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Preparation of exciplex-based fluorescent organic
nanoparticles and their application in cell imaging

Xiaoyu Wang,t Lu Liu,T Shuxian Zhu, Jinghong Peng and Lidong Li

In this paper, we report a novel organic fluorescent nanoparticle based on exciplexes for cell imaging.
Through a reprecipitation method, we used a combination of 1,1-bis((di-4-tolylamino)phenyl)
cyclohexane (TAPC) and 2,7-bis(diphenylphosphoryl)-9,9’-spirobilfluorene] (SPPO13) to form
nanoparticles. In the aggregated structures, TAPC and SPPO13 were forced into proximity that led to the
corresponding exciplex formation. A red-shifted fluorescence emission with considerably longer
fluorescence lifetimes ascribed to exciplex emission can be achieved. Along with the good stability and
low cytotoxicity of organic nanoparticles, the prepared TAPC/SPPO13 exciplex nanoparticles were
successfully applied in live cell imaging. These properties make TAPC/SPPO13 exciplex nanoparticles

rsc.li/rsc-advances

Introduction

Fluorescence detection as an attractive and versatile method has
been widely applied in chemical sensing and biological
imaging."” An excellent fluorescence sensor depends on the
optical properties of fluorescent materials themselves. Therefore,
researchers have made great efforts in preparing novel small
molecular dyes, conjugated polymers, quantum dots and metal
clusters with satisfactory optical properties.®” However, these
fluorescent materials possess intrinsic emission bands. In order
to meet the needs of multicolor detection, it is necessary to tune
light-emission properties of fluorescent materials. The conven-
tional method to tune light-emission properties of fluorescent
materials is to change compositions and chemical structures of
these materials,"®>* which is sophisticated and time-consuming.

The emission of excimers/exciplexes usually shows a large
bathochromic shift compared to that of monomers.>>?®
Excimers/exciplexes could be ideal candidates to tune and
change light-emission. In concentrated solution or solid state,
aromatic molecules with planar structure tend to associate with
each other to form aggregates with - stacking interaction.>”**
Upon irradiation, - stacking of associated aggregates allows
charge transfer. Different species such as excimers/exciplexes
may form. The excimers/exciplexes emission occurs in an unex-
pected energy region, which is lower than the energy of excited
monomer. The red-shifted emission is assigned as a transition
from excimer/exciplex state to the ground state. For example,
pyrene shows an emission at 380-410 nm in molecularly
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good candidates for cellular labeling and imaging materials.

dissolved state, while in aggregated state, red-shifted emission
band of pyrene at 450-500 nm appears.” Tuning light-emission
of pyrene is realized. Thanks to a large Stokes shift (=140 nm)
and long fluorescence lifetimes (40-60 ns), pyrene excimer
emission efficiently reduce the influence of the autofluorescence
of biological species that facilitate fluorescent sensors.***>

In the formation of excimers/exciplexes, a necessary prox-
imity or aggregated structure is required.* Fluorescent organic
nanoparticles (FONs) are one type of aggregated structures.**’
The mostly used method to prepare FONs is reprecipitation
method.**** By simply adding organic solution of hydrophobic
fluorescent molecules into excessive poor solvent, FONs can be
prepared through the self-aggregation of fluorescent molecules.
The aggregated fluorophores in FONs may be expected to form
excimers/exciplexes and provide a new emission. Meanwhile,
FONs possess good stability in aqueous solution,**® which
benefits biological sensing and imaging.

In this work, we prepared a novel fluorescent organic nano-
particle based on 1,1-bis((di-4-tolylamino)phenyl)cyclohexane
(TAPC) and 2,7-bis(diphenylphosphoryl)-9,9’-spirobi[fluorene]
(SPPO13) via reprecipitation method. In the formed FONs, TAPC
and SPPO13 molecules were forced into proximity. The exci-
plexes were formed between TAPC and SPPO13, which gave rise
to a red-shifted fluorescence emission with considerably longer
fluorescence lifetime. The prepared exciplex FONs exhibit a large
Stokes shift, long fluorescence lifetime, good stability and low
cytotoxicity, which enable the FONs to be a cell imaging material.

Experimental
Materials

TAPC was purchased from Tokyo Chemical Industry and
SPPO13 was purchased from Luminescence Technology Corp.

