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Tuning lipophilicity for optimizing H,S sensing performance of
coumarin-merocyanine derivatives

Hongbao Fang, Yuncong Chen*, Xiangchao Shi, Yang Bai, Zhongyan Chen, Zhong Han, Yuming
Zhang, Weijiang He* and Zijian Guo

Hydrogen sulfide (H,S) is an endogenous signaling molecule involving with various physiopathological process, coumarin-
based merocyanines have been successfully utilized for developing fluorescent H,S sensors. However, subtle changes on
the chemical structure of merocyanines could induce distinct difference in H,S sensing behavior. Investigation on the
structure-property relationship of merocyanine dyes is of great importance for the development of ideal sensors with
desirable performance. In this work, a series of coumarin/merocyanine (CMC) hybrid fluorescent probes with different
lipophilicities have been developed. By altering the N-alkyl chain, the reaction rate with H,S and intracellular distribution
of CMC sensors are optimized. The results showed that incresing lipophilicity by attaching longer N-alkyl chain leads to
faster sensing response as well as higher efficiency of mitochondrial targeting ability. By virtue of rapidly sensing of H,S
and impressive mitochondrial co-localization ability, CM-NCg could monitor H,S level via a dual channel ratiometric mode.
In addition, CM-NCg is also capable of in vivo imaging of exogenous H,S. The work provided a powerful stratagy for
developing H,S sensors with optimized performance, which would be helpful for understanding the complicated roles of

H,S in various physiological processes.

Introduction

Fluorescence imaging has evolved as one of the most reliable
techniques to offer spatial-temporal information, which has
displayed numbers of virtues including quick response, high
sensitivity and non-invasiveness.'* Near infrared (NIR) dyes
show excellent photochemical properties, such as deeper
penetration depth and background auto-
fluorescence, which are favorable for fluorescence imaging in
vivo. Merocyanine dyes as a classic type of NIR molecules
containing a D-m-A structure, exhibit long and strong
absorption band attributed to the intramolecular charge
transfer (ICT) process within the skeleton.*® Moreover,
merocyanine molecules are endowed with the ability to target
mitochondria due to its lipophilic cationic feature.> 7
Therefore, merocyanine dyes are widely used for fluorescence
sensing and bio-imaging. Due to the electron deficiency of the
indolium part, nucleophilic addition was adopted as a powerful
strategy for chemo-sensing. As depicted in Scheme 1, the
nucleophilic addition reaction of the analytes to merocyanine
dyes caused the break of the skeleton and the ICT process,
resulting large alterations in both absorption and emission
spectra.>® 8
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Based on the nucleophilic addition mechanism, many
merocyanine dyes have been reported to detect various
species, such as HS", CN-, SO32 and so on (Scheme S1).510 We
developed a coumarin/merocyanine hybrid fluorescent probe
(CouMC) for H,S detection, which showed the quick
ratiometric H,S sensing speed and the impressive
mitochondria targeting ability. # Kim and his colleagues
invented a coumarin derivative for KCN detection, which
showed blue-shift absorption spectra and turn-on emission
spectra changes specially for KCN. Meanwhile theoretical
calculations indicated that the increased fluorescence signal is
caused by the prohibition of the ICT process.’® Chang and his
colleagues reported a ratiometic probe Mito-Ratio-SO2 to
detect mitochondrial SO, derivatives. Upon addition of
sulphite, Mito-Ratio-SO2 exhibited a blue-shift dual emission
spectra changes.>® Comparing with these three probes, it could
be concluded that subtle structural changes might lead to the
distinct sensing behaviour. Particularly,
coumarin/merocyanine hybrid fluorescent probes showed high

alteration of

specificity towards H,S against other biological nucleophilic
species (CN- and SOs;%). Therefore, understanding the
structure-property relationship of merocyanine dyes is of great
importance for developing sensors with desirable
performance.
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Scheme 1 Mechanism schematic for the nucleophilic addition of merocyanine
dyes. Nucleophilic addition reaction of the analytes to (a) the indolium C atom
(named C-2) and (b) the C=C (named C-4) of the corresponding dyes.

