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ABSTRACT: In this study, we report fluorescent organic
nanoprobes with intense blue, green, and orange-red emissions
prepared by self-assembling three carbazole derivatives into
nanorods/nanoparticles. The three compounds consist of two
or four electron-donating carbazole groups linked to a central
dicyanobenzene electron acceptor. Steric hindrance from the
carbazole groups leads to noncoplanar 3D molecular structures
favorable to fluorescence in the solid state, while the donor−
acceptor structures endow the molecules with good two-
photon excited emission properties. The fluorescent organic
nanoprobes exhibit good water dispersibility, low cytotoxicity,
superior resistance against photodegradation and photo-
bleaching. Both one- and two-photon fluorescent imaging were shown in the A549 cell line. Two-photon fluorescence imaging
with the fluorescent probes was demonstrated to be more effective in visualizing and distinguishing cellular details compared to
conventional one-photon fluorescence imaging.

KEYWORDS: self-assembly, electron donor−acceptor, carbazole derivatives, fluorescent organic nanoprobes,
two-photon cellular imaging

1. INTRODUCTION

The development of fluorescence probes for biomedical
applications in diagnostic, imaging, and sensing has attracted
considerable attention.1−3 Fluorescent imaging has many
advantages including simple operating procedures, easily
maneuverable instruments, and wide availability of low-cost
imaging reagents.4 Moreover, fluorescence imaging can also
provide high sensitivity and high spatiotemporal resolution
images with more dynamic details at subcellular levels.5−8 In
the last couple of decades, fluorescent nanoparticles (NPs) have

drawn much research interest because of their better
biocompatibility and remarkable optical properties including
broader absorption spectra, size-tunable emissions, larger
Stokes shifts and better photostability compared with conven-
tional organic dyes.9−13 In particular, inorganic semiconductor
quantum dots (Qdots)14−17 and fluorescent polymer dots
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(Pdots)18−21 represent two of the most popular classes of
nanoprobes because of their high brightness. However, before
wide clinical applications, further research is needed to address
issues such as potential toxicity22−24 and biodegradability.25 In
the past few years, fluorescent organic nanoprobes (FONs)
based on small molecules have emerged as promising
competitors in terms of their wide chemical tailorability,
structural variability, low toxicity, and good biodegradabil-
ity.26−36 However, a major challenge for the development of
high-performance FONs is that the fluorescent intensity of
many organic molecules would be greatly decreased or
completely quenched upon self-assembly into nanostructures
because of intermolecular π−π-stacking interaction.37 For
example, pyrene is a small organic molecule with strong blue
fluorescence in dilute solution. However, solid pyrene tends to
form excimers through π−π stacking, exhibiting dramatically
reduced photoluminescence quantum yield (PLQY) and large
emission red shift accompanied by broad full-width at half-
maximum.38 On the other hand, many reported FONs using
short-wavelength excitations (e.g., UV) can cause cellular
damage and undesirable background signals as a result of
autofluorescence.26−29,31 Furthermore, the use of short-wave-
length excitation also limits the application of these FONs in
animal models because of poor penetration depth.39

Previous studies on the structure−property correlation of
nonlinear-optical materials demonstrated that an electron
donor−acceptor-based molecular architecture is conducive to
the process of two-photon absorption (TPA) because of the
electron push−pull effect that reinforces intramolecular charge
transfer (ICT) upon excitation.40,41 However, ICT-based
organic fluorophores are typically featured with spatially
separated frontier molecular orbitals, which often lead to
lower PLQYs because of the forbidden electronic transition.42

Therefore, the development of donor−acceptor-based organic
emitters with simultaneous high fluorescence and effective TPA
is still a challenge.
During the past decades, carbazole derivatives have received

considerable attention for their applications in organic
optoelectronic devices including organic light-emitting devices,
organic photovoltaic devices, transistors, etc.43−50 Owing to its
rigid and planar aromatic stucture,51 carbazole has been used as
a skeleton to make high-performance emitting materials.52−54

