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In type-Il photosensitization the singlet oxygé®,, is generated

. o Triplet energy transfer hv 10 (A)
by energy transfer from the triplet state of a photosensitizer molecule g ) Qb 2
(PS), following intersystem crossing of the PS from its photoexcited K}?oh 02«5 t A
singlet to triplet staté.!O, is widely believed to be the major 0, -

cytotoxic agent involved in photodynamic therdpy.
In 1990, Matayoshi et &l first used fluorescence resonance
energy transfer (FRET) to design activated probes for imaging

retroviral proteases. FRET-based imaging probes (“molecular
beacons”) have since been used in many applicaééirs;luding

Enzyme ! ~ .
- ~-~_€.
Enzyme Activation
(B)
protease-activated near-infrared (NIR) fluorescent probes developed

by Weissleder and colleagues for cancer imagifigese yield high C,H—GI_v-Asp-Glu-\-’aI-Asp-Gly-Ser-GIy-Lys-ﬁI

” H
tumor-to-background ratios, since they are nonfluorescent in the o= c=0
native state.

Here we combine these two concepts, i.e., type-Il photosensiti- (C)
zation and molecular beacons, to design a photosensitizing beacon 020 012 a0, b
(PS-beacon) comprising a disease-specific linker, a PS, 46d a oo f\m— PPC
quencher/scavenger, such that there is no photosensitization until , 008 If.-‘.‘;/é.t”
the linker interacts with a specific target molecule, such as a tumor- // U
specific enzyme. o N~ o3
As proof-of-principle of this approach, we designed a protease- % - S v_/\

triggered PS-beacon, depicted in Figure 1A. This molecule consists 00 100 200 300 min 200 300 400 500 600 nm

of a short peptide sequence specific to a protease that is over-gigyre 1. (A) Concept of'0, quenching/scavenging and activation. (B)

expressed in cancer cells. A PS antDa quencher/scavenger (Q)  Structure of caspase-3 activatable PPC beacon. (C) HPLC retentich time

are conjugated to the opposite ends of this sequence. Proximity ofof PI_DC and the corresponding absorption spectra of PPC compared to Pyro-

PS and Q can quenéd, generation through PS triplet-state energy PePtide (PP) and CAR.

transfer and/or can scavenge #@; that has been generated. We  piication of this product was achieved by using two connected

hypothesize that, in the presence of tumor-specific enzyme, the Diol and C18 Sep-pak columns and confirmed by HPLC (Figure

substrate sequence will be c_Ieaved and PS and Q will separate SQLC). The structure of PPC was confirmed by MALDI-TOF

that the _PS can be photoactivated. (calculated 1895.24, found 1896.03). The presence of all three
To build the model construct, a cleavable caspase-3 SUbStrate'structural components in PPC was further confirmed by-wig

GDEVDGSGK (recognition site underlined), was chosen as the (kg re 1¢), which shows characteristic peaks of the Pyro (420,
peptide sequence, for which there is a well-established assay for663 nm) and CAR (472, 501 nm) moieties.

the caspase-3-specific fluorogenic substfegropheophorbide The PPC was then tested for caspase-3 cleavage using HPLC.
(Pyro) was used as the PS. This is a chlorophyll analogue that hasag shown in Figure 2A, addition of caspase-3 clearly induced

long-wavelength absorption at 6677 nm and is an efficieds cleavage, as demonstrated by the diminishing PPC peak at 26.7
producer with a quantum yieldt50%.” A carotenoid (CAR) was iy and the rise of Pyro and CAR residues at 12.4 and 20.7 min,

selected as the Q moiety, since CARs are well kr_lown both to respectively. The cleavage was proved to be caspase-3-specific by
quench triplet excited states and also.to scavenge.smglet ofygen. using a caspase-3-specific inhibitor (Ac-DEVD-CHO) that com-
Hence, when the _CAR moiety Is held n close_ proxmlty to the PS pletely blocked the enzyme activityThe stability of both Pyro

by the short peptide sequence, it should efficiently decré@ge and CAR upon caspase-3 cleavage was demonstrated by the fact

generation and lifetime. _ _ that their absorption spectra remain unchanged (Figure 2B).
To synthesize the Pyro-peptide-CAR (PPC) PS-beacon (Figure - 1 yoqt this conceptO, was measured directly in solutions of