Although widely known as a toxic gaseous molecule, H,S has
been regarded as the third signalling gas following by carbon
monoxide and nitric oxide.!! Many researches have reported
that the disorder of H,S level is closely associated with
neurodegenerative disease, metabolic disease and even
cancers.!?2 Therefore, to develop efficient detection methods
for H,S in vivo has been of significance. Most reported probes
for H,S detection were based on a certain chemical reaction
between H,S and the probe with relatively slow response rate,
which makes it difficult to offer the in situ and real time
information of H,S.13 It is challenging to construct fluorescent
probes with quick response and ratiometric sensing ability to
realize the intracellular or even subcellular H,S imaging. In this
regard, merocyanine dyes were especially appreciated for
their superior capacity to monitor H,S in mitochondria.t* 15
Herein, a series of coumarin/merocyanine hybrid fluorescent
probes with different indole-N-alkyl group have been designed
and synthesized (Scheme 2). The effect of lipophilicity on the
sensing behaviour including response time and subcellular
localization were systematically investigated. The results
showed that the longer N-alkyl chain will lead to the faster
sensing response to H,S and more effective mitochondria
targeting ability. CM-NCg exhibit the best performance and
was able to monitor intracellular H,S fluctuation and imaging
of exogenous H,S in vivo.

L N o, EtOH
N oo \N reflux 5h
) +

-
MR cmc

CM-NC;: R=CH; CM-NC,: R=C4Hs CM-NCs5: R=CzH;; CM-NCg R=CgH,3

Scheme 2 Synthesis procedure of CMC compounds.

Experimental

Materials and instruments.The reactive sulfur species and other
tested anions stock solutions were prepared from NaHS, Na,SO,,
Na,S03;, NaHSO;, Na,COs;, NaCl, NaBr, Nal, [N(CsHq)4]JCN with
deionized water. All solvents and chemical materials were
commercial available and of analytic grade. Mitochondria tracker

2| J. Name., 2012, 00, 1-3

dyes, Mitotracker Deep Red 633 were bought from Igyitrogenohe
NMR spectra characteration were performed@®h1Brikér A3eR&8400
or Bruker DRX-500 with TMS as the standard reference. HRMS (high
resolution mass spectra) was completed using an Agilent 6540 Q-
TOF mass spectrometer. The pH data were measured by a pH
meter, Model PHS-3C. All the fluorescence spectra and absorption
spectra were recorded on a FluoroMax-4 (Horiba)
spectrofluorometer and Lambda 35 (PerkinElmer) absorption
spectrometer. The absolute fluorescence quantum yields were
determined by the integrating sphere (Costum-built by Labshere,
coated by Spectronon, teflon cuvette) and calculated by Horiba
software. All cell imaging was carried out via Zeiss LSM710. In vivo
imaging experiments were conducted by PerkinElmer IVIS Lumina K.

General Methods

Cell culture and confocal imaging. MCF-7 cells were cultured with
RPMI 1640 medium (Gibco) containing 10% FBS (Gibco) in a cell
incubator with 5% CO, at 37 °C. And then MCF-7 cells were firstly
cultured in the presence of 5 pM CM-NCg for 15 min. 200 uM NaHS
was in-situ added to the medium and cell images were collected
after incubation for another 30 min.

MCF-7 cells were incubated by CM-NC, CM-NC, CM-NCs
and CM-NGCg (5 uM, 15 min) and in turn by Mito-tracker Deep
Red 633 (1 uM, 15 min). The fluorescence images in the green
channel for CM-NC; CM-NC,; CM-NCs and CM-NCg were
obtained from 660 nm to 750 nm with 488 nm excitation, and
the fluorescence images in the red channel for Mito-tracker
Deep Red 633 were collected 665-750 nm emission band with

633 nm excitation.
Determination of octanol-water buffer partition coefficients. All

samples were guaranteed to be in the same weight. Octanol-water
buffer partition coefficients (log P) were measured according to a
modified protocol.'® A 4 mL portion of 20 mM pH 7.4 PBS and 4 mL
n-octanol were introduced to a 10 mL centrifuge tube and mixed to
make sure equilibration of the PBS and octanol on a shaker for 24 h.
Given samples were added to the tubes and vortexed for 3 min.
After the vortex, the tubes were centrifuged for 5 min with the
rotate speed at 3000 rpm. The lower, water layer was then
separated and the amount of samples present were quantified by
UV-vis absorbance. The log P value for each sample was then
calculated from the partitioning between the water and octanol
layers.

