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a b s t r a c t

Nanoparticle-assisted near-infrared (NIR) bioimaging and two-photon fluorescence microscopy (TPFM)
are two important technologies in biophotonic research. In this work, we synthesize the dye named 2-(4-
bromophenyl)-3-(4-(4-(diphenylamino)styryl)phenyl)fumaronitrile (TPABDFN), which had a large two-
photon absorption cross-section and bright NIR emission. The dyes were then encapsulated with
poly(styrene-co-maleic anhydride) (PSMA), forming fluorescent nanoparticles. The TPABDFN-PSMA
nanoparticles possessed high chemical and optical stability, good biocompatibility, as well as large
two-photon absorption cross-section (5.56 � 105 GM). Furthermore, we combined NIR bioimaging and
TPFM together, and utilized TPABDFN-PSMA nanoparticles as fluorescent contrast agents for two-photon
excited NIR microscopic imaging, with a 1040 nm-femtosecond laser. In vivo angiography of mice ear and
brain was performed. Due to the deep penetration capability of both 1040 nm-excitation and NIR
emission light, a very large in vivo microscopic imaging depth (~1.2 mm) was achieved. NIR emissive and
biocompatible TPABDFN-PSMA nanoparticles have great potential in disease diagnosis and clinical
therapies, where deep-tissue imaging is required.

© 2017 Published by Elsevier Ltd.
1. Introduction

Fluorescence imaging occupies a very significant position in the
field of life science and biomedicine [1], since it can offer high
spatial resolution [2,3] and sensitivity [4] to bio-samples. Deep-
tissue fluorescence imaging has attracted great attention, as it has
been widely used for functional brain imaging [5], sentinel lymph
node mapping [6], as well as tumor targeting [6] etc, which are
essential to clinical diagnosis and biomedical research.

The focusing ability and penetration depth of a light beam are
limited by the optical absorption and scattering of biological tissue.
n@zju.edu.cn (J. Qian).
Thus, the depth of fluorescence imaging is usually limited, and
becomes a bottleneck in practical biomedical applications. Near-
infrared (NIR) fluorescence imaging and two-photon fluorescence
microscopy (TPFM) are two kinds of deep-tissue fluorescence im-
aging approaches, since they overcome the obstacle arose from
tissue absorption and scattering to some extent.

The emission signal inNIRfluorescence imaging is usually located
in the spectral region of 700e900 nm [7]. In this region, light ab-
sorption of water is very small, and light scattering in tissue is not so
distinct. Thus, the penetration capability of emission signals in tis-
sues can be greatly enhanced, and this is the main reason why NIR
fluorescence imaging can realize a large imaging depth. However,
NIR fluorescence imaging is usually performed on a whole-body
in vivo imaging experiment and spatial resolution of this imaging
mode is usually limited. TPFM is another alternative for deep-tissue
bioimaging. Different from NIR fluorescence imaging, the

mailto:xubin@jlu.edu.cn
mailto:qianjun@zju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2017.04.017&domain=pdf
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2017.04.017
http://dx.doi.org/10.1016/j.dyepig.2017.04.017
http://dx.doi.org/10.1016/j.dyepig.2017.04.017


N. Alifu et al. / Dyes and Pigments 143 (2017) 76e85 77
femtosecond (fs) excitation wavelength in most TPFM located in
700e900nm,which is very helpful to increase the penetrationdepth
of excitation light.Moreover, due to the nonlinear excitationmode of
two-photon fluorescence, the region of bio-samples outside the
beam focus cannot be excited, and it is able to reduce the possibility
of photobleaching, as well as improve the spatial resolution of im-
aging. However, the emission signal of TPFM is usually in the visible
light region, and it has relatively large loss during the transmission in
biological tissues, which further limits the detection efficiency and
affects the imaging depth. Thus, it is necessary to combine the ad-
vantages of both NIR imaging and TPFM, and establish a new fluo-
rescence imaging technology called two-photon excited NIR
fluorescence microscopy (TPNIRFM), in order to further increase the
imaging depth, as well as spatial resolution.

Bioimaging research has promoted the development of fluo-
rescence nanomaterials and recently a variety of fluorescent
nanoparticles have been widely used in NIR fluorescence bio-
imaging and TPFM, such as quantum dots (QDs) [8,9], upconversion
nanoparticles (UCNPs) [10,11]. QDs have the advantages of high
brightness, tunable absorption and emission spectra [12,13].
However, QDs composed of heavymetal ions have potential toxicity
[14], and they are usually excreted slowly from the animal body
through the reticuloendothelial system [15]. The absorption and
emission spectra of UCNPs are sharp and tunable [16,17], and
UCNPs assisted bioimaging has a high signal to noise ratio. How-
ever, the long luminescence lifetime of UCNPs restricts the speed of
bioimaging, especially in scanning microscopy [18].

