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a b s t r a c t

In vivo monitoring of the hypoxic area is urgently required. Near infrared (NIR) fluorescence-active
fluorophores with excellent photo stability are preferable for in vivo imaging. A novel rational
designed turn-on fluorescent probe with high selectivity and long-wavelength was synthesized which
was applied in bioreductase (cytochrome P450 reductase which overexpressed in tumor cells) and
hypoxia detection. The NIR probe (AZO-DCM) is based on a photo stability fluorophore dicyano-
methylene-4H-pyran dye (DCM) with an azo bond as probe quencher and hypoxic trigger. After reacted
with cytochrome P450 reductase, azo bond was cleaved and DCM released with fluorescent on. The
designed probe showed high anti-interference ability which cannot disturb by many interfering sub-
stances, such as biothiols, inorganic salts (included sulfite salt) and amino acid. AZO-DCM performed
good selectivity and sensitivity to cytochrome P450 reductase and hypoxia. The fluorescent intensity was
increased more than 150-fold after response to cytochrome P450 reductase and NADH system in 4 min.
The reaction mechanism also proved by HPLC experiment. Probe AZO-DCM displayed excellent prop-
erties in identifying different hypoxic status of tumor cells in vivo.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

As an important character of tumors, hypoxiawas found inmore
than 60% solid tumors. The tumor oxygenation status tampers the
therapeutic effects of radiotherapy, chemotherapy, biotherapy and
thermotherapy [1,2]. Tumor hypoxic cells not only show low
sensitivity to radiotherapy, but also resist to chemotherapy and
biotherapy [3,4]. Detection of hypoxia is helpful for the establish-
ment of clinical therapeutic plan and the patient-oriented indi-
vidual therapeutic plan [5]. Lots of researchers had developedmany
methods to detect hypoxia, such as immunostaining, positron
emission tomography (PET), magnetic resonance imaging (MR) and
doppler optical coherence tomography [6e9]. With the advantage
of high sensitivity, high resolution, adjustable emission
oting15@swu.edu.cn (T. Guo),
wavelength, real-time monitoring and non-invasiveness, fluores-
cent imaging had received more attention and beenwidely applied
in biological detection [10e14].

Several papers about hypoxia imaging reported mainly focused
on nitroreductase (NTR) which can reduce nitro group to amine.
Based on this reaction, several papers were published and some got
good results [15e19]. Recently, a new chemical group azo bond was
found effective to hypoxia and showed good performance under
different oxygen partial pressure [20e22]. Nagano group first re-
ported the cyanine dye connected to a commercial available
quencher BHQ-3 with an azo group. Through the effect of FRET, the
fluorescence can be quenched completely. Probe displayed good
performance in detecting acute ischemic and related hypoxia. Here,
we designed a new probe which based on dicyanomethylene-4H-
pyran dye and azo functional group with NIR emission wavelength,
which was easier to synthesis and performed higher sensitivity to
cytochrome P450 reductase and hypoxia.

mailto:cuilei15@usst.edu.cn
mailto:guoting15@swu.edu.cn
mailto:huangjunhai@sinopharm.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2016.12.062&domain=pdf
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2016.12.062
http://dx.doi.org/10.1016/j.dyepig.2016.12.062
http://dx.doi.org/10.1016/j.dyepig.2016.12.062


L. Cui et al. / Dyes and Pigments 139 (2017) 587e592588
2. Experiment section

2.1. Instruments and chemicals

UVevisible absorption spectra were obtained using a UVevi-
sible spectrometer (Scinco 3000 spectrophotometer). Fluorescent
spectra were performed on a Hitachi F-7000 luminescence spec-
trophotometer in 10 � 10 mm quartz cells fluorescence spectro-
photometer at 37 �C. 1H and 13C spectra were measured using a
Bruker ARX 300 NMR spectrometer. The molecular mass was ac-
quired using ion trap time-of-flight mass spectrometry (MS-TOF).
The pH values of buffers were adjusted using a Sartorius PB-10 basic
pH meter. Fluorescence imaging experiments were performed on
confocal microscope (Olympus, IX81, JPN) at lex ¼ 500 nm. A liquid
chromatography system from Agilent Technologies (Agilent,
American) was applied to all chromatography tests. Deionized
water was used to prepare all aqueous solutions.

