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ABSTRACT: An advanced photodynamic molecular beacon (PMB) was
designed and synthesized, in which a distyryl boron dipyrromethene
(DSBDP)-based photosensitizer and a Black Hole Quencher 3 moiety
were connected via two peptide segments containing the sequences PLGVR
and GFLG, respectively, of a cyclic peptide. These two short peptide
sequences are well-known substrates of matrix metalloproteinase-2 (MMP-2)
and cathepsin B, respectively, both of which are overexpressed in a wide
range of cancer cells either extracellularly (for MMP-2) or intracellularly (for
cathepsin B). Owing to the efficient Förster resonance energy transfer
between the two components, this PMB was fully quenched in the native
form. Only upon interaction with both MMP-2 and cathepsin B, either in a
buffer solution or in cancer cells, both of the segments were cleaved specifically, and the two components could be completely
separated, thereby restoring the photodynamic activities of the DSBDP moiety. This PMB could also be activated in tumors, and it
effectively suppressed the tumor growth in A549 tumor-bearing nude mice upon laser irradiation without causing notable side
effects. In particular, it did not cause skin photosensitivity, which is a very common side effect of photodynamic therapy (PDT) using
conventional “always-on” photosensitizers. The overall results showed that this “double-locked” PMB functioned as a biological
AND logic gate that could only be unlocked by the coexistence of two tumor-associated enzymes, which could greatly enhance the
tumor specificity in PDT.

■ INTRODUCTION
As a promising treatment modality for cancer, photodynamic
therapy (PDT) has received considerable attention due to its
lower invasiveness, less side effects, and lower likelihood of
occurrence of drug resistance compared to the traditional
anticancer therapies.1−3 The treatment requires the excitation
of a photosensitive drug using light with an appropriate
wavelength to produce reactive oxygen species (ROS) through
interactions with the endogenous oxygen. Apart from the
direct attack on cancer cells and tissues, leading to necrosis,
apoptosis, and/or other forms of regulated cell death,4 these
ROS can also disrupt the tumor vasculature, resulting in tumor
eradication indirectly and stimulate the host immune system.5

Despite the great potential, the low tumor selectivity and
undesired pharmacokinetics of the currently used photo-
sensitizers result in prolonged photosensitivity as a very
common side effect of treatment.1 Taking the most commonly
used photosensitizer for PDT of non-cutaneous solid tumors,
Porfimer sodium, as an example, the residual drug that is
present in all parts of the skin inevitably causes cutaneous
toxicities upon exposure to sunlight.6 Therefore, according to
the guidelines of U.S. Food and Drug Administration,7 all
patients receiving this drug must avoid exposure of skin and
eyes to direct sunlight or bright indoor light for at least 30 days

(up to 90 days or more for some patients). It is envisaged that
if these drawbacks can be improved, it would certainly promote
the use of PDT for cancer treatment. The photosensitizing
drug cetuximab saratolacan (or Akalux), which has recently
been approved in Japan for the treatment of unresectable
locally advanced or recurrent head and neck cancer, is a good
example.8 It is a conjugate of the photosensitizer IR700 with
the antibody cetuximab, which plays a critical role of tumor
targeting toward the epidermal growth factor receptor.

Apart from the tumor-targeting issue, the oxygen-dependent
nature of PDT would also affect its efficacy against tumor
hypoxia, which is a common characteristic of advanced solid
tumors.9−11 In addition, the light-dependent feature of PDT
also requires an effective means of light delivery particularly to
deep tissues, but the limited penetration depth of the light
radiation used remains a concern.12−14 All these challenges
greatly hinder the clinical applications of PDT. As a result,
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considerable efforts have been devoted to optimizing the
design, properties, and efficacy of photosensitizing sys-
tems,15−17 replenishing the oxygen levels in the tumor
microenvironment,9−11,18−20 and relaxing the oxygen depend-
ence in PDT by using Type-1 photosensitizers, photodynamic
oxygen economizers, the approach of mitochondrial respiration
inhibition, etc.21,22 To circumvent the limitation of light
penetration, various approaches have been extensively studied,
such as extending the π conjugation of the photosensitizers to
shift their absorption to red, using the two-photon strategy, X-
rays with a scintillator, or chemiluminescence for excitation,
and the development of upconversion photosensi-
tizers.12−14,18−20

Over the years, a vast number of photosensitizers based on
different organic dyes and inorganic materials have been
studied,15−17 and various carriers have also been developed to
deliver the PDT agents to the targeted sites.19,20,23,24 Despite
the recent advances, the tumor specificity of the photodynamic
action remains a challenge. Photosensitization at a nonspecific
site could lead to undesired photodamage to normal cells and
tissues and reduce the overall therapeutic outcome. To address

this issue, various approaches have been actively explored,
including the bioconjugation of photosensitizers with a tumor-
directing ligand for active targeting,25−27 the incorporation of
photosensitizers on a nanoplatform for promoting the tumor
localization through the enhanced permeability and retention
effect,27−29 and the introduction of stimuli-responsive units to
photosensitizers for controlling their photodynamic activ-
ities.30−34 The last approach involving activatable photo-
sensitizers is of particular interest as it can resolve the “always-
on” problem of general photosensitizers and has a well-defined
activation mechanism in response to the stimuli in the tumor
microenvironment.

