticle (AuNP) core was turned
on via the cleavage of CaB due to the departure of a Cy3-labeled
fragment from the AuNP surface. Thus, a ‘‘signal on’’ strategy was
established for CaB detection with high specificity and sensitivity.
Upon cellular internalization, the imaging strategy could speci-
fically distinguish lysosomal CaB, since the lysosome micro-
environment (pH 4.5–6.0) is more acidic than the cytoplasm,
resulting in a precisely localized imaging strategy for enzyme
activity in living cells.

Au-Cy3P was synthesized by conjugating a Cy3-labeled peptide
on the surface of the AuNPs via covalent binding of the Au–S bond.
Then Au-Cy3P@ZIF-8 was prepared by encapsulating the Au-Cy3P
core into ZIF-8 shells through a mild synthetic route, which could
retain the biological activity of the substrate peptide for subsequent
recognition toward CaB. From the scanning electron microscopy
(SEM) images of the Au-Cy3P@ZIF-8 nanostructure (Fig. 1A)
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and pure ZIF-8 (Fig. S2, ESI†), monodispersed particles were
observed in the form of spherical-like and faceted particles,
indicating the initial stages of ZIF-8 crystallization.13 The
obtained Au-Cy3P had a uniform size of B13 nm observed
from the transmission electron microscopy (TEM) image (Fig.
S3, ESI†), while Au-Cy3P@ZIF-8 displayed an average diameter
of B85 nm with a typical core–shell nanostructure from the
TEM image (inset in Fig. 1A and Fig. S4, ESI†), demonstrating
that the nanostructure was assembled by the encapsulation of
an Au-Cy3P core into a ZIF-8 shell. The powder X-ray diffraction
pattern (PXRD) of Au-Cy3P@ZIF-8 was similar to the peaks
assigned to the pure ZIF-8 crystal structure (Fig. 1B), which
validated the structure of ZIF-8 as shells and the maintenance
of its intrinsic crystalline structure of ZIF-8.

Furthermore, as shown in Fig. S5, ESI,† the mean hydro-
dynamic diameters of AuNPs, Au-Cy3P and Au-Cy3P@ZIF-8
were 14, 17 and 87 nm, respectively. The final diameter endowed
Au-Cy3P@ZIF-8 with its potential use in cellular uptake by mam-
malian cells. In UV-vis spectra (Fig. 1C), Au-Cy3P showed a slight
red-shift of the maximum peak from 521 nm to 527 nm, which
manifested the successful loading of the Cy3-peptide on the AuNP
surface. After the encapsulation into the ZIF-8 shells, the char-
acteristic absorption of AuNPs became low since the scattering
effect of the ZIF-8 shell weakened the intensity of the plasmon
band,14 suggesting the generation of the ZIF-8 shell. As shown in
Fig. S6 (ESI†), the zeta potential of the as-prepared Au-Cy3P@ZIF-8
was +18.4 mV, in contrast to the negative state on the pure AuNPs
(�11.8 mV) and Au-Cy3P (�2.9 mV), implying the layer-by-layer
assembly. Moreover, Au-Cy3P@ZIF-8 displayed the characteristic
bands of 2-MIm, such as the C–H stretching vibrational modes of
the imidazole ring (3126 cm�1), methyl group (2925 cm�1), CQN
stretching modes (1569 cm�1), and the entire ring stretching
(1326–1540 cm�1) in the IR spectra (Fig. 1D). These analyses
indicated the formation of core–shell nanostructures, which was
consistent with the anticipated design.

In order to investigate the feasibility of the Au-Cy3P@ZIF-8
nanoprobe in response to intracellular lysosomal CaB, enzymatic
assays in vitro were performed via contrastive experiments. To
simulate the different pH environments of the lysosome and
cytoplasm, pH 4.5 and pH 7.4 PBS buffers were chosen as the
assay solutions. Fig. 2A illustrates the change of fluorescence
intensity in response to CaB under different pH conditions. In the
absence of CaB, no obvious fluorescence increase was observed
although the nanoprobe was incubated in pH 4.5 buffer, revealing
that the dissociation of the acid-sensitive shell alone could not
bring about fluorescence recovery. In the presence of CaB, the
fluorescence intensity of the nanoprobe in pH 4.5 buffer remark-
ably increased compared to that in pH 7.4 buffer, indicating that
the CaB-responsive core was activated once the ZIF-8 shell was
dissociated under the acidic environment. The increased fluores-
cence intensity could be attributed to the fluorescence recovery of
the released Cy3 via CaB cleavage of the substrate peptide. In
addition, the PXRD patterns (Fig. S7, ESI†) and the SEM images
(Fig. S8, ESI†) of Au-Cy3P@ZIF-8 revealed the degradation of the
ZIF-8 shell along with the incubation time in pH 4.5 buffer.

