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ABSTRACT: We report a simple strategy to prepare organic
biocompatible fluorescent nanoparticles with enhanced fluo-
rescence. A significant fluorescence enhancement was realized
by designing a fluorescent small molecule, 4,4′-(2,7-bis[4-
{1,2,2-triphenylvinyl}phenyl]-9H-fluorene-9,9-diyl)bis(N,N,N-
trimethylbutan-1-aminum)bromide (TPEFN), with aggrega-
tion-induced emission enhancement (AIEE) effect. Nano-
particles of TPEFN can be formed through molecular self-
aggregation by gradually increasing the water fraction in TPEFN mixed solution (methanol/water). Fluorescence enhancement
by about 120-fold was observed after nanoparticle formation. By addition of the biomolecule adenosine triphosphate (ATP),
larger nanoparticles of TPEFN are formed and further fluorescence enhancement can be achieved, yielding a total fluorescence
enhancement of 420-fold compared with the TPEFN molecular solution. Both of these nanoparticles show very good
biocompatibility. Ultrabright spots present in the confocal laser scanning microscopy image again proved the formation of
nanoparticles. Positively charged side chains of TPEFN endow these nanoparticles cationic surfaces. The size of the prepared
TPEFN nanoparticles and their cationic surface allow them to be rapidly internalized into cells. Cell viability assays prove that the
TPEFN nanoparticles have high biocompatibility. These organic fluorescent nanoparticles show great promise for applications in
cellular imaging or biotechnology.
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■ INTRODUCTION

In recent years, fluorescent organic nanoparticles have attracted
significant attention because of their unique optical and
electrical properties. Compared with metal and inorganic
nanoparticles, organic nanoparticles have more advantages,
because organic compounds are cheaper than noble metals,
they are easily modified with various functional groups, and
they are simple to prepare.1−13

To fabricate fluorescent organic nanoparticles, one can
choose different fluorescent materials, for example, fluorescent
small molecules, oligomers, or fluorescent polymers.14−18 For
the fabrication of fluorescent organic nanoparticles, self-
assembly is a useful technique, because it is a simple process
applicable to various materials.19−24 For example, by simply
blending oppositely charged fluorescent molecules and
coassembling reagents in a certain ratio, fluorescent organic
nanoparticles are formed through molecular self-assembly via a
range of interactions, such as electrostatic interactions,
hydrogen bonding, hydrophobic interactions, and covalent
coupling. Fluorescent organic nanoparticles can also be
generated from self-assembly of fluorescent molecules when
there is a significant change in solvent polarity. Nanoparticles
can be used for fluorescence imaging of live cells.18,25−28

However, aggregation of fluorescent molecules in nanoparticles
often results in decreased fluorescence or poor photochemical
stability of the nanoparticles, primarily as a result of self-
quenching.29−31

Recently, the novel phenomenon of aggregation-induced
emission enhancement (AIEE) has been discovered that may
result from a decrease of fluorescence quenching at high
fluorophore concentrations.32,33 AIEE occurs when fluorescent
materials emit strongly in their aggregated state or solid state
but give very weak emission in the solution state. This
phenomenon was usually observed for molecules that contain
rotor structures (such as silole and tetraphenylethene (TPE)).
Simply attaching these structures to various fluorescent
molecules can effectively transform them into AIEE mole-
cules.34−37 This approach can be employed to design and
fabricate AIEE fluorescent materials with specific emission
wavelengths and open new routes to fluorescent nanoparticles.
In this work, we report a simple strategy to prepare a strongly

