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Abstract Mitochondrial DNA has a special structure that
is prone to damage resulting in many serious diseases, such
as genetic diseases and cancers. Therefore, the rapid and
specific monitoring of mitochondrial DNA damage is
urgently needed for biological recognition. Herein, we
constructed an in situ hydrophobic environment-triggering
reactive fluorescence probe named MBI-CN. The fluor-
ophore was 2-styrene-1H-benzo[d]imidazole, and malo-
nonitrile was introduced as a core into a molecule to initiate
the hydrolysis reaction in the specific environment
containing damaged mitochondrial DNA. In this design,
MBI-CN conjugates to mitochondrial DNA without
causing additional damages. Thus, MBI-CN can be
hydrolyzed to generate MBI-CHO in an in situ hydro-
phobic environment with mitochondrial DNA damage.
Meanwhile, MBI-CHO immediately emitted a significative
fluorescence signal changes at 437 and 553 nm within 25 s
for the damaged mitochondria DNA. Give that the specific
and rapid response of MBI-CN does not cause additional
damages to mitochondrial DNA, it is a potentially effective
detection tool for the real-time monitoring of mitochon-
drial DNA damage during cell apoptosis and initial
assessment of cell apoptosis.

Keywords hydrolysis reaction, mitochondrial DNA
damage, in situ hydrophobic environment trigger, fluores-
cence probe, apoptosis

1 Introduction

Mitochondrial DNA (mtDNA) is a special nucleic acid
molecules associated with special physiological actions,
such as matrilineal inheritance [1,2]. Owing to its special

circular structure, mtDMA is vulnerable to damage due to
external environments (such as ultraviolet light and
radiation) and the internal factors of the organism (such
as copy errors, oxidative deamination, and reactive oxygen
species). When mtDNA is damaged, its structural
unwinding would be caused by a mass of damage, which
will cause changes in the surrounding microenvironment.
These damages further accelerate the unwinding of
mtDNA [3,4]. Furthermore, due to not the protection of
the histone and other DNA binding protein, it cannot be
repaired once the damage occurs [3–8]. In addition,
changes in the surrounding microenvironment are complex
and rapidly fluctuate. Moreover, if not repaired in time,
mtDNA damage and the corresponding environmental
changes causes cell cycle arrest, senescence, or pro-
grammed cell death, which poses a threat to the organism
and even lead to the occurrence of serious physical
diseases [2,4,7–19] and mitochondrial dysfunction, gen-
ome destruction, and hereditary diseases [2,9–20]. There-
fore, a method that can quickly and specifically monitor
mtDNA damage and corresponding environmental
changes in organisms should be developed.
To date, many fluorescent probes based on rhodamine,

cyanine, boron-dipyrromethene, anthraquinone, 1,8-
naphthalimide and metal complexes have been fabricated
for DNA detection [19,21–30]. Although these probes
facilitates the visualization of cell DNA, they have some
shortcomings, such as slow response [22], poor specificity
[23,26], extra damage [24–27], and so on, which hinder
their wide application. For example, Zou et al. [22]
designed a SG-RB probe using cationic rhodamine entity
as the mitochondrial targeting group. SG-RB can selec-
tively bind to mtDNA and produces green fluorescence in
the mitochondria of living cells. However, towing to its
long binding time to mtDNA, the in situ monitoring of
rapid changes due to mtDNA damage is difficult.
Abeywickrama et al. [23] reported a case of near-infrared
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red cyanine probe, which possesses large stoke shift and is
highly selective toward DNA. However, cell imaging
experiments show that this probe cannot respond to
mtDNA. The anthraquinone dye DRAQ5 emits red
fluorescence and specifically labels DNA, but it damages
the DNA structure [27]. Hence, probes that can quickly
and specifically recognize mtDNA damage and corre-
sponding environmental changes without causing addi-
tional damage to mtDNA are urgently needed.
Herein, based on microenvironmental changes initiated