In vivo fluorescence imaging. /In vivo experimental approaches were
carried out in accordance with Nanjing University ethical guidelines.
The nude mice (female, 8 weeks) were provided by Nanjing
Biomedical Research Institution of Nanjing University.

For exogenous H,S imaging, hind legs of the nude mice were
skin-pop (s.p.) injected with CM-NCg (20 pM, 25 pL) and
imaged with 10 min interval. The in vivo fluorescence images
were collected with emission at 670 nm and excitation at 580
nm using an IVIS Lumina K system (PerkinElmer). Next, the left
hind leg was given PBS buffer (20 mM, 50 pL) as the control
group; the right hind leg was given NaHS (1 mM, 50 plL) as the
experimental group, and then images were collected within 30
min.

This journal is © The Royal Society of Chemistry 20xx
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General synthesis of compound CMC. The indole derivatives (MR)
were synthesized according to the literature.’” MR (1.0 mmol) and
7-diethylaminocoumarin-3-aldehyde (2) (1.0 mmol) were refluxed
for 5 h in 10 mL absolute ethanol under N, atmosphere. The
reaction process was tracked by TLC until to the less mass reagent
reacted completely. After the removal of the solvent by rotate
evaporating, the obtained blue products were separated by slica
column chromatography as eluent with CH,Cl,: CH;0H, 50:1 to 10:1,
and the corresponding CMC products were obtained.

Results and discussion

Synthesis and optical characterizations. The synthesis procedure of
CMC compounds was outlined in Scheme 2. 7-
diethylaminocoumarin-3-aldehyde and the MR were synthesized.
And then the final CMC compounds were obtained by a facile one-
pot reaction of 7-diethylaminocoumarin-3-aldehyde and MR in
absolute ethanol. The H NMR, 13C NMR, and HR-MS
characterization of CMC were shown in the Supporting Information.

Spectroscopic response of CMC. Firstly, we examined the
photophysical properties of compounds CMC. The absorption
and emission spectra of CMC in 20 mM PBS buffer (pH 7.4, 2%
DMSO, v/v) are shown in Fig. 1 and Table 1. Fluorescence
spectra of compounds CMC exhibited a strong merocyanine
emission peak ranging from 580 to 750 nm (Fig. 1a), overlaying
the NIR region (650-900 nm), which indicating that CMC
possess the potential in vivo imaging. Meanwhile, almost no
coumarin emission band at 500 nm was observed. The
absolute fluorescence quantum yields of compounds CMC
were also summarized in Table 1. The absorption spectra of
CMC displayed a strong ICT band at about 570 nm with large
molar absorption coefficients (>10* M-2cm) (Fig. 1b). Given
that merocyanine dyes can detect various species based on
nucleophilic addition reaction, the selectivity of CMC was
examined. However, the typical nucleophile SO3%, CN- and
other anions (Cl, COs%, Ac, I, HPO,Z, Br, P,O;, 1 mM),
reactive sulfur species (HSO3, S,03%, 1 mM) led to almost
minor change of the ratio, as shown in Fig. 2. Interestingly,
only HS" induce an obvious enhancement of the ratio F93/ Feas,
which fully demonstrated that CMC probes were highly
selective to HS".

1.00(@) —cmne, 14b) — cm-ncy
= —GM-NC, @ — CM-NC,
= —cM-Nc: qoe —cm-Nc:
ﬁ os0] ——cmNCg E, 06 —— cM-NCg
Eu.w Eo,d

£

20.20 202

0.00 L]

500 550 600 650 700 750 300 400 500 600 700 800

Wavelength/ nm Wavelength/ nm

Fig. 1 Normalized emission (a) and absorption spectra (b) of CMC compounds in
20 mM PBS. Ae=475 nm.

