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Based on the coumarin skeleton, we deliberately designed two groups of fluorophores, termed as Coum-
R and Naph-Coum-R, using the diphenylamino group as the electron donor, which displayed long-
wavelength emissions (red spectral region), large Stokes shift (up to 204 nm), superior AIE performance,
and large two-photon absorbance cross-sections (as high as 365 GM). The electron-withdrawing sub-
stituents at the 3-position of these dyes could induce a significant red-shift in their emission spectra.

Keywords: Preliminary imaging experiments demonstrated the capability of these dyes as two-photon fluorophores
Fluorescent dyes for specifically staining lipid droplets in living cells.

AIE © 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Two-photon Medica, Chinese Academy of Medical Sciences.

Large Stokes shifts
Lipid droplets

Fluorescence has become an indispensable tool for visualizing
the localization and dynamics of cellular organelles because of
its high sensitivity, good selectivity, excellent spatial resolution,
and non-invasiveness [1]. Generally, most fluorophores are weakly
fluorescence in the aggregate state or solid state due to the
aggregation-caused quenching (ACQ) effect [2,3]. In recent years,
AIE fluorophores have emerged as a solution to the aggregation-
caused self-quenching of fluorophores and are strongly fluorescent
in the aggregated state [4].

Coumarin fluorophores are widely used in fluorescence de-
tection because of their good photophysical properties [5], bio-
compatibility, and easy structural modification [6-8]. By replacing
the diethylamino electron donor with diphenylamino group in
7-diethylaminocoumarin, Jiang’s group obtained a new dye, DPACP,
which shows excellent AIE characteristics [9]. However, DPACP
emits in the short-wavelength spectral region (Apmax = 464nm in
toluene), which suffers from undesirable background interference
in fluorescence sensing [9]. So far, coumarin fluorophores having
diphenylamino donors are rarely reported [10,11]. In coumarin
fluorophores, the electron-donating group at 4-positon produce
a significant blue-shift in the optical spectra, whereas electron-
withdrawing substituents at 3-positon induce a large red-shift [12].
Thus, we envisaged that it would be very interesting to develop
more 7-diphenylaminocoumarin fluorophores with different sub-
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stituents and study the substitution effect on their photophysical
properties.

Compared with one-photon fluorophores, two-photon (TP) ones
double the excitation wavelength offering deeper tissue pene-
tration, lower background interference, and less photodamage to
biological organisms [13-15]. Donor-acceptor fluorophores with
diphenylamino electron donor usually display TP properties [16-
18]. Unfortunately, it was not determined whether DPACP displayed
TP properties or not. In addition, most D-A fluorophores hav-
ing naphthalene platforms exhibit TP properties, and the enlarged
conjugated system of naphthalene moiety can also red-shift the
optical wavelengths [19,20]. Therefore, several naphthalene-based
coumarin fluorophores have been developed as TP sensing probes
[20-22]. However, the rigid and planar structure of the naphtha-
lene moiety is prone to the ACQ effect [23,24]. Hence, it is neces-
sary to modify the structure of naphthalene-based fluorophores to
endow them with TP excitation, AIE property, and long-wavelength
emission.

In this work, we first prepared diphenylaminocoumarins with
different electron-withdrawing substituents at 3-position, named
Coum-R, and investigated their photophysical properties to deter-
mine whether they show TP properties and to study the sub-
stituent effect (Scheme 1). Further, we replaced the benzene
ring with naphthalene to obtain diphenylaminobenzo[g]coumarins,
named Naph-Coum-R, and expected to have a longer optical wave-
length. Gratifyingly, both Coum-R and Naph-Coum-R dyes dis-
played long-wavelength emission, large Stokes shift, two-photon
properties, superior AIE performance, and red fluorescence in solid

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Yang, H. Zhong, B. Wang et al.

