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A photosensitized and caspase-responsive multifunctional
nanoprobe was designed by assembling porphyrin, folate
targeting-motif and dye-labelled peptide in metal—organic
frameworks (MOF) cage, which significantly increases the
singlet oxygen quantum yield of porphyrin by 6.2 times, and
achieves high efficient cancer therapy and in situ therapeutic
monitoring with caspase-3 activation. The integration of
theranostic functions in a single nanocarrier holds great
promise in precision cancer diagnosis and treatment.

Porphyrin derivatives are most widely applied photosensitizers in
photodynamic therapy against a variety of cancers because of their
high efficiency in light harvesting and tunable structure.' However,
the hydrophobicity of many porphyrins results in their aggregation
and insufficient tumor localization.”> To improve the therapeutic
efficacy, a well-performing nanocarrier is usually needed to
selectively deliver these porphyrin derivatives to tumor targets.’
Recently, metal-organic frameworks (MOFs), an emerging class of
porous materials, have captured prevailing research interest in drug
delivery, biosensing and cancer therapy,' due to their
unprecedentedly large surface area, unique inner porosity and
flexible structures.’ In particular, some porphyrin-based MOFs,
which show interesting peroxidase activity, have been used in
mimetic catalysis.® More recently, Hf*"-porphyrin based MOF has
been designed as a highly effective photosensitizer for therapy of
resistant head and neck cancer.” To enhance the therapeutic efficacy
and avoid under- or over-treatment, the integration of theranostic
functions in a single nanocarrier is an urgent need in therapeutic
monitoring of cancer for precision treatment.

Activatable photosensitizers with intrinsic fluorescence can be
developed for therapy and imaging of cancer cells with respect to
enzyme expression such as caspase.® Caspases are a family of
cysteine-aspartic proteases that are only activated during cell
apoptosis,” and have been used as the sensors for apoptosis imaging
and evaluating therapeutic responses.'” Coupling the apoptosis-
inducing capability of photosensitizers with the subsequent caspase
activation,'! the integration of theranostic functions can be achieved
in a single nanocarrier. However, the conventional photosensitizers
are significantly affected by photobleaching. In view of the structural
diversity, tunability and modificability of MOFs to protect both
photosensitivity and fluorescence, a multifunctional nanoprobe was
here designed for efficient cancer-cell-specific therapy and
monitoring the therapeutic effectiveness via caspase-dependent
apoptosis imaging (Scheme 1).

The porphyrin  derivative, tetrakis(1-methylpyridinium-4-
yDporphyrin (TMPyP), as photosensitizer (PS), could be
incorporated in the cage of a variant MOF by one-pot synthesis to
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Scheme 1 Schematic representation of (a) PS@MOF probe preparation an<
(b) FA receptor-targeted delivery of multifunctional PS@MOF probe f r
cancer cell apoptosis and theranostic with caspase-3 activation.

form PS@MOF. Interestingly, besides the nanocarrier function anu
the advantages reported previously,'? the MOF could significantly
increase the singlet oxygen ('O,) quantum yield of TMPyP by 6.2
times, to efficiently induce cell apoptosis under a laser irradiatio .
Furthermore, it could quench the fluorescence of Cy3, leading .
acaspase-responsive sensing strategy for monitoring cell apoptosi-
Thus a Cy3-labelled caspase-3 substrate peptide along with H,N-
PEG-folate (FA) as a target specific moiety could be covalent. s
assembled on PS@MOF surface to perform the sensing and targetit -
functions. Upon endocytosis of the nanoprobe and laser irradiatio ,
cell apoptosis was encouraged by the therapeutic effect of probe
mediated '0,, and thus activated caspase-3 to specifically cleave tl >
peptide on the probe, which released the Cy3 from MOF surface for
fluorescent imaging. The turn-on signal provided an efficient wa
image intracellular caspase activity for the real-time evaluatio. of
therapeutic effectiveness.