Table 1. Photophysical properties of CMC in 20 mM PBS.

Compounds Aabs®/ nM Emax/ 10* M-ecm’! Aem®/ nm  OL %

This journal is © The Royal Society of Chemistry 20xx
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CM-NC, 565 6.25 647 View Art‘\‘é?eéOmme
DOI: 10.1039/C9NJ03846A
CM-NC, 571 6.91 647 3.42
CM-NC;s 571 6.26 647 5.89
CM-NC, 572 6.76 647 423

(@) The maximum absorption wavelength of the compounds. (b) The
maximum emission wavelength of the compounds. (c) @; measured using
integrating sphere. The QYs are corresponding to maximum emission peaks.

Next, we examined the response time of CMC toward H,S. As
expected, when NaHS was dropped into the CMC solution, the
fluorescence signal at 645 nm decreased, due to HS nucleophilic
addition to indolenium C-2 atom of CMC at different response rate,
as shown in Fig. Sla-d. As demonstrated in Fig. 3a, fluorescence
intensity changes of CMC (10 uM) with NaHS (200 uM) addition
indicated that the response could be finished by the extent with
65.1% in 16 minutes(CM-NC;), 88.3% in 10 minutes(CM-NGC,), 93.6%
in 4 minutes (CM-NCs) and 97.8% in 40 seconds (CM-NCg),
respectively. The similar phenomenon was observed through
absorption changes with 20 equiv. NaHS to the CMC solution (Fig.
3b and Fig. S2a-d). The results demonstrated that longer N-alkyl
chain led to the faster sensing response to H,S.

os0fa ib
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£0.20 2
L e
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Fig. 2 Fa93/Fsas of 10 UM CMC (10 uM) in 20 mM PBS treated with HS (200 uM) or
various other anions (1 mM). A= 475 nm.
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Fig. 3 (a) Fluorescence intensity changes (Fy-F.)/Fo of CMC (10 uM) with 200 uM
NI?/IHI% I}—\FSX: 475 nm. (b) absorption changes (Aq-A;)/A, of CMC (20 uM) with 400
" aHs.
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Owing to its fast response to H,S, CM-NCg turns into the best
choice to make further investigation. Upon the NaHS (0-100
uM) titration to CM-NCg solution, the conjugation of
merocyanine molecule was destroyed, resulting in its
coumarin emission band 495 nm undergoing a distinct
enhancement, while the merocyanine band at 645 nm
decreasing simultaneously (Fig. 4a). The emission ratio
(Fa03/Fgas) increased from 0.038 to 18.2 by 478-fold. And the
detection limit was measured as 0.49 pM (Fig. S3). The similar
phenomenon was observed via the absorption spectra (Fig.
4b). With the introduction of HS;, the ICT band at 572 nm
gradually dropped, indicating HS™ broke the ICT effect in the
merocyanine molecule. In addition, we observed that the dark
blue CM-NCg solution turned to pale yellow following with
added 20 egiv. NaHS, which means CM-NCg achieved the

detection visualization of HS.
1.8x10°

(a) Probe  Nats

1.5x10°
1.2x10°
r9.0x10°
6.0x10°]

3.0x10°

0.0

S0 550 60 680 700 750 "7 300 400 500 600 700
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Fig. 4 (a) Fluorescence titration of 10 uM CM-NCg in PBS with the concentration
of HS" (0-100 puM), A= 475 nm; (b) Absorption titration of 20 uM CM-NCg in PBS
with the concentration of HS- (0-150 uM). Inset in (a): fluorescence photo of CM-
NC;¢ irradiated by a 365 nm lamp without or with of HS". Inset in (b): natural
photo of CM-NCg without or with HS.

