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ABSTRACT: Boron-dipyrromethenes (Bodipys), since first reported in 1968, have emerged as a fascinating class of dyes in
the past few decades due to their excellent photophysical properties including bright fluorescence, narrow emission
bandwidth, resistance to photobleaching, and environment insensitivity. However, typical Bodipys are highly lipophilic,
which often results in the nonfluorescent aggregates in aqueous solution, and also severely limits their bioavailability to
cells and tissues. In this work, based on a simple one-atom B—C replacement in Bodipy scaffold, we present a new class of
carbon-dipyrromethenes (Cardipys for short) fluorescent dyes with tunable emission wavelengths covering the visible and
near-infrared regions. These Cardipys not only retain excellent photophysical properties of conventional Bodipys, but also
show improved water solubility and photostability due to their cationic character. Moreover, the cationic character also
makes them extremely easy to penetrate cell membrane and specifically accumulate into mitochondria without resorting
to any mitochondria-targeted groups. Interestingly, several Cardipys bearing active styryl groups could serve as
fluorescent indicators to map cellular trafficking of the glutathione conjugates produced within mitochondria under the
catalysis of glutathione S-transferase (GST), thus showing potentials in either exploring the detoxification mechanism of
mitochondrial GST/GSH system or evaluating the drug resistance of cancer cells that is closely related with GST activity.
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INTRODUCTION

Fluorescence imaging technique, as a nonionizing
radiation method, is one of the most powerful cellular
biology tools to study biological phenomena due to the
visualization, noninvasiveness, sensitivity, real-time
monitoring, and high spatiotemporal resolution. With the
technique, imaging and tracing of various biological
species and dynamic biological events in living cells or
whole organisms could be achieved, largely advancing our
understanding on biological systems and also facilitating
the drug development, clinical diagnosis, and disease
treatment."s However, compared with the rapid progress
of fluorescence technique in recent years, the
development of fluorescent dyes that simultaneously have
good biocompatibility, high fluorescence brightness (&-®),
and long-term photostability still remains an unmet
challenge, necessitating more studies and greater efforts
to exploit new or modify existing fluorophores to improve
their photophysical properties and biocompatibility.5¢

Among various fluorophores, boron-dipyrromethenes
(Bodipys) (Scheme 1A), since first reported by Treibs and
Kreuzer in 1968,7 have emerged as a fascinating class of
fluorescent dyes in the past few decades due to their
excellent photophysical properties including bright
fluorescence, narrow emission bandwidth, resistance to
photobleaching, and environment insensitivity.’s-
Moreover, the rich chemistry of Bodipys also allows a

large number of red to near-infrared (NIR) Bodipy
derivatives to be constructed to improve tissue
penetration depth and signal-to-background ratio and
reduce photodamage.>>* As a result, Bodipys and their
red to NIR derivatives have widely been utilized as
fluorescent labels and indicators for various bioimaging
applications.®> What’s more, due to the high singlet
oxygen (‘0,) quantum yield, large light-dark toxicity
ratios, high photostability, and facile structural
modification, the Bodipy-based photosensitizers have
been recognized to be the most potential candidates for
photodynamic therapy except conventional porphyrin
derivatives.?4#2¢ Despite all of these advantages, typical
Bodipys and their derivatives, however, are inherently
lipophilic and thus have poor water solubility, which
often results in the nonfluorescent aggregates in aqueous
solution and also seriously limits their bioavailability to
cells and tissues.?”35 Moreover, the strong lipophilicity
also increases their tendency to accumulate into cellular
lipophilic components, thereby decreasing the contrast
between specific and nonspecific staining and in turn
affecting the accurate assessment of cellular events of
interest.> This is why many strategies had to be employed
to endow Bodipys with appropriate water solubility, e.g.,
through addition of hydrophilic groups, such as
sulfonates, phosphonates, carbohydrates, and
polyethylene glycols,?”35 or formation of water-soluble
nanoparticles via polymer encapsulation or host-guest
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interactions.?>3%4°  However, the complex synthesis,
reduced sites for further functionalization, decreased cell
membrane permeability caused by the attached ionic
groups, and possible dye leakage from nanoparticles may
make these methods complicated in some cases. In this
work, by applying an one-atom B—C replacement
strategy to conventional Bodipy scaffolds, we present a
new class of cationic fluorescent dyes, i.e. carbon-
dipyrromethenes (Cardipys for short), with the
absorption and emission wavelengths covering the visible
and near-infrared regions (Scheme 1B). Importantly, these
Cardipys not only retain the excellent photophysical
properties of conventional Bodipys such as bright
fluorescence and narrow emission bandwidths, but also
show improved water solubility and photostability due to
their cationic character. Moreover, the cationic character
also makes them extremely easy to penetrate cell
membrane and accumulate into mitochondria.
Furthermore, several Cardipys bearing active styryl
groups could act as fluorescent indicators to map the
cellular trafficking of glutathione conjugates of
mitochondrial toxic electrophiles produced under the
catalysis of glutathione S-transferase (GST), thus showing
great potentials in either exploring the detoxification
mechanism of mitochondria or evaluating the drug-
resistance of cancer cells to anticancer drugs.