2.2. Spectroscopic materials and methods

Double distilled water was used to prepare all aqueous solu-
tions. All spectroscopic measurements were performed in PBS
buffer (30% DMSO and 0.1% Tween 80) except cytochrome P450
reductase assay in 0.1 M phosphate buffer (pH 7.4, 10% DMSO and
0.3% Tween 80) at 37 �C. All pH measurements were made with a
Sartorius basic pH-Meter PB-10. Samples for absorption and fluo-
rescence measurements were contained in 1 cm � 1 cm quartz
cuvettes (100 mL volume).

2.3. Cytochrome P450 reductase assay

Cytochrome P450 Reductase (Rabbit liver, purchased from
Sigma-Aldrich) experiments were performed in 1 cm� 1 cm quartz
cuvettes. Stock solutions of probe AZO-DCMwere prepared in pure
DMSO (0.1 mM). Experimental system is PBS buffer (0.1 mM,
pH ¼ 7.4) in 37 �C water bath. The concentration of AZO-DCM in
solution is 1 mM. The dosage of Cytochrome P450 reductase is 1U/
mL and NADPH is 1 mM. Argon gas was bubbled into the AZO-DCM
solution for one hour to create the hypoxic environment. The
emission intensity was collected from 540 nm to 700 nm with
excitation at 500 nm.

2.4. HPLC for probe AZO-DCM with cytochrome P450 reductase

HPLC was performed on a ZoRBAX RX-C18 column (Analytical
4.6 � 250 mm 5 mm, Agilent) with a HP 1100 system. The HPLC
solvents employed were 15% acetonitrile and 85% methanol. The
HPLC conditions were as follows: solvent A: solvent B ¼ 0:100
(0 min)e100:0 (20 min), flow rate 1.2 mL/min, detection by UV/Vis
(254 nm and 500 nm). The reaction solution of AZO-DCM (10 mM),
NADPH (1 mM) and cytochrome P450 reductase (1 U/mL) was
incubated in PBS buffer (0.01 M PBS, pH ¼ 7.4, contains 1% DMSO,
0.1% Tween 80) for 3, 5, 10, 15 and 30 min. When time is up, the
solution was filtered through filter to remove reductase. After ni-
trogen purged and dried for 1.5 h, the crude product was analyzed
by HPLC.

2.5. Cell culture and imaging

HeLa and A549 cells were obtained from American Type Culture
collection and were grown in RPMI-1640 (Hyclone), supplemented
with 10% FBS (Gibco), 2 mM L-Glutamine, 100 U/mL penicillin and
100 mg/mL streptomycin. Cells were incubated in a 5% CO2 incu-
bator at 37 �C and passaged with sub-cultivation ratio of 1:4 every
two days. HeLa cells were seeded in 24-well plates under culture
medium. For fluorescence imaging, cells were incubated under
normoxic (21% pO2) and hypoxic (10%, 5%, 1% pO2) conditions for
6 h at 37 �C. Then the cells were washed with PBS buffer (pH 7.4)
and were treated with 1 mM AZO-DCM in FBS-free RPMI-1640 for
30 min. HeLa cells were washed three times with PBS buffer before
taken images which were performed with Nikon (Eclipse Ti-E
2000). The fluorescent field was collected with 500 ms exposure
time using a Texas Red filter and with 500 ms exposure time for
bright field.

3. Results and discussion

3.1. Synthesis and structural characterization

Probe AZO-DCM was synthesized according to previous
methods [23,24], as shown in Scheme S1. The intermediate and
products were confirmed by 1H NMR, 13C NMR and HR-MS. (see
Supplementary information).

3.2. Spectrum of probe AZO-DCM and fluorophore DCM

UVeVis spectrum and fluorescent emission about probe AZO-
DCM (10.0 mM) and fluorophore DCM (10.0 mM) which dissolved in
PBS buffer with 30% DMSOwas performed (Fig. 1). Probe AZO-DCM
with an azo bond showed a longer absorption wavelength at lmax

520 nm and fluorophore DCM at lmax 500 nm. For fluorescent
spectrum of AZO-DCM, the absorbed energy was easy to deplete
due to the vibration of azo bond, there was nearly no fluorescent
signal. Lots of commercialized compounds contained azo bond, like
BHQ-1, BHQ-2 and BHQ-3, were widely used as an effective
quencher for cyanine dyes. However, fluorophoreDCM performed a
strong fluorescent at the wavelength of 650 nm. The huge differ-
ence between fluorophore DCM and probe AZO-DCM means azo
bond is an excellent potential receptor for hypoxia detection. After
the azo bond of probe AZO-DCMwas reduced to amine, an obvious
fluorescent signal could be detected.

