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Fluorescence sensing and imaging combined with fluores-
cence microscopy technology has revolutionized human
ability to study and visualize complex life phenomena at the
molecular level to understand the cellular events with
least ambiguity. Being a simple, fast, direct detection sys-
tem with real-time monitoring capability, fluorescence
sensing is highly demanding for in vitro as well as in vivo
analysis in the recent time. In this special issue, we aim to
create a platform for introducing the recent advances in
the field of fluorescence-based analysis and imaging
techniques.

"e promising features of fluorescence analysis in turn
have inspired a quest for novel fluorescent materials/
fluorophores as well as fluorescence probes/sensors with
various applications in imaging. In this respect, development
of fluorescent materials based on quantum dots has attracted
the current research. Importantly, due to advantageous fea-
tures of lower cytotoxicity, organic quantum dots are pre-
ferred over inorganic ones. In this issue, Zhang et al. report
a facile, green, and high-output synthesis of highly fluorescent
nitrogen-doped carbon quantum dots which show strong
blue fluorescence along with high photostability and excellent
biocompatibility. "e carbon dots further find the utility as
a fluorescence probe for cell imaging as well as for detection of
Fe3+ in serum.

Due to superiority of two-photon excitation-based im-
aging techniques, especially in the field of medical sciences,

development of novel two-photon fluorophores is of highest
priority. Kim and coworkers introduce a novel two-photon
excitable fluorophore-benzo[g]coumarin and summarize
the photophysical properties and synthetic methods along
with the promising applications for bioimaging and sensing
of biologically important species using benzo[g]coumarin
analogues. An advanced application of two-photon intravital
fluorescence microscopy is further demonstrated by Hyun
and coworkers to report the sensing of vascular permeability
from the inflamed vessel of live animals. "e investigation
shows how blood vessel is ruptured and vascular leakage
occurs during acute inflammation in correlation with
neutrophil infiltration at the subvascular level under in-
flammatory condition in the cremaster muscle of mice.
Compared to the previously reported methods, this in-
travital imaging method helps to measure more accurate
vascular leakage in terms of time and location in vivo.

As the current research on fluorescence sensing and
imaging is majorly focused on disease diagnosis, accord-
ingly development of diagnostic imaging agents for disease
biomarkers is also important. Park et al. develop a pyr-
idazine-based fluorescent probe targeting amyloid-beta (Aβ)
peptides, the neuropathological hallmarks of Alzheimer’s
disease (AD). Besides the key features of selective detection
and imaging of Aβ plaques through strong fluorescence
enhancement, the reasonable hydrophobic nature for blood-
brain barrier (BBB) penetration would be helpful to use the
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probe as a promising imaging agent for AD diagnosis in the
near future.

Biomolecule labeling is a common trend, in the recent
time, to visualize and track the various biological processes.
In the course of labeling, it is essential to separate the
nonconjugated residues from the molecules conjugated with
labels. "rough comparing the average intensity of fluo-
rescence, Kim et al. successfully demonstrate a dielec-
trophoresis-based separation method between the
unlabeled protein (unreacted) and the labeled one with
polystyrene beads, onto a single electrode platform having
two different sizes of microholes. "is research is also sci-
entifically appealing for enhancing the performance of
fluorescent sensors.

In conclusion, this special issue covers the broad area of
fluorescence analysis starting from the development of
fluorescent materials to the applications for fluorescence
sensing and imaging, thus attracting the attention from the
various research areas including Chemistry, Biology, Ma-
terials, and Polymers. Moreover, the research articles con-
taining the original research results and the review articles
share the current state of the art of this fundamental research
area among the readers of this journal.

Subhankar Singha
Dokyoung Kim

Sankarprasad Bhuniya
Tushar Kumeria
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A facile, green, and high-output hydrothermal synthesis was proposed for the fabrication of highly fluorescent nitrogen-doped
carbon quantum dots (N-doped CDs). .e nitrogen content in N-doped CDs reached 19.2% and demonstrated strong blue
fluorescence emission was obtained with fluorescence quantum yield (QY) of up to 32.9%, which exhibit high fluorescence
quantum yield, high photostability, and excellent biocompatibility. .e N-doped CDs possess high photostability, low toxicity,
and excellent biocompatibility, based on which the N-doped CDs were successfully applied as a fluorescence probe for cell
imaging. Moreover, it was then successfully demonstrated for sensitive and selective detection of Fe3+ in serum.

1. Introduction

During the past few years, fluorescent CDs have attracted
tremendous attention due to their unique optical and
electronic properties [1–6]. Compared to conventional
semiconductor quantum dots and organic fluorescent dyes,
CDs possess several superior features including function-
alization, low toxicity, excellent water dispersibility, tunable
fluorescence emission, excellent photostability, upconver-
sion, and biocompatibility, thus demonstrating potential
application in the fields of bioimaging, in vivo theranostics,
drug delivery, light-emitting diodes, photocatalysis solar
cells, and heavy metal ion detection [7–11]. In addition,
doping CDs with other nonmetallic components, such as N,
S, and P, can inject electrons into carbon-based materials
and change the electronic transport properties and PL
properties [12, 13]. However, in most cases, the QY of the as-
synthesized CD was less than 10%, and the QY is a key
parameter to evaluate the quality of CDs, which limit the
sensitivity and selectivity. So, synthesis of high-fluorescence
carbon quantum dots is the direction of development.

.e use of N-containing precursors has proved to be an
effective route for obtaining N-doped CDs. Chen et al. [14]
used 2-azidoimidazole as precursor in a hydrothermal

process at 70°C overnight to obtain nitrogen-rich CDs. Lv
et al. [15] using ethanediamine and citric acid as precursors
obtained N-doped CDs and achieved good results in iron
detection.Wang and Zhou. [16] used milk to prepare N-CDs
hydrothermally at 180°C for 2 h. In another study, Hsu and
Chang [17] found that compounds containing both amino
and carboxyl groups are beneficial for synthesizing CDs with
high PL quantum yield. Based on the benefits of N-doping in
carbon nanostructures, it can be extrapolated that the in-
troduction of N to carbon dots would further enhance their
versatile properties. However, most N-doped CDs are un-
satisfactory due to harsh synthetic conditions and long
reaction times. .us, a time-saving and eco-friendly syn-
thesis of N-doped CDs is of interest.

Herein, a facile, green, and high-output thermal strategy
is proposed for the fabrication of highly fluorescent N-doped
CDs. We used L-citrulline as the precursor for a facile and
eco-friendly one-step hydrothermal method without the
assistance of any chemicals (except pure water) to obtain
highly fluorescent N-doped CDs. .e as-prepared N-doped
CDs exhibit good water solubility, good biocompatibility,
and high fluorescence quantum yield (32.9%). Owing to the
unique properties of the N-doped CD nanoprobe with good
membrane permeability and excellent biocompatibility, it
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was used for imaging of HeLa cells with high discrimination.
Moreover, it was further applicated for detection of Fe3+ ions
in serum, and the fluorescence intensity exhibited a good
linear relationship in the Fe3+ concentration range from 0 to
50 µM with a detection limit of about 37 nM.

2. Experimental

2.1.Materials. L-citrulline (98%) and quinine sulphate (98%)
were purchased from J&K Scientific Inc. (Beijing, China). 3-
(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT, 98%) was obtained from Sangon Biotechnology Inc.
(Shanghai, China). Dimethyl sulphoxide (DMSO) was obtained
from Xilong Reagents Company (Guangdong, China). Penicillin-
streptomycin, Dulbecco’s modified Eagle’s medium (DMEM),
and foetal bovine serum (FBS) were purchased from Solarbio
(Beijing, China). NaCl, KCl, MgCl2, AlCl3, CaCl2, Cr(NO3)3,
FeCl2, FeCl3, Co(NO3)2, CuSO4, ZnCl2, Cd(NO3)2, SrCl2, and
Hg(NO3)2 were purchased from Aladdin (Shanghai, China).
HeLa cell lines were obtained from Cellcook. Human serum
samples were provided by Xing Ying People’s Hospital Blood
Center (Xingyi, China). Ultrapure water (18.2MΩ, Millipore
Co., USA)was used in all experiments. Other chemical reagents
(analytical grade) were purchased from Beijing Chemical
Company (Beijing, China).

2.2. Instrumentation and Characterization. .e morphol-
ogies and sizes of N-doped CDs were characterized by high-
resolution transmission electron microscopy (HRTEM,
Hitachi-F20) at an accelerating voltage of 200 kV and atomic
force microscopy (AMF, Bruker Multimode 8) in the tapping
mode. Fourier transform infrared (FT-IR) spectra were ob-
tained on a Nicolet 6700 FT-IR spectrometer using KBr pellets.
X-ray photoelectron spectroscopy (XPS) was performed using
an ESCALAB 250Xi (.ermo Scientific). X-ray diffraction
(XRD) was carried out using a Rigaku diffractometer in the 2θ
range 10–80° with step width of 0.02°. UV-Vis absorption
spectra were recorded on a DU 800 UV-Vis spectrophotom-
eter. .e PL decay curves were obtained on a Leica SP5 FLIM
system using a 405nm laser excitation source. Fluorescence
spectroscopy and stability were measured on a PerkinElmer LS
55 with 5/5 nm slit width and equipped with a 1 cm quartz cell.
A TGL-20LM-B high-speed refrigerated centrifuge (Hunan
Xingke Instrument Co., Ltd., China) was used to purify the
N-doped CDs. Cell imaging was carried out using a Leica SP8
confocal laser scanning microscope (Leica, Germany).

2.3. Synthesis of N-Doped CDs. N-doped CDs were synthe-
sized by a facile hydrothermal method. Briefly, 0.50 g·L-
citrulline was dissolved in 25mL ultrapure water and
subjected to ultrasonic oscillation for 20min. .e solution
was transferred to a Teflon-equipped stainless steel autoclave
and reacted at 220°C for 12 h. After the reaction liquid was
cooled to room temperature, the reaction liquid was centri-
fuged at 17,000 rpm for 40min to separate aggregated parti-
cles. .e supernatant fluid was removed by filtration with
a 0.22μm filter membrane. .e as-prepared N-doped CD
solution was stored at 4°C for further use.

2.4. MTT Assay and Intracellular Fluorescence Imaging.
Cytotoxicity of the N-doped CDs was investigated with the
cancer cell line HeLa by an MTT assay. HeLa cells were
seeded in a 96-well plate at a density of 4×103 cells per well
for 24 h in an incubator (37°C, 5% CO2). .e culture me-
dium was replaced with 100 μL fresh DMEM containing the
N-doped CDs at concentrations of 0, 25, 50,100, 250, and
500 μg/mL and incubated in an incubator (37°C, 5% CO2).
After 24 or 48 h, 20 µL MTT (5mg/mL) solution was added
to each cell well, which was incubated for 4 h. Subsequently,
the culture medium with MTT was removed and 100 µL
DMSO was added, followed by shaking for 10min. .e
optical density (OD) of each well at 490 nmwasmeasured on
the enzyme-linked immunosorbent detector.

HeLa cells (1× 105 cells/dish) were seeded in a confocal
dish with 100 μL fresh DMEM containing 10% FBS and
incubated in an incubator (37°C, 5% CO2). After 24 h, the
N-doped CDs with concentrations of 50, 200, 400, and
600 µg/mL were added to the confocal dish and incubated at
37°C in 5% CO2 for another 4 h. Subsequently, the adherent
cells were carefully washed three times with PBS (0.01M,
pH 7.4). Finally, the laser confocal microscopy imaging of
HeLa cells was performed at excitations of 405 and 488 nm.
Bright-field images were captured to ensure the locations of
fluorescent tag signals.

2.5.Metal IonDetection byN-DopedCDs. Sources of various
metal ions such as Na+, Mg2+, Al3+, Ca2+, Cr3+, Fe2+, Fe3+,
Co2+, Cu2+, Zn2+, Cd2+, Sr2+, K+, and Hg2+ were applied for
detection. N-doped CD stock solution (2.0mg/mL, 250 μL)
was mixed with 50 μL of 120 μM solutions of different metal
ions to reach the final concentration of 20 μM, respectively.
Afterward, the mixtures were recorded under excitation at
360 nm. To evaluate the selectivity of this N-doped CD
toward Fe3+, interference assays were performed under
identical conditions using above ions and Fe3+, and the
N-doped CD stock solution was added to different con-
centrations of Fe3+ solution in a similar manner.

