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A novel acceptor—donor—acceptor type molecule, namely 2-triphenylamine-1,3-dia[2-(3-ethyl-4-oxo-
thiazolidin-2-ylidene)-malononitrile] (2RDNTPA), is designed and synthesized. 2RDNTPA exhibits a large
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Stokes shift of 244 nm and red fluorescence emission of 629 nm with a decent photoluminescence

quantum yield of 13%. Furthermore, as a potential red fluorescent dye, 2RDNTPA can be applied in
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In recent years, imaging technology has achieved remarkable
development, which can convert chemical and biological
information into monitorable signals, making it possible to
visually monitor different biological components and various
physiological processes in living organisms." Among various
imaging technologies, fluorescence imaging has been consid-
ered as a promising technology for elucidating biological
functions.’” The usually utilized fluorescent dyes for fluores-
cence imaging are molecules with emission wavelength beyond
600 nm that allow for slight photo-damage on samples and low
levels of auto fluorescence from biomolecules.>® It is widely
reported that heavy-metal complexes®*® and organic dyes are
candidates for achieving red emission of fluorescence imaging.
However, most heavy-metal complexes possess some drawbacks
such as high cost, serious pollution and strong toxicity, which
limit their applications.**® Therefore, the development of
fluorescent dyes with metal-free small organic dyes for efficient
fluorescence imaging attracted more and more attention.

In general, the core properties of an efficient dye for fluo-
rescence imaging include the following: (1) a large Stokes shift
between excitation and emission;® (2) high photo-luminescence
quantum yield (PLQY); (3) red or infrared emission to eliminate
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fluorescence imaging of living cancer cells (HepG2) with negligible cytotoxicity and a half maximal
inhibitory concentration much more than 100 puM.

the backgrounds from biological environments; (4) good
biocompatibility and low toxicity; (5) easy to synthesize. To date,
some red or infrared light-emitting fluorophores such as Cy7-1,>
AHGa,* DCF-MPYM,® et al. showed great potentials in fluores-
cence imaging. However, compared with conventional fluores-
cence dyes, fluorophores for efficient fluorescence imaging are
still limited in number. It remains a challenge to develop brand-
new fluorescent dyes for fluorescence imaging.

Rhodanine,”?* a five-membered S,N-heterocycle, can serve
as a building block for organic dyes in biomedical fields such as
biomolecule fluorescent labeling," proteomics,”* photo-
dynamic therapy,”™ live cell imaging,'*™ antitumor drugs,*
DNA detection,® pH probes,** fluorescent sensors,* etc. Owning
to their strong electron-withdrawing properties, rhodanine
derivatives have been broadly utilized as acceptors for the
design of donor-acceptor (D-A) type photovoltaic materials in
organic solar cells (OSCs).** However, up to now, there is no
report on D-A type dyes based on rhodanine derivatives with
efficient red emission for fluorescence imaging.

Herein, we designed and synthesized a new acceptor-donor-
acceptor (A-D-A) type molecule 2-triphenylamine-1,3-dia[2-(3-
ethyl-4-oxo-thiazolidin-2-ylidene)-malononitrile] ~ (2RDNTPA,
Scheme 1), in which triphenylamine (TPA) and rhodanine
derivative of 2-(3-ethyl-4-oxo-thiazolidin-2-ylidene)-
malononitrile (RDN) act as the electron donor and acceptor
group, respectively. TPA unit is widely used as electron donor in
emitters for its suitable steric hindrance and strong electron-
donating ability,***” while RDN unit with two cyan groups
possesses strong electron-accepting ability and high molecular
rigidity. 2RDNTPA exhibits a large Stokes shift of 244 nm and
red fluorescence emission of 629 nm with a decent PLQY of
13%. More importantly, it is demonstrated that 2RDNTPA can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be applied in fluorescence imaging of the living cancer cells
(HepG2) with negligible cytotoxicity.

