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ABSTRACT: Compared with fluorescence imaging utilizing
fluorophores whose lifetimes are in the order of nanoseconds,
time-resolved fluorescence microscopy has more advantages in
monitoring target fluorescence. In this work, compound DCEF-
MPYM, which is based on a fluorescein derivative, showed
long-lived luminescence (22.11 ys in deaerated ethanol) and
was used in time-resolved fluorescence imaging in living cells.
Both nanosecond time-resolved transient difference absorption
spectra and time-correlated single-photon counting (TCSPC)
were employed to explain the long lifetime of the compound,

Confocal FM

DCF-MPYM

which is rare in pure organic fluorophores without rare earth metals and heavy atoms. A mechanism of thermally activated
delayed fluorescence (TADF) that considers the long wavelength fluorescence, large Stokes shift, and long-lived triplet state of
DCF-MPYM was proposed. The energy gap (AEgy) of DCF-MPYM between the singlet and triplet state was determined to be
28.36 meV by the decay rate of DF as a function of temperature. The AEg was small enough to allow efficient intersystem
crossing (ISC) and reverse ISC, leading to efficient TADF at room temperature. The straightforward synthesis of DCF-MPYM
and wide availability of its starting materials contribute to the excellent potential of the compound to replace luminescent
lanthanide complexes in future time-resolved imaging technologies.

1. INTRODUCTION

Fluorescence imaging is a powerful and widely used method for
complex biological environments because of its characteristic
features, which include high sensitivity, high spatial resolution,
and ease of use; this technology is important for elucidating
biological functions." Compared with fluorescence imaging
utilizing fluorophores whose lifetimes are in the order of
nanoseconds, time-resolved fluorescence microscopy exploits
advantages in monitoring target fluorescence.' Introduction of
an appropriate delay time between the pulsed excitation light
and measurement of the long-lived luminescence of dyes is
expected to allow imaging with eliminating the short-lived
background fluorescence and provide high signal-to-noise
ratios.” Heavy-metal complexes showing metal-to-ligand charge
transfer (MLCT) luminescence are good candidates for time-
resolved fluorescence imaging because of their relatively long
lifetimes (microseconds (us) and milliseconds (ms));* these
complexes show many other advantageous photophysical
properties for bioimaging, such as large Stokes shifts for easy
distinction between excitation and emission.* In recent years,
many luminescent terbium, " europium,4’9’w and iridium>'®
complexes have been reported to be applicable in staining cells.
However, these compounds often transfer the energy of the
excited triplet state to surrounding cells and tissues through
singlet oxygen, thereby acting as photosensitizers and resulting
in cell death via apoptosis or necrosis as well as photo bleaching
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of the dyes.'® Extensive studies on luminescent lanthanide
complexes have been performed, but few complexes have been
employed for time-resolved fluorescence imaging. In particular,
the toxicity of these heavy metal-based complexes must be
considered in practical applications.

Many of the organic fluorescent dyes have been reported to
be nontoxic to cells, but these typical organic fluorescent dyes
possess the drawback of having short fluorescence lifetimes in
the nanosecond range.7 Thus, conventional small-molecule
organic dyes cannot eliminate most autofluorescence back-
grounds from biological samples. To extend the lifetime of
fluorescent dyes and ameliorate the toxic effects of heavy-metal
complexes on cells, new organic fluorescent dyes with long
fluorescence lifetime are necessary. Delayed fluorescence (DF)
continues to be a rare phenomenon observed in organic
fluorophores and metal complexes.® DF has a spectrum similar
to that of prompt fluorescence (PF) but a substantially longer
lifetime because the population of the excited singlet state
originates from the triplet state.” DF can be divided into three
types, namely: E-type DF (the fluorescence from the first
singlet excited state (S;), which becomes populated by a reverse
intersystem crossing (RISC) from the triplet excited state (T,),
that is, thermally activated delayed fluorescence);'® P-type DF
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(triplet—triplet annihilation);'" and recombination fluorescence
(recombination of radical ions or opposite charges).'> Eosin, a
fluorescein derivative, was one of the first organic fluorophores
found to exhibit E-type DF, but later, the studies on
fluoresceins with DF remain limited."