by hydrolysis reaction, a MBI-CN probe was designed and
synthesized for the rapid and specific real-time monitoring
and evaluation of mtDNA damage. A typical dye
molecule, 2-styrene-1H-benzo[d]imidazole (MBI), was
selected as the fluorophore because it can easily embed
mtDNA double strand and effectively prevent additional
damage to mtDNA [10,28,29]. The hydrolysis reaction of
the malononitrile group in a hydrophobic environment was
selected as the identification reaction [10,31–35]. Mal-
ononitrile was introduced into this probe. When the
mtDNA is damaged, microenvironment changes occur,
and malononitrile in MBI-CN is hydrolyzed [10,31,36,37].
The generated aldehyde-based molecule MBI-CHO can
cause changes in the fluorescence signal of mtDNA
damage and can thus facilitate the rapid and specific
monitoring of mtDNA damage. The identification reaction
can be activated by microenvironment changes during
mtDNA damage, and different fluorescence signals
emitted. On the basis of these changes, it facilitates the
quick and specific monitoring of small mtDNA damage
and provides early warning information for the occurrence
of diseases.

2 Experimental

2.1 Materials and instrumentation

All reagents and solvents were obtained from commercial
suppliers and were used without further purification. All
solvents used in spectrum test systems were chromato-
graphically pure. DNA digestive enzymes were purchased
from TIANGEN RNase-free DNase I. Column chromato-
graphy (silica gel powder, 200–300 mesh) was used in the
separation and purification of compounds. 1H NMR and
13C NMR were performed using an AVANCE III HD
600 MHZ spectrometer (Bruker Co. Switzerland). High-
resolution mass spectrometry was measured with an
ultrahigh-resolution electrospray time-of-flight mass spec-
trometry system (Bruker Co. Switzerland). The circular
dichroism was performed using circular dichroism spectro-
meters. Absorption and emission spectra were collected
using a Cintra 2020 spectrophotometer (GBC Australia)
and FluoroMax-Plus spectrophotometer (HORIBA
Japan). Cell imaging was performed using an Olympus
spectroscopy confocal multiphoton microscope (FV1200)

and MaiTai femtosecond laser light source (specr-
physics).

2.2 General procedure for the spectra measurement

The tested probe molecules were prepared in dimethyl
sulfoxide solvent as a stock solution (6.0 mmol). The test
was performed by placing 1.0 μL of the probe stock solution
and 3.0 mL of the test solvent in a 3.0 mL cuvette and
mixing them thoroughly. Each test experiment was repeated
five times (n = 5). The excitation wavelength used in the test
was the maximum absorption wavelength of the molecule.
An mtDNA solution was prepared, and the concentra-

tion was messured with an ultraviolet spectrophotometer.
Give that pure mtDNA has a strong absorption peak at
260 nm, mtDNA can be quantified by determining the
absorption peak at 260 nm. A certain amount of mtDNA
was added to high-purity water, and the solution was
mixed upside-down. Approximately 10 μL of mtDNA
solution was added to 3 mL of high-purity water in a
dilution ratio of 1:300 dilution. Then, ultraviolet absorp-
tion value was recorded at 260 nm, and the concentration
of mtDNAwas calculated as follows: CmtDNA (μg∙mL–1) =
50 � (OD260nm) � dilution times.

2.3 Molecular docking calculation

Molecular docking was performed using a Yin Fo Cloud
computing platform for the calculation of the docking
mode between the molecules and mtDNA. The docking
mode of protein/nucleic acid/polypeptide/small molecule
docking was adopted. DOCK 6.9 was used, and the
docking method of lock-and-key was adopted for flexible
ligand docking.