HS- sensing competition experiments of CM-NCg in the
presence of other biothiols was also investigated. Only a minor
change of emission ratio were induced by GSH, Cys or Hcy (Fig.
5a). The HS sensing competition behaviour demonstrated that
CM-NC; is capable to sense HS- without any interference with
GSH, Cys or Hcy. The pH-dependence of CM-NCg was
evaluated (Fig. 5b) as well. The emission ratio of CM-NCg
displayed little variation in the pH (2.3-8.0), implying that CM-
NCs is stable in physiological pH range. It provided an
important basis for the detection of H,S in physiological

environment.
18

18{(a) (b) .
154
17. H i |I 12-
w0 w
3 b .
L 16 L 9
=]
M w6
34
0 as = o= = ...-'.
04 T T T T T
Probe HS Cys GSH Hey 2 4 EpH 8 10 12

Fig. 5 (@) Fa93/Feas of CM-NCg (10 uM) in PBS buffer with 200 uM HS-, 1 mM GSH,
1 mM Cys, and 200 uM Hcy. (a): black bar represents CM-NCg, or blue bar
represents CM-NCg with HS™ or black bar represents CM-NCg with common
biothiols, gray bars represent CM-NC; in the presence of common biothiols
followed by adding with HS" (200 uM). rb) F493/Feas of 10 uM CM-NC; at different
pH value. Ao,= 475 nm.

Colocalization imaging of CMC in living cells. Cellular
distribution of CMC was studied using a confocal microscopy in
MCF-7 cells. Owing to the indolium part with the positive

charge, the probes can effectively locate in mitochondria.l®

4| J. Name., 2012, 00, 1-3

The green channel images for CMC were obtained with:488 nm
excitation and the red channel imagesDfoF 1EhE SRAFGITPE ket
were collected with 633 nm excitation (Fig. 6). The Pearson’s
correlation coefficient (PCC) of CM-NC; calculated by Zeiss
software is only 0.67. However, when indole-N-alkyl chain gets
longer, the PCC gets higher, 0.88 for CM-NC,4, 0.90 for CM-NCs
and 0.91 for CM-NCg, respectively. It indicated that the probe
with shorter indole-N-alkyl chain is less lipophilic and more
difficult to pass through the mitochondrial membrane.’®
Therefore, CM-NC; possesses poorer target-mitochondria
ability, when indole-N-alkyl chain length achieve above C,
(CM-NC;, CM-NCs or CM-NGCg), lipophilicity enhancement
benefit probes to target mitochondria.

Mito-Tracker
(b)

Probes Merge

CM-NC,

CM-NC,

CM-NC,

CM-NC,

Fig. 6 Confocal images of MCF-7 cells incubated with CMC (5 pM, 15 min) and
Mitotracker Deep Red 633 (1 uM, 15 min). (a,d,g,j) The green c! annel images of
CMC with 488 nm excitation; (b,e,h,k) The red channel images of Mitotracker
Deep Red 633 with 633 nm excitation; (c,f,i,I) overlay of (a,d,g,j) and (b,e,h,k).
Scale bar =20 um.

Table 2. Lipophilicity, charge of CMC in solution and mitochondrial PCC of CMC in
MCF-7 cells.

Compounds LogP® Charge® Mitochondrial PCC
CM-NC, 0.590 + 0.67
CM-NC, 2.391 + 0.88
CM-NC; 3.690 + 0.90
CM-NC;i 3.842 + 0.91

(a) The values of Log P were determined in octanol/ PBS (20 mM, pH7.4) by
an improved procedure. (b) Charge of CMC in PBS.

This journal is © The Royal Society of Chemistry 20xx
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The log P of CMC were measured to investigate the

relationship of lipophilicity with mitochondrial colocalization
behaviour.2% 2t We then listed the log P, charge of CMC in PBS
(20 mM, pH7.4), and mitochondrial PCC (Table 2). Based on
these data, we concluded that CMC with cationic charge alone
is insufficient to ensure mitochondria targeting, higher
lipophilicity is another requirement for effective mitochondrial
targeting.
Fluorescence imaging of CM-NCg in MCF-7 cells. The
intracellular H,S imaging of CM-NCg was investigated in MCF-7.
The cells loaded with 5 uM CM-NCg for 15 min displayed weak
fluorescence in the green channel and strong fluorescence
signal in the red channel, indicating the good cell-permeability
of CM-NCs. The dim ratiometric image (green/red) was
obtained. Interestingly, incubation with 200 M NaHS led to a
faint enhancement in green channel, at the same time the red
channel fluorescence signal obviously dropped, and the
ratiometric image displayed a distinct change, as shown in Fig.
7. It is demonstrated that CM-NCg can detect the intracellular
exogenous H,S via a dual channel ratiometric mode, and the
related ratio enhancement factor can reach up to 5-fold.

