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ABSTRACT: Integration of a photodynamic therapy platform with a
drug-delivery system in a porous structure is an urgent challenge for
enhanced anticancer therapy. Here, an amino-functionalized metal−
organic framework (MOF), which is useful as efficient delivery vehicle
for drugs and provides the −NH2 group for postsynthetic modification,
is chosen and well-designed for cell imaging and chemo-photodynamic
therapy. The multifunctional MOF nanoprobe was first assembled with
camptothecine drug via noncovalent encapsulation and then bound with
folic acid as the targeted element and chlorine e6 (Ce6)-labeled CaB
substrate peptide as the recognition moiety and signal switch. The
designed MOF probe can realize cathepsin B-activated cancer cell imaging and chemo-photodynamic dual-therapy combining
Ce6 as the photosensitizer and the camptothecine drug. Compared with the individual treatment, the dual-functional nanoprobe
presents an enhanced treatment efficiency in terms of the time of chemotherapy, laser power, and irradiation time of the
photodynamic therapy, which has been confirmed in cancer cells and in vivo assays. This work presents a significant example of
the MOF nanoprobe as an intracellular switch and shows great potential in cancer cell targeted imaging and multiple therapies.
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■ INTRODUCTION

Metal−organic frameworks (MOFs) are a burgeoning class of
crystalline porous compounds constructed of metal ions and
organic linkers,1,2 whose properties can be easily tuned due to
the diversity of the constitutional unit.3−7 In particular,
nanoscaled MOFs have been widely utilized in catalysis,8−10

separation,11,12 chemical sensors,13−16 and the loading,17−19

storage,20−22 and delivery23−27 of functional molecules. To
efficiently apply the MOFs in biological systems, precise
chemical modification is necessary, which provides the
possibility to endow MOFs with specific functions and
sufficient biocompatibility. To date, different strategies such
as dopant modification, postsynthetic methods for subsequent
chemical grafting, and entrapping functional molecules in the
frameworks have been identified to modify MOFs for signal-
transduction and cancer therapy.28,29 For example, a platinum
nanoparticle-encapsulated MOFs is developed as a smart tracer
for the electrochemical detection of telomerase activity.30 The
iron−carboxylate MOFs functionalized by postsynthetic
modifications have been designed for anticancer through
delivering an imaging agent and drugs via the decomposition
of the particles.31 Different from other nanomaterials such as
polymer micelles, nanoparticles, and graphene oxide,32−34 the
MOFs provide the abundant modification sites for simulta-
neous assembling with the signal recognition element and the
drug moiety. Therefore, it is desirable for the assembly of MOF
structures with multitudinous biomolecules to realize their

multifunctions in clinical applications, especially in cell imaging
and therapy.
Considering the varieties of cancers, four therapeutic

techniques, such as surgical resection, chemotherapy, photo-
dynamic therapy (PDT), and photothermal therapy, are
involved in the treatment of cancers. However, on the one
hand, the resistance and side effects of multidrugs may restrict
the potential of chemotherapy.35 On the other hand, PDT has
predominant advantages over other traditional therapies due to
its noninvasive nature and fast cure process.36−40 Interestingly,
Lin’s group developed brilliant advances about porphyrin- and
chlorin-based MOFs as photosensitizers for tumor therapy.41,42

Nevertheless, the hypoxia in solid tumors reduces the
generation efficiency of reactive oxygen species.43,44 What’s
worse, PDT-mediated decrease of O2 aggravates tumor hypoxia,
leading to lower therapy efficiency.45,46 To overcome the
limitations,47 developing the dual therapeutic modalities
integrating chemotherapy and PDT has been illustrated to
not only retard drug resistance but also reduce the O2
dependence for high therapy effectiveness.48−51 For example,
a coordination polymer core−shell nanoparticle was developed
for carrying cisplatin and the photosensitizer to synergistically
induce cancer cell apoptosis.52 The processes of the above
therapies were controlled by folic acid receptor (FR)-based
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recognition and triggered by pH response, which has the
inherent limitations of single-mode recognition with a back-
ground.32,53,54 Therefore, it is imperative urgently to develop
the imaging assessment of the tumor malignancy grade during
the process of chemotherapy and PDT. The multifunctional
therapy platform integrating the selective target-imaging of
cancer cells, feedback, and stepwise therapy provides the
possibility for precise therapy.
For this purpose, we focus on the cathepsin B as an