In this paper, we prepared an organic fluorescent dye named 2-
(4-bromophenyl)-3-(4-(4-(diphenylamino) styryl) phenyl) fumar-
onitrile (TPABDFN), which had a donor-acceptor (D-A) structure.
The long p-conjugation length endowed the organic dye with two
important features, which are long-wavelength (NIR) emission and
large two-photon absorption cross-section, and it met well with the
requirement of TPNIRFM. The commercially available polymer,
poly(styrene-co-maleic anhydride) (PSMA) was used to encapsu-
late TPABDFN, to form NIR emissive fluorescent nanoparticles. By
changing the weight ratio of TPABDFN to PSMA, the emission
quantum yield, as well as the peak emission wavelength of
TPABDFN-PSMA nanoparticles, could be easily tuned. Long-chain
PEG molecules were further conjugated with TPABDFN-PSMA
nanoparticles, which could avoid the capture of nanoparticles by
the reticuloendothelial/degradation system, and increase their
circulation time in live mice body. Chemically stable and biocom-
patible TPABDFN-PSMA nanoparticles were further used as fluo-
rescent contrast agents for TPNIRFM imaging, under the excitation
of a 1040 nm-fs laser. The 1040 nm-fs excitation light could pene-
trate deeper and focus better [19] in the biological tissue than the
700-900 nm-fs laser beam, while the latter one has been widely
utilized as the excitation source in commercial TPFM imaging
systems. In addition, the 1040 nm-fs excitation light could be easily
filtered away from the emission signals (600e900 nm) of
TPABDFN-PSMA nanoparticles. The NIR fluorescent nanoparticles
were then used to stain cancer cells, and in vitro TPNIRFM cell
imaging was performed. The TPABDFN-PSMA-PEG nanoparticles
were intravenously injected into mice, and in vivo ear and brain
angiography of live mice was realized. Due to the deep penetration
and good focusing capability of 1040 nm-fs excitation, as well as the
low loss of NIR emission in biological tissue, the imaging depth in
in vivo TPNIRFM of mice brain could reach as large as 1200 mm.

2. Experimental

2.1. Materials

2-(4-Bromophenyl) acetonitrile, iodine, sodium methoxide,
Ph3PþCH3Br�, t-BuOK, 4-(N,N-diphenylamino) benzaldehyde,
Pd(OAc)2, AgCO3, diethyl etherwerepurchased from J&KScientific Ltd.
Poly(styrene-co-maleic anhydride) (PSMA), methoxypolyethylene
glycol amine (mPEG-NH2), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC), 1-hydroxy-2,5-pyrrolidinedione
(NHS) were purchased from Sigma.

2.2. Methods

The NMR (1H NMR and 13C NMR) spectra of TPABDFN were
recorded using a Bruker AvanceⅢ 500 instrument at 500 MHz. The
mass spectra of TPABDFN were recorded on an Agilent 1100 LC-MS
system. The FTIR spectra of TPABDFN were measured by a Fourier
Transform Infrared Spectrometer (FTIR) (Bruker, IFS66V). The DSC
curves of the TPABDFN were measured by a Thermal Analysis sys-
tem (Perkin-Elmer) at heating rate of 10 K/min and nitrogen flow
rate of 80 mL/min. The self-assembly process was completed using
a bath sonicator (Bransonic, MH 2510). TEM images of TPABDFN-
PSMA and TPABDFN-PSMA-PEG nanoparticles were captured by a
JEOL JEM-1200EX microscope operated at 160 kV. UV-vis absorp-
tion spectra of TPABDFN, TPABDFN-PSMA and TPABDFN-PSMA-PEG
nanoparticles were recorded with a Shimadzu UV-3600 UV-vis
spectrophotometer. Photoluminescence (PL) spectra of TPABDFN,
TPABDFN-PSMA and TPABDFN-PSMA-PEG nanoparticles were
collected on a Shimadzu RF-5301 PC spectrophotometer. PL effi-
ciency of solid state TPABDFN was measured using an integrating
sphere (C-701, Labsphere Inc.) equipped with a 365 nm Ocean
Optics LLS-LED as the excitation source. The DLS measurements of
TPABDFN-PSMA and TPABDFN-PSMA-PEG nanoparticles were
performed using a Malvern Zetasizer Nano ZS size analyser at room
temperature. Two-photon fluorescence spectra of TPABDFN-PSMA
nanoparticles, which were excited by a 1040 nm-fs laser [from an
amplified output of a large-mode-area ytterbium-doped photonic
crystal fiber (PCF) oscillator (150 fs, 50 MHz)] were measured by a
home-built system and collected with an optical fiber spectrometer
(PG2000, Ideaoptics Instruments).

2.3. Synthesis of 2,3-bis(4-bromophenyl) fumaronitrile (1)

2-(4-Bromophenyl) acetonitrile (5.00 g, 25.5 mmol) and iodine
(6.57 g, 25.5 mmol) were dissolved in dry diethyl ether (100 mL).
Sodiummethoxide (2.89 g, 5.3 mmol) in methanol solution (8.68 g,
14.61 mL) was added slowly (over a period of 30 min) into the re-
action solution at a dry-ice temperature, under an argon atmo-
sphere. The reaction solution was allowed to warm up by replacing
the dry-ice bath with an iceewater bath before the temperature
rose above 0 �C. The reaction solution was further stirred for
another 3e4 h, and the reaction was then quenched with 5% hy-
drochloric acid. After stirring for another 12 h, the resulting solu-
tion was filtered to isolate the solid, which was rinsed with cold
methanol and water. The resulting mixture was then dried further
reaction. Compound 1 (3.11 g, 63% yield); 1H NMR (CDCl3, 500MHz)
d [ppm]: 7.67e7.72 (m, 8H, 1-benzene).