This journal is © The Royal Society of Chemistry 2017
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Tetrahydrofuran (THF) was purchased from Beijing Chemical
Works and distilled from Na/diphenylketone. Other inorganic
salts and organic solvents were purchased from Sigma-Aldrich
and used without further purification. MCF-7 breast cancer
cells were purchased from cell culture center of Institute of
Basic Medical Sciences, Chinese Academy of Medical Sciences
(Beijing, China). Ultrapure Millipore water (18.6 MQ) was used
throughout the experiments.

Measurements

The average hydrodynamic diameters were measured with
a Nano ZS90 instrument (Malvern Instrument Ltd., England)
based on dynamic light scattering (DLS) technique. The
morphology of the nanoparticles was characterized by scanning
electron microscope (SEM, Carl Zeiss Jena, SUPRA 55
SAPPHIRE). Fluorescence spectra and excitation spectra were
measured with a Hitachi F-7000 fluorescence spectrometer
equipped with a xenon lamp as the light source. Fluorescence
photographs of exciplex FONs were captured by a Nikon D-7000
camera. The absolute fluorescence quantum yields were
measured with an absolute photoluminescence quantum yield
measurement system (Hamamatsu C11347). Time-domain
lifetime measurements were performed by an Edinburgh
Instruments F900 spectrometer with excitation at 266 nm.
Fluorescence microscopy images of cells were obtained using
an Olympus 1X73 fluorescence microscopy with mercury lamp
as the light source. Cell viability was recorded with a Spectra
MAX 340PC plate reader. The pH values of the solutions were
measured by a pH meter.

Preparation of TAPC/SPPO13 exciplex FONs

In our experiments, TAPC and SPPO13 were separately dis-
solved in THF with a concentration of 2 mg mL™". 100 pL of
TAPC solution and 50 pL of SPPO13 solution were mixed fully
and then rapidly injected into 1 mL of deionized water to form
TAPC/SPPO13 exciplex FONs. As control groups, TAPC and
SPPO13 nanoparticles were prepared via the same method,
respectively.

Stability assay of the TAPC/SPPO13 exciplex FONs

To evaluate the stability of nanoparticles, 100 pL of TAPC/
SPPO13 exciplex FONs were dispersed in 1 mL of different pH
solution (pH = 5.8, 6.4, 7.1, 8.3, 9.7), phosphate buffered saline
(PBS, pH = 7.4) and Dulbecco's modified Eagle's medium
(DMEM) containing 10% FBS (v/v). The pH values of the solu-
tions were adjusted using either 1 M HCI or 1 M NaOH. The
fluorescence spectrum of each sample was measured after
10 min of equilibrium.

Cellular imaging for the TAPC/SPPO13 exciplex FONs

MCF-7 breast cancer cells were cultured in DMEM containing
10% FBS (v/v) and then seeded on 35 x 35 mm culture plates,
incubated at 37 °C in a 5% CO, humidified atmosphere for 24 h.
The medium was replaced by 1 mL culture medium (DMEM
containing 10% FBS (v/v)) containing 100 uL of TAPC/SPPO13
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exciplex FONs. After the plate was incubated at 37 °C in a 5%
CO, humidified atmosphere for 10 h, the cells were washed
three times using PBS. Fluorescence microscopy images and
phase contrast bright-field images were recorded on an
Olympus 1X73 fluorescence microscopy with mercury lamp as
the light source. The fluorescence microscopy images were
recorded using a 375/28 nm excitation filter with 100 ms expo-
sure time.

In vitro cell viability assay of the TAPC/SPPO13 exciplex FONs

The cytotoxicity of TAPC/SPPO13 exciplex FONs was evaluated
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) method. MCF-7 cells were seeded into 96-well
plates maintained overnight in DMEM containing 10% FBS (v/v)
at 37 °C in a 5% CO, humidified atmosphere. And then MCF-7
cells were treated with various concentrations of TAPC/SPPO13
exciplex FONs for 24 h. The concentration of TAPC/SPPO13
exciplex FONs was determined using the concentration of
TAPC. TAPC concentration is changed from 0 to 40 ug mL ™.
Subsequently, 100 pL of MTT (1 mg mL™" in culture medium)
was added to each well with further incubation at 37 °C for 4 h
after the medium was removed. After that, we discarded the
supernatant, added 100 pL of DMSO per well. The plate was
gently shaken for 5 min. The absorbance values of purple for-
mazan were recorded at 570 nm using a Spectra MAX 340PC
plate reader. The cell viability was expressed by the ratio of the
absorbance of the cells incubated with various concentrations
of TAPC/SPPO13 exciplex FONs to that of the cells incubated
with culture medium only.