2.4 Circular dichroism spectrum determination

Circular dichroism is a powerful tool for studying the
interaction between mtDNA and small molecules. The
circular dichroism spectrum is extremely sensitive to
conformational changes in mtDNA, especially within a
range of 180–320 nm [38]. The circular dichroism of
mtDNA is produced by asymmetric sugar molecules in its
backbone structure, and the helical structure is determined
according to the configurations of the sugar molecules.
When the small molecule mtDNA acts, it affects the
original mtDNA circular dichroism signal. On the basis of
signal changes, the interaction between small molecules
and mtDNA can be determined, and the different modes of
binding between the small molecules and mtDNA can be
inferred [39]. During the circular dichroism spectrum test,
Tris-HCl (0.05 mol, pH = 7.4) was used as the solvent for
determination. Different concentrations of molecular
probes (0–0.75 mmol) were added to the mtDNA
(0.25 mg$mL–1) solution for the recording of the spectra
of each sample at 205–370 nm.
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2.5 Cytotoxicity assays

Cytotoxicity tests were performed in 96-well plates. HepG
2 and 3T3 cells were spread on 96-well plates at a density
of 5� 104 cells per well, and the incubation time was 24 h.
Different concentrations (5.0, 10.0, and 15.0 μmol$L–1) of
the probes (MBI-CHO and MBI-CN) were added to the
wells. After incubation for 24 h, 20 μL of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
solution (5.0 mg$mL–1) was added to each well. Finally,
cytotoxicity data were collected and processed with an
enzyme marker.

2.6 Cell culture and fluorescence imaging

HepG 2 and 3T3 cells were cultured in Dulbecco’s
Modified Eagle Medium (Corning) containing 10% fetal
bovine serum (Sigma Aldrich) and 1% penicillin/strepto-
mycin (Corning). Cell culture conditions were 37 oC and
5% CO2. A day before imaging, the cells were spread on a
cell culture dish at a density of 20000 cells per milliliter.
After 24 h of incubation, MBI-CN and commercial
mitochondrial green dye were added, and imaging was
performed after 30 min of incubation. The laser excitation
wavelengths were 405 and 488 nm, and the fluorescence
collection ranges were 495–535 and 580–620 nm.

2.7 Intracellular DNA digestion experiment and cell
imaging

HepG 2 cells were used as research objects. Before
imaging, the cells were plated in a cell culture dish and
cultured for 24 h, then washed with cold methanol four or
five times. Approximately 2.0 mL of ice methanol was
added, and the cells were incubated at 4 °C for 30 min. The
cells were washed with phosphate buffer saline before 2.0
mL of phosphate buffer saline was added and incubated
with DNase I digestion enzyme for 2.0 h at 37 °C and 5%
CO2. The cells were incubated with the probes 30 min,
then observed under a fluorescence microscope. The laser
excitation wavelength was 405 nm, and the fluorescence
collection ranges were 415–465 and 530–570 nm.

3 Results and discussion

3.1 Molecular design and synthesis

For the development fluorescent probes that can used in

quickly and specifically monitoring mtDNA damage in
living organisms, Knoevenagel condensation of 2-methyl-
benzimidazole and terephthalaldehyde (Scheme 1) was
carried out to extend its conjugate system. The connection
formed a typical chromophore with a twisted intramole-
cular charge transfer system. Benzo[d]imidazole was
introduced to MBI-CN and its product, MBI-CHO, to
specific targeting of mtDNA, given that this group can
specifically bind to mtDNA and effectively prevent
additional damage to mtDNA [32]. The hydrolytic rate-
limiting reaction of malononitrile was selected as the
specific recognition reaction because it can be triggered by
the intracellular microenvironment changes caused by
mtDNA damage and unwinding [10,31–35]. Therefore,
malononitrile was introduced into the probe for the
synthesis the fluorescent probe MBI-CN, which not only
can be used in detecting microenvironmental changes
caused by mtDNA damage but also can be used in quickly
and accurately monitoring and evaluating mtDNA damage.
Scheme 1 provides the synthesis route of MBI-CHO and
MBI-CN. The chemical structures were fully characterized
through 1H NMR and 13C NMR. The procedures are
provided in the supporting information (cf. Electronic
Supplementary Material, ESM).