intracellular target for a switch of diagnostic imaging to choose
different therapies. CaB is a kind of lysosomal cysteine
endopeptidase and shows increased expression in many types
of cancer, providing a significant principle to trigger cancer
theranostics.55−59 In this work, a functionalized MOF nanop-
robe as the drug carrier, postsynthetic modification site, and
quenching reagent was designed for in situ CaB-activatable
cancer cell imaging and synergistic chemo-photodynamic
therapy (Scheme 1). The multifunctional MOF nanoprobe

(CPC@MOF) was first encapsulated with camptothecine
(Cam) in the nontoxic iron(iii) carboxylate MOFs (NH2-
MIL-101(Fe), MIL = Materials of Institut Lavoisier)) via
noncovalent interaction, and then it assembled with folic acid
(FA) as the targeted element and chlorine e6 (Ce6)-labeled
CaB substrate peptide (Ce6-peptide) as the signal and
recognition moiety and photosensitizer. Upon FR-mediated
endocytosis, the drug (Cam) loaded in the MOF could
introduce the chemotherapy. Meanwhile, the Ce6 fluorescence
was recovered due to its detachment from the MOF surface
after the specific cleavage reaction of intracellular CaB to Ce6-
peptide, resulting in a sensitive way for specific imaging of
intracellular CaB. Once the imaging of cancer indicates the
highly severe grade tumor, the 660 nm laser irradiation could
be further used for irradiating the released Ce6 to generate 1O2
for the PDT. Therefore, a highly effective synergistic chemo-
photodynamic therapy and target-activated cancer cell imaging
can be achieved by the designed CPC@MOF. Moreover, the
dual-therapy platform could be delivered to different sites in
cancer cells with stepwise therapeutic modalities. This multi-
functional MOF probe realizes cancer-cell target delivery, CaB-

activited imaging, and integrative treatment of chemo-photo-
dynamic therapy, providing a promising approach for assess-
ment and choice of therapy modalities in clinical diagnosis.

■ EXPERIMENTAL SECTION
Synthesis of MOF-NH2 and Cam@MOF. The NH2-MIL-101(Fe)

(MOF-NH2) was synthesized according to the previous study with
some modifications.26 Briefly, a mixture of 18 mg of aminoterephthalic
acid (NH2−BDC) and 27 mg of FeCl3·6H2O in 5 mL of water was
placed into microwave under 400 W at 60 °C for 5 min. The mixture
was cooled and precipitated by centrifugation at 10 500 rpm for 10
min. The resulting solid was washed and dried in a vacuum to obtain
MOF-NH2.

Subsequently, Cam was encapsulated into MOF-NH2 to obtain
Cam@MOF conjugate by postsynthetic method. That is, 10 mg of
MOF-NH2 was added into the 1 mL Cam solution (1 mg mL−1). The
mixture was stirred at room temperature for 36 h. Nine milliliters of
solution containing HOOC-poly(ethylene glycol) (PEG)-FA (0.5
mg), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride
(EDC) (10 mg), and N-hydroxysuccinimide (NHS) (20 mg) was
gently shaken at room temperature for 40 min, added into the
resulting MOF solution, and then incubated at room temperature for 3
h. The amount of Cam in the MOF-NH2 was calculated according to a
calibration curve of Cam (Figure S2).

Synthesis of Ce6@MOF and CPC@MOF. EDC (10 mg) and
NHS (20 mg) were added to 9 mL of 40 μM Ce6-peptide solution
containing 0.5 mg of HOOC-PEG-FA. After the mixture was gently
shaken at room temperature for 40 min, MOF-NH2 solution (1 mL;
10 mg mL−1) was injected into this mixture and incubated at room
temperature for 3 h. This solution was concentrated by centrifugation
and washed with water twice. Thus, the functionalization of MOF-
NH2 with HOOC-PEG-FA and Ce6-peptide (Ce6@MOF) was
obtained and then resuspended in pH 7.4 phosphate-buffered saline
(PBS) for further experiments. According to the method described
above, the CPC@MOF was similarly synthesized using the Cam@
MOF instead of MOF-NH2.

