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ABSTRACT: A self-calibrating bipartite viscosity sensor 1 for cellular mitochondria, composed of
coumarin and boron-dipyrromethene (BODIPY) with a rigid phenyl spacer and a mitochondria-targeting
unit, was synthesized. The sensor showed a direct linear relationship between the fluorescence intensity
ratio of BODIPY to coumarin or the fluorescence lifetime ratio and the media viscosity, which allowed us
to determine the average mitochondrial viscosity in living HeLa cells as ca. 62 cP (cp). Upon treatment
with an ionophore, monensin, or nystatin, the mitochondrial viscosity was observed to increase to ca. 110
cP.

Bl INTRODUCTION In this context, we herein describe a self-calibrating bipartite

Intracellular viscosity is a critical factor governing the viscosity sensor 1 (Scheme 1) consisting of coumarin and

transportation of mass and signals as well as interactions
between biomacromolecules. Indeed, it has been demonstrated
as a vital contributor or indicator for atherosclerosis,' diabetes,”
Alzheimer’s disease,” and even cell malignancy,* because it
affects protein—protein interactions in cellular membranes.*>
Furthermore, the viscosity in the mitochondrial matrix is closely
related to the respiratory state of the mitochondria via the
molecular consequences of mechanically or osmotically induced
changes in mitochondrial network organization, which suggests
that changes in mitochondrial matrix viscosity may modulate
metabolite diffusion and, in turn, mitochondrial metabolism."**

For intracellular viscosity measurement, sensors with dual
fluorescent moieties have been introduced, 1nclud1ng a Forster
resonance energy transfer (FRET) system composed of a
flexible linker, energy donor, and energy acceptor. This system boron-dipyrromethene (BODIPY) as a fluorescent reporter,
offers the advantage that the fluorescence intensity of the
viscosity-dependent fluorophore is calibrated to that of the
viscosity-independent moiety.” However, the relative orienta-
tion of the two fluorophores in the system may vary according

Scheme 1. Chemical Structures of Targeting Compounds

[1] Ry=CH,CH,P*PhyCl; Ry=Ry=Ry=Rg=H
[2] Ry=CH,CH,CHy; R;=R3;=R4=Rs=H

[3] Ry=CH,CH,CH;; R;=R3;=R;=R;=CH,4

with a rigid phenyl spacer and triphenylphosphonium as a
mitochondria-targeting unit. The C—C bond between the
phenyl spacer and BODIPY can freely rotate to produce

to media, dye concentration, and other experimental or fluorescence quenching in a low-viscosity environment, whereas

instrumental factors,® which may result in ambiguous the rotation is restricted to offer fluorescence enhancement in

conclusions regarding viscosity measurements. Therefore, it highly viscous media.%**7** Analysis of the fluorescence

would be ideal to design a molecular pair, such as a TBET ratiometry (I5¢/I,»,) and fluorescence lifetime (z5;¢) of sensor
9-22

cassette, where the distance between energy donor and

1 can be used to quantify mitochondrial viscosity and also to
acceptor is fixed to minimize uncertainty and to provide

“molecular rotors”®**733 that are mainly sensitive to viscosity
changes. Moreover, the addition of a mitochondrial guiding
unit, which is well demonstrated in the literature,>* to the
mainframe would provide a mitochondrial matrix viscosity Received: April 18, 2013
sensor with self-calibrating ability. Published: May 28, 2013

demonstrate changes in viscosity in the mitochondrial matrix

. . 3536
caused by drugs, such as monensin and nystatin.*>"
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Scheme 2. Synthetic Routes for Compounds 1—4
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(i) ICH,CH,/K,CO5, DMF, 60 °C, 2 h, 75%; (ii) CH;COCH,COOEt/ZnCl,, ethanol, reflux, 12 h, 77%; (iii) NBS, DMF, rt, 41%; (iv) 4-
formylphenylboronic acid/Pd(PPh;),/K,CO;/DME, reflux, 12h, 36%; (v) pyrrole/TFA, DCM, tt, 1 h, then DDQ, DCM, 1t, 1 h, then BF;-Et,0,
Et;N, DCM, rt, 1 h, 10%; (vi) phosgene/DIPEA, DCM, rt, 1 h, then CH;(CH,),NH,, DCM, 1t, 6 h, 11%; vii) phosgene/DIPEA, DCM, tt, 1 h, then
PPh**(CH,),NH,CI~, DCM, rt, 6 h, 10%; (viii) 2,4-dimethylpyrrole/TFA, DCM, rt, 1 h, then DDQ, DCM, tt, 1 h, then BF;-Et, O, Et;N, CH,Cl,, rt,
1 h, 10%; (ix) phosgene/DIPEA, DCM, rt, 1 h, then CH;(CH,),NH,, DCM, rt, 6 h, 12%; (x) pyrrole/TFA, DCM, rt, 1 h, then DDQ, DCM, 1t, 1 h,

then BF,-Et,0, Et;N, DCM, rt, 1 h, 10%.