In our present work, we synthesized a fluorescein derivative
with E-type DF based on our previous work'* by introducing a
similar up-conversion mechanism from the triplet to the singlet
excited state without using heavy-metal complexes. The
structure of the fluorescein derivative is shown in Scheme 1.

Scheme 1. Structure of DCF-MPYM Dye

DCF-MPYM

CN

We investigate the derivative using steady-state photolumines-
cence measurements, transient absorption techniques in the
nanosecond time scale, time-resolved photoluminescence
measurements, and fluorescence lifetimes techniques. The
delayed fluorescence at room temperature makes the derivative
possess long-lived luminescence. Because its lifetime is on the
order of microseconds, the derivative has been found useful in
time-resolved fluorescence imaging. The particular properties
including a long luminescence lifetime and large Stoke shift
make this fluorescein derivative have potential to replace
luminescent lanthanide complexes in time-resolved imaging.

2. RESULTS AND DISCUSSION

2.1. Molecular Design and Synthesis of DCF-MPYM.
The literature reported that aromatic carbonyls exhibit some
degree of spin—orbit coupling at the carbonyl oxygen that
allows for intrinsic triplet generation through intersystem
crossing."® This characteristic makes aromatic carbonyls unique
among light-element organic compounds even though they do
not normally provide bright or, in many cases, detectable
phosphorescence.'® The fluorescence intensity of fluorescein
molecules reportedly decreases by introduction of a substituent
to the xanthene moiety because of the accelerated intersystem
crossing (ISC) from the excited singlet state to triplet state.'”
So we utilized the Duff reaction and Knoevenagel condensation
to synthesize the 2’,7'-dichlorofluorescein (DCF) derivative
DCE-MPYM as previously reported.'* We expect that this
derivative can produce triplet states.

The photophysical property of DCF-MPYM was charac-
terized in our reported literature (see Supporting Information
Figure S1)."* DCF-MPYM has two absorption peaks and two
emission peaks in ethanol, but we did not provid a reasonable
explanation for this phenomenon. DCF-MPYM has a Stokes
shift (>150 nm), which is substantially larger than that of
conventional DCF. Conventional DCF has a small (20—30
nm) Stokes shift. Here, we speculate that the large Stokes shift
may be attributed to an excited triplet state in DCF-MPYM.

2.2. Nanosecond Time-Resolved Transient Difference
Absorption Spectrum of DCF-MPYM. The nanosecond
time-resolved transient difference absorption spectra have been
reported to investigate the characteristics of triplet states.'® The
nanosecond time-resolved transient difference absorption
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spectra of DCF-MPYM (10.0 M) were obtained (Figure 1).
Upon pulsed laser excitation at 532 nm, significant bleaching

500 600
Wavelength / nm
Figure 1. Nanosecond time-resolved transient difference absorption
spectra of DCF-MPYM with different delay time (10.0 yM in
deaerated ethanol, 4,, = 532 nm).

peaks were observed at 400, 480, 555, and 650 nm, respectively
(Figure 1). Bleaching at 480 and 555 nm are caused by
depletion of the ground state of the compound. Transient
absorption bands at about 400 and 650 nm may be attributed
to the transient absorption of the triplet excited state of DCF-
MPYM considering the fact that the bleaching processes are in
microsecond scale. In fact, the decay lifetimes of the two
transients at 480 and 650 nm were 23.64 and 23.89 us in
deaerated ethanol, respectively (Figure 2). The microsecond
scale lifetimes of the transients indicate that long-lived triplet
excited states are achieved upon visible-light excitation.
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Figure 2. Decay trace of triplet state (monitored at 650 nm, black line)
and restoration of bleaching ground state (monitored at 480 nm, red
line). All measurements are performed in Ar-saturated solution and the
concentration of DCF-MPYM is 10.0 uM in deaerated ethanol.

