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Maximizing the thiol-activated photodynamic
and fluorescence imaging functionalities of
theranostic reagents by modularization of
Bodipy-based dyad triplet photosensitizerst

Jianzhang Zhao,*? Ling Huang,? Xiaoneng Cui,? Shujing Li® and Huijian Wu*®

To maximize both the activatable singlet oxygen (*O,) production and fluorescence of theranostic
photodynamic (PDT) reagents, herein we propose a modularized molecular structural profile, ie. the
intersystem crossing (ISC) and fluorescence functionalities were accomplished with different modules in
a dyad, thus enabling the activated O, production yield (Fp, PDT) and the fluorescence yield (Ff) to
both approach 100%. The PDT and the fluorescence were caged with a thiol-cleavable disulfide bond
(-S=S-) linker and an electron trap (2,4-dinitrobenzenesulfide, DNBS). This new molecular structural
profile is different from that of conventional theranostic PDT reagents, which are based on a single
chromophore for both PDT and fluorescence; thus, the limitation of Fp + Fr = 100% exists for only half
of our new molecular profile. To this end, six Bodipy dyads were prepared. The photophysical properties
of the dyads were studied with steady state absorption, fluorescence and nanosecond transient absorption
spectroscopy. The dyads show weak PDT and luminescence, due to the caging effect. In the presence of
thiols (GSH or Cys), cleavage of the disulfide linker and DNBS occurs, and the PDT and fluorescence
modules are activated simultaneously (Fg: 1.3% — 47.6%; Fp: 16.7% — 71.5%). These results are useful in
designing activatable PDT/fluorescence imaging theranostic reagents.

Introduction

Photodynamic therapy (PDT) reagents are of particular interest
due to their ability to produce cytotoxic singlet oxygen (*O,)
upon photoirradiation.® ® Among other desirable properties,
strong absorption of visible or near-IR light, high triplet excited
state yield, and low dark toxicity are crucial for PDT reagents.
Porphyrin derivatives have been used as the first generation of
PDT reagents.® Recently, activatable PDT reagents have been
developed such as acid-activatable iodo-azaBodipy derivatives,*” *°
porphyrin compounds,** ** PDT molecular beacons,** *® or photo-
switched 0, production with photochromic chromophores.*’
However, switching of the triplet excited states of organic
chromophores has not been studied in detail with nanosecond
time-resolved transient absorption spectroscopy.’® In-depth
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investigation into the variation of the triplet excited state with
time-resolved spectroscopy will be useful for the future design
of activatable PDT reagents.

Moreover, it is highly desirable to develop PDT reagents that
give activated 'O, photosensitizing and luminescence at the
same time, so that bifunctional treatment/monitoring thera-
nostic reagents can be attained.'® However, investigations into
such PDT compounds are rare.*® Actually, there is a dilemma
for these bifunctional PDT compounds, since these reagents
are usually based on a single chromophore profile; as a result,
the e cient ISC required to produce the triplet excited state
will inevitably quench the fluorescence of the same chromo-
phore, and the maximal sum of the yield of the two competing
processes of 1ISC and fluorescence will be less than 100%. In order
to address this challenge and to maximize the luminescence
e ciency, as well as the PDT e ect, the two functionalities
can be accomplished by separate chromophores, for example in
adyad, which can be simultaneously activated by cancer-related
biomarkers such as high concentrations of biological thiols
(GSH and Cys).

PDT reagents based on the fluorescence-resonance-energy-
transfer (FRET) mechanism have been reported, e.g. the photo-
dynamic molecular beacons®® or photosensitizer aptamer switch.%°
Usually, in these activatable PDT reagents, a photosensitizer

This journal is© The Royal Society of Chemistry 2015
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and a quencher, such as black hole quencher, are linked by
cleavable bonds or aptamers. Targeted cleavage of the linker or
binding to specific enzymes or biomarkers for disease (small
molecules) will activate the PDT reagent. Porphyrin and rhodamine
were used to construct a caspase-specific luminescence imaging
reagent with the ability to induce cell death and at the same time,
monitor cell death by ratiometric fluorescence.® However, in
that case, the PDT e ect was not caged. Recently, phthalocyanine
complex was caged with 2,4-dinitrobenzenesulfide; the phthalo-
cyanine chromophore acts as the PDT as well as the fluorescence
module.’® In this case, a single chromophore plays both the
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fluorescence and triplet state production roles. A Bodipy dyad
was reported to show thiol activatable fluorescence; however,
the PDT e ect was not caged.!®