Results and discussion

It is well known that the planar structures of molecules play
the most important role in the excimers/exciplexes forma-
tion.*”** Here we selected TAPC and SPPO13 molecules to form
exciplexes. The chemical structures of TAPC and SPPO13 were
shown in Fig. 1a. TAPC contains two planar triphenylamine
groups and SPPO13 contains planar fluorene groups, which
provide considerable probability for exciplexes formation.
A combination of TAPC and SPPO13 was used to prepare
TAPC/SPPO13 FONs. Due to the hydrophobic properties of
TAPC and SPPO13, TAPC, SPPO13 and TAPC/SPPO13 nano-
particles were prepared through the reprecipitation process,
respectively. By DLS measurements, we studied the formation
of nanoparticles in aqueous solutions. The average of hydro-
dynamic diameter of the TAPC, SPPO13 and TAPC/SPPO13
nanoparticles were measured to be 175.0 £+ 5.8 nm, 112.6 +
5.8 nm and 130.4 &+ 7.1 nm, respectively. Scanning electron
microscopy (SEM) was further used to characterize the
morphology and size of these nanoparticles. As shown in
Fig. 1b-d, TAPC, SPPO13 and TAPC/SPPO13 nanoparticles
were indeed formed in aqueous solution. All of these nano-
particles have spherical morphology and highly uniform size.
The diameters of TAPC, SPPO13 and TAPC/SPPO13 nano-
particles are measured to be 165 £ 3 nm, 107 £ 17 nm and
121 £ 11 nm, respectively.

RSC Adv., 2017, 7, 40842-40848 | 40843
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Fig.1 (a) Chemical structures of TAPC and SPPO13. SEM images of (b)
TAPC, (c) SPPO13 and (d) TAPC/SPPO13 nanoparticles. The scale bar
represents 200 nm.

Then, we measured the emission spectra of three nano-
particles. As shown in Fig. 2, TAPC nanoparticles only display
their monomer emission at around 379 nm and SPPO13
nanoparticles display their monomer emission at around
377 nm. However, TAPC/SPPO13 nanoparticles display an
intense long-wavelength emission band at 477 nm together with
aweak emission at 378 nm. The absolute fluorescence quantum
yields of TAPC, SPPO13 and TAPC/SPPO13 nanoparticles were
measured to be 7.6%, 5.2% and 15.0%, respectively. As the
emission quantum yield of TAPC/SPPO13 nanoparticles is
higher than the other two nanoparticles, the bright fluorescence
of TAPC/SPPO13 nanoparticles could be visually observed (inset
in Fig. 2), which benefit biological imaging. A large Stokes shift
(=170 nm) was observed for TAPC/SPPO13 nanoparticles. The
emission band at short wavelength arises from the native
emission from the monomers. We infer that the new emission

—TAPC
——SPPO13
—— TAPC/SPPO13

: TAPC  SPPO13  TAPC/
— SPPO13

350 400 450 500 550 600 650
Wavelength (nm)

Fig. 2 Normalized emission spectra of TAPC, SPPO13 and TAPC/
SPPO13 nanoparticles, respectively. The excitation wavelength was
300 nm for TAPC and TAPC/SPPO13 nanoparticles, and 282 nm for
SPPO13 nanoparticles. Inset: fluorescence photographs of TAPC,
SPPO13 and TAPC/SPPO13 nanoparticles following irradiation at
365 nm.
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at 477 nm might originate from exciplexes that were formed by
TAPC and SPPO13. This is because TAPC contains planar tri-
phenylamine groups and SPPO13 contains planar fluorene
groups. In the formed nanoparticles, TAPC and SPPO13 were
forced into proximity to form -7 stacking structures. Mean-
while, the electron-rich triphenylamine groups in TAPC have
a higher affinity for electron-poor triphenylphosphine groups in
SPPO13, which further benefit the close overlap between the
planar triphenylamine and fluorene. Thus, electron transfer
between TAPC and SPPO13 facilely occurred and exciplexes
formed. As the corresponding photon energy of the emission
peak at 477 nm is evaluated to be 2.6 eV, which is almost
equivalent to the energy difference between highest occupied
molecular orbital (HOMO) of TAPC* and lowest unoccupied
molecular orbital (LUMO) of SPPO13 (ref. 50) (Fig. 3). The new
emission at 477 nm can be attributed to the exciplex emission.