3. Results and Discussion

3.1. Characterization of N-Doped CDs. .e size and mor-
phology of N-doped CDs were characterized by HRTEM and
AFM..e TEM image (Figure 1(a)) clearly revealed N-doped
CDs with spherical morphology, average diameter (inset in
Figure 1(a)) of 2.7 nm, and a narrow particle size distribution
of 2.3–3.3 nm. HRTEM images (Figure 1(b)) showed that the
average lattice spacing of the N-doped CDs was 0.32 nm, in
agreement with the (002) diffraction planes of graphite
[18, 19]. .e AFM 3D image and topography image
(Figures 2(a) and 2(b)) indicate that the N-doped CDs had
a spherical shape, which is consistent with the TEM results.
.e average height (Figure 2(c)) of N-doped CDs was
3.16 nm, which is close to the diameter of N-doped CDs
measured by TEM (2.68 nm). Hence, in accordance with
the previous reports, the N-doped CDs were almost
spherical carbon nanoparticles [20, 21]. FT-IR spectros-
copy and XPS analyses were performed to study the
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chemical composition and functional groups of the
N-doped CDs. In the FT-IR spectrum in Figure 3(a), the
peak at 3433 cm−1 is attributed to the stretching vibration
of –NH, the peaks at 1625 cm−1 indicate the existence of
C�C, the peak at 1408 cm−1 was assigned to the bending
vibration of C–NH (indicating the successful adulteration
of nitrogen atoms into the C-dots), and the absorption at

674 cm−1 is ascribed to C–H..ese FT-IR assignments were
further verified by XPS analysis. XPS was used to measure the
surface chemical composition and elemental analysis of
N-doped CDs. .e three main peaks at 284.78, 400.48, and
530.38 eV of the XPS survey spectrum (shown in Figure 3(b))
correspond to C1s, N1s, and O1s, respectively. .e N-doped
CDs contained 54.5 at.% carbon, 19.2 at. % nitrogen, and 26.3
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at. % oxygen at the corresponding binding energies given in
Figure 3(b). High-resolution XPS spectra of C1s (Figure 3(c))
can be ascribed to four component peaks with binding en-
ergies of about 284.38, 284.48, 285.38, and 287.38 eV. Here,

the anterior peak located at 284.38 eV reflects the bonding
structure of C–C (sp3) bonds, the peak located at 284.48 eV
reflects the bonding structure of the C–N (sp3) bonds, and the
peaks at 285.38 and 287.38 eV are attributed to the C–O (sp2)
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and C�O (sp2) bonds, respectively [22]. .is indicated that the
as-prepared N-doped CDs were rich in hydrophilic groups on
their surfaces, which was consistent with the corresponding
FT-IR spectrum. As shown in Figure 3(d) (partial XPS
spectrum of N1s), the N1s peak can also be resolved into two
components centred at 399.18 and 400.48 eV; the anterior
peak located at 399.18 eV reflects the bonding structure of
C–N–C bonds, and the second peak located at 400.48 eV
reflects the bonding structure of the N–H bonds [23, 24]. .e
O1s peak had two components at 530.38 and 531.38 eV for
adsorbed oxygen: C�O and C–OH/C–O–C (Figure 3(e)),
respectively [21]. Surface functionality analyses via XPS are in
agreement with FT-IR results. .e above analysis indicated
that the N-doped CDs synthesized might have functional
groups like –COOH, –OH, and –NH. XRD patterns (Figure 3
(f)) showed many narrow 2θ diffraction peaks at about 8.65°,
11.91°, 13.21°, 16.39°, 16.86°, 17.82°, 18.27°, 19.55°, 20.41°,

21.79°, 23.02°, 24.73°, 24.97°, 26.93°, 27.97°, 29.62°, 33.76°, and
38.75°, suggesting ordered carbon in N-doped CDs.

3.2. Spectral Properties and Cytotoxicity Assay of N-Doped
CDs. As displayed in Figure 4(a), the excellent optical
properties of the synthesized N-doped CDs were demon-
strated by absorption and PL spectroscopy. .e N-doped
CDs displayed broad UV-Vis absorption, which was at-
tributed to the n-π∗ transition in N-doped CDs. .e
emission wavelength of N-doped C-dots was red-shifted
from 430 to 600 nm with excitation wavelength ranging
from 320 to 600 nm [25]. In addition, the optimal excitation
and emission wavelengths of the N-doped CDs solution
were located at 377 and 438 nm (Figure 4(b)). Separately, the
N-doped CD aqueous solution emitted strong blue light
upon ultraviolet excitation at 365 nm (right inset, Figure 4(b)).
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To further investigate the optical properties of the as-obtained
N-dopedCDs, the PL excitation spectrumof theN-dopedCDs
was observed (Figure 4(b)). .e spectrum displayed typical
excitation wavelength dependence, and the emission wave-
length was red-shifted when excited with longer wavelengths.
.is behaviour of the N-doped CDs has been suggested to be
a result of different sizes or the existence of different emissive
sites on the surfaces [26]. .is excitation-dependent emission
property of carbon dots has also been found in the previous
reports [27–29]. We further investigated the fluorescence
stability of N-doped CDs. Time-correlated single-photon
counting (TCSPC) was applied to measure the fluorescence
lifetime of the N-doped CDs. As presented in Figure 4(c), the
decay lifetime of the N-doped CDs was measured with the
previous reports [30], and the calculated average fluorescence
lifetime for the N-doped CDs was 4.45± 0.05 ns. Moreover,
the photostability (Figure 4(d)) of the N-doped CDs syn-
thesized was tested upon continuous excitation at 360 nm for
5 h; the fluorescence remained intact without any photo-
bleaching, which corroborates to reasonably good photo-
stability of N-doped CDs.

To investigate the applicability of N-doped CDs as
a fluorescence biomarker in a practical biological environ-
ment, the fluorescence stability of N-doped CD aqueous so-
lution was evaluated. As revealed in Figure 5(a), with increase
in pH from 3.0 to 5.0, the fluorescence intensity reached a peak
and decreased with pH ranging from 5.0 to 13.0. .e original
solution pH of the N-doped CDs was approximately 9.0. .e
figure shows that the fluorescence intensity of the N-doped
CDs at pH 7.0–9.0 was stronger than that at 9.0 and the
fluorescence intensity had not clearly declined at 7.0–9.0. A
physiological environment generally has pH of 7.0–8.0, which
is beneficial for bioimaging applications. In addition, fluo-
rescence QY of the N-doped CDs was found using quinine
sulphate as standard (measured at 350nm excitation wave-
length, QY� 54%). .e average QY of N-doped CDs in
aqueous solution at room temperature was 32.9%. .e high
QY is possibly due to the existence of nitrogen-containing

functional groups, which are generally excellent auxochromes
and greatly enhance photoluminescence.

.e biological application of N-doped CDs was also
explored. MTT assays were carried out to evaluate the cy-
totoxicity of the as-prepared N-doped CDs to living cells. As
expected, cell viabilities were estimated to be greater than
90% upon addition of N-doped CDs over a wide concen-
tration range (0–500 µg/mL) and after incubation for 48 h
(Figure 5(b)). High cell viabilities confirmed the low toxicity,
excellent biocompatibility, and great potential of the as-
prepared N-doped CDs for imaging in living cells..ese also
indicate that the as-prepared N-doped CDs can be con-
sidered safe for in vitro and in vivo applications.

3.3. Application of N-Doped CDs

3.3.1. Imaging of HeLa Cells. Based on these fluorescence
properties, experiments were carried out to further demon-
strate the availability of the as-prepared N-doped CDs for
imaging in cells and plants. Figure 6 shows CLSM images
under bright field, 405 nm, 458 nm, and 514nm excitations of
HeLa cells incubated for 4 h at 37°C with 50, 200, 400, and
600 µg·mL−1 N-doped CDs. As shown in the figure, strong
blue and green fluorescence of the HeLa cells can be seen at
405 and 488 nm. More careful observation revealed that the
luminescence spots appeared widely in the membrane and
cytoplasmic areas of the HeLa cells. In addition, with the
increase in the concentration of N-doped CDs, the fluores-
cence enhancement helped identify tumour cells. According
to the previous studies, the cytoplasm-specific property of
N-doped CDs should be related to endocytosis [1, 9, 14, 21].
.e results indicated that N-doped CDs could be used for in
vitro tumour cell labelling via a simple incubation method.

3.3.2. Selectivity and Ratiometric Detection of Fe3+ in Serum.
As shown in Figure 7(a), under the same conditions, in sharp
contrast to Fe3+, other ions including Hg2+, Cr3+, Fe2+, Co2+,
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Figure 5: (a) PL spectra of N-doped CD aqueous solutions at different pH (λex � 365 nm). (b) Cytotoxicity testing results via an MTTassay.
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Cd2+, Sr2+, Al3+, Mg2+, Zn2+, Ca2+, K+, Na+, and Cu2+
showed almost no influence on the spectra of the nanoprobe.
.e fluorescence could be quenched by Fe3+ ion due to the
special coordination interaction between Fe3+ ion and the
hydroxy groups on the surface of CDs, whichmay contribute
to nonradiative electron transfer that involves partial
transfer of an electron in the excited state to the d orbital of
Fe3+. To further investigate the FL quenching mechanism of
N-doped CDs, different concentrations of Fe3+ solution were
added to N-doped CD stock solution. As shown in Figure
7(b), the FL intensity of N-doped CDs gradually decreased
with increasing Fe3+ concentration and the inset shows the
relationship of the relative fluorescence intensity F/F0 with
Fe3+ concentration. Dynamic fluorescence quenching is de-
scribed by the Stern–Volmer equation [31]. .e inset in
Figure 6(b) shows a linear relationship (R2 � 0.998) in the
range of Fe3+ concentration from 0 to 50 μM. .e detection

limit was 37nM (signal-to-noise ratio of 3). .e results
demonstrated that N-doped CDs show promise as a sensitive
and selective probe for the detection of Fe3+. In order to
demonstrate the analytical performance of the proposed
N-doped CDs in complicated biological samples, the capability
of the N-doped CDs was evaluated by quantitative detection of
Fe3+ in human serum, and it was spiked with different con-
centrations of Fe3+ and measured by the proposed method.
Table 1 shows that the recoveries were 95.2–112% with the
relative standard deviation (RSD, n� 5) less than 5.8%, which
indicates that the proposedmethod was sensitive and accurate.

4. Conclusions

We demonstrated a facile and green synthesis method to
prepare novel fluorescent N-doped CDs by hydrother-
mal reaction using amino acid L-citrulline as precursor.
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Figure 6: Laser scanning confocal microscopy images of HeLa cells with different concentrations of N-doped CDs.
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.eN-doped CD aqueous solution emitted strong blue light
under UV irradiation with a fluorescence quantum yield of
32.9%, and the emission wavelength was red-shifted under
excitation with longer wavelengths. .e fluorescent N-doped
CDs acted as novel fluorescence probes that facilitated si-
multaneous imaging of HeLa cells and sensitivity detection
of Fe3+ ions. .e N-doped CDs showed outstanding overall
performance such as outstanding optical properties, good
chemical and photochemical stability, inertness to interfer-
ence of metal ions and biomolecular species, and excellent
biocompatibility, which make N-doped CDs a desirable
alternative probe for biological imaging, detection, and many
other applications.
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Dielectrophoresis- (DEP-) based separation method between a protein, amyloid beta 42, and polystyrene (PS) beads in different
microholes was demonstrated for enhancement of performance for bead-based fluorescent sensor. An intensity of ∇|E|2 was
relative to a diameter of a microhole, and the diameters of two microholes for separation between the protein and PS beads were
simulated to 3 μm and 15 μm, respectively. )e microholes were fabricated by microelectromechanical systems (MEMS). )e
separation between the protein and the PS beads was demonstrated by comparing the average intensity of fluorescence (AIF) by
each molecule. Relative AIF was measured in various applying voltage and time conditions, and the conditions for allocating the
PS beads into 15 μm hole were optimized at 80 mV and 15 min, respectively. In the optimized condition, the relative AIF was
observed approximately 4.908± 0.299. Finally, in 3 μm and 15 μm hole, the AIFs were approximately 3.143 and −1.346 by 2 nm of
protein and about −2.515 and 4.211 by 30 nm of the PS beads, respectively. )e results showed that 2 nm of the protein and 30 nm
of PS beads were separated by DEP force in each microhole effectively, and that our method is applicable as a newmethod to verify
an efficiency of the labeling for bead-based fluorescent sensor ∇|E|2.