Scheme 1. Design and synthesis of Cardipys 1-3.

(B) Cardipys (This work)
* Improved water-solubility and cell
membrane permeability

* High fluorescence brightness and
photostability

(A) Typical Bodipys

¢ Tunable Abs and Em wavelenghts
covering the visible-to-NIR regions

* Specific localization in Mitochondria

Lipophilic Hydrophilic
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(D) Control Bodipys B1-B3

RESULTS AND DISCUSSION

Design and Synthesis. Our design originates from the
understanding of the widely used carborhodamine
cationic dyes that were constructed by an one-atom O—C
replacement on rhodamine scaffolds.#4 We envisioned
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that the one-atom B—C replacement should also be
applicable for Bodipy scaffolds to achieve Cardipys with
cationic character. With this consideration in mind, we
set out to design and synthesize Cardipys 1a-c by a simple
three-step procedure starting from the commercial 2,4-
dimethylpyrrole. As shown in Scheme 1C, the treatment of
2,4-dimethylpyrrole with CH,Cl, in the presence of KOH
provided N,N*-dipyrrolylmethane; subsequent reaction of
N,N‘-dipyrrolylmethane with triphosgene in refluxing
toluene provided the key intermediate N,N‘-dipyrrolyl
ketone; finally, the treatment of the ketone with aromatic
lithium reagents gave Cardipys 1a-c. Note that Cardipy 1c
was designed to possess a meso-substituted benzoic acid
group, making it easy to be conjugated to biomolecules
via amide bond formation.# Further, with Cardipy 1a as
starting  material, we  simultaneously  obtained
monostyryl- and distyryl-substituted Cardipys 2a-f and
3a-f via Knoevenagel reaction with various aromatic
aldehydes in one pot. These =m-conjugation expanded
Cardipys were expected to have red to NIR excitation and
emission, thus being more favorable for bioimaging
applications given the advantages of light in the
wavelength range, including less photodamage to cells,
improved tissue penetration depth, and reduced
interference  from  biomolecular autofluorescence.
Detailed synthesis procedures and characteristic data of
these Cardipys are shown in Supporting Information.

Aqueous Solubility and Photostability. With these
Cardipys in hand, we first compared the aqueous
solubility of Cardipys 1a-3a (as representatives of the
above three types of Cardipys) with that of their Bodipy
analogues B1-B3 using absorption spectra. As shown in
Figure 1A, Cardipys 1a-3a all showed almost identical
absorption spectra profiles in both CH,CN and PBS (or a
8:2 mixture of PBS/CH,CN, for 3a) with essentially
unchanged peak/shoulder ratio; in contrast, control
Bodipys B1-B3 only showed sharp absorbance in CH,CN,
whereas in PBS or a mixture of PBS/CH,CN (for B3), these
peaks were obviously red-shifted and broadened along
with a decreased peak/shoulder ratio, a typical
characteristic of aggregation.®3> The results clearly
indicate that Cardipys have higher aqueous solubility
than typical Bodipys due to their cationic character.
Moreover, the absorption titration studies further
revealed that in PBS or PBS/CH,CN (8:2, for 3a), the
concentration of Cardipys 1a-3a could reach up to 40 uM
(data not shown), which is sufficient for most bioimaging
applications. Not only that, Cardipys 1a-3a were also
found to have higher photostability than that of Bodipys
B1-B3 when continuously irradiated by a Xe lamp for 10
min, although the latters had better photostability than
the widely used cyanine dyes Cys.5 and Cy7 (Figure 1B). In
fact, the higher photostability of Cardipys 1a-3a than that
of their Bodipy analogues could also be attributed to the
cationic character that decreases their mn-electron
intensity and increases the oxidation potentials to protect
against photobleaching.#4 Taken together, these results
indicate that the cationic character endows Cardipys with
the improved water-solubility and photostability relative
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to those of their Bodipy analogues, both of which are
indeed highly desirable for bioimaging applications.
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Figure 1. (A) Absorption spectra of 1a-3a and B1-B3 (4 puM) in
CH3CN (dashed line) and PBS or PBS/CH3CN 8/2 (for 3a and B3)
(solid line). (B)Fluorescence intensity changes of 1a-3a, B1-B3, Cys.5,
and Cy7 in CH3CN continuously irradiated by a Xe lamp for 10 min.