B RESULTS AND DISCUSSION

To measure mitochondrial viscosity, we synthesized a
molecular rotor 1 and the related reference compounds 2—4
(Scheme 2). First, reaction of 3-aminophenol (11) with
iodoethane in DMF vyielded 10, which further reacted with
ethyl acetoacetate in the presence of ZnCl, to produce the
coumarin derivative 9. Subsequently, bromination of 9 yielded
compound 8, which underwent a Suzuki coupling reaction
using pinacol-4-formylphenylboronate with Pd(PPh;), as a
catalyst to afford 7. Reaction of 7 with pyrrole and 2,4-
dimethylpyrrole resulted in good yields of § and 6, respectively.
Finally, 7 and 8 reacted with phosgene and the corresponding
amines yielded 1—3. Phenyl-BODIPY 4 was also prepared as a
reference. All detailed synthetic procedures and their spectral
data, including '"H NMR, 3C NMR, and mass analysis data, are
described in the Supporting Information.

To characterize the spectral properties of the sensors, we first
studied the solvent dependency of 2. Compound 2 reveals two
different absorption and emission bands that are mainly
contributed by its coumarin and BODIPY moieties (Figure
1A), as determined by theoretical calculation using Gaussian 09
software®” (Figure S1). In methanol, the emissions of the
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Figure 1. Normalized absorption and fluorescence spectra (A) of 2 in
methanol and (B) fluorescence response of 2 (1.0 uM) to different
solvents, excited at 330 nm, slit width 3/5.
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coumarin and BODIPY parts are at 427 and 516 nm,
respectively. We found that the emission bands were relatively
unaltered even in various solvents but markedly changed in
glycerol medium (Figure 1B). Table S1 summarized the
fluorescence quantum yields of 2—4 in solvents with various
viscosities. The quantum yields of 2 were less than 0.02 in low-
viscosity media, regardless of solvent polarity (e.g. in methanol,
1 = 0.60 cP, £ = 32.63) (Table S1). Only in viscous glycerol (1
= 945.35 cP, € = 42.5), the compound was highly fluorescent
and showed a quantum yield of 0.40. Moreover, the quantum
yields of 3 containing a tetramethyl moiety were all over 0.3,
regardless of the solvent viscosity. These results are attributable
to viscosity-dependent rotation of the C—C bond between the
BODIPY and the phenyl unit, where the rotation through the
C—C bond is restricted in the presence of a highly viscous
solvent, such as glycerol, and the excited energy is reserved for
emission without nonradiative energy dissipation throughout
the rotation. In compound 3, such restriction in the rotational
motion is imposed on BODIPY to result in a strong emission,
regardless of solvent viscosity. In addition, for animal
application, it may be important to note that the coumarin
moiety in 2 has a two-photon absorption property with a 30
GM two-photon cross-section (740 nm in 50:50 v/v methanol-
glycerol) (Figure S2).

To investigate the relationship between the change in
viscosity and the change in fluorescence intensity, fluorescence
spectroscopy was performed, and the fluorescence lifetime of
the synthesized compounds was measured. As shown in Figure
2, compound 1 showed two emission peaks at 427 and 516 nm,
where both emission intensities were found to be enhanced by
the solvent viscosity. Relative to the emission of the coumarin
moiety at 427 nm (Figure S3), the green emission of BODIPY
(516 nm) was more considerably increased with increased
solvent viscosity (Figure 2A). We then found a direct linear
relationship (R* = 0.995, Figure 2B) from a plot of the intensity
ratio (I;6/I45;) vs the solvent viscosity (). Therefore,
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Figure 2. Changes of fluorescent spectra (A) and fluorescence decay
(C) of 1 (1.0 uM) with the variation of solution viscosity (methanol-
glycerol system). Relationship of the Ij4/I,; ratio (B) and
fluorescence lifetime (D) with solution viscosity. Upon excitation at
375 nm, the fluorescence lifetime was measured on a Fluo time 200
single-photon counting equipment. Inset in A, color and fluorescence
changes of 1 (1.0 #uM) in mixed solvents (methanol-glycerol) with
various viscosities under sunlight and a UV lamp (365 nm excitation).