3.1.1 Synthesis of intermediate compound MBI-CHO
((E)-4-(2-(1H-benzo[d]imidazol-2-yl)vinyl) benzaldehyde)

Compound A (2-methyl-1H-benzo[d]imidazole)
(1.5 mmol, 200 mg) and terephthalaldehyde (3.0 mmol,
400 mg) were added to the mixed solution of acetic acid
and acetic anhydride (1:2, v/v). The resulting solution was
stirred and refluxed at 120 °C. The reaction process was
monitored through thin-layer chromatography and com-
pleted after 4 h. Then, the mixture was cooled to room
temperature, and 6.0 mL of concentrated hydrochloric acid
was added. The resulting mixture was allowed to stand for
6 h, then poured into water. The solid yellow compound
MBI-CHO (E)-4-(2-(1H-benzo[d]imidazol-2-yl)vinyl)
benzaldehyde was obtained by filtering the solid yellow
precipitatt and purifying the crude product through column
chromatography on silica gel and eluting the filtered
product with dichloromethane/methanol (100:1–10:1, v/v).
The yield was 87%. 1H NMR (600 MHz, (CD3)2SO,
δ ppm): 12.86 (s, 1H), 8.54 (s, 1H), 8.02 (d, J = 8.0 Hz,
2H), 7.93 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 16.5 Hz, 1H),
7.58 (s, 2H), 7.46 (d, J = 16.3 Hz, 1H), 7.22 (s, 2H); 13C
NMR (151 MHz, (CD3)2SO, δ ppm): 192.98, 150.82,

Scheme 1 The synthetic route of compound MBI-CHO and MBI-CN.
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142.08, 136.32, 133.37, 130.60, 128.08, 121.39. HRMS:
calculated for C16H12N2O [M]+ 249.1022, found:
249.1025.

3.1.2 Synthesis of compound MBI-CN ((E)-2-(4-(2-(1H-
benzo[d]imidazol-2-yl)vinyl)benzylidene)malononitrile)

Compound MBI-CHO (1.2 mmol, 300 mg) and mal-
ononitrile (4.0 mmol, 265 mg) were added to the
dichloromethane solution. The resulting solution was
stirred at room temperature for 4 h. Then, the crude
product was obtained, purified, and screened on a silica gel
column through column chromatography and eluted with
dichloromethane/methanol (50:1–5:1, v/v). The resulting
orange solid compound was MBI-CN (E)-2-(4-(2-(1H-
benzo[d]imidazol-2-yl)vinyl)benzylidene)malononitrile.
The yield was 72%. 1H NMR (600 MHz, (CD3)2SO, δ
ppm): 12.80 (s, 1H), 8.53 (s, 1H), 8.02 (d, J = 8.1 Hz, 2H),
7.93 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 16.5 Hz, 1H), 7.57 (s,
2H), 7.46 (d, J = 16.4 Hz, 1H), 7.21 (s, 2H); 13C NMR (151
MHz, (CD3)2SO, δ ppm): 192.98, 150.82, 142.08, 136.32,
133.37, 130.60, 128.08, 121.39. HRMS: calculated for
C19H12N4 [M]+ 297.1135, found: 297.1144.

3.2 Optical properties of MBI-CN to mtDNA

The feasibility of designing molecules was verified
through spectroscopy. First, the absorption and emission
spectra of MBI-CN were obtained in water (Fig. S1, cf.
ESM). The result showed that the absorption and emission
wavelengths of MBI-CN were at 380 and 620 nm,
respectively. MBI-CN was hydrolyzed in a hydrophobic
environment. As shown in Fig. 1, with the increase of
dimethyl sulfoxide in the aqueous solution (Fig. 1(a)), the
emission wavelength of MBI-CN showed blue shifts from
618 nm, and a new emission peak appeared at 483 nm,
which belonged to MBI-CHO in the dimethyl sulfoxide
solution (Fig. S2, cf. ESM). High-performance liquid
chromatography experiments further showed that MBI-CN
underwent a hydrolysis reaction and generated MBI-CHO
in a hydrophobic environment (Fig. S3, cf. ESM),
indicating that MBI-CN was gradually hydrolyzed and it
generated MBI-CHO.
The fluorescence intensity of MBI-CN showed no