Photophysical and Electrochemical Properties.
Subsequently, we tested the photophysical properties of
all of these Cardipys shown in Scheme 1C, including 1a-c,
2a-f, and 3a-f, in representative solvents. The absorption
and emission spectra of these Cardipys are shown in
Figure 2A,B and Figure Si, and the corresponding
photophysical data are listed in Table 1. As can be seen,
for Cardipys 1a-c, their absorption and emission maxima
were located at around 495 nm and 510 nm, respectively,
which are similar to those of typical Bodipys, indicating
that the one-atom B—C replacement has little effect on
their absorption and emission wavelengths. For Cardipys
2a-f bearing a styryl group, their absorption and emission
maxima were largely red-shifted to the wavelength ranges
of 561-607 nm and 577-646 nm, respectively, due to the
expanded n-conjugation. For Cardipys 3a-f bearing two
styryl groups, the red shifts in absorption (635-705 nm)
and emission maxima (653—742 nm) were more
remarkable, which essentially fall into the sought-after
biological NIR window, due to their more expanded -
system. Notably, these mono- and distyryl-substituted
Cardipys, except 2a and 3a, had larger Stokes shifts
(23—49 nm) than 1a-c (ca. 16 nm), consistent with the
improved intramolecular charge transfer (ICT) property
due to the presence of the electron-donating methoxy
group. Importantly, almost all of these Cardipys showed
the large extinction coefficients and high fluorescence
quantum yields, indicating that the one-atom B—C
replacement in Bodipy scaffolds scarcely compromises
their photophysical properties. Moreover, the high
fluorescence quantum yields of these Cardipys were also
reflected by the brilliant fluorescence of their solution
under a 365 nm UV lamp (Figure 2C), except 3d-f whose
fluorescence is out of the wavelength range visible by
naked eye. Taken together, these results reveal that
Cardipys are a new class of water-soluble, bright, and
photostable fluorescent dyes with absorption and
emission wavelengths covering visible and NIR regions.
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Figure 2. (A,B) Absorption and emission spectra of 1a-c, 2a-f, and
3a-f in CH,CN. (C) Fluorescence colors of 1a-¢, 2a-f, and 3a-f in
CH,CN under a 365 nm UV lamp. Note that for 3d-f, their
fluorescence is out of the wavelength range visible by naked eyes.

Table 1 Photophysical properties of Cardipys 1a-c, 2a-f,
and 3a-fin CH,Cl,, CH,CN, and PBS, respectively.
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Asbs/Aem  Stoke g (M7 T
Dyes Sol. (nm) s shift cm?) ® (ns)