In order to address the abovementioned challenges, herein
we prepared Bodipy iodoBodipy dyads (Scheme 1) to achieve
the following goals: (a) to attain simultaneous thiol-activated
fluorescence and PDT effect with different chromophores in
a dyad, in which the PDT and the fluorescence were caged;
(b) feasibly tuneable fluorescence emission wavelength to enable
multi-colour luminescence imaging; (c) thorough study of the
switching of the triplet excited state with nanosecond transient

Fp”
FoN

o
S
/
;
p
(@]

B-2-C: X=C
B-2-S:X=S
oAy
X
~y™~_0 V©/
o) o)L o X r°
(o]
|
B-3-C: X=C
B-3-8: X=S N=N
g PO e
IO A R

N-N

The mechanism of thiol activated triplet photosensitizers

ON NO,
h: :©/ R2

o o
SN
— I N\ N N=x
\B/
7\

Scheme 1 The thiol-activatable Bodipy-derived dyad triplet photosensitizers used in the study.
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fluorophore will be simultaneously un-caged by cleavage of the
DNBS moiety by the thiols; thus, the red fluorescence will be
switched on concomitantly.?® Thus, B-2-S is a thiol-activatable
PDT reagent, which also shows fluorescence upon activation by
selective illumination of the O, producing module.*®

We also designed reference dyads with di erent FRET/cage
strategies to demonstrate that B-2-S is the optimal compound
(Scheme 1). In B-1-S, the fluorophore is caged by FRET. How-
ever, the PDT module is not caged.*®” In the presence of thiols
and thus on the cleavage of the disulfide bond, the fluorescence
will be switched ON; however, the 0, producing capability is
not altered.'? Thus, the switching capability of B-1-S is only half
that of B-2-S. On the other hand, we used a fluorophore that
shows a longer absorption wavelength in B-3-S than that used
in B-1-S and B-2-S. Similar to B-1-S, the PDT module is not
caged. However, we found that the fluorescence was very weak
both in the absence or presence of thiols, which is due to the
intramolecular charge transfer feature.*

In order to prove the activation e ect of thiols on the
photophysical properties, we prepared reference compounds
without the disulfide bonds, i.e. the S S linker was replaced
with the un-cleavable C C linker (B-1-C, B-2-C and B-3-C
Scheme 1).

It should be pointed out that the PDT reagent should show
some amount of solubility in an aqueous solution. The dyads
studied herein are soluble in an aqueous solvent (the concen-
tration is up to 1.0 x 10~° M). However, we did not make much
e ortto add water-soluble segments to the molecular structure.

The preparation of the six dyads is presented in Scheme 2.
Firstly, the thiol-cleavable and un-cleavable linkers were pre-
pared with the alkynyl intermediates. Then, the di erent
fluorescence modules or PDT modules were consecutively
attached to the linkers. All the compounds were obtained in
moderate to satisfactory yields.

UV-vis absorption and fluorescence spectra

The UV-vis absorption spectra of the compounds were studied
(Fig. 1). The common feature of the dyads is their dual absorp-
tion bands. For example, B-1-S shows absorption bands
at 501 nm and 662 nm (Fig. 1a), which are attributed to the
fluorescence module (Bodipy) and the PDT module (the iodo-
styrylBodipy moiety), respectively.®® These absorption bands
are highly identical to those of the reference components of
the dyad; thus, we propose that there is no significant electro-
nic interaction between the chromophores in the dyad in the
ground state.***! For B-2-S, the absorption bands at 535 nm
and 580 nm are due to the diiodoBodipy moiety and the caged
styrylBodipy fluorophore, respectively (Fig. 1b). For B-3-S, the
absorption band of the dimethylaminostyrylBodipy moiety is at
608 nm; the PDT module shows absorption at 656 nm (Fig. 1c).