To date, most of the activatable photosensitizers reported
are responsive toward a single stimulus. To further enhance the
tumor specificity, a number of dual stimuli-responsive
photosensitizing systems have been developed, of which the
PDT efficacy can be enhanced in the presence of two
stimuli.35−49 This concept was first reported by Ozlem and
Akkaya, who prepared a boron dipyrromethene-based photo-
sensitizer that was responsive toward both Na+ and H+ ions,
functioning as a molecular AND logic gate.50 While most of

Figure 1. Molecular structure of the double-locked PMB 1 and its dual-enzyme-unlocked mechanism.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c13732
J. Am. Chem. Soc. 2023, 145, 7361−7375

7362

https://pubs.acs.org/doi/10.1021/jacs.2c13732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13732?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


these systems are in a nanostructured form,35−43 the molecular
counterparts are rare, and very often they can still be partially
activated in the presence of one of the stimuli.44−49 This
approach has also been extended to nanosystems which are
responsive to three stimuli.51,52 For the examples reported so
far, the acidic environment of the tumor and the overproduced
glutathione (GSH), H2O2, and enzymes in cancer cells are
utilized as the stimuli. To the best of our knowledge,
activatable photosensitizers using two tumor-associated
enzymes as stimuli have not been reported so far, though a
few dual-enzyme-activated fluorescent probes have been
reported.53−56 We report herein such a system in a molecular
form that can only be activated by the coexistence of matrix
metalloproteinase-2 (MMP-2) and cathepsin B. The former is
an extracellular membrane-bound enzyme which is overex-
pressed in most tumors, serving as an important biomarker for
diagnostic and prognostic evaluation of cancer,57 while the
latter is a lysosomal cysteine protease which is also upregulated
in various malignancies.58 This “double-locked” photodynamic
molecular beacon (PMB) is largely quenched in the native
form and even in the presence of one of these enzymes, and it
can only be unlocked or activated in the presence of both of
these cancer-associated enzymes. This advanced feature
renders this PMB acting as an enzymatic AND logic gate
and functioning as a precise photosensitizer for targeted PDT
against cancer, as demonstrated through a series of experi-
ments using a range of cancer cell lines and tumor-bearing
nude mice.

■ RESULTS AND DISCUSSION
Molecular Design and Mechanistic Action. Figure 1

shows the molecular structure of this double-locked PMB

(compound 1) and its dual-enzyme-activated mechanism in
cancer cells. The compound contains a distyryl boron
dipyrromethene (DSBDP)-based photosensitizer and a Black
Hole Quencher 3 (BHQ-3) moiety, which are connected via
two peptide segments of a cyclic peptide. The segments
contain the peptide sequences PLGVR and GFLG, which are
the respective substrates of MMP-2 and cathepsin B.59,60

Having a BHQ-3 moiety in proximity, the DSBDP unit is fully
quenched in terms of fluorescence emission and ROS
generation due to the presence of a highly efficient Förster
resonance energy transfer (FRET) process. Upon interactions
with the overexpressed extracellular MMP-2 of cancer cells,
followed by endocytosis and further interactions with the
overproduced cathepsin B in the lysosomes, both of the
peptide segments are cleaved to completely separate the two
components. As a result, the free DSBDP unit becomes
activated and can restore its photodynamic activities upon light
irradiation. In the presence of only one of these stimuli, the
two components are still connected, making the partially
cleaved products remain largely quenched. Hence, this double-
locked PMB can only be unlocked by these extracellular and
intracellular keys, which is supposed to be in a sequential
manner, and this design can greatly enhance the tumor
specificity of the treatment.
Synthesis and Characterization. To prepare the cyclic

peptide skeleton of PMB 1, the azide-appended peptide resin 2
was first prepared using a modified 9-fluorenylmethoxycar-
bonyl (Fmoc) solid-phase peptide synthesis (SPPS) protocol
with the commercially available N-α-Fmoc-protected amino
acids and Fmoc-Lys(N3)−OH61 as the building blocks and
rink amide resin as the solid support (Scheme S1 in the
Supporting Information). The Fmoc-protecting group was
removed by 20% piperidine in N,N-dimethylformamide

Scheme 1. Synthetic Route of PMB 1 and Its Non-cleavable Analogue 14

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c13732
J. Am. Chem. Soc. 2023, 145, 7361−7375

7363

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13732/suppl_file/ja2c13732_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13732?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13732?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(DMF), while the carboxyl group was activated by 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxid hexafluorophosphate (HATU) and N,N-
diisopropylethylamine (DIPEA) for each coupling. Resin 2 was
then treated with 20% piperidine in DMF to remove the Fmoc-
protecting group and then with a mixture of trifluoroacetic acid
(TFA), triisopropylsilane (TIPS), and water (95:2.5:2.5 v/v/
v) to remove all other protecting groups and detach the
peptide chain from the resin. The resulting unprotected azide-
appended peptide 3 was purified by reverse-phase high-
performance liquid chromatography (HPLC) and character-
ized by electrospray ionization (ESI) mass spectrometry. It is
worth mentioning that the introduction of an azide group in
the middle of the linear peptide with two terminal cysteine
residues is the key to the synthesis of the PMB that can place
the photosensitizer and the quencher on two sides of the cyclic
peptide. This point will be elaborated below.
For comparison, a non-cleavable analogue of PMB 1 was

also prepared, which required a peptide precursor in which
both the PLGVR and GFLG sequences were replaced with an
oligoglycine chain with the same number of amino acid
residues. By using the same synthetic procedure described
above, resin 4 and peptide 5, i.e., the non-cleavable analogues
of resin 2 and peptide 3, respectively, were prepared (Scheme
S2) and characterized.
For the photosensitizing component, a diiodo DSBDP was

used because of the superior photosensitizing properties of this

class of compounds.62 Treatment of our previously reported
hydroxy DSBDP 663 with an excess of 1,3,5-tris-
(bromomethyl)benzene (7) in the presence of K2CO3 in
DMF gave the mono-substituted product 8 in a 35% yield
(Scheme S3). The 3,5-bis(bromomethyl)phenyl substituent
was introduced to facilitate the subsequent cyclic peptide
formation through disubstitution with two cysteine residues of
the linear peptide.64 For the quenching component, BHQ-3
was conjugated with a bicyclo[6.1.0]non-4-yne (BCN) moiety
to facilitate the coupling with the azide-modified cyclic peptide
via strain-promoted azide−alkyne cycloaddition (SPAAC).65

As shown in Scheme S4, treatment of the commercially
available BHQ-3 amine 9 with 4-nitrophenyl carbonate-
modified BCN 1066 and triethylamine gave BCN-substituted
BHQ-3 11, which was isolated by reverse-phase HPLC in a
65% yield. Both 8 and 11 were characterized with 1H and 13C
NMR spectroscopy and high-resolution ESI mass spectrome-
try.