122 CH2Cl2  497/51 14 75600 1.03+0.05
CH,CN 494/510 16 57700 0.93+0.02 5.84

PBS 493/509 16 62500 0.91+0.01

1b2  CH2Clz2  496/511 15 62500 0.96+0.04
CH3CN  494/509 15 46800 0.97+0.08  7.53

PBS 493/509 16 56800 0.98+0.05

12 CH2Cl2  498/514 16 47400 0.68+0.04
CH3CN  496/512 16 46000 0.61+0.01  4.59

PBS 494/510 16 46500 0.84+0.04

2a® CH2Cl2  571/587 16 102700 0.53+0.09
CH3CN  563/579 16 81700 0.57+0.03 7.28

PBS 561/577 16 69400 0.58+0.03

2b¢  CH2Cl2  583/607 24 77900 1.01+0.05
CH3CN  573/598 25 57800 1.02+0.07  5.99

PBS 570/593 23 41400 0.96+0.04

2¢¢ CH2Cl2  593/622 29 78800 0.73+0.09
CH3CN  580/612 32 70600 0.82+0.05 5.32

PBS 573/605 32 49500 0.77+0.03

2dc CH2Cl2  607/646 39 73100 0.43%0.01
CH3CN  593/642 49 57600 0.38+0.01 4.3

PBS 584/633 49 38900 0.23+0.05

2e¢ CHz2Cl2  600/641 11 74500 0.68+0.09
CH3CN  585/631 46 66500 0.33t0.07 2.28

PBS 576/617 st 60700 0.05+0.01

2f¢  CHz2Cl2  596/633 37 68700 0.71+0.03
CH3CN  582/624 42 58700 0.48+0.07 2.95

PBS 575/609 34 45000 0.23+0.01

3a¢ CH2Cl2  647/665 18 91500 0.43%0.01
CH3CN  635/653 18 83200 0.42+0.05  5.51

80% PBS  636/654 18 49500 0.36+0.03

3bd CHz2Cl2  670/696 26 80100 0.95+0.03
CH3CN  654/681 27 68600 0.93+0.07 4.16

80% PBS  653/680 27 59700 0.57+0.01

3¢ CH2Cl2  684/713 29 92300 0.65+0.01
CH3CN  665/699 34 92400 0.80+0.04 4.05

80% PBS  664/698 34 72300 0.55%0.01

3dd  CH2Cl2  705/742 37 85000 0.52+0.03
CH3CN  687/730 43 70800 0.39+0.03  3.00

80% PBS  667/708 41 57800 0.19+0.01

3ed  CH2Cl2  695/728 33 95500 0.49+0.01
CH3CN  678/716 38 77900 0.48+0.04 3.00

80% PBS  670/710 40 75500 0.32+0.03

3f8 CH2Cl2  690/725 35 79500 0.47+0.03

CH3CN  673/714 41 81000 0.48+0.01  3.21
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80% PBS  667/708 41 69000 0.49+0.04

Reference compounds for determining fluorophores quantum
yields. [Fluorescein (®; = 0.95 in o1 M NaOH) for 1a-c;
Plthodamine B (®; = 0.49 in ethanol) for 2a; [<Icresyl violet (®f =
0.58 in ethanol) for 2b-f and 3a; [4ICys.5 (Of = 0.23 in PBS) for 3b-
f. Note that 80% PBS refers to PBS/CH,CN (v/v = 8:2).

In addition, we also performed cyclic voltammetry on
Cardipy 1a and Bodipy B1 (as representatives) to evaluate
their difference in redox properties. As shown in Figure
S2, compared with Bodipy Bi, Cardipy 1a showed more
positive reduction potential (-0.807 V/-0.756 V for
B1/1a), indicating that it is easier for 1a to be reduced,
consistent with its cationic character. Based on these data
and coupled with their absorption spectra, we calculated
the HOMO and LUMO levels of B1/1a and confirmed that
the HOMO and LUMO levels of 1a are lower than those of
Bodipy B1 (For Bi, HOMO/LUMO = -6.295/-3.933 €V;
For 1a, HOMO/LUMO = -6.350/—3.984 eV) (Figure S2),
also consistent with the cationic character of 1a.

Bioimaging Applications. Encouraged by the above
results, we set out to test the cellular imaging abilities of
these Cardipys in As49 cells using confocal laser-scanning
microscope (CLSM). The obtained results revealed that all
of them, except 1c that contains a carboxylate anion and
thus is cell membrane-impermeable, could penetrate cell
membrane within 30 min to give rise to bright visible-to-
NIR intracellular fluorescence in term of their emission
wavelengths (Figure 3A and Figure S3). By comparison,
control Bodipys Bz and B3 were poorly and hardly cell
membrane-permeable, respectively, mainly due to their
low solubility in the cell-culture medium, while B1 could
penetrate cell membrane due to its small molecule size
(Figure 3B). Obviously, the cationic character endows
these Cardipys not only with good compatibility with cell
culture fluid, but also with strong ability to penetrate the
negatively charged cell membrane. In this regard,
Cardipys appear to be more suitable for bioimaging
studies than conventional Bodipys.

10 min 15 min 20 min 25 min 30 min

min 10 min 15 min 20 min 25 min

o~
«@
0
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Figure 3. Time-lapse fluorescence images of As49 cells treated with
cardipys 1a-3a (0.2 uM) (A) and control compounds Bi1-B3 (0.2 uM)
(B), respectively. Images were obtained in the indicated time points.
For 1a-3a, emissions were collected at 500-550 nm (., = 488 nm),
570-650 nm (A, = 561 nm), and 640-750 nm (ke = 633 nm),
respectively; For B1-B3, at 500-600 nm (A, = 488 nm), 570—700 nm
(Aex = 561 nm), and 640—750 nm (Ae, = 633 nm), respectively.

Also, we tested the cytotoxicity of these Cardipys by
CCK8 assays. The obtained results revealed that all of
them have low cytotoxicity in the concentration range of
0—5 UM (cell viability: >85% for 24 h or longer incubation
time, Figures S4 and Ss), which is superior to the widely
used and commercial Cys and Cy7. Moreover, histological
hematoxylin and eosin (H&E) staining of various organs
of the mice pretreated with representative Cardipys (1a-3a)
for 24 h, 48 h, and 72 h, respectively, showed normal
tissue morphology (Figure S6), indicating that they do not
significantly cause tissue damages. Notably, due to the
high fluorescence brightness, these Cardipys could be
used at a very low concentration (0.2 uM) in the cellular
imaging assays, and in this case, all of them showed the
negligible cytotoxicity (cell viability: ~100%).