The variation of the UV-vis absorption spectra of the com-
pounds in the presence of thiols was studied. Only minor
variations were observed (Fig. la c). The UV-vis absorption
spectra of B-1-C, B-2-C and B-3-C were also studied in the
presence of Cys; the changes in the spectra were not significant
(see Fig. S48, ESIT).
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The fluorescence of the dyads in the absence of thiols was
studied (Fig. 1d f). For B-1-S alone, weak fluorescence at
513 nm and 699 nm was observed. The weak emission band
at 513 nm is due to the quenched emission of the fluorescence
module by the FRET effect, whereas the weak fluorescence
band at 699 nm is due to the PDT module (efficient 1SC).*?
Upon addition of Cys and thus the cleavage of the disulfide
bond, the FRET ceased in B-1-S and the fluorescence of the
fluorophore module was recovered (enhanced by 9.4-fold).
Conversely, the emission at 699 nm decreased, which can be
attributed to the ceasing of FRET (I ¢x = 475 nm, excitation into
the fluorescence module, i.e. the energy donor). For B-2-S, the
emission of the caged fluorophore was enhanced 28.5-fold in
the presence of Cys (Fig. 1le), due to the cleavage of the DNS
moiety, an electron trap to quench the fluorophore 28:29:31:32:43
Thus, ratiometric response was observed for B-1-S in the
presence of Cys; the Isiznm/Isgonm Varied from 1.8 from 38.3.
The separation of the two emission bands was as large as
ca. 186 nm. Previously, a ratiometric caspase-specific PDT/
luminescence imaging reagent was studied with porphyrin as
the energy acceptor and rhodamine as the energy donor; the
separation of the two emission bands was 90 nm.*2

We noted that the emission at 622 nm of B-2-S is slightly
red-shifted upon cleavage of the DNS moiety, which is caused
by the intramolecular charge transfer (ICT) e ect.?® The emis-
sion at 554 nm increased slightly upon the addition of Cys,
which is due to the ceasing of the FRET e ect. The emission
band at 554 nm is still very weak upon the addition of Cys,
which is due to the e cient ISC of the PDT module. For B-3-S,
the emission band at 695 nm was slightly enhanced upon the
addition of Cys. This increase upon cleavage of the disulfide
bond is due to the ceasing of the intramolecular electron
transfer (see later section).*?

The reference dyads with the un-cleavable C C linker were
also studied. For B-1-C and B-3-C, no fluorescence enhance-
ment was observed. For B-2-C, fluorescence enhancement was
observed due to the cleavage of the DNS from the caged
fluorophore (Fig. S49, ESIT).

The kinetics of the response of the dyads to Cys, ie. the
cleavage kinetics, were monitored by following the fluorescence
variation. For B-1-S, the emission intensity at 513 nm increased
with the elapse of time after addition of Cys (Fig. 2a). The response
is fast (Fig. 2b).* Fast kinetics were observed (k = 0.02 + 0.00 s~ 2).
For B-1-C, however, no fluorescence enhancement was observed in
the presence of Cys because the linker cannot be cleaved by Cys.
Thus, the function of the thiol-activation fluorescence was achieved
with B-1-S.

Similar studies were carried out for B-2-S (Fig. 3). Upon
addition of Cys and thus cleavage of the DNS moiety from the
styrylBodipy moiety, the uncaged fluorophore gave strong
fluorescence emission in the red spectral region (Fig. 3a),°
which is di erent from that of B-1-S that gives green fluores-
cence upon activation. Fast kinetics were observed with
k = 0.10 £+ 0.00 s~* for B-2-S (Fig. 3b), which is much faster
than the kinetics of B-1-S. This result can be rationalized by the
di erent caging mechanisms for the fluorescence; in B-1-S,

This journal is© The Royal Society of Chemistry 2015
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Fig. 1 UV-vis absorption spectra of (a) B-1-S, (b) B-2-S and (c) B-3-S in the presence and in the absence of Cys. The corresponding fluorescence
emission spectral changes are presented in (d) B-1-S (I ¢x = 475 nm), (€) B-2-S (I ¢x = 520 nm) and (f) B-3-S (I ox = 650 nm). c[Dyads] = 1.0 x 107> M,

clCys] = 3.0 x 1073 M. In DMF/H,0 = 4/1 (v/v. pH = 7.4), 25 1C.
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Fig. 2 (a) The change in fluorescence of B-1-S in the presence of Cys.
(b) The kinetics of B-1-S in the presence of Cys. (c and d) The change in
fluorescence and the kinetics at different times in the presence of Cys for
B-1-C, | o, = 475 nm. c[Dyads] = 1.0 x 107> M, c[Cys] = 3.0 x 10> M in
H,O/DMF (1/4, v/v), pH = 7.4, 25 1C. Image was taken under hand-held UV
lamp irradiation (I ¢x = 365 nm).