Synthetic routes of 2RDNTPA were shown in Scheme 1 and
the detailed procedure can be found in the ESI.} First, the key
intermediate 2-triphenylaminebenzene-1,3-dialdehyde
(2AIDTPA) was prepared by Suzuki coupling reaction between
2-bromobenzene-1,3-dialdehyde and N,N-diphenyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)aniline. Then 2AIDTPA was
converted to 2RDNTPA via Knoevenagel condensation® with 2-
(3-ethyl-4-oxo-thiazolidin-2-ylidene)-malononitrile. The inter-
mediate and target compound were fully identified by "H NMR
(Fig. S1 and S2, ESIt), MS (Fig. S3, ESIT) and elemental analysis.
Due to the substituent effects on the double bonds between
RDN groups and the central benzene cycle, 2RDNTPA may have
three kinds of cis-trans isomers (e.g.: EE, ZZ and EZ). In general,
E-isomer is more stable than the corresponding Z-isomer. In
addition, the "H NMR of two RDN groups are the same
(Fig. S2t), indicating that 2RDNTPA possesses a symmetrical
structure. As a result, we can conclude that the reported struc-
ture of 2RDNTPA belongs to an EE isomer (Scheme 1).

Thermal gravimetric analysis showed the decomposition
temperature was about 369 °C with 5% loss of weight (Fig. S4,
ESIT), while the glass transition temperature was not found
during the second heating of differential scanning calorimetry
measurement. The thermal analysis results clearly demon-
strated the favorable thermal stability of 2RDNTPA for biolog-
ical imaging.

To predict the electronic distribution of 2RDNTPA, density
functional theory (DFT) calculations were performed. As shown
in Fig. 1a, 2RDNTPA displayed a highly twisted molecular
structure with large torsion angles of 60° and 30° between RDN
units and the central phenyl unit. As expected, the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of 2RDNTPA were located on the
donor and acceptor unit, respectively.>® The HOMO and LUMO
energy levels of 2RDNTPA were estimated to be —5.27 and
—2.95 eV, respectively (Fig. 1b). Accordingly, the optical
bandgap (E,) of 2RDNTPA was calculated to be 2.32 eV.

The photophysical properties of 2RDNTPA in powder were
investigated. From the UV-vis absorption spectra (Fig. 2a), the
absorption peak at 298 nm can be attributed to the intense
absorption from TPA centered n—mt* transition, while the broad
absorption band in the range of 350-500 nm with peak at
385 nm originate from intramolecular charge transfer transi-
tion (ICT).**® From the onset of the absorption spectra, E, of
2RDNTPA was calculated to be 2.25 eV, which agrees well with
the theoretical result. As shown in Fig. 2a, 2RDNTPA exhibited
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Scheme 1 Synthetic route of 2RDNTPA.
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Fig. 1 (a) Molecular structure, (b) HOMO (left) and LUMO (right)
distributions, and theoretically calculated HOMO, LUMO of 2RDNTPA.

an obviously red emission peak at 629 nm with PLQY of 13%
(Fig. S51). The Stokes shift of 2RDNTPA between excitation (385
nm) and emission (629 nm) was calculated to be 244 nm, which
may facilitate the elimination of background interference
effectively. From the fluorescence and phosphorescence spectra
of 2RDNTPA at 77 K (Fig. 2b), the singlet energy level and triplet
energy level of 2RDNTPA were estimated to be 2.25 and 1.99 eV,
respectively. The transient PL decay curve of 2RDNTPA was also
depicted in Fig. 2¢, which exhibited two components decay with
an average lifetime of 9.26 ns.

We also measured UV-vis and fluorescence spectra of
2RDNTPA in different solvents. As shown in Fig. S6 and Table
S1,T polarity of the solvents has negligible influence on the UV-
vis spectra of 2RDNTPA. In contrast, the emission spectra of
2RDNTPA is gradually red-shifted with increasing solvent
polarity, indicating typical ICT feature (Fig. S7 and Table S17).
To explore the aggregated luminescence properties, the PL
intensity of 2RDNTPA in the mixture of chloroform and meth-
anol with various methanol ratio fractions was measured. As
shown in Fig. S8, the PL intensity showed an overall slow
decline when methanol fractions (f,,) increased from 0% to
90%, showing obvious aggregation-caused quenching proper-
ties of 2RDNTPA in the chloroform/methanol system. To eval-
uate the light stability of 2RDNTPA, the absorption intensity in
dimethyl sulfoxide solution with various irradiation times of
365 nm ultraviolet lamp was characterized. The absorption
intensity showed slow decline when irradiation time increased
from 0 to 24 h (Fig. S97). It was evident that 2RDNTPA proved to
be highly photo-stable.