2.4. Synthesis of 2-(4-bromophenyl)-3-(4-(4-(diphenylamino)
styryl) phenyl) fumaronitrile (TPABDFN)

Ph3PþCH3Br� (2.31 g, 6.5 mmol) and t-BuOK (0.89 g, 8 mmol)
were dissolved in dry tetrahydrofuran (80 mL) at an ice tempera-
ture, under an argon atmosphere. The reaction solution was stirred
for 1 h, and 4-(N, N-diphenylamino) benzaldehyde (1.36 g, 5 mmol)
in dry tetrahydrofuran (40 mL) was added slowly (over a period of
30 min) into the reaction solution under an argon atmosphere. The
reaction solutionwas further stirred for 12 h. The resulting solution
was filtered to isolate the solid, which was rinsed with
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tetrahydrofuran. The organic solution was further purified by the
column chromatography (silica gel; DCM: n-hexane ¼ 1: 3). Com-
pound 2 was obtained as a white solid in 69% yield. Compound 1
(200 mg, 0.52 nmol), Compound 2 (140 mg, 0.52 mmol), Pd(OAc)2
(6 mg, 0.026 mmol), and Ag2CO3 (85 mg, 0.31 mmol) were dis-
solved in toluene (10 mL) at a 50 mL Schlenk tube. The reaction
solutionwas further stirred at 100 �C for 18 h. The resulting solution
was filtered to isolate the solid, which was rinsed with DCM. The
organic solutionwas purified by the column chromatography (silica
gel; DCM: n-hexane¼ 2: 1). TPABDFNwas obtained as a red solid in
62.8% yield. The melting point of TPABDFN is 201.5 �C; IR (KBr,
cm�1) wavenumber: 4000, 3500, 3000, 2500, 2000, 1500, 1000,
500; 1H NMR (DMSO, 500 MHz) d [ppm]: 7.82 (ddd, J ¼ 13.8, 8.6,
6.0 Hz, 8H), 7.55 (d, J¼ 8.7 Hz, 2H), 7.43 (s, 1H), 7.39 (s, 1H), 7.33 (dd,
J ¼ 8.3, 7.5 Hz, 4H), 7.22 (s, 1H), 7.19 (s, 1H), 7.11e7.03 (m, 6H), 6.96
(d, J ¼ 8.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) d [ppm]: 148.50,
147.55, 141.94, 132.82, 131.80, 131.43, 130.51, 130.44, 130.21, 129.62,
129.39, 128.08, 127.07, 126.52, 125.94, 125.23, 125.09, 123.68,
123.20, 122.53, 116.98, 116.71, 77.51, 77.25, 77.00, 0.24. HRMS: m/z
(EI) found [MþH]þ 579.1908; molecular formula C36H24BrN3 re-
quires [MþH]þ 579.5000.

2.5. Synthesis of TPABDFN-PSMA nanoparticles

TPABDFN-PSMA nanoparticles were prepared by using a self-
assembly method as described previously [20,21]. Typically,
TPABDFN (10 mg) was added in a 10 mL volumetric flask, and then
diluted with THF to make stock solution A (1 mg/mL). Stock solu-
tion B containing PSMA (1 mg/mL) was prepared with the similar
method. 200 mL stock solution B and stock solution Awith different
volumes (200 mL, 100 mL, 50 mL, 33.3 mL, and 25 mL, 20 mL, and 8 mL)
were mixed to produce a solution mixture. After dilution to 1 mL
with THF, the mixture was quickly added to 5 mL MilliQ water
under the ultrasonication to form TPABDFN-PSMA nanoparticles.
During the reaction, the maleic anhydride units in PSMAmolecules
were hydrolyzed in the aqueous environment, generating carboxyl
groups on the nanoparticles. The THF was completely removed
under a steady stream of nitrogen and the nanoparticles were
filtered with a 0.22 mm filter. The dispersions of TPABDFN-PSMA
nanoparticles were clear and stable for months without signs of
aggregation.

2.6. Synthesis of TPABDFN-PSMA-PEG nanoparticles

TPABDFN-PSMA-PEG nanoparticles were synthesized by using
the EDC-catalyzed reaction between the carboxyl groups on the
surface of TPABDFN-PSMA nanoparticles and the amine groups on
mPEG-NH2. The TPABDFN-PSMA nanoparticles were concentrated
to 10 mL (220 mg/mL of TPABDFN), followed by the addition of
200 mL of EDC (1 mmol) and 200 mL of NHS (1 mmol) for 10-min-
reaction. 20 mg mPEG-NH2 (1 mmol) was then added into the
mixed solution to react for 2 h at room temperature. The resulting
mixture was kept rotating for 6 h at room temperature. The
TPABDFN-PSMA-PEG nanoparticles were purified by dialyzing the
mixed solution against deionized water for 3 days. Finally, the
aqueous dispersion of TPABDFN-PSMA-PEG nanoparticles was
concentrated to 10 mL, and the final concentration was calibrated
according to its absorption spectrum.