2.3. Luminescence Spectra. Next, we aim to clarify
whether the existed long-lived triplet excited states decay
through radiation or nonradiation. The normalized steady-state
fluorescence spectrum (Figure 3, black line) and time-resolved
fluorescence spectrum (Figure 3, red line) of DCF-MPYM
were obtained at room temperature under air and argon
atmosphere, respectively. The weak short-wavelength emission
(around 525 nm) in steady-state spectrum disappeared in the
time-resolved fluorescence spectrum with a 100 ps delay. And
the maximum long-wavelength emission around 651 nm in the
time-resolved fluorescence spectrum unexpectedly agreed
closely with the maximum at 649 nm in the steady-state
fluorescence spectrum with a 2 nm red-shift.

Then, we try to prove that the emission at 651 nm in the
time-resolved fluorescence spectrum is related to the triplet
excited states. Ethyl iodide was added to a solution of DCEF-
MPYM in nitrogen-saturated CH;CN, the heavy atom effect is
expected to increase the lowest triplet excited state (T;) yield."”
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Figure 3. Normalized emission spectra of DCF-MPYM (10.0 #M in
CH,CN, A, = 485 nm). Black line: Steady-state fluorescence spectrum
under air atmosphere (delay time, 0 s). Red line: time-resolved
fluorescence spectrum under Ar atmosphere. Delayed detection was
carried out in phosphorescence mode (total decay time, 5 ms; delay
time, 0.1 ms; gate time, 1.0 ms).

As we expected, the delayed emission at around 651 nm had
much enhancement after the addition of ethyl iodide
(Supporting Information Figure S2), which results from the
T, of the derivative DCF-MPYM.

As well as known, oxygen is able to quench triplet states."®
To further clarify whether the delayed emission at 651 nm is
associated with the oxygen, we measured the delayed emission
spectra of the compound DCF-MPYM (10.0 uM in CH,CN)
with and without argon bubbling. The luminescence intensity at
651 nm measured under Ar atmosphere (15.175 au.) was
much higher than that measured under aerated conditions
(0.62S au.) (Figure 4). Thus, the fluorescence intensity was

_ 16 —Air
© —Ar
2121

s

]

£8

c

o

5 4

2

£

W

500 600 700 800 900

Wavelength / nm

Figure 4. Delayed spectrum of DCF-MPYM (10.0 #uM in CH,CN) in
air (black line), and delayed spectrum of DCF-MPYM (10.0 uM in
CH,;CN) under Ar atmosphere (red line). All detections were carried
out in phosphorescence mode (total decay time, 5 ms; delay time, 0.1
ms; gate time, 1.0 ms) and under an excitation wavelength of 485 nm.

enhanced by 23-fold by argon purging, whereas the steady-state
fluorescence spectra were found no significant changes between
Ar and aerated atmosphere (Supporting Information Figure
$3). Because DF is known to be more sensitive to oxygen than
PF,* we can propose that the oxygen-sensitive delayed
emission at 651 nm may be thermally activated delayed
fluorescence (TADF) from the first excited singlet state, which
is obtained through a RISC process from the oxygen-sensitive
T, state.

Meanwhile, we can explain the reason for 2 nm red-shift
between 649 and 651 nm. The observed red-shift phenomenon
between steady-state spectrum and time-resolved fluorescence
spectrum was also found in other reported TADF
systems.*>®*! The phenomenon was explained to be caused
by the difference of nuclear configuration between the singlet
and triplet excited states in TADF systems.'*®
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2.4. Luminescence Lifetime Measurement. Delayed
fluorescence has much longer lifetime than prompt fluores-
cence, because the population of the excited singlet state
originates from a long-lived triplet state.* Specifically, the
lifetime of delayed fluorescence is more sensitive to oxygen.”*”*
To gain better insights into the characteristics of the delayed
fluorescence, the luminescence lifetimes at 630 nm were
measured by time-correlated single-photon counting (TCSPC)
in the nanosecond time scale and in the microsecond time
scale. As shown in Supporting Information Table S1, the
luminescence lifetime in microsecond time scale has two
components in oxygen-free environment with an average
lifetime of 22.11 us. After the oxygen-free sample was settled
for 6 h under air atmosphere, the fluorescence lifetime
decreased from 22.11 to 4.30 us (Figure S).
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Figure S. Emission decays of DCF-MPYM (10.0 #M) in ethanol at
room temperature, red curve shows the profile after deoxygenating (z
= 22.11 ps) and black curve shows the profile after the oxygen-free
sample was settled for 6 h under air atmosphere (7 = 4.30 ys). Excited
at 485 nm and monitored at 630 nm.

