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A new type of locked-Flavylium fluorophores with tunable 4 Thus, how to design fluorescent sensors with such an

emission wavelengths based on intramolecular charge intriguing feature became the focus of our attention. ICT is an
transfer were designed, synthesized, and evaluated. The effective signaling mechanism employed in design of ratiometric
optical studies indicate that the sensor LF3 can display an fluorescent sensors. Although, ICT-based sensors developed so
intriguing character, a fluorescence ratiometric response in far only show a fluorescence ratio response in two channels, we
three channels by tuning the ICT efficiencies. so envisioned that, in principle, the ICT strategy could be exploited
to design ratiometric three-channel fluorescent sensors.

Recently, fluorescence sensing has emerged as one of the most Flavylium compounds are versatile molecules that comprise
powerful techniques to monitor molecular targets and biological anthocyanins, the ubiquitous colorants used by nature to confer
processes in the context of a living system.'” In addition, by color to most flowers and fruits. They have found a wide range of
combining with fluorescence microscopy, fluorescence imaging  ss applications from the millenary color paints to food additives. '*
can be employed to investigate biomolecules of interest with high Therefore, we decided to choose flavylium as the parent
temporal and spatial resolution. fluorescent core aiming to achieve a fluorescence ratiometric

Up to date, a large volume of fluorescent sensors have been response in three channels based on an ICT process. Toward this
developed. “* However, most of them exhibit fluorescence signal end, we locked the flavylium backbone to prevent nonradiative
variations only in one channel. ® Since Terenin et al. reported the ¢ decay affording a unique type of fluorescent dyes, named as LF
first example of dual fluorescence based on an excited-state dyes (Fig. 1). As shown in scheme S1, a series of LF dyes
intermolecular proton transfer (ESIPT) in 1947, plenty of dyes containing distinct substituents were readily synthesized in one
have been reported to display dual fluorescence emission step. For simplicity, the series of LF dyes are classified as three
properties. Dual-channel based sensors have fluorescence signal subtypes: LF1 contains no hydroxyl group; LF2 contains one

changes in two distinct channels. This may reduce the potentials
errors due to false positive signal from photobleaching or other

hydroxyl group; LF3 contains two hydroxyl groups (Fig. 1).

S

environmental factors. ® To this end, various molecular-design R1 R1
strategies based on intramolecular charge-transfer (ICT),’
electronic energy-transfer, ' excimer formation, ' and ESIPT '
have been exploited to construct a wide variety of dual-channel
fluorescent sensors.

When compared to dual-channel fluorescent sensors, in
principle, three-channel fluorescent sensors should be much more
reliable to eliminate potential false positive or artifacts, as the
fluorescent signals in three channels can be used for mutual
corroboration. So far, a very few examples of fluorescent sensors 7

LF1 R1and R2 = OH

LF2 R1orR2 = OH
LF3 R1and R2=0OH

R2 ~ unlocked R2

Flavylium compounds

™ jocked

Fig. 1 Design of new LF dyes by locking the flavylium core.

With the compounds LF at hand, we then proceeded to

S

based on the ESIPT strategy or traditional methods of mixing investigate their optical properties in different solvents. The
different primary emitting materials capable of showing three- absorptlon' and emission profiles of LF in distinct solvents
channel fluorescence changes have been constructed.’™! (CH,Cl, in the absence or presence of 1% HCl and PBS

However, they only exhibit fluorescence OFF/ON response in containing 1% CH}CHZOH) are shown in Fig. 2 and S.1f3- In
three channels. To the best of our knowledge, sensors which can 7 general, the flavylium cation is stable only at very acidic pH