change in water (Fig. S4, cf. ESM), whereas the
fluorescence intensity of its intracellular microenviron-
ment-triggering product (i.e., MBI-CHO) decreased at 437
and 553 nm with the increasing mtDNA concentration

Fig. 1 (a) Fluorescence changes of MBI-CN in different hydrophilic and hydrophobic environments; (b) fluorescence spectrum of MBI-
CHO in water with increasing mtDNA concentration (0–100 μg∙mL–1); (c) linear relationship diagram between MBI-CHO and mtDNA
concentration; (d) MBI-CHO and mtDNA dynamic response.
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(Fig. 1(b)). The response for mtDNA showed a good linear
relationship, and the detection limit reached 8.17 μg∙mL–1

(Fig. 1(c)). This result may be attributed to mtDNA
damage. The double bond of MBI-CHO can be rotated
because of mtDNA damage. The fluorescence intensity of
MBI-CHO decreased after it combined with mtDNA.
Kinetic experiments showed that MBI-CN underwent a
rapid hydrolysis reaction under a hydrophobic action (Fig.
S5, cf. ESM) and MBI-CHO can responded to mtDNA
within 25 s (Fig. 1(d)). These phenomena indicated that
MBI-CN underwent a hydrolysis reaction and generated
MBI-CHO in a hydrophobic environment (that is, mtDNA
was damaged) and MBI-CHO caused changes in the
fluorescence signal for mtDNA damage. Thus, mtDNA
damage was detected with MBI-CHO.

3.3 Selectivity of molecules to mtDNA

The intracellular environment is extremely complex, that
is, it contains various biological enzymes, ions, and amino
acids. For the evaluation of the specific selectivity of MBI-
CN and its intracellular microenvironment-triggering
product (MBI-CHO), selective tests for related bioactive
species were performed (Fig. 2). As shown in Fig. 2(a),
MBI-CN and MBI-CHO had no obvious fluorescence
responses to bovine serum albumin, hemoglobin, trypsin,
lysozyme, amylase, proteinase K, and lipase. The probe
did not show any fluorescent response to active small
molecules in biological organisms at biologically relevant
concentrations (Fig. S6, cf. ESM). By contrast, MBI-CHO
as the intracellular microenvironment-triggering product of
MBI-CN significantly changed fluorescence intensity after
mtDNA damage (Fig. 2(b)). In addition, the probe was
stable under physiological conditions (Fig. S7, cf. ESM).

These results indicated that MBI-CN can be used in
initiating specific response to mtDNA damage in organ-
isms, and the response was not affected by enzymes and
small bioactive molecules.

3.4 Mechanism studies

The MBI-CN probe can bind to mtDNA but does not cause
spectral chang, which only occurs when MBI-CHO is
generated. Therefore, MBI-CHO was used as a supple-
mentary molecule for the detection of experimental results
and compared with MBI-CN. In the experiment, the
mechanism of interaction of MBI-CN or MBI-CHO with
mtDNA was studied. Molecular docking (Fig. 3) showed
that MBI-CN and MBI-CHO can be inserted into the large
groove of mtDNA and stabilized in mtDNAwith hydrogen
bonds. The ultraviolet spectrum and circular dichroism
were used in further verifying the combination of MBI-CN
or MBI-CHO with mtDNA. The ultraviolet spectrum
showed (Fig. S8, cf. ESM) that the absorption peak of
mtDNA showed a red shift when MBI-CHO was gradually
added to mtDNA. This result indicated that the addition of
MBI-CHO increased the polarity of mtDNA and weakened
the hydrophobic effect [40]. However, when MBI-CN was
gradually added to mtDNA, the absorption peak of mtDNA
showed a blue shift, indicating that the addition of MBI-CN
weakened the polarity of mtDNA and increased the
hydrophobic effect [40]. The circular dichroism showed
(Fig. 4) that the characteristic peak of mtDNA at 275–280
nm increased [39,41] and the negative peak at 245 nm
decreased [41,42] when MBI-CHO and MBI-CN were
added to the mtDNA solution. These phenomena indicated
that MBI-CN and MBI-CHO can bind to mtDNA in a large
groove through hydrogen bond forces [38,43].