After preparing these building blocks, PMB 1 was assembled
covalently according to Scheme 1, and the course of the
reaction was monitored step-by-step by liquid chromatog-
raphy−mass spectrometry (LC−MS) (Figure 2). The azide-
modified linear peptide 3 (1 mM) was first treated with
DSBDP 8 (1 mM) in a mixture of DMF and borate buffer (pH
10.0) (9:1 v/v) to induce cyclic peptide formation according
to our previously reported synthetic methodology.64 After
stirring the mixture at room temperature for 15 min, the

Figure 2. Monitoring the course of the formation of PMB 1 using LC−MS.
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reaction was essentially completed as indicated by the
disappearance of the signals of the two starting materials and
the appearance of a new intense signal at 13.5 min in the
chromatogram (Figure 2a−c). After purification, this inter-
mediate product was confirmed by ESI mass spectrometry
(Figure 2d,h) to be the cyclic peptide 12, which was formed
via disubstitution of 8 with the two cysteine residues of 3.
Despite the long peptide sequence with 19 amino acid
residues, the cyclization proceeded smoothly, giving the cyclic
peptide 12 in a 70% HPLC yield, though a significant amount
of sample was lost during the purification. The purified sample
(in H2O/CH3CN) was then treated with BCN-substituted
quencher 11 in DMF (0.5 mM). After 1 h, a new signal at 14
min appeared, while the signal of 12 (at 13.5 min) could not
be seen in the chromatogram (Figure 2d−f). This fraction was
then purified and characterized by ESI mass spectrometry
(Figure 2g,i), which confirmed that it was the coupled product
1, which was formed via SPAAC65 and isolated in an 8%
overall yield through the two-step process.
For comparison, a non-cleavable analogue of PMB 1 was

prepared similarly. Treatment of the linear peptide 5 with
DSBDP 8 gave the cyclic peptide intermediate 13, which was
then treated with 11 to afford the clicked product 14 in a 10%
isolated yield. The course of its formation was also monitored
by LC−MS (Figure S1).
Electronic Absorption and Photophysical Properties.

The electronic absorption and fluorescence spectra of PMB 1
were first recorded in DMF and compared with those of the
components 8 and 11, as well as the non-cleavable analogue 14
(Figure S2 and Table 1). The absorption spectra of 1 and 14

resembled each other, and as expected, they showed the
absorption features of DSBDP 8 and BHQ-3 11, including an
intense and broad absorption at 662 nm, a shoulder at 610 nm,
and several high-energy bands at ca. 320, 380, and 450 nm.
The similar absorption positions suggested that the two
chromophores do not exhibit significant ground-state inter-
actions. In contrast, the fluorescence spectra of 1 and 14 were
remarkably different from that of DSBDP 8. While a strong
fluorescence band was observed for the latter at 689 nm with a
fluorescence quantum yield (ΦF) of 0.22 relative to the
unsubstituted zinc(II) phthalocyanine (ZnPc) (ΦF = 0.28), the
fluorescence band was very weak for 1 and 14 with a ΦF value
of 0.01, which was clearly due to the efficient FRET-based
quenching by the BHQ-3 moiety.
The spectral properties of these four compounds were then

studied in phosphate-buffered saline (PBS) at pH 7.4 in the
presence of 0.1% Tween 80 (v/v) added to increase the
solubility and reduce the aggregation of the compounds in this

aqueous medium. As shown in Figure 3a, the longest-
wavelength absorption was slightly broadened and diminished
for all of the compounds compared with that observed in
DMF, reflecting their higher aggregation tendency in this
medium. Upon excitation at 610 nm, DSBDP 8 showed a very
strong fluorescence emission at 690 nm, while the fluorescence
band of 1 and 14 was greatly reduced and that of BHQ-3 11
could not be detected (Figure 3b). The results were essentially
the same as those obtained in DMF. Similarly, we also
recorded the spectra in the working buffer of cathepsin B, i.e.,
pH 5.0 with 25 mM sodium acetate (NaOAc), 1 mM
ethylenediaminetetraacetic acid (EDTA), and 500 μM GSH,
also in the presence of 0.1% Tween 80 (v/v). The spectra as
shown in Figure S3 were very similar to those recorded in PBS.

The singlet oxygen generation efficiency of 1 was then
studied and compared with that of 8, 14, and ZnPc in all these
media using 1,3-diphenylisobenzofuran (DPBF) as the singlet
oxygen probe.67 The absorbance of DPBF’s absorption at 415
nm (in DMF) or 417 nm (in PBS and the buffer) was
monitored during light irradiation (λ > 610 nm). Figures S4−
S6 show the changes in the absorption spectra of the mixtures
in DMF, PBS, and the buffer, respectively, upon irradiation. It
can be seen that in all these media while 8 and ZnPc could
effectively sensitize the formation of singlet oxygen to induce
substantial decay of DPBF, the spectra were not significantly
changed for 1 and 14, showing that the photosensitizing
property of these two conjugates was also largely quenched.
The results are summarized in Figure S7. The singlet oxygen
quantum yields (ΦΔ) were also determined in DMF. The value
of 8 (ΦΔ = 0.52) was comparable with that of ZnPc used as the
reference (ΦΔ = 0.56) and was much higher than those of 1
and 14 (ΦΔ = 0.02) (Table 1).
MMP-2- and Cathepsin B-Responsive Behavior. To