. 14 . . .
display a fluorescence ratiometric response in three channels have conditions.™ Thus, we first investigated the spectral properties of
not been achieved yet. LF dyes in aprotic solvent CH,Cl, containing 1% HCI. LF dyes
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exhibit strong fluorescence in a very acidic condition (Figure S1).
For example, the emission peak of LF1-3 is located at 518 nm,
which is attributed to the cation form of LF1-3 (Figure Slc and
Scheme 1). To our surprise, in pure CH,Cl, (in the absence of 1%
HCI), the shape of emission spectra well resembles those in
acidic conditions, indicating that locked-flavylium fluorescent
dyes can also exist in the cation form in aprotic solvent CH,Cl,
(Figure S1 and Schemes 1 and S2).
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Fig. 2 The normalized fluorescence emission spectra of compounds LF2-3
(a) at different pH values: pH=1(m), pH=5.5 (e) and pH=7.5 (A); The
normalized fluorescence emission spectra of LF3 (b) at different pH values:
pH=1(m), pH=5.5 (e) and pH=7.5 (A).
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Scheme 1. Equilibria forms of LF dyes represented by LF1-3, LF2-3 and
LF3.

To get insight into the photophysical properties of new LF
dyes, especially regarding how to tune the ICT efficiency through
different equilibrium forms of LF dyes, we continue to test the
spectral properties of these dyes in PBS containing 1%
CH;CH,OH. Like in CH,Cl, solutions, LF2 dyes display only an
emission band with the maximum wavelength at around 505-519
nm in a very acidic condition (pH = 1.0) (Figures 2 and S2). This
emission band is also attributed to the cation form of LF dyes,
which is similar with the phenomenon observed in CH,Cl,. LF2
dyes change from the cation to neutral form with pH
enhancement, accompanying with a redshift emission band with
the maximum wavelength at around 552-576 nm. Interestingly,
LF3 have three equilibria forms at different pH values (Scheme
1). From the structure point of view, the ICT efficiency of LF3 is

in the order: the anionic form > the neutral form > the cation form.

The improvement of ICT efficiency is usually accompanied by a
redshift in emission and absorption. Thus, as expected, the
maximum emission wavelength of three equilibria forms is in the
40 order: 593 nm (the anionic form) > 566 nm (the neutral form) >
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515 nm (the cation form) (Figure 2b). This absorption behavior of
LF3 dye is in good agreement with that of emission properties
(Figure S3b).

To be useful as imaging agents in living systems, it is
important that the novel LF dyes have sufficient photostability.
The photostability of LF dyes in PBS is measured by continuous
irradiation with a Xe lamp (150W) at 5 nm slit width at the
corresponding maximal emission wavelength of LF, and the
results demonstrate that over 95% of the initial fluorescence
intensity is retained after 1 h irradiation (Figure S4), indicating
that these functional dyes have sufficient photostability for
potential biological imaging applications.

TD-DFT calculations are conducted to examine the potential
effect of different equilibrium forms on the absorption and
emission properties of novel LF dyes.'> For example, LF2-3 dye,
the calculated emission peak of its neutral form is located at 574
nm, while its cation form is at 475 nm (Table S1). These data are
well in accordance with the emission properties of the LF2-3 in
PBS (Figure 2a). For LF3, the absorption peak of its cation,
neutral, and anionic forms is located at 439, 485, 515 nm,
respectively (Table S1). Three equilibria forms of LF3 have
gradually increased ICT efficiency. With the increase of ICT
efficiency, the absorption and emission wavelengths are gradually
red shifted. Thus, these data are in good agreement with the
photophysical properties of LF3 in PBS (Figures 2 and S3b).

Biochemical processes frequently involve protonation and
deprotonation of biomolecules with concomitant changes in the
pH of the milieu. Protons are one of the most important targets
among the intracellular species of interest.'® LF dyes show
unique properties of multiple emission bands in response to pH
variations, which makes them ideal candidates for multi-color
cellular imaging. For proof-of-concept, we applied LF2-3 and
LF3 dyes as fluorescent sensors for dual-channel and three-
channel pH detection, respectively.