%, Diphenylamine @ m EWG
O = A, 2
R =COOEt
N @ COMe
CN

AIE active
Two-photon
Green emission
A= 130 nm

ACQ phenomenon
Blue emission
A =90 nm

Chinese Chemical Letters 34 (2023) 107674

R
@ J@\A/\[ Naphthalene
N o Yo e

AIE active AIE active
Two-photon Two-photon
Yellow emission Red emission

A= 180 nm A~ 200 nm

Scheme 1. Design strategy and molecular structures of coumarin-based fluorophores.
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Scheme 2. Synthetic routes of Coum-R and Naph-Coum-R fluorophores.

state. These two-photon fluorophores displayed specific targeting
ability towards lipid droplets in cells.

The synthesis of Coum-R and Naph-Coum-R dyes is illustrated
in Scheme 2. Coum-R dyes were synthesized according to the
reported methods [25,26]. Naph-Coum-R dyes were prepared in
four steps using compound 4 as the starting material. Naph-Coum-
COOEt, Naph-Coum-COMe, and Naph-Coum-CN were prepared
by condensing compound 6 with active methylene compounds
(ethyl-acetoacetate, diethyl propanedioate and ethyl cyanoacetate,
respectively) through Knoevenagel reaction and a subsequent
intramolecular nucleophilic substitution reaction. To synthe-
sized Naph-Coum-H, methyl (triphenylphosphoranylidene)acetate
was reacted with compound 6. All these compounds were fully
characterized by 'H NMR, 3C NMR and HRMS analysis. The
detailed experiments and corresponding characterization date are
presented in the Supporting information.

The photophysical properties of Coum-R and Naph-Coum-R
dyes in different solvents were investigated, and the results are
summarized in Table 1. It is evident that introducing electron-
withdrawing groups at 3-position in Coum-R and Naph-Coum-R
dyes resulted in a large red-shift in their absorption and emission
spectra, and the extent of the red-shift is in the same order of the
strength of the electron-withdrawing ability of the substituents.
In addition, the Stokes shift also increased due to the presence of
the electron-withdrawing substituents at 3-position. For example,
the absorption maxima of Naph-Coum-H, Naph-Coum-COOEt,
Naph-Coum-COMe and Naph-Coum-COCN in dichloromethane
were 404, 452, 470, and 480 nm, and their emission maxima were

538, 642, 674, and 678 nm, respectively (Table 1 and Fig. 1). These
results imply that the intramolecular charge transfer (ICT) effect
enhanced in the order of Naph-Coum-H < Naph-Coum-COOEt <
Naph-Coum-COMe < Naph-Coum-CN, consistent with the order of
the electron-withdrawing ability of the substituents (H < COOEt
< COMe < CN) [27]. With the increasing polarity of the solvents,
the emission maxima were enlengthened, and the Stokes shifts
also enlarged (Table 1 and Fig. 2). Exceptionally, the absorption
maxima of Coum-R dyes in dioxane are shorter than that in
toluene and dichloromethane. Compared with Coum-R dyes, the
corresponding Naph-Coum-R dyes exhibited 20-47 nm red-shift in
their absorption spectra, while their emission spectra were red-
shifted by 18-78 nm due to the expanded conjugation system from
the naphthalene moiety [28]. For example, the absorption maxima

Naph-Coum-H 4
Naph-Coum-COOEt =
Naph-Coum-COMe | 1-
N

oo
500 600 700 800
Wavelength (nm)

Fig. 1. Normalized absorption (solid line) and emission (dotted line) spectra of
Naph-Coum-R dyes in dichloromethane.
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Table 1
Photophysical properties of Naph-Coum-R and Coum-R dyes in various solvents.
-R Solvent Coum-R Naph-Coum-R
Aabs/Aem(nm)  Ass (nm)  Pf2 T(0s)  Ema® (x 10Y)  Aas/Aem (NM) Ay (nm)  DfF T(ns)  emax® (x 10%)

-H Toluene 378/459 81 0.86 4.96 2.98 397/477 80 0.85 4.94 1.14
1,4-Dioxane 376/472 96 0.96 5.79 2.99 394/489 95 0.33 5.77 1.39
DCM 381/510 129 0.68 6.24 2.89 404/538 134 0.66 6.51 117
Solid state 410/523 113 - - - 440/550 110 - - -