To further verify that the pH-sensitive properties were
attributed to the ZIF-8 shell rather than the dye of Cy3, the
fluorescence change was investigated in a series of different
pH solutions. As shown in Fig. 2B, the fluorescence intensity of
the Au-Cy3P@ZIF-8 nanoprobe increased gradually with the
reduction of pH value and an obvious enhancement of fluores-
cence intensity was observed between pH 3.5 and 5.5, indicating
the acidic-sensitive properties of the ZIF-8 shells. As a typical
zeolitic imidazolate framework, ZIF-8 is coordinated by zinc and
imidazolate ions, and its coordination bonds are hydrolyzed at
pH 5.0–6.0.15 Depending on the pH, the decomposition of ZIF-8
increased intensively with the enhancement of the environmental
acidity. When the pH value was lower than 4.5, the fluorescence
intensity of the nanoprobe no longer enhanced significantly.
Therefore we chose 4.5 as the optimal pH, which was close to

Scheme 1 Schematic illustration of the synthesis of a core–shell
Au-Cy3P@ZIF-8 nanostructure and its application in a stepwise-responsive
imaging strategy.

Fig. 1 (A) SEM image of Au-Cy3P@ZIF-8. Inset: TEM image of Au-Cy3P@ZIF-8.
(B) PXRD patterns of pure ZIF-8 and Au-Cy3P@ZIF-8. (C) UV-vis absorption
spectra of AuNPs, Au-Cy3P and Au-Cy3P@ZIF-8 in aqueous solution.
(D) IR spectra of Au-Cy3P and Au-Cy3P@ZIF-8.
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the pH value in lysosomes and available for intracellular experi-
ments considering the lysosomal microenvironment. In addition,
the fluorescence intensity of Cy3-labeled peptides remained
unchanged in the pH range of 3.5–7.5, indicating that the dye
of Cy3 had negligible dependency on the pH, which eliminated
the interference of the fluorescence intensity change caused by
the pH-dependent properties of the dye.

At the optimal pH of 4.5, the Au-Cy3P@ZIF-8 nanoprobe was
incubated for different times. The fluorescence intensity of
the probe increased gradually with time, indicating the time-
dependent dissociation of ZIF-8 shells. After 6 h, the fluorescence
intensity of the nanoprobe reached a plateau, demonstrating that
the optimized incubation time is 6 h (Fig. 2C). Under the optimum
conditions, fluorescence intensities of the nanoprobe (50 mg mL�1)
were measured at 514 nm in CaB solution with varying con-
centrations (Fig. 2D). It was clear to see that the increase of CaB
concentration led to enhancements in fluorescence intensity,
indicating a CaB concentration-dependent cleavage of the
nanoprobe. The fluorescence intensity at 514 nm was linearly
proportional to the logarithm value of concentration of CaB
from 2.5 to 25 U mL�1 (Fig. 2E), which is feasible to monitor the
CaB activity in the lysosome of cancer cells.16

Next, the specificity for CaB was investigated upon incubation
with CaB and its relative cathepsins by comparing the change in
fluorescence intensity. As shown in Fig. 2F, the difference in
fluorescence intensity for the nanoprobe treated with CaB was
approximately 9.4- and 12.9-fold higher than those treated with
CaL and CaD, respectively. Furthermore, the noticeable enhance-
ment in fluorescence intensity at 514 nm was entirely restrained
by the CaB inhibitor. These results suggested a good selectivity of
the nanoprobe towards CaB by eliminating the interference from
cross-reactivity of other cathepsins.

To confirm the possibility of the Au-Cy3P@ZIF-8 nanoprobe
for imaging of intracellular CaB activities, we first evaluated its
cytotoxicity against HeLa cancer cells using the CCK-8 assay.
Upon incubation with a fixed concentration of the nanoprobe
(50 mg mL�1) for different times and with varying concentrations
of the nanoprobe for 8 h (Fig. S9, ESI†), no adverse effect on cell
viability was observed, demonstrating a high biocompatibility of
the Au-Cy3P@ZIF-8 nanoprobes to living cells.

To further certify the location of CaB activity in the lyso-
some, colocalization experiments were performed with the
lysosomal tracker Green DND-26 which could specifically mark
the lysosomes of the cells. As shown in Fig. 3, HeLa cells
incubated with the Au-Cy3P@ZIF-8 nanoprobe showed bright
red fluorescence spots, which overlapped very well with the
green fluorescence emitted from the intracellular lysosomal
tracker. This phenomenon could be explained by the fact that
the nanoprobes were effectively taken up by the HeLa cells and
entrapped into the lysosome where the CaB-responsive cores
were unlocked from the ZIF-8 shell and the fluorescence of Cy3
was turned on by the lysosomal CaB. These results indicated
that the Au-Cy3P@ZIF-8 nanoprobe has the capacity for pre-
cisely localized probing the CaB activity.