1. Introduction

Labeling is one of the essential processes for analyzing and
tracking the biomolecules and proceeds by conjugating the
molecules with various materials such as isotope markers [1],
photochromic compounds [2], and fluorescence polystyrene
(PS) beads [3–5]. Especially, fluorescent PS beads have
competitive price, high accessibility, and controllability so
that various biomolecules such as protein [6], cell [3], and

deoxyribonucleic acid (DNA) [7] have been conjugated with
fluorescent PS beads followed by being quantified and
qualified [8–10]. Qin et al. separated the protein which
conjugated with surface-modified fluorescent PS [11], and
Fakih et al. multidetected the viral DNA using gold
nanoparticle-coated fluorescent PS beads [12]. However,
fluorescent PS beads are not conjugated with biomolecules
perfectly; in other words, their labeling efficiency is under
100%, and consequently, not only biomolecules conjugated
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with fluorescent PS beads but also nonconjugated bio-
molecules existed in the analyte. )e nonconjugated bio-
molecules decrease the accuracy and sensitivity in analyzing
and tracking of the biomolecules; hence, a method is required
for separating the biomolecules conjugated with PS beads and
nonconjugated biomolecules, namely, the residue molecules.
So, residue biomolecules after labeling need to be separated
from the biomolecules, which are conjugated with labels,
ideally. Although centrifugation approaches [13, 14] and
fluidic-based approaches [15] are suitable for separating the
residue molecules, these approaches are complex and require
an additional process.

Dielectrophoresis (DEP), resulting from inhomogeneous
electric fields, has been utilized for the specific manipulation
of the particles, cells, and viruses as well as biomolecules
such as DNA and even single protein, because of its sim-
plicity, efficiency, and usability [16–18]. )e intensity of the
DEP force is dominated by the size of the molecules and
the strength of the electric fields, which occurred between
the electrodes, so that various molecules are affected by
a different intensity of the force according to the size of the
molecules and the structure of the electrode. Lapizco-
Encinas et al. concentrated and separated the live and
dead bacteria with insulator-based DEP (iDEP) [19]. But two
types of bacteria were separated according to different types of
DEP force, negative DEP and positive DEP, and Chen et al.
suggested a simplified dielectrophoretic-based microfluid de-
vice for particle separation [20]. But these approaches were
limited for observing the various molecules simultaneously or
consisted of the complex structure.

Here, we suggest a simple method to separate the non-
conjugated protein, namely, the residue protein, and the
protein conjugated with PS beads with the DEP force, which is
applicable for verifying the efficiency of labeling between
protein and PS beads. )e protein and PS beads were sep-
arated into two microholes with different diameters and
formed on a single electrode according to the intensity of DEP
force induced. )e intensity of the DEP force increased when
the diameter of the microhole was smaller, and thus, stronger
repulsive force and attractive force occurred in the small
microhole than the large one. Consequently, the smaller
molecules, residue protein, were allocated into the small
microhole, whereas the bigger molecules, PS beads, were
expelled from that small microhole followed by allocating into
the large microhole; it means that the protein and PS beads
were separated. To verify the separation between protein and
PS beads, approximately 2 nm of the protein, amyloid beta 42,
and 30nm fluorescent PS beads were used. )e diameter of
the two microholes for separating the protein and PS beads
was optimized to 3 μm and 15 μm, respectively, by calculating
the intensity of ∇|E|2 in each microhole with COMSOL
simulation. Also, an applied voltage to induce the DEP force
was optimized to 80mV, which induced a difference in the
∇|E|2 force approximately 9.059-fold between two micro-
holes. )e microholes were fabricated by micro-
electromechanical systems (MEMS) technique, and
separation between the protein and polystyrene beads was
demonstrated by comparing a relative averaged intensity of
fluorescence (AIF) by each protein and each PS bead.

2. Materials and Methods

2.1. 7eory. )e molecule present in an inhomogeneous
electric field, E, is influenced by the DEP force, FDEP, which
is expressed as follows [21]:

FDEP � 2πr3εmK(ω) · ∇| E
→

|
2
, (1)

where r, εm, and K(ω) represent the radius of molecules, the
effective permittivity of liquid, and the Clausius–Mossotti
factor, respectively. )e E and gradient of the electric field
∇|E|2 are described as follows:

E
⇀

� −
ΔV

Δd
⇀, (2)

∇|E
⇀

| �
z2V

zd2
x

x +
z2V

zd2
y

y +
z2V

zd2
z

z, (3)

where V and d are the applying voltage and the distance
between the electrodes, respectively. On the basis of (1) and
(3), the intensity of the DEP force can be modified through
(4) as follows:

FDEP∝
r3

d2.
(4)

)e intensity of ∇|E|2 is calculated with a finite-element
model (FEM) in the AC/DC module of COMSOL Multi-
physics software 5.2 (COMSOL Inc., USA).

2.2. Materials. )irty nanometres of the carboxylate-
modified polystyrene (PS) bead labeled with fluorescence
(Sigma-Aldrich Inc., Korea) and 2 nm of the TAMRA-
labeled beta-amyloid (1–42) protein (AnaSpec Inc., USA)
were used to verify the separation of molecules, whose
excitation/emission wavelength (λex/λem) was ∼470/505 nm
and ∼544/572 nm, respectively. )e protein and PS beads
were diluted with 1mM PBS buffer (Corning Korea Co. Ltd.,
Korea) to create a 1 ng·mL−1 solution.

2.3. Fabrication of Microholes. Microholes were fabricated
by a standard MEMS process. First, an insulation layer,
300 nm of SiO2, and an electrode layer, 30 nm of tantalum
(Ta) and 150 nm of platinum (Pt), were sequentially de-
posited on the 4-inch silicon (Si) wafer by thermal oxidation
and sputtering, respectively. Next, an AZ GXR 601 photo-
resist (AZ Electronic Materials, Luxembourg) was coated by
a spin coater (30 s, 3000 rpm) and exposed (3.8 s,
12mW·cm−2). )en, the hole patterns were etched by in-
ductively coupled plasma etching (Oxford Instruments), and
the photoresist was stripped by Microwave Plasma Asher
(Plasma-Finish, Germany).

2.4. System Setup for Molecules Separation and Fluorescence
Analysis. A DG4062 Series waveform generator (Rigol
Technologies Inc., USA) (frequency range: up to 60MHz;
voltage range: up to 10V), which applies a sinusoidal AC
voltage for inducing the DEP force in the microhole on
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a single electrode, was used. )e intensity of fluorescence
was observed via an electron-multiplying charge-coupled
device (ANDORiXonEM), an oil immersion 100x lens
(Nikon Corp., Japan) (NA: 1.4), and an Eclipse Ti inverted
microscope (Nikon Corp.) equipped with a halogen lamp
and a 593 nm (bandwidth: 40 nm) filter and was analyzed by
Image-Pro Plus 6.0 (Media Cybernetics Inc., USA). )e
average intensity of fluorescence (AIF) was calculated by
values measured at five random positions in the microhole,
and a value of a relative AIF was calculated by dividing the
AIF values measured at each condition by the value in the
reference condition.

3. Results and Discussion

Protein, nonconjugated with PS beads after labeling, does
not emit the fluorescence but binds to the receptor specif-
ically so that it impedes the specific binding between the
ideally conjugated protein with PS beads and receptor,
followed by decreasing the accuracy and reliability in the
molecules’ analyzing and tracking process (Figure 1(a)).
)us, the nonconjugated protein, namely, the residue
protein, should be separated from the protein conjugated
with PS beads. When alternating current (AC) voltage is
applied to the electrode with microholes, the protein is
allocated into each microhole according to the intensity of
the DEP force that occurred in each microhole.)e intensity
of the DEP force is related to the diameter of the molecules
and the distance between the electrodes, namely, the size of
microholes, as described in (4), and consequently allocates
different molecules into each microhole, respectively:

residue protein, smaller than the PS beads, is allocated into
the small microhole, whereas the PS beads are placed in the
large microhole—two molecules separate into small and
large microholes, respectively (Figure 1(b)).

In order to separate the residue protein and conjugated
protein with PS beads in each microhole, 4.5 kDa of amyloid
beta, whose diameter was calculated to be approximately
2 nm, was used as a residue protein, and the conjugated
protein with PS beads was simplified to just PS beads. )e
length and width of the electrode were fixed to 27 μm and
21 μm, respectively, and the diameter of the small microhole,
d, and pitch between two microholes, p, were fixed to 3 μm.
)e intensity of the applied AC voltage and size of
microholes were optimized via the COMSOL simulation
(Figure 2(a)). Firstly, maximum intensity of ∇|E|2 in the
small microhole was simulated according to the applied AC
voltage (Figure 2(b)). Black line and scatter showed the
maximum intensity of ∇|E|2 that occurred in the small
microhole, and red line and scatter indicated the size of
protein, which was allocated into the small microhole,
depending on the intensity of the applied AC voltage. )e
intensity of ∇|E|2 increased parabolically and size of the
protein decreased accordingly. )e results signified that
approximately 30mV voltage, which resulted in ∇|E|2 with
intensity approximately 2.310×1013 V2·m−3, was required to
place 2 nm of the protein in the 3 μm hole. Also, the
maximum intensity of ∇|E|2 that occurred in the other
microhole was simulated according to the size of the other
microhole at the condition that applied 30mV AC voltage
(Figure 2(c)). )e diameter of the other microhole was
expressed as a ratio to the diameter for the 3 μmhole, and the
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Intensity of fluorescence by a specific binding of the protein conjugated with PS beads decreased due to a specific binding of the non-
conjugated protein, expressed as residue protein. (b) Residue protein and protein conjugated with PS beads were separated by the
dielectrophoresis (DEP) force in different microholes, respectively.
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intensity of ∇|E|2 decreased according to the increase in the
ratio of the diameter. In the 6 μmmicrohole (the ratio was 2),
intensity of ∇|E|2 was about 0.861× 1013 V2·m−3 and it is too

strong to allocate 30 nm of the PS beads into the hole. ∇|E|2

was approximately 0.528×1013 V2·m−3, 0.347×1013 V2·m−3,
0.255×1013V2·m−3, and 0.194×1013 V2·m−3 in each value of

Length of the electrode

Large microhole

Small
microhole

d p

p

W
id

th
 o

f t
he

 el
ec

tro
de

2.31 × 1013

2

1.5

1

0.5

2.74 × 106

(×1013)

(a)

M
ax

im
um

 ∇
|E

|2  (1
013

 V
2 ·m

–3
) 25

20

15

10

5

0

20 40 60 80 100
Applied AC voltage (mV)

10

8

6

4

2

0

M
ol

ec
ul

ar
 w

ei
gh

t (
kD

a)

(b)

2 3 4 5 6
Ratio of diameter to 3 μm microhole (a.u.)

M
ax

im
um

 ∇
|E

|2  (1
013

 V
2 ·m

–3
) 1.0

0.8

0.6

0.4

0.2

50

45

40

35

30

25

D
ia

m
et

er
 o

f P
S 

ba
se

d 
(n

m
)

(c)

Figure 2: Simulation for separating the molecules by DEP force in the two microholes. (a) Distribution of ∇|E|2 at the top view of the
electrode. )e diameter of the small microhole and pitch between two microholes were represented as “d” and “p,” respectively.
(b) According to the applied voltage, maximum intensity of ∇|E|2 occurring in the 3 μm hole increased, whereas molecular weight of the
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the ratio, and an optimized size of the microhole for placing
30 nm of the PS beads into the hole was verified to be 15 μm.
)us, the two microholes for separating the residue protein
and protein conjugated with PS beads were optimized to
3 μm and 15 μm, respectively, whose difference in the in-
tensity was approximately 9.059-fold.

Two microholes in the electrode were produced via
a standard MEMS process on a 4-inch silicon (Si) wafer. )e
fabrication process consisted of 3 steps (Figure 3(a)), and
details of the process are described in Material andMethods.
)e diameter of the fabricated small and large microholes
was approximately 3 μm and 15 μm, respectively, and pitch
between two microholes was about 3 μm (Figure 3(b)).

