
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 5
:3

0:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Novel designed a
aCollege of Science, University of Shangha

China
bState Key Laboratory of New Drug and Phar

Pharmaceutical Industry, China State Ins

Zhangheng Road, Shanghai, 201203, China
cCollege of Science, Shanghai University, Sh

† Electronic supplementary informa
10.1039/c9ra02741f

Cite this: RSC Adv., 2019, 9, 21572

Received 11th April 2019
Accepted 30th June 2019

DOI: 10.1039/c9ra02741f

rsc.li/rsc-advances

21572 | RSC Adv., 2019, 9, 21572–21577
zo substituted semi-cyanine
fluorescent probe for cytochrome P450 reductase
detection and hypoxia imaging in cancer cells†

Caiyue Wang,ab Shuping Zhang,*a Junhai Huang,b Lei Cui,c Jin Hub

and Shaoying Tan *b

A hypoxia activated fluorescent probe AZO-Cy which contains an azo group conjugated to the electron

withdrawing part of the fluorescent dye was synthesized. In the presence of NADH, AZO-Cy displayed

high selectivity and sensitivity to cytochrome P450 reductase (CPR) under low pO2
. The probe showed

high anti-interference capability in the presence of other biothiols and ions. In A549 cell imaging, the

fluorescence intensity is increased about 11-fold under hypoxia compared to normoxia conditions.

Further inhibitor experiments showed that CPR is not the only reductase that can take part in the

process of azo bond reduction. The probe AZO-Cy displayed high oxygen sensitivity in the identified

different hypoxic status of tumor cells which provides huge potential application toward in vivo hypoxia

detection.
1. Introduction

Low oxygen concentration or insufficient oxygen supply which
means hypoxia is a major phenomenon in various diseases.
Oxygen plays an important role in the balance of pathological
and physiological processes.1–6 Normally, the hypoxic area
means a pO2

value #2.5 mm Hg which can be found in solid
tumors, cardiac ischemia and inammatory diseases. Clinical
research has found that the hypoxic environment in solid
tumors has a certain relationship to the tumor cells’ resistance
to treatment and metastasis.7,8 Because of the inadequate
supply of oxygen, there is not enough oxygen transferred to
reactive oxygen species (ROS) in a hypoxic environment. In this
condition, the reduction of ROS concentration means the
increase in reducing ability. Groups such as aromatic nitro
group, azo group and quinone group have been applied in the
designing of various hypoxic activated uorescent probes.9–12 So
far, various methods have been applied in the detection of
hypoxia in the clinic, including positron emission tomography/
computed tomography (PET/CT), electron paramagnetic reso-
nance imaging (EPRI) and so on.13–15 Because it is non-invasive,
and has high sensitivity and high spatiotemporal resolution,
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tion (ESI) available. See DOI:
uorescence imaging is still an ideal method for hypoxia
detection.16–20

As a metabolism enzyme, cytochrome P450 reductase plays
a key role in the reduction of nitro functional compounds and
has higher activity in cancerous cells than in normal cells,
especially in a hypoxic environment. Several studies have
proved that azo aromatic compounds are good substrates for
cytochrome P450 reductase.18,20–23 Some uorescent probes
showed good performance under different oxygen partial pres-
sures which meant the azo group was very effective to detect
hypoxia. Based on our previous work,19 herein, we report a far-
red emitting probe AZO-Cy containing an azo moiety which
can be metabolized by cytochrome P450 reductase in hypoxic
conditions, the probe displayed a strong uorescence OFF–ON
response at 610 nm in PBS buffer and in hypoxia imaging in
tumor cells.
2. Experimental section
2.1 Instruments and chemicals