fluorescent organic nanoparticle through the self-assembly of
the fluorescent small molecule 4,4′-(2,7-bis[4-{1,2,2-
triphenylvinyl}phenyl]-9H-fluorene-9,9-diyl)bis(N,N,N-trime-
thylbutan-1-aminum)bromide (TPEFN). The hydrophilic
positively charged side chains and the hydrophobic backbone
of TPEFN facilitate nanoparticle formation. The as-prepared
TPEFN is nonemissive in methanol (MeOH) solution but
emits strongly when TPEFN nanoparticles are formed owing to
the addition of water as a poor solvent. Interestingly, such
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TPEFN nanoparticles can be adjusted by adding the
biomolecule adenosine triphosphate (ATP), which results in
larger nanoparticles and a significant additional fluorescence
enhancement. This makes TPEFN nanoparticles an excellent
material for fluorescence imaging. Furthermore, the TPEFN
nanoparticles show very good biocompatibility. The positive
charge of the TPEFN side chains allows them to be rapidly
internalized into cells. Cell viability assay proved these
nanoparticles show very little cytotoxicity to cells. These
properties make the as-prepared TPEFN nanoparticle a good
material for cell imaging.

■ EXPERIMENTAL SECTION
Materials and Measurements. The compound 2,2′-(9,9-bis[4-

bromobutyl]-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane) (1) was synthesized according to the literature.38 1-(4-
Bromophenyl)-1,2,2-triphenylethylene was purchased from J&K
Chemical Co. Trimethylamine solution (31−35 wt % in ethanol)
was purchased from Sigma-Aldrich. Other reagents used in the
experiments were purchased from J&K Chemical or Sigma-Aldrich and
were used without further purification, unless otherwise noted.
Distilled water was used. Ultraviolet−visible (UV−vis) absorption
spectra were collected on a Hitachi U-3900H spectrophotometer.
Photoluminescence (PL) emission spectra were measured on a Hitachi
F-7000 fluorescence spectrophotometer. The 1H NMR and 13C NMR
spectra were recorded on a 400 MHz AC Bruker spectrometer.
Chemical shifts are reported in parts per million (ppm) relative to an
internal standard, either tetramethylsilane (Si[CH3]4 = 0.00 ppm) or
residual solvent peaks (CDCl3 = 7.26 ppm, DMSO-d6 = 2.50 ppm,
CD3OD = 3.31 ppm). 1H NMR coupling constants (J) are reported in
Hertz (Hz) and multiplicity is indicated as follows: s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), br s (broad singlet),
br d (broad doublet), dd (doublet of doublet), dt (doublet of triplet),
dq (doublet of quartet), and tq (triplet of quartet). Mass spectra were
obtained using a Bruker Daltonics BIFLEX III matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) analyzer in
MALDI mode. The ζ-potential and size distributions of the
nanoparticles in aqueous solution were measured by dynamic light
scattering with a Malvern Zetasizer Nano ZS90 at room temperature.
The fluorescence image of TPEFN nanoparticles was recorded using
an Olympus FV1000-IX81 confocal laser scanning biological micro-
scope, with 330−380 nm excitation by a 100 W mercury lamp light
source. Fluorescence images of cells were recorded using an Olympus
1X71 fluorescence microscope with 405 nm excitation.
The morphology of the nanoparticles was observed using high-

resolution field emission scanning electron microscopy (HRSEM,
JEOL JSM-7401F, accelerating voltage: 3.0 kV). The samples were
prepared by adding 5 μL of TPEFN MeOH solution (2 mM) into 2
mL of water followed by no ATP addition or 5 μL of ATP (2 mM)
solution, and then a droplet of the mixture was placed on 5 × 5 mm
silicon wafer. After the samples dried at room temperature, they were
coated with Pt (40 s) to facilitate the observation. Photographs were
taken with a Canon EOS 650D under 365 nm UV light.
Synthesis of 9,9-Bis(4-bromobutyl)-2,7-bis(4-(1,2,2-