In particular, several donor−acceptor compounds obtained by
linking different acceptor groups to carbazole as the donor have

been shown to have impressive TPA coefficients.55−58 This
enables such carbazole-based emitters to be excited with near-
infrared sources, thus avoiding the problems of photodamaging,
autofluorescence, and shallow penetration depth associated
with short-wavelength excitation.59−64 Unfortunately, most
reported carbazole-based organic molecules show poor water
solubility, which hinders their wider biomedical application.
In this work, we attempt to develop high-performance FONs

with simultaneous high solid-state fluorescence, two-photon
excited emission, and good water dispersibility by addressing
the mentioned issues with three carbazole derivatives. The
three compounds are obtained by joining two or four carbazole
electron-donating groups to a central dicyanobenzene electron
acceptor (Scheme 1).43 In addition to the highly fluorescent
carbazole moieties, the two electron-accepting cyano groups are
beneficial to achieving high PLQYs because of their function of
suppressing nonradiative deactivation.65 Attachment of the
bulky and rigid carbazole groups around the central benzene
ring would cause steric hindrance, leading to noncoplanar and
3D molecular structures.43 With these 3D structures, π−π
stacking between molecules would be reduced and enable the
materials to have good fluorescence in the solid state. FONs
were prepared by the self-assembly of three carbazole
derivatives into NPs/nanorods (NRs) of 80−200 nm size
(Scheme 1). The large surface area-to-volume ratios of these
nanostructures endow these FONs with good water dis-
persibilities; even the original molecules have poor water
solubilities. The three FONs not only show typical one-photon
fluorescent emission of respectively red, green, and blue but
also display high-contrast two-photon fluorescent imaging in
A549 cells. Together with their good biocompatibilities and
superior photostabilities, FONs based on fluorescent carbazole
derivatives are considered to be promising high-performance
probes for bioimaging.

2. EXPERIMENTAL SECTION
2.1. Materials. 4,5-Bis(carbazol-9-yl)-1,2-dicyanobenzene

(2CzPN) and 2,4,5,6-tetrakis(carbazol-9-yl)-1,3-dicyanobenzene
(4CzIPN) were obtained from Xi’an Polymer Light Technology
Corp., while 2,3,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)-1,4-dicyano-
benzene (4CzTPN-Ph) was synthesized in house as reported
previously.43 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from Sigma-Aldrich and used after
drying in vacuo for 24 h. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), Dulbecco’s phosphate-buffered

Scheme 1. Schematic Illustration of the Preparation of Blue/Green/Red FONs by a Reprecipitation Method for One- and Two-
Photon Cellular Imaging
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saline (PBS), trypsin/ethylenediaminetetraacetic acid (EDTA; 0.5%
trypsin and 5.3 mM EDTA tetrasodium), and the antibiotic agents
penicillin and streptomycin (100 U/mL) were purchased from Life
Technologies. Deionized water with a resistivity higher than 18.4 MΩ·
cm was collected from an in-line Millipore RiOs/Origin water
purification system. Unless otherwise noted, all chemicals were
obtained from commercial suppliers and used as received.
2.2. FON Preparation. FONs were prepared using the well-

documented reprecipitation method. In a typical procedure, a 1 mg/
mL solution of 2CzPN, 4CzIPN, and 4CzTPN-Ph dissolved in
tetrahydrofuran (THF) was prepared. A total of 200 μL of the as-
prepared THF solution was quickly dropped into 5 mL of deionized
water under vigorous stirring at room temperature for 10 min.
Dispersions of the FONs were obtained by further sonication for
another 15 min under room temperature to ensure complete THF
evaporation.
2.3. FON Characterization. The sizes and morphologies of the

FONs were investigated using scanning electron microscopy (SEM;
Philips XL-30 FEG). The SEM samples were prepared by drying a
dispersion of the FONs on a silicon substrate, followed by coating of a
2 nm gold layer. Dynamic light scattering (DLS) measurements and ζ
potentials were carried out using a Malvern Zetasizer instrument
employing a 4 mW helium−neon laser (λ = 632.8 nm) and equipped
with a thermostatic sample chamber.
2.4. Optical Properties and Photostability Measurements.