UV-visible absorption spectra were obtained using a UV-visible
spectrometer (Scinco 3000 spectrophotometer). Fluorescent
spectra were performed on a Hitachi F-7000 luminescence
spectrophotometer in 10 � 10 mm quartz cells with the volume
3.0 mL at 37 �C. 1H and 13C spectra were measured using
a Bruker ARX 400 NMR spectrometer. The molecular mass was
acquired using ion trap time-of-ight mass spectrometry (MS-
TOF). Fluorescence imaging experiments were performed on
a confocal microscope (Olympus, IX81, JPN). A liquid chroma-
tography system from Waters Technologies (Waters, American)
was applied to all chromatography tests.
This journal is © The Royal Society of Chemistry 2019
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All of the chemicals and solvents were purchased from
commercial suppliers and used without further purication,
unless otherwise stated. Deionized water was used to prepare all
aqueous solutions.
2.2 Preparation of probe AZO-Cy

Probe AZO-Cy was synthesized from the commercially available
starting material 1-1 as shown in Scheme 2. The key interme-
diates and probe AZO-Cy were conrmed using 1H NMR, 13C
NMR and HR-MS (see ESI†).

Synthesis of AZO-Cy. Compound 1 (300.0 mg, 1.0 mmol) and
nitrosobenzene (627.0 mg, 5.9 mol) were dissolved in acetic acid
(4 mL). Then the mixture was stirred at 25 �C for 5 h. 10 mL
water was added and then the mixture was extracted with
methylene chloride (10 mL � 3). The combined organic layers
were washed with brine and dried over anhydrous Na2SO4. Then
the solvent was concentrated in vacuum and the residue was
puried using silica gel chromatography (DCM : MeOH ¼
20 : 1, v/v) to provide AZO-Cy (100 mg, 26%) as a bright purple-
black solid. 1H NMR (400 MHz, DMSO-d6) d 8.10 (d, J ¼ 1.7 Hz,
1H), 8.06–7.96 (m, 2H), 7.96–7.82 (m, 4H), 7.64–7.58 (m, 2H),
7.58–7.51 (m, 2H), 6.76 (d, J ¼ 14.4 Hz, 1H), 6.41 (d, J ¼ 8.8 Hz,
2H), 5.76 (s, 1H), 4.29 (q, J ¼ 6.8 Hz, 2H), 1.99 (s, 1H), 1.76 (s,
6H), 1.32 (t, J ¼ 7.0 Hz, 3H), 1.27–1.13 (m, 3H). 13C NMR (101
MHz, DMSO-d6) d 184.13, 168.27, 152.16, 148.29, 146.05, 145.11,
141.62, 130.85, 129.42, 126.53, 124.89, 122.46, 122.28, 114.75,
109.64, 96.79, 47.44, 37.88, 27.51, 11.98. HRMS (ESI+) calcd for
C26H26N3O

+ [M]+ ¼ 396.2070, found 396.2066.
Scheme 1 Previously reported probes (A) and current work (B).

Scheme 2 Synthesis of 1 and probe AZO-Cy.

This journal is © The Royal Society of Chemistry 2019
2.3 Spectroscopic materials and methods

Double distilled water was used to prepare all aqueous solutions.
All spectroscopic measurements were performed in PBS buffer (1%
DMSO, 0.1 mM, pH ¼ 7.4). Samples for absorption and uores-
cence measurements were contained in 1 cm � 1 cm quartz
cuvettes (1.5mL volume) by setting the slit width of 3 nm� 1.5 nm.

2.4 Cytochrome P450 reductase assay

Cytochrome P450 reductase (rabbit liver, purchased from
Sigma-Aldrich, CPR) reactive activity experiments were per-
formed in a 1 cm � 1 cm quartz cuvette with 100 mL volume.
Stock solutions of probe AZO-Cy were prepared in pure DMSO (1
mM). All experiments were performed in PBS buffer (0.1 mM,
pH ¼ 7.4) in 37 �C water bath. The dosage of cytochrome P450
reductase is 1 U mL�1. Argon gas mixtures with different pO2

were bubbled into the AZO-Cy solution for 30 min to create the
different hypoxic environments.