compound 1 could be employed to ratiometrically detect
viscosity in various media, including biological systems.
However, we found that the ratio rarely depends on the
solvent polarity (Figure S$4). In addition, the lifetime (7;) of 1 at
516 nm increased gradually as the viscosity increased (Figure
2C); in particular, a linear relationship was observed between
fluorescence duration (7;) and solvent viscosity (7) (R* =
0.997) (Figure 2D). Similar relationships in the case of refs 2
and 4 (Figures S6 and S7) were also obtained in water-glycerol
systems, as shown in Figure S5. For 3, which bears sterically
hindered tetramethyl-substituted BODIPY, the intensity ratio
and fluorescence lifetime revealed were relatively unchanged, as
we expected (Figure S8).

To utilize rotor 1 as a mitochondrial viscosity sensor, its
intracellular location has to be characterized prior to viscosity
measurement. Colocalization results obtained using a confocal
laser microscope with mitochondrial and lysosomal markers are
shown in panels (A—C) and (D—F) in Figure 3, respectively.
The yellow parts in panels (C) and (F) represent the
colocalization of 1 with Mito-Tracker and Lyso-Sensor,
respectively, and indicate that 1 is mainly located in the
mitochondria (C). In parallel experiments, probes 2 and 3
without the mitochondrial targeting unit fail to show intense
yellow images with Mito-Tracker Green FM (Figures S9 and
$10), which confirms that the mitochondrial preference of rotor
1 originates from its triphenylphosphonium moiety.

To validate sensor 1 for mitochondrial viscosity imaging,
confocal laser fluorescence images of HeLa cells were acquired
in the presence of two different ionophores (monensin and
nystatin). Monensin and nystatin are well-known to induce
mitochondrial malfunction caused by structural changes or
swelling of mitochondria.>**® Cell images based on the
coumarin and BODIPY emissions of 1 are shown in Figure
4B,C. Panel (D) is a ratiometric image based on I5¢/I,;
obtained from (B) and (C) and pseudocolored using ImagePro
Plus software. The average fluorescence ratio was ca. 2.17.
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Figure 3. Confocal laser fluorescence microscopic images of HeLa
cells treated with 1 and Mito-tracker Red (0.5 uM) or Lyso-Sensor
Blue DND-167 (1.0 uM). (A) and (D) Fluorescence imaging of 1 in
HeLa cells, collected at S00—600 nm and excited at 720 nm (two-
photon excitation). (B) Fluorescent image of Mito-Tracker Green FM
(0.5 uM), collected by a 530—570 nm band path filter with excitation
at 514 nm. (C) Merged image of A and B. (E) Fluorescent image of
Lyso-Sensor Blue DND-167 (1.0 uM), collected by a filter of 370—550
nm upon excitation at 740 nm (two-photon excitation). (F) Merged
image of (D) and (E). The scale bars indicate 20 uM.

(E)1 + Monensin.

Figure 4. Confocal laser fluorescence imaging (B and C) of 1 (2.0
uM) in Hela cells and ratiometric image (D—F) obtained by
ImagePro Plus software and imaging of fluorescence duration. (A)
Bright-field image of HeLa cells. (B) Blue-channel fluorescence images
detected at 370—470 nm upon excitation at 720 nm. (C) Green-
channel fluorescence images detected at S00—600 nm upon excitation
at 720 nm. (D) Ratiometric image of 1 in HeLa cells obtained by
dividing image (B) by image (A) in ImagePro Plus software. (E) and
(F) are ratiometric images of 1 in HeLa cells upon treatment with
monensin and nystatin, respectively.