Various conditions of DEP, intensity of the DEP force
and applied time, were optimized by measuring the relative
AIF resulting from placing the PS beads in the 15 μmhole. In
order to optimize the intensity of the DEP force, the applied
frequency required for the DEP force to occur was fixed at
50MHz. Firstly, relative AIF was measured in various ap-
plying voltage conditions ranging from 0V (ref.) to 500mV,
and consequently, it was maximized at 80mV (Figure 4(a)).
)e values were approximately 1, 1.265, 1.655, 1.396, and
1.1604 in ref., 50 mV, 80 mV, 100 mV, and 500 mV, re-
spectively. )e results indicated that the PS beads were most
effectively placed in the microhole by the DEP force induced
by the applied voltage 80mV; consequently, the intensity of
the applied voltage was settled to 80mV. Also, in order to
optimize the applied time condition of DEP force, the

relative AIF wasmeasured according to time every 3minutes
up to 21 minutes (Figure 4(b)). )e AIF increased gradually
depending on the time up to 15min and was saturated
afterward: each value of the AIF was approximately 0.907,
1.048, 1.184, 1.450, 1.526, 1.535, and 1.536 according to the
applied time. Hence, the applied voltage and time were
optimized to 80mV and 15 minutes, respectively, and the
relative AIF was observed to be approximately 4.908± 0.299
in the optimized condition (Figure 4(c)). )e result dem-
onstrated that the PS beads were allocated into the 15 μmhole
effectively.
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Finally, based on these results, a separation of the protein
and PS beads in 3μm and 15μm holes, respectively, was
demonstrated (Figure (5)). It was also confirmed by comparing
the AIF by eachmolecule in the twomicroholes at the previous
optimized condition.)e relative AIF by 2nm of the protein in
the 3μmhole was a positive value, but the value by 30nmof the
PS beads was negative, and the values were approximately 3.143
and −1.346, respectively, whereas in the 15μmhole, the relative
AIFs by the protein and the PS beads showed an opposite sign
compared with the previous values, and the values were ap-
proximately −2.515 and 4.211, respectively. )e negative value
of the AIF indicated that the molecules were moving far away
owing to the strong DEP force in the microhole, and the
positive value of the AIF signified that the molecules were
attracted and trapped into the microhole by the DEP force.
)us, the results signified that the DEP force allocated 2nm of
the protein and 30nm of the PS beads into 3μm and 15μm
holes, respectively. )e results demonstrated that 2nm of the
protein and 30nmof the PS beads were separated byDEP force
in each microhole, effectively.

4. Conclusions

In this paper, a simple method for separation between 2 nm
of the protein and PS beads into different microholes, re-
spectively, by the DEP force was demonstrated. In order to
separate twomolecules, the diameter of the twomicroholes was
simulated and the intensity of the DEP force induced in the
microholes was calculated via simulation. )e optimized di-
ameter of the two microholes was 3μm and 15μm, and
a difference in the DEP force between two microholes was
approximately 9.059-fold. )e condition of the DEP force to
separate twomolecules was optimized experimentally: intensity
of the AC voltage was 80mV and the applied time was 15
minutes.)emolecules which were separated by the DEP force
in each microhole were verified by measuring the relative AIF
by each molecule. In 3μm and 15μm holes, the AIFs were
approximately 3.143 and −1.346 by 2nm of the protein and
about −2.515 and 4.211 by 30nm of the PS beads, respectively.
Consequently, the results demonstrated that 2nm of the
protein and 30nmof the PS beads were separated byDEP force
in each microhole, effectively. Our method has high expand-
ability in separation of various-sized molecules, and further-
more, it is applicable for verification of the labeling efficiency.
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Benzo[g]coumarins, which consist of coumarins fused with other aromatic units in the linear shape, have recently emerged as an
interesting fluorophore in the bioimaging research.+e pi-extended skeleton with the presence of electron-donating and electron-
withdrawing substituents from the parent coumarins changes the basic photophysical parameters such as absorption and
fluorescence emission significantly. Most of the benzo[g]coumarin analogues show red/far-red fluorescence emission with high
two-photon absorbing property that can be applicable for the two-photon microscopy (TPM) imaging. In this review, we
summarized the recently developed benzo[g]coumarin analogues including photophysical properties, synthesis, and applications
for molecular probes that can sense biologically important species such as metal ions, cell organs, reactive species, and
disease biomarkers.

1. Introduction

Coumarin (2H-chromen-2-one) is a chemical compound
in the benzopyrone chemical class that can be found in
many natural species [1, 2]. Coumarins possess variety of
biological activities and unique photophysical properties.
Among them, the fluorescent property received much
attention recently due to its high quantum yield, high
stability, and biological compatibility [3, 4]. +e
coumarin-based fluorescent dyes and molecular probes
have been applied not only for basic science such as
physics, chemistry, medical science, and clinical science
but also for industry and engineering [5, 6]. In progress,
various kinds of the expanded or combined structure of
coumarin derivatives have been discovered. Among them,
linearly extended derivatives, benzo[g]coumarin, show
superior photophysical properties in the bioimaging ap-
plications over the other derivatives [7]. Moreover, a large
two-photon absorbing ability with longer excitation and

emission wavelengths in optical window, high photo-
stability, and high chemical stability are the key advan-
tageous features of benzo[g]coumarin derivatives. In this
review, we describe a brief explanation of benzocoumarin
analogues with photophysical properties, their synthetic
methods, and the recently developed benzo[g]coumarin-
based one/two-photon excitable fluorescent dyes/probes
that can sense biologically important species.

2. Benzo[g]coumarins

Benzocoumarin derivatives can be categorized into four
types depending on the position of the fused aromatic ring in
the parent coumarin backbone (Figure 1): (1) benzo[c]
coumarin (3,4-benzocoumarin) fused on 3,4-position; (2)
benzo[g]coumarin (6,7-benzocoumarin) fused on 6,7-po-
sition; (3) benzo[f]coumarin (5,6-benzocoumarin) fused on
5,6-position; and (4) benzo[h]coumarin (7,8-benzocoumarin)
fused on 7,8-position.
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2.1. Photophysical Properties of Benzo[g]coumarinAnalogues.
+e photophysical property such as absorption and fluo-
rescence emission of coumarin derivatives has been

identified by many scientists in various fields. Among the
derivatives, the functional group substitution on the 3- and
7-position gives large property changes from the original
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Figure 1: Chemical structures of coumarin and benzocoumarin derivatives.
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backbone. Typically, coumarin itself shows maximum ab-
sorbance and emission at a short wavelength (λmax,abs� 330nm;
λmax,emi� 380nm) with poor fluorescence quantum yield (ΦF)
(Figure 2) [7]. However, the appropriate substitution, electron
donor-acceptor- (D-A-) type structure on the pi-backbone,
induces intramolecular charge transfer (ICT) accompanied
with the quantum yield increment and the red shift of the
fluorescence emission wavelength (see the absorption and
emission wavelengths with quantum yield information in
Figure 2) [8, 9].

Considering the bioimaging application of the coumarin
fluorophore, the excitation and emission at a shorter
wavelength give drawbacks such as (i) interference of
autofluorescence from the biological substances, (ii) limited
imaging depth, (iii) photodamage of the sample, and (iv)
photobleaching of the fluorophore [10, 11]. In that sense, pi-
extended benzo[g/f/h]coumarins are expected to provide
several advantageous features over the corresponding cou-
marins due to their extended aromatic backbone that evokes
longer wavelength absorption and fluorescence emission.
Also, the conformationally restricted pi-backbone extension
gives high photostability with a high quantum yield.

+e photophysical properties of benzocoumarin ana-
logues may also be predicted based on the type and sub-
stitution position. Recently, Ahn et al. reported a systematic
analysis result for photophysical properties of benzocou-
marin analogues [12]. +ey revealed that linear-type benzo
[g]coumarins give similar substitution-induced property
changes like parent coumarins, and the fluorescence
property is suitable for bioimaging application over the
others (very poor or no fluorescence from the benzo[f/h]
coumarin in aqueous media).

+e electron-withdrawing functional group-substituted
benzo[g]coumarin at 3-position induces a red shift of
fluorescence from the parent benzocoumarin (1, λmax,emi �

459 nm); ester moiety (2, 534 nm), ketone (3, 549 nm), al-
dehyde (4, 547 nm), amide (5, 515 nm), and nitrile (7,
533 nm) (Figure 2; Table 1). Interestingly, the combination
of electron-withdrawing and electron-donating moieties at
3- and 8-position gives a significant shift of both absorption
and emission spectra to the longer wavelength region (8–21;
Figure 2; Table 1). +e substitution of the hydroxyl group
alone at 7-position (electron-donating position) shows no
significant red shift (λmax,emi � 466 nm) (8), but the com-
bination with electron-withdrawing substitution (methyl
ester) at 3-position induces large changes (9, 10, and 13;
λmax,emi> 500 nm). +e alkylamine (-NR2, R� alkyl) sub-
stitution at 8-position gives more significantly red-shifted
absorption (>430 nm) and fluorescence emission (>580 nm)
with a combination of ester, amide, nitrile, triazole, and
pyridinium salts (11–21).+e details of each compound with
their photophysical properties are covered in the next
chapter with the reported applications.

2.2. Synthesis of Benzo[g]coumarin Analogues. Synthesis of
benzo[g]coumarin analogues follows the established syn-
thetic routes including the Knoevenagel condensation or
Wittig reaction with intramolecular cyclization reaction to

o-hydroxynaphthaldehyde (Figure 3(a)) [7]. Alternatively,
the direct electrophilic substitution of naphthols with
β-keto ester followed by cyclization also gives benzo[g]
coumarin in the presence of a catalyst. +e metal-catalyzed
aryl C–H functionalization of alkynoates is also feasible
(Figure 3(a)).

Synthetic methods to make an electron-donating moiety
on benzo[g]coumarin analogues were developed by many
scientists including Ahn et al. [12, 15]. Representative de-
rivatives which have a primary/secondary amine or
a hydroxy/methoxy moiety at the 8-position were synthe-
sized from the key intermediates A and B (Figure 3(b)).
Intermediate A analogues were prepared by monoamination
through the Bucherer reaction, protection of the hydroxyl
group by methoxymethyl ether (MOM), and formylation
through directed lithiation. On the contrary, methoxy or
hydroxy group-substituted intermediate B analogues were
prepared by monoprotection of the hydroxyl group by
MOM first and then by methylation and formylation [12].

+e MOM deprotection of the intermediates A and B in
acidic condition gives an o-hydroxynaphthaldehyde in-
termediate, and the cascade intramolecular cyclization re-
action generates benzo[g]coumarin derivatives (Figure 3(b))
[15, 19].

3. Benzo[g]coumarins for Fluorescent Probes

Benzo[g]coumarin derivatives have been used in various
research areas. In particular, their unique photophysical
property gives many advantages in the bioimaging appli-
cations such as fluorescent probes and tags and photolabile
materials.

Table 1: Photophysical properties of the benzo[g]coumarin de-
rivatives 11–21. +e wavelengths are derived from the highest
intensity values in the absorption and fluorescence emission
spectra in the described solvent.

Compound λabs (nm) λemi (nm) Solvent Reference
1 320 459 CH3CN [13]
2 332 534 CH3CN [13]
3 337 549 CH3CN [13]
4 345 547 CH3CN [13]
5 334 515 CH3CN [13]
6 326 510 CH3CN [13]
7 335 533 CH3CN [13]
8 357 466 CHCl3 [14]
9 450 603 DI H2O [12]
10 355 539 DI H2O [12]
11 467 623 EtOH [15]
12 413 599 DI H2O [12]
13 370/453 542/604 pH 4/pH 7 buffer [16]
14 470 626 pH 7.4 buffer [17]
15 450 600 pH 7.4 buffer [18]
16 357 522 DI H2O [12]
17 435 582 DI H2O [12]
18 444 607 EtOH [15, 19]
19 431 591 CH3CN [20]
20 487 633 pH 7.4 buffer [21]
21 527 691 EtOH [22]
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Recently, a few examples of notable applications using
benzo[g]coumarin derivatives for the fluorescent probes were
reported. +e fluorescent probe is undoubtedly an essential
and useful tool in the biological, medical, and environmental
sciences to investigate molecular interactions and biological
activities, among others [23]. As we described above, benzo
[g]coumarin analogues with suitable substitution show the
absorption and fluorescence emission at the longer wave-
length region (red and near-infrared) that gives better cellular
or tissue imaging results than the shorter wavelength.
Moreover, the pi-extended structure with proper sub-
stitutions gives a sufficiently large two-photon absorbing
property that is applicable for the two-photon excitation
microscopy [19]. Two-photon excitation microscopy is
a fluorescence imaging technique that allows imaging of ex
vivo and in vivo tissue up to millimeter depths [10, 24].

In this chapter, we summarized recently reported fluo-
rescent probes based on the benzo[g]coumarin analogues
(one/two-photon absorbing) with their interesting applica-
tions in the (i) sensing and bioimaging of biologically im-
portant species including metal ions, cell organs, reactive
oxygen species (ROS), and disease biomarkers and (ii) deep
tissue imaging.