UV−visible spectra were recorded using a Cary 50Conc UV−visible
spectrophotometer. Fluorescence spectra were recorded on a Cary
Eclipse fluorescence spectrophotometer. The PLQYs of the FONs
were measured with a fluorescence spectrometer (FLS920P,
Edinburgh Instruments) equipped with a 120 mm integrating sphere
with a BENFLEC coated inner face (Edinburgh Instruments). The
fluorescence lifetime data were obtained using a Edinburgh Analytical
Instruments F900. Time-dependent photodegradation and photo-
bleaching experiments were carried out using a xenon lamp (150 W)
equipped with a filter passing light from 400 to 700 nm (100 mW/
cm2).

2.5. TPA Cross-Sectional Measurements. The TPA cross
section σ was measured by a TPA-induced fluorescence method.
The value of the TPA cross section σ was obtained by comparing their
TPA-induced up-converted fluorescence to that of Rhodamine 6G in
methanol at a concentration of about 2 × 10−5 mol/L.
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where η is the fluorescence quantum yield, C is the concentration, n is
the refractive index, and ⟨F⟩ is the integrated area of the up-converted
fluorescence signal. The new and ref subscripts refer to the sample and
standard reference solutions, respectively. For the femtosecond pulse
experiment, the excitation source was from an optical parametric
amplifier (TOPAS-C) pumped by a mode-locked Ti:sapphire laser
oscillator/amplifier system (Spectra Physics). The output wavelength
in this study was from 800 to 950 nm. The pulse width of the laser was
about 120 fs, and its repetition rate was 1 kHz. The fluorescence was
perpendicularly collected into an Acton monochromator system by a
telescope system. The monochromator connected with a sensitive
GaAs photomultiplier tube (Hamamatsu) was used as the recorder for
the TPA-induced up-converted fluorescence. The power of the
femtosecond laser was real-time measured and used to correct the
fluorescence signal. The fluctuation of the laser power was less than
3%.

2.6. One-Photon/Two-Photon Cellular Imaging. A549 cells
were cultured with DMEM (with 10% FBS and 1% penicillin/
streptomycin) in 5% CO2 at 37 °C in a humidified incubator. The cells
were trypsinized and resuspended on 60 mm culture plates, and 2 mL
of the medium was combined with 1.0 mL of a cell suspension. The
cells were then seeded on 6-well plates, which were then placed in an
incubator at 37 °C overnight with 5% CO2 for 24 h. The FON
dispersions were respectively added to each plate and carefully mixed
(final concentration: 8 μg/mL). The treated cells were returned to the
incubator (37 °C, 5% CO2) for 4 h. After incubation, the plates were
washed thoroughly with sterile PBS. Finally, one-photon fluorescent
images of the cells were recorded with a Nikon ECLIPSE 80i

Figure 1. (a) Electron donor−acceptor-based molecular structure of 2CzPN. (b) Normalized absorbance and fluorescence spectra of 2CzPN NRs
dispersed in deionized water (excitation wavelength, 380 nm; path length, 1 cm). (c) SEM image of 2CzPN NRs. (d) DLS and PDI measurements.
(e) ζ potential of the 2CzPN NRs. (f) Photographs of 2CzPN molecules dissolved in THF under UV light (left) and 2CzPN NRs dispersed in
deionized water under room light (middle) and UV light (right) (concentration: 40 μg/mL).
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fluorescent microscope. Two-photon fluorescent images of the cells
were performed using a Leica TCS SP5 laser scanning confocal
microscope with 800 nm two-photon excitation (TPE).
2.7. Cytotoxicity by MTT Assay. The A549 cells were seeded on

96-well plates in DMEM (with 10% FBS and 1% penicillin/
streptomycin) and grown overnight. After removal of the original
medium in each well, 200 μL of DMEM containing predetermined
concentrations of FONs was added to the designated wells. The final
concentration of these FONs on each plate ranged from 6.25 to 100
μM. After 24 h of incubation at 37 °C, the original medium in each
well was removed. Subsequently, 180 μL of DMEM (without FBS)
and 20 μL of a MTT stock solution (5 mg/mL in PBS) were added
and incubated for another 4 h. Then the medium containing MTT was
completely removed, followed by the addition of 200 μL of dimethyl
sulfoxide (Acros) to each well. The cell viabilities were determined by
reading the absorbance of the plates at 540 nm using a BioTek
Powerwave XS microplate reader. The cells incubated with a serum-
supplemented medium represent 100% cell survival. Five replicate
wells were run for each concentration.