In order to study the FRET e ect in the absence and in the
presence of Cys, the fluorescence excitation spectra of the dyads
were investigated (Fig. 4).*>“® For B-1-S, an intense excitation
band at 513 nm was observed (Fig. 4a), wherein the fluorescence
module gives strong absorption. Thus, FRET exists in B-1-S. In
the presence of Cys, when the disulfide linker was cleaved, the
intense band at 498 nm in the excitation spectrum disappeared
(Fig. 4a), indicating that the FRET ceased. For the dyad with
an un-cleavable C C linker, however, no such change was

9200 | J. Mater. Chem. B, 2015, 3, 9194-9211

Fig. 3 (a) The change of fluorescence of B-2-S in the presence of Cys.
(b) The kinetics of B-2-S in the presence of Cys. (c and d) The change
of fluorescence and the kinetics at different times in the presence of
Cys for B-2-C. Image was taken under handheld UV lamp irradiation
(lex = 365 nm). clDyads] = 1.0 x 10™> M, c[Cys] = 3.0 x 107> M,
| ex = 560 nm, in H,O/DMF (v/v, 1/4), pH = 7.4, 25 1C.

observed (Fig. 4b), indicating that the FRET is persistent for
B-1-C in the presence of Cys.

Similarly, two excitation bands were observed for B-2-S
(Fig. 4c), indicating the FRET from the diiodoBodipy to the
caged styrylBodipy fluorophore. In the presence of Cys, due to
the cleavage of the disulfide bond, the FRET ceased and the
excitation band at 535 nm disappeared (Fig. 4c). For B-2-C,
i.e. the dyad with the un-cleavable linker, no such change was

This journal is© The Royal Society of Chemistry 2015
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Table 1 Photophysical parameters of dyads and the reference compounds?

I 'abs (NM) ¢ (10°M tem ™) l'em® (NM) FL? (%) te® (ns) tr/ (ms) Fof (%)
10 661 0.98 694 7.0 2.10 1.40 61.2
11 608 0.78 713 2.80 1.20
B4 535 0.83 556 24 0.13 110.2 78.1
In the absence of Cys ]
B-1-S 501/662 0.97/1.02 513/699 5.8 1.58/1.94 1.4 66.8"/69.3'
B-1-C 501/662 1.09/1.05 513/699 55 1.61/1.97 1.4 62.4"/69.4'
B-2-S 535/580 0.96/0.92 610 1.3 2.14 179.9 16.77/6.3¢
B-2-C 535/580 0.96/0.92 610 11 2.27 152.6 16.17/5.9
B-3-S 608/656 1.24/1.00 694 5.4 1.55 0.91 16.5
B-3-C 608/655 1.13/0.92 695 5.4 1.59 0.85 15.3
9 580 0.93 610 11 2.07
In the presence of Cys ]
B-1-S 501/663 0.96/0.90 513/699 452 4.27/1.96 1.4 22.8"/61.1°
B-1-C 501/664 1.08/0.99 513/699 6.6 1.61/1.98 1.4 59.3"/68.9'
B-2-S 535/591 0.88/0.85 622 47.6 3.93 454 71.57/6.5*
B-2-C 535/592 0.88/0.86 622 42.9 391 172.2 19.17/6.9*
B-3-S 608/654 1.21/0.92 694 6.8 2.08 1.38 59.5
B-3-C 608/655 1.10/0.90 695 5.2 1.60 0.92 12.8
9 591 0.86 622 50.1 3.95

“¢=1.0 x 107° M in DMF/H,0 (4/1). 25 1C. ® Molar absorption coe cient at the absorption maxima. & 10° M~ cm™1. ¢ The emission maxima.
“ Fluorescence quantum yields determined with Rhodamine B as standard (Fr = 65% in EtOH). ¢ Fluorescence lifetime. Triplet excited state
lifetime. ¢ Singlet oxygcen (*0,) quantum yield. * Recorded upon excitation at 500 nm. ¢ Recorded upon excitation at 665 nm.~ Recorded upon
excitation at 535 nm. * Recorded upon excitation at 580 nm. ’ Recorded upon excitation at 665 nm.