The transmission electron microscopic (TEM) image of tl .
PS@MOF showed a twisted boracite morphology (Fig. la). Tt
nitrogen adsorption-desorption isotherm of PS@MOF gave
micropore size of around 1.50 nm (Fig. S1), closely matching the
reported porphyrin-encapsulated variant HKUST-1."* The PS@MC -
displayed an X-ray diffraction pattern obviously different from that
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Fig. 1 (a) TEM image of PS@MOF. (b) UV-Vis absorption spectra of TMPyP (black)
and PS@MOF (red). Inset: an enlarged view of UV-Vis spectrum of TMPyP and
PS@MOF at 550-715 nm. (c) DLS assay of PS@MOF. (d) IR spectra of PS@MOF and
GPTS-functionalized PS@MOF. (e) UV-Vis absorption spectra of PS@MOF and
PS@MOF nanoprobe. (f) Zeta potential of PS@MOF, caspase-specific peptide and

PS@MOF nanoprobe.

of the TMPyP-free MOF (Fig. S2), indicating the existence of
TMPyP in the MOF. The encapsulation was proved by the unaltered
fluorescence anisotropy curves of TMPyP, which usually changed
with the direct interactions between the fluorophores and
nanoparticles (Fig. $3)."* The hydrophobic nature of the MOF cavity
led to an obvious bathochromic-shifted Soret-band of TMPyP in the
MOF (Fig. 1b)."* Although the strong absorption of TMPyP in MOF
occurred at 442 nm, its NIR characteristic absorption at around 667
nm shifted from 645 nm upon encapsulation in MOF (inset in Fig.
1b) was used as the irradiation wavelength for photodynamic therapy
due to its desirable application in living cells. By measuring the
absorbance at 420 nm, a loading efficiency of TMPyP in MOF was
estimated to be 32.8% (Fig. S4). Dynamic light scattering (DLS) of
PS@MOF showed average nanosized hydrodynamic diameter (Fig.
1c), which was beneficial to intracellular assays.

In order to assemble Cy3-labelled caspase-3 substrate peptide and
H,N-PEG-FA on PS@MOF, the surface was firstly functionalized
with (3-glycidyloxypropyl)trimethoxysilane (GPTS) to obtain
epoxy-terminated PS@MOF-GPTS, which was characterized with a
broad band at approximately 1000 cm™ on its infrared (IR) spectrum
due to the asymmetric stretching vibration of Si—O group (Fig. 1d).'¢
With the typical reaction of epoxy and amino group, the peptide and
H,N-PEG-FA functionalized PS@MOF nanoprobe was obtained to
show a new characteristic absorption at around 280 nm and 529 nm
(Fig. le), which were assigned to FA and Cy3 labeled to peptide,
respectively. The surface of PS@MOF nanoprobe showed a more
negative potential after modified with electronegative peptide (Fig.
1f), indicating better dispersibility of the nanoprobe in water. The
coupling amount of peptide was determined to be 37.1 mg g (Fig.
S5). The nanoprobe could keep high stability for 30 h in PBS (Fig.
S6), which was favorable for the internalization of the nanoprobe by
cancer cells via folate receptor (FR)-mediated endocytosis.

The efficient release of 'O, is a major challenge for photodynamic
therapy (PDT) against cancer cells. The 'O, production under laser
irradiation was demonstrated with 1,3-diphenylisobenzofuran
(DPBF) as a 'O, indicator, which could decrease the optical density
(OD) at 418 nm upon reaction with 'O,."7 After individually
exposing TMPyP, MOF and PS@MOF solution to a 660-nm
irradiation for 210 s, PS@MOF solution showed much greater OD
change than free TMPyP, while MOF in the absence of TMPyP
generated little variation (Fig. 2a). The surface functionalization of
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phosphorescent emission of PS@MOF showed a
widened difference of T;-S, (Fig. S7b). The narrowed S -
T; gap boosted the intersystem crossing from S; to T,,
and the longer average lifetime (zp) of T, also verifie
more excited state of PS@MOF in T, (Table SI
However, the enhanced intersystem crossing did not
necessarily result in the energy transmission fi.
excited PS@MOF toward 30, to generate more e
since a competitive relationship existed between o,
generation and phosphorescence emission when electrons transfer
from T; to Sy. The phosphorescence quantum yield (&p) was
measured in Table S1. After encapsulated in MOF, the TMPy >
showed the ®p of only ~34% that in free state, indicating more
energy of excited PS@MOF was transferred to O, to generate 'C .
The high light-harvesting of PS@MOF platform could be attribute.
to the exact structural match between TMPyP and MOF, wki  »
inhibited the free vibration and rotation of the four pyridyl arms
leading to high fluorescence quantum yield (@) and shc ¢

fluorescence lifetime (z) (Table S1).!%1318
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Fig. 2 (a) Plots of change in OD of DPBF (60 uM) in TMPyP (2.0 uM), MC™
(1.0 mg mL™"), PS@MOF (2.0 uM, PS equiv.), PS@MOF nanoprobe (2.0 . 1.
PS equiv.) solution or MB (2.0 pM) as the standard at 418 nm vs. irradiatic 1
time. (b) Monitoring of 'O, generated from PS@MOF nanoprobe upc
irradiation using DPBF as 'O, indicator. (c) Modified Jablonski diagram
illustrating the process of photosensitized 'O, production. S, singlet grous 1
state; S), singlet excited state; T}, triplet excited state.
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To test the validity of the PS@MOF nanoprobe to detect caspase
activity, in vitro enzymatic assays were performed (Fig. S8). The
probe fluorescence was initially quenched via electron transfer from
Cy3 to MOF (Fig. $9)."” At the optimized reaction time of 60 min,
the fluorescence intensity linearly increased with the enhancive
concentration of caspase-3 to cleave the substrate peptide on the
probe, leading to a fluorescent method for detection of caspase-3
activity. The cleavage reaction showed good specificity to caspase
against other proteins (Fig. S8), which may interfere with the
detection of caspase in living cells. The in vitro experiments
indicated great potential of the PS@MOF nanoprobe for intracellular
caspase activity study.

After 8-h incubation with human cervical carcinoma (HeLa) cells
based on FR-targeted endocytosis,”® PS@MOF nanoprobe was
observed to distribute in mitochondria (Fig. S10a-c). Little
fluorescent spots were observed in the well growing cells before
laser irradiation, indicating caspase was inactive before cell
apoptosis. Upon a 660-nm laser irradiation for 15 min, cell apoptosis
was encouraged by PS@MOF-mediated 'O,, and Cy3 fluorescence
of the nanoprobe was lighted up (Fig. 3a). To clarify the production
of reactive oxygen species (ROS) during the irradiation, the
nanoprobe-treated HeLa cells were stained with DCFH-DA, a
nonfluorescent ROS probe, which was turned to highly fluorescent
product upon oxidation by ROS (Fig. S11). Meanwhile, vitamin C as
ROS scavenger efficiently reduced the fluorescence of ROS probe.
For different postirradiation times, the nanoprobe fluorescence
gradually increased with the deepened degree of cell apoptosis (Fig.
3a), indicating that caspase-3 was activated during cell apoptosis and
the caspase-activable fluorescence imaging was an effective tool for
monitoring the therapeutic efficacy.

The lighted HeLa cells were co-stained with a mitochondrial dye,
which showed that the nanoprobe diffused from mitochondrial to
cytoplasm after the injury of mitochondria with the laser irradiation
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Fig. 3 (a) Confocal imaging monitoring of fluorescence and bright-field of
PS@MOF nanoprobe-incubated HeLa cells at different postirradiation times
upon irradiation with a 660 nm-laser at 100 mW cm™ for 15 min. Scale bars,
25 um. (b) Confocal fluorescence imaging of HeLa cells pre-incubated
with/without caspase-3 inhibitor during PS@MOF nanoprobe-mediated PDT.
Scale bars, 25 um. (c) Time-dependent fluorescence response of PS@MOF
nanoprobe to cell lysate treated with PS@MOF-FA for 8 h and laser
irradiation for 15 min
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(Fig. S10c and S10d). The mitochondrial injury was confirmed by
Rhodamine 123 staining,”’ which is readily sequestered by livir »
mitochondria in cells undergoing apoptosis, manifesting the
mitochondrial-pathway apoptosis (Fig. S12). In addition, unlil -
HeLa malignance cells, the nanoprobe-treated human epiderm
(HaCat) normal cells, due to the low-level expression of FR, did n~*
show observable fluorescence before and after laser irradiation 1
confocal imaging and flow cytometric analysis (Fig. S13 and S14).
The specifically caspase-activable fluorescence imaging ws
confirmed with caspase inhibitor treatment. After caspase’
inhibitor-pretreated HeLa cells were incubated with PS@MOF
nanoprobe and exposed to laser irradiation, the fluorescence w s
greatly reduced in comparison with that of inhibitor-untreated celi>
(Fig. 3b). For further verifying the caspase activation during th.c
therapy, a peptide-free probe was synthesized, named as PS@MOF
FA. After incubated with PS@MOF-FA for 8 h and treated with
irradiation for 15 min, HeLa cells were collected in lysis buffer aft r
2-h postirradiation. The cell lysate was then incubated wi...
PS@MOF nanoprobe for fluorescence measurements in a timr
dependent manner. A tendency of rapidly increased fluorescend »
intensity was observed in the absence of caspase inhibitor (Fig. 3e)
suggesting that caspase-3 was indeed activated in apoptotic proc..
Moreover, the caspase-activable fluorescence during cell apopto~
was demonstrated by the TUNEL assay using the additivua:
apoptotic kit (Fig. S15). When HeLa cells were treated with
PS@MOF nanoprobe-mediated PDT, the cells showed strong =~
fluorescence originating from caspase dependent activation ar 1
cleavage, which could be used to monitor therapeutic efficacy.
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Fig. 4 MTT assays for HeLa cells incubated with PDT agents of differe «
concentrations in the absence (a) and presence (b) of laser irradiation. (-
Flow cytometric analysis of HeLa cells incubated with PS@MOF nanoprot =
(0.5 uM, PS equiv.) and Ce6 (0.5 uM) for 8 h before (top) and after (dow)
laser irradiation for 15 min using apoptosis kit with the dual fluorescence ¢
Annexin V-FITC/PL. (d) Monitoring of morphology change of HeLa ce. :
treated with different PDT agents (1.0 uM) for 8 h and then laser irradiation
at 100 mW cm™ for different time. Scale bars, 7.5 pm.

The nanoprobe-caused phototoxicity and therapeutic effectiveness
against cancer cells were also evaluated and compared with 2
conventional photosensitizer, chlorin e6 (Ce6). At eac.
photosensitizer ~ concentration, the  cytotoxicity of tl
correspondingly treated cells was examined using a standard MT™
assay (Fig. 4a). Before laser irradiation, these photosensitizers we. >
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little cytotoxic. 8-h incubation with the PS@MOF nanoprobe could
maintain about 95% cell viability at the concentrations of 0.5-3.5
uM (PS equiv.), demonstrating low dark-toxicity of PS@MOF
nanoprobe. To some extent, PS@MOF nanoprobe was more
biocompatible than free TMPyP and Ce6, indicating that MOF could
protect TMPyP from biotoxicity. Under a 15-min irradiation with
100 mW cm? dose, all these reagents exhibited obvious
phototoxicity (Fig. 4b). The cell viability of PS@MOF probe- and
Ce6-treated HeLa cells was much lower than those treated with
TMPyP under the same conditions. Meanwhile, the PS@MOF
nanoprobe was more phototoxic than Ce6 at low concentrations,
which was confirmed by flow cytometric assays using the Annexin
V-FITC/PI apoptotic kit (Fig. 4c). That is, a total 53.91% apoptotic
percentage was obtained for PS@MOF nanoprobe-treated HeLa
cells, while only 31.17% for Ce6-treated cells at 0.5 uM (PS equiv.).
The real-time monitoring was then performed to evaluate the
therapeutic effectiveness (Fig. 4d). The morphology of HeLa cells
did not change under irradiation for 12 min in absence of
photosensitizer. After 3-min irradiation, the PS@MOF nanoprobe-
treated HeLa cells began to swell, and more and more bubbles
appeared on the surface of cells at a 6-min postirradiation, while the
apoptosis characteristics of Ce6-mediated cells occurred after 9-min
irradiation, and TMPyP treated-cells did not exhibit significant
morphological change. These results demonstrated that PS@MOF
nanoprobe with low dark toxicity and high phototoxicity could be
considered as a potential photosensitizer for highly efficient therapy
against cancer.

In summary, a MOF-based multifunctional nanoprobe has been
presented for enhancing the 'O, quantum yield of TMPyP, triggering
the photosensitive cell apoptosis and in sifu monitoring therapeutic
efficacy via caspase-3 activation. The PS@MOF nanoprobe
possesses synthetic convenience, good biocompatibility, high
phototoxicity for therapy aganist cancer cells and excellent
specificity to intracellular caspase-3. The high phototoxicity results
from the change of excited level of TMPyP due to its incorporation
in MOF cavity. After FR-mediated uptake, the nanoprobe can
efficiently generate 'O, in mitochondria to induce cell apoptosis with
caspase-3 activation, which cleaves the peptide for in situ imaging of
therapeutic efficacy via lighting up the fluorescence of Cy3 labeled
to peptide. At relatively low concentration, its therapeutic efficacy is
even superior to conventional Ce6. The unique inner porosity,
tunable size, modifiable structure and the sensitization of MOF
endow the theranostic nanoprobe with promising application in
precision cancer treatment.
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