The electrochemical properties of 2RDNTPA were investi-
gated by cyclic voltammetry (CV) measurements. As depicted in
Fig. S10,f 2RDNTPA displayed quasi-reversible oxidation
process assigned to the triphenylamine units.**%”

Based on the onset of oxidation from CV curve, the HOMO
energy level was estimated to be —5.29 eV. From the equation

PLIntensity (a.u.)

PLintensity (a.u.
3

o 300

Wavelength (nm) Wavelength (nm) Lifetime (ns)

Fig. 2 (a) Normalized UV-vis absorption and PL spectra (excitation of
385 nm) of compound 2RDNTPA in powder. (b) Normalized fluores-
cence (Fl) and phosphorescence (Phos) spectra with 0.1 s delay of
compound 2RDNTPA in powder at 77 K. (c) Transient decay curves of
compound 2RDNTPA in powder.
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Fig.3 (a) CLSM (excitation of 407 nm and emission of 620 nm) images
of 2RDNTPA in living HepG2 cell (10 uM incubation overnight). (b)
Bright field. (c) Merged image.
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Fig. 4 Cell toxicity assay of 2RDNTPA in living HepG2 cell.

Erumo = Enomo t+ Eg, here the E,; value was estimated from the
edge of UV-vis absorption, the LUMO energy level was estimated
to be —3.04 eV, which are in accordance with the calculated
results.

The unique photophysical properties of 2RDNTPA led us to
investigate its application in biological imaging. We treated
living HepG2 liver cancer cells with 2RDNTPA solution. The
detailed procedure can be found in the ESI.{ Then confocal
laser scanning microscopy (CLSM) imaging was carried out by
utilizing the red emission of 2RDNTPA to investigate the
cellular uptake and sub-organelle localization in cancer
cells.**** As shown in Fig. 3, CLSM imaging can clearly charac-
terize the situation inside the cell with strong red fluorescence
close to 620 nm, which agrees well with the excellent red light-
emitting performance of 2RDNTPA. It is worth noting that the
cells did not show obvious morphology change, indicating good
biocompatibility of 2RDNTPA in living HepG2 cell. As we all
know, the low cytotoxicity of organic dyes is a key criterion for
live cell imaging.' So we conducted 2RDNTPA in vitro cytotox-
icity experiments.**** As shown in Fig. 4, when the concentra-
tion of 2RDNTPA reach to 100 uM, more than 95% cells still
survive at no hv environment. According to U.S. National Cancer
Institute recommends,*” ICs, (inhibitory concentrations)
greater than 50 pM can be considered as invalid during cell
toxicity assay. The results suggest that 2RDNTPA shows negli-
gible toxicity in living HepG2 liver cancer cells whether under
illuminated conditions or not. The good biocompatibility and
low cytotoxicity of 2RDNTPA indicate that it can be utilized as
an efficient dye for live cell imaging to replace traditional heavy-
metal complexes with high cytotoxicity.**
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In summary, we have developed an A-D-A structured red
fluorescent dye 2RDNTPA, in which TPA and rhodanine deriv-
ative RDN act as the electron donor and acceptor group,
respectively. Based on theoretical calculations, photophysical
and electrochemical tests, the photophysical properties of
2RDNTPA have been systematically investigated. 2RDNTPA
exhibits a large Stokes shift of 244 nm and red fluorescence
emission of 629 nm with a decent photoluminescence quantum
yield of 13%. By using 2RDNTPA as a red dye in biological
imaging of the living HepG2 cancer cells, we have obtained
commendable imaging results with ICs, of much more than 100
uM. The present work provides a new strategy for the design and
application of organic fluorescent dyes.
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