Compared with the delayed component, the prompt
component is not sensitive to oxygen. According to the results
of the nanosecond time scale lifetime experiment, the
fluorescence lifetime of fast decay component at 630 nm was
2.72 ns in oxygen-free environment and the lifetime was 2.79 ns
after the oxygen-free sample was settled for 6 h under air
atmosphere (Supporting Information Table S2). The emission
decay profiles were not affected by oxygen significantly
(Supporting Information Figure S4). Similarly, the changes of
lifetime at 525 nm were also not obvious between deaerated
and aerated condition (Supporting Information Table S2 and
Figure SS).

Thus, we observed that the decay at 630 nm included a fast,
nanosecond component (PF) followed by a slow, microsecond
component (DF). And the nonoxygen sensitive emission at 525
nm composed only conventional PF, which had only a fast,
nanosecond decay component. This explanation is also
supported by the results of Figure 3 (in CH,CN). The
steady-state fluorescence spectrum (black line) shows weak PF
at short-wavelength region (around 525 nm) and strong PF at
long-wavelength region (649 nm). In the presence of air, the
steady-state spectrum should be predominantly composed of
prompt fluorescence®” because the delayed component at 651
nm is sensitive to oxygen and mostly quenched (Figure 4).

However, the emission at long-wavelength region should be
DF predominant and overlapped with PF under oxygen-free
atmosphere. Therefore, we estimated the intensity ratio Ipg/Ipp
under Ar atmosphere according to a reported strategy.”* An
Ing/Ipp ratio was calculated as 5.32 for DCE-MPYM based on
the following equation:
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where 775, and 777_ ¢ stand for the quantum efliciency of triplet
and singlet, respectively. The short lifetime component exhibits
two-exponential decay at 630 nm (Supporting Information
Table S2) that should arise from ISC (K3¢!) and PF (Kpy). As
we all know, Kj32” is larger than Kpy; therefore, we ascribed the
shorter decay time to Kjz and the longer decay time to Kpy.
The quantum efficiency of triplet formation can be estimated as
Nsor = Ko™/ (Kpp + Kis¢") = 84.18% according to the lifetime
data of oxygen-free sample at 630 nm in Supporting
Information Table S2. The efficiency of triplet to singlet 71
can be regarded as approximately 100% because both
nonradiative and radiative decay rates of the triplet state are
much smaller than the reverse ISC rate Kio°. This result
suggests that the 630 nm emission band predominantly
originates from the DF (84.18% of DF and 15.82% of PF in
oxygen-free atmosphere).

2.5. Proposed Mechanism, the Energy Difference
Estimation between S, and T, and Density Functional
Theory (DFT) Calculations. To produce efficient thermally
activated delayed fluorescence (TADF) and realize reverse ISC
even in pure aromatic organic compounds, a small energy
difference (AEgr) between the excited values of the lowest S,
and lowest T at a given temperature is necessary.*® This small
AEgr plays a critical role in the efficient formation of the triplet
state in the organic fluorophore when it lacks heavy atoms and
involves no clear n — 7* transition around the S, states.”
Boltzmann statistics show that the smaller the AEg; is, the
easier achievement of RISC becomes.™ ¢ To quantitatively
evaluate AEgr, the activation energy AEg was estimated by the
following equation:

TS T—

ks’ = ke SeXP(_AEST/ kyT) 2)
where ky is Boltzmann’s constant, T is temperature, and kisZ* is
the average rate constant for the adiabatic ISC. Because the
lifetime of DF is determined by reverse ISC (k52%),%5¢ we use
the decay rate of DF to represent k¢ for AEgy estimation. So
the temperature-dependent luminescence lifetimes were
measured at 630 nm from 77 to 300 K (Supporting
Information Table S3). Then the decay rates of DF were
ploted as a function of temperature (Figure 6), the red curve
obtained is the fitting result based on eq 2. The energy gap
between the singlet and triplet states (AEgy) was determined to
be 2836 meV, which is a small energy gap for efficient

thermally activated DF in comparison with the reported data.*
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Figure 6. Fluorescence decay rates of DCF-MPYM as a function of
temperature; fitting is based on eq 2.
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To further rationalize the optical properties of compound
DCF-MPYW, its representative and optimized structure and
molecular orbital plots were obtained using density functional
theory (DFT) calculations with the B3LYP exchange functional
employing the 6-31G(d, p) basis sets using a suite of Gaussian
09 programs. Supporting Information Table S4 summarized the
excitation energy calculated for the individual electronic
transitions of DCF-MPYM in DMSO solvent. As shown in
Supporting Information Figure S6, the n-electrons of the
LUMO (lowest occupied molecular orbital), HOMO (highest
occupied molecular orbital), and HOMO-1 are distributed
between pyran nitrile and xanthene moiety. The 7-electrons of
the HOMO-1 were distributed over the left pyran nitrile and
part of the xanthene moiety, the z-electrons of the HOMO
were located on the right pyran nitrile as well as part of the
xanthene moiety, and the -electrons of the LUMO
concentrated on the xanthene moiety. Such different electronic
distributions of the HOMO-1, HOMO, and LUMO lead to the
different energies for S, — S; and S, — S, transitions. The
energies for S; — S, and S, — S, transitions are 2.31 eV
(53724 nm) and 2.79 eV (443.97 nm) (Supporting
Information Figure S6 and Table S4), respectively, correspond-
ing to the observed two absorption maxima of 569 nm (A,,)
and 485 nm (4,,,) (Supporting Information Figure S7). The
two absorption bands can be attributed to the dyad structure of
DCF-MPYM. The peak at 485 nm is assigned to the absorption
of xanthene, whereas that of 569 nm is assigned to the extended
m-conjugated system combining xanthene and one of pyran
nitrile moieties.

As shown in Figure 7, we propose the luminescence
mechanism of DCF-MPYM based on the above Results and
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Figure 7. Proposed luminescence mechanism; short-wavelength PF
(emission at around 525 nm), long-wavelength PF and TADF
(emission at 610—650 nm), and IC (internal conversion).

Discussion. When DCF-MPYM is excited at 485 nm (4,,), a
high energy singlet excited state (S,) is achieved. A quick
internal conversion (IC) process (~107'" s) occurs, which is
known to be affected by solvatochromism and hydrogen-bond
interaction.”® According to the emission spectra of DCEF-
MPYM in different solvents (Supporting Information Figure
S8), the IC process may lead to the formation of two different
lowest singlet excited states (S; and S,’). In protic solvents, the
extended 7-conjugated system could be distorted because of the
possible hydrogen-bond interaction, and a higher energy-level
singlet excited state (S,’) may be formed, from which short-
wavelength PF (around 525 nm) produces. While in aprotic
solvents, the extended #-conjugated system should be
predominant during the IC process. The obtained lower level
S; (compared with S;") emits long-wavelength PF (610—650

dx.doi.org/10.1021/ja502292p | J. Am. Chem. Soc. 2014, 136, 9590—9597
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nm, $; — S, transition) as well as gives contributions to TADF
(610—650 nm) through ISC and reverse ISC processes.

2.6. Applications of Delayed Fluorescence. Fluores-
cence dyes are often used as probes in the detection and
quantification of analytes. The fluorescence signals of these
probes, however, present corresponding disadvantages. Fluo-
rescence dyes suffer from interferences arising from background
fluorescence and scattered light. To overcome these disadvan-
tages, many long-wavelength fluorophores have been widely
employed, but they have relatively low photo stability, low
fluorescence quantum yields, small Stokes shifts and short
fluorescence lifetimes. DCF-MPYM can overcome these
drawbacks of common organic fluorophores, which can be
used as a probe in practical applications. The use of long-
lifetime emitters is advantageous because time-resolved
luminescence detection methods can be employed to remove
autofluorescence and scattered lights.”> Several research groups
have demonstrated significant improvements in the signal-to-
noise ratio upon implementation of time-resolved discrim-
ination in the detection of long-lifetime signals.”"~ 8"
However, long-lifetime pure organic fluorophores that show
desirable properties in time-resolved imaging have not been
reported.