2.7. Cell viability analysis

The cytotoxicity of TPABDFN-PSMA nanoparticles towards HeLa
cells was evaluated by following the instructions of cell counting
kit-8 (CCK-8). 5000 cells/well in a 100 mL suspension were incu-
bated in 96-well plates for 24 h. Then, 100 mL fresh culture medium
containing TPABDFN-PSMA nanoparticles with various concentra-
tions (ranging from0 to 25.6 mg/mL)was added into eachwell. After
incubation for 24 h, the culture medium was removed and the cell
well was washed three times with PBS. In the end, 100 mL culture
medium containing CCK-8 (10%) was added into each well for 2 h,
and the absorbance at 450 nm was measured with a microplate
reader (Thermo, USA).

2.8. Animal preparation

All the animal experiments were performed strictly in compli-
ance with the requirements and guidelines of the Institutional
Ethical Committee of Animal Experimentation of Zhejiang Univer-
sity. The ICR mice (~18 g, female) and nude mice (18e20 g, male)
were obtained from the Laboratory Animal Center of Zhejiang
University (Hangzhou, China). The mice were housed in cages at
24 �C with a 12 h light/dark cycle and were fed with standard
laboratory water and chow.

2.9. Histology

TPABDFN-PSMA-PEG nanoparticles (in 300 mL 1� PBS, 0.125mg/
mL) were intravenously injected into the ICR mice. 24, 48, and 72 h
later, both the experimental mice (with the injection of nano-
particles), and controlmice (without the injection of nanoparticles),
were sacrificed. Their major organs (heart, liver, lung, kidney, brain
and spleen) were removed for histological analysis. Tissue samples
were harvested and fixed in 4% paraformaldehyde overnight at 4 �C.
The samples were embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E). The histological sections were
imaged under an inverted optical microscope (40�).

2.10. In vivo TPNIRFM imaging of ear blood vessels

300 mL PBS (1�) solution of TPABDFN-PSMA- PEG nanoparticles
(0.125 mg/mL) were intravenously injected into the ICR mice. The
mice in the control group were intravenously injected with 300 mL
PBS (1�). The mice were anesthetized and placed on a Petri dish
with one ear attached to the coverslip, and put under the afore-
mentioned two-photon fluorescence scanning microscope for im-
aging. The 1040 nm fs laser beam was focused by the water-
immersed objective lens (25�/1.05, Olympus) onto the earlobe
immersed in water. The two-photon fluorescence signals of nano-
particles (from the mouse ear) passed through a 590 nm long pass
filter, and collected by a photomultiplier tube (PMT) via non-
descanned detection (NDD) mode.

2.11. In vivo TPNIRFM imaging of brain blood vessels

A cranial window microsurgery on the mouse brain was per-
formed. Briefly, mice were anesthetized and a small piece of skull
was excised using a dental drill. The surgery was operated under
sterile conditions to avoid infections and any damage to the dura
mater, as well as ensure that the mice could live well during the
whole imaging process. The mice were then intravenously injected
with 300 mL PBS (1�) solution of TPABDFN-PSMA-PEG nano-
particles, and placed under the aforementioned two-photon fluo-
rescence scanning microscope after anesthetized. For the
description of the immobilization of mice's heads and how the
objective of the upright two-photon scanning microscope was ar-
ranged to contact the mice brain, we refer to our previous work
[22]. The two-photon fluorescence signals of nanoparticles (from
the mouse brain) passed through a 590 nm long pass filter, and
collected by a photomultiplier tube (PMT) via non-descanned
detection (NDD) mode.



Fig. 1. Preparation and optical characterization of TPABDFN. (a) Synthetic routes to
TPABDFN. (b) Absorption (black dotted line) and fluorescence (red line) spectra of
TPABDFN in solid state. Absorption (blue dotted line) and fluorescence (orange line)
spectra of TPABDFN in THF. lexcitation ¼ 380 nm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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2.12. Measurements of two-photon absorption cross-section

Two-photon action cross-section (hd) is the product of two-
photon cross-section (d) and fluorescence quantum yield (h), and
it is a parameter describing how bright a fluorophore is under two-
photon excitation. Herein, the two-photon cross-sections (d) of
TPABDFN-PSMA nanoparticles was measured, via a two-photon
induced fluorescence method [19,23]. The amplified output of the
large-mode-area ytterbium-doped photonic crystal fiber (PCF)
oscillator (1040 nm, 150 fs, 50 MHz) was adopted for the mea-
surement of d at 1040 nm. The fs laser beam was focused onto the
sample in a cuvette by a lens (f ¼ 40 mm), and the focus was near
the edge of the cuvette to minimize self-absorption of two-photon
fluorescence signal by the sample. The signal from the sample was
collected by an objective (20 � , NA ¼ 1.00), which was perpen-
dicular to the laser beam propagation direction, filtered by a
775 nm short-pass optical filter, and directed into a spectrometer
(PG2000, Ideaoptics Instruments). Rhodamine B (RhB) in methanol
was used as reference [24].