First, we set out to investigate LF2-3 dye as a potential
fluorescent sensor for dual-channel pH detection, as the above
spectral properties studies show that LF2-3 can exist in two
different equilibrium forms. The absorption and fluorescence
spectra of LF2-3 dye as a function of pH changes in aqueous
solution are shown in Figures S5-6. As anticipated, LF2-3 dye
exhibits two main emission bands, intensities of which are pH
dependent. Upon excitation at 470 nm, LF2-3 displays a dramatic
change in the emission profiles with 9.5- and 3.6-fold
fluorescence intensity enhancements at the two emission channels
at around 514 and 576 nm, respectively (Figure S5a and b). When
excited at 520 nm, the emission band centered at 576 nm
increases as the pH increases, and it shows a 9.9-fold
fluorescence intensity enhancement (Figure S5¢ and d). As pH
increases, the absorption band centered at 525 nm augments
(Figure S6). This band is assigned to the neutral form of LF2-3
(Scheme 1). At the same time, the absorption at ca. 476 nm
decreases. The 460 nm band is assigned to the cation form of
LF2-3 (Scheme 1). The isosbestic point at 492 nm is observed
(Figure S6). This isosbestic point is near the 488 nm Ar ion laser

os line. The pKa of compound LF2-3 is calculated to be 4.50 based

on the Henderson—Hasselbach-type mass action equation.'”
According to the above spectral properties studies, LF3 can

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 4



Page 3 of 4

ChemComm

o

o

20

50

exist in three equilibrium forms with different ICT efficiencices
to display three emission bands. This encourages us to examine
the possibility of LF3 as a fluorescent sensor for three-channel
pH detection. As expected, upon excitation at 470 nm, LF3
exhibits a significant change in the emission profiles in all three
emission channels (Figure 3). The two emission bands at 515 and
566 nm decrease as the pH enhancement from 3.5 to 5.5,
displaying a 31- and 3.54-fold fluorescence intensity changes at
the two emission channels, respectively (Figure S7). As the pH
increases from 5.5 to 8.5, the two emission channels centered at
515 and 566 nm decreases, while a new band centered at 595 nm
enhances significantly (Figure 3). LF3 shows large variations in
two ratio modes (Isg3/Is6, Is03/1515) with pH enhancement. The
ratio value (Iso3/Is¢) is changed from 0.70 to 3.96. Even more
striking is that, another ratio value (Isg3/15;5), is changed from
0.77 to 46.0 at the same time. To the best of our knowledge, this
representes the first example of three-channel ratiometric
fluorescent probe. The changes in the absorption profiles (Figure
S8) are in good agreement with those in the emission. The pKa
of LF6 is calculated to be 4.30 and 6.82 based on the
Henderson—Hasselbach-type mass action equation.'”
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Fig. 3 a) pH-dependence of the fluorescence intensity of LF3 (5 uM) with the
arrow indicating the change of the fluorescence intensities with pH increase
from 3.5 to 8.5, excitation at 470 nm; b) The emission ratio (lses/lses, ls9a/l515)
of LF3 at different pH values; Spectra were obtained in 25 mM PBS. The
ratios of emission intensities at 593, 566, and 515 nm were measured.

Prompted by the above spectral studies, we then proceeded to
investigate the feasibility of the sensor LF2-3 for imaging pH in
living cells. The standard MTT assays indicate that LF2-3 and
LF3 have negligible cytotoxicity to living cells (Fig. S9). HeLa
cells were incubated with sensor LF2-3 (5uM) at 37 °C for 30
min, and then the cells were washed in PBS medium of varying
pH values with the addition of nigericin (1pg /mL) to elicit a
rapid exchange of K" for H' for a fast equilibration of external
and internal pH."® As shown in (Figure. S10), the cells treated
with LF2-3 in PBS (pH = 3.5) exhibit relatively strong
fluorescence in the green and yellow channels. By contrast, when
the cells pre-treated with PBS (pH = 4.5 or pH = 7.5), then
incubated with LF2-3, the green channel gradually disappear,
only the yellow channel is observed. These imaging data in living
cells are consistent with the results in solution (Figure S5). HeLa
cells were also incubated with sensor LF2-3 (5uM) , and then the
cells were washed in Britton-Robinson buffers medium of
varying pH values with the addition of nigericin (Ipg /mL) to
elicit a rapid exchange of K* for H' for a fast equilibration of
external and internal pH."® These imaging data in living cells are
consistent with the results in PBS (Figure S11)
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We then examined where probe LF3 is located in the living
cells. HeLa cells were co-stained with the probe and
LysoTracker green (a commercial lysosome probe) or
Mitotracker green FM (a commercial mitochondrial probe),
respectively. As shown in Fig. S12, the merged confocal
fluorescence images of LF3 and commercial cellular
organelle-specific probes did not overlap very well (Pearson's
co-localization coefficient is 0.39 for lysosome and 0.43 for
mitochondria, respectively.). These results suggest that the
probe is not predominately located in these organelles, but in
the cytoplasm.