3.1. Sensing of Metal Ions

3.1.1. Copper Ions (Cu2+). Copper ion plays crucial roles
in living systems including signal transduction, oxygen

transportation via copper metalloenzymes, cellular energy
generation, and cofactors of protein activity. As a result, the
homeostasis of copper ions in the biological system is very
important and directly related with various diseases: Alz-
heimer’s disease (AD), Wilson’s disease, Prion disease, and
Menkes disease [25, 26].

Cho et al. reported a fluorescent probe for Cu2+ and
quantitatively estimated ion concentrations in human tis-
sues by two-photon microscopy imaging and analysis [27].
+e amide- and dimethylamino-substituted benzo[g]coumarin
analogue is linked with a benzo[h]coumarin analogue as an
internal reference (internal reference: insensitive toward
substrates or environment and maintains a steady fluo-
rescence intensity) (22; Figure 4). +e fluorescence in-
tensity of benzo[g]coumarin at the red region (emission:
550–650 nm) was decreased through a chelation to the
copper ion with a piperazine linker. Benzo[g]coumarin
analogue (sensing part) and benzo[h]coumarin analogue
(internal reference part) serve sufficiently high two-photon
action cross section (Φδ, GM value), 32 GM and 46GM in
ethanolic water (EtOH/HEPES 9 :1 v/v, pH 7.0) at 750 nm
two-photon excitation, respectively. Probe 22 shows high
sensitivity (0.84 μM) and selectivity toward Cu2+ with no
perturbation due to high concentration of biological alkali
and alkaline earth metal ions. +ey investigated the quan-
titative estimation of the Cu2+ concentration in live cells, rat
brain tissue, and human colon tissue samples by using two-
photon microscopy and analyzed the results. +e higher
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concentration of Cu2+ in the cancer tissue (22± 3 μM) was
observed than in polyp (13± 2 μM) or normal (8.2± 0.3 μM)
samples, and it revealed that estimation of Cu2+ concentration
may be useful for the diagnosis of colon cancer.

3.1.2. Sodium Ions (Na+). Sodium ion is one of the most
important analytes in life science. It is necessary for live
species for the nerve impulses, heart activity, metabolic
functions, and biological balance [28, 29]. +e Na+ con-
centration range in the intracellular (5–30mM) and extra-
cellular (100–150mM) space was observed, and competitive
cation K+ also showed similar concentrations. Accordingly,
a development of tools for selective detection of Na+ over K+

is very important and challenging. Recently, Holdt et al.
designed a Na+ selective fluorescent probe based on the
benzo[g]coumarin derivatives which have an N-(o-
methoxyphenyl)aza-15-crown-5 moiety (23; Figure 5) [20].
A higher Na+/K+ selectivity of 23 was observed, but also, it
gives a higher Kd value (223mM) as a limitation for de-
tection of lower concentration of Na+. In this study, the
bioimaging application was not reported, but they proposed
a design strategy to develop benzocoumarin-based fluo-
rescent probes.

3.1.3. Mercury Ions (Hg2+). Mercury ion is a chemical that is
widely used in industry and basic science [30]. However,
mercury is a highly poisonous element and causes damage
to the central nervous system and other organs. So far,
various kinds of detecting methods for mercury species
(Hg2+, MeHg+, etc.) including fluorescent probes have been
developed [30]. By using the latent probe approach with the
benzo[g]coumarin platform, Ahn et al. reported new
fluorescent probes for mercury ion sensing (Figure 6) [15].
+e cleavage of sensing moiety on the platform by selec-
tive and sensitive chemical reaction toward the target
analyte generates a chemically unstable intermediate,

which undergoes a fast cyclization reaction to afford an
iminobenzo[g]coumarin derivative (24; Figure 6(a)). For
the mercury ion sensing, they introduce a vinyl ether
group to the Hg2+-promoted hydrolysis (25; Figure 6(b)).
+e probe shows negligible fluorescence emission in the
aqueous media due to the generation of the free rotation-
induced nonradiative decay pathway from the dicyanoalkene
moiety (molecular rotor moiety) and gives significant fluo-
rescence enhancement upon addingmercury ions followed by
iminobenzo[g]coumarin formation. Compound 24 shows
absorption and fluorescence emission maximum at 446 nm
and 585 nm, respectively, with a high quantum yield
(QY � 0.67).

3.1.4. Fluoride Ions (F−). Fluoride ion plays an important
role in chemistry, environment, medicine, and biology.
+erefore, analytical methods that can selectively detect the
fluoride ion have been requested in various fields [31]. In this
vein, Ahn et al. developed an iminobenzo[g]coumarin
precursor for fluoride ion sensing (26; Figure 6(c)) [32]. +e
desilylation of silyl enol ether moiety by fluoride ions fol-
lowed by the intramolecular cyclization produced a com-
pound 24. In this study, they showed the distribution of
fluoride ions in cells and in a live vertebrate, zebrafish, using
two-photon microscope (TPM) for the first time. +e clear
images at deep tissue regions, ∼350 μm depth, represent the
superior property of iminobenzo[g]coumarin 24 for the
two-photon bioimaging.

3.2. Imaging of Cell Organs

3.2.1. Mitochondria. Mitochondria is an organelle found in
almost all eukaryotic organisms and plays important roles
such as production of ATP, protein regulation, storage of
calcium ions, and cellular metabolism regulation, among
others [33]. +erefore, the defects of mitochondrial function
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could be directly related to many diseases. So far, various
techniques to understand the biological and pathological
roles of mitochondria have been developed, and recently,
fluorescence methods with imaging materials are used as
a standardmethod tomonitor mitochondria dynamics at the
subcellular level. In 2014, Kim et al. reported a red-emissive
two-photon probe (27; Figure 7) based on the benzo[g]
coumarin for the real-time imaging of mitochondria
tracking [17]. +e mitochondrial-targeting moiety, triphe-
nylphosphonium (TPP) salt, is linked on the electron-
withdrawing part of the benzo[g]coumarin core via the
amide bond, and the resulting compound 27 exhibited
absorption and emission maximum at 470 nm and 626 nm,
respectively, with no pH-sensitive changes in the biologically
relevant pH range. +e staining ability of 27 toward mi-
tochondria was verified by the costaining experiment in the
T98G cell line with MitoTracker Green (MTG) as a known
mitochondrial labeling marker, and the high Pearson’s
colocalization coefficient value (0.96) indicates the organ
specificity of 27 for mitochondria. In the TPM tissue im-
aging application using 27, they observed the evenly dis-
tributed mitochondria in the CA1–CA3 region of the rat
hippocampal tissue slice at a 200 μm depth.

3.2.2. Mitochondrial pH. +e monitoring of pH values and
its dynamics in the cellular organs is very important to
understand the pH-related biological, physiological, and
pathological roles of cells and organisms [34]. In 2016, Kim
et al. reported follow-up results that can monitor pH
values in the mitochondria using a benzo[g]coumarin

analogue (28; Figure 7) [16]. Probe 28 has a hydroxyl
group on the electron-donating position (C-8), and it is
protonated or deprotonated at the pKa value near 8.0
which is a known pH value of mitochondria. At low pH
(pH 4.0), 28 shows absorption and emission maximum at
370 nm and 542 nm, respectively, and the peak is shifted to
453 nm and 604 nm at high pH (pH 10.0) in a ratiometric
manner. +e high two-photon absorption cross section
values (20–70 GM) of 28 at pH 4.0 and 10.0 and the high
Pearson’s colocalization coefficient (0.95) indicate the
ability of selective imaging for mitochondria in the tissue
samples. In the cellular imaging, a dense population of
mitochondria around the nucleus than in the periphery
was observed, and higher mitochondrial pH values in the
perinuclear position than in the periphery of cells were also
monitored. In a further study, they measured the mito-
chondrial pH values in the astrocyte from the Parkinson’s
disease (PD) mouse model and in the rat hippocampal
tissue slice. Slightly acidic average pH values in the PD
model astrocytes are observed compared with the wild-
type astrocytes. +e deep tissue imaging results provide
average mitochondrial pH values in 7.86–7.88 at CA1,
CA3, and the dentate gyrus region.

3.3. Sensing of Reactive Species

3.3.1. Nitric Oxide (NO). Nitric oxide is a reactive nitrogen
radical species, and its functions in living systems have been
recognized to be related with cardiovascular, immune, and
central nervous systems [35, 36]. So far, various kinds of
chemical tools are developed to monitor the location,
amount, and retention time in complex microenvironments
such as cell and tissue, and these have been applied for the
disease study and management. In 2017, Liu et al. reported
a new fluorescent probe specifically for NO based on the N-
nitrosation of the aromatic amine (29; Figure 8) [18]. Probe
29 has a benzo[g]coumarin backbone with dimethylamine
and amide groups at the 3- and 8-position as an electron-
donating and electron-withdrawing moiety, respectively.
+e original fluorescence emission of benzo[g]coumarin at
608 nm (at 473 nm excitation) is quenched by the photo-
induced electron transfer (PET) from p-phenylenediamine
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moiety and recovered by N-nitrosation reaction of NO. +e
sensitivity toward NO was verified in the screening with the
other reactive species such as ClO−, H2O2, •OH, O2

−, NO2
−,

and ONOO−. +e two-photon action cross section values
were increased from 2.4GM to 54GM at 830 nm under the
excitation at 760–900 nm after adding the NO species. +e
TPM imaging studies for the exogenous and endogenous
NO detection were carried out in the live cells (HepG2 cell
line), mouse brain tissue, and ischemia/reperfusion injury
(IRI) mouse model. Higher fluorescence signals in the TPM
images of the IRI model compared with the healthy control
represent that NO probe can be applied as a practical tool for
studying NO-related biological processes.

3.3.2. Hydrogen Sulfide (H2S). Hydrogen sulfide is an en-
dogenous gaseous transmitter along with carbon monoxide
(CO) and nitric oxide (NO) [37]. Recent studies of H2S
revealed that it has a close relationship with neuronal activity,
muscle relaxation, insulin management, inflammation, and
aging [38]. Very recently, Ahn et al. reported a benzo[g]
coumarin-based fluorescent probe for monitoring of exoge-
nous and endogenous H2S (30; Figure 9) [39]. +e original
fluorescence of the benzo[g]coumarin analogue (628 nm
fluorescence emission at 485 nm excitation) was enhanced by
Michael-type addition followed by aldol condensation of the
α,β-unsaturated carbonyl group with H2S [40]. Probe 30
shows the fast response (∼8min), high selectivity (negligible
changes toward biological species), and high sensitivity
(detection limit� 0.9 μM) for H2S. Bioimaging accessibility
for the H2S was verified by TPM cellular imaging in the HeLa
cell line.

3.3.3. Hypochlorous Acid (HOCl). Hypochlorous acid is
a kind of reactive oxygen species (ROS) [41], and the high
level of HOCl is reported in several disorders such as cancer,

arthritis, and neurodegenerative disease [42]. +erefore,
monitoring the HOCl level and physiological distribution
with a pathological mechanism is an important issue.
However, the detection of endogenous HOCl is a challenging
task due to the low biological concentration, a short lifetime,
and a strong oxidizing property [43]. In 2017, Ahn et al.
reported a benzo[g]coumarin-based ratiometric probe for
endogenous HOCl imaging in live cells and tissues (31;
Figure 10) [21]. An oxathiolane group is substituted at the
electron-withdrawing position, and the deprotection into acetyl
of this moiety by HOCl causes the intramolecular charge-
transfer (ICT) character change of the benzo[g]coumarin
dye in a ratiometric manner: emission maximum shift from
598 nm (with 424 nm absorption maximum) to 633 nm
(with 598 nm absorption maximum). Probe 31 shows a low
detection limit at the nanomolar level (34.8 nM) with high
sensitivity toward HOCl over various reactive species
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including H2O2, •OH, O2
−, 1O2, and reactive nitrogen species

(RNS). +e probe 31 and the reaction product give good two-
photon action cross section values, 142GM and 439GM,
respectively. +e level of HOCl in the hippocampal slices of
the mouse was analyzed by TPM ratiometric imaging with
probe 31, and the slightly higher concentration of HOCl was
observed at the dentate gyrus (DG) which is linked to the
cognitive ability and memory retention.