3. RESULTS AND DISCUSSION
Our proposed strategy for preparing highly emissive FONs for
one- and two-photon cellular imaging is illustrated in Scheme 1.
The chemical structures of the three carbazole derivatives
(2CzPN, 4CzIPN, and 4CzTPN-Ph) are shown in Scheme 1.
Upon reprecipitation, 2CzPN self-assembled into blue-emitting
NRs, while 4CzIPN and 4CzTPN-Ph gave respectively green-
and red-emitting NPs. The nanostructured FONs can be
successfully taken up by cancer cells via endocytosis showing
strong one-photon fluorescence as well as high-contrast two-
photon fluorescence.
Figure 1a shows the electron donor−acceptor-based

molecular structure of 2CzPN, where electrons can be
transferred from the peripheral carbazolyl groups to the central
dicyanobenzene unit, indicating ICT characteristics. The
photophysical properties of free 2CzPN molecules in THF
and NRs are displayed in Figures 1b and S1 and Table 1.

Absorption and emission spectra of 2CzPN dissolved in THF
and 2CzPN NRs dispersed in deionized water, respectively,
were measured. Here, the 2CzPN molecules dissolved in THF
exhibit an absorption peak at 369 nm (Table 1). In comparison,
the 2CzPN NRs exhibit a red-shifted absorption spectrum
possibly due to aggregate effects in the nanostructures. On the

other hand, the 2CzPN molecules and 2CzPN NRs show no
observable shift in their emission peak at 503 nm, indicating
that π−π stacking is effectively suppressed. The PLQYs of the
free 2CzPN molecules dissolved in THF and the 2CzPN NRs
dispersed in water were determined to be 21.5% and 19.4%,
respectively. The high PLQY makes 2CzPN NRs an excellent
nanoprobe for cellular fluorescence imaging. Figure 1c displays
an SEM image of the 2CzPN NRs showing a well-defined and
regular rod shape with average length and width of 308 and 52
nm, respectively. DLS measurement (Figure 1d) presents a
hydrodynamic diameter of 193.8 nm and a polydispersity index
(PDI) value of 0.165. The 2CzPN NRs have a negative ζ
potential of −28.1 mV due to the formation of a hydrogen
bond by the attraction of slightly positive hydrogen atoms in
water to the lone pair on the nitrogen atom in a nitrile,66 which
will stabilize the NRs in an aqueous medium by electrostatic
repulsion (Figure 1e). Figure 1f displays photographs of the
2CzPN molecules dissolved in a THF solution under UV light
(left) and the 2CzPN NRs dispersed in deionized water under
room light (middle) and UV irradiation (right). Both free
2CzPN molecules and 2CzPN NRs emit intense blue
fluorescence. The presence of NRs was also confirmed by
shining a green laser beam through the 2CzPN dispersion to
clearly show the Tyndall effect.
Figure 2a shows an electron donor−acceptor-based molec-

ular structure of 4CzIPN, where electrons can be transferred
from the peripheral carbazolyl groups toward the central
dicyanobenzene unit. Figures 2b and S1 and Table 1 display the
photophysical properties of free 4CzIPN molecules dissolved in
a THF solution and 4CzIPN NPs dispersed in deionized water.
Here, the absorption peak of free 4CzIPN molecules dissolved
in THF is at 370 nm. The absorption peak of the NPs also
exhibits a red shift with respect to the dissolved molecules,
while the NPs show emission maxima at the same peak
wavelength of 518 nm. The PLQYs of the dissolved molecules
and NPs were determined to be 33.5 and 11.9%, respectively.
Figure 2c shows an SEM image of the 4CzIPN NPs in the form
of well-defined nanospheres of ∼100 nm diameter. DLS
measurement (Figure 2d) presents a hydrodynamic diameter of
94.27 nm and a PDI value of 0.197. The 4CzIPN NPs also
show a negative ζ potential around −24.9 mV (Figure 2e).
Figure 2f displays photographs of the 4CzIPN molecules
dissolved in a THF solution under UV light (left) and the
4CzIPN NPs dispersed in water under room light (middle) and
UV irradiation (right). Both free 4CzIPN molecules and
4CzIPN NPs show strong green fluorescence. The Tyndall
effect can be clearly observed, confirming the presence of
4CzIPN NPs in water.
An electron donor−acceptor-based molecular structure of