Further, we studied the cellular uptake mechanism of
Cardipys with 2b as a representative. In these assays,
As49 cells were first incubated with 2b at 37 °C and 4 °C,
respectively, to determine whether the dye enters cells via
endocytosis pathway or passive diffusion pathway. As
shown in Figure S7, the bright intracellular fluorescence
could be observed in both cases, which, coupled with the
ability of rapidly penetrating cell membrane, suggests
that 2b could be internalized by cells via energy-
independent passive diffusion pathway, rather than
energy-dependent endocytosis pathway. The conclusion
is also supported by the fact that endocytotic inhibitors
chlorpromazine (clathrin inhibitor) and amiloride (actin
inhibitor) did not obviously affect the cell uptake of 2b
(Figure S7). These results indicate that Cardipys could be
taken up by cells by passive diffusion pathway, consistent
with their good cell membrane permeability.

Given their cationic character, we further envisioned
that these Cardipys should be able to specifically
accumulate into mitochondria, as with those positively
charged fluorescent dyes.#s4¢ However, the subsequent
co-staining assays revealed that they, except 1c that is cell
membrane-impermeable as mentioned previously, have
two different types of subcellular distributions. As shown
in Figure 4A and Figure S8, for Cardipys 1a,b/2d-f/3d-f,
the specific accumulation in mitochondria was observed
even in a lengthened incubation time of 1 h, consistent
with their cationic character. To our surprise, Cardipys
2a-c/3a-c, as shown in Figure 4B and Figure Sg, exhibited
a gradual mitochondria-to-lysosome translocation within
30 min, as highlighted by their initial co-localization with
MitoTracker but not with LysoTracker (video S1), and
subsequent co-localization with LysoTracker but not with
MitoTracker (video S2). To exclude the effect of subjective
factors, we further studied their mitochondria-to-
lysosome translocation with 2b as a representative using
flow cytometry combining with CLSM. As shown in
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Figure Sio, the high percentage of the double positive
cells (> 99%, total events are 5000) in flow cytometry
analysis revealed that 2b could be internalized into cells
together with MitoTracker or LysoTracker. Subsequently,
we performed fluorescence imaging of As49 cells co-
stained with 2b and MitoTracker or LysoTracker under
CLSM equipped with a 10x objective lens (in this case a
large number of cells were observed). And then, two
separate cells were randomly selected for exploring the
mitochondria-to-lysosome translocation of 2b with a
64xoil-immersion  objective lens (in this case
mitochondria and lysosomes were clearly discernable). As
shown in Figure Su, the time-lapse fluorescence imaging
revealed that the mitochondria-to-lysosome translocation
of 2b occurred in both the two cells, indicating that the
mitochondria-to-lysosome translocation of 2a-c/3a-c
should be a general phenomenon, rather than a subjective
judgment.

(A) gl

MitoTracker Overlap

0 min

L‘snTracker Overlap

MitoTracker Overlap

60 min

Figure 4. (A) Time-lapse fluorescence images of As49 cells co-
stained with 1a (0.2 uM)/MitoTracker Deep Red (0.2 uM) or 1a (0.2
uM)/LysoTracker Deep Red (0.2 uM), indicating the stable
mitochondria localization of 1a,b/2d-f/3d-f with 1a as a
representative. (B) Time-lapse fluorescence images of As49 cells co-
stained with 2b (0.2 uM)/MitoTracker Deep Red (0.2 uM) or 2b (0.2
uM)/LysoTracker Deep Red (0.2 uM), indicating the mitochondria-
to-lysosome translocation of 2a-c/3a-c with 2b as a representative.

For 1a and 2b, emissions were collected at 490—550 nm (A, = 488 nm)
and 570—630 nm (A = 561 nm), respectively; for both MitoTracker
and LysoTracker Deep Red, at 640—750 nm (A, = 633 nm).