The two-photon cross-sections of TPABDFN-PSMA nano-
particles was calculated according to the following equation [25]:

d1
d2

¼ F1h2c2n2
F2h1c1n1

where d is the two-photon absorption cross-section, F is the two-
photon fluorescence intensity, h is the fluorescence quantum
yield (QY), c is the molar concentration, n is the refractive index of
the solvent, and the subscripts 1 and 2 represent the sample
(TPABDFN-PSMA nanoparticles in water) and the reference (RhB in
methanol).

3. Results and discussion

3.1. Synthesis and characterizations of TPABDFN

TPABDFN was designed based on the molecules reported by X.
Shen et al. [20] and X. Han et al. [21]. The molecules described in the
work by X. Han et al., has a simpler structure and brighter NIR
emission, as well as simple synthesis. Thus, triphenylamine with a
twisted structure was chosen as the donor part in the TPABDFN
molecule, and it was connected with the fumaric acid nitrile via a
double bond. The reason for introducing a double bond was to in-
crease the p-conjugation length of the molecule, which was helpful
to obtain longer-wavelength (NIR) emission and larger two-photon
absorption cross-section. According to the synthetic routes shown
in Fig. 1a TPABDFN was obtained as a red solid in 62.8% yield. The
purified product was characterized using standard spectroscopic
methods. Examples of its 1H NMR and 13C NMRspectra are shown in
Figs. S1eS4 shows the high-resolution mass spectrum of TPABDFN
molecule. Fig. S6 shows the FTIR spectrum of the TPABDFN powder.
Fig. S5 shows the DSC curve of the TPABDFN powder. According to
Figs. S2eS7, we demonstrated the complete characterization of
TPABDFNmolecular synthesis. Fig.1b shows thefluorescence spectra
of TPABDFN in the solid state (PL lpeakz800 nm) and in tetrahy-
drofuran (THF) solution (PL lpeakz710 nm). The quantum yield (QY)
of TPABDFN dissolved in THF and in solid state were 1.03% and 5.9%,
respectively. According to the absorption spectra in Fig.1b, TPABDFN
in both solution and solid state had absorption peaks in the blue
spectral region, which were mainly due to the p-p* transition [26].

TPABDFN in THF solution exhibited a broader fluorescence
emission spectrum, as well as lower fluorescence efficiency. Since
the triphenylamine groups in the TPABDFNmolecules could vibrate
and rotate freely in THF solution, they consumed the excited state
energy by non-radiative transition, which reduced the fluorescence
efficiency and lifetime, as well as broadened the emission spectrum
[27,28]. In addition, the Stokes-shift of TPABDFN in THF solution
was about 330 nm, which means that the structure of the ground
state and excited state were significantly different. The fumaric acid
nitrile group inside the TPABDFN molecule had two cyano groups,
which had strong electron-withdrawing ability. The N atom in the
triphenylamine group had lone pair of electrons, which was con-
nected to the fumaric acid nitrile group via double bond, forming a
strong donor group. The whole TPABDFN molecule was a donor-
acceptor structure, which could help to reduce the orbital overlap
of the excited state and form a charge transfer state.

From the theoretical calculation results showed in Fig. S7, it can
be found that at the optimized gaseous state structures, the HOMO
(Highest Occupied Molecular Orbital) basically focused on the tri-
phenylamine unit, while for LUMO (Lowest Unoccupied Molecular
Orbital), electron cloud all distributed in the fumaric acid nitrile
unit. The corresponding energy levels of the HOMO and LUMO
were respectively �5.07 eV and �2.83 eV (bandgap was 2.24 eV).
The results of the ground state structure indicate that the TPABDFN
molecule had unidirectional dipole (Dipole moment ¼ 5.79 debye),
and the dipole moment direction was from the fumaric acid nitrile
unit to the triphenylamine unit (obtained by theoretical simulation
showed in Fig. S8). The solid state TPABDFN had a stronger fluo-
rescence emission and the emission had an apparent blue-shift
compared with that of TPABDFN in THF solution. This is due to
the reason that the structure of solid state TPABDFN is more dis-
torted than that of TPABDFN in THF solution [29].