4CzTPN-Ph is shown in Figure 3a. 4CzTPN-Ph exhibits
orange-red fluorescence in both molecular and nanometer
forms. The photophysical properties of free 4CzTPN-Ph
molecules dissolved in a THF solution and 4CzTPN-Ph NPs
dispersed in deionized water are shown in Figures 3b and S1
and Table 1. We found that the absorbance spectrum of the
4CzTPN-Ph molecule in THF shows an absorption peak at
about 500 nm (Figure S1), but this peak disappears in the
absorbance spectrum of 4CzTPN-Ph NPs in water (Figure 3b).
In fact, the structureless, board absorption peak at around 500
nm in 4CzTPN in THF can be attributed to ICT absorption.
The absorption of a sample depends on many factors such as
the dielectric constant of the solvent, solvent−solute/solute−
solute interaction, etc. It has been demonstrated that the

Table 1. Summary of the Photophysical Properties of
2CzPN, 4CzIPN, and 4CzTPN-Ph Molecules Dissolved in
THF and 2CzPN, 4CzIPN, and 4CzTPN-Ph NRs/NPs in
Deionized Watera

sample
λabs

(nm)b
λem (nm)/λex

(nm)
PLQY (%)/λex

(nm) τ (ns)c

2CzPN
molecules

369 503/400 21.5/371 16.3

2CzPN NRs 382 503/400 19.4/385 3.7 (τ1), 12.9
(τ2)

4CzIPN
molecules

370 518/400 33.5/371 18.6

4CzIPN NPs 379 518/400 11.9/385 5.5 (τ1), 19.9
(τ2)

4CzTPN-Ph
molecules

501 578/500 6.6/355 3.7

4CzTPN-Ph NPs 515 588/500 3.6/350 6.5
aλabs = peak of absorption; λem = peak of emission; λex = excitation
wavelength. bThe reddest absorption maximum. cτ represents the
fluorescent lifetime of the measured samples.
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protonated form of the sample can eliminate the charge-transfer
band completely.67 As mentioned above, a cyano group with
electron-deficient properties can physically interact with slightly
positive hydrogen atoms in water, which may cause the

absorption peak at about 500 nm in the 4CzTPN NPs to
disappear. The PLQYs of 4CzTPN-Ph dissolved in THF and
NPs dispersed in water are determined to be 6.6% and 3.6%,
respectively. Compared with the PLQYs of the blue and green

Figure 2. (a) Electron donor−acceptor-based molecular structure of 4CzIPN. (b) Normalized absorbance and fluorescence spectra of 4CzIPN NPs
dispersed in deionized water (excitation wavelength, 380 nm; path length, 1 cm). (c) SEM image of 4CzIPN NPs. (d) DLS and PDI measurements
and (e) ζ potential of the 4CzIPN NPs. (f) Photographs of 4CzIPN molecules dissolved in THF under UV light (left) and 4CzIPN NPs dispersed in
deionized water under room light (middle) and UV light (right) (concentration: 40 μg/mL).