Confocal Fluorescence Imaging and Flow Cytometric Assay.
HeLa or HaCaT cells were incubated with Ce6@MOF (1.6 μM Ce6
equiv) at 37 °C for 7.5 h and rinsed three times with PBS. Prior to
confocal fluorescence imaging, the cells were irradiated with a 660 nm
laser for 5 min. The fluorescence of cells was collected from 645 to
700 nm on the microscope with the excitation wavelength of 633 nm.
Flow cytometry was used to evaluate the specificity of the probe to
cancer cells. After treatment with the probe as described above, cells
were trypsinized, harvested, rinsed with PBS, and resuspended, and
flow cytometric assay was conducted over FL4 channel.

Therapeutic Monitoring. HeLa cells were seeded into confocal
dishes and incubated for 24 h at 37 °C. When the confluency of the
cells was ∼70%, the medium was then replaced with culture medium
containing MOF-NH2, Ce6@MOF, Cam@MOF, or CPC@MOF,
individually, and incubated at 37 °C for 7.5 h. After the irradiation with
or without a 660 nm laser at a power of 200 mW cm−2 for 5 min, the
morphology and fluorescence of cells was collected on a confocal laser
scanning microscope.

For flow apoptosis cytometric evaluation, HeLa cells were seeded in
a six-well plate for 12 h containing 2 mL of fresh Dulbecco’s modified
Eagle’s medium in each well. These cells were then incubated with
different probes as described above for 7.5 h and then treated with or
without laser irradiation for 5 min. The resulting cells were collected,
stained with the mixture of 5.0 μL of Annexin V-FITC and 5.0 μL of
propidium iodide (PI) for 15 min, and analyzed with flow cytometry
over FL1 (Annexin V-FITC) and FL3 (PI) channels.

Animal Experiments. The animal operations were performed
with the requirements of institutional animal use and care approved by
the Model Animal Research Center of Nanjing University. Specific
pathogen-free HeLa-tumor mice were bred for this experiment and
injected with CPC@MOF (1.6 μM Ce6 equiv). In the time-dependent
assays, a tumor-bearing mouse was injected with CPC@MOF (1.6 μM
Ce6 equiv) via tail vein, and measurement was conducted on a

Scheme 1. Schematic Illustration of (A) Preparation of
Multifunctionalized CPC@MOF Nanoprobe and (B)
Cathepsin B-Activated Cancer Cell Imaging and Chemo-
Photodynamic Therapy
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Maestro Imaging System. As comparison, PBS, Cam, Ce6-peptide,
Cam + Ce6-peptide, Ce6@MOF, and Cam@MOF with laser
irradiation were used in the process for evaluating the therapeutic
efficiency. The tumor volume was measured by a vernier to measure
the tumor volume after treatment. Finally, the excised organs and
tumor tissue were obtained after the mice were euthanized for ex vivo
imaging.

■ RESULTS AND DISCUSSION

Structure Characterization and Functionalization. To
synthesize CPC@MOF probe, MOF-NH2 was used as the
initial matrix, showing an octahedron morphology in scanning
electron microscopy (SEM) images (Figure 1A), and the
structure had a hierarchy of mesoporous sizes at ∼2.8 nm
(Figure S1). Meanwhile, the dynamic light scattering gave the
mean hydrodynamic diameter of 95 nm (Figure 1B), suggesting
the potential of application in the intracellular assays. The
incorporated ligand of 2-aminoterephthalic acid in the
framework was proved by Fourier transform infrared (FT-IR)
spectrum, which showed the characteristic bands such as C−O
(1576 and 1432 cm−1), amine moieties (3441 and 3379 cm−1),
N−H (1623 cm−1), and C−H (1339 cm−1) (Figure 1C).60 The
prepared MOF-NH2 displayed a typical powder X-ray
diffraction (PXRD) pattern (black line, Figure 1D) that closely
matched the reported work,31 implying the successful synthesis
of MIL-101-type MOF.
After Cam was loaded into the framework of MOF-NH2, the