3.3. Spectrum of probe and response toward Na2SO3

Prof. Cao have reported several researches about azo bond
which can be reduced by sulfite [25]. To investigate the selectivity
of the probe AZO-DCM, the UVeVis absorption and fluorescence
response of the probe to sodium sulfite were tested (Fig. 1). The
UVeVis absorption spectra showed there was a blue shift about
20 nm after treated with sodium sulfite, which means the azo bond
was not exist. The maximum absorption wavelength was changed
from 520 nm to 500 nm, correspondingly, the color was changed
from light purple to orange-red. As shown in Fig. 1b, no fluorescent
signal was detected after sodium sulfite added. Possibly, the addi-
tion of sulfite to C]C which resulted the ICT structure destroyed.
This mechanism had also been applied in design of fluorescent
probe for sulfite [26,27]. This experiment showed themost possible
interfering substance sulfite was excluded, which did a good
foundation for the application in cell.

3.4. Response towards cytochrome P450 reductase

To further examine whether the probe AZO-DCM was suitable
for the hypoxia detection, cytochrome P450 reductase (1 U/mL)
which contain various reductases was applied assay in vitro. In
order to create a hypoxic environment, argon was bubbled in to
AZO-DCM solution (3.0 mM, PBS buffer with 10% DMSO, 0.1% Tween
80, pH 7.4) for 15 min, then cytochrome P450 reductase was added.
Upon the addition of NADPH (100 mM, as a cofactor of cytochrome
P450 reductase), a dramatic fluorescent enhancement was



Fig. 1. Absorption (left) and fluorescent emission (right) spectra of AZO-DCM, DCM and the reaction solution of AZO-DCMwith sodium sulfite in phosphate buffered saline (0.01 M,
pH 7.4) containing 30% DMSO and 0.1% Tween 80 at room temperature.

Fig. 2. a) Fluorescent changes of AZO-DCM without (pink curve) or with (other curve)
under various oxygen levels. The spectra were measured in phosphate buffer (pH 7.4
with 10% DMSO and 0.1% Tween 80, contained 1 mM NADPH) at 37 �C; b) Time-
dependent fluorescent intensity changes of AZO-DCM to cytochrome P450 reduc-
tase. The black curve means fluorescent intensity changes of AZO-DCM in the presence
of cytochrome P450 and NADPH under hypoxia. The red curve means fluorescent in-
tensity changes of AZO-DCM in the presence of cytochrome P450 and NADPH under
normoxia condition. The fluorescence spectra were measured with excitation at
500 nm and the concentration of cytochrome P450 reductase is 1 U/mL. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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observed at around 650 nm with excitation at 500 nm. The fluo-
rescent intensity was increased about 156 folds (Fig. 2a) under
argon atmosphere (1% pO2). But there was slight fluorescence
change, about 1.5 folds, under normoxia condition (20% pO2). The
fluorescent peak appeared at 650 nm is corresponding to the
fluorescent emission of the fluorophore DCM, which means the azo
bond was reduced and cleaved successfully by the reductase with
the release of fluorophore DCM under hypoxia condition. As a
control, without cytochrome P450 reductase, no fluorescent signal
was observed in air (21% pO2) saturated or argon atmosphere (1%
pO2) solution with cofactor NADPH.

To further understand the catalytic process of cytochrome P450
reductase, the kinetics of AZO-DCM in the presence of NADPH was
measured under different condition (hypoxia/normoxia). The
fluorescence data was recorded at the wavelength of 650 nm
(Fig. 2b). Under hypoxia condition, the fluorescence reached a
plateau within 5 min. As a contrast, the fluorescence was weak and
the change of fluorescent intensity was negligible in the next
20 min under normoxia condition. In this test, it's easier to observe
the large S/N value in fluorescent intensity between hypoxia and
normoxia. The experiment also guaranteed probe AZO-DCM for
detection of hypoxia cells.

3.5. Selective response of probe AZO-DCM

To further evaluate the application in living cells, some possible
interference substances were investigated [28e30]. The probe
AZO-DCM was treated with reductants (Vc and glutathione), bio-
thiols (cysteine and dithiothreitol), inorganic salts (FeCl2), Glucose,
NADPH or amino acid (tyrosine). The concentration of reduced
biological reductants is less than 1 mM in normal physiological
conditions. As shown in Fig. 3, up to 100 equiv. of interference
substances did not induce any noticeable fluorescent signal
enhancement. The selectivity was also studied in the present of
cytochrome P450 reductase with 100 equiv. of other biological re-
ductants. The changes of fluorescence intensity were also negligible
except NADPH. Only the mixture of NADPH, cytochrome P450
reductase and AZO-DCM presented strong fluorescent at 650 nm.
Therefore, it can be concluded that AZO-DCM displayed high
selectivity for bioreductase and stable in biological system.