Figure 3. (a) Electron donor−acceptor-based molecular structure of 4CzTPN-Ph. (b) Normalized absorbance and fluorescence spectra of 4CzTPN-
Ph NPs dispersed in deionized water (excitation wavelength, 500 nm; path length, 1 cm). (c) SEM image of 4CzTPN-Ph NPs. (d) DLS and PDI
measurements and (e) ζ potential of the 4CzTPN-Ph NPs. (f) Photographs of 4CzTPN-Ph molecules dissolved in THF under UV light (left) and
4CzTPN-Ph NPs dispersed in deionized water under room light (middle) and UV light (right) (concentration: 40 μg/mL).
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counterparts discussed above, those of organic red-emitting
4CzTPN-Ph are relatively lower because of the limitation of the
energy-gap law.68 However, the emission is strong enough for
both one- and two-photon cellular imaging. Figure 3c shows an
SEM image of the 4CzTPN-Ph NPs, indicating that the as-
prepared 4CzTPN-Ph NPs possess a monodispersed spherical
shape with diameter below 100 nm. To confirm that the
morphologies of the FON samples were not affected by the
sample preparation process, we also observed morphologies of
the FON samples prepared by freeze-drying their dispersions.
As shown in Figure S2, the morphologies of FONs are basically
the same as those prepared by drying directly on a silicon wafer
(Figures 1c, 2c, and 3c). DLS measurement (Figure 3d)
presents a hydrodynamic diameter of 80.16 nm and a PDI value
of 0.067. Similar to the other two carbazole derivatives, the
formation of a hydrogen bond in a nitrile group leads to a
negative ζ potential of −22.3 mV on the surface of the
4CzTPN-Ph NPs (Figure 3e). These negative charge-induced
Columbic repulsions keep them from self-aggregation in the
dispersions. Figure 3f displays photographs of the 4CzTPN-Ph
molecules dissolved in a THF solution under UV light (left)
and the 4CzTPN-Ph NPs dispersed in water under UV
irradiation (right). Both free 4CzTPN-Ph molecules and
4CzTPN-Ph NPs show strong orange-red emission. The
presence of 4CzTPN-Ph NPs in water was also confirmed by
clear observation of the Tyndall effect (middle of Figure 3f). It
is worth noting that our as-prepared carbazole-based nanop-
robes show better water dispersibility compared with the
previously reported free carbazole derivatives. That is because
nanomaterials can achieve a high surface-to-volume ratio by

reducing their particle sizes. The significantly increased surface
area can increase the dissolution rate and saturation solubility of
the as-prepared nanostructures, which eventually leads to good
water dispersibility. Table 1 and Figures S3−S8 also show the
fluorescence lifetimes and fluorescence decay curves of 2CzPN,
4CzIPN, and 4CzTPN-Ph molecules dissolved in THF and
2CzPN, 4CzIPN, and 4CzTPN-Ph NRs/NPs dispersed in
deionized water. The orders of magnitude of the fluorescence
lifetime in molecules and NRs/NPs are similar, suggesting that
the formation of excimers is effectively suppressed.
Interestingly, we found that the three compounds have

similar structures but self-assembled into different nanostruc-
tures. We tentatively attributed this phenomena to the different
characteristics of the individual molecular structures. In blue-
emitter 2CzPN, there are less carbazole groups attached in the
central benzene compared with the other two molecules. The
two cyano groups are exposed outward and ready to contact
with other molecules easily in solid. Because of the donor−
acceptor structure (δ+−δ−), carbazoles display positive charges
(δ+) and cyano groups negative charges (δ−) in dipole
resonance. This feature may lead to donor−acceptor dipole−
dipole supramolecular interaction, which can help to form 1D
nanostructures.69 The form of supramolecular interaction can
follow the form of δ+−δ−---δ+−δ−---δ+−δ−---δ+−δ−.... In
contrast, more carbazole/phenylcarbazole groups in 4CzIPN
and 4CzTPN-Ph cause large steric hindrance, which reduces
the exposure of cyano groups to their surroundings, leading to
reduced donor−acceptor dipole−dipole supramolecular inter-
action. This may be the reason why 4CzIPN and 4CzTPN-Ph

Figure 4. Cell viabilities of different FONs against (a) the A549 cell line and (b) the Hela cell line at various concentrations after 24 h of incubation,
indicating that the as-prepared FONs have low cytotoxicity and good biocompatibility. Data represent the mean value ± standard deviation and n =
5.