triphenylvinyl)phenyl)-9H-fluorene (TPEF). Compound 1 (0.68
g, 1 mM) and 1-(4-bromophenyl)-1,2,2-triphenylethylene (0.92 g, 2.2
mM) were dissolved into 20 mL of toluene, and then 5 mL of 2.0 M
potassium carbonate solution was added. After the solution was
degassed with nitrogen for 30 min, 12 mg of catalyst Pd(PPh3)4 was
added. The mixture was stirred at 90 °C for 36 h under nitrogen
atmosphere. The solution was cooled and extracted with CHCl3 after
adding 30 mL of water. The organic layer was combined and dried
over anhydrous sodium sulfate. The solvent was removed and the
crude product was obtained by column chromatography, yielding a
yellow-green solid (yield 68%), which was used directly for the next
step. 1H NMR (400 MHz, CDCl3): δ 7.69 (d, J = 7.7 Hz, 2H), 7.53 (d,
J = 8.0 Hz, 2H), 7.49 (d, J = 5.8 Hz, 2H), 7.41 (d, J = 8.4 Hz, 4H),
7.15−7.04 (m, 30H), 7.03 (dd, J = 5.2, 2.5 Hz, 4H), 3.13 (t, J = 6.9 Hz,

4H), 2.09−1.91 (m, 6H), 1.59 (dd, J = 12.5, 5.3 Hz, 6H). 13C NMR
(101 MHz, CDCl3): δ 150.47, 143.79, 142.81, 141.15, 140.55, 139.97,
139.80, 139.04, 131.86, 131.43, 131.39, 131.36, 127.82, 127.71, 127.64,
126.51, 126.22, 120.82, 120.03, 54.81, 39.24, 32.82, 31.85, 29.92,
22.15, 13.96. MS (MALDI-TOF) m/z: M+ calcd: 1096.3. Found:
1096.3.

Synthesis of 4,4′-(2,7-Bis(4-(1,2,2-triphenylvinyl)phenyl)-9H-
fluorene-9,9-diyl)bis(N,N,N- trimethylbutan-1-aminum)-
bromide (TPEFN). 100 mg of TPEF was dissolved into 50 mL of
chloroform. A 31−35 wt % trimethylamine−ethanol solution (3 mL)
was then added. The mixture was stirred for 72 h at room temperature.
The solvents were removed by evaporation under vacuum and TPEFN
was obtained after drying in a vacuum. 1H NMR (400 MHz, CH3OD):
δ 7.78 (d, J = 7.9 Hz, 2H), 7.69 (s, 2H), 7.59 (d, J = 7.7 Hz, 2H), 7.47
(d, J = 8.0 Hz, 4H), 7.12 (dd, J = 17.1, 7.4 Hz, 27H), 7.06−6.98 (m,
7H), 3.06−2.87 (m, 22H), 2.33−2.20 (m, 4H), 1.54 (s, 2H), 1.29 (d, J
= 10.8 Hz, 4H). 13C NMR (101 MHz, CD3OD): δ 150.34, 143.77,
143.65, 142.94, 141.34, 140.55, 140.16, 139.91, 138.87, 131.60, 131.01,
130.99, 130.93, 127.50, 127.41, 127.35, 126.29, 126.23, 126.18, 125.93,
125.80, 120.89, 120.00, 66.04, 54.92, 52.03, 39.17, 22.65, 20.67. MS
(MALDI-TOF) m/z: M+ calcd: 1054.62. Found: [M − CH3]

+ =
1039.6.

Aggregation Induced Emission Enhancement Assay. Sol-
utions of TPEFN in MeOH/H2O mixtures were prepared by adding
the stock solution of TPEFN (5 μL, 2 mM in MeOH) into 2 mL of
MeOH/H2O mixture with various water fractions (MeOH/H2O =
100% MeOH, 90%/10%, 80%/20%, 70%/30%, 60%/40%, 50%/50%,
40%/60%, 30%/70%, 20%/80%, 10%/90%, 5%/95%, 1%/99%, 100%
H2O in volume). UV−vis absorption spectra were measured
immediately using a Hitachi U3900H spectrophotometer. Fluores-
cence spectra were obtained after the UV−vis observation by using a
Hitachi F-7000 fluorescence spectrometer equipped with a xenon lamp
excitation source at room temperature. The excitation wavelength was
354 nm. The fluorescence photographs were taken under a UV lamp
with 365 nm excitation.

