
Chinese Chemical Letters 32 (2021) 3886–3889

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Communication

Aza-BODIPY based probe for photoacoustic imaging of ONOO− in vivo

Danghui Maa, Shumin Houa, Chaeeon Baed, Thanh Chung Phamd, Songyi Leec,d,∗,
Xin Zhoua,b,∗∗

aDepartment of Chemistry, College of Chemistry and Chemical Engineering, Qingdao 266071, China
bQingdao Cancer Institute, Qingdao University, Qingdao 266071, China
cDepartment of Chemistry, Pukyong National University, Busan 48513, Korea
d Industry 4.0 Convergence Bionics Engineering, Pukyong National University, Busan 48513, Korea

a r t i c l e i n f o

Article history:

Received 16 March 2021

Revised 18 May 2021

Accepted 24 May 2021

Available online 1 June 2021

Keywords:

Photoacoustic

ONOO−

Imaging

Aza-BODIPY

In vivo

a b s t r a c t

The effective detecting ONOO− variations in vivo is of great importance to well understand the complex

pathophysiological processes. We reported here a photoacoustic (PA) probe AZB-1 for imaging ONOO− in

vivo. AZB-1 showed an originally strong photoacoustic signal at 660 nm. And its PA signal can be turned

off by shutting the ICT effect caused by the conjugated electron withdrawing group at 2-position of the

aza-BODIPY core. Moreover, the probe was successfully employed to imaging ONOO− variations in inflam-

matory mice models. Wisely utilized this strategy may serve as powerful platforms for the preparation of

novel PA chemosensors.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a typical reactive nitrogen specie, peroxynitrite (ONOO−) has
drew wide attention due to its unusually potent oxidizing ability

and strongly nucleophilic character [1–5]. The normal endogenous

ONOO− is essential for maintaining cellular processes. Its role has

been clearly proved in a mass of biophysiological events, includ-

ing signal transduction pathways, forming nitrotyrosine residues

and nitro fatty acid [6–10]. In contrast, the abnormal high con-

centration of ONOO− is harmful for the normal growth of cells,

leading to the emergence of various diseases, such as diabetes,

Alzheimer’s disease, cardiovascular disease, and neurodegenerative

diseases [11–14]. Therefore, it is of great significance to develop

powerful analysis method for detecting ONOO− levels in organ-

isms, in order to better understand complex pathophysiological

processes.

Recently, the fluorescent probes have made significant progress

in detecting ONOO−, due to their unique advantages of high tem-

poral and spatial resolution, as well as high sensitivity [15,16].

Moreover, some of them have realized the nondestructive and real-
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time imaging ONOO− in living cells and in vivo [17–22]. However,

a major challenge with these fluorescent probes is the low reso-

lution of imaging depth less than 1 mm due to their limited tis-

sue penetration, which hampered the further monitoring ONOO−

in vivo. Alternatively, photoacoustic molecular imaging (PA) is an

emerging non-invasive biological imaging and sensing technology

based on photoacoustic effect [23]. When biological tissue is irra-

diated by laser, photosensitive substances in the tissue absorb laser

energy, generate instantaneous thermal expansion, and then radi-

ate ultrasonic waves and stimulate photoacoustic signals. Photoa-

coustic imaging technology has the advantages of strong optical

absorption, high spatial resolution, high contrast, and the ability

to image in deep tissue [24]. Moreover, as a non-ionizing radia-

tion imaging technology, photoacoustic imaging showed consider-

able tissue safety [25–28]. For this reason, some PA probes have

been developed for a variety of applications, such as cancer detec-

tion [29], arthritis imaging [30], metal ions detection [31,32], imag-

ing of reducing agents [33,34] and reactive oxygen species [35]. Al-

though numbers of PA probes have been reported, only a few ex-

amples regarding ONOO− photoacoustic probes have been achieved

to data [36,37].

Herein, we reported a photoacoustic probe AZB-1 based on an

aza-BODIPY derivative for detecting ONOO−. The probe showed a

strongest absorption peak at 660 nm and gave a strong photoa-
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Scheme 1. Synthetic route of the probe AZB-1.