3.4. Sensing of Disease Biomarkers

3.4.1. Amyloid-Beta Plaque (Aβ Plaque). Amyloid-beta
plaque is an abnormal aggregate of the chemically sticky
form of the amyloid-beta peptide (up to 42 or 43 amino acids
long) that builds up between nerve cells in the AD patients
[44, 45]. +erefore, the extracellular Aβ plaque deposition in
the brain is considered as a hallmark of AD. So far, various
kinds of contrast agents have been developed for the di-
agnosis of AD by direct detection of plaques [46]: (i)
magnetic resonance imaging (MRI), (ii) positron emission
tomography (PET), (iii) single-photon emission computed
tomography (SPECT), and (iv) fluorescence imaging. By
using the benzo[g]coumarin analogue, Ahn et al. found out
the selective Aβ plaque staining ability of the iminobenzo[g]
coumarin analogue (24) [47]. In this study, probe 24 se-
lectively stains the Aβ plaques including cerebral amyloid
angiopathy (CAA) in the whole brain region successfully.
Probe 24 is accumulated in the Aβ plaques accompanying
with significant fluorescence increments due to the nature of
the donor-acceptor-type dye [48]; strong fluorescence in
hydrophobic or viscous environment likes inside of the Aβ
plaque. +e in vivo TPM deep tissue imaging of Aβ plaques
in the AD mouse model (5XFAD) treated with probe 24 via
intraperitoneal injection shows the high blood-brain barrier
(BBB) permeability of 24 and its superior deep tissue im-
aging ability (∼600 nm depth) with high resolution.

3.4.2. Monoamine Oxidases (MAOs). Monoamine oxidases
are a key enzyme responsible for the regulation of in-
tracellular levels of biogenic amines and amine-based
neurotransmitters such as dopamine, adrenaline, and se-
rotonin [49]. A recent study revealed that suppressed or
overregulated activity of MAOs is observed in several dis-
eases including cancer and neurodegenerative diseases [50],
AD, and Parkinson’s disease (PD). In 2012, Ahn et al. de-
veloped a fluorescent probe (32) that can sense the activity of
MAOs by enzymatic cleavage of the aminopropyl moiety
followed by intramolecular cyclization and generation of
an iminobenzo[g]coumarin (24) (Figure 11) [19]. In the
intensive study, they applied probe 32 to find a correlation
between activity of MAOs and AD progress in the animal
model by using TPM [47]. Interestingly, significant back-
ground signal enhancement that correlated with MAO’s
activity was observed in older AD mice. +e MAO’s en-
zymatic product 24 is accumulated from the outside of Aβ
plaques to the inside, and the fluorescence intensity is in-
creased as growing older (increased numbers and size of Aβ
plaques in the brain of the mouse model) (Figure 12). +is is

the first demonstration for following activity of MAOs and
AD progress in vivo.

3.5. Deep Tissue Imaging. +e fluorescence tissue imaging
has emerged as the strong tool for studying biological events
and clinical applications. In particular, the fluorescence
deep tissue imaging with high resolution offers collective
information of the cellular processes in a macroscopic view.
Among the various imaging techniques, TPM has shown
superior performance for deep tissue imaging. However,
a key limitation for TPM-based deep tissue imaging is the
autofluorescence interference from intrinsic biomolecules in
the tissue such as nicotinamide adenine dinucleotide
(NADH) and its phosphate analogue (NADPH), riboflavin,
and flavoproteins [22]. +e autofluorescence issue when
using the known two-photon absorbing dyes has been solved
by technical methods such as tuning the excitation wave-
length, reducing the laser power, and changing the detection
channel and/or sensitivity.

To overcome this issue, Ahn et al. focused on the sys-
tematic study of the new two-photon absorbing dyes based
on benzo[g]coumarin analogues. In 2017, they reported
pyridyl/pyridinium-benzo[g]coumarin analogues which
have far-red-emitting (585–691 nm) fluorescence (33–42;
Figure 13; Table 2) [22]. +ey optimized the wavelength
of benzo[g]coumarin analogues that can address the
autofluorescence issue. +e pyridinium group at electron-
withdrawing position (C-3) makes the significant wave-
length shift to the far-red region (660–691 nm) from the
parent benzo[g]coumarin or pyridyl-benzo[g]coumarin. In
the brain tissue imaging with Py +BC690 (42), the clear deep
tissue TPM imaging after an optical clearing process (BABB
clearing) [51] was observed at the stage down to 1380 nm
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depth.+e imaging depth indicated the high tissue uptake of
dye and penetration ability of 42 which are important
features as a bioimaging agent.
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FIGURE 12: In vivo TPM coimaging of MAO activity and Aβ plaques using probe 32. (a) In vivo fluorescence images (from (z)-stack,
magnified 20x) of the frontal cortex region of transgenic and healthy mice, obtained after intraperitoneal injection of probe 32. +e scale bar
is 60 μm.+e images were acquired at 200–300 μm depth from the surface of the cortex. (b) Plots of the average fluorescence intensity of Aβ
plaques and background images in (a), respectively. (c) A plot of the background fluorescence intensity versus the plaque volume (μm3) per
mm3. ∗∗p-value < 0.01. Reproduced from [43] with permission from the American Chemical Society, copyright 2016.
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Table 2: Photophysical properties of pyridinium-benzo[g]cou-
marin derivatives (33–42).

Compound λabs (nm) λemi (nm) Brightness GM
33 n.r. n.r. n.r. n.r.
34 n.r. n.r. n.r. n.r.
35 445 585 n.r. n.r.
36 n.r. n.r. n.r. n.r.
37 n.r. n.r. n.r. n.r.
38 506 663 749 n.d.
39 499 660 510 n.d.
40 513 681 2089 n.d.
41 511 680 1173 150
42 527 691 799 160
+e wavelengths, brightness, and GM values are derived from the highest
intensity values in the absorption and fluorescence emission spectra.
Brightness: molar extinction coefficient (LMol−1·cm−1)× quantum yield
(ΦF); GM: two-photon absorption cross section (TPACS, Goeppert-Mayer
unit); n.r.: not reported; n.d.: not determined.
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4. Summary and Outlook

Since the first report about the pi-extended structure of
coumarin, the tremendous knowledge and experimental
results have been accumulated. In this focused review, the
basic photophysical property, synthetic method, and ap-
plications of benzo[g]coumarin analogues are summarized.
Molecular structures of linearly pi-extended benzo[g]coumarin
analogues are expected to provide a longer excitation and
emission wavelength at the red/near-infrared region with
larger two-photon absorbing ability, and the experiment
results have given evidences. In addition, their rigid con-
formation with facile function granting serves the high
quantum yield, superior photostability/chemical stability,
and applicability for the development of molecular probes.
Some of the benzo[g]coumarin analogues showed prom-
ising two-photon absorbing properties holding great promise
in the development of two-photon bioimaging probes to sense
biologically important species. Most of the bioimaging ap-
plications of benzo[g]coumarin analogues are carried out
very recently; therefore, we hope that this review inspires
scientists to develop more advanced systems with useful
practical applications such as disease biomarker sensing for
prognosis and diagnosis.
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Increase in vascular permeability is a conclusive response in the progress of inflammation. Under controlled conditions, leu-
kocytes are known to migrate across the vascular barriers to the sites of inflammation without severe vascular rupture. However,
when inflammatory state becomes excessive, the leakage of blood components may occur and can be lethal. Basically, vascular
permeability can be analyzed based on the intensity of blood outflow. To evaluate the amount and rate of leakage in live mice, we
performed cremaster muscle exteriorization to visualize blood flow and neutrophil migration. Using two-photon intravital
microscopy of the exteriorized cremaster muscle venules, we found that vascular barrier function is transiently and locally
disrupted in the early stage of inflammatory condition induced by N-formylmethionyl-leucyl-phenylalanine (fMLP). Mea-
surement of the concentration of intravenously (i.v.) injected Texas Red dextran inside and outside the vessels resulted in clear
visualization of real-time increases in transient and local vascular permeability increase in real-time manner. We successfully
demonstrated repeated leakage from a target site on a blood vessel in association with increasing severity of inflammation.
,erefore, compared to other methods, two-photon intravital microscopy more accurately visualizes and quantifies vascular
permeability even in a small part of blood vessels in live animals in real time.

1. Introduction

Control of vascular permeability allows leukocyte migration,
provides nutrition, and maintains homeostasis of the body
[1]. Due to its importance, therefore, vascular permeability
has been actively investigated in the field of medical science
[2–4]. Various stimuli act on endothelial cells and adjust the
tightness of the vascular barrier by remodeling actins [3].
VE-cadherin, which is only expressed in the epithelial cell,
and JAM-1 are key factors in vascular hemostasis and an-
giogenesis [5, 6]. Metastasis of cancer cells is strongly as-
sociated with vascular integrity since a highly permeable
endothelial barrier induces angiogenesis, which eventually
supports the dissemination of tumor cells [7–9]. Despite
numerous studies, detailed steps of controlling mechanisms
about vascular permeability have not been uncovered.

,erefore, we prepared cremaster muscle of mice in order to
observe the changes in vascular integrity in acute in-
flammatory conditions. ,e cremaster muscle was treated
with bacterial chemoattractant, fMLP, and two-photon in-
travital imaging of cremaster muscle venules was conducted
for more than 3 hours. fMLP was used to recruit neutrophils
along the cremaster vessels [10, 11]. ,e major premise of
this study was that neutrophils activated by fMLP would
increase the secretion of vascular endothelial growth factor
A (VEGF-A); therefore, vascular integrity would be de-
creased by cytoskeletal contraction [2, 12]. We were able to
detect increased vascular permeability with this methodol-
ogy; we analyzed the characteristics of this phenomenon by
comparing several targeted locations on inflamed vessels.
Morphological changes in leukocytes and the intensity of
blood flow were also evaluated.
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2. Materials and Methods

2.1. Mice. LysM-GFP mice were used for two-photon in-
travital imaging [13, 14]. ,e animal and experimental
facilities were located at Yonsei University College of
Medicine’s specific pathogen-free zone. Only heterogenetic
mice (GFP/+) were used for experiments. ,e institutional
review board of Yonsei University College of Medicine
approved the study.

2.2. Cremaster Exteriorization for Intravital Imaging. ,e
mouse cremaster muscle was chosen for intravital imaging,
as it can be locally stimulated by exposure to fMLP after
exteriorization [10]. Mice were anesthetized with a Zoletil
and Rompun mixture (3 : 2) via intramuscular injection
(10mg/kg). Texas Red dextran was injected via i.v. injection
in order to label the blood flow. After a few seconds, mice
were placed on the cremaster imaging chamber and firmly
fixed with surgical tape. Body hair was removed with a razor
and shaving cream along the scrotum and testes. ,e upper
skin of the scrotal sac was retracted with forceps and secured
with insect pins. After this procedure, the mouse skin was
ready for exposure. From this point, 1x phosphate-buffered
saline (PBS) preheated to around 34–35°C was always
running inside the chamber sink in order to maintain the
temperature and humidity of the cremaster tissue. Attach-
ment of a yellow tip to the PBS tube was useful for con-
tinuous water irrigation. Under stereoscopic microscopy,
the ventral surface of the pinned scrotal sac was incised. ,e
testicle was removed through the sac with mild pressure on
the abdominal cavity. Connective tissues between the scrotal
skin and cremaster muscle were gently detached, and the
separated scrotal skin was everted to avoid disturbing the
cremaster muscle preparation. Finally, the cremaster muscle
was gently spread on the silicone bed with several pins.
Before imaging, the prepared cremaster muscle was washed

once again with preheated 1x PBS in order to obtain
a clear view.

2.3. Two-Photon Intravital Imaging of Inflamed Cremaster
Muscle Venules. After cremaster surgery, vessel in-
flammation was induced with drops of fMLP (1 µM). Mul-
tiphoton microscopy (LSM 7 MP; Zeiss) with two-photon
excitation (3 colors: blue, green, and red. Each of the three
channels has an emission wavelength of 420–475 nm, 500–
550 nm, and 565–610 nm.) was used at a wavelength of
880–900 nm. Second harmonic generation was represented by
blue, and Texas Red dextran and neutrophils were visualized
with red and green, respectively.MaiTai Deep See laser system
(Spectra-Physics) which detects wavelengths from 690 to
1040 nmwas used for excitation. Video resolution was fixed at
512× 512 pixels.

2.4. Vascular Permeability Analysis. Vascular permeability
or leakage was measured using an arbitrary unit, a.u. An
intact vessel with zero leakage was set as the baseline for this
unit (Figure 1). Absolute values were used to represent
intensity in % and blood leakage volumes (Figures 2 and 3).

2.5. Imaging Data Analysis. ZEN operating software (Carl
Zeiss) was used for operating software of two-photon mi-
croscope and data gathering. Volocity (PerkinElmer) was
used for tracking of neutrophils and vascular permeability.
Graphs were drawn using Prism Software (GraphPad).