3.2. Synthesis and characterizations of TPABDFN-PSMA
nanoparticles

TPABDFN molecules were encapsulated with PSMA polymer
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(Fig. 2a) at a weight ratio (TPABDFN: PSMA) of 1:25. The
morphology of the TPABDFN-PSMA nanoparticles was character-
ized by TEM (Fig. 2c), and the average size of nanoparticles was
Fig. 2. (a) An illustration of the fabrication of TPABDFN-PSMA nanoparticles (TPABDFN: PSM
(TPABDFN: PSMA ¼ 1: 25). (c) A TEM image of TPABDFN-PSMA nanoparticles, scale bar: 10
nanoparticles. Inset: bright filed (under daylight lamp) and fluorescence (under UV lamp)
TPABDFN-PSMA nanoparticles with different weight ratios (TPABDFN: PSMA). (f) Emission q
PSMA), lexcitation ¼ 380 nm. (For interpretation of the references to colour in this figure leg
about 40 nm. Fig. 2d shows the absorption and fluorescence spectra
of TPABDFN-PSMA nanoparticles in aqueous dispersion, and the
absorption peak was at 480 nmwhile the fluorescence peak was at
A ¼ 1: 25). (b) An illustration of the fabrication of TPABDFN-PSMA-PEG nanoparticles
0 nm; (d) Absorption (blue line) and fluorescence spectra (red line) of TPABDFN-PSMA
photographs of TPABDFN-PSMA nanoparticles. (e) Normalized fluorescence spectra of
uantum yield of TPABDFN-PSMA nanoparticles with different weight ratios (TPABDFN:
end, the reader is referred to the web version of this article.)
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678 nm. Compared with the emission peak (710 nm) of TPABDFN in
solid state, the emission of TPABDFN-PSMA nanoparticles in
aqueous dispersion was blue-shifted. This is because the benzene
rings of the PSMA inserted among TPABDFN molecules and
increased their molecular spacing, as well as weakened the inter-
action among neighboring molecules.

Furthermore, TPABDFN-PSMA nanoparticles with different
weight ratios (TPABDFN: PSMA) were synthesized, respectively. It
was found that the emission wavelength of TPABDFN-PSMA
nanoparticles was tunable when changing the weight ratio of
TPABDFN and PSMA. For example, when the amount of TPABDFN
was kept constant and the amount of PSMA was increased (e.g.,
TPABDFN: PSMA ¼ 1:1, 1:2, 1:4, 1:6, 1:8, 1:10, 1:25), the peak
fluorescence wavelength of TPABDFN-PSMA nanoparticles gradu-
ally blue-shifted, from 706 nm to 676 nm (Fig. 2e). This is because
when increasing the amount of PSMA, more benzene rings of the
PSMA inserted among TPABDFN molecules and the interaction
among neighboring TPABDFN molecules was weakened more. In
addition, when changing the weight ratio of TPABDFN and PSMA in
TPABDFN-PSMA nanoparticles, the emission QY of nanoparticles
were also affected. As shown in Fig. 2f, the QY could be tuned from
1.7% to 16.9%, when the weight ratio (TPABDFN: PSMA) changed
from 1:1 to 1:25.

3.3. PEG grafting on TPABDFN-PSMA nanoparticles

PEG is a biocompatible polymer and it can stablize TPABDFN-
PSMA nanoparticles as well as improve the long circulation of
nanoparticles in an animal body during in vivo experiments [30].
mPEG-NH2 molecules were covalently conjugated with TPABDFN-
PSMA nanoparticles (TPABDFN: PSMA ¼ 1:25), as shown in
Fig. 2b. The TPABDFN-PSMA-PEG nanoparticles were water
Fig. 3. (a) Emission intensity comparison between freshly synthesized TPABDFN-PSMA nan
values (1e12). (b) Viability of HeLa cells after incubation with TPABDFN-PSMA-PEG nanopa
from a mouse receiving no injection (down) and a mouse injected with TPABDFN-PSMA-PE
dispersible, and could keep stable for several months. Nano-
particles were further characterized by TEM images (insets in
Fig. S9a and b) and dynamic light scattering (DLS, Fig. S9a and b).
Before PEG grafting, TPABDFN-PSMA nanoparticles had an average
hydrodynamic size of ~71.29 nm (Fig. S9a), while after PEG grafting,
the average hydrodynamic size of TPABDFN-PSMA-PEG nano-
particles was ~110.06 nm (Fig. S9b). Furthermore, even after PEG
modification, the absorption spectrum of TPABDFN-PSMA-PEG
nanoparticles was similar with that of TPABDFN-PSMA nano-
particles, and had no distinct shift of the peak fluorescence wave-
length (Fig. S10). The above results illustrated that PEG molecules
have been successfully grafted on the surface of TPABDFN-PSMA
nanoparticles without any aggregation.

3.4. Chemical stability

In order to understand the chemical stability of TPABDFN-PSMA
nanoparticles, the fluorescence intensities of TPABDFN-PSMA
nanoparticles were recorded in, with pH values varying from 1 to
12, for 24 h. As shown in Fig. 3a, the variations of emission in-
tensities of TPABDFN-PSMA nanoparticles were less than 10% in all
experimental conditions (normalized by the emission intensity at
pH¼ 7, 0 h), indicating that TPABDFN-PSMA nanoparticles could be
dispersed uniformly and stably in various chemical environments
for at least 24 h.