From the linear relationship between the ratio and the viscosity
established in Figure 2B, the average viscosity of mitochondria
in HeLa cells was estimated as ca. 62.8 cP. Upon treatment with
monensin and nystatin, which may cause mitochondrial
swelling through interruption of the ionic balance,**** the
images corresponding to the ratiometric image in panel (D)
revealed apparently enhanced ratios (Figures SE and F and
S11—S14). The I ¢/, values were 2.44 + 0.50 and 2.62 +
0.48, which were equivalent to 90.5 and 109 cP, upon treatment
with monensin and nystatin, respectively. The increased
viscosity in ionophore-treated mitochondria agrees with
previous findings and indicates that these ionophores can
induce ultrastructural changes® or swelling®®*’ of mitochon-
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Figure S. Fluorescence lifetime images of 1 (2.0 uM) in HeLa cells.
(A) Control and (B) 1 incubated with HeLa cells, then incubated with
monensin. (C) 1 incubated with HeLa cells, then incubated with
nystatin. Equipment: inverted-type scanning confocal microscope
(MicroTime-200, Picoquant, Germany) with a 60X objective (NA =
1.2) and a single-mode pulsed diode laser (375 nm with a pulse width
of ~240 ps in full width at half-maximum and an average power of ~§
UW). The excitation and detection wavelengths, 375 and 516 nm,
respectively.

dria or large-scale alteration of mitochondrial metabolism.*®
Even in the absence of a detailed description of the underlying
mechanism, these data provide sufficient evidence for the
validity of sensor 1 as a mitochondrial viscosity sensor in the
context of metabolic changes in mitochondria.

To justify the results of the ratiometric measurement of
mitochondrial viscosity shown in Figure 4, a fluorescence
lifetime imaging (FLIM) experiment was also conducted, as
shown in Figure SA. The mitochondrial fluorescence lifetime of
sensor 1 in HeLa cells was measured as ca. 1.4 ns, which
indicates a viscosity of ca. 67.5 cP according to the linear
relationship shown in Figure 2D. Furthermore, upon the
treatment with monensin and nystatin, similar enhancement of
the fluorescence lifetime of 1 in mitochondria was observed (B
and C). The fluorescence lifetime was ca. 1.55 (B, monensin)
and 1.90 ns (C, nystatin), which corresponds to viscosity values
of ca. 80.8 (B) and 112 cP (C), respectively, which the results
can be comparable to the reported mitochondrial viscosity (54
+ 9 cP in bullfrog myocardium cells).*® This confirms again
that sensor 1 can measure the mitochondrial viscosity
responsible for cell apoptosis in living cells by two different
methods, i.e, fluorescence ratiometry or FLIM, which has not
been previously reported, to the best of our knowledge.

Therefore, the bipartite viscosity sensor 1 is capable of
sensing mitochondrial viscosity by fluorescence ratiometry
imaging as well as by FLIM within high accuracy and reliability.
Scheme 3 summarizes sensing mechanism of rotor 1 toward
mitochondrial viscosity in Hela cells with respect to
fluorescence ratiometry imaging and FLIM. Sensor 1 shows

Scheme 3. Proposed Mechanism of Rotor 1 Sensing
Mitochondrial Viscosity by Fluorescence Ratiometry
Imaging and FLIM
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weak emissions in both fluorophores where the BODIPY
emission is quenched due to the fast rotation of C—C bond
between the phenyl and BODIPY units. Upon treatment of
nystatin or monensin, the mitochondria undergo ultrastructural
changes or swelling to induce increase in its viscosity, which
slows down the C—C bond rotation to markedly enhanced
fluorescence from the BODIPY.

B CONCLUSIONS

In conclusion, a novel molecular rotor having a triphenylphos-
phonium and a coumarin-BODIPY dyad with a rigid phenyl
spacer has been developed. Both fluorescence ratio values (I5;/
I5;) and fluorescence lifetime (75,4) of rotor 1 are in a good
linear relationship with media viscosity. Thereby, the sensor 1
can quantify the mitochodrial viscosity by fluorescence
ratiometry and by FLIM with excellent self-calibrtating ability.
Furthermore, the rotor 1 also can measure the viscosity changes
upon mitochondrial apoptosis induced by treatment of
monensin and nystatin. It is therefore believed that the
molecular rotor-based bipartite sensor 1 provides a promising
strategy in inspecting mitochondrial viscosity and in diagnosis
of certain mitochondria related diseases.

B ASSOCIATED CONTENT
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Experimental details; synthesis and characteristic data ('H
NMR, *C NMR, mass spectra); fluorescence spectra and
fluorescence lifetime measuring; CLSM and FLIM images. This
material is available free of charge via the Internet at http://
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