We previously reported* that DCF-MPYM could selectively
detect BSA in aqueous solutions. To confirm that fluorescence
enhancement caused by BSA mainly stems from DF, emission
spectra were obtained before and after the addition of BSA
(Figure 8). In Figure 8, it shows that only emission at around

—— PF without BSA
—— PF with BSA

—— DF without BSA
— DF with BSA

600 650 700
Wavelength / nm

550 750
Figure 8. Black line: Normalized steady-state fluorescent spectrum of
DCF-MPYM (3.0 pM) in PBS (10.0 mM) before addition of BSA.
Red line: Normalized steady-state fluorescent spectrum of DCEF-
MPYM (3.0 uM) in PBS (10.0 mM) after addition of BSA. Blue line:
Normalized time-resolved spectrum of DCE-MPYM (3.0 uM) in PBS
(10.0 mM) before addition of BSA; delay time, 0.1 ms. Green line:
Normalized time-resolved spectrum of DCF-MPYM (3.0 uM) in PBS
(10.0 mM); delay time, 0.1 ms. All detections were carried out under
air atmosphere and excitation wavelength at 485 nm.

525 nm PF can be observed (black line) prior to the addition of
BSA; the emission disappeared after a 100 ys delay (blue line).
Maximum emission at 600 nm PF (red line) matched the
maximum DF (green line) well after the addition of BSA. The
fluorescence lifetime at the long wavelength region (>600 nm)
was detected in aqueous solution. Supporting Information
Table SS showed that the total fluorescence lifetime increased
with increasing BSA concentration in air condition, and the
lifetimes obtained exhibited second-order exponential decay
(Supporting Information Figure S9 and Table S5). As shown in
Supporting Information Figure $10,'"* DCE-MPYM can
selectively detect BSA. We have explained the reason for
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selective detection for BSA that results from the special dyad
structure combining DCF and the appropriate appendant. The
appendant part has suitable size and polarity, so that DCF-
MPYM can enter the hydrophobic cavity of BSA. Literature®
also reported that BSA contains tryptophan, which reacts with
singlet oxygen, a known quencher of the DF of fluorophores.
Thus, enhancement in DF can be observed after the addition of
BSA.

In order to utilize the advantages of long lifetime of DCF-
MPYM, time-resolved fluorescence imagings were carried out.
Bright-field and time-resolved luminescence (excitation of
510—560 nm) images of MCF-7 cancer cells stained by
DCF-MPYM are shown in Figure 9. Strong red luminescence

Figure 9. (a) Bright-field and (b) time-resolved luminescence
(excitation of 510—560 nm) images of MCF-7 stained with DCF-
MPYM (20 uM) and BSA (40 uL, 10 mM) at 37 °C. Scale bars = 10
mm.

signals were clearly observed from cells (Figure 9b). Compared
with the luminescence images obtained in steady-state mode in
Figure 10, the fluorescent image showed much weaker

Figure 10. (a) Bright-field, and (b) steady-state luminescence
(excitation of 510—560 nm) images of MCF-7 immunostained with
DCF-MPYM (20 uM) and BSA (40 uL, 10 mM) at 37 °C. Scale bars
= 10 mm.

backgrounds in the time-resolved mode (Figure 9). This result
indicates that the DCF-MPYM can be utilized as a biolabel for
visible-light-excited time-resolved luminescence bioimaging
applications. In the in vitro experiment, BSA eliminated singlet
oxygen and enhanced the intensity of DF (Figure 8). Thus, in
living-cell imaging experiments, BSA was added to enhance
signals and help the dye penetrate into the cells. DCF-MPYM
enters the BSA cavity, which can result in more molecules
penetrating the membrane then entering the cells. BSA may
also quench singlet oxygen in living cells.