2.5 Cell culture and confocal microscope imaging

A549, purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA), was chosen for culturing with RPMI-1640
(Hyclone), supplemented with 10% FBS (fetal bovine serum,
Gibco), 2 mM L-glutamine, 100 U mL�1 penicillin and 100 mg
mL�1 streptomycin in an atmosphere of 5% CO2 and 95% air
(37 �C). Cells were seeded in the 24-well plates at a density of 1
� 105 in a culture medium. For uorescence imaging, cells were
divided into two parts, one part was incubated under different
hypoxic (1% pO2

) conditions and the other part was under nor-
moxic conditions (21% pO2

) for 24 hours, respectively. Then,
aer washing with PBS buffer twice, the cells were treated with
AZO-Cy in FBS-free RPMI-1640 for 30 min before uorescence
imaging, respectively. The pictures were collected with a Nikon
instrument (Eclipse Ti-E2000). The uorescence eld was
collected with 200ms exposure time using a Texas Red lter and
with 100 ms exposure time for bright eld.

3. Results and discussion
3.1 Synthesis and structural characterization

Previously, our group have developed a series of hypoxic acti-
vated uorescent probes which were based on different func-
tional group, including benzoquinone, aromatic nitro group and
azo group.24,25 We found that the azo bond is more sensitive than
other functional group under hypoxic conditions, such as a nitro
group, benzoquinone and N–O bond. Most of the probes’ func-
tional groups were linked to the electron-rich side (phenolic
hydroxyl group or aromatic amino) directly or by a linker. Here,
the designed probe AZO-Cy contains an azo group which is
connected to the indole group (electron-withdrawing part)
directly. Probe AZO-Cy displayed a dramatic optical change as
well as high sensitivity to cytochrome P450 reductase.

3.2 UV-vis and uorescence study

The UV-vis spectra and uorescence spectra of AZO-Cy were
monitored in PBS buffer. From Fig. S1,† we can nd that the
RSC Adv., 2019, 9, 21572–21577 | 21573
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absorption spectra of both compounds only showed minor
differences. In contrast, the uorescence spectra showed great
differences. No uorescence signal could be detected for the
probe AZO-Cy, but an obvious signal at the wavelength of
610 nm was detected for the reduced dye 1. This means
compound AZO-Cy showed great application potential in the
detection of cytochrome P450 reductase with uorescence
(Table S1†).
3.3 Spectrum of probe AZO-Cy towards cytochrome P450
reductase

Cytochrome P450 reductase plays key roles in the detoxication
and activation of xenobiotics and has been widely applied in the
metabolism of organic molecules such as drugs, pesticides, plant
toxins, and mutagens. Until now, several research studies,
including from our group, have proven that the enzyme shows
a strong reducing ability that could reduce azo compounds under
hypoxic conditions. Here, the new designed probe has a signi-
cant difference in chemical structure, as shown in Scheme 1, to
most of the reported probes, where the functional group was
connected to the electron-donating end of the uorophore
molecule.9,16,19,23 Here, the azo group of the probe AZO-Cy con-
nected to the electron-withdrawing end which is a rst report.

As shown in Fig. 1, nearly no uorescence signal at 610 nm
was detected because of the vibration of the azo bond in probe
AZO-Cy. Aer enzyme CPR was added, we monitored the
Fig. 1 Activity of probe AZO-Cy towards cytochrome P450 reductase.
presence of CPR (1.0 U mL�1) and NADH (50 mM) in PBS buffer at 37 �C; (b
and (c) their fluorescence responses (lex¼ 450 nm, 6 min). Probe AZO-C
mM), or an inhibitor (DPIC, 100 mM) at 37 �C.