examine the response of PMB 1 toward MMP-2 and cathepsin
B, its absorption and fluorescence spectra were monitored in
the presence of these stimuli at 37 °C over a period of 25 h,
using the non-cleavable analogue 14 as the negative control.
For studying the MMP-2-responsive effect, MMP-2 (2 μg
mL−1) in PBS at pH 7.4 was used to mimic the high serum
levels of this enzyme in patients with cancer.68 The effect of
cathepsin B (using a concentration of 1 unit mL−1) was studied
in the working buffer mentioned above at pH 5.0 to mimic the
lysosomal environment.69 As shown in Figure S8a−d, while the
absorption spectrum of 1 in PBS, both in the absence and
presence of MMP-2, was not significantly changed over 25 h,
the fluorescence intensity was slightly increased and reached a
plateau after 6 h when MMP-2 was present. Similar results
were obtained for the study using cathepsin B in the buffer
(Figure S8e−h). The results showed that in the absence of
these enzymes, PMB 1 was stable under these conditions. In
the presence of one of these enzymes, the fluorescence
emission of 1 remained significantly quenched as the DSBDP
unit was still connected to the BHQ-3 moiety despite the
cleavage of one of the peptide linkers. The more flexible ring-
opening structure, however, might slightly increase the
separation of the two moieties, leading to a lower FRET
efficiency,70 which could explain the small increase in
fluorescence intensity. For comparison, the effect of these
enzymes was also studied for 14. As expected, both the
absorption and fluorescence spectra were not changed toward
these two enzymes (Figure S9).

To study the dual-enzyme-activated effect, PMB 1 was first
treated with MMP-2 (2 μg mL−1) in PBS for 6 h, followed by

Table 1. Electronic Absorption and Photophysical Data for
1, 8, 11, and 14 in DMF

compound λabs (nm) (log ε)
λem

a

(nm) ΦF
b ΦΔ

c

1 323 (4.41), 377 (4.57), 447 (4.17),
610 (4.64), 662 (4.88)

693 0.01 0.02

8 320 (4.51), 377 (4.59), 465 (4.15),
610 (4.41), 660 (4.79)

689 0.22 0.52

11 391 (4.04), 620 (4.59), 662 (4.66)
14 322 (4.61), 387 (4.64), 447 (4.30),

610 (4.64), 662 (4.86)
693 0.01 0.02

aExcited at 610 nm. bRelative to ZnPc (ΦF = 0.28 in DMF). cRelative
to ZnPc (ΦΔ = 0.56 in DMF).
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the addition of NaOAc, EDTA, and GSH and adjustment of
the pH to 5.0 to create a working environment for cathepsin B.
This enzyme (1 unit mL−1) was then added, and the mixture
was stirred for a further 19 h. As expected, after the addition of
cathepsin B, although the longest-wavelength absorption was
just slightly intensified, the intensity of the fluorescence band
was largely increased. The intensity at 25 h was almost the
same as that at 24 h, which could be regarded as full activation,
arising from the complete separation of the two components.
In contrast, the absorption and fluorescence spectra of 14
remained unchanged upon this treatment (Figure S10). Hence,
PMB 1 functioned as an AND logic gate that could be turned
on by the coexistence of these two enzymes.
The fluorescence recovery was then determined for 1 under

the aforementioned conditions, assuming that the fluorescence
intensity of 8 at the same concentration in the same medium
was the maximum fluorescence intensity that could be
recovered. The results are depicted in Figure 3c. It was
found that the fluorescence recovery was 13% and 16% after
the treatment with MMP-2 only and cathepsin B only,
respectively, for 25 h. Interestingly, the value could reach 85%
after the treatment with both enzymes. In addition, we also
determined the corresponding on/off ratios by dividing the
fluorescence intensity at 25 h by the initial fluorescence
intensity under each of these conditions. As shown in Figure
3d, which also contains the results for the non-cleavable
analogue 14 for comparison, the dual-enzyme-activated
condition could lead to an on/off ratio of 16 for 1, while the

ratios were just ca. 2.7 for the single-enzyme-activated
conditions. For 14, the ratios were below 1.5 under all the
conditions, showing that the effect of the two enzymes was
negligible for this conjugate.

Apart from the activation in fluorescence emission, the
activation of 1 in singlet oxygen generation was also studied.
PMB 1 (1 μM) was treated with MMP-2 and/or cathepsin B
as described above and then mixed with DPBF (30 μM). The
absorption spectra of these mixtures were monitored during
light irradiation (λ > 610 nm) over a period of 300 s. As shown
in Figure S11, the absorption band of DPBF at 417 nm was
slightly diminished during irradiation for the treatment groups
of MMP-2 only and cathepsin B only. The decrease in
absorbance became more substantial for 1 after the treatment
with both enzymes. As expected, the changes were negligible
for 14 under all conditions (Figure S12). Figure 3e shows the
change in the absorbance of DPBF’s absorption at 417 nm
with the irradiation time for 1 and 14, both with and without
the sequential treatment with MMP-2 and cathepsin B, which
could reflect the singlet oxygen generation efficiency. It can be
seen that after the dual activation, the photosensitizing
property of 1 was turned on remarkably, and the singlet
oxygen generation efficiency was just slightly lower than that of
DSBDP 8.