Time-resolved luminescence images indicate that DCF-
MPYM exhibits no obvious organelle staining. Therefore,
confocal fluorescence imaging experiments with MCF-7 breast
cancer cells were carried out. As shown in Supporting
Information Figure S11, the dye permeated the cells’
membrane extensively. Fluorescence signals were detected in
the cytoplasm rather than in the nuclear region. Morphological
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considerations indicated that the dye localized at lysosomes. To
investigate the subcellular localization of DCF-MPYM further,
the organelle-specific fluorescent dye LysoSensor Green DND-
189, a commercial lysosome tracker, was used in colocalization
studies. Staining experiments of DCF-MPYM were performed
with MCF-7 cells and results showed that DCF-MPYM
colocalized in the lysosome (Figure 11). LysoSensor Green

1000 2000 3000 4000
Ch2

30 40

10 20
Length (um)

Figure 11. Costaining of DCF-MPYM (20.0 uM) with a lysosome-
specific dye (200 nM) in MCF-7 cells. (a) Fluorescent image of MCF-
7 cells stained with LysoSensor Green DND-189 (4,, = 488 nm, A, =
515—545 nm); (b) fluorescent image of MCF-7 cells stained with
DCE-MPYM (4, = 488 nm, A, = 585—635 nm); (c) bright-field
image; (d) merged images of (a), (b), and (c); (e) correlation plot of
LysoSensor Green DND-189 and DCE-MPYM; (f) intensity profile of
ROIs across MCE-7 cells.

showed bright-green fluorescence in channel 1 (Figure 11a),
and DCF-MPYM showed red fluorescence in channel 2 (Figure
11b). The merged image indicates that the two channels
overlap very well, which confirms that DCF-MPYM can
specifically localize in the lysosomes of living cells (Figure 11d).
Changes in the intensity profile of linear regions of interest
(ROIs) (DCF-MPYM and LysoSensor Green costaining)
tended toward synchronization (Figure 11f). The Pearson’s
coefficient (Rr) of colocalization with LysoSensor Green was
found to be 93% in MCEF-7 cells. Results of the colocalization
study further confirm that DCF-MPYM can specifically stain
lysosomes. The excitation wavelength used during confocal
fluorescence imaging was 488 nm, and the emission wavelength
region was 585—635 nm; thus, the emission signals obtained
can completely avoid interferences brought about by the
excitation wavelength.

Low cytotoxicity of the organic fluorophore is a key criterion
for live cell imaging. MTT assays in the MCF-7 cell line were
carried out to confirm the low cytotoxicity of DCF-MPYM. It
shows that the cytotoxicity of DCF-MPYM toward the cells at
different incubation times was low (Figure 12). Even the
cytotoxicity observed at 10 h may be considered moderately
low for cells. The low cytotoxicity of DCF-MPYM indicates
that it can be utilized as a new time-resolved fluorescent dye in
living cells to replace luminescent lanthanide complexes with

high cytotoxicity.

3. EXPERIMENTAL SECTION

3.1. General Methods. Steady-state fluorescence was
measured by a Varian Cary Eclipse fluorescence spectropho-
tometer (serial no.: FL1109MO18). Time-resolved lumines-
cence spectra were obtained using a PerkinElmer LS S0B
luminescence spectrometer with the following settings: total
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Figure 12. Biological toxicity of MCF-7 cells in the presence of DCF-
MPYM (20 uM) after different incubation time was determined using
the MTT assay by monitoring formazan absorbance at 570 nm. Mean
values and standard deviations were obtained from three independent
experimental determinations.