Initially, we intuitively attributed the mitochondria-to-
lysosome translocation of 2a-c/3a-c¢ to mitochondrial
autophagy (Mitophagy), a normal cell response to remove
damaged mitochondria by fusing with lysosomes.#
However, the fact that the mitochondria labeled by
MitoTracker did not fuse with the lysosomes lighted up
by the transferred 2a-c/3a-c ruled out the possibility.
Exactly what causes the translocation of 2a-c/3a-c?
Considering that lysosomes are responsible for the
degradation and recycling of cellular and extracellular
components,*4 we surmised that the mitochondria-to-
lysosome translocation of 2a-c/3a-c¢ is probably
implicated in the lysosomal disposal of the compromised
mitochondrial biomolecules. However, the questions are
how 2a-c/3a-c inactivate the mitochondrial biomolecules
and which biomolecules are inactivated by them.

Inspired by a recent report by Cosa and coworkers on a
Bodipy-acrolein fluorescent probe that could map cellular
trafficking of the compromised mitochondrial proteins
via Michael addition of its acrolein group with cysteine
(Cys) residue of these proteins,® we reasoned that a
similar case could also occur for Cardipys 2a-c/3a-c,
because their cationic Cardipy core probably activates the
adjacent styryl group to behave like a Michael acceptor to
be attacked by the Cys-containing biomolecules. In fact,
the hypothesis was supported by the stable mitochondrial
localization of either Cardipys 1a,b bearing no styryl
group or Cardipys 2d-f/3d-f bearing less active 2,4-
dimethoxy-, 3,4-dimethoxy-, and 2,3,4-trimethoxy-
substituted styryl groups, respectively (Figure S8) (Note
that, methoxy is a strong electron-donating group that
could lower the electrophilicity of styryl group by
increasing its electron density). That is to say, the
mitochondria-to-lysosome translocation of 2a-c/3a-c is
probably initially caused by their Michael addition with
Cys-containing biomolecules, such as glutathione (GSH,
the most abundant intracellular biothiol) (Figure sA),
since the styryl groups of these Cardipys contain no or
only a methoxy group and thus are more reactive than 2d-
f/3d-f. To support the hypothesis, we tested the
dependency of the mitochondria-to-lysosome
translocation of 2b (as a representative) on biothiol level
within cells. As shown in Figure S12, when As49 cells were
pretreated with N-ethylmaleimide (NEM) to deplete
intracellular biothiols,> the mitochondria-to-lysosome
translocation of 2b was completely blocked as revealed by
its stable mitochondria localization within 30 min,
strongly indicating that the mitochondria-to-lysosome
translocation of 2a-c/3a-c is probably caused by biothiols.
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Figure 5. (A) Proposed Michael addition of 2a-c/3a-c with GSH
under the catalysis of GST within mitochondria as well as the retro-
Michael addition of the GSH adducts that regenerates 2a-c/3a-c and
GSH within lysosomes. (B) Schematic illustration of the cellular
trafficking of 2a-c/3a-c from mitochondria to lysosomes.

To figure out which biothiol is involved in the
mitochondria-to-lysosome translocation of 2a-c/3a-c, we
tested the reactivity of 2a toward various biothiols,
including Cys, GSH, glutathione S-transferase (GST),
thioredoxin (Trx), glutathione reductase (GR), and
glutaredoxin (Grx), all of which play crucial roles in
controlling redox balance to defend against oxidative
stress,5>53 in B-R buffer (pH = 8.0) at 37 °C by absorption
spectra. Note that, the selection of pH = 8.0 is in order to
simulate the weakly basic mitochondrial
macroenvironment.>* Unfortunately, none of them could
induce obvious absorption spectra change of 2a (Figure
S13), meaning that they should not be the molecular
targets of 2a. Further, selenocysteine (Sec) and
thioredoxin reductase (TrxR) were also found to fail to
react with 2a in the condition, although both of them
contain a more nucleophilic selenol group (Figure S13).5
To our delight, the addition of GST, a phase II detoxifying
enzyme that catalyzes GSH conjugation with a wide
variety of exogenous and endogenous electrophiles and
thereby protects biomolecules from being damaged by
these electrophiles,5®57 to the mixture of 2a and GSH
resulted in a remarkable decrease of the initial absorption
peak of 2a at 561 nm and a simultaneous appearance of a
blue-shift new absorption peak at 499 nm (Figure Si4A),
strongly indicating that GST could catalyze the reaction
of GSH with 2a to produce 2a-GSH adduct. The
conclusion could further be confirmed by HPLC-MS
analysis of the reaction mixture of 2a/GSH/GST, where
only one new product was observed with mass-to-charge
ratio (m/z) corresponding to 2a-GSH adduct (Figure
S14C). Similar absorption spectra changes were also
observed for 2b and 2c in the same condition (Figure Si5).
Moreover, Cardipys 3a-c were also expected to be able to
undergo such reaction because they contain the same
styryl groups to 2a-c. These results are indeed consistent
with the catalytic function of GST that can improve the
nucleophilicity of the thiol group of GSH by lowering its
pK, from 9.0 to about 6.5,5 and also consistent with the
higher Michael receptor activity of 2a-c/3a-c than that of
2d-f/3d-f. Taken together, these results indicate that the
mitochondria-to-lysosome translocation of 2a-c/3a-c
should be caused by the GST-catalyzed Michael addition
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of them with GSH as well as the subsequent cellular
trafficking of the resulting GSH adducts (Figure 5).