Finally, we examined the possibility of the LF3 sensor for
multicolor ratiometric imaging of pH in living cells. The HeLa
cells were incubated with the sensor LF3 (5uM) at 37 °C for 30
min, and then the cells were washed in PBS medium of varying
pH values with the addition of nigericin (Ipg /mL) to elicit a
rapid exchange of K for H' for a fast equilibration of external
and internal pH.'® With pH values increasing from 3.5 to 8.5, two
ratio signal (F red / F green, F red / F yellow) augement
significantly (Figure 4). These data establish that the sensor LF3
is cell membrane permeable and can report pH changes in the
living cells. Furthermore, this results of brightfield images imply
that the cells are alive during the imaging experiments. The HeLa
cells incubated with LF3 in PBS (pH = 3.5) provide the average
emission ratio values Fo/Fgreen and Fieg/Fyeiow at 5.8 and 4.9,
respectively (Figure S12. By contrast, pH = 7.5, the average
emission ratio values Fieq/Fgreen and Freg/Fyeiow are at 38.1 and
14.2 respectively (Figure S13). Thereby, these results indicate
that LF3 is capable of three-channel ratiometric fluorescent
imaging of pH changes. To the best of our knowledge, this
represents the first three-color ratiometric imaging of pH.

DIC Fred/F green Fred/F yellow
N 8

pH=8.5

10n o A 2

Fig. 4 Pseudocolored ratiometric images (Freq / Fgreen) @nd (Freq / Fyeiiow) Of the
Hela cells stained with LF3 at different pH values: (a—c) Brightfield and ratio
images (Freq / Fgreen) @and (Fred / Fyeiow) Of the cells incubated with LF3 (5 pM)
at pH = 3.5: (a) Brightfield image; (b) Ratio image (Freq / Fgreen); (C) Ratio
image (Freq / Fyeliow); (d—f) Brightfield and ratio images (Freq / Fgreen) and (Freq /
Fyeiow) Of the cells incubated with LF3 (5 uM) at pH = 5.5: (d) Brightfield
image; (e) Ratio image (Fred / Fgreen); (f) Ratio image (Freq / Fyeiow); (9—i)
Brightfield and ratio image (Freq / Fgreen) and (Fres / Fyeiow) Of the cells
incubated with LF3 (5 yM) at pH=8.5: (g) Brightfield image; (h) Ratio image
(Fred / Fgreen); (i) Ratio image (Fres / Fyeiow). The green, yellow, and red
channels are corresponding to the emission windows of 490-530, 540-580,
and 580-640 nm, respectively. Scale bar =10 pm.

In summary, we have designed and synthesized a new type of
locked-Flavylium fluorophores, LF dyes. The optical studies
indicate that the sensor LF3 can display a unique feature, a
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fluorescence ratiometric response in three channels by tuning the

ICT efficiencies. Furthermore, we have demonstrated that the

sensor LF3 is suitable for three-color ratiometric imaging of pH

in living cells. We expect that the tuning ICT efficiency strategy
s can be applied to design various fluorescnt sensors for multi-

color ratiometric imaging applications in living systems.
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