Cytotoxicity Assay by MTT Method. A549 lung cancer cells
were seeded into 96-well plates and maintained overnight in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) (v/v), and then treated using various
concentrations of TPEFN nanoparticles (0−15 μM) at 37 °C for 24
h. The concentration of TPEFN nanoparticles was determined using
the concentration of TPEFN molecules. After the medium was poured
out, 100 μL of freshly prepared 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 1 mg/mL in phosphate buffered
saline [PBS]) was added to each well and the wells were incubated for
4 h. The supernatant was removed, and the cells were lysed by adding
100 μL of DMSO per well. The plate was gently shaken for 5 min, and
then the absorbance of purple formazan at 520 nm was monitored
using a Spectra MAX 340PC plate reader.

Cell Imaging Assay. A549 cells were grown in DMEM medium
containing 10% FBS, and 100 000 cells were then seeded on 35 × 35
mm culture plates and the plates were incubated at 37 °C in a 5% CO2
humidified atmosphere for 24 h. TPEFN nanoparticles were added to
1 mL of medium containing A549 cells in a 35 × 35 mm plate (final
concentration [TPEFN] = 5 μM). After incubation at 37 °C for 4 h,
the medium was removed, and the cells were washed twice using PBS
buffer (pH 7.4). Then the specimens were observed using an oil
immersion lens (100× magnification, NA 1.4) with an Olympus
FV1000-IX81 confocal laser scanning microscope, using a DM405/
488 dichroic mirror capturing within a bandwidth of 460−560 nm for
the 405 scan.

■ RESULT AND DISCUSSION

Synthesis and Characterization of TPEFN. The AIEE
active TPEFN molecule was obtained by reaction of two
tetraphenylethene (TPE) groups to a fluorene unit. Fluorene
was chosen for its planar and rigid aromatic ring structure,
which ensures a high degree of conjugation, and its synthetic
versatility at the benzylic 9-position and aromatic 2,7-positions
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facilitates further design and synthesis.35,36,39 Positively charged
TPEFN molecules can be synthesized by simply modifying the
fluorene side chains with quaternary ammonium. The rotation
of aromatic rotors of TPE groups annihilates the excitons in a
nonradiative manner when TPEFN was in the solution state.
But when aggregates of TPEFN formed, the aggregated state
restricts the rotation behavior and thus populates the radiative
decay of the excitons, resulting in enhanced emission.40 The
chemical structure and synthesis procedures of TPEFN is
shown in Scheme 1. TPEF was first obtained via the Suzuki
cross-coupling reaction of 1-(4-bromophenyl)-1,2,2-triphenyl-

ethylene and 2,2′-(9,9-bis[4-bromobutyl]-9H-fluorene-2,7-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (compound
1). The intermediate compound 1 was prepared according to
the reported procedures.38 After dissolution in chloroform, the
TPEF was treated with 31−35% trimethylamine solution at
room temperature for 72 h, and positively charged TPEFN was
obtained after removal of the solvent. It can be readily dissolved
in organic solvents, such as methanol, acetonitrile, and dimethyl
sulfoxide, but is nearly insoluble in water. In our work, the
TPEFN was dissolved in MeOH at a concentration of 2 mM.

Scheme 1. Synthesis Route of TPEFN Molecules

Figure 1. (a) Absorption and PL spectra of TPEFN in MeOH and water, and (b) comparison of the absorption and PL intensity of TPEFN in
MeOH solution and solid film. TPEFN concentrations in MeOH and water were 5 μM, and the absorbance was normalized.