-COOEt Toluene 413/515 102 0.74 524 3.62 439/571 132 0.65 8.22 1.01
1,4-Dioxane 409/536 127 0.33 5.58 4.40 431/587 156 0.24 9.74 1.03
DCM 417/596 179 0.12 1.94 2.87 452/642 190 0.13 3.96 1.01
Solid state 430/535 105 - - - 454625 171 - - -

-COMe Toluene 427(532 105 0.74 5.21 3.23 453/597 144 0.67 7.31 1.08
1,4-Dioxane 423/553 130 0.35 5.48 3.54 450 /616 166 0.24 7.38 1.08
DCM 430/611 181 0.08 1.06 2.83 470/674 204 0.09 191 1.02
Solid state 430/539 109 - - - 440/624 184 - - -

-CN Toluene 429/538 109 0.75 5.82 3.27 461/616 155 0.73 5.97 0.82
1,4-Dioxane 411/570 159 0.16 5.25 4.07 456/640 184 0.16 5.29 0.86
DCM 433/620 187 0.04 0.74 2.93 480/678 198 0.14 1.19 0.74
Solid state 459/580 121 - - - 450/625 175 - - -

2 The relative fluorescence quantum yield for Coum-R and Naph-Coum-R using coumarin 7 (@;=0.82 in MeOH) and coumarin 102 (®;=0.79 in MeOH) as a reference,

respectively.
b Molar absorptivity (L mol~! cm~!). “-” Represents untested data.
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Fig. 2. Normalized absorption (solid line) and emission (dotted line) spectra of dyes
Coum-COMe (A) and Naph-Coum-COMe (B) in different solvents.

of Coum-COMe and Naph-Coum-COMe in DCM were 430 nm and
470nm, and their emission spectra peaked at 611 nm and 674 nm,
respectively (Fig. 2). Different from Coum-R dyes, Naph-Coum-R
dyes showed two broad absorption peaks, indicating that naph-
thalene moiety has two dipole moments with different vectors
and their molar absorptivities were smaller (Fig. S1 in Supporting
information) [29].

We were delighted that all Coum-R and Naph-Coum-R dyes ex-
hibited quite large Stokes shifts (up to 204 nm), which could avoid
the self-absorption and the interference between excitation and
emission signals during fluorescence sensing. Noteworthy, Coum-R
and Naph-Coum-R dyes with electron withdrawing groups -COOEt,
COMe, and CN, displayed higher sensitivity to solvent polarity. For
instance, in Coum-COMe the emission wavelength extended from
532nm to 611nm when changing the solvent from toluene to
chloromethane (Fig. 2A), attributed to the enhanced ICT effect with
increasing the polarity of the solvent [18].

To gain better insight into the optical properties, density func-
tional theory (DFT) calculations were performed on Coum-R and
Naph-Coum-R dyes using the Gaussian 09 program. The spatial dis-
tributions and frontier energy levels (HOMO & LUMO) were ex-
plored using DFT/B3LYP(6-311G). As show in Fig. S6 (Supporting in-
formation), the 7 electron cloud density of HOMO orbital is mainly
distributed on the diphenylamino group and naphthalene moiety,
whereas the 7w electron cloud density of LUMO orbital is focused
on the coumarin core, showing an ICT effect upon excitation. More-
over, the introduction of electron-withdrawing substituents at the
3-position of Coum-R and Naph-Coum-R dyes intensified the ICT
effect. As a result, the 3.20 eV energy gap between HOMO and
LUMO of Naph-Coum-H decreased to 2.86 eV in Naph-Coum-CN,

which well consistent with the absorption spectral results. Thus,
compared to Coum-R dyes, the extended conjugated structure of
Naph-Coum-R reduced the HOMO-LUMO energy gap, causing the
absorption spectrum red-shift.