1B), a GDEVDGSGK peptide was synthesized. Pyro was coupled ppe 410ne PPC incubated with caspase-3, and PPC incubated with
to the N-terminal glycine of peptide on solid support. This conjugate caspase-3 plus a caspase-3 inhibitor. Pyro-peptide (PP) alone,
was then cleaved from the support and deprotected. CAR conjuga-,ithout the CAR moiety, was used as a positive contf@,

tion was then carried out in solution, since it is acid-labile. generation was quantified by measuring its NIR luminescence at

T University of Pennsylvania Radiology. 1270 nm, using an instrument that has been described previtusly.

+ University of Pennsylvania Chemistry. ; ;

§ Ontario Cancer Institute/University of Toronto. B”eﬂ_y’ a 10 ns pul§ed 523 nm laser (75 mWAnexcites th_e .

' University of Pennsylvania Biochemistry/Biophysics. solution and the luminescence spectrum is sampled, after rejection
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Figure 2. (A) HPLC chromatograms monitoring caspase-3 cleavage by
Pyro fluorescence (left) and CAR absorption (right): PPC alone (first row),
PPC+ caspase-3 (second row), and PRCaspase-3t inhibitor (third
row). (B) Absorption spectra corresponding to the dominant HPLC peaks
for PPC+ caspase-3 (left) and PP€ caspase-3- inhibitor (right).
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Figure 3. (A) Total 1O, luminescence counts for PP, RPcaspase-3, PP
+ caspase-3- inhibitor, PPC, PPCr caspase-3, and PPE caspase-3-
inhibitor. (B) CorrespondindgO; lifetime.

of PS fluorescence, using a set of interference filters and a high-
sensitivity NIR photomultiplier tube operating in the time-resolved
single-photon counting mode.

As shown in Figure 3, caspase-3 and its inhibitor have no effect
on the 'O, production of PP, and PPC itself has 8-fold 1é€s
production than PP. Thus, th®, quenching in PPC is due to the
presence of CAR. Moreover, addition of caspase-3 to the PPC
(molar ratio 1:60; incubation time 1 h) resulted in a 4-fold increase
in 10, signal, an effect that was completely prevented by co-
incubation with the caspase-3 inhibitor ¢8 PPC concentration
with the same incubation time). The 2-fold difference %@,
luminescence as well d©; lifetime between the PP and PPE

caspase-3 is probably due to the presence of free CAR quenchers

in solution after cleavage. This effect will likely be less in vivo
since there will be less free CARs available. The differenc®in
luminescence between PPC alone and PP€aspase-3 is likely
due to both photosensitizer triplet-state quenching'@adcaveng-

ing by CAR. These data demonstrate thH&l, generation is
effectively inhibited by the CAR quencher and that caspase-3-
induced separation of the quencher and the photosensitizer mol-
ecules allows photoactivation of the latter.

In addition, the ratio of the PPC to PP€ caspase-3 O,
lifetime (Figure 3B) is 3:4, whereas this ratio in tot@), (Figure
3A) is 1:4. Since'O, luminescence is directly proportional 1@,
lifetime, Pyro triplet state quenching by CAR seems to be more
important for the intact PPC molecule th&D, scavenging. This
is consistent with the fact that the requirement for efficient triplet
state quenching is less rigid than the diré®s quenching (five
double bonds in CAR required for the former but nine required for
the latter)t!

All of the above experiments were repeated at least in triplicate
and were statistically significanp(< 0.04).

In conclusion, a new photosensitization concept has been
developed, based oD, quenching and activation, and the first
PS-beacon designed using this concept has been validated in
solution by direcfO, luminescence and lifetime measurements. It
is planned to test this next in cancer cells in vitro and in vivo with
a tumor-specific peptide linkeand to extend the concept to other
activation mechanisms, such as the use of tumor-specific antisense
linker.12
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