resulting Cam@MOF showed the similar XRD curve with the
MOF-NH2 (red line, Figure 1D), manifesting the maintenance
of its crystalline structure after drug encapsulation. The
payloads of Cam in MOF was estimated to be 3.9 wt % by
the fluorescence measurement of Cam (Figure S2). To improve
the biocompatibility of the probe, HOOC-PEG-FA was used to
protect MOF from aggregation and achieve FR-mediated
endocytosis, which was characterized by UV−vis spectrum.
After the functionalization of MOF-NH2 with HOOC-PEG-FA
and Ce6-peptide, the absorption spectrum of Ce6@MOF
showed the characteristic absorptions at 425 and 660 nm for
Ce6-peptide and at 280 and 320 nm for FA (Figure 1E).61,62

Furthermore, the zeta potential of MOF-NH2 and Cam@MOF
changed from the positive state into negative state (−17.7 mV),

after assembling with negatively charged peptides (Figure 1F).
The loaded amount of Ce6-peptide on the MOF surface was
determined to be 32.3 mg g−1 by the measurement of Ce6
fluorescence (Figure S3).

Specific Response to CaB. To verify the Ce6@MOF for
intracellular CaB-activable imaging, enzymatic assays in vitro
were performed on the fluorescence spectro-photometer. When
Ce6-peptide was modified on the MOF surface, the
fluorescence intensity of Ce6-peptide was quenched because
of the electron transfer from the excited Ce6 to MOF-NH2

(Figure S4).63 Upon the incubation with CaB, the fluorescence
was recovered, which was attributed to the cleavage of the
substrate peptide by CaB to release Ce6 from MOF surface. At
the optimized incubation time of 60 min (Figure S5A), the
fluorescence intensity increased with the enhanced concen-
tration of CaB (Figure 2A,B). The cleavage reaction showed
the optimal dependence in the pH range of 4.5−6.0 (Figure
S5B). Thus, pH 5.0 was used for the subsequent experiments in
solution considering the lysosome microenvironment. In
addition, the cleavage reaction had obvious response and high
selectivity for CaB. The addition of the CaB inhibitor could
inhibit the fluorescence recovery of Ce6@MOF, indicating the
specific activation of Ce6@MOF by CaB. However, the Ce6@
MOF showed little change in the presence of cathepsin D
(CaD) or cathepsin L (CaL) (Figure 2C).

1O2 Generation Assays. The 1O2 controlled release should
be a significant challenge during the PDT. The 1O2 generation
of Ce6@MOF at the absence and presence of CaB with
irradiation was monitored with an 1O2 indicator, namely, singlet
oxygen sensor green (SOSG; (Figure 2D), which could emit a
strong fluorescence at 525 nm after reacting with 1O2.

64

Compared with the Ce6@MOF or Ce6−peptide without
irradiation (curves a and b), the mixture of Ce6@MOF and
indicator emitted a weak increase of SOSG fluorescence under
irradiation (curve c). After CaB was added into the Ce6@MOF
solution, the fluorescence intensity was significantly enhanced
(curve e), which was caused by the block of electron transfer
from Ce6 to the MOF via the cleavage reaction. The similar
enhanced fluorescence could be observed in the Ce6−peptide
solution after irradiation (curve f). In the presence of CaB

Figure 1. (A) SEM image of MOF-NH2. (inset) Amplified image. (B) DLS assay and (C) IR spectrum of MOF-NH2. (D) PXRD patterns of MOF-
NH2, Cam@MOF, and CPC@MOF. (E) UV−vis absorption spectra of MOF-NH2 and Ce6@MOF. (F) Zeta potential of MOF-NH2, Cam@MOF,
Ce6@MOF, and CPC@MOF.
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inhibitor, the SOSG fluorescence intensity was evidently
reduced (curve d). These results manifested the strong 1O2
inhibition ability of MOF and specific response by CaB to
induce the 1O2 generation.
Cell Imaging and Colocalization Assays of Ce6@MOF.