3. Results

3.1. Angiorrhexis Is a Local and Transient Event throughout
a Blood Vessel during Inflammation. fMLP is a bacterial
chemoattractant used to induce an inflammatory state, in
which neutrophils infiltrate across blood vessels in damaged
or infected interstitium; this may induce vascular disruption
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Figure 1: Cremaster surgery and intravital imaging of inflamed cremaster vessel. (a) (I),e body of the mouse was fixed in a chamber, using
surgical tape, with traction on the scrotum using suture thread. (II),e scrotumwas cut with scissors after filling the chamber with sterile 1x
PBS. (III) ,e epidermis in the scrotum was cut along its edge. (b, c) Changes in vessel permeability with time (min) were observed using
intravital imaging. Vascular leakage was measured as an arbitrary unit. An intact vessel with zero leakage was set as the baseline for this unit.
A graph of vascular leakage shows local and transient increase in blood permeability. Scale bar: 30 µm. See Video 1.
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[15–17]. ,e mouse cremaster muscle was prepared for this
experiment since a few drops of fMLP can be directly applied
to induce vascular inflammation (Figure 1(a)). We hy-
pothesized that fMLP-induced inflammation would lead to
neutrophil infiltration and disruption of the vascular barrier
in whole blood vessels. However, when fMLP was evenly
applied to the exteriorized cremaster muscle, vascular leakage
only increased in part of the blood vessel (Figure 1(b) and
Video 1). ,us, disruption did not develop simultaneously in
the entire inflamed vessel. On the contrary, vascular leakage
occurred locally, and the intensity varied significantly between
intact and damaged vessel walls (Figure 1(c)). In addition,
neutrophil recruitment was only observed near the site of
vessel wall disruption (S2 in Figure 2(a) and Video 2), and
only a few neutrophils were detected near the intact vessel
structures (S1 in Figure 2(a) and Video 2). Interestingly,
neutrophils in S2 were attached in a row at the outer surface of
the weakened vessel, as if supporting the unstable membrane.
Comparison of S1 and S2 clearly showed differences in in-
flammation progression. Indeed, the change in background
intensity, namely, the black space in Figure 2(a), showed that
blood leakage was more intense at S2 than at S1 (Figure 2(b)).
,erefore, even though it is known that neutrophil infiltration
does not coincide with vascular leakage at the same site in
a blood vessel [18, 19], neutrophil adhesion to the abluminal
side could induce vascular leakage at a delayed time point
following infiltration at the same site. As intravital time-lapse
imaging was performed in live animals, shaking occasionally
occurred during image capture. ,is could cause cremaster
muscle contraction and negligible variation in Texas Red
intensity, as indicated by the arrow in S1 in Figure 2(b).

3.2. Repetitive and Transient Leakage Occurs at a Consistent
Point on the Inflamed Blood Vessel. Vascular leakage is

a transient and local event in the blood vessel under in-
flammation. ,us, a point on the stimulated vessel can be
more rapidly disrupted than another site on the same
stimulated vessel, as shown in Figures 1(b) and 2(a). After
detection of vascular leakage at a vulnerable point on the
inflamed vessel (S2 in Figure 2(a)), we further tracked the
target area to quantify blood outflow using a rainbow scale.
,e principle of the rainbow scale is similar to that of the
contour line; when the rate of leakage is high, the area
appears red. Areas with relatively low rates of leakage appear
blue to green. From the rainbow scale-based tracking of S2,
we observed that there were two separate disruptive events at
the same site on the vessel (Figure 3(a)). A period of mild
vascular leakage was observed at one site, with outflow of
about 75 μm3 of dextran at peak for 48–50min. Once
outflow began, the Texas Red dextran quickly and widely
spread across the interstitial area and became undetectable
on two-photon intravital imaging. Interestingly, after an
interval of 5min, another more significant leakage event
occurred at the same site on the blood vessel. ,e peak
volume of the second leakage event reached 180 μm3

(Figure 3(b)). Based on the graphical display of vascular
leakage, blood was suddenly extruded from this particular
site on the vessel, and the second extrusion phase was more
significant than the first. ,us, leakage from inflamed vas-
culature is a discontinuous event and may repeatedly occur
depending on the progress of inflammation. ,erefore, our
data verified that two-photon intravital microscopy can be
used as a precise tool for research on leakage at an individual
vascular level.

4. Discussion

Traditional in vitro methodologies used to study vascular
permeability include measurement of hydraulic
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Figure 2: Vascular leakage occurs at specific sites on a vessel despite uniform fMLP treatment. (a) Blood vessels are visualized with dextran,
and neutrophils appear green on the image. When fMLP was used to activate neutrophils, the site of leakage was designated as S2 and the
area where leakage did not occur was designated as S1 in the same blood vessel (blood leakage occurred at S2, with no apparent change in S1).
Scale bar: 30µm. See Video 2. (b) When leakage occurred at S1 and S2, blood was extruded and the intensity of red was increased.,e graphical
display compares the intensity at two areas at 44 to 60min in Video 2. At the time of initial imaging (arrow), the intensity of S1 is higher than that
of S2 because the background becomes reddish as overlap occurs due to motion during in vivo imaging. Graph B shows the percent intensity (%)
of blood flow in the two areas, as measured by the leakage of dextran.
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conductivity, transendothelial electrical resistance, and al-
bumin transport [20]. However, these techniques are in-
adequate for replication of actual vascular condition and
disease models. In addition to the methods described above,
a human microvascular endothelial cell (hMVEC) assay is
used to reproduce an actual microvascular environment.
With this hMVEC assay system, scientists can directly apply
cytokines and growth factors such as interleukin-8 and
VEGF to induce inflammatory conditions that are similar to
an in vivo setting [21]. However, it is important to note that
almost every in vitro experiment shows greater permeability
levels compared to in vivo trials [20]. In vitro studies are
performed under precisely controlled conditions, whereas in
vivo studies are always affected by complicated and con-
founding factors.

Vascular permeability assays in vivo using Evans blue dye
can be useful in overcoming the limitation of cellular and
membrane-based experiments. Intravenous injection of Evans
blue, a dye that binds to albumin, will circulate throughout the
animal body. Due to the impermeability of the endothelium to

albumin, Evans blue should remain inside the liver in the
control animal [22]. However, when vascular permeability is
increased with inflammatory stimulation, leakage of Evans
blue will be detected around affected vessels and organs. For
example, Han et al. [23] were able to prove that angioedema is
mediated by bradykinin via Bk2R by comparing the intensity
of Evans blue concentration in the digested mouse ear and
intestinal tissues. A vascular permeability assay, however,
cannot directly show real-time leakage of blood. Com-
bining our cremaster fluorescence analysis and Evans blue dye
assaymay compensate for the shortcomings of thesemethods.

In this study, we performed two-photon intravital mi-
croscopy to measure how vascular leakage occurs at the
subvascular level under fMLP-induced inflammatory con-
ditions. ,e cremaster muscle is useful for intravital fluo-
rescent imaging since it can be easily exteriorized and is
transparent. We investigated how blood vessels are dis-
rupted and vascular leakage occurs during acute inflam-
mation in correlation with neutrophil infiltration.,erefore,
we used LysM-GFP mice, in which neutrophils were clearly
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Figure 3: Leakage occurs in a repetitive and consistent manner. (a) ,e first image without blood leakage in S2 was set as a control
condition. Color change shows the amount of leakage. Vessels appear magenta and blood flow is seen with rainbow colors. It is apparent that
two disruptive events occurred within 16min. A much greater amount of leakage was observed during the second disruptive event.
(b) Vascular permeability was visually demonstrated, and the graph quantitatively shows about twice as much leakage.,e graphical display
is consistent with transient leakage from the same site. Endothelial barrier disruption did not always result in leakage. Two arrows in the
figure indicate that leakage has occurred. Graph B shows the volume of leakage measured according to site. Scale bar: 10 µm.
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visualized by detection of green fluorescence following in-
travenous injection of Texas Red dextran (70 kDa). Texas
Red dextran demonstrates a green color in the absence of
bleeding, with use of a long wavelength laser (880–900 nm).
,is wavelength rarely induces tissue phototoxicity or pho-
tobleaching. ,us, it was possible to perform intravital im-
aging at the same site for up to several hours without severe
photo-induced damage. When injected, dextran circulates
within and clearly outlines the vasculature. ,erefore, Texas
Red leakage is a marker of vascular disruption. We locally
induced an acute inflammatory state by treatment of the
exteriorized mouse cremaster muscle with fMLP. As precise
two-photon intravital imaging detects the concentration of
Texas Red dextran inside and outside blood vessels, we were
able to visualize how leakage occurs from any site on a blood
vessel in a living animal. ,erefore, this intravital imaging
method enables more accurate assessment of vascular leakage
in terms of time and location. As shown in our data, vascular
leakage is a local and transient event in a blood vessel during
acute inflammation. Use of intravital imaging to visualize
leakage of intravascular components under inflammatory
conditions makes it possible to detect subvascular level dis-
ruption of the blood vessel in the target organ. In combination
with further research on signaling mechanisms such as cy-
tokine interactions among cells and receptors, this fluorescent
intravital approach can provide essential information for
development of therapeutic methods for diseases associated
with blood vessel malfunction.
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Accumulation of β-amyloid (Aβ) plaques comprising Aβ40 and Aβ42 in the brain is the most signi2cant factor in the pathogenesis
of Alzheimer’s disease (AD). )us, the detection of Aβ plaques has increasingly attracted interest in the context of AD diagnosis.
In the present study, a 7uorescent pyridazine-based dye that can detect and image Aβ plaques was designed and synthesized, and
its optical properties in the presence of Aβ aggregates were evaluated. An approximately 34-fold increase in emission intensity was
exhibited by the 7uorescent probe after binding with Aβ aggregates, for which it showed high a9nity (KD� 0.35 µM). Moreover,
the reasonable hydrophobic properties of the probe (log P� 2.94) allow it to penetrate the blood brain barrier (BBB). In addition,
the pyridazine-based probe was used in the histological costaining of transgenic mouse (APP/PS1) brain sections to validate the
selective binding of the probe to Aβ plaques. )e results suggest that the pyridazine-based compound has the potential to serve as
a 7uorescent probe for the diagnosis of AD.

1. Introduction

)emisfolding and aggregation of proteins cause numerous
neurodegenerative diseases, such as Alzheimer’s disease
(AD), prion disease (PrD), and Parkinson’s disease (PD) [1].
AD, one of the most common protein misfolding diseases
(PMDs), is characterized by the accumulation of misfolded
β-amyloid (Aβ) peptides and neuro2brillary tangles (NFTs)
containing tau protein in the brain. A recent report revealed
that the buildup of Aβ plaques in the brain plays a signi2cant
role in the pathogenesis of AD [2, 3]. )erefore, approaches
to visualize Aβ deposition might prove useful for diagnosing
AD and evaluating the e9cacy of AD therapeutics [4–6].

Several groups have reported novel positron emission
tomography (PET) imaging agents targeting Aβ plaques to
diagnose AD, including BAY94-9172, FDDNP, PIB, SB-13,
AV-45, and IMPY [7–13]. However, these agents are hin-
dered by factors such as long data acquisition processes,

costly equipment, exposure to radioactivity, need for pro-
2cient personnel, and comparatively poor spatial resolution
[14]. Interest in monitoring the progression of AD by im-
aging Aβ plaques using 7uorescence spectroscopy has also
increased [15, 16]. Compared to nuclear imaging methods,
7uorescence imaging has many advantages, including
providing real-time, nonradioactive, inexpensive, and high-
resolution imaging, both in vivo and ex vivo. Consequently,
various 7uorescent probes for imaging Aβ plaques have
been developed [17–22]. An excellent 7uorescent probe
for Aβ plaques must meet the following requirements
[18, 21, 23]: (1) selective targeting of Aβ plaques, (2) acceptable
lipophilicity (log P value between 1 and 3), (3) high-a9nity
binding, (4) straightforward synthesis, and (5) a signi2cant
change in 7uorescent properties upon binding to Aβ
deposits.

Based on these requirements, we developed and reported
7uorescent pyridazine probes targeting Aβ plaques [24].
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)ese pyridazine probes can be used for imaging through
selective binding but lack the required binding a9nity for
Aβ plaques. Here, we describe the optimization of pyridazine
derivatives based on the conjugation of an electron acceptor
with an electron donor.

To optimize these 7uorescent probes, the electron-donating
p-dimethylamino group and electron-accepting cyano group
were introduced to construct a compound with a donor-
π-acceptor structure (Figure 1). In this paper, we describe the
synthesis and optical and biological properties of a cyano-
based probe based on pyridazine. )e ex vivo staining of Aβ
plaques in APP/PS1 mice brain sections by this 7uorescent
probe is also presented.