3.5. Toxicity of TPABDFN-PSMA nanoparticles

Fig. 3b showed the relative viabilities of HeLa cells treated with
TPABDFN-PSMA-PEG nanoparticles after 24 h. The cells treated
with TPABDFN-PSMA-PEG nanoparticles maintained very high vi-
abilities, and it was still larger than 95% (Fig. 3b) even when the
oparticles and TPABDFN-PSMA nanoparticles after a 24 h-treatment with different pH
rticles with various concentrations for 24 h. (c) Microscopic images of tissue sections
G nanoparticles for 24 h (up). Scale bar: 50 mm.
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concentration of TPABDFN-PSMA-PEG nanoparticles was as high as
0.0256 mg/mL. Furthermore, in vivo biocompatibility of TPABDFN-
PSMA-PEG nanoparticles was assessed by using a histopathology
examination. 24 h post-administration of TPABDFN-PSMA-PEG
nanoparticles, mice had no inflammation or abnormalities on
their major organs (hear, liver, spleen, lung, kidney and brain,
Fig. 3c), during the accumulation of TPABDFN-PSMA-PEG nano-
particles via the blood circulation, suggesting that TPABDFN-PSMA-
PEG nanoparticles were highly biocompatible. Similar results were
observed in the organs of mice, which were harvested 48 and 72 h
post the administration of TPABDFN-PSMA-PEG nanoparticles
(Fig. S11). The low cytotoxicity and high biocompatibility of
TPABDFN-PSMA-PEG nanoparticles make them excellent optical
probes for various in vitro and in vivo bioimaging applications.

3.6. Two-photon fluorescence properties of TPABDFN-PSMA
nanoparticles

A 1040 nm-fs laser [from an amplified output of a large-mode-
Fig. 4. (a) Two-photon fluorescence spectrum of TPABDFN-PSMA nanoparticles under the 1
TPABDFN-PSMA nanoparticles on excitation intensity of 1040 nm-fs laser. (c) Energy tran
TPABDFN-PSMA nanoparticles in capillary.
area ytterbium-doped photonic crystal fiber (PCF) oscillator (150
fs, 50 MHz)] was used for two-photon study of aqueous dispersion
of TPABDFN-PSMAnanoparticles in a cuvette (Fig. S14). As shown in
Fig. 4a, the two-photon fluorescence spectrum of nanoparticles
ranged from 500 to 950 nm (with the maximum located at
700 nm). The envelope of fluorescence spectrum was very similar
to that under one-photon excitation (Fig. 2d). That means in both
one-photon (Fig. S13) and two-photon processes (Fig. 4c), the
excited TPABDFN-PSMA nanoparticles were finally relaxed to the
same lowest excited electronic-vibrational state(s), fromwhich the
luminescence emission occurred. Thus, when they were excited by
a 1040 nm laser, they need to absorb two photons simultaneously
(Fig. 4c). To verify that the observed luminescence was induced by
two-photon excitation, we measured series of emission intensities
of TPABDFN-PSMA nanoparticles under the fs laser excitation with
various powers. As shown in Fig. 4b, the two-photon fluorescence
intensity was proportional to the square of the fs excitation in-
tensity, confirming the characterization of a two-photon process
[31]. The TPNIRFM image of TPABDFN-PSMA nanoparticles in
040 nm-fs excitation. (b) Square dependence of two-photon induced luminescence of
sition diagrams describing two-photon excited fluorescence. (d) A TPNIRFM image of



Fig. 5. TPNIRFM images of TPABDFN-PSMA-PEG nanoparticles stained ear blood vessels in the mouse, at various vertical depths: (a) 0 mm, (b) 75 mm, (c) 125 mm, (d) 150 mm, (e)
165 mm, and (f) 180 mm; (g) A stacked TPNIRFM image from a depth of 0 mme180 mm. (h) A 3D reconstructed TPNIRFM image. Scale bar: 100 mm.
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capillary was shown in Fig. 4d. Thanks to the distinct two-photon
fluorescence of nanoparticles, the morphology of capillary could
be clear visualized. Furthermore, the two-photon absorption cross-
sections (d) of TPABDFN-PSMA nanoparticles was measured, which
was about 5.56 � 105 GM. It illustrated the nanoparticles possessed
very distinct two-photon absorption effect, which was very helpful
to the deep-tissue TPNIRFM imaging.

3.7. In vivo TPNIRFM imaging of TPABDFN-PSMA-PEG nanoparticles
in blood vessels of a mouse ear

First, we used a mouse ear vessel model to examine the capa-
bility of TPABDFN-PSMA-PEG nanoparticles in in vivo TPNIRFM
imaging. Fig. 5aef showed the images of TPABDFN-PSMA-PEG
nanoparticles at various depths of the mouse ear skin, under the
1040 nm-fs-excitation. Aside from the small capillaries located
throughout the dermis, major veins and arteries located deeper
within the dermis could also be observed. Fig. 5h showed a 3D
reconstructed image of the blood vasculature network within a
region of the ear dermis. In the control mouse (injected with
1 � PBS), no obvious autofluorescence from ear vessels could be
observed even when the excitation power was very high (Fig. S18).
Combining the above results, it could be confirmed that the TPNIRF
signals detected from the ear blood vessels of mice, which were
treated with the sample, were indeed from the TPABDFN-PSMA-
PEG nanoparticles flowing in the blood vessels. TPABDFN-PSMA-
PEG nanoparticles hold great promise to serve as an alternative
contrast agent for intravital blood vasculature imaging.