For in situ imaging, HeLa cells were incubated with Ce6@
MOF for conducting confocal fluorescence imaging. After 2.5 h
of incubation, the cells showed some detectable fluorescent
spots (Figure 3A), demonstrating the quick internalization and

subsequent activation of Ce6@MOF by CaB. The fluorescence
enhanced gradually and reached the maximum at 7.5 h. To
validate the targeted delivery of Ce6@MOF into cancer cells,
FR-positive HeLa cells and FR-negative HaCaT cells were used
for this assay. The cells were incubated with the Ce6@MOF for
7.5 h and evaluated via flow cytometric analysis by using the
fluorescence of Ce6. Unlike HeLa cells, no obvious
fluorescence change was observed from the Ce6@MOF-treated
HaCaT cells due to the low expression of FA receptor (Figure
3B,C). Confocal fluorescence imaging assays were performed
for further confirming the specificity of Ce6@MOF to cancer
cells by the recognition of FA receptor. The probe-incubated
MCF-7 and HeLa cells showed detectable Ce6 fluorescence
due to the high expression of FA receptor, while no
fluorescence was observed in the A549 cells with negative FA
receptor (Figure S6). In the colocalization experiments (Figure
S7), the red fluorescence of Ce6@MOF overlapped with the
lysosomal tracker (LysoTracker Green), manifesting that Ce6@
MOF could be delivered into lysosome after internalization and
that the fluorescence was recovered by the CaB in the
lysosome.

Light and Dark Cytotoxicity. Before investigating the
PDT therapeutic agents, the dark and light cytotoxicity of the
MOF-NH2, Ce6@MOF, and CPC@MOF to cancer cells was
investigated by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) system (Figures 4 and

S8). More than 90% viability of MOF-NH2-incubated HeLa
cells treated with/without 660 nm laser irradiation indicated
the low cytotoxicity for both MOF skeleton and laser
irradiation. After HeLa cells were treated with Ce6@MOF for
7.5 h, the cells could maintain a high viability of 91.1%,
suggesting the tolerance of its low dark cytotoxicity. However,
the enhanced apoptosis percentage of Cam@MOF or CPC@
MOF-treated HeLa cells with the increasing amount of Cam
encapsuled in the MOF demonstrated the pharmacological
effect of Cam due to the efficient loading/release of Cam
(Figure S8). Meanwhile, the viability of the cells treated with
Ce6@MOF or CPC@MOF greatly decreased with increasing
laser irradiation time due to the recovered photosensitivity of
Ce6 cleaved by intracellular CaB (Figure 4). These results
demonstrated the low dark cytotoxicity, high light cytotoxicity,
and enhanced therapy efficiency of CPC@MOF.

Figure 2. (A) Fluorescence spectra of Ce6@MOF (1.6 μM Ce6
equiv) after incubation with 0, 0.001, 0.01, 0.1, 1.0, 5.0, 10, and 20 unit
mL−1 CaB in PBS for 60 min. (B) Plot of fluorescence intensity vs the
logarithm of CaB concentration. (C) Fluorescence intensity of Ce6@
MOF at 660 nm after treated with CaB, CaD, CaL, and the mixture of
CaB and inhibitor for 1 h. (D) fluorescence intensity of SOSG at 525
nm treated with Ce6@MOF + CaB (a) and Ce6-peptide (b) without
laser irradiation, and Ce6@MOF (c), Ce6@MOF + CaB + inhibitor
(d), Ce6@MOF + CaB (e) and Ce6-peptide (f) under laser
irradiation. The irradiation was performed by a 660 nm laser with a
power of 200 mW cm−2.

Figure 3. (A) Time course of confocal fluorescence images and bright-
field images of HeLa cells. Flow cytometric assay of (B) HeLa cells and
(C) HaCaT cells incubated with Ce6@MOF for 7.5 h at 37 °C. Scale
bar, 50 μm.