2. Materials and Methods

2.1. General Experimental Methods. 1H NMR spectra were
recorded in CDCl3 unless otherwise noted (values in ppm)
using TMS as the standard with a JNM-ECA 500 spectrometer.
Low resolution mass spectra were recorded using a Varian
MAT 212 mass spectrometer. IR spectra (KBr) were mea-
sured with a Bruker-Vector 22 instrument (Bruker, Bre-
men). Flash column chromatography was performed using
silica gel (70–230 mesh). All reagent-grade chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA), and
synthetic Aβ42 peptide was purchased from rPeptide
(Bogart, GA, USA).

2.2. Synthesis and Characterization of Catechol Aldehyde
(2). A mixture of 1 (300mg, 0.97mmol), 3,4-dihydrox-
ybenzaldehyde (147mg, 1.06mmol), and K2CO3 (293mg,
2.12mmol) was dissolved in DMF (20ml) and re7uxed for
24 h. After evaporating the solvent under reduced pressure,
H2O (100ml) and methylene chloride (50ml) were added.
)e organic layer was separated and dried over MgSO4. )e
pure product (2) was obtained by column chromatography
on silica gel using CH2Cl2 as the eluent. Yield: 89%. IR
(KBr)� 3091, 2920, 2852, 1691, 1671, 1647, 1605, 1590, 1526,
1499, 1364, 1280, 1188. 1H NMR (CDCl3)� 9.83 (s, 1H),
8.01 (d, 1H, J� 13.75Hz), 7.67 (s, 1H), 7.54–7.38 (m, 4H),
7.18–6.99 (m, 2H), 6.69 (d, 2H, J� 8.70Hz), 2.98 (S, 6H).
MS (EI)m/z 375 [M]+, 188, 159, 145, 117.

2.3. Synthesis and Characterization of Probe 3. A mixture of 2
(100mg, 0.27mmol) and cyanoacetic acid (30mg, 0.36mmol)
was vacuum dried, and CHCl3 (50ml) and piperidine were
added.)e solution was re7uxed for 15 h.)en, H2O (50ml)
was added. )e organic layer was separated and dried over
MgSO4. )e pure product (3) was obtained by column chro-
matography on silica gel (CH2Cl2: MeOH� 6 : 1). Yield: 58%.
IR (KBr)� 3398, 3091, 2922, 2853, 2211, 1651, 1632, 1603, 1524,
1503, 1363, 1335, 1277, 1187, 1163, 1125. 1H-NMR (CDCl3)� 8.04
(d, 1H, J� 6.86Hz), 7.81 (d, 1H, J� 14.25Hz), 7.80 (s, 1H),
7.55–7.51 (m, 2H), 7.37–7.33 (dd, 2H, J� 8.56, 8.52Hz),
7.18–7.09 (m, 1H), 6.99 (d, 1H, J� 14.29Hz), 6.66 (d, 2H,
J� 7.42Hz), 2.89 (S, 6H). MS (EI) m/z 398 [M-CO2]+, 382, 256,
145, 129, 111, 97, 83, 78, 63.

2.4. UV/VIS and Fluorescence Analysis. UV/VIS and 7uo-
rescence spectra were recorded and analyzed. For the
UV/VIS spectra, an In2nite M200 Pro Microplate reader
(Tecan, Switzerland) equipped with cells with a 1.0 cm path
length was used. )e scan rate was 120 nm/min. )e exci-
tation and emission λmax values of probe 3 (10 μM) were
recorded with a detector (slit of 1mm) and a data interval of
5 nm in DMF.

2.5. Preparation of Aβ42 Aggregates and Fluorescence Spec-
trumMeasurement. Aggregated Aβ peptide was prepared by
diluting Aβ42 to a 2nal concentration of 100 μM in PBS
(pH 7.4). )is solution was incubated at 200 rpm and 37°C
for 3 days. )e formation of Aβ 2brils was con2rmed by
)Tassay. )e excitation and emission λmax values of probe
3 were measured using an In2nite M200 Pro Microplate
reader (Tecan, Switzerland) equipped with a detector (slit
1mm) with a data interval of 5 nm. )e scan rate was
120 nm/min. Probe 3 (10 μM) was reacted with and without
20 μMAβ aggregates for 20min in PBS at 37°C.)e emission
spectra and 7uorescence intensity of the samples were
measured. )e fold increase was calculated by comparing
the 7uorescence intensity with and without 20 μM Aβ
aggregates.

2.6. Binding Constant (KD)Measurement. A 10 μM solution
of aggregated Aβ42 was combined with probe 3 (0.1, 0.5, 1, 2,
5, and 10 μM) in PBS (pH 7.4). )e solutions were incubated
for 10min at 37°C, and then their 7uorescence intensity
was determined at 408 nm (excitation wavelength). KD was
determined as described previously [25].

2.7. Lipophilicity (log P). Probe 3 was added to a premixed
suspension containing 500 μL of octanol and 500 μL of PBS
solution, and the resulting suspension was vortexed vigor-
ously for 10min and centrifuged at 3000 rpm for 5min. Two
layers separated out, and 100 μL aliquots from octanol and
the PBS solution layers were removed and analyzed for their
7uorescence intensity. )e log P value was calculated as the
logarithm of the ratio of the 7uorescence intensity in octanol
versus that in PBS solution.

2.8. Maestro Images Analysis. An optical data study was
performed using a Maestro 2.0 in vivo imaging system. )e
images were acquired as described previously [25]. Solutions
of probe 3 (1 μM) were prepared with and without 20 μMAβ
aggregates in PBS. Fluorescence emission was obtained by
analyzing the resulting images with commercial software
(Maestro™ 2.4).
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Figure 1: Chemical structure of 7uorescent probe 3.
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2.9. Histological Costaining with Aβ Antibody and Probe
3. )e brain from 12-month-old transgenic APP/PS1 mice
was removed and cut into 5 μm sections. )e mouse brain
sections were stained with probe 3 and anti-Aβ using the
following method: 2rst, the brain sections were equilibrated
in PBS solution for 10min, washed with PBS containing
0.1% Tween 20 (PBS-T) and 5% BSA for 30min, and washed
again with PBS-T supplemented with 1% BSA for 5min 3
times. Second, the washed sections were incubated with
primary antibody (rabbit anti-Aβ, 1 : 100 dilution in PBS-T
supplemented with 1% BSA) overnight at 4°C, washed with
PBS-Tsupplemented with 1% BSA 3 times, and stained with
secondary antibody (Alexa 555 goat antirabbit IgG, 1 : 100
dilution in PBS-T supplemented with 1% BSA). After
washing with PBS, the prestained sections were stained with
10 µM probe 3 for 30min. )e stained section was washed
with PBS and analyzed under an FV1000D (Olympus,
Tokyo, Japan) confocal laser scanning microscope.

3. Results and Discussion

)e synthesis of probe 3 is outlined in Scheme 1. First, com-
mercially available 3,4-dihydroxybenzaldehyde was converted
to the corresponding catechol aldehyde (2) by reacting it with
compound 1. The Knövenagel condensation of compound 2
with cyanoacetic acid aRorded the 2nal 7uorescent probe (3).

)e optical properties of the synthesized 7uorescent
probe (3) with aggregated Aβ42 peptides in PBS (pH 7.4)
were analyzed, and the results are shown at Table 1. Probe 3
exhibited an excitation maximum at 408 nm and an emis-
sion maximum at 670 nm (Table 1 and Figure 2).

To operate as a 7uorescent probe targeting Aβ plaques,
a compound must show a signi2cant rise in 7uorescence
intensity upon binding with Aβ aggregates compared to the
7uorescence intensity of free Aβ aggregates in solution [15].
)erefore, we compared the 7uorescence intensity of probe
3 to the 7uorescence intensity of the probe in the presence of
Aβ aggregates (Figure 3(a)). As shown in Table 1, we ob-
served a remarkable increase (35-fold) in the 7uorescence
intensity of probe 3 in the presence of Aβ aggregates. Ad-
ditionally, the gain in 7uorescence intensity was visually
con2rmed using a Maestro 7uorescence imaging system
(Figure 3(c)). )is eRect is due to conformational changes:
When the probe in solution with Aβ aggregates is in the
unbound state, free rotation through a single bond is per-
mitted, whereas upon binding to Aβ aggregates, the probe
exhibits a signi2cant increase in 7uorescence intensity due to
restricted movement [26]. )e binding of probe 3 to Aβ
aggregates was also accompanied by a blueshift in the

emission spectrum [15]. )e emission wavelength of probe 3
exhibited signi2cant blueshifts (66 nm, Table 1), indicating
that probe 3 likely intercalated into the hydrophobic pocket
of the Aβ aggregates.)is result suggested that probe 3 could
be “turned on” via an increase in 7uorescence intensity and
a blueshift in its emission wavelength upon interacting with
Aβ aggregates.

Next, we measured the apparent binding constant (KD)
of 7uorescent probe 3 to Aβ aggregates. )e 7uorescence
intensity of solutions of probe 3 at various concentrations in
the presence of Aβ aggregates was measured, revealing that
the KD value of probe 3 was 0.35± 0.03 μM (Table 1 and
Figure 3(b)). )is binding constant was signi2cantly higher
than that of our previously reported 7uorescence probe,
probe 1 (1.83± 0.31 μM) [24]. )e lipophilicity (log P) of
probe 3 was also evaluated to determine whether it could
permeate through the blood brain barrier (BBB). The log P
value of probe 3 was found to be 2.94 (Table 1), suggesting
that probe 3 has desirable properties regarding BBB per-
meability [21].
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Figure 2: Absorbance and emission spectra of probe 3 in DMF.
The maximumwavelengths in the absorbance and emission spectra
are 408 nm and 670 nm, respectively.

Table 1: Fluorescence pro2le and KD and log P values of probe 3
with Aβ aggregates.

Optical properties Probe 3
λex (nm) 408
λem (nm) 670
λex/λem with Aβ (nm) 408/604
Fold increase with Aβ 34.92
KD (mean± SD) (µM) 0.35± 0.03
log P (lipophilicity) 2.94
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Scheme 1: Reaction scheme for the synthesis of the pyridazine-based probe (3). (i) DMF, 3,4-dihydroxybenzaldehyde, K2CO3, re7uxed for
24 h; (ii) CHCl3, cyanoacetic acid, piperidine, re7uxed for 15 h.
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)e probe developed in this paper, probe 3, meets the
requirements for a 7uorescence imaging probe for AD: high
7uorescence receptivity, strong binding a9nity, and hy-
drophobicity. To assess whether 7uorescent probe 3 could
stain Aβ plaques in mouse brain tissue, we further evaluated
the histological costaining of Aβ plaques in APP/PS1 mouse
brain sections with probe 3 and anti-Aβ. Aβ plaques in the
mouse brain section were identi2ed by staining with anti-Aβ
as a control. As shown in Figure 4, the brain section exposed
to probe 3 exhibited signi2cant 7uorescence. Notably, the
merged images showed colocalization of the areas stained

with probe 3 and anti-Aβ, which demonstrates the selective
targeting of Aβ plaques by probe 3.

4. Conclusions

In summary, we successfully synthesized probe 3 as a novel
Aβ plaque-targeting 7uorescent probe by applying the
concept of a donor-π-acceptor structure to the scaRold of
a previously reported pyridazine dye, probe 1. Probe 3
exhibited a strong 7uorescence response (FAβ/F0 > 34-fold),
high a9nity for Aβ42 aggregates (KD� 0.35± 0.03 µM), and
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Figure 3: Emission spectra of probe 3 in the presence and absence of Aβ aggregates (a) and a plot of the 7uorescence intensity (at λem� 604)
as a function of the concentration of probe 3 in the presence of Aβ aggregates (10 μM) in PBS (b). )e apparent dissociation constant (KD)
was 0.35± 0.03 μM. (c) Imaging of the 7uorescence intensity of probe 3 and Aβ42 aggregates using a Maestro imaging system.
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Figure 4: Histological double staining of 5 µm double sections from the cortex of APP/PS1 mouse brains with probe 3 and anti-Aβ. All of
the images were acquired at a certain excitation wavelength (anti-Aβ: 555 nm and probe 3: 408 nm) by a confocal laser scanning microscope.
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su9cient hydrophobicity to penetrate the BBB (log P� 2.94).
Furthermore, probe 3 speci2cally stained the Aβ plaques in
APP/PS1 mouse brain sections. )ese results indicate probe
3 as a novel 7uorescence imaging agent for the study of AD.
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