To further confirm that the restoration of fluorescence
emission and singlet oxygen generation of PMB 1 was due to
the cleavage by the enzymes, LC−MS was used to analyze the
reaction mixtures (Figure 4). After 1 (1 μM) had been treated

Figure 3. (a) Electronic absorption and (b) fluorescence (λex = 610 nm) spectra of 1, 8, 11, and 14 (all at 1 μM) in PBS at pH 7.4 with 0.1%
Tween 80 (v/v). (c) Fluorescence recovery for 1 (1 μM) in the absence of MMP-2 and cathepsin B, upon treatment with either MMP-2 (2 μg
mL−1) or cathepsin B (1 unit mL−1) at 37 °C over a period of 25 h or upon treatment with MMP-2 (2 μg mL−1) for 6 h and then with cathepsin B
(1 unit mL−1) for a further 19 h at 37 °C. The solvent was either PBS at pH 7.4 (for the study involving MMP-2) or buffer solution (pH 5.0, 25
mM NaOAc, 1 mM EDTA, 500 μM GSH) (for the study involving cathepsin B), both in the presence of 0.1% Tween 80 (v/v). (d) On/off ratios
for 1 and 14 under different conditions as determined by dividing the corresponding fluorescence intensity at 25 h by the initial fluorescence
intensity. (e) Comparison of the rates of decay of DPBF (initial concentration = 30 μM) sensitized by 1 and 14 (both at 1 μM), both with and
without the sequential treatment with MMP-2 and cathepsin B as described above, followed by light irradiation (λ > 610 nm) for 300 s. The results
for 8 (1 μM) in the buffer are also included for comparison.
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with MMP-2 (2 μg mL−1) in PBS for 6 h, the signal of 1 (with
the retention time at 14.0 min) disappeared, while a new
intense signal at 14.7 min was observed in the chromatogram
of the mixture. Similarly, for the mixture obtained after treating
1 (1 μM) with cathepsin B (1 unit mL−1) in the working buffer
at pH 5.0 for 6 h, a new signal with virtually the same retention
time was detected in the chromatogram (Figure 4a−c). The
ESI mass spectra of the two new fractions, labeled as 15 and
16, respectively, were found to be very similar (Figure 4e,f),
giving a series of signals corresponding to the multi-protonated
molecular ions. The molecular mass was identical for both
compounds, which was larger than that of 1 by 18, suggesting

that one of the amide bonds of 1 was cleaved by enzymatic
hydrolysis. Since it has been reported that the favorable site for
cleavage of PLGVR and GFLG by the corresponding enzymes
is PLGVR and GFLG (the underlined), respectively,71,72 the
structures of 15 and 16 are proposed as indicated in Figure 4i,
for which the DSBDP and BHQ-3 moieties are still linked up
together.

To study the dual-enzyme-activated effect, PMB 1 was
treated with MMP-2 (for 6 h) and cathepsin B (for 19 h)
sequentially as mentioned above. The chromatogram of the
mixture showed the disappearance of the signal of 1 and the
occurrence of two new signals at 18.8 and 21.8 min (Figure

Figure 4. HPLC chromatograms of (a) 1 and the reaction mixtures of (b) 1 after the treatment with MMP-2 for 6 h, (c) 1 after the treatment with
cathepsin B for 6 h, and (d) 1 after the treatment with MMP-2 for 6 h and then with cathepsin B for 19 h. ESI mass spectra of (e) 15, (f) 16, (g)
17, and (h) 18. (i) Enzymatic reactions of 1 with MMP-2 and/or cathepsin B.
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4d). The mass spectral data of these two fractions showed that
they were the BHQ-3 and DSBDP fragments 17 and 18,
respectively, which were formed by cleaving the two peptide
segments at the aforementioned sites (Figure 4g−i). These
results clearly showed that 1 was cleaved by the two enzymes
specifically, and the detachment of the BHQ-3 quencher
restored the fluorescence emission and singlet oxygen
production of the DSBDP moiety.
Cellular Uptake and Intracellular Activation in

Fluorescence Emission. The cellular uptake of 1 was
studied using a range of cell lines with different expression
levels of MMP-2, namely the MMP-2-overexpressed A549
human lung carcinoma cells73 and U-87 MG human
glioblastoma cells,74 as well as the low MMP-2-expressed
HeLa human cervical carcinoma cells75 and HEK-293 human
embryonic kidney normal cells.76 The cells were incubated
with 1 (2 μM) in a serum-free medium for 1 h and then in the
neat medium for a further 6 h to provide sufficient time for
enzymatic cleavage. As shown in Figure 5a, the intracellular
fluorescence intensity as observed by confocal microscopy was
significantly higher for the MMP-2-positive A549 and U-87
MG cells compared with that for the MMP-2-negative HeLa
and HEK-293 cells. Similar results were obtained by flow
cytometry (Figure 5b). The quantified fluorescence intensity
for A549 cells was 3.8-fold that for HEK-293 cells. This

observation could be explained by the enhanced MMP-2 levels
in the MMP-2-positive cells that could promote the cleavage of
the PLGVR linker. After subsequent cleavage of the remaining
GFLG linker by the intrinsic cathepsin B inside the cells, the
probe was activated favorably, leading to higher intracellular
fluorescence intensity. The very weak intensity for the MMP-2-
negative cells showed that the probe was still significantly
quenched even when one of the peptide linkers (i.e., the GFLG
sequence) was cleaved by the intracellular cathepsin B.