Figure 4. MTT assays of HeLa cells incubated with MOF-NH2,
Cam@MOF, Ce6@MOF, CPC@MOF after laser irradiation with a
power of 200 mW cm−2 at different time.
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Fluorescence Imaging and Chemo-Photodynamic
Therapy of CPC@MOF. The confocal imaging of HeLa cells

was performed to evaluate the therapeutic effectiveness of
Ce6@MOF and CPC@MOF (Figure 5). After a 5 min laser

Figure 5. (A) Confocal fluorescence imagings of HeLa cells treated with Ce6@MOF (1.6 μM Ce6 equiv), Cam@MOF, and CPC@MOF for 7.5 h
and then irradiated with or without 660 nm laser for 5 min. Scale bar, 50 μm. (B) Flow cytometric analysis of HeLa cells treated with CPC@MOF
for 7.5 h before and after laser irradiation using apoptosis kit with the dual fluorescence of Annexin V-FITC/PI.

Figure 6. Flow cytometric analysis of HeLa cells by using apoptosis kit with the dual fluorescence of Annexin V-FITC/PI after incubated with (A)
Ce6@MOF (1.6 μM Ce6 equiv) for 7.5 h and then irradiated with 200 mW cm−2 of laser and (B) Cam@MOF for different time.
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post-irradiation of Ce6@MOF-incubated cells for 7.5 h, a few
bubbles appeared on the surface of HeLa cells, and the
fluorescence spot of Ce6 gradually diffused from lysosomes to
cytoplasm resulting from the destruction of lysosome. Mean-
while, the apoptotic apperance of HeLa cells was observed after
incubation with Cam@MOF for 7.5 h, at which time Cam
showed a considerable release efficiency from the MOF
skeleton as a result of the diffusion from the pores and/or
drug-matrix interaction (Figure S9). However, no obvious
morphological change of Cam@MOF-treated cells occurred
under laser irradiation after 7.5 h of incubation, which was
caused by the absence of CaB-activated Ce6. To access the
collaborative treatment of chemotherapy and PDT, the HeLa
cells were incubated with CPC@MOF for 7.5 h and then
treated with the laser irradiation for 5 min. On the one hand,
lots of bubbles appeared on the cell surface, and the cells
exhibited significant morphological change. On the other hand,
flow cytometry analysis, which was conducted by Annexin V-
FITC together with PI apoptotic kit, was used as dual-
fluorescence probe to distinguish viable cells from dead cells
after treatment with CPC@MOF (Figure 5B). Combining both
chemotherapy and PDT effect of CPC@MOF, a total of
99.27% HeLa cells showed apoptosis under laser irradiation
with the power of 200 mW cm−2 for 5 min. However, only
35.17% apoptotic percentage of CPC@MOF-treated HeLa
cells without laser irradiation could be achieved by the effect of
Cam in MOF. These results indicated that chemo-photo-
dynamic therapy of CPC@MOF could achieve a desirable
therapeutic efficacy.
Next, a series of flow cytometric apoptosis assay was

performed to test the synergistic therapy efficiency of the
CPC@MOF (Figure 6). The laser dose including irradiation
time and laser power used in the PDT process should be taken
into consideration.37 As shown in Figure 6A, the total apoptosis
ratio of the Ce6@MOF-treated Hela cells increased with the
exposure time and reached nearly 99.26% until 30 min, which
was much longer than the time for CPC@MOF-treated cells (5
min). The assay of the HeLa cells treated with Ce6@MOF
displayed growing apoptosis degree under increasing laser
power (Figure S10) and gained the satisfactory apoptosis
degree at 500 mW cm−2, which was comparable to the effect of
CPC@MOF with the power of 200 mW cm−2, demonstrating
the good therapy performance of multifunctional CPC@MOF
probe. Besides, the treatment time was also an important factor
in the therapy process. As shown in Figure 6B for Cam@MOF,
53% apotosis ratio of pure drug-treated HeLa cells needed the
long treatment time of 30 h. In comparison, above 99%
apotosis ratio of CPC@MOF-treated cells was achieved after
7.5 h of incubation and 5 min of laser irradiation at 200 mW
cm−2. These results manifested that a better therapy efficiency
could be achieved by the synergistic antitumor effect both the
chemotherapy and CaB-depended PDT of CPC@MOF.
In addition, the specificity of the CPC@MOF to cancer cells