Even so, it is still insufficient to explain the cellular
imaging results, because, during the mitochondria-to-
lysosome translocation process, we only observed the
fluorescence changes of 2a-c/3a-c that first decreased in
mitochondria and then increased in lysosomes (Figures
Sg9 and Si6), and did not find any blue-shifted
fluorescence of their GSH adducts either in mitochondria
or lysosomes, although the latter is observable in
chemical system (Figure S14B). We speculated that this is
probably due to the rapid cellular trafficking of their GSH
adducts as well as the quick lysosomal disposal of the
adducts. To support the speculation, we performed the
HPLC-MS analysis of the lysate of As49 cells pretreated
with 2b (as a representative) for 30 min (at this time point,
the mitochondria-to-lysosome translocation has been
finished). The obtained result demonstrated 2b to be the
only product (Figure Si7), indicating that the 2b-GSH
adduct initially formed within mitochondria probably
suffered from a retro-Michael addition to regenerate 2b
and GSH within lysosomes (Figure 5). Although the
mechanism remains to be identified, a similar retro-
Michael addition was also observed in the metabolic
process of the GSH conjugate of 4-hydroxy-2-nonenal
(HNE, a lipid-derived Michael receptor).>* Based on these
results, we proposed a possible mitochondria-to-lysosome
translocation mechanism of 2a-c/3a-c: they first localized
in mitochondria due to the cationic character, and then
conjugated with GSH under the catalysis of GST to form
GSH adducts; the resulting GSH adducts rapidly migrated
to lysosomes mediated by certain cellular trafficking
mechanism, and then undergone a retro-Michael addition
to regenerate 2a-c/3a-c and GSH (Figure 5B).

Overall, the above assays indicate that the
mitochondria-to-lysosome translocation of 2a-c/3a-c
observed in cellular imaging assays should be a result of
the cellular trafficking of their GSH conjugates, which
probably reflects the GST-mediated detoxifying pathway
of mitochondrial lipid-derived electrophiles, such as
various o,B-unsaturated carbonyl compounds produced
endogenously in mitochondria as oxidation byproducts of
polyunsaturated fatty acids and exerting toxic effects by
alkylating protein and DNA.5>% In this sense, 2a-c/3a-c
should be promising as fluorescent indicators to probe
the pathogenesis associated with the abnormal
mitochondrial GST/GSH detoxifying system.

Potential Application in Evaluating Drug-
Resistance of Cancer Cells. It is known that the
development of drug resistance, i.e. the ability of cancer
cells to acquire resistance to various drugs, is a major
obstacle to anticancer treatments. Although the
mechanisms underlying this resistance are multiple, the
overexpression of GST and the high level of GSH in cancer
cells have been recognized to be one of main reasons,
because GST can promote GSH conjugation with
anticancer drugs to lead to their deactivation and cellular
removal before reaching targets.®%> In this context, we
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envisioned that Cardipys 2a-c/3a-c may have potential to
act as fluorescent indicators to evaluate the drug
resistance of cancer cells in term of their GST activity that
was expected to be positively correlated with the
mitochondria-to-lysosome translocation rates of 2a-c/3a-
c. With this consideration in mind, we tested the
mitochondria-to-lysosome translocation of 2b (as a
representative) in both cancer cells and drug-resistant
cancer cells. In the assays, we employed commercial
LysoTracker as the endpoint reference of the
translocation process. As shown in Figure 6A, in
cancerous As49 cells, 2b showed a gradual mitochondria-
to-lysosome translocation that could be completed within
15 min, as indicated by the excellent overlap image of 2b
and LysoTracker (Pearson correlation coefficient R = 0.89)
at the time point; by comparison, in the drug-resistant
As49 cells (A549/ADM, obtained by continuous exposure
of As49 cells to incrementally increasing concentrations
of Adriamycin (ADM) over a period of 8 months), the
translocation process of 2b was largely accelerated and
could be completed within 6 min (Figure 6B), consistent
with the overexpression of GST in drug-resistant cancer
cells. In addition, we found that the mitochondria-to-
lysosome translocation of 2b could also be dramatically
promoted when As49 cells were pretreated with
anticancer drugs ADM, cisplatin, and gemcitabine (GEM)
for 12 hr (Figure 6C-E), also consistent with the report
that GST activity of cancer cells could be induced by
anticancer drugs.®4 Thus, 2a-c/3a-c could be used to
examine the characteristics of cancer cells with the drug-
resistance phenotype or potential, thus being promising
as imaging tools either to explore the drug-resistant
mechanisms of cancer cells or to screen anticancer agents
that can prevent the development of drug resistance.