Figure 5. TPA cross sections of (a) 2CzPN NRs, (b) 4CzIPN NPs, and (c) 4CzTPN-Ph NPs dispersed in deionized water. Insets are the
corresponding normalized emission spectra under TPE at 800 nm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b03259
ACS Appl. Mater. Interfaces 2016, 8, 11355−11365

11360

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03259/suppl_file/am6b03259_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03259/suppl_file/am6b03259_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b03259


form NPs instead of NRs. The largest negative ζ potential of
2CzPN also supports this view.
The cytotoxicities of the blue/green/red FONs after 24 h of

incubation with the A549 human lung cancer cells and Hela
human cervical cancer cells were evaluated using MTT assay
(Figure 4). The cell viabilities of these two cell lines are over
∼90% after incubation for 24 h. When the incubation period
extends to 48 h (Figure S9), the cell viabilities for both cell lines
are ∼85% even at a concentration of 100 μM. The results
demonstrate that the as-prepared nanomaterials have low
cytotoxicity toward both cancer cell lines at different

concentrations, confirming that the as-prepared FONs have
good biocompatibility.
To confirm the two-photon properties of our as-prepared

FONs, we measured both TPA cross sections and TPE
emission spectra of the FONs under excitation at 800 nm using
femtosecond laser pulses. As displayed in Figure 5, 2CzPN
NRs, 4CzIPN NPs, and 4CzTPN-Ph NPs display TPA cross-
sectional values of 45, 144, and 24 GM (Goeppert−Mayer unit,
with 1 GM = 10−50 cm4·s/photon) at 800 nm, respectively,
determined by using Rhodamine 6G in methanol as the
reference (the TPA cross-sectional value of Rhodamine 6G at

Figure 6. One-photon/two-photon cellular imaging and localization of the three FONs, monitored respectively with a fluorescence microscope
(excitation wavelength: 380−420 nm) and a laser scanning confocal fluorescence microscope (excitation wavelength: 800 nm) in a A549 cell (final
concentration: 8 μg/mL): (left column) bright-field channel; (middle column) FON channel; (right column) overlap of the above images. The scale
bar is 50 μm.

Figure 7. Confocal laser scanning microscopy z-stack images of the A549 cell incubated with the 2CzPN, 4CzIPN, and 4CzTPN-Ph nanoprobes,
respectively, indicating that the FONs can be successfully taken up into the cells (z step size, 1.08 μm; z volume, 6.5 μm).
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800 nm is 65 GM). Furthermore, the two-photon capabilities of
the different FONs were also proven by TPE emission spectra
under 800 nm femtosecond laser irradiation, as shown in the
insets of Figure 5. These emission wavelengths are similar to
those of the original FONs under one-photon excitation, as
displayed above. These results confirm the FONs’ potential for
TPA imaging.
To investigate the imaging capability of the three FONs,

both one- and two-photon fluorescence images were obtained
respectively with fluorescence microscopy and laser scanning
confocal fluorescence microscopy in a A549 cell. For the one-
photon imaging experiments, samples were excited at 380−420
nm. The TPE fluorescence imaging experiments were
performed under excitation at 800 nm. As shown in Figure 6,
intense cytoplasmic blue, green, and red fluorescence signals
from the 2CzPN, 4CzIPN, and 4CzTPN-Ph nanoprobes,
respectively, were clearly observed. After the bright-field and
fluorescence channels overlapped, the FONs were found to
mainly accumulate around the nuclear region. A z-stack of
confocal laser scanning microscopy images, as shown in Figure
7, confirms that the FONs can be successfully taken up and
localized in the cytoplasm and perinuclear region within the
cells rather than just being adsorbed on the surfaces of the cells.
Furthermore, it is worth noting that, in one-photon