In order to verify the new emission band of the TAPC/SPPO13
nanoparticles originate from exciplex emission, we compared
the fluorescence excitation spectra of TAPC/SPPO13 nano-
particles with neat TAPC nanoparticles. As shown in Fig. 4a, the
excitation spectrum of TAPC/SPPO13 nanoparticles is very
similar to that of TAPC nanoparticles. The result indicates that
the new emission of the TAPC/SPPO13 nanoparticles arises
from the same excitation pathway with TAPC. Depending on the
relative proximity between TAPC and SPPO13, unique monomer
and excimer emissions are observed at considerably different
wavelengths. We then examined the emission spectrum of
solution containing TAPC and SPPO13 nanoparticles. As shown
in Fig. 4b, exciplex emission does not appear in the binary
nanoparticles solution, where TAPC and SPPO13 molecules
have larger distances than them in the TAPC/SPPO13 nano-
particles. These results confirm that the new emission band
results from exciplexes formed in TAPC/SPPO13 nanoparticles.
In the TAPC/SPPO13 nanoparticles, two kinds of molecules are
forced into proximity which required for the formation of the
excited-state dimers. Thus, TAPC/SPPO13 exciplex FONs were

2.0eV
LUMO
291 eV
— [ UMO
4\
x
i
Q.
S AE=2.6 eV
x
» u
HOMO -_—— = =V
5.5eV
HOMO
6.56 eV
TAPC SPPO13
Fig. 3 Influence of the LUMO level of SPPO13 and HOMO level of

TAPC on the exciplex emission energy. AE denotes the energy gap
between the LUMO level of SPPO13 and HOMO level of TAPC.
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Fig. 4 (a) Normalized excitation spectra of TAPC and TAPC/SPPO13
nanoparticles. (b) Normalized emission spectra of TAPC/SPPO13
nanoparticles and the mixture of TAPC nanoparticles and SPPO13
nanoparticles. The excitation wavelength was 300 nm.

obtained, and the light-emission of nanoparticles has been
tuned.

Since the formation of excited-state dimers involving
molecular interactions, the excimer state possesses relatively
longer lifetime than the monomer state.” We investigated the
fluorescence intensity decays for TAPC/SPPO13 exciplex FONs
(Fig. 5). The decay time of the exciplex states at 477 nm is
obviously longer than that detected at the monomer emission at
378 nm, which further demonstrates the formation of exci-
plexes. The intensities of TAPC/SPPO13 exciplex FONs show
multiexponential decays. The fitted parameters for intensity
decays were displayed in Table 1. B values are called the pre-
exponential factors and t values are characteristic lifetimes.
The calculated average lifetime for monomer emission is 2.44
ns according to Table 1, while the calculated average lifetime for
exciplex emission is 321 ns. The lifetime for exciplex emission is
long enough to prevent any influence of the autofluorescence of
biological species in biological imaging. This property allows
TAPC/SPPO13 exciplex FONs to act as a fluorescent probe for
biological imaging.

The TAPC/SPPO13 exciplex FONs offer the advantage of
a large Stokes shift and long fluorescence lifetime, the stability

This journal is © The Royal Society of Chemistry 2017
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Fig.5 Fluorescence intensity decay of emission at 378 nm and 477 nm
for TAPC/SPPO13 nanoparticles at room temperature.

Table 1 Exponential components analysis of the fluorescence inten-
sity decay of TAPC/SPPO13 exciplex FONs with the time-correlated
single-photon counting technique

B, ws)  f ¥ (=) (ns)
378 nm 0.0299 0.718 45.957% 1.510 2.44
0.0065 3.894 54.043%
477 nm 2188.7 4.873 4.126% 1.049 321.42
398.55 54.392 8.386%
624.64 362.054 87.488%

of the nanocomposites in different solution also need to be
investigated for their further application in cell imaging. During
rapid growing of cancer cells, high rate of glycolysis under both
aerobic and anaerobic conditions result in the accumulation of
lactic acid. It leads to acidic pH in tumor tissues.** As shown in
Fig. 6a, the emission spectra of TAPC/SPPO13 exciplex FONs are
almost unchanged over the wide pH range from 5.8 to 9.7. And
the exciplex emission is slightly changed in the PBS and cell
culture medium (DMEM containing 10% FBS (v/v)) (Fig. 6b).
Thus, the TAPC and SPPO13 molecules still keep close contact
in different solution. The TAPC/SPPO13 exciplex FONs possess
good stability in different solution that benefits biological
imaging.