3.6. HPLC analysis of metabolism of AZO-DCM reacted with
cytochrome P450 reductase

The mechanism of probe AZO-DCM reduced by bioreductase



Fig. 3. Fluorescence response assays with the reductants. Control: probe AZO-DCM
(3 mM). Fluorescence responses of AZO-DCM (3 mM) co-incubated with various re-
ductants (1 mM) in PBS at room temperature with excitation wavelength at 500 nm.
The reductants included Vc, glutathione, cysteine, dithiothreitol, FeCl2, glucose, NADPH
and tyrosine.

Fig. 4. HPLC analysis of metabolism of AZO-DCM reacted with cytochrome P450
reductase at different reaction time (0, 3, 5, 10, 15 and 30 min). AZO-DCM (3 mM) and
NADPH (1 mM) was treated with cytochrome P450 reductase. HPLC profiles were
detected by UV at 254 nm.

Scheme 1. The proposed mechanism of probe AZO-DCM
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was confirmed by HPLC. Before the test, the retention time of the
probe AZO-DCM and fluorophore DCM were determined. With the
passage of reaction time, the concentration of AZO-DCM (the
retention time was 14.4 min) decreased obviously, and it was
almost disappeared after about 30 min (Fig. 4). Meanwhile, the
concentration of fluorophore DCM (the retention time was
11.2 min) was increased gradually and obtained the maximum
value after reacted 60 min. A peak in 8.7 min was another meta-
bolism product 4-amino-N, N-diethylaniline, which also increased
in about 30 min but decreased in the next 30 min. It maybe the
substance was oxidized in the workup process. The HPLC also
showed the azo bond was cleaved to two metabolism products by
bioreductase with NADPH under hypoxia condition (Scheme 1).

3.7. Hypoxic cell imaging

For evaluation of the probe AZO-DCM applied in detecting the
hypoxic condition in cancer cells, A549 cell lines were chosen for
cellular fluorescent imaging. The A549 cells were incubated for 6 h
under different oxygen concentration (pO2 21%, 10%, 5% and 1%)
which means different hypoxia state. As shown in Fig. 5, under
normoxic condition (pO2 is 21%), the fluorescent intensity was very
weak. With the oxygen content decreased (from 10% to 1%), the
fluorescent intensity was increased gradually. It was found that
AZO-DCM had good selectivity to the pO2. Using Image J™ software
(1.47v), we calculated the average fluorescent intensity value at
different oxygen condition (Fig. 5m). The mean fluorescent in-
tensity increased from 0.066 to 10.08, nearly about 152-fold. HeLa
cells were also applied in hypoxia detection and got the similar
results (Fig. S1). These results indicated that the probe AZO-DCM
could detect hypoxia cells sensitively. The outstanding performance
was mainly because the fluorescent of AZO-DCM was totally
quenched by azo bond.

4. Conclusion

In summary, we developed a novel fluorescent probe AZO-DCM
by conjugating NIR fluorophore DCM with N, N-dimethylaniline
through azo bond. In the present of NADPH, the probe perform-
anced high selectivity to cytochrome P450 reductase over other
bioreductants under hypoxia. The probe AZO-DCM could distin-
guish hypoxia cells with normoxic cells rapidly and sensitively. The
fluorescent intensity was about 150-fold between hypoxia and
reduced by Cytochrome P450 reductase and NADPH.



Fig. 5. Fluorescence microphotographs of A549 cells incubated with 1.0 mM fluorescent probe AZO-DCM at 37 �C. The first row was taken at aerobic condition (a, b and c). From the
second row to the fourth row was taken at different hypoxic condition (10%, 5% and 1% pO2), respectively. (a) (d) (g) and (j) were taken in bright field; (b) (e) (h) and (k) were taken
in fluorescent model (red), (c) (f) (i) and (l) were the overlap of related bright field and fluorescent field. (m) The mean fluorescent photons and relative ratio. Image J software gave
an average emission value of fluorescent photos. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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normoxia condition, which indicated that AZO-DCM could be a
candidate for hypoxia imaging.
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