(A) A549
2b LysoTracker  Overlap

Time

(B) A549/ADM
LysoTracker  Overlap

(C) A549 pretreated with ADM
LysoTracker Overlap

0 min

6 min

(E) A549 pretreated with GEM

(D) A549 pretreated with cisplatin
LysoTracker  Overlap |soTrack-r Qverlap

Figure 6. (A,B) Time-lapse fluorescence images of As49 cells and
drug-resistant A549/ADM cells co-stained with LysoTracker Green
DND 26 (0.2 uM) and 2b (0.2 uM). (C-E) Time-lapse fluorescence

2b

0 min

5 min

images of As49 cells pretreated with anticancer drugs ADM (10 uM),
cisplatin (5 pM), and GEM (10 uM) for 12 hr, and then treated with
LysoTracker Green (0.2 pM) and 2b (0.2 pM). The overlap images
highlight the translocation of 2b from mitochondria to lysosomes.
For 2b, emissions were collected at 570-630 nm (A = 561 nm); for
both LysoTracker Green DND 26, at 490—560 nm (A = 488 nm).

Finally, to figure out whether the mitochondria-to-
lysosome translocation of 2b is also promoted by the high
level of intracellular GSH, As49 cells were pretreated with
5 mM or 10 mM GSH ethyl ester (GSHee, a cell-permeant
form of GSH that could increase intracellular GSH
content)®°® and then treated with 2b and MitoTracker or
LysoTracker. The time-lapse fluorescence imaging
showed that the mitochondria-to-lysosome translocation
of 2b was hardly speeded up when compared with the
case in control cells without GSHee pre-treatment (Figure
S18), strongly indicating that the mitochondria-to-
lysosome translocation of 2b is not influenced by the
excessive intracellular GSH. This is indeed consistent with
the dynamical character of enzyme-catalyzed reactions,
i.e. the substrate saturation phenomenon, and also
indicates that the mitochondria-to-lysosome
translocation of 2b is dominated by the activity of GST
that is commonly overexpressed in cancer cells, especially
the drug-resistant cancer cells.

CONCLUSIONS

In conclusion, on the basis of a simple one-atom B—C
replacement strategy in Bodipy scaffold, we have
developed a new class of cationic Cardipys fluorescent
dyes with tunable absorption and emission wavelengths
covering visible and near-infrared regions. These Cardipys
not only inherit the excellent photophysical properties of
conventional Bodipys, such as bright fluorescence, narrow
emission bandwidth, and environment insensitivity, but
also  exhibited improved water solubility and
photostability due to their cationic character. What'’s
more, the cationic character also makes these Cardipys
easy to penetrate cell membrane and specifically
accumulate into mitochondria, thus showing potentials
either as fluorescence imaging agents to explore
mitochondria biofunctions or as candidates to develop
photosensitizers for mitochondria-targeting
photodynamic therapy. Furthermore, several Cardipys
bearing active styryl groups were found to show a
mitochondria-to-lysosome translocation upon entering
into cells, which has been confirmed to be initiated by
Michael addition of their styryl groups with GSH under
the catalysis of GST. Importantly, the translocation
probably reflects the detoxification pathway of the lipid-
derived electrophiles (LDE) that are endogenously
generated within mitochondrial membranes and have been
indicated to be implicated in cellular toxicity and
pathogenesis  of neurodegenerative  diseases and
atherosclerosis, and so on.67% Thus, these Cardipys should
hold the potentials as fluorescent indicators to probe the
pathogenesis that is closely related to the abnormal
mitochondrial GST/GSH detoxifying system. Also, we
found that the mitochondria-to-lysosome translocation of
these Cardipys could greatly be promoted in the drug-
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resistant cancer cells as well as cancer cells pretreated
with anti-cancer drugs, which are consistent with the
overexpression of GST in these cells. Given that the
overexpression of GST is closely associated with the
development of drug resistance, these Cardipys should
also hold potentials as imaging tools either to explore the
drug-resistant mechanisms or screen anticancer agents
that can prevent the development of drug resistance.
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