Since fluorescent quantum yield (@) and lifetimes (7) are im-
portant parameters for fluorophores, we then determined & and
T of all the investigated dyes (Table 1). The values of fluores-
cent quantum yields and lifetimes were high for all the dyes in
toluene, the @ were 0.85, 0.65, 0.67, and 0.73 for Naph-Coum-
H, Naph-Coum-COOEt, Naph-Coum-COMe and Naph-Coum-CN, re-
spectively. In contrast, @ of all the dyes significantly dropped
when changing the solvent from nonpolar toluene to polar diox-
ane and dichloromethane, e.g., @ of Naph-Coum-COOEt dropped
from 0.65 in toluene to 0.13 in dichloromethane and 7 dropped
from 8.22 in toluene to 3.96 in dichloromethane. The effect of
solvent polarity on @ can be attributed to the formation of a
twisted intramolecular charge transfer state (TICT) [30]. In the ex-
cited state in polar solvents, the diphenylamino group of the in-
vestigated dye molecules could twist to form the TICT state to dis-
sipate the energy, thereby increasing the non-radiative decay rate
and caused the decrease of @ and t values. Moreover, the pho-
tostability of Coum-R and Naph-Coum-R were assessed in dioxane
under a 500W Xe lamp. As shown in Fig. S5 (Supporting informa-
tion), all the dyes showed a good photostability.

All Coum-R and Naph-Coum-R dyes exhibited bright fluores-
cence in the solid state, as observed in Table 1 and Figs. 3 and
4. In the solid state, the twisted three-dimensional structure of the
diphenylamino group could effectively prevent the intramolecular
-1 stacking, and the rotation of two phenyl rings in the dipheny-
lamino group was also inhibited. As a result, the non-radiative pro-
cesses in the excited state of Coum-R and Naph-Coum-R dyes were
largely inhibited [31]. Coum-H, Coum-COMe, and Coum-COOEt ex-
hibited green fluorescence in the solid state, and Coum-CN had
yellow fluorescence, which was attributed to the enhanced ICT
effect of the electron-withdrawing substituents at 3-position. For
Naph-Coum-R dyes, the naphthalene moiety greatly extended the
conjugation system, which pushed their emission into the long-
wavelength spectral region as compared to the Coum-R dyes. Con-
sequently, all Naph-Coum-R dyes except Naph-Coum-H displayed
red fluorescence in the solid state.

We next studied the AIE properties of Coum-R and Naph-Coum-
R dyes in the mixture of DMSO-H,0 with different water fractions
(fw). As shown in Fig. 5, Coum-COOEt was very weakly fluorescent
when the f,, was below 70%. Strong fluorescence was observed
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Fig. 3. Fluorescence images of Coum-COMe (A) Coum-CN (B) Naph-Coum-COMe
(C), and Naph-Coum-CN (D) in solid state under 10 x fluorescence inverse micro-
scope. Scale bar: 100 pm.

A
>\l 4 Coum-H 1.4 Naph-Coum-H
F12 Coum-COOR| 22 Naph-Coum-COCH,
g Coum-COMe 2 Naph-Coum-CN
=10 Coum-CN % 1.0 Naph-Coum-COOE{|
?’108 %‘0.8
:?:0.6 %0.6
E04 Eos
o
Z0.2 202

0.0 I e A ——

500 _ 550 600 650 700 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Fig. 4. Normalized emission spectra of Coum-R (A) and Naph-Coum-R (B) dyes in
the solid state.
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Fig. 5. Fluorescence spectra (left column) and fluorescence enhancement (I/lp)
(right column) of Coum-COOEt (A and B) and Naph-Coum-COOEt (C and D) in
DMSO-H,0 mixture at different f,, when excited at 400 nm.
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above 90% fi and the fluorescence enhanced 85-fold when the fi,
went from 0% to 99%. Naph-Coum-COOEt also showed strong red
fluorescence over 70% fw. The remaining dyes also showed supe-
rior AIE performance (Fig. S3 in Supporing information). However,
the fluorescence of Naph-Coum-H, Naph-Coum-COMe and Naph-
Coum-CN decreased rapidly at fi, =99%, because of the sample
sedimentation. These results demonstrated that Coum-R and Naph-
Coum-R dyes were good AIE fluorophores. To better understand
their AIE properties, DFT and TD-DFT calculations were performed
on Naph-Coum-COOEt, and the results are presented in Fig. S7
(Supporting information). In the ground state, the optimized dihe-
dral angle between diphenylamino moiety and naphthalene core
was 33°, which significantly twisted to 64° upon excitation, in-
creasing the non-radiative decay rate. However, the intramolecular
twist motion gets restricted in the aggregate state, making the dye
strongly fluorescent [32].