Figure 2. (a) PL spectra of TPEFN in MeOH/H2O mixtures with different water fractions. (b) Plots of relative emission intensity enhancement
factors versus aqueous mixture content with different water fractions. TPEFN concentration: 5 μM. Excitation wavelength: 354 nm. Inset:
photograph of TPEFN in MeOH/H2O mixtures with different water fractions from 0% to 100% (in vol %) at 365 nm UV irradiation.
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The photophysical properties of TPEFN were investigated
both in MeOH and water. Five microliters of TPEFN in
MeOH solution was added to 2 mL of MeOH or water,
respectively. As seen from Figure 1a, the UV−vis absorption
spectrum of TPEFN in MeOH shows maximum absorption at
354 nm, and there is a red shift of about 4 nm, if water is used
as the dispersant, which suggests J-aggregate formation.37,41

TPEFN shows nearly no emission in dilute MeOH solution
(Figure 1a), which may be caused by active intramolecular
rotations of the phenyl rings from the TPE end groups. If water
is used as the main solvent, TPEFN emits strongly, which
suggests a restriction of the intramolecular rotation and thus
blocks the nonradiative decay channels and facilitates radiative
transitions.31,42 The solid powder of TPEFN appears slightly
yellow-green. TPEFN in solid film (prepared by spin-coating 2
mM/0.3 mL × 3 TPEFN MeOH solution onto a quartz
substrate) also shows a red shifted absorption and emits
strongly when excited at its maximum absorption wavelength as
compared with its diluted MeOH solution state (Figure 1b).
These results suggest that TPEFN is a potent AIEE molecule.
Aggregation Induced Emission Enhancement Assay.

To further study the AIEE behavior of the TPEFN molecules,
their emission spectra were measured in MeOH/H2O mixtures.
As TPEFN is nearly insoluble in water, it should self-assemble
into aggregates, if significant quantities of water are added to
the MeOH stock solution of TPEFN. Figure 2a shows the
emission spectra of TPEFN in the MeOH/H2O mixture with
various water fractions. From the spectra, we can see that the
PL intensity of TPEFN solution increases as the water fraction
in the MeOH/H2O mixture increases. When the water content
is below 60% (vol %), the emission intensity of TPEFN
solution is very weak and varies only slightly. However, it starts
to increase and continues to increase strongly as larger amounts
of water are added. This trend can also be observed from the
fluorescence photograph (Figure 2b inset) of TPEFN in
MeOH/H2O mixtures (with various water fractions) under a
365 nm UV excitation. The TPEFN shows almost no
fluorescence emission when the water content is below 60%.
Blue fluorescence is observed as the water content increases
and reaches the brightest state as the volume percentage of
water rises to nearly 100%. Figure 2b gives the relative emission
enhancement factors of TPEFN in MeOH/H2O mixtures with
various water fractions. The enhancement factors were defined
as the ratios of integral area of the PL spectra of TPEFN in
MeOH/H2O mixtures with different water fractions to that of
in pure MeOH. The concentration of TPEFN in each MeOH/
H2O mixture was maintained at 5 μM. Maximum fluorescence
enhancement of about 120-fold is obtained when TPEFN is in
a 100% water solution. These results demonstrate that TPEFN
is a typical AIEE-active molecule.
As the TPEFN aggregates are homogeneous in all the

solutions without precipitates, and remain stable for weeks at 4
°C, we expect that the aggregates are nanosized. To prove this,
TPEFN in a 100% water solution (TPEFN concentration: 5
μM) was studied by SEM (Figure 3a). From the SEM image we
can clearly see that the aggregates formed by TPEFN are
nanoparticles that are approximately spherically shaped. Most
of the nanoparticles possess an average diameter of around 50
nm with a small fraction of particles with diameters above 100
nm. The nanoparticles disperse very well, with no obvious
aggregation seen from the observation scope. We suppose that
the positively charged surface of the nanoparticles is the key to
keeping the colloidal solution stable. As the TPEFN molecular