Table 2 Parameters of fluorescence quantum yield and fluorescence lifetimes of the dyads

FF FF tF t|: FF

(electron acceptor) (%) (energy donor) (%) (electron acceptor) (ns) (energy donor) (ns) (target molecule) (%) ker? (5™ kent€ (573
B-1-8* 7.0 72.0 1.91 3.86 5.8 6.3 x 108 3.2 x 10°
B-2-8’ 1.4 2.7 1.86 0.13 13 5.8 x 108 8.3 x 10°
B-3-S° 7.0 7.0 1.91 1.91 5.4 6.8 x 10 1.6 x 10°

“ The electron acceptor moiety is the 2I-distyrylBodipy moiety; the energy donor moiety is the Bodipy moiety. * The electron acceptor moiety is the
styrylBodipy-DNS moiety; the energy donor moiety is the diiodoBodipy moiety. ¢ The electron acceptor moiety is the 2I-distyrylBodipy moiety;
the energy donor moiety is the 2I-distyrylBodipy moiety. ¢ ket is the rate constant of intramolecular electron transfer. ¢ The rate constant of

intramolecular energy transfer.

level of the Bodipy moiety (1.52 eV)* is higher than that of the PDT
module (1.18 eV by DFT calculation); therefore, the triplet excited
state is located on the PDT module. The charge transfer state (CTS)

Table 3 Redox potentials of thiol-activatable dyads for this study. The
anodic and cathodic peak potentials are presented. The potential values of
the compounds vs. saturated calomel electrode?

has an energy level of 1.73 eV; thus, the fluorescence of the PDT Eox (V) ERed (V)

module in B-1-S was qut_anched compared with that of_reference 10 | +0.79 083, 118, —1.30, —1.57

(Table 1). The energy diagram also shows that the triplet state of 10 +0.67, +0.99 —1.09

B-1-S should be close to that of compound 10. TA spectroscopy 11d_ +0.34, +0.66 —1.44

demonstrated that this is exactly the case (triplet state lifetimes of ?: by +Oz}94 :é'gg _1.28 —1.52

1.30 ms and 1.40 ms were observed for compound 10 and B-1-S, B4 +1.08 —1.27

respectively). In the presence of thiols, the disulfide bond was B-1-S +8-;(2)' +i-8g —é-g; —ﬁé 128 153
] B-2-S +0.82, +1. -0.82, —1.15, —1.28, —1.

cleaved and FRET ceased; as a result, strong fluorescence of the = ¢ +0.35, +0.68, +0.92, +1.00 ~1.08 —1.43

fluorescence module was observed (Scheme 3b).

The photophysical processes of B-2-S are summarized in
Scheme 4. In the absence of thiols, upon photoexcitation into
the PDT module (the 2,6-diiodo-Bodipy moiety), the FRET and
the ISC will compete with each other. It is known that the ISC of
the diiodoBodipy moiety takes about 100 ps; thus, the FRET
process (which takes a few ps) is much faster than the ISC.
As a result, the triplet state yield of B-2-S will be low, which was
proved by the singlet oxygen (*0,) photosensitizing (Fp = 16.7%).
The fluorescence of the 4-hydroxyl styryl 2,6-phenyl-Bodipy

This journal is © The Royal Society of Chemistry 2015

“ Cyclic voltammetry in N, saturated CH,Cl, containing a 0.10 M
BuysNPFg supporting electrolyte; the counter electrode is a Pt electrode;
the working electrode is a glassy carbon electrode; Ag/AgNO3 was used
as the reference electrode. c[Ag"] = 0.1 M. 20 1C. Conditions: 0.5 mM
photosensitizer in CH,Cl,, 20 1C. Calculated relative to SCE (saturated
calomel electrode). ® Not observed.

moiety was quenched by the 24-dinitrosulfonyl group
(Fr = 1.3%). TTET from the 2,6-diiodo-Bodipy moiety to the
4-hydroxyl styryl 2,6-phenyl-Bodipy moiety was observed because
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