Previous studies have shown that chromophores containing
triphenylamine donor(s) or naphthalene moiety exhibit two-
photon (TP) absorption properties [18,33]. Therefore, we decided
to investigate the TP properties of Coum-R and Naph-Coum-R dyes
using rhodamine B in methanol as a reference. As displayed in Fig.
6, the solution of Naph-Coum-COOEt in dioxane exhibited strong
fluorescence upon excitation with an 820 nm laser, and the fluo-
rescence intensified with the increasing laser power. Thus obtained
good quadratic relationship between fluorescence intensity and the
excitation laser power confirmed the two-photon fluorophore be-
havior of Naph-Coum-COOEt and the two-photon absorption (TPA)
cross section was 147 GM (1 GM=10"%cm#* s/photon). Other
Coum-R and Naph-Coum-R dyes showed high TPA cross section
values under 820 nm excitation (Table S1 in Supporting informa-
tion). Notably, Coum-R dyes displayed larger TPA cross sections
than Naph-Coum-R because the former dyes had larger molar ab-
sorptivity than the latter; the TPA cross sections of Coum-COOEt
and Naph-Coum-COOEt were 292 and 147 GM, respectively.

Lipid droplets are composed of cholesterol esters and triglyc-
erides, and the microenvironment within the LDs shows low
polarity and hydrophobicity [34,35]. Because the investigated
dyes exhibited distinct fluorescence properties in solvents with
different polarities, we expected that our dyes would have the
potential to stain LDs specifically. The cytotoxicity of Naph-Coum-
COOEt and Naph-Coum-COMe was determined by MTT assays. As
evident from Fig. S8, the cell viability was over 89% when cells
were incubated with Naph-Coum-COOEt or Naph-Coum-COMe
dyes for 24 h, indicating their low toxicity. We then chose Naph-
Coum-COOEt to evaluate their staining specificity towards lipid
droplets. The LD-specific dye BODIPY 493/503 was used as the
reference for the co-localization experiments. As illustrated in
Fig. 7, Naph-Coum-COOEt could stain LDs selectively, giving off
strong red fluorescence, and its corresponding Pearson’s coef-
ficients was substantially high (0.90). Furthermore, two-photon
confocal imaging experiments were performed in living cells using
Naph-Coum-COOEt and Naph-Coum-COMe. As shown in Fig. 8,
cells treated with these dyes exhibited strong red fluorescence sig-
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Fig. 6. (A) Wavelength-dependent TPA cross sections of Naph-Coum-COOEt in 1,4-dioxane. (B) Quadratic dependence between the fluorescence integration area and excitation
laser power. (C) Two-photon excitation fluorescence spectra of Naph-Coum-COOEt in 1,4-dioxane with different laser power (Aex = 820 nm).
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Fig. 7. (A-D) Bright filed and flurorescence images of cells incubated with Naph-Coum-COOEt (10.0 pmol/L) and BODIPY 493/503 (1.0 pg/mL) for 30 min. Aex = 405nm.
Fluorescence channels: red (570-620 nm); green (500-550 nm). Scale bar: 10 pm. (E) Pearson’s colocalization coefficient of Naph-Coum-COOEt with BODIPY 493/503 as a

reference.
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Fig. 8. Bright filed and fluorescence image of Hela cells stained with Naph-Coum-
COOEt (A1-A3, top row) and Naph-Coum-COMe (B1-B3, bottom row) for 30 min,
respectively. The concentration of each of the two dyes: 10.0 pmol/L). Two-photon
excitation wavelength: 820 nm. Aeym = 570-620 nm. Scale bar: 20 pm.

nals. Thus, the imaging experiments indicated cell permeability of
Naph-Coum-R dyes and thus proving their potential as LD-specific
dyes for the two-photon biological imaging application.

In summary, we have rationally developed a series of coumarin-
based two-photon AIE fluorophores, grouped as Naph-Coum-R
and Coum-R, which displayed long-wavelength emission and large
Stokes shift and high photostability. From preliminary biological
experiments, these dyes could be regarded as good two-photon flu-
orophores capable of specifically staining LDs.
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