decay time, 5 ms; delay time, 0.1 ms; gate time, 1.0 ms; cycle
time, 20 ms; excitation and emission slits, 15 nm. Absorption
spectra were obtained using a PerkinElmer Lambda35 UV—vis
spectrophotometer. Nanosecond time-resolved transient ab-
sorption spectra were obtained using an LP920 laser flash
photolysis spectrometer (Edinburgh Instruments, U. K.).
Nanosecond fluorescence lifetimes were measured using the
TCSPC technique on a F900 system with laser excitation at
47620 nm, and microsecond fluorescence lifetimes were
measured by nanosecond pulsed OPO laser synchronized
with spectrofluorometer. For the temperature-dependent
experiment, the sample was placed in an Optistat DN-V liquid
nitrogen cryostat (Oxford, U. K.) with temperatures controlled
between 77 and 300 K. The direct detection technique was
applied to measure microsecond lifetimes using a photo-
multiplier tube (PMT, R928). The fluorescence lifetimes of
DCF-MPYM in aqueous solution before and after the addition
of BSA were detected by an LP920 laser flash photolysis
spectrometer.

3.2. General Information. Cell imaging measurements
were conducted using a spectral confocal microscope
(Olympus, FV1000). Time-resolved luminescence imaging
measurements were carried out on a laboratory-use lumines-
cence microscope. The microscope—which was equipped with
a 30 W xenon flash-lamp (Pulse 300, Photonic Research
Systems Ltd.), UV-2A filters (Nikon, excitation filter, 330—380
nm; dichroic mirror, 400 nm; emission filter, > 420 nm), and a
time-resolved digital black-and-white CCD camera system
(Photonic Research Systems Ltd.)—was used for time-resolved
luminescence imaging measurement under the following
conditions: delay time, 15 us; gate time, 100 ms; lamp-pulse
width, 6 ms; exposure time, 300 s. Time-resolved luminescence
images were pseudo-color-treated using Simple PCI software.

3.3. Cell Culture and Staining. MCF-7 cell lines were
cultured in DEME (Invitrogen) supplemented with 10% FCS
(Invitrogen). The cells were then stained with DCE-MPYM
(20 M) for 120 min at ambient temperature and imaged by
confocal fluorescence microscopy and time-resolved fluores-
cence microscopy. Meanwhile, a total of 40 uL of BSA (10
mM) was added to the system; incubation at 37 °C in $% CO,
followed for 2 h. Cells were rinsed three times with clean PBS
prior to imaging. For the cell costaining experiment with
LysoSensor Green DND-189, pretreated MCEF-7 cells were
stained with DCF-MPYM (20 uM) for 120 min. After rinsing
three times with PBS, the same sample was stained with 200
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nM LysoSensor Green DND-189 for 15 min, washed with PBS
for three times, and then imaged on confocal microscope
(Olympus, FV1000).

3.4. MTT Assay for the Cell Cytotoxicity. This assay
involves the reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] tetrazolium to MTT for-
mazan pigment by the metabolic activity of living cells. COS-7
cells were seeded at a density of 1 X 10° cells/mL in a 96-well
plate. After 24 h of cell attachment, cells were treated with
DCF-MPYM at an experimental concentration of 20 yM from
0 to 10 h. After incubation for 2, 4, 6, 8, or 10 h, the medium
was removed and cells were washed twice with PBS. MTT
tetrazolium solution (100 mL; 0.5 mg/mL in PBS) was added
to each well, and the cells were further incubated at 37 °C for 4
h in a 5% CO, humidified atmosphere. Excess MTT
tetrazolium solution was then carefully removed from the
wells, and the colored formazan was dissolved in 100 mL of
dimethyl sulfoxide (DMSO). The plate was shaken for 10 min
and the absorbance of the solutions in the wells was measured
at 600 nm using a microplate reader.

3.5. DCF-MPYM. DCF-MPYM was synthesized according
to our reported study.'*

4. SUMMARY

In summary, we have elucidated the luminescence mechanism
of a fluorescein derivative DCF-MPYM. A long-lived triplet
excited state is found and gives red fluorescence around 630
nm. We calculated the energy gap between the singlet and
triplet states as 28.36 meV by measuring the decay rate of DF
as a function of temperature. The narrow energy gap makes an
unusually efficient intersystem crossing occur and results in
efficient TADF. The long-lived lifetime of DCF-MPYM was
used in time-resolved fluorescence cell imaging. It shows good
potential as a new time-resolved fluorescence-sensing platform
to replace luminescent lanthanide complexes because of its low

cytotoxicity.
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