backbone is hydrophobic, and the quaternary ammonium
modified side chains of the fluorene units are positively charged
and hydrophilic, in its poor solvent water, TPEFN molecules
may precipitate from the solubility change and aggregate to
form nanoparticles in which hydrophobic moieties of TPEFN
tends to imbedded inside leading more hydrophilic moieties
gather at the surface of nanoparticles. In accordance with this
the ζ potential of the nanoparticles in the aqueous solution is
positive (39.6 ± 2.3 mV). We can conclude that it is the special
amphiphilic structure of the TPEFN molecule, that facilitates
the nanoparticle formation, and the electrostatic repulsion
between the TPEFN nanoparticles is the main reason that the
nanoparticles remain in a stable colloidal state.
Given the small number of TPEFN nanoparticles formed in

aqueous solution, we postulate a large quantity of TPEFN
molecules still exist in a free state that have not aggregated. The
biomolecule ATP was used to adjust the TPEFN nanoparticle
formation. We choose ATP because it has three sequential
phosphate groups that are negatively charged at neutral pH. As
the TPEFN molecule is positively charged, the electrostatic
interaction may result in rapid molecular self-assembly, allowing
more TPEFN nanoparticles to be formed simultaneously. The
SEM analysis (Figure 3b) proved our assumption. As we can
see from Figure 3b, after the addition of ATP, a great number
of TPEFN nanoparticles appeared in the observation area,
which shows a sharp contrast to the SEM image of Figure 3a, in
which much fewer TPEFN nanoparticles can be observed
without the addition of ATP.

Figure 3. SEM (top row) and CLSM (bottom row) micrographs of
TPEFN nanoparticles before (a, c) and after (b, d) addition of ATP.
(e) PL spectra of TPEFN nanoparticle solution before and after the
addition of ATP. (TPEFN and ATP concentration are 5 μM).
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Interestingly, in the absence of ATP, the average size of
TPEFN nanoparticles was around 50 nm, but when ATP was
added, larger nanoparticles of around 100 nm could be clearly
observed. Confocal laser scanning microscopy (CLSM) images
of TPEFN colloidal solution without (Figure 3c) and with
(Figure 3d) addition of ATP gives directly visual images of the
TPEFN fluorescent nanoparticles. More cyanic particles with
brighter fluorescence can be observed after ATP addition. The
fluorescent nanoparticles are of good dispersibility, as very little
nanoparticle aggregation can be observed. PL spectra of
TPEFN before and after ATP addition (Figure 3e) show that
the fluorescence is considerably enhanced after addition of ATP
as compared with the PL intensity of TPEFN nanoparticles in
100% water solution. The fluorescence intensity enhancement
factor was an additional 3.5-fold, which results in about 420-
fold fluorescence enhancement of TPEFN compared to 100%
MeOH solution. A red shift of about 25 nm can be observed
from the PL spectrum after ATP addition. This may be due to a
much more ordered intermolecular packing as the aggregation
behavior of TPEFN molecules could be tuned by the addition
of ATP.
In this work, fluorescent organic nanoparticles can be

obtained by self-assembly via electrostatic interaction by simply
mixing oppositely charged molecules in a certain ratio. If
TPEFN molecules dissolved in organic solvent are first added
to an excess of their poor solvent (water), TPEFN nano-
particles are formed owing to the precipitation of TPEFN
molecules from the good solvent. However, there should be
some molecules that remain dissolved as the TPEFN molecule
possesses hydrophilic cationic side chains that may have very
low solubility in aqueous solution. With the addition of ATP,
the electrostatic interactions between the quaternary ammo-
nium modified side chain of TPEFN molecules and the
triphosphate moiety of ATP facilitate the assembly of TPEFN
molecules. That is, more TPEFN molecules participate in the
assembly through ATP linkage. Thus, larger and many more
TPEFN nanoparticles are formed. The hydrophobicity of the
adenine moiety of ATP also facilitates the nanoparticle
formation. Compared with TPEFN nanoparticles formed
without ATP, the newly formed nanoparticles are more tightly
packed owing to the electrostatic interaction, and the adenine
moiety of ATP and the backbone of TPEFN molecules can lead
to collective π−π stacking, which restricts the intramolecular
rotations of the phenyl rings in TPE, and thus enhances the
fluorescence of TPEFN molecules to a much higher degree.
Cellular Internalization Assay and Cell Viability Assay.