fluorescence imaging, a homogeneous fluorescence signal can
be observed in the entire cytoplasm without further details;
fluorescence in the nucleus can also be observed, as indicated
by the white arrows shown in Figure 6. For comparison, two-
photon fluorescence imaging for FONs shows more
cytoplasmic details with no fluorescence signal from the
nuclear region. This shows that while the FONs have been
internalized into the cytoplasm, they cannot go into the cell
nucleus. The fluorescence signal from the nucleus for the one-
photon fluorescence images is likely to be due to autofluor-
escence of the nucleus.70 To further prove this point, control
groups without incubation with the FONs in both one- and
two-photon imaging experiments were carried out. As we
explained above, weak autofluorescence stemming from the
nucleus is observed in both blue and green channels in one-
photon fluorescence images when excited at 380−420 nm, as
displayed in Figure S10, while no autofluorescence could be
found in two-photon fluorescence images. In addition, there is
no signal observed in the red channel of one-photon
fluorescence images because autofluorescence of the nucleus
cannot reach the red emission range. These improvements

demonstrate that two-photon fluorescence imaging is more
effective in differentiating and distinguishing of cellular details
than the one-photon fluorescence imaging of FONs. All of the
results proved that carbazole-based FONs are promising
nanoprobes for both one- and two-photon fluorescence
imaging.
To further confirm the potential of FONs to serve as

effective fluorescence imaging agents, their photostabilities were
compared with that of fluorescein sodium. Fluorescein sodium
is one of the most stable commercially available fluorescent
organic dyes widely used for bioimaging.34,36 In addition, it also
has an excitation wavelength similar to those of the present
FONs. Fluorescein sodium is thus used as a reference for
comparing the photostability under the same conditions. As
depicted in Figure 8, there is little degradation in absorbance
and less bleaching in fluorescence of the three FONs compared
with fluorescein sodium after 40 min of irradiation with a xenon
lamp. For instance, the absorbance of the 4CzTPN-Ph NPs
retained more than 97.9% of the original value, while the
absorbance of fluorescein sodium was degraded to 15.2% within
the same irradiation time (Figure 8a). On the other hand, the
fluorescence intensity of the 4CzTPN-Ph NPs decreased to
77.7% after continuous irradiation for 40 min, while the
fluorescein sodium was greatly bleached to 13.4% (Figure 8b).
We also investigated the chemostability of the as-prepared
FONs in different environments such as PBS (pH 7.4) and
different pH value (5.2, 6.8, and 7.4) solutions obtained by
mixing buffer solutions of citric acid and Na2HPO4 in different
ratios. We used these three pH values because the micro-
environment in a tumor usually has a pH of ∼6.85 and endo/
lysosomes in cancer cells experience even lower pH values of
5.0−5.5. As displayed in Figure 8c, no fluorescence quenching
was observed at their maximum emission peaks (2CzPN NRs at
480 nm, 4CzIPN NPs at 540 nm, and 4CzTPN-Ph NPs at 600
nm) in both PBS and other buffer solutions with different pH
values compared with that in deionized water, demonstrating
that all three FONs exhibit good photostability. Besides the
photostabilities, we also confirmed the monodispersity
stabilities of these NRs and NPs. As shown in Figure S11, no
obvious agglomeration and aggregation can be observed in both
photographs of the FONs dispersed in deionized water and the
corresponding SEM images after 2 weeks of storage, indicating
their good size stabilities. These results reveal that the
carbazole-based FONs exhibit superior photostabilities and

Figure 8. Photostability of the as-prepared FONs. (a) Time-dependent photodegradation and (b) photobleaching of the FONs compared with
fluorescein sodium. (c) Fluorescence intensity of the FONs at different emission wavelengths in PBS (pH 7.4) and other buffer solutions with
different pH values (5.2, 6.8, and 7.4) compared with that in deionized water.
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good monodispersity stabilities, which are beneficial for their
potential bioimaging applications.

4. CONCLUSION

In summary, high-performance FONs of different colors were
developed by using three carbazole derivatives with donor−
acceptor structures, which endow them with high fluorescence
upon both one- and two-photon excitation. NRs/NPs of the
three carbazole derivatives obtained by reprecipitation show
good biocompatibility, photostability, and water dispersibility.
Cell imaging in the A549 cell line was performed with both
one- and two-photon excitation with good results. The
advantages of two-photon imaging showing more cellular
details and less influence from the background autofluorescent
signal were demonstrated. These results suggest that self-
assembled nanostructures of carbazole derivatives with donor−
acceptor molecular structure are promising high-performance
fluorescence probes for bioimaging.
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