21574 | RSC Adv., 2019, 9, 21572–21577
uorescence changes of AZO-Cy (10 mM in PBS, pH 7.4, lex¼ 450
nm) aer the additions of CPR (1.0 UmL�1) and NADH (100 mM)
(Fig. 1b). A signicant signal emission was detected at 610 nm
and enhanced about 15-fold. The detected uorescence inten-
sity of AZO-Cy displayed a concentration-dependent and time-
dependent increase. Aer probe AZO-Cy, CPR and NADH reac-
ted for 5 min, the uorescence intensity only showed a slight
increase which suggested a rapid response to enzyme CPR
(Fig. 1a).

For an inhibitor assay, diphenyliodonium chloride (DPIC)
was chosen as a reported inhibitor of CPR,27 and was added to
the enzyme prior to the incubation of AZO-Cy, and the inhibi-
tory effect on CPR was investigated. The incubation of DPIC
(100 mM) in a mixture of AZO-Cy, CPR and NADH led to a very
weak uorescence signal (Fig. 1b and c), the signal intensity of
which was twelve times lower than AZO-Cy expressed in the
presence of CPR and NADH, due to the competitive inhibition
of DPIC to the enzymatic action (Fig. 1c). The experiment also
proved that the coenzyme NADH is also a key factor in the
enzyme-catalyzed reduction.

For accurate measurement of the real activities of CPR in
various biological samples and to get the linear uorescence
response with enzyme concentration, kinetic experiments were
also investigated. The kinetics of the release of 1 from AZO-Cy
triggered by CPR in the presence of NADH was measured by
adding a known concentration of AZO-Cy (0–100 mM) to the
reaction mixture. The uorescence change was recorded at the
(a) Fluorescence spectra of probe AZO-Cy (10 mM) incubated in the
) time dependent fluorescence changes of probe in various conditions
y (10 mM) was incubated in the presence of CPR (1.0 UmL�1), NADH (50

This journal is © The Royal Society of Chemistry 2019
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wavelength of 610 nm, all assays were performed in triplicate,
and the results reported are the average of three experiments
(Fig. 2).

Probe AZO-Cy shows high reaction activity to CPR with
NADPH which is faster than reported before.18,20,26–28 Experi-
ments show that aer mixing for 2 min, the uorescence signal
can reach a maximum, which provides the basis for rapid
response detection of hypoxia (Table S2†). The mechanism of
the reduction of probe AZO-Cy by CPR was also conrmed by
HPLC (Fig. S3†). With the passage of reaction time, the
concentration of AZO-Cy (retention time was 5.68 min)
decreased obviously, and it almost disappeared aer about
5 min (Fig. S3†). Meanwhile, the concentration of uorophore 1
(retention time was 4.19 min) increased gradually.

To further examine whether the probe AZO-Cywas suitable for
hypoxia detection, cytochrome P450 reductase catalyzed reduc-
tion was applied in an in vitro assay under different pO2

(Fig. 3). In
order to create a hypoxic environment, a mixed composition
which contains argon and different concentrations of oxygen was
bubbled into the AZO-Cy solution (1.0 mM, PBS buffer with 1%
DMSO, pH 7.4) for 45 min, then cytochrome P450 reductase was
Fig. 2 Fluorescence intensity changes (F610 nm) with lex ¼ 450 nm at
37 �C over an incubation time of 10 min at varied concentrations of
AZO-Cy: 0 (control), 10, 20, 50 and 100 mM. The measurements were
performed in PBS buffer with 1.0 U mL�1 CPR and 100 mM of NADH.

Fig. 3 Fluorescence changes of AZO-Cy without (purple curve) or
with (other curves) various oxygen levels. The spectra were measured
in phosphate buffer (pH 7.4 with 1% DMSO, containing 0.1 mM NADH)
at 37 �C.