was investigated in normal HaCaT cells (Figure S11). No
obvious cytotoxicity of the cells after treated with CPC@MOF
for 7.5 h and then laser exposure for 5 min was observed from
normal HaCaT cells, which was attributed to the low
expression of FR on HaCat cells surface. Thus, the CPC@
MOF probe could be considered as a potential paradigm for
targeted therapy against cancer.
In Vivo Therapy on Subcutaneous HeLa Tumor-

Bearing Mice. The dual therapy of chemotherapy and PDT
by using the CPC@MOF in vivo was assessed by monitoring

the tumor volume in living mouse. The HeLa tumor-bearing
mice were injected with CPC@MOF for in vivo imaging. The
probe accumulated in the tumor gradually and reached to
maximum at 24 h postinjection (Figure 7A). In the evaluation

of excised tissues, the strong fluorescence occurred in the
cancer tissue compared with the other organs including spleen
and kidneys (Figure 7B), which further demonstrated the
CPC@MOF was accumulated in the tumor particularly and the
fluorescence was recovered by CaB specific activation. Then
660 nm laser was performed to the mice and irradiated for the
PDT. For the comparison purpose, the other tumor-bearing
mice were intravenously injected with PBS, Ce6-peptide, Cam,
Ce6-peptide + Cam, Ce6@MOF, and Cam@MOF. To
estimate the efficacy of CPC@MOF-mediated dual therapy,
the tumor volume measurement was conducted for 14 d after
treatment (Figure 7C). The PBS group had rapidly promoted
volume from the mouse with 24 h postinjection, and the similar
results were observed for the Cam, Ce6-peptide, and Ce6-
peptide + Cam group due to the lack of targeted delivery. The
tumor of Cam@MOF group was slightly inhibited due to the
chemotherapeutics. In addition, both the laser irradiation-
treated and Ce6@MOF-treated or CPC@MOF-treated mice
showed reduced tumor volume, while the ones injected with
CPC@MOF appeared much more competent than those with
Ce6@MOF. Overall, the designed CPC@MOF had the
potential clinical application in CaB-triggered dual therapy of
PDT and chemotherapy to overcome the individual drawback
in a single therapy against cancers.

■ CONCLUSION
In summary, a novel MOF-based multifunctional nanoprobe
has successfully been constructed by integrating postsynthetic
method with entrapping functional molecules in the frame-
works for CaB-activatable fluorescence imaging and dual
therapeutics of target-controlled PDT and chemotherapy. The
multifunctional MOF probe possesses synthetic convenience,

Figure 7. (A) Time-dependent in vivo fluorescence images of
subcutaneous HeLa tumor-bearing mouse after injected with CPC@
MOF. (B) Ex vivo fluorescence image of organs and cancer tissue from
HeLa tumor-bearing mouse treated with 24 h postinjection of CPC@
MOF. (C) Change of relative tumor volume after treatment with 24 h
postinjection of PBS, Cam, Ce6-peptide, Cam + Ce6-peptide, Cam@
MOF, Ce6@MOF, and CPC@MOF.
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good biocompatibility, and superior loading effectiveness of the
Ce6−peptide and drug molecule. It can be conveniently used
for selective cathepsin B responsive imaging and the synergistic
chemo-photodynamic therapy against tumor issues with
excellent specificity and sufficient efficiency, providing a
method for assessment and choice of therapy approach.
Moreover, the integration treatment platform reduces side
effects, retards multidrug resistance of the chemotherapeutics,
and overcomes the low efficiency of the PDT in the hypoxia
cells, resulting in significant enhancement in the therapeutic
efficacy. The unique inner porosity and postsynthetic easiness
endows the MOF nanoprobe with target-cell-specific delivery,
in situ imaging, and synergistic therapy for promising
application in precise medicine.
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