The optimized incubation conditions of the Au-Cy3P@ZIF-8
nanoprobe such as the culturing time and concentration were
investigated. After 4 h incubation of HeLa cells with the nano-
probe, some fluorescent spots of Cy3 were observed in the
cells (Fig. S10, ESI†), indicating the dissociation of ZIF-8 shells
and subsequent activation of the CaB-responsive cores of the
uptaken nanoprobe. The amount and fluorescence intensity of

Fig. 2 (A) Fluorescence spectra of 50 mg mL�1 Au-Cy3P@ZIF-8 nano-
probe incubated in pH 7.4 and 4.5 PBS (10 mM) in the presence and absence
of 15 U mL�1 CaB for 6 h. (B) Dependence of fluorescence intensities of
Au-Cy3P@ZIF-8 nanoprobe and Cy3-peptide on pH. (C) Plot of fluores-
cence intensity of Au-Cy3P@ZIF-8 nanoprobe after incubation for 0, 0.5,
1, 2, 3, 4, 5, 6, 12 and 24 h in pH 4.5 PBS containing 15 U mL�1 CaB.
(D) Fluorescence spectra of Au-Cy3P@ZIF-8 nanoprobe after incubation
with 0, 2.5, 5, 10, 15, 20 and 25 U mL�1 CaB (from bottom to top) for 6 h in
pH 4.5 PBS. (E) Plot of fluorescence intensity vs. the logarithm value of CaB
concentration. (F) Difference of fluorescence intensity of Au-Cy3P@ZIF-8
nanoprobe at 514 nm before (F0) and after (F) treatment with 15 U mL�1 CaB,
CaD, CaL, and a mixture of CaB and its inhibitor for 6 h in pH 4.5 PBS.

Fig. 3 Colocalization images of 50 mg mL�1 Au-Cy3P@ZIF-8 nanoprobes
with LysoTracker Green in HeLa cells. Scale bar: 50 mm.
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the fluorescent spots increased gradually with increasing incu-
bation time and reached a plateau at 8 h. In addition, a similar
concentration-dependent fluorescence enhancement was observed
in the concentration of the nanoprobe ranging from 5 mg mL�1 to
50 mg mL�1 (Fig. S11, ESI†). Therefore, we selected the concen-
tration of 50 mg mL�1 and the incubation time of 8 h as the
optimum conditions for the following fluorescence imaging of
lysosomal CaB.

HeLa cells when treated with the Au-Cy3P@ZIF-8 nanoprobe
(50 mg mL�1) for 8 h exhibited much enhanced fluorescence
than the cells without treatment (Fig. 4), indicating that the
nanoprobes were effectively taken up by the cells and entrapped
into the lysosomes for CaB-activated fluorescence turn-on. The
intensive fluorescence was distributed in the lysosome, which
is consistent with the result of colocalization experiments for
localized imaging. Moreover, the CaB inhibitor-treated cells
displayed no obvious fluorescence, suggesting that the fluores-
cence recovery was specifically triggered by the intracellular CaB.
Therefore, the Au-Cy3P@ZIF-8 nanoprobe as a dual-recognition
switch successfully realized the more accurate fluorescence
imaging of lysosomal CaB in living cells.

In summary, we have successfully developed a core–shell
NP@MOF nanostructure as a dual-recognition switch for moni-
toring lysosomal CaB activity via a stepwise-responsive localized
imaging strategy. To the best of our knowledge, it is the first
time that a bio-recognition switch is embedded into a MOF for
accurate imaging of localized enzyme activity. As an efficient
degradable system, the ZIF-8 shell with nontoxicity and good
biocompatibility is beneficial for retaining the biological activity of
the substrate peptide, and has a highly activated response to the
acidic environment. Sequentially, the exposed Au–peptide core
of the nanoprobes was recognized by CaB, realizing a stepwise-
responsive strategy for CaB detection with high specificity and
sensitivity. After delivery into HeLa cells, the fluorescence of the
nanoprobe could be turned on effectively owing to the pH and
CaB dual-responsive properties of NP@MOF in the lysosome.
Intracellular colocalization imaging results further verified the

capability of the nanoprobe for localized fluorescence imaging.
The current work not only sheds new insights into the design
and fabrication of highly efficient dual-recognition nanoplatforms,
but also demonstrates a concept of stepwise-responsive imaging
approach for accurate biomedical applications.
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