.
(h) 0.10 }

C

CH-MC,

CN-MCg+H,S

Fig. 7 Confocal images of MCF-7 cells with 488 nm excitation. (a-c) confocal
images of MCF-7 cells loaded with CM-NCs (5 uM, 15 min); (d—f) confocal images
of loaded-CM-NCs (5 uM, 15 min) MCF-7 cells in-situ added with 200 uM NaHS
for 30 min. (c, f) ratiometric confocal images acquired by green channels (a, d)
from 500-580 nm and the corresponding red channels (b, e) from 632-700 nm;
(gf) Bright-field ima%e of MCF-7 cells; (h) Average intensity ratio values(Fgreen/Fred)
of (c) and (f). Scale bar = 20 um.

In vivo fluorescence imaging of CM-NCg in mice. Prominent
features were showed by CM-NCg, such as NIR emission, rapid
response, high specificity and excellent biocompatibility. These
appropriate characteristics inspired us to further explore the
potential of CM-NCg for visualizing H,S in vivo. We first
examined the feasibility of CM-NCg for detecting exogenous
H,S in mice. Mice were skin-pop injected with CM-NCg and
NaHS, and then imaged using IVIS imaging system with
excitation at 580 nm and emission at 670 nm. CM-NCg was
injected to the legs (20 uM, 25 plL) after the mice were

This journal is © The Royal Society of Chemistry 20xx
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anesthetized. After that, the left leg was given PBS, buffer (20
mM, 50 uL) as the control group; the righPlel Wa9/§ivdrO RIS
(1 mM, 50 pL) as the experimental group. As seen in Fig. 8b,
the leg injected with NaHS exhibited a much lower
fluorescence intensity than the leg injected with PBS. We
measured the fluorescence signal intensity collected from the
legs in the mice by in vivo system software, as displayed in Fig.
8c, the readout data indicated that the exogenous H,S could
lead to approximately 1-fold lower fluorescence intensity than
the control leg with PBS treatment. Thus, the above results
indicated that CM-NCg are capable to be apply for imaging H,S
In vivo.

Left Right
Before Injection

Left Right
After Injection

Fig. 8 In vivo fluorescence imaging of exogenous H,S in mice. éa) Only s.lg.
injected with CM-NCg; (b) Then s.p. injected with PBS ;Ieft leg) and NaHS (right
leg). (c) Values of emission intensity from the leg area of (a) and (b).

Conclusions

In summary, a series of coumarin/merocyanine hybrid
fluorophores with different indole-N-alkyl groups were
prepared. Spectroscopic study disclosed that CM-NC,;, CM-NC,,
CM-NGCs, and CM-NCg all display the excellent ratiometric
sensing ability specifically for H,S in agueous medium, which is
not interfered by the normal anions and nucleophiles in living
systems, such as Cys, GSH and Hcy. Moreover, the higher
lipophilicity (longer N-alkyl chain) leads to the faster sensing
response to H,S. Among these probes, CM-NCg with N-hexyl
group demonstrated the fastest response time within 40 s. The
mitochondria co-localization indicated that the mitochondria
targeting ability was also relative with the lipophilicity of the
compounds. CM-NCg was able to sense the intracellular H,S
deviation triggered by the exogenous H,S addition via a dual
channel ratiometric mode. CM-NCg also can be used for in vivo
imaging of exogenous H,S without autofluorescence. We are
confident that this design tactic could be applied for
construction of H,S probes with faster response and more
effective organelle-targeted ability in the future, which would
be beneficial for the study of various H,S functions in
physiological processes.
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