Fig. 1. (A) Absorption and (B) fluorescence spectra of the AZB-1 (10 μmol/L), and

its precursor 5 (10 μmol/L), and 4 (10 μmol/L), in DMSO solution. Inset: The color of

the three compounds under natural light and UV lamp excited at 365 nm (A rep-

resents compound 5, B represents AZB-1). (C) Photoacoustic signal of compounds

AZB-1, 5, 4. (D) Photoacoustic signal value of AZB-1, 5, 4. The excitation wave-

lengths were 660 nm.

coustic signal. When reacted with ONOO−, the conjugated group

at 2-position of aza-BODIPY core can be readily oxidized, result-

ing in the shutting the ICT effect and the photoacoustic signal of

the probe correspondingly. Wisely utilized this strategy may serve

as powerful platforms for the preparation of novel photoacoustic

chemosensors. Moreover, the probe was successfully employed to

imaging ONOO− variations in inflammatory mice models.

To obtain an ideal probe with initial strong photoacoustic sig-

nal, tetraphenyl substituted aza-BODIPY dye was employed as the

core, due to its NIR absorbance and excellent optical properties,

as well as easy modification at 2-position [38]. The probe AZB-1

was then synthesized by introduction a conjugated, unsaturated

ketone group at 2-position of aza-BODIPY core (Scheme 1). As

shown in Fig. 1, the optical and photoacoustic properties were

first investigated. All of them showed typical absorbance peaks

around 660 nm. Upon excitation, the parent compound 4 gave

an emission peak at 690 nm, and the precursor 5 showed a hy-

perchromatic emission at 650 nm. Both of compounds 4 and 5

displayed ignorable photoacoustic signals as expected (Fig. 1c). In

contrast, the probe AZB-1 showed almost no fluorescence, but with

a strong photoacoustic signal. It is believed that the strong ICT ef-

fect occurred between the parent core and the conjugated α,β-

unsaturated ketone group, relaxed the excited energy through a

non-radiative pathway, resulting in switching its fluorescence into

photoacoustic signal. Once reacting with ONOO−, the double bond

Fig. 2. (A) Absorption spectra of AZB-1 probe after reaction with different concen-

trations of ONOO− . (B) Absorption value of probe AZB-1 at 660 nm after reaction

with different concentrations of ONOO− . (C) Photoacoustic signal of AZB-1 reacting

with different concentrations of ONOO− . (D) Photoacoustic signal value of AZB-1

reacting with different concentrations of ONOO− . The excitation wavelengths were

all at 660 nm.

could be oxidized, breaking the extending conjugated system, lead-

ing a turn-off photoacoustic response. These results indicated that

the design strategy of photoacoustic probe could be realized by

modifying aza-BODIPY with an election withdrawing group.

The solubility and aggregation behaviors of AZB-1 were firstly

examined. As showed in Figs. S1-S3 (Supporting information), AZB-

1 features a typical dose-dependent aggregation behavior in aque-

ous solutions due to its hydrophobic nature. The absorption inten-

sity of the probe varies with the ratio of PBS buffer solution. AZB-

1 showed a stable response to ONOO− in a mixture aqueous so-

lution (PBS:DMSO = 1:1) under the concentration of 3 μmol/L. In

addition, we tried to increase the solubility by preparing nanopar-

ticles. As showed in Fig. S4 (Supporting information), probe AZB-

1-F127 was assembled by the amphiphilic polyether F127 and

formed a uniformed nanoparticle with an average diameter of

200 nm. However, the nanoparticles AZB-1-F127 showed ignorable

response after the reaction with ONOO−. The results indicated that

the polyether-coated probe cannot react with the ONOO−, which

may be because the ONOO− could not break through the outer

polyether to enter the interior of the nanoparticle. Therefore, the

subsequent tests were performed in mixture aqueous solution with

AZB-1.