The above hypothesis was verified by further studying the
intracellular activation of 1 using two enzyme inhibitors,
namely SB-3CT, which is a potent and competitive matrix
metalloproteinase inhibitor that can reversibly inhibit the
enzymatic function of MMP-2,77 and CA-074 methyl ester
(CA-074 Me), which is a cell-permeable and selective inhibitor
of cathepsin B.78 The cells were pretreated with SB-3CT (10
μM) and/or CA-074 Me (25 μM) or simply the neat medium
for 2 h, followed by incubation with 1 (2 μM) for a further 1 h.
After being rinsed with PBS, the cells were incubated in the
medium for a further 6 h. As a negative control, the cells were
simply incubated with 14 (2 μM) for 1 h, followed by post-
incubation in the medium for 6 h. The fluorescence images of
the cells under all these conditions were captured using a
confocal laser scanning microscope. For the two MMP-2-
positive cell lines (Figure 5c), bright intracellular fluorescence

Figure 5. (a) Bright field, fluorescence, and the merged images of A549, U-87 MG, HeLa, and HEK-293 cells after incubation with 1 (2 μM) in a
serum-free medium for 1 h, followed by incubation in the neat medium for a further 6 h. (b) Mean intracellular fluorescence intensities of A549, U-
87 MG, HeLa, and HEK-293 cells under these conditions as determined by flow cytometry. Data are expressed as the mean ± standard error of the
mean (SEM) of three independent experiments. (c) Bright field, fluorescence, and the merged images of A549 and U-87 MG cells after incubation
in a serum-free medium in the absence or presence of SB-3CT (10 μM) and/or CA-074 Me (25 μM) for 2 h, and then with 1 (2 μM) for 1 h,
followed by post-incubation in the medium for a further 6 h or incubation with 14 (2 μM) for 1 h, followed by post-incubation in the medium for a
further 6 h. (d) Mean intracellular fluorescence intensities of A549 and U-87 MG cells under these conditions as determined by flow cytometry.
Data are expressed as the mean ± SEM of three independent experiments. ***p < 0.001 as calculated by the Student’s t-test.
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was observed for 1 without pretreating the cells with the two
inhibitors. The intensity was significantly reduced when the
cells were pretreated with one of the two inhibitors. For the
cells with pretreatment with both inhibitors, fluorescence due
to 1 could hardly be seen. Similarly, for the cells being
incubated with 14, the intracellular fluorescence was negligible.

These results were in good agreement with those obtained by
flow cytometry (Figure 5d). Again, for PMB 1, the
fluorescence intensity was the highest for the cells without
being pretreated with the two inhibitors. For A549 cells, the
intensity was 5.6-fold that for the cells being pretreated with
the two inhibitors. The slightly higher intensity for the SB-

Figure 6. (a) Intracellular ROS generation as reflected by the intracellular fluorescence intensity of DCF. A549 and HeLa cells were incubated in a
serum-free medium in the absence or presence of SB-3CT (10 μM) and/or CA-074 Me (25 μM) for 2 h, and then with 1 (2 μM) for 1 h, or simply
with 14 (2 μM) for 1 h. After post-incubation in the medium for 6 h, the cells were incubated with H2DCFDA (10 μM) for 30 min, followed by
dark or light (λ > 610 nm, 23 mW cm−2, 14 J cm−2) treatment. (b) Dark and photo (λ > 610 nm, 23 mW cm−2, 28 J cm−2) cytotoxicity of 1 and 14
against A549, U-87 MG, HeLa, and HEK-293 cells under the different conditions as described. Data are expressed as the mean ± SEM of three
independent experiments, each performed in quadruplicate. **p < 0.01 and ***p < 0.001 as calculated by the Student’s t-test.
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3CT-pretreated cells compared with that for the CA-074 Me-
pretreated cells suggested that the activation effect of cathepsin
B was slightly higher than that of MMP-2, which was
consistent with the results of the solution study (Figure
3c,d). The results for the two MMP-2-negative cell lines were
similar, but the activation effect was significantly smaller
(Figure S13). For HeLa cells being treated with 1, the
fluorescence intensity of the native cells (i.e., the dual activated
condition) was just 3.2-fold that of the cells under the dual

inhibited condition. The overall results further demonstrated
that the fluorescence emission of PMB 1 could only be
remarkably activated upon interactions with MMP-2 and
cathepsin B through cleavage of the corresponding peptide
substrates.
Subcellular Localization. The subcellular localization of 1

in A549 cells was also studied. After incubation with 1 (2 μM)
for 1 h and post-incubation in culture medium for a further 6
h, the cells were stained with LysoTracker Green DND-26 (2

Table 2. IC50 Values for 1 and 14 against A549, U-87 MG, HeLa, and HEK-293 Cells under Different Conditions with Light
Irradiation (λ > 610 nm, 23 mW cm−2, 28 J cm−2)

IC50 (μM)

MMP-2-positive MMP-2-negative

conditions A549 U-87 MG HeLa HEK-293

1 0.78 ± 0.04 0.91 ± 0.03 3.06 ± 0.02 >4
1 + CA-074 Me 2.39 ± 0.02 2.72 ± 0.01 >4 >4
1 + SB-3CT 2.07 ± 0.01 2.55 ± 0.04 >4 >4
1 + SB-3CT + CA-074 Me >4 >4 >4 >4
14 >4 >4 >4 >4

Figure 7. (a) Fluorescence images of A549 tumor-bearing nude mice before and after intratumoral injection of 1 or 14 over a period of 24 h
(excitation wavelength = 680 nm, emission wavelength ≥700 nm). (b) Change in fluorescence intensity per unit area of the tumor for the mice
being treated with 1 or 14 over 24 h. (c) Photographs of the A549 tumor-bearing nude mice before and after intratumoral injection with 1 or 14
followed by laser irradiation (680 nm, 0.3 W cm−2, 180 J cm−2) or with PBS without laser irradiation over 14 days. (d) Tumor-growth curves for
A549 tumor-bearing nude mice after the aforementioned treatments. (e) Change in body weight of the mice being treated as above over 14 days.
(f) H&E-stained slices of the tumor and major organs of the mice on Day 14 after the above treatments. The drug dose was 20 nmol in 20 μL of
distilled water containing 7.5% DMSO and 0.5% Tween 80 (v/v) for all cases. For (b,d,e), data are expressed as the mean ± standard deviation for
n = 4. ***p < 0.001 as calculated by the Student’s t-test.
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μM for 30 min), MitoTracker Green FM (0.2 μM for 15 min),
or ER-Tracker Green (1 μM for 15 min). The intracellular
fluorescence of the DSBDP fragment of 1 formed through the
enzymatic cleavage and the trackers were examined using
confocal microscopy. As shown in Figure S14, the fluorescence
due to the fragment of 1 could only be overlapped with that of
LysoTracker but not the other two trackers, showing that 1,
after the enzymatic activation, was localized mainly in the
lysosomes, which are the last compartments of the endocytic
pathway and could facilitate the activation by cathepsin B
therein.
Intracellular Activation in ROS Generation and