To demonstrate the applications of ultrabright TPEFN
nanoparticles for biological imaging, an important question
needs to be answered, could these nanoparticles be taken up by
cells? Motivated by this question, we incubated A549 lung
cancer cells at 37 °C for 4 h with TPEFN nanoparticles and
with TPEFN nanoparticles adjusted by ATP addition. Figure 4
shows confocal microscopy images of the A549 cells taken after
incubation for 4 h (Figure 4a for TPEFN nanoparticles, Figure
4b for TPEFN nanoparticles adjusted by ATP). Both
nanoparticles showed very good cellular uptake as bright
cyanic fluorescence was observed in the cytoplasm of the A549
cells from the CLSM images. A stronger fluorescence signal was
observed from the A549 cells incubated with TPEFN
nanoparticles that had been adjusted by ATP. These results
again proved the additional fluorescence enhancement effect by
ATP addition and showed the high potential of these TPEFN
nanoparticles for applications in live cell imaging.

For biological applications, it is important that the
fluorescent nanoparticles have good biocompatibility with low
toxicity. We investigated the cytotoxicity of both TPEFN
nanoparticles by using a MTT cell-viability assay. The
absorbance of MTT at 490 nm is dependent on the degree
of activation of the cells. The cell viability was thus expressed by
the ratio of absorbance of the cells incubated with various
concentrations of TPEFN nanoparticles to that of the cells
incubated with culture medium only. As shown in Figure 5, the

cell viability of both nanoparticles decreases very little after 24 h
incubation of A549 cells with various concentrations of TPEFN
nanoparticles ([TPEFN] = 0−15 μM). The cell viability ratios
are nearly 100% in the testing range, which indicates that the
TPEFN molecules have little effect on the cellular activity.
Moreover, as ATP is a known biomolecule that has good
biocompatibility, the cytocompatibility of TPEFN nanoparticles
was slightly enhanced after the addition of ATP. The good
biocompatibility makes the TPEFN nanoparticles suitable for
live cell imaging.

■ CONCLUSION
In this work, we report a simple strategy to prepare organic
biocompatible fluorescent nanoparticles with enhanced fluo-
rescence. Significant fluorescence enhancement was realized by
designing a fluorescent small molecule (TPEFN) with typical
aggregation-induced emission enhancement (AIEE) effect.
TPEFN nanoparticles could be obtained by gradually increasing

Figure 4. Confocal laser scanning microscopy images of A549 cells,
which were either incubated with TPEFN nanoparticles (a) or TPEFN
nanoparticles adjusted by ATP (b) for 4 h at 37 °C. The fluorescence
images were obtained using a 405 nm laser. The scale bar represents
20 μm. The concentration of TPEFN molecules was 5 μM.

Figure 5. Cell viability results after incubation of A549 cells with
various concentrations of TPEFN nanoparticles. The cell viability
percentage is calculated relative to that of cells without adding TPEFN
nanoparticles, which is defined as a viability of 100%.
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the water fraction in the TPEFN mixed solution, which leads to
about 120-fold fluorescence enhancement. The biomolecule
ATP can be used to adjust the nanoparticle formation, and
results in an additional fluorescence enhancement as high as
420-fold. Ultrabright spots present in the confocal laser
scanning microscopy images prove the nanoparticle formation.
Positively charged side chains of TPEFN endow its nano-
particles with a cationic surface. The size and cationic charge of
the TPEFN nanoparticles allow them to be rapidly internalized
into cells. Cell viability assays prove that the TPEFN
nanoparticles have high biocompatibility. All properties
presented here show that these bright fluorescent organic
nanoparticles are a novel and efficient material for cellular
imaging or biotechnology.
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