The response of AZB-1 to ONOO− was then launched. As shown

in the Fig. 2, in a mixture aqueous solution (DMSO:PBS = 1:1),

the absorption intensity of the probe AZB-1 at 660 nm gradually

decreases with the increase of the concentration of ONOO−, and
the decrease of the absorption value has a good linear relationship

with the concentration of ONOO−. Meanwhile, the value of photoa-

coustic signal at 660 nm was significantly reduced, after the addi-

tion of ONOO− with different concentrations. These data indicated

that this probe could detect ONOO− in solution by a photoacoustic

way. In addition, the photoacoustic signal value of the probe AZB-1

reduced obviously over the change of the concentration of ONOO−,
even 2 μmol/L ONOO− has quenched the photoacoustic signal.

The proposed sensing mechanism was documented in

Scheme 2. According to the absorbance spectra (Figs. 2A and

1A), the product of AZB-1 with ONOO− showed similar ab-

sorbance peak with compound 5. Consequently, we assumed that

the double bond of α,β-unsaturated ketone group could be readily

oxidized, resulting in the quenching the photoacoustic signal. To

confirm this proposed reaction mechanism, high resolution mass

3887



D. Ma, S. Hou, C. Bae et al. Chinese Chemical Letters 32 (2021) 3886–3889

Scheme 2. Design concept and structures of AZB-1 and 5.

Fig. 3. (A) Photoacoustic imaging of left and right limbs of mice in control group

and experimental group. The mice in the control group were injected with normal

saline, while the mice in the experimental group had arthritis in the right limb

and normal left limb. (B) Photoacoustic signal values of left and right limbs of mice

in control group and experimental group. (C) Photoacoustic signal images of the

whole body of mice in control group and experimental group. (D) Photograph of

the experimental group mice (excitation wavelength is 660 nm).

spectra were used to investigate oxidation of AZB-1 by ONOO−.
When 10 equiv. of ONOO− was added to the solution of AZB-1, a

peak corresponding to [5−H]− (Fig. S7 in Supporting information)

appeared at m/z 566.8860, demonstrating that the compound 5

was generated.

Based on abovementioned data, we further investigated the ac-

tual application of AZB-1 for photoacoustic imaging of ONOO− in

vivo. All animal experiments were approved by the Institutional

Animal Ethics Committee at Qingdao University, and the experi-

ments were performed in compliance with the Care and Use of

Laboratory Animal of Qingdao University. BALB/c nude mice (4−5

weeks) were used for establishment of mouse rheumatoid arthritis

models by injecting λ-carrageenan (5 mg/mL, 50 μL in PBS) into

the right hind limbs of mice. The left limbs were injected with

normal saline (50 μL) as control. Four hours later, the right leg of

the experimental mice was found to be arthritic and inflamed. It

is known from previous reports that arthritis causes a rapid in-

crease in the concentration of ONOO− [39]. Photoacoustic imaging

was performed after intravenous injection of AZB-1. As shown in

Fig. 3, there was no significant difference in photoacoustic signal

values between the left and right limbs of the control group. But

the photoacoustic signal of the right limb was significantly reduced

in comparison with that of the left limb. These data demonstrated

that probe AZB-1 can be used as a reliable and high-resolution

imaging tool for the detection of ONOO− variations in mice.

To conclude, we have developed a new photoacoustic probe

AZB-1, which exhibits good sensitivity in monitoring ONOO− ox-

idation under solution and living mice. The fluorescence signal of

the probe itself is very weak, but it has a very strong photoacous-

tic signal. When it reacted with ONOO− in solution system, the

value of photoacoustic signal is significantly reduced. The same

phenomenon can also be verified in vivo. When the probe was

injected into mice, the photoacoustic signal of the right arthritis

limb is very weak, while the photoacoustic signal of the left nor-

mal limb was obvious. The value of the photoacoustic signal of the

left limb is about 3 times than that of the right limb. The results

demonstrated the probe AZB-1 can be used to detect ONOO− in

vivo. Wisely utilized this strategy may serve as powerful platforms

for the preparation of novel PA chemosensors in the future.
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