Furthermore, we also used the mouse ear vessel model to
examine the supersession of TPABDFN-PSMA-PEG nanoparticles
inside the mouse body, based on the in vivo TPNIRFM imaging.
Fig. S19 shows the imaging results of ear blood vessel of mice at
various time points post TPABDFN-PSMA-PEG nanoparticles in-
jection. 1 h after sample treatment, bright two-photon fluorescence
was observed in the ear blood vessels of mouse (Fig. S19a). 6 h post
the treatment, the two-photon fluorescence decreased in the blood
vessels (Fig. S19b), due to the clearance of TPABDFN-PSMA-PEG
over time. 12 h after sample injection, some weak two-photon
fluorescence from TPABDFN-PSMA-PEG could still be detected
(Fig. S19c). 24 h later, no luminescence signal could be observed
from the blood vessels (Fig. S19d). The above results demonstrate
that TPABDFN-PSMA-PEG nanoparticles could circulate in the
mouse body for at least 12 h, which is very helpful to long-term
in vivo imaging and tracing.

3.8. In vivo TPNIRFM imaging of TPABDFN-PSMA-PEG nanoparticles
in blood vessels of a mouse brain

In vivo TPNIRFM imaging of mouse brain vessels was performed
by using TPABDFN-PSMA-PEG nanoparticles. A cranial window
surgery was performed on the brain of an ICR mouse (18 g. female),
and 300 mL TPABDFN-PSMA-PEG nanoparticles in 1 � PBS
(0.125 mg/mL) was then intravenously injected into the mouse. The
surgery treated area of the brain was chosen for TPNIRFM imaging.
Fig. 6aeh showed the TPNIRFM images of the mouse brain at
various depths, under the 1040 nm fs excitation. Thanks to the two-
photon fluorescence of TPABDFN-PSMA-PEG nanoparticles, the
major blood vessels and smaller capillaries in the pia mater could
be visualized clearly.

A stack image (Fig. 7a) was acquired when the step depth was
set as 2 mm (2 ms/pixel, 512 � 512 pixels). Fig. 7b showed a 3D
reconstructive TPNIRFM image of the blood vasculature network
within a region of the mouse brain, and the imaging depth reached
~1200 mm, which was larger than that of any TPFM imaging per-
formed on commercial systems. To the best of our knowledge, it
was also the largest two-photon microscopic imaging depth by
using 1040 nm (or nearby)-fs laser as the excitation source [32,33].
We attributed it to the deep penetration and good focusing capa-
bility of 1040 nm-fs excitation, as well as the low loss of NIR
emission in biological tissues. In the control mouse (without the
treatment of nanoparticles), no obvious autofluorescence from
brain vessels could be detected even when the excitation power
was very high (Fig. S20). These above experimental results
demonstrated that TPNIRFM imaging of TPABDFN-PSMA-PEG



Fig. 6. TPNIRFM images of TPABDFN-PSMA-PEG nanoparticles stained brain blood vessels in the mouse at various depths: (a) 50 mm, (b) 300 mm, (c) 500 mm, (d) 600 mm, (e) 700 mm
and (f) 900 mm (g) 1100 mm and (h) 1200 mm. Scale bar: 100 mm.
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nanoparticles excited by 1040 nm fs laser is advantageous for high
contrast and ultra-deep in vivo imaging.
Fig. 7. (a) A stacked TPNIRFM image from a depth of 0 mme1200 mm. (b) A 3D reconstructe
the mouse. Scale bar: 100 mm.
4. Conclusion

In summary, an organic dye 2-(4-bromophenyl)-3-(4-(4-
d TPNIRFM images of TPABDFN-PSMA-PEG nanoparticles stained brain blood vessels in
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(diphenylamino)styryl)phenyl) fumaronitrile (TPABDFN) with large
two-photon absorption cross-section and bright NIR emission has
been presented. By encapsulation with poly(styrene-co-maleic
anhydride) (PSMA), TPABDFN-PSMA nanoparticles show high
chemical and optical stability, large two-photon absorption (TPA)
cross-section (5.56 � 105 GM), as well as bright NIR emission.
mPEG-NH2 is further grafted onto the nanoparticles, to afford good
biocompatibility. TPABDFN-PSMA nanoparticles are utilized as
fluorescent contrast agents for two-photon excited NIRmicroscopic
imaging, under 1040 nm-femtosecond excitation. In vivo angiog-
raphy of mice ear and brain is performed, and due to the deep
penetration capability of both 1040 nm-excitation and NIR emis-
sion light, a very large imaging depth of 1200 mmwas achieved. NIR
emissive and biocompatible TPABDFN-PSMA nanoparticles have
provided an effective platform for disease diagnosis and clinical
therapies, where deep-tissue imaging is required.
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