Fig. 2 (a) Fluorescence response of MBI-CN (2 μmol$L–1) and its intracellular microenvironment triggering product MBI-CHO
(2 μmol$L–1) to biological enzymes (2 mg$mL–1) (F0: the initial fluorescence intensity of probes MBI-CN or MBI-CHO; F: the
fluorescence intensity after adding interference); (b) Spectra before and after the action of MBI-CHO and MBI-CHO with mtDNA in
water.
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3.5 Cytotoxicity experiment

The cytotoxicity of MBI-CN andMBI-CHOwas evaluated
with the MTTmethod. As shown in Fig. 5, the cell survival

rates of HepG 2 and 3T3 cells remained above 95% after
incubation with different concentrations of the probes (5.0,
10.0 and 15.0 μmol$L–1) for 24 h. This result indicated that
MBI-CN and MBI-CHO have good biocompatibility.

Fig. 3 Results of molecular docking: (a) molecular docking binding mode and (b) binding site of MBI-CN and mtDNA; (c) molecular
docking binding mode and (d) binding site of MBI-CHO and mtDNA.

Fig. 4 Circular dichroism analysis of the interaction between molecules and mtDNA: (a) in the Tris-HCl, the concentration of fixed
mtDNA (0.25 mg$mL–1) changes with the addition of MBI-CHO to the mtDNA; (b) in the Tris-HCl, the concentration of fixed mtDNA
(0.25 mg$mL–1), with the addition of MBI-CN, the optical rotation of mtDNA changes. Cuvette: 1 mm.

Fig. 5 Cytotoxicity of (a) MBI-CN and (b) MBI-CHO in HepG 2 and 3T3 cells.
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3.6 Cell imaging and DNA digestion experiments

This cell imaging experiment verified the imaging
capability of the probe in the cells (Fig. 6). Figure 6(b)
shows that the probe emitted a bright fluorescent signal at
580–620 nm, and the fluorescent signal presented a
regionalized characteristic. Therefore, a cell co-localiza-
tion experiment was performed to verify the localization of
the probe in the cell. The probe was co-cultured with
commercial mitochondrial dye (Mito Tracker Green) in the
HepG 2 cells. Then, the fluorescence signal of the Mito
Tracker Green at 495–535 nm (i.e., the green channel) and
the fluorescence signal of MBI-CN at 580–620 nm (i.e.,
the red channel) were collected. Figure 6(c) shows the Red
channel and Mito Tracker Green channels had a good
overlap. Pearson’s colocalization coefficient (describes the
correlation of the intensity distribution between the two
channels) was 0.92, showing that MBI-CN can interact
with certain substances in the mitochondria.
A cell digestion experiment was performed to further

demonstrate that the probe can bind to the mitochondrial
DNA (Fig. 7). Figures 7(a,b) show that the Green and Red
channels emitted bright fluorescent signals when the cells
were not digested. The fluorescence signal of the both
channels decreased after digestion by DNA digestibility
enzyme in the DNA digestion enzyme digestion model.
Figures 7(c,d) show that the Red channel had almost no
fluorescence signal after digestion, whereas the Green
channel had a weak fluorescence signal. The reason was
that mtDNA was destroyed when digested with digestive
enzymes. These results indicated that MBI-CN can act on
the mitochondria of the cells and bind to mitochondrial
DNA.