This journal is © The Royal Society of Chemistry 2019
added. Upon the addition of NADH (100 mM, as a cofactor of
cytochrome P450 reductase) and CPR, a dramatic uorescence
enhancement was observed at around 610 nm. Under different
hypoxia conditions, the uorescence was produced with different
intensities. We can nd that when the oxygen concentration
decreases, there is a signicant nonlinear increase in uores-
cence intensity. The experiment also demonstrated probe AZO-Cy
could be used for detection of hypoxic cells.
3.4 Selective response of probe AZO-Cy

To further evaluate the application in living cells, the anti-
interference experiment also should be considered. Probe
AZO-Cy was treated with reductants (VC and glutathione), bio-
thiols (cysteine and dithiothreitol), inorganic salts (FeCl2),
glucose, NADH or amino acid (tyrosine). As shown in Fig. S2,†
a noticeable uorescence signal was observed even when the
concentration of interference substances is up to 50 equiv.
Therefore, it can be concluded that AZO-Cy displayed high
selectivity for bio-reductase and is stable in biological systems.
Fig. 4 Fluorescence microphotographs of A549 cells incubated with
1.0 mM fluorescent probe AZO-Cy at 37 �C. All the cells were incubated
at different oxygen partial pressures; (a) and (d) were taken at aerobic
condition (20% pO2

). The others were taken at different hypoxic
conditions: (b) and (e) were at 10% pO2

; (c) and (f) were at 5% pO2
; (g)

and (h) were at 1% pO2
, respectively. (d) (e) (f) and (h) were taken with

bright field illumination; (a) (b) (c) and (g) were taken in fluorescence
mode (red). (i) The mean fluorescence photons and relative ratio.
Image J software gave an average emission value of fluorescence
photons.

RSC Adv., 2019, 9, 21572–21577 | 21575
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3.5 Hypoxic cell imaging

Due to the excellent performance in different pO2
experiments

and anti-interference capability, we carried out a cell imaging
experiment to detect different hypoxic conditions in cancer
cells. As shown in Fig. 4, under normoxia conditions (pO2

is
20%), the uorescence intensity was weak. With the strength-
ening of the degree of hypoxia (from 10% to 1%), the uores-
cence intensity was increased gradually. This experiment
showed AZO-Cy was sensitive enough to the pO2

. With Image J™
soware (1.47v), the average uorescence intensity value at
different oxygen conditions was calculated (Fig. 4i). The mean
uorescence intensity increased from 1.573 to 17.701, nearly
about an 11-fold increase.

For further evaluation of probe AZO-Cy applied in hypoxia
imaging in cancer cells, A549 cell lines were also chosen for
cellular uorescence imaging in the presence of inhibitor
diphenyliodonium chloride (DPIC). As shown in Fig. 5, under
hypoxic conditions (1% pO2

), even in the presence of low
concentrations of inhibitor, a weak uorescence signal was
also observed. The uorescence intensity is about 64%
percent in the presence of the inhibitor compared to the
routine experiment under hypoxic conditions. This experi-
ment further proved that even in the presence of an inhibitor
of CPR, part of the probe AZO-Cy was also reduced under
hypoxic conditions.
Fig. 5 Fluorescence microphotographs of A549 cells incubated with
1.0 mM fluorescent probe AZO-Cy at 37 �C. All of the cells were
incubated under different conditions: (a) and (d) were taken under
hypoxic conditions (1% pO2

); (b) and (e) were taken under hypoxic
conditions (1% pO2

) and the cells were incubated with inhibitor; (c) and
(f) were taken under aerobic conditions (20% pO2

). The first row was
taken in fluorescencemode (red) (a–c); and the second rowwas taken
with bright field illumination.

21576 | RSC Adv., 2019, 9, 21572–21577
4 Conclusion

In summary, we present a new design concept for a hypoxia
uorescence probe in which the functional group was conju-
gated to the indole group (electron-decient side). In enzyme
experiments, AZO-Cy had a good ability to distinguish oxygen
concentration rapidly and sensitively in the presence of NADH.
The uorescence intensity in hypoxic conditions is about 11-
fold stronger than aerobic conditions. Enzyme activity inhibi-
tion experiments indicated that CPR is not the only reductase
that can reduce the azo bond. The azo bond as a functional
group for hypoxia detection needs further study.
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