Finally, the TAPC/SPPO13 exciplex FONs were applied for
cellular imaging. MCF-7 breast cancer cells were incubated with
the nanoparticles for 10 h at 37 °C and washing twice with PBS
buffer. Fig. 7 shows the image of MCF-7 cells before and after
incubation with TAPC/SPPO13 nanoparticles. No fluorescent
signal is observed from the MCF-7 cells before incubation with
nanoparticles (Fig. 7a). After incubation with TAPC/SPPO13
exciplex FONSs, strong blue fluorescence is observed from the
MCF-7 cells (Fig. 7b). The overlap image of phase contrast and
fluorescence image of MCF-7 cells shows that the nanoparticles
could be internalized by the cells (Fig. 7c and d). They were
uniformly located in the cytoplasm and around the nucleus.
This observation indicates that the exciplex FONs have potential
application in cell imaging.

RSC Adv., 2017, 7, 40842-40848 | 40845
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Fig. 6 (a) Emission spectra for TAPC/SPPO13 nanoparticles as

a function of different pH. (b) Emission spectra for TAPC/SPPO13
nanoparticles in PBS and cell culture medium. The control group is the
TAPC/SPPO13 nanoparticles in water. The excitation wavelength was
300 nm.

For the cellular labeling and imaging materials, cytotoxicity
is an important factor that should be considered. So we
investigated the cytotoxicity of the TAPC/SPPO13 exciplex
FONs, using a MTT cell-viability assay. Because the cell
viability is proportional to the absorption of produced for-
mazan at 570 nm, the cell viability was calculated as the ratio
of the absorbance of the cells incubated with TAPC/SPPO13
exciplex FONs to that of the cells incubated with culture
medium only. In our experiment, the concentration of TAPC/
SPPO13 exciplex FONs was determined by the concentration
of TAPC. In the TAPC concentration range from 5 pg mL ™" to
40 pg mL~", the relative cell viabilities were more than 94%
after incubation of MCF-7 cells with various concentrations of
TAPC/SPPO13 exciplex FONs for 24 h (Fig. 8). At a TAPC
concentration of 20 pg mL~' which used in cell imaging
experiment, the relative cell viability is more than 100%. The
results indicate that the TAPC/SPPO13 exciplex FONs display
low cytotoxicity. They can be used as biocompatible probes for
cell imaging application.

40846 | RSC Adv., 2017, 7, 40842-40848

View Article Online

Paper

Fig. 7 (a) Fluorescent microscopy images of MCF-7 cells before
incubation with TAPC/SPPO13 nanoparticle. (b) Fluorescent micros-
copy images, (c) phase contrast and (d) the overlap image of phase
contrast and fluorescence image of MCF-7 cells after incubation with
TAPC/SPPO13 nanoparticle. The scale bar represents 5 pm.

2100_ ///// %/, 7 TAPCIS13
% 50- / / / / /
Milil
& ° 1[9I'AP(:2]0 (ug f’r?L") 0

Fig. 8 Cellviability results of MCF-7 cells after incubation with various
TAPC/SPPO13 nanoparticles concentration.

Conclusions

In summary, we have developed a novel fluorescent organic
nanoparticle based on TAPC/SPPO13 exciplexes for cell
imaging. In the nanoparticle system, the close contact between
TAPC and SPPO13 leads to the formation of excited-state dimers
and the corresponding exciplex emission. A large Stokes shift of
170 nm and a long fluorescence lifetime of 321 ns have been
observed in TAPC/SPPO13 exciplex FONs. These properties are
suitable for efficient cellular imaging. Moreover, the good
stability and low cytotoxicity of TAPC/SPPO13 exciplex FONs
greatly potentiate their application in cell imaging. We there-
fore believe that these exciplex FONs have great potential as
fluorescent materials for biological imaging.

This journal is © The Royal Society of Chemistry 2017
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