3.7 Changes caused by mtDNA damage during apoptosis

mtDNA damage is one of the important molecular events in
the process of cell apoptosis [44]. The apoptosis model was
constructed and used in further verifying the application of
the probe. By using catechol as an apoptosis-inducing

Fig. 6 Cell imaging and cell colocalization experiment: (a) stained with Mito Tracker Green; (b) stained with MBI-CN; (c) merged
image of Mito Tracker Green and MBI-CN; (d) intensity correlation plot of stain MBI-CN and Mito Tracker Green; (e) intracellular
coregionalization of MBI-CN and Mito Tracker Green. The excitation wavelength of MBI-CN is 405 nm and the fluorescence collection
range is 580–620 nm; the excitation wavelength of Mito Tracker Green is 488 nm and the fluorescence collection range is 495–535 nm.
The scale bar represents 10 μm.
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factor, an apoptosis model was constructed in HepG 2 cells
[45]. After 24 h, different concentrations (0, 0.2 and
1.0 mmol$L–1) of catechol were added and incubated with
the cells for 36 h. Then, the probe (7.5 μmol$L–1) was
added to a Petri dish and incubated for 30 min for imaging
(Fig. 8). The experimental results showed that the untreated
cells showed bright fluorescent signals in the Green channel
(Fig. 8(a)) and Red channel (Fig. 8(d)). After induction with
different concentrations of catechol, the fluorescence
signals of the two channels gradually decreased with
increasing degree of apoptosis, and the Green channel
decreased (Figs. 8(b,c)) to a lower degree than the Red
channel (Figs. 8(e,f)). The experimental results showed
that mtDNA was damaged during cell apoptosis, and the
degree of damage was evaluated according to the changes
in probe fluorescence. This result was consistent with the
results of in vitro spectroscopy experiments. These results
indicated that MBI-CN can be used as a new detection tool
for the rapid and specific monitoring of mtDNA damage in
cells.

4 Conclusions

A reactive probe was designed and developed for the
monitoring and evaluation of the degree of mtDNA

damage. The probe was triggered by the hydrophobic
environment of mtDNA damage in situ. In the molecular
design, the hydrolytic rate-limiting reaction of malononi-
trile was selected as the specific recognition reaction.
Given that the molecule needs to enter the mtDNA double
strand and cannot cause additional damage to mtDNA, a
typical dye molecule was selected, namely MBI, as a
fluorophore. In a hydrophobic environment, MBI-CN was
constructed by using malononitrile to initiate the hydro-
lysis reaction in a hydrophobic environment. It effectively
prevented interferences to the detection of organism self-
fluorescence and accurately reflected the degree of mtDNA
damage. MBI-CHO, as the product of MBI-CN, showed
weak fluorescence at 437 and 553 nm when mtDNA
damage occurred within 25 s. These results showed that the
probe can respond to mtDNA damage rapidly and
specifically. Furthermore, MBI-CN and MBI-CHO
showed good biocompatibility, indicating that the probe
can achieve the above-mentioned rapid detection process
without causing additional mtDNA damage. Thus, MBI-
CN was successfully used in monitoring mtDNA damage
during apoptosis, and the degree of mtDNA damage was
preliminarily evaluated. Hence, MBI-CN can be used as an
effective monitoring tool for quickly and specifically
monitoring and evaluating mtDNA damage in a variety of
biological processes.

Fig. 7 DNA digestion experiments: after fixing cells, MBI-CN cell imaging in (a) green and (b) red channel; after digestion with DNA
digestion enzyme for 2.0 h, added MBI-CN and incubated for 30 min, MBI-CN cell imaging in (c) green and (d) red channel. The
excitation wavelength is 405 nm, and the fluorescence collection ranges are 415–465 nm (Green channel) and 530–570 nm (Red channel).
Scale bar: 10 μm.
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