Cytotoxicity. The enzyme-responsive intracellular ROS
generation of 1 was then examined in A549 and HeLa cells
using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA)
as the ROS fluorescent probe. Once H2DCFDA is internalized,
it will be deacetylated by the intracellular esterase, followed by
oxidation by the intracellular ROS, leading to the formation of
the highly fluorescent 2′,7′-dichlorofluorescein (DCF).79 The
cells were first pretreated with SB-3CT (10 μM) and/or CA-
074 Me (25 μM) or simply the neat medium for 2 h, followed
by incubation with 1 (2 μM) for a further 1 h. As a negative
control, the cells were simply incubated with 14 (2 μM) for 1
h. After being rinsed with PBS, the cells were incubated in the
medium for a further 6 h. Finally, the cells were incubated with
H2DCFDA (10 μM) for 30 min, followed by dark or light (λ >
610 nm, 23 mW cm−2, 14 J cm−2) treatment. Figure 6a shows
the corresponding confocal fluorescence images. It can be seen
that for the MMP-2-positive A549 cells, the fluorescence due
to DCF was in the following order: 1 without pretreatment of
the cells with the two inhibitors > 1 with pretreatment of the
cells with either one of the two inhibitors > 1 with
pretreatment of the cells with both inhibitors ≈ 14. In fact,
the intracellular fluorescence could hardly be observed for the
last two treatment groups, showing that the two conjugates
remained largely quenched under these conditions. This trend,
which reflects the extent of recovery of ROS generation, was in
accord with that of the fluorescence recovery inside the cells
(Figure 5c,d). For the MMP-2-negative HeLa cells, the
intracellular fluorescence remained very weak even for 1
without pretreatment of the cells with the two inhibitors
because of the intrinsically low MMP levels in the cells.
The dark- and photocytotoxicity of 1 was also investigated

against all four cell lines under the different conditions as
described, using 14 as a negative control. Figure 6b shows the
corresponding dose-dependent survival curves. Without light
irradiation, both 1 and 14 were noncytotoxic up to 4 μM for all
conditions. Upon light irradiation (λ > 610 nm, 23 mW cm−2,
28 J cm−2), both conjugates however could induce a different
extent of cytotoxicity. The corresponding half-maximal
inhibitory concentrations (IC50 values) were determined and
are summarized in Table 2. PMB 1 exhibited the highest
photocytotoxicity, particularly toward the two MMP-2-positive
cell lines. The IC50 values were 0.78 and 0.91 μM for A549 and
U-87 MG cells, respectively, which were significantly lower
than those for HeLa (3.06 μM) and HEK-293 (>4 μM) cells.
The results could be attributed to the intrinsic difference in the
MMP-2 levels in these cells. Upon pretreatment with either
SB-3CT or CA-074 Me, the photocytotoxicity of 1 was
significantly reduced with IC50 values in the range of 2.07−
2.72 μM for the two MMP-2-positive cell lines due to the
partial inhibition, while the values for the two MMP-2-negative
cell lines were >4 μM. The photocytotoxicity was further

reduced under the dual inhibition condition, for which the IC50
values (>4 μM) also could not be determined. Similarly, 14
also exhibited low photocytotoxicity due to its non-cleavable
and non-activatable nature. The overall results generally
followed the trend of intracellular ROS generation as reported
above.
In Vivo Activation and PDT. The in vivo activation of 1 in

terms of fluorescence emission was further investigated using
A549 tumor-bearing nude mice as the animal model and the
non-cleavable analogue 14 as the negative control. These
conjugates were injected intratumorally into the mice, and then
their whole-body fluorescence was monitored with an infrared
imaging system (excitation wavelength = 680 nm, emission
wavelength ≥700 nm) over a period of 24 h (Figure 7a). The
fluorescence intensity per unit area of the tumor was also
determined at different time points for both conjugates (Figure
7b). It can be seen that for PMB 1, the fluorescence was
gradually increased at the tumor site during the first 6 h and
then dropped slightly. For 14, the tumoral fluorescence
intensity was significantly lower for the whole period of time.
At 6 h post-injection, the intensity of 1 was 4.3-fold higher
than that of 14, showing that the former could be activated
through enzymatic cleavage of the two peptide segments by the
intrinsic MMP-2 and cathepsin B in the tumor, while the latter
remained largely quenched due to its non-cleavable nature.

To further examine the in vivo PDT efficacy of 1, A549
tumor-bearing nude mice were first intratumorally injected
with 1 or the non-cleavable control 14 (20 nmol) in 20 μL of
distilled water containing 7.5% dimethyl sulfoxide (DMSO)
and 0.5% Tween 80 (v/v). After 6 h, when the difference in
tumoral fluorescence intensity was the largest between the two
conjugates (Figure 7b), the tumor was irradiated with a diode
laser at 680 nm (0.3 W cm−2) for 10 min. As another negative
control, another group of mice were injected with PBS only
without the laser treatment. The tumor size of all mice was
monitored continuously for 14 days after the different
treatments. As shown in Figure 7c,d, while the tumor grew
continuously for both control groups (i.e., 14 with laser
irradiation and PBS only), the tumor size was greatly reduced
for the positive treatment group (i.e., 1 with laser irradiation).
Although residual fluorescence could be observed in the tumor
when 14 was injected (Figure 7b), the negligible antitumor
effect suggested that the amount of ROS generated by this
compound, if any, was not sufficient to cause a significant
photodynamic effect, which could be attributed to its non-
cleavable nature and the strong intrinsic quenching.

The body weight of the mice was also monitored during the
course of these treatments (Figure 7e). The negligible change
suggested that these treatments did not cause a notable side
effect to the mice. In addition, the PDT effect on the tumor
and major organs was further investigated by hematoxylin and
eosin (H&E) staining. As shown in Figure 7f, only the H&E-
stained image of the tumor after the treatment with 1 and laser
irradiation indicated significant cellular damage and necrosis.
There was no apparent damage to the tumor tissue for the
other two treatments and to the major organs for all three
treatments. All these in vivo results showed that 1 could serve
as a potent and safe PDT agent at the animal level.

As mentioned earlier, prolonged skin photosensitivity is a
very common side effect of PDT. It was expected that PMB 1,
of which the photodynamic activity can be controlled precisely,
could exhibit minimal toxicities at the nontarget sites, including
the skin tissue. To demonstrate this advantageous feature of
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this smart photosensitizer, we examined the effects of 1 and
laser irradiation on the skin of mice and compared the results
with those for DSBDP 6 (Figure 8a), which is an “always-on”
counterpart. The timeline of the study is shown in Figure 8b.
The mice were first intravenously injected with either 1 or 6
(20 nmol) in 200 μL of distilled water containing 3% DMSO
and 0.5% Tween 80 (v/v). The whole-body fluorescence
images of the mice were monitored using an infrared imaging
system over a period of 24 h. As shown in Figure 8c, bright
fluorescence was observed throughout the whole body of the
mice being treated with 6 over this period of time, reflecting its
“always-on” nature. In contrast, fluorescence was not
noticeable for the mice being treated with 1, showing that 1
remained largely quenched inside the mice.

At 6 h post-injection of 1 or 6, the mice were irradiated with
the aforementioned laser source (680 nm, 0.3 W cm−2) on a
region of the skin (marked in Figure 8d) for 10 min, which
were the conditions used for in vivo PDT as described above.
The appearance of the irradiated region was then examined
after 24 h. A clear burning sign was observed for the mice
being treated with 6, while there was no noticeable change for
those being treated with 1, showing that the burning sign was
caused by the photodynamic action of 6 instead of the laser
irradiation. The skin tissues of these mice were then harvested
and examined using the TUNEL assay. As shown in Figure 8e,
bright green fluorescence was observed only for the tissue from
the mice being treated with 6 followed by laser irradiation,
which indicated the occurrence of extensive cell apoptosis. The
fluorescence intensity was negligible without laser irradiation

Figure 8. (a) Molecular structure of 6. (b) Timeline for the investigation of the in vivo photodynamic effect of 1 and 6 on the skin of the mice. (c)
Fluorescence images of the nude mice before and after intravenous injection of 1 or 6 [20 nmol in 200 μL of distilled water containing 3% DMSO
(v/v) and 0.5% Tween 80 (v/v)] over a period of 24 h (excitation wavelength = 680 nm, emission wavelength ≥700 nm). (d) Photographs of the
nude mice before and after laser irradiation (680 nm, 0.3 W cm−2) for 10 min at 6 h post-injection taken after 24 h. (e) TUNEL-stained slices of
the skins of the mice at 24 h after the above treatments. The cell nuclei were stained with Hoechst 33342. (f) H&E-stained slices of the skins of the
mice at 24 h after the above treatments (original magnification 200×).
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and for the mice being treated with 1 regardless of whether
laser irradiation was applied. The results indicated that light
excitation of the “always-on” photosensitizer 6 had significantly
damaged the skin tissue of the mice, while for the double-
locked PMB 1, it did not cause significant cellular damage to
the skin of the mice even upon light irradiation.
Further evidence was obtained by the H&E staining of these

skin tissues. As shown in Figure 8f, for the tissue of the mice
being treated with 6 and laser irradiation, it displayed many
apoptotic keratinocytes (as indicated by black arrows) per
field. They are smaller than the healthy keratinocytes and are
characterized by their dark and condensed nucleic chromatin.
Again, without the subsequent laser treatment and for the
tissues of the mice being treated with 1 with or without laser
irradiation, the skin tissues remined virtually intact. All of the
above in vivo results demonstrated that the photodynamic
action of the double-locked PMB 1 could be confined at the
tumor without the problem of photosensitivity.

■ CONCLUSIONS
In summary, a novel double-locked PMB (compound 1) has
been designed and synthesized, in which a DSBDP-based
photosensitizer and a BHQ-3 quencher are connected via two
enzyme-cleavable peptide segments of a cyclic peptide. The
synthesis involves a tailor-made linear peptide precursor with
two terminal cysteine residues and an azide group in the
middle, which can facilitate cyclization of the peptide and
conjugation with the photosensitizer and quencher via a one-
pot two-step process. The highly efficient FRET between the
two components largely inhibits the fluorescence emission and
ROS generation of the conjugate, making it virtually
completely quenched in the native state. Upon interactions
with MMP-2 and cathepsin B, the specific enzymes for the two
peptide linkers, the PMB can be activated remarkably through
cleavage of the two linkers and release of the free DSBDP unit.
In the presence of only one of these enzymes, the two
components are still connected with a peptide segment and the
PMB remains significantly quenched. These enzyme-respon-
sive properties have been demonstrated through a series of
solution, in vitro, and in vivo studies. The overall results show
that PMB 1 functions as an AND logic gate that can only be
unlocked by the two enzymes. The specific activation of this
PMB by the coexistence of these two tumor-associated
enzymes and the negligible photosensitivity render it a highly
